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ABSTRACT: The mechanism of the reaction between di-tert-
butyl azadicarboxylate and 1,3-dicarbonyl compounds cata-
lyzed by an axially chiral guanidine is investigated by density
functional theory methods. The results show that the catalyst
acts simultaneously as a Brønsted base and an acid catalyst, and
the mechanism is similar to that of the related BINOP organo-
catalysts. Surprisingly, cyclic and acyclic β-keto esters yield
opposite enantiomers; the calculations demonstrate that this is
a consequence of the preferred enolate geometry in the
transition structures. Literature evidence suggests that other
organocatalytic reactions show similar behavior.

■ INTRODUCTION

The guanidine group is present and active in many interesting
organocatalysts.1−28 Mechanistic29 and computational30−35

studies have revealed that in many cases the guanidine group
acts not only as a Brønsted base catalyst activating the nucleo-
phile, but also as a proton donor catalyst to the reaction electro-
phile. On the other hand, phosphoric acid catalysts derived
from 3,3′-substituted BINOL (BINOP) have been recognized
as some of the most successful organocatalysts, with a broad
range of applications in the nucleophilic additions to imines36−41

and carbonyl groups.42 Terada, who along with Akiyama43 was
a pioneer44,45 in the development of BINOL-phosphoric acid
catalysts, has also developed organocatalysts combining the
3,3′-substituted binaphthyl moiety present in the BINOP
organocatalysts with a guanidine group in a nine-membered-
ring structure20−28 and a seven-membered-ring structure26,46−49

(Figure 1).
We50−53 and others54−61 have found theoretical evidence

that in BINOP organocatalysts the phosphoric acid moiety acts
simultaneously as a proton acceptor with the nucleophile and a
proton donor to the electrophile. This kind of double activation
explains the high enantioselectivity observed according to a
“three-point contact model”, in which the catalyst establishes
three simultaneous interactions with the transition states: two
H-bonds with the nucleophile and the electrophile, and steric
interactions with the large BINOP 3,3′ substituents. The
presence of these three contacts is acknowledged as a require-
ment for chiral recognition.62

In this paper we investigate whether guanidine groups in
Terada’s seven-membered-ring axially chiral guanidine are also

active by a proton-donor/proton-acceptor mechanism, and if
the three-point contact model can also be applied to under-
stand the enantioselectivity. These catalysts have been used in
the amination of 1,3-dicarbonyl compounds46 and α-cyano-
thioacetates47 using di-tert-butyl azadicarboxylate, in the Henry
reaction,48 and in the [3+2] cycloadition of maleates to Schiff
bases.49 The study of the first of these reactions is particularly
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Figure 1. Nine-membered-ring20−28 (top left) and seven-membered-
ring26,46−49 (top right) guanidine axially chiral catalysts developed by
Terada. (Bottom) Stereochemistry of the amination of 1,3-dicarbonyl
compounds catalyzed by R seven-membered-ring guanidine catalyst.
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important since the sense of the enantioselectivity is reversed
from cyclic to acyclic 1,3-dicarbonyl (Figure 1). An effective
theoretical model should be able to explain this surprising
experimental result.

■ COMPUTATIONAL METHODS
Calculations were performed using Gaussian09 program.63 As in our
previous studies on BINOP organocatalysts, we used ONIOM64−66

QM/MM method in geometry optimizations and transition structure
searches, combining UFF molecular mechanics method67 in the low-
level layer and B3LYP68 density functional with 6-31G(d,p)69−71 basis
set in the high-level layer. The distribution of atoms in these two layers
is shown below in Figures 3, 7, and 9, where atoms in the high-level
layer are represented by a “ball-and-stick” model and atoms in the low-
level layer are represented by a “wire” model. These figures were
prepared using Pymol v.0.99 software. During transition-state searches,
solvent (THF) was simulated by a polarizable continuum model
(PCM)72−76 using the cavity for the complete system defined by the
UFF scheme (Gaussian09 default). Once a transition structure was
obtained by this method, single-point energy was calculated using
meta-GGA M06-2X functional,77,78 adding diffuse functions69 to heavy
atoms to the 6-31G(d,p) basis set. We have demonstrated that the
combination of B3LYP optimization and meta-GGA functionals
affords reliable results with a reasonable computational effort.79

During these single-point calculations, solvent was simulated with the
PCM72−76 and a UFF radius using the solvent-accessible surface for
cavity generation. The single-point energy obtained was added to the
zero-point energy correction calculated by the ONIOM (B3LYP/6-
31G(d,p):UFF) method used for the optimization. Using this energy,
relative populations corresponding to competing transition structures
were calculated by mean of a Boltzmann distribution at 213 K (the
temperature used in the experiments).

■ RESULTS AND DISCUSSION

We first investigated the reaction of cyclic β-keto ester 2 with
di-tert-butyl azadicarboxylate catalyzed by chiral guanidine 1.
To save computational time, a methyl ester was used instead of
the ethyl ester of the 1,3-dicarbonyl compound. Since Terada
suggested in his paper that the enantioselectivity of the reaction
could be explained on the basis of the ion-pair structures
formed by the guanidinium catalyst and the enolate from 1,3-
dicarbonyl substrate, we started calculating the transition states
derived from them. We made an extensive search of structures:
two relative orientations between nucleophile and electrophile
and, for each, the four possible rotamers of the di-tert-butyl
azadicarboxylate. For the resulting eight combinations, R and S
transition structures were located. The results are summarized
in Figure 2. In Figure 3, the two more stable transition struc-
tures leading to R and S product are shown.
The energies included for each structure are relative to the

most stable transition state obtained for this reaction (vide
inf ra). As shown in Figure 2, the guanidinium group interacts
only with the 1,3-dicarbonyl enolate, although in some of the
structures an additional weak H-bond exists between one of the
guanidinium H-atoms and one of the di-tert-butyl azadicarbox-
ylate oxygens. Therefore, these transition structures do not cor-
respond to the above-mentioned three-point interaction model,
in which the catalysts establishes two H-bond interactions with
the transition state and a third interaction based on steric
hindrance with its 3,3′ bulky groups. Instead, only one favorable
interaction is present (between the guanidinium and the
enolate), and the remaining two interactions required for chiral
recognition are steric hindrance between the catalyst and the
nucleophile and electrophile.

The most stable transition state yields a product with absolute
configuration R, and its zero-point energy difference with respect
to the most stable S transition state (3.1 kcal/mol) would imply
that the product would be obtained with an enantiomeric excess
(ee) higher than 99.9%. Although numerical errors in the calcu-
lations may justify the difference with the experimental results
(97% ee R product), the high energy of these transition struc-
tures makes it very unlikely that the reaction proceeds through
this kind of mechanism. Therefore, we considered those possible
transition structures in which the guanidine is H-bonded to the
enolate and the electrophile.
As with previous mechanism, it is necessary to consider two

possible relative orientations between the nucleophile and the
electrophile (Figure 4a). This would correspond to syn/anti
isomers in the reaction product, provided the stereochemistry
in the tertiary N-atom generated could be maintained. Since

Figure 2. Transition structures for the addition of cyclic 1,3-dicarbonyl
compound 2 to di-tert-butyl azadicarboxylate with the guanidinium
doubly coordinated to the enolate. Note that S transition structure is
only shown for the first electrophile conformation. Energies relative to
the most stable transition state are expressed in kcal/mol.
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this is not the case, it is not possible to find the diastereomeric
ratio in the product, but we will refer to the corresponding

transition structures using this nomenclature. In addition, we
also observed that the guanidinium catalyst 1 can adopt two
different conformations, since the two terminal N-atoms in the
guanidine do not fit in the plane defined by the seven-
membered-ring structure due to steric hindrance (Figure 4b).
Observing these two conformers from the front, it is possible to
see that they correspond to pseudoaxial chirality, and therefore
they will be referred as P (plus) or M (minus) guanidine con-
formations in the transition structures. Our calculations reveal
that the P conformer is 1.9 kcal/mol more stable than the M
conformer. This energy difference is too small for us to neglect
the presence of the M conformer in transition structures, and so
both were considered in our calculations. Finally, the di-tert-butyl
azadicarboxylate can also show different rotamers considering the
s-cis or s-trans conformations around the C−N bonds (Figure 4c).
Our previous calculations on Terada’s mechanism (Figure 2)
reveal that transition structures showing different electrophile con-
formers have small energy differences, and therefore the presence
of any of these conformers cannot be discarded in any relevant
transition structures.
The results for all possible combinations are shown in Figure 5,

where the relative zero-point-corrected energies are referred to the
most stable transition structure. Calculation of the populations of
the products according to a Boltzmann distribution based on these
energies yields an estimated 98% ee in favor of R product. This is
in excellent agreement with the experimental results (97% ee
for R product).
Analysis of the results shows a clear preference for syn over

anti transition structures (the best anti transition state has a
3.4 kcal/mol higher energy than the best syn transition state).
In syn transition structures, a shorter distance is observed between
the ketone carbonyl O-atom and the H-bonded N-atom in the
electrophile (around 2.7−2.8 Å) than between this N-atom and
the ester carbonyl O-atom (around 3.7 Å). In anti transition
structures, however, the distance between the N H-bond
acceptor atom in the electrophile and the ester carbonyl is
shorter than that with the ketone carbonyl. Considering the
distance between the guanidine N-atoms (2.3 Å), H-bonding is
geometrically favored with the ketone oxygen in syn and with
the ester oxygen in anti transition structures. This could explain
why syn transition structures show lower energies than anti
ones, since the most stable tautomer corresponds to the ketone
enolate form.80 It also corresponds to the preference for endo
over exo transition structures that we observed for the Friedel−
Crafts reaction of indole with acyl imines.52

For syn transition structures leading to R product, the relative
stability between P andM guanidine conformations depends on
the rotamer of the di-tert-butyl azadicarboxylate present. In
those cases in which the acyl group near the bulky catalyst sub-
stituent has s-cis conformation (Figure 6), the M guanidine
conformation is preferred (0.9 vs 3.9 kcal/mol and 0.3 vs
6.5 kcal/mol); the steric hindrance between the s-cis Boc and
the catalyst 3,3′ group is reduced in the transition state with the
M conformation but not in the transition state with the P con-
formation. This is confirmed by single-point energy calculations
of these structures in which the bulky catalyst substituent is
replaced by a H-atom; in this case, the usual higher stability of P
guanidine conformation is recovered. Accordingly, in those
cases in which this acyl group has s-trans conformation, there is
not an advantage in M guanidine structures, and the intrinsically
more stable P guanidine conformation leads to more stable
transition structures (0.0 vs 6.0 kcal/mol and 4.2 vs 6.0 kcal/mol).

Figure 3. The two most stable transition structures, corresponding to
the structure with the guanidinium doubly coordinated to the enolate
mechanism.

Figure 4. (a) Syn and anti relative stereochemistry in the reaction
transition structures. Because the stereochemistry on the N-atom is not
maintained in the products, it is not possible to isolate syn and anti
products. (b) P and M helicity in guanidine catalyst axial conformers;
note that, for clarity, only a phenyl group is shown in 3,3′ catalyst
substituents. (c) Different conformations of di-tert-butyl azadicarboxylate.
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Frontal views of syn transition structures leading to R
products show that the catalyst 3,3′ substituents define a groove
in which the 1,3-dicarbonyl compound and the electrophile are
in a parallel arrangement. These groups are distributed per-
pendicularly within the groove in the syn P guanidine transition
states that lead to the S products. This leads to steric repulsion
with the catalyst’s substituents and explains its reduced stability
(+1.7 kcal/mol in the best case, Figure 7). The steric repulsion
is reduced when guanidine adopts the M conformation, but
only after the guanidine is twisted, losing its planarity (the C−N−
CN dihedral angle in these transition structures over 30°). This
leads to transition structures with even higher energy (4.6 kcal/mol
in the best case). It is also possible to release the steric interactions
in S transition states by rotating the reactants and placing the ester
O-atom (instead of the ketone O-atom) closer to the guanidine
N-atom. However, only more unstable transition structures are
obtained (11.1 kcal/mol in the best case).
In previous works,50−53 we proposed a model to explain the

enantioselectivity of imine reactions catalyzed by BINOP based
on a projection of the catalyst in which the two BINOP
O-atoms actively involved in the catalysis are eclipsed (Figure 8a).
A similar model is also useful to explain the allylborination of
aldehydes catalyzed by BINOP.81 Himo and Marcelli54 and
Gridnev and Terada82 have also suggested that the stereo-

chemistry of the BINOP imine reactions can be predicted on
the basis of a model in which the catalyst is viewed across the
C2 symmetry axis. When trying to apply any of these models to
the axially chiral guanidine catalysts, we noticed that the guanidine
N-atoms occupy a different position, since the tetrahedral P-atom
in BINOP and the planar guanidine arrange their substituents
differently (Figure 8b).
Instead of using the models for BINOP, which are not valid

in this case, we propose that the absolute configuration of the
major enantiomer can be predicted by a different model. First,
the catalyst is projected leaving the guanidinium on the plane
of the paper; on this structure, the diazadicarboxylates are
H-bonded to the guanidinium N-atoms so the protonated N-atom
is in the same plane as the guanidinium. Two possible orienta-
tions of the electrophile are possible, but one leaves the biggest
part of the diazadicarboxylate toward the most hindered region
of the catalyst and can be discarded (Figure 8c). The enolate
can then be H-bonded to the guanidinium, leaving again the
O-atom in the same plane as the guanidinium atoms. There are

Figure 5. Transition structures for the addition of cyclic 1,3-dicarbonyl compound 2 to di-tert-butyl azadicarboxylate catalyzed by chiral guanidine 1
according to the mechanism in which the catalyst is bonded to the enolate and the electrophile. Note that only S transition structures are shown. In
(alt.) transition structures, the H-bond is formed with the ester rather than the ketone O-atom (see text). Energies relative to the most stable
transition state are expressed in kcal/mol.

Figure 6. Steric hindrance that is reduced in the M guanidine con-
formation for R-syn transition structures. This effect is not observed
when the acyl group has s-trans conformation.

Figure 7. The two most stable transition structures for the reaction of
1,3-dicarbonyl compound 2 to di-tert-butyl azadicarboxylate. In the R
transition state, nucleophile and electrophile fit in the groove defined
by the 3,3′ substituents of the catalyst.
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two possible orientations of the enolate, but when the reacting
atoms are on different sides, anti (less stable) transition structures
are obtained. The most stable transition state corresponds to the
syn transition structure in which the smallest part of the electro-
phile is directed toward the bulky substituents in the catalyst.
Since our model explains the enantioselectivity for the reac-

tion of β-keto ester 2, we turned out attention the reactions of

the acyclic substrate 3, which shows a surprising reversal in
selectivity. As before, we modeled the reaction for the methyl
ester instead of the ethyl ester to simplify the calculations. We
found transition structures analogous to those of the cyclic
β-keto ester (in this case, no anti transition state was included,
because of their high relative energy in the reaction of 2). The
results, which are summarized in Figure 8, show a similar trend,
and the most stable (by 3.4 kcal/mol) transition state corresponds
to R stereochemistry. Therefore, these calculations do not predict
the enantiomeric selectivity of the reaction obtained experimen-
tally (85% ee for S product).
So far, the model only considers the Z enolate. For the cyclic

system, no other enolate is possible, but for the acyclic case,
an E enolate can also form. The change from Z to E enolate
implies that the absolute configuration on the generated quate-
rnary center will be reversed, but the steric interactions and
factors determining the relative stability of the transition struc-
tures will mainly be maintained, so the most stable Z-syn-R
transition structures may lead to E-anti-S analogues. This is,
indeed, the case: the most stable transition structure contains
the E enolate and leads to the S product (Figure 9). When the
zero-point-corrected energies are used to predict the enantio-
selectivity of the reaction, a 77% ee in favor of S product is
obtained, in reasonably good agreement with experimental
results. Furthermore, this also explains the different enantiose-
lectivity for the reaction of 2 and 3 dicarbonyl compounds,
since the E enolate is not accessible from cyclic β-keto ester 2.
Interestingly, the enantioselectivity of the reaction is slightly
increased when ethyl ester in 3 is replaced by a tert-butyl ester
(85% ee to 88% ee), because in E enolate transition state the
ester group points away from the catalyst. However, when an
ethyl instead of a methyl group is present in the α position of 3,
the enantioselectivity is reduced to 62% ee, which could be
explained by considering that this alkyl group is directed toward
the structure of the guanidine catalyst (see Figure 10),
destabilizing the most stable transition structure.
It is surprising that the enolate adopts an E configuration in

the most stable transition structure. The most stable con-
figuration for the enol form of β-ketoester is Z since this makes
possible an intramolecular H-bond between both carbonyl
oxygens. Using the same level of theory used in transition-state
calculations, we estimate that Z enol is 8.5 kcal/mol more
stable. However, in the transition states of the reaction this
proton has already been transferred to the guanidine. When Z
and E enolate structures are compared, the former is 8.8 kcal/
mol less stable than the latter, opposite to the result observed in
the enol. The situation in the transition state of the reaction is
probably not as extreme, since in transition structures bearing
the Z enolate there exists the possibility of electrostatic inter-
actions between the partial positive charge in the guanidinium
and the partial negative charge in the ester oxygen, which is
missed in the E enolate transition states. This leads to a situa-
tion in which it is possible to find competing transition states
with similar energies yielding opposite enantiomers.
It is possible to find in the literature more examples in which cy-

clic and acyclic 1,3-dicarbonyl compounds lead to opposite enantio-
mers (Figure 10). In his study of the addition of 1,3-dicarbonyl
compounds to nitroolefins catalyzed by an amino thiourea catalyst,
Takemoto83 also observed the formation of different epimers for the
reactions of acyclic and cyclic β-keto esters (Figure 11). Indepen-
dently, Wang et al.84 observed the same effect in this reaction with a
related catalyst. In the alkylation of N-Boc imines, Kim and Kang
observed a considerably smaller stereoselectivity for acyclic than for

Figure 8. (a) Model to predict the stereoselectivity for the reaction of
imines catalyzed by BINOP. (b) Differences in the arrangement of
BINOP-active O-atoms and N-atoms in Terada’s axially chiral
guanidine. (c) Model to predict the enantioselectivity of the reaction
catalyzed by Terada’s axially chiral guanidine.
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cyclic cyclic β-keto esters.85 Similar results were obtained by Yun
and Kim86 and independently by Zhang et al.87 in a reaction similar
to the one that we study here, but using an amino-thiourea organo-
catalyst. It is possible that competition between E and Z enolates
reduces the enantioselectivity in the case of the acyclic substrates in
these latter examples.

Figure 9. Transition structures for the addition of acyclic 1,3-dicarbonyl compound 3 to di-tert-butyl azadicarboxylate catalyzed by chiral guanidine 1.
Note that only S transition structures are shown. Energies relative to the most stable transition state are expressed in kcal/mol.

Figure 10. The two most stable transition structures for the reaction of
1,3-dicarbonyl compound 3 to di-tert-butyl azadicarboxylate. In both
transition structures, nucleophile and electrophile fit in the groove
defined by the 3,3′ substituents of the catalyst. In the E enolate
transition state, the ester group (and not the α methyl group) points
away from the catalyst structure.

Figure 11. Several examples from the literature in which the
stereochemistry of organocatalyzed reactions of β-keto esters is
reversed or reduced for acyclic substrates.
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■ CONCLUSIONS
The mechanism of the reaction of β-keto esters with azadi-
carboxylates catalyzed by an axially chiral guanidine has been
investigated. Like reactions catalyzed with BINOP organocatalysts,
the results are consistent with a mechanism in which the guanidine
catalyst interacts simultaneously with the nucleophile and the
electrophile. The stereoinduction in the reaction can be explained
by means of the three-point contact model, since, in addition to
the two H-bonds between the catalysts and the reactants, a third
interaction (destabilizing steric hindrance) is present in the transi-
tion state leading to the minor enantiomer. In the case of cyclic
β-keto esters, once the factors that contribute to the stability of
the transition state are identified (as the relative orientation of the
nucleophile and the electrophile), it is possible to predict the
major enantiomer as the reactant distribution that fits in the cavity
defined by the catalyst 3,3′ substituents.
In acyclic β-keto esters the situation is more complicated,

since it is necessary to consider the possibility that the enolate
adopts an E configuration, yielding transition structures with
similar energies. To the best of our knowledge, this is the first
mechanistic study that shows the acyclic β-keto esters can react
through the E configuration, but the literature already contains
several experimental results that indicate that this is feasible. We
are currently performing further calculations to check if the
explanation found here for the reversal in the stereochemistry
for cyclic and acyclic β-ketoesters can be extended to more
organocatalytic reactions.
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