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ABSTRACT: BINOL-phosphoric acid catalysts have been
used successfully in many reactions involving imines. In this
paper, we present a model, based on DFT calculations, for
describing the degree and sense of the enantioselectivity of
these reactions that is able to predict the correct enantio-
selectivity for the reactions in more than 40 recent publica-
tions. We rationalize the different factors on which the enan-
tioselectivity depends, focusing on the E- or Z-preference of
the transition structures and the orientation of the catalyst
with respect to the electrophile.

’ INTRODUCTION

The application of BINOL-phosphoric acid catalyst and
related compounds has developed very quickly over the past
few years.1-6 We summarize, in the Supporting Information,
some of the recent applications of these catalysts. Many of these
applications involve the reaction of an imine derivative (N-alkyl-,7,8

N-aryl-,9-41 N-acyl-,42-55 or N-tosylimines56,57) with a nucleo-
phile that needs to transfer a proton in order to react, such as
Hantzsch ester,9,10,12,13,17,19-22,26-28,35,37,40,48,58-62 benzothi-
azoline,11,38 HCN,7,8 indole,14,30,49,50,56,57,63 2- or 3-vinylindoles,33

phosphites,24,29,34,41 ketones,18,36 1,3-dicarbonyl compounds,46,64

methanol,44 peroxides,53 amides,31,32 R-diazoesters,54 or ene-
carbamates.23,39,43,45,51,52,65 The recently developed SPINOLphos-
phoric acids also catalyzes Friedel-Crafts reactions of indole with
N-tosyl imines.66

Because of the importance and generality of this catalyst,
there have been several different proposals for its mechan-
ism. Akiyama proposed a concerted mechanism for the
reaction between N-arylimines and phosphite in which the
BINOL-phosphoric acid catalyst did not just protonate the
imine but also deprotonated the phosphite.24 Similar me-
chanisms, in which the BINOL-phosphoric acid catalyst
acts simultaneously as an acid and basic catalyst, were pro-
posed for the reactions between indole and N-acyl imines,50

ketones and N-aryl imines,18 or ene-carbamates and N-acyl
imines.52 At the same time, stepwise mechanisms were also
proposed, in which the acid catalyst first protonates the
imine (activating it toward the nucleophilic attack) and is
later regenerated by recovering the proton from the proto-
nated nucleophile.15-17,26

In our computational study of the Hantzsch ester reduction of
N-aryl imines, we showed that the concerted mechanism was
more likely than the stepwise mechanism, and the stereoselection
for the reaction could be explained using a model in which nucleo-
phile and imine were simultaneously attached to the catalyst67 (in a
mechanism similar to that of TBD68,69 or sulfonic acid70 catalysis
of lactone polymerization). Marcelli and Himo came to similar
conclusions, ascribing the catalytic activity of BINOL-phospho-
ric acid catalyst to Lewis base-Brønsted acid catalysis.71,72 We
have also studied the reaction between HCN and N-alkyl
imines73 and between indole and N-acyl imines.74 In both cases,
the calculation revealed that the concerted mechanism is more
likely than the stepwise mechanism. The reaction between
phosphites and N-arylimines has been studied independently by
Shi,75 Akiyama,29 and Yamanaka,76 and in all these studies the
concerted mechanism is also considered the most likely. There is
experimental evidence of the interactions between the catalyst
and the nucleophile: Zhou observed that BINOL-phosphoric
acid catalysts are not effective in the reaction of N-alkylated
indoles with N-acyl imines.50 Therefore, at least for the reactions
of imines with protic nucleophiles, it seems clear that BINOL-
phosphoric acid catalysts establish simultaneous interactions
with the nucleophile and electrophile.

In our computational studies, we showed that the enantio-
selectivity of these catalysts is a consequence of the double role
of the catalyst. We were able to rationalize this using the clas-
sical three-point interaction model77 that is often employed in
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supramolecular chemistry and chiral recognition.78 Chiral dis-
crimination between a host and a guest requires the presence of
at least three interactions. Chiral induction in a catalytic reaction,
which can be explained as chiral discrimination of the catalyst
with the two possible enatiomeric transition states, therefore
requires at least three different interactions between the catalyst
and the reacting complex. Two of these interactions are the
H-bonds between the catalyst and the imine and nucleophile.
The third is the steric interaction between the bulky substituting
groups in the catalyst and groups in the substrate, which favors
one of the two possible orientations of the imine H-bonded to
the catalyst. In order to predict the sense of the enantioselectivity
obtained, we proposed a model based on the projection of the
catalyst such that the two BINOL oxygen atoms and the
phosphorus atom are in the plane of the paper (Figure 1).
Himo and Marcelli71 and Gridnev and Terada79 have sug-
gested a different view of the catalytic system, looking down on
the system instead of across it, with alternating empty and filled
quadrants71 (Figure 1, bottom). In our projection (Figure 1,
top), the free oxygens of the phosphoric acid are above and
below the plane of the paper, each having the bulky catalyst
substituents on different sides. Deprotonation of the phosphoric

acid gives a C2-symmetric structure and so we can arrange the
acid catalyst with the OH pointing out of the plane without loss
of generality. The imine is drawn at the front and the nucleophile
at the back.

For the lowest energy transition structure of reactions with
many nucleophiles, the nitrogen substituent of the imine is
directed toward the empty side of the oxygen to which it is
H-bonded (Figure 1, Type I). The transition structure in which
the imine substituent is directed toward the bulky catalyst goup
(Type II) usually has a higher energy as a consequence of
additional steric interactions. This model explains the enan-
tioselectivity obtained for many reactions (Figure 2). These
literature results, together with our calculations,67,73,80 demon-
strate the value of the model in predicting the enantioselec-
tivity of nucleophilic addition to imines catalyzed by chiral
phosphoric acids.,

The stereochemical outcomes of many reactions are explained
by the diagram at the top of Figure 2, but there are a few
exceptions. Two phenomena can account for these anomalous
results: (i) swapping R1 and R2 (E or Z?) and (ii) rotating the
imine so the carbon of the double bond is on the right rather than
the left as illustrated in Figure 1 (Type I or Type II?).

Figure 1. Catalyst-imine interactions used in the model proposed to explain the stereoselectivity.80 The bottom row shows an alternative view of the
system that has been used by Himo and Marcelli71 and Gridnev and Terada.79
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’ E OR Z DOUBLE BOND?

If R1 and R2 are different, the imine geometry affects the
stereochemical outcome of the reaction. In Figure 2, the larger
group is opposite the protecting group on the imine (usually the
E configuration). Sometimes, however, the larger group has to be
adjacent to the protecting group (usually Z): for example, cyclic
imines such as quinolines,16 benzothiazines, benzoxazines, benzox-
azinones,17 quinoxalines, quinoxalinones,27 and 3H-indoles40

(Figure 3, left). For the reaction of aldimines (imines derived
from aldehydes), the absolute configuration in the product is

consistent with the use of the model in Figure 2 with an E imine.
For some ketimines (imines derived from ketones), however, the
product configurationmatches the one observed for cyclic imines
(Figure 3, right). This implies that if the model in Figure 2 is used
to explain the enantioselectivity, the N-phenylimine must react
through a Z configuration. The energy difference between the E
and Z forms will be smaller for the ketimines than for the
aldimines, so this possibility appears to be reasonable. We have
confirmed that transition structures originating from Z imines
lie on the lowest energy pathway in our calculations on the

Figure 2. Model for the addition reaction of nucleophiles to imines catalyzed by BINOL-phosphoric acid catalyst derivatives (R configuration) and its
application to some literature reactions (E imines and Type I reactions).
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Hantzsch ester reduction of N-phenylimines derived from aceto-
phenone67 and on the addition of HCN to N-benzyl imines.7

By considering both E and Z geometries, the model now fits
even more of the experimental data. However, problems remain
in cases where R1 is a hydrogen, so the Z imine geometry is
unlikely, and yet the observed stereochemistry is inverted with
respect to our model. In all these cases, the nucleophile is both
large and unsymmetrical. Indole is a typical example of such
nucleophiles.

’TYPE I OR TYPE II REACTION?

For most of the nucleophiles in Figures 2 and 3, the bond
which forms to the electrophile will be directly below theH-bond
which holds the nucleophile to the catalyst. For some nucleo-
philes, however, the new bond may be displaced to one side.
Indole is an example of a nucleophile of this type: the benzene
ring has to be away from the catalyst, so the nucleophilic carbon is
displaced toward it (Figure 4). This can make the imine switch
from a Type I to a Type II process, but only if it is reinforced by a
large R2 and a small R3 group. If the R3 group is very small
(hydrogen), then a Type II process can occur even with a
Hantszch ester nucleophile (Figure 4, entry 5).

In our study74 of the Friedel-Crafts reaction of indole withN-
acyl acetophenone ketimine, published by Zhou50 (Figure 4,
entry 1, and Figure 5, top), there were two possible arrangements
of the nucleophile with respect to the electrophile (denoted as

endo and exo orientations), and both of these could fit into the
catalyst with the imine pointing to the left or to the right. In two
of the four possible transition structures (columns 3 and 4 in
Figure 5), the indole ring is directed toward the bulky catalyst
groups and so the transition structures are too high in energy to
be on important reaction pathways. In the remaining two
transition structures, endo corresponds to the Type II orienta-
tion and exo to the Type I orientation. The most stable transition
structure was the Type II (endo).

However, for the reaction of indole with tosylaldimines
published by You57 (Figure 4, entry 7 and Figure 5, bottom),
the larger R3 group reduces the preference for the endo transition
structure and increases the negative interactions with the catalyst
in a Type II orientation. As a result, the most stable transition
structure corresponds to a Type I (exo) structure. The use of
SPINOL-phosphoric acid catalyst in this reaction yields the
same enantiomer,66 indicating that the same model probably
applies. The addition of indole to N-Boc acetaldehyde aldimines
(Figure 4, entry 6) published by Terada49 also gives a product
consistent with a Type I (exo) process as the R3 group (Boc) is
also larger than R2 (methyl).

Masson and Zhu have published an account of the Mannich
reaction betweenN-arylaldimines andN-Cbz- orN-Boc-enamines,39

which is consistent with a Type II mechanism (Figure 4, entry 2).
Other reactions for which the enantioselectivity suggests a Type
II process are the first step of a Povarov reaction between N-Cbz
vinyl carbamate and PMP aldimines, which corresponds to the

Figure 3. Model for the reaction of addition to phenylketimines. Some examples of literature reactions are given for cyclic imines (entries 1-3) and for
phenylketimines (Z imines and Type I reactions).
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addition of the N-Cbz vinyl carbamate to the N-PMP benzalde-
hyde aldimine (Figure 4, entry 3) and Terada’s cascade reaction
between N-Boc-aldimines andN-Cbz vinyl carbamate45 (Figure 4,
entry 4).

In the Hantzsch ester hydrogenation of o-hydroxyarylalkyl
ketimines published by Wang62 (Figure 4, entry 5), the authors
propose a model to explain the enantioselectivity based on the
Akiyama proposal for the addition of silyl enol ethers to o-
hydroxy imines catalyzed by BINOL-phosphoric acids.84 The
observed stereochemistry also fits our model provided that the
o-hydroxy group interacts with the catalyst and that the primary
imine prefers a Type II model, because its R3 group (hydrogen) is
as small as it possibly can be.

This extensive survey of the literature demonstrates that our
model for stereoselectivity fits all the experimental data, once the
possibility of E/Z isomerism and Type I and Type II behavior is
taken into account. In this paper, we further test our model by

applying it to the Hantzsch ester reduction of N-acetylimines
and to the reaction of imines with ene-carbamates. The results
are investigated using DFT calculations. These are particularly
demanding test cases, as two very similar substrates give oppo-
sites senses of stereoinduction for both (Figures 6 and 10).
Together with the literature data gathered in the Supporting
Information, this gives us more insights into the factors deter-
mining the enantioselectivity of these reactions.

’HANTZSCH ESTER REDUCTION OF N-ACETYLI-
MINES: REVERSAL OF STEREOSELECTIVITY BY
E/Z ISOMERISM

In the recently reported hydrogenation of N-acetylimines
obtained from enamides48 (Figure 6), the acetophenone-derived
enamide is reduced to the S product when the 9-anthryl-substi-
tuted R-BINOL phosphoric acid is used, and the enantiomeric

Figure 4. Model for the reaction of Friedel-Crafts reaction of indole and imines catalyzed by BINOL-phosphoric acid derivatives (E imines; Type I
and Type II reactions).
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excesses are good (91% ee). However, for the reduction of the
(2-methoxyphenyl)methyl ketone derivative, the major product
has R absolute stereochemistry, and the enantiomeric excess is
lower. In order to understand how this small structural modifica-
tion can lead to this dramatic change in selectivity, we have per-
formed transition structure searches for both substrates. The
calculations used the ONIOM hybrid method, with the same
level of theory that we employed in our studies of the Hantzsch
ester reduction of imines67 (computational details are available in
the Supporting Information).

We considered eight possible transition structures geome-
tries, corresponding to two different conformations for the
N-acetyl group (s-cis or s-trans), two different configurations of
the imine (E and Z), and two different orientations of the
catalyst, Type I and Type II (Figure 6). For both substrates, the
most stable transition structures correspond to Type I. In the
reaction of the acetophenone derived imine the E transition
structure is more stable by 1.4 kcal/mol (83% ee calculated;
91% ee observed). In the reaction of (2-methoxyphenyl)methyl
ketone derived imine the Z transition structure is 0.4 kcal/mol
more stable (27% ee calculated; 41% ee observed). The inter-
action between the o-methoxy group and the imine methyl
group twists the aromatic ring out of planarity and so greatly
reduces the E preference of the ground-state imine. Similar
structural features in the transition structures stabilize the Z
configuration relative to the E configuration account for the

change in the absolute configuration of the product and the
reduction of the enantioselectivity.

In order to investigate the factors that determine whether E or
Z imine configuration is preferred in the transition structures, we
have performed calculations on three ketimines (acetophenone,
2-methoxyphenyl methyl ketone, and isopropyl methyl ketone)
and three aldimines (benzaldehyde, 2-methoxylbenzaldehyde,
and acetaldehyde). The optimizations were done at the B3LYP/
6-31G** level of theory and single-point energy evaluation was
done using M05-2X functional; we have recently demonstrated
that this is a good level of theory for studying organic reaction
mechanisms.85 Three different nitrogen substitutions were stu-
died:N-phenyl,N-acetyl, andN-methyl. The catalyst was simpli-
fied to a buta-1,3-diene-1,4-diol phosphoric acid molecule, which
has already been used as a model for the BINOL-phosphoric acid
catalyst67,73 (Figure 7).

For all of the 18 electrophiles in Figure 7, the transition
structures for Hantzsch ester reduction, HCN addition and phos-
phite addition were found. In just one case, the addition of
phosphite to N-acetylimine derived from acetaldehyde, the transi-
tion structure proved elusive. Single-point energy differences
between E and Z transition structures are shown in Table 1;
negative values imply that Z transition structure are more stable
than E transition structures. There is a clear preference for E
configuration in the transition structures for aromatic aldimines,
entries 1-9. This is consistent with the results of more complex

Figure 5. Models to predict the enantioselectivity in the Friedel-Crafts reaction of indole to acyl (top)50 ketimines and tosyl57 (bottom) aldimines.
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calculations using the complete catalyst structure for Mannich
reactions with a substrate similar to entry 3, and for the Friedel-
Crafts reaction of indole withN-tosylimines derived from benzal-
dehyde similar to entry 1. In the case of imines derived from
acetaldehyde (entries 7-9), however, this preference is less strong.

In contrast, ketimines often show a preference for Z transition
structures (Table 1, entries 10-18), even though no imine or
iminium shows a strong preference for the Z configuration. This
is also consistent with earlier calculations, from which we can

conclude the following: (i) The Z configuration is preferred
for the Hantzsch ester reduction of N-phenyl acetophenone
ketimines67,71 (Table 1, entry 12, and Figure 3, entry 6; Hantzsch
ester reduction). (ii) For the Strecker reaction,73 there is only a
small energy difference between competing E and Z transition
structures in the reaction of N-benzyl acetophenone ketimines,
leading to poor enantioselectivity (consistent with the result in
Table 1, entry 11, for the HCN addition). For the reaction of N-
benzyl benzaldehyde aldimine, the preference for E is stronger,

Figure 6. Antilla’s asymmetric reduction of enamides.48 The figure shows the enantiomeric series to Antilla’s results for consistency with the rest of this
paper. For the acetophenone-derived imine (left), the TS(E) transition state is 1.4 kcal/mol lower in energy than TS(Z). An o-methoxy group reverses
and reduces the ee; TS(Z) is now 0.4 kcal/mol lower in energy than TS(E).

Figure 7. Structures in the study of the relative stability of the E and Z transition structures.
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and good enantiomeric excesses are observer (consistent with
entry 2). (iii) Despite the Z preference of transition structures for
N-methyl- (entry 11) and N-phenylimines (entry 12) derived
from acetophenone, the N-acetylketimine from acetophenone
(entry 10) has a moderate preference for E transition structures.
As a result, in the Friedel-Crafts addition of indole on N-acetyl
acetophenone ketimine,74 the lowest energy transition structure
has the E configuration. The transition structure leading to the
minor isomer is very similar, except that it has the Z configura-
tion. (iv) The comparison between the Hantzsch ester reduction
for entries 10 (good E selectivity) and 13 (poor E/Z selectivity)
shows that the simplified model is able to capture the change in
the enantioselectivity for the Antilla reaction (Figure 6).

These four results demonstrate that even this simple model
can detect the combinations of ketones andN substituents which
will lead to small energy differences between E and Z transition
structures. In these cases, poor enantiomeric excesses are ex-
pected in the products.

A preference for Z transition structures is surprising, particu-
larly as the substrates prefer the E configuration. Some of the

factors that favor E configuration in the protonated substrates
should be partially present in the transition structures, and so for
imines obtained from aldehydes, the high energy of Z starting
materials suggests a high preference for E transition structures. In
the case of methyl ketone derived imines, the relative stability of
E transition structures is less, but this does not explain the
preference for Z transition structures. We performed QRC86

trajectory calculations from the Strecker reaction transition
structures to reactant and product geometries. These structures
do not necessarily correspond to the global minima for either the
reactants or the products, but to local minimum energy struc-
tures located adjacent to the transition structures in the reaction
path. We observed a good correlation (R2 = 0.90, Figure 8, left)
when plotting the energy differences between E and Z transition
structures against the sum of the energy differences in these
reactants and products (see the results in the Supporting
Information). This indicates that the factors that stabilize a
particular configuration in the reactive or product QRC minima
are partially present in the transition state structures, which
justifies the (sometimes) anomalous preference for a particular
configuration.

Considering that transition state search could be a computer-
intensive process, obtaining the transition-state structures, even
for a simplified model of the catalyst, is not practical. We
observed that a plot using the mean of the E/Z energy differences
for the transition states for all three reactions and the mean of the
E/Z energy difference of the protonated and unprotonated
imines shows also a good correlation (R2 = 0.71, Figure 8, right).
The mean E/Z energy differences can be calculated rapidly and
cheaply, as they are simply minimizations of one of the three
reactants. This result suggests that aldimine transition structures
are always E andmethyl ketimine transition structures are usually
Z unless the mean imine/iminium E structures are preferred to Z
by more than 3 kcal/mol.

This analysis requires that the E/Z isomerization is faster
than the addition reactions. Rotation around a double
bond has a substantial energy barrier,87,88 but the imines
are usually generated in situ from a ketone or aldehyde and an
amine14,19,21-23,30,32,38,61,64,81,89-97 by isomerization of the cor-
responding ene-carbamates to the acyl imine,48-50 or by acti-
vation of a hemiaminal ether.43 In these cases, if the imine
formation is reversible, both E and Z configurations are accessible.

Figure 8. (Left) E/Z energy difference in the Strecker reaction transition states plotted against the sum of E/Z differences for QRC minima
corresponding to products and reactives (R2 = 0.90). (Right) mean TS energy for all three reactions plotted against the mean imine and iminium energy
(R2 = 0.71).

Table 1. Energy Differences between E and Z Transition
Structures, in kcal/mol (Negative Values Imply That Z
Structures Are More Stable)
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Another equilibration process is possible at room temperature in
the presence of hydroxyl groups,98,99 through an addition-
rotation-elimination mechanism. Other nucleophiles that could
also facilitate this process are the amino groups which form in the
product of the reaction or else the phosphoric acid catalyst.
These possibilities are illustrated in Figure 9.

’TYPE I VS TYPE II PROCESSES: REACTIONS OF
ENE-CARBAMATES WITH ACYL IMINES

Terada has published several examples of enantioselective
Mannich additions of ene-carbamates to acyl imines catalyzed by
BINOL-phosphoric acid derived catalysts.43,45,52 One interest-
ing result is the reversal in the absolute configuration obtained in
the major product of the reaction with 1-phenylvinyl carbamates52

and vinyl carbamates43 (Figure 10). This surprising reversal in

stereochemistry should be a good test of models for stereo-
selectivity in these processes, and so we decided to study the
detailed mechanisms of these reactions.

We used the same level of theory as our previous studies of the
Hantzsch ester reduction ofN-acetylimines.67We considered the
different possible conformations of the forming C-C bond that
were compatible with the formation of H-bonds between both
the nucleophile and electrophile N atoms and the BINOL-
phosphoric acid catalyst. Both E and Z imine configurations were
found in the transition structure, but the latter were too high in
energy to have any importance for the product and so were not
considered further.

Our study of the Friedel-Crafts addition to acyl-imines
showed that transition structures with s-trans conformation have
energy barriersmore than 10 kcal/mol higher than the correspond-
ing s-cis structures,74 and so the acyl imines and acyl-enamide

Figure 10. Mannich reactions between acyl imines and vinyl carbamates studied by Terada.43,52 Despite the similarity of the two processes (a) and (b),
the products show opposite stereochemistry.

Figure 9. Possible mechanism for the imine E/Z isomerization.
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bonds were given s-cis conformation in all the transition struc-
tures. In the reaction ofN-Cbz vinyl carbamate, we also included
different rotamers for the benzyl group. The lowest energy
transition structures are shown in Figure 11 (higher energy
transition structures are listed in the Supporting Information).

The ONIOM calculations show the same reverse in stereo-
selectivity that is observed experimentally. The lowest energy
pathways to the R products go through Type I transition
structures and the lowest energy pathways to the S products go
through Type II transition structures.

For reaction (a), Type II transition structures are preferred:
the large Cbz group on the nucleophile pushes the sterically
undemanding nucleophilic carbon toward the catalyst on the
right. For the imine electrophile, the phenyl group (R2) needs the

space on the right-hand side more than the Boc group (R3)
that can twist its tert-butyl away from the catalyst, and so R2 is
more sterically demanding than R3. The corresponding Type I
transition structure has a higher energy (2.0 kcal/mol) because
the phenyl group of the imine (R2) and the Cbz group of
the nucleophile have unfavorable steric interactions with the
R-BINOL-phosphoric acid substituents. The remaining transi-
tion structures correspond to an s-trans enamine conformation
that is destabilized with respect to the s-cis conformation.

For reaction (b), Type I transition structures are preferred.
The addition of a phenyl group to the enamine nucleophile leads
to a strong preference for an enamine s-trans conformation and
so destabilizes the reaction (a) preferred transition structure by
5.0 kcal/mol. The reaction (b) phenyl group also destabilizes the

Figure 11. Low energy transition structures for the Mannich reactions (a) and (b) from Figure 10. The steric interactions discussed in the text are
highlighted.
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Type II enamine s-cis transition structure by 17.7 kcal/mol
because the gap between the enamine and the catalyst is large
enough for the hydrogen of reaction (a) but much too small for a
phenyl group. Rotating the enamine half a turn leads to a Type I
geometry, which is the lowest energy transition structure for this
reaction. The bad phenyl-catalyst interaction is replaced by the
less unfavorable methoxy catalyst interaction. If this methoxy
group is replaced by a tert-butoxy group, the interaction in-
creases, and the experimentally observed enantioselectivity of the
reaction is reduced from 95% ee to 60% ee. A third Type I
transition state is also possible, corresponding to the exo orienta-
tion that we observed in our study of the Friedel-Crafts reaction
of indole.80 This is destabilized by 3.9 kcal/mol probably because
in this orientation the nitrogen atoms in the nucleophile and
electrophile are too far apart to interact properly with the catalyst.

The stereochemistry of the type II examples in Figure 4 can all
be explained by this analysis. Moreover, it can also explain the
absolute configuration of the ss chiral centers in the reaction of
N-aryl aldehyde imines and N-Cbz- or N-Boc-enamines39

(Figure 4, entries 2, 3 and 4).
Using all these calculations and experimental results, we

suggest a model (Figure 12) to explain the enantioselectivity of
the reaction of imines with nucleophiles, catalyzed by BINOL-
phosphoric acids.
a. Type I or Type II. From the pair of diastereomeric transi-

tion structures, the steric interactions with the bulky catalyst
substituents can be identified. For the imine, the interactions
with the imine N substituent are usually more relevant than the
interactions with the C substituents, which favors Type I transi-
tion structures; for large and unsymmetrical nucleophiles, their
interactions with the catalyst can also be relevant, and this might
result in a more stable Type II transition structure. In some cases,
such as the enamines, the s-cis or s-trans conformation of the
nucleophile is also important. When the nucleophile adopts the
s-cis conformation, which must occur for indoles because of their
cyclic structure, but also is shown by 1-phenyl enecarbamates, the
relative endo or exo orientation can also affect the stereoselectivity.
b. E/Z Configuration of the Imine in the Transition Struc-

ture. Z transition structure has a higher energy for aldehyde

imines, but the reaction of ketone imines might not follow this
rule. The energy difference for the E and Z imine ground states can
be used to estimate how likely a Z transition state may be. An
energy difference of less than 3 kcal/mol in favor of E in the ground
state suggests that a Z preference in the transition state is possible.
The same model can be applied to different reactions and to

suggest the likely selectivity for β-stereogenic centers as well as
R-centers. The recently published65 R-aminoxylation reaction of
1-phenyl propylenecarbamate catalyzed by BINOL-phosphoric
acid derivatives is another example: unlike in the Mannich
reaction, the reaction does not generate a chiral center in the
nitroso compound electrophile, but a new chiral center is generated
in the ene carbamate depending on its orientation in the transition
structure (Figure 13). The most stable conformation of the
nucleophile in which the steric interaction between the methyl
group and the carbamate carbonyl group is not present, corre-
sponds to the major enantiomer obtained in the reaction.
It is remarkable that these factors can bemodified to increase the

selectivity of the reaction. For example, for the reaction of 1-phenyl
vinyl carbamates, the enantioselectivity will increase if the imine is
substituted with smaller groups and more sterically demanding
groups are used in the enecarbamate. Conversely, the reaction of
nonsubstituted vinyl carbamates will increase the selectivity with
larger imine and smaller enecarbamate N-substituents.
The diagram in Figure 14 show how the factors affecting the

stereoselectivity can be analyzed to predict the stereochemical out-
come of the reactions. Note that for enamine nucleophiles deciding
s-cis or s-trans conformation can also facilitate the prediction of the

Figure 12. Model for the reaction pathway.

Figure 13. Explanation of the enantioselectivity of the R-aminoxylation
of 1-phenyl propylenecarbamate catalyzed by BINOL-phosphoric acids.
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stereochemistry (s-trans enamines should always have endo
relative orientation and react through a type II pathway) and
allows the configuration of the β center to be established. In
order to increase the validity of this diagram with a wider variety
of nuclephiles, we have not included the enamine s-cis/s-trans
possibility. However, in the Supporting Information we include a
slightly modified diagram that can be applied for enamines.

’CONCLUSIONS

We have analyzed the enantioselectivity of more than 40
reactions catalyzed by BINOL-phosphoric acid and developed a
model which accounts for the stereoselectivity. The model
appears to work in all cases and requires analysis only of the
transition-state E/Z configuration and the choice between Type I
and Type II pathways.

We have tested the model by comparing it with a full ONIOM
calculation on two reactions for which a small change in the reac-
tants reverses the sense of induction. These are a pair of Hantzsch
ester reductions of enamides (Figure 6) and a pair of vinyl carba-
mate additions (Figure 10). In both cases, the ONIOM calcula-

tions and the qualitativemodel correctly account for the dramatic
effect of a perturbation in the reactants. The first reversal is due to
a change from an E to a Z transition structure. The second is due
to a switch from a Type II to a Type I pathway.

The qualitative analysis provides a quick way to select the
correct enantiomer of the catalyst to generate a particular
product. It also provides guidance about the degree of asym-
metric induction. This analysis does not relay on the conforma-
tions of the cyclic transition state structures, which could be
unpredictable due to the high flexibility of the H-bonds100-105

involved in the cyclic structures. Instead, configuration of the
reactants and their relative orientation to the catalysts are used in
the model.

Even though both enantiomers of BINOL-phosphoric acid
catalysts are available, the prediction of the absolute configura-
tion of the major enantiomer can still be crucial in a synthetic
procedure. Previous material will be wasted if the undesired
product is obtained and identification of the product may not be
straightforward.106 The identification of the factors that con-
tribute to the enantioselectivity is important because competing

Figure 14. Summary of the factors that contribute to the structure of the transition structure.
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effects might enhance the overall stereoselectivity, or they could
cancel out. We hope that some of these factors are identified in
this paper and so can aid the design and analysis of synthetic
pathways.
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