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1. INTRODUCTION

Organocatalysis has captured the imagination of a significant
group of synthetic chemists. Much of the mechanistic under-
standing of these reactions has come from computational
investigations or studies involving both experimental and com-
plementary computational explorations. As much as any other
area of chemistry, organocatalysis has advanced because of both
empirical discoveries and computational insights. Quantum
mechanical calculations, particularly with density functional
theory (DFT), can now be applied to real chemical systems that
are studied by experimentalists; this review describes the quan-
tum mechanical studies of organocatalysis.

The dramatic growth of computational investigations on
organocatalysis in the past decade reflects the great attention
focused on this area of chemistry since the discoveries of List,
Lerner, and Barbas of the proline-catalyzed intermolecular aldol
reaction and by MacMillan in the area of catalysis by chiral
amino-acid-derived amines. The number of reports on the
successful applications of organocatalysts and related mechan-
istic investigations for understanding the origins of catalysis and
selectivities keep growing at a breathtaking pace. Literature
coverage in this review is until October 2009, except for very
recent discoveries that alter significantly the conclusions based
on older literature. All energies are reported in kcal/mol.

1.1. Computational Methods for Organocatalysis
Over the last two decades, DFT has become a method of

choice for the cost-effective treatment of large chemical systems
with high accuracy.1 Most of the studies reported in this review
were carried out using the B3LYP functional with the 6-31G(d)
basis set, which is a standard in quantummechanical calculations.
Nevertheless, DFT is experiencing continuing developments of
new functionals and further improvements. The availability of
many new functionals and, in particular, the rapidly evolving
performance issues of B3LYP have stimulated extra efforts on
benchmarking DFT methods for the prediction of key classes of
organic reactions.2 The well-documented deficiencies of B3LYP
include the failure to adequately describe medium-range correla-
tion and photobranching effects,3,4 delocalization errors causing
significant deviations in πf σ transformations,2b,5 and incorrect
description of nonbonding and long-range interactions,6 which
are likely to be key factors in determining stereoselectivities.
Benchmark results also show that newer functionals considerably
improve some of the underlying issues.2�7 Recent advances,
especially in the treatment of dispersion effects, now offer more
reliable models of the reaction profiles and stereoselectivities.

Most benchmarks focus on energetics rather than stereose-
lectivities. Systematic benchmarking for stereoselectivities re-
quires more sophisticated techniques and averaging over
conformations. To date, such benchmarking based upon stereo-
selectivity is available for only three reactions,8 and even there
only various basis sets with B3LYP, as well as comparisons of
results predicted using enthalpies and free energies. It is not
possible to assign error bars for stereoselectivities for themajority
of reports discussed in this review. Because stereoisomeric
transition structures are very similar species, their relative
energies are likely to be calculated accurately, as shown by the
good agreement between calculated and experimental values.

More recently, Harvey has studied two typical organic reac-
tions of polar species (Wittig and Morita�Baylis�Hillman
reactions) at different levels of theory.2i He showed that many
standard computational methods, involving B3LYP, are
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qualitatively useful, but the energetics may be misleading for
larger reactive partners; the quantitative prediction of rate
constants remains difficult. These studies suggest that although
B3LYP provides valuable qualitative insight into the reaction
mechanisms and selectivities, the energetics may require testing
with higher accuracy methods for complex organic systems. On
the other hand, Sim�on and Goodman found B3LYP to be “only
slightly less accurate” than newer methods and recommended its
use for organic reaction mechanisms.9

2. ENAMINE/IMINIUM CATALYSIS

2.1. Proline and Proline Derivatives
2.1.1. Intramolecular Aldol Reaction. The Hajos�Parrish

reaction is sometimes considered to be the first organocatalytic
enantioselective transformation to be reported (1971). Two
groups, Hajos and Parrish at Hoffmann La Roche10 and Eder,
Sauer, and Wiechert at Schering AG,11 published a series of
papers and patents involving these transformations. This dis-
covery made possible the stereoselective synthesis of enediones
like the so-called Wieland�Miescher ketone, which are key
structural elements of steroids, terpenoid, and taxol. It also paved
the way to the growing phenomenon of organocatalysis. List has
reviewed the field recently,12 and MacMillan has described his
influence on creating the field of organocatalysis.13

2.1.1.1. Mechanism of Hajos�Parrish Reaction. Four main
mechanisms of the C�C bond-forming step have been proposed
(Scheme 1). There were two original proposals set forth byHajos
and Parrish. The first is the nucleophilic attack by the exocyclic
enol ether to a carbinolamine to displace the catalyst (mechanism
A). The second is a simultaneous proton transfer and nucleo-
philic attack by an enaminium, assisted by the carboxylate
(mechanism B). Based on the observation of a small nonlinear
effect, Agami suggested that second molecule of proline may be
involved in the proton transfer process from the carboxylic acid
(mechanism C).14 Finally, a mechanism originally proposed by
Jung in 1976 suggested a nucleophilic attack of the enamine
terminus with simultaneous proton transfer to the developing
alkoxide involving a single molecule of proline catalyst
(mechanism D).15

Houk and co-workers reported a detailedDFT investigation of
the proposed mechanisms of this reaction.16 Geometry optimi-
zations were performed at the B3LYP/6-31G(d) level of theory,
while energies were computed at the B3LYP/6-31þG(d,p) level
of theory with single-point PCM solvation corrections for
DMSO using HF/6-31þG(d,p) and the UAKS radii. The
carbinolamine intermediate that precedes the TS corresponding
to mechanism A is found to be higher in energy than the
uncatalyzed reaction. Such a transition state would be even
higher in energy than this intermediate. Mechanism B is dis-
favored by ∼30 kcal/mol due to the distortion of the enamine
from planarity to accommodate proton transfer. Mechanism C is
disfavored due to the entropic penalties associated with the
involvement of another molecule of proline. Mechanism D is
favored energetically; this transition structure is ∼10 kcal/mol
lower in energy than the uncatalyzed process. The preference for
this mechanism stems from the enhanced nucleophilicity of the
planar enamine as well as the activation of the carbonyl electro-
phile by the carboxylic acid.
The entire transformation leading from the attack of the

exocyclic ketone by the proline moiety through the aldol transi-
tion state and the subsequent hydrolysis of the product iminium

Scheme 1. Four Proposed Mechanisms of the Hajos�Parrish Reaction

Figure 1.17 The computed anti and syn transition structures of proline-
catalyzed Hajos�Parrish reaction.
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has been investigated in detail.14 More recent kinetic isotope
effect experiments and calculations lead to the conclusion that
the rate-determining step occurs prior to C�C bond
formation.18

2.1.1.2. Origins of Stereoselectivity. The stereoselectivity of
the Hajos�Parrish reaction has also been investigated by Houk
and co-workers using B3LYP/6-31G(d) level of theory.19 Two
chair Zimmerman�Traxler-like transition states are possible: the
syn and the anti (Figure 1). The syn and anti refer to orientation
of the enamine with respect to the carboxylic acid. The anti
transition state leads to the formation of the experimentally
observed product, while the syn leads to the formation of the
minor product. The 3.4 kcal/mol preference for the anti TS
corresponds reasonably well to the experimentally observed
stereoselectivity of 95% ee (2.2 kcal/mol). A later study involving
a single point at the B3LYP/6-311þG(2df,p) level of theory was
shown to reproduce the exact experimental stereoselectivity of
2.2 kcal/mol for the Hajos�Parrish reaction.20

The enantioselectivity of the Hajos�Parrish reaction is di-
rectly related to the ability with which each of the transition states
can achieve optimal enamine nucleophilicity and provide the
greatest electrostatic stabilization to the developing negative
charge on the carbonyl electrophile. A planar enamine allows
for optimal nucleophilicity to the enamine and experiences
minimal geometric distortion to form the iminium upon C�C
bond formation. The proton donation from the carboxylic acid
moiety and, to a lesser extent, the δþNCH 3 3 3O

δ� electrostatic
interactions stabilize the developing alkoxide.
The enamine of the antiTS is much more planar than that of the

syn TS. This distortion of the syn TS arises from the necessity to
transfer the proton to a more proximal alkoxide, which in turn,
results in the distortion of the pyrrolidine ring. In contrast, such
distortions are unnecessary in the anti TS in which there is ample
distance between the carboxylic acid and the developing alkoxide.
The δþNCH 3 3 3O

δ� electrostatic interaction exists for both
the syn and anti TSs. However, the distance is much shorter (2.4
Å), and therefore the interaction is stronger in the anti TS, in
comparison to the syn, where this distance is much longer (3.4
Å). The absolute magnitude of the δþNCH 3 3 3O

δ� interaction
is also greater in the anti TS than in the syn, due to the greater
positive charge on the far more advanced developing iminium.
2.1.1.3. Catalysis by Proline Derivatives. Houk and co-

workers have also reported the origins and predictions of
stereoselectivities of the Hajos�Parrish reaction catalyzed by a

diverse range of proline derivatives (Scheme 2).21 B3LYP/
6-31G(d) geometry optimizations followed by B3LYP/6-311þ
G(2df,p) single-point energies reproduced the exact enantio-
selectivities of the derivatives for which the reaction has been
reported. This combination of methods yielded excellent corre-
lation between the computed and experimental stereoselectiv-
ities (mean absolute error, MAE = 0.1 kcal/mol). The
Houk�List model, described later in Scheme 10, provides the
basis for the experimentally observed stereoselectivities of all the
catalysts in Scheme 2.
2.1.1.3.1. 4,5-Methanoproline. The first computational in-

vestigations of proline-derivative catalyzed Hajos�Parrish reaction
was reported by a joint collaboration between the Houk and
Hanessian groups.20 At the time, the Hanessian group had reported
the synthesis of cis- and trans-4,5-methanoprolines as conformation-
ally rigid proline surrogates (5 and 6). Interestingly, the Hanessian
group discovered that the cis-4,5-methanoprolines exhibited similar
stereoselectivity and reactivity as proline in the Hajos�Parrish
reaction, whereas the trans-4,5-methanoproline was a poorer catalyst,
in terms of both selectivity and rate.
Bicyclo[3.1.0]hexanes are known to favor the boat conforma-

tion over the chair due to the torsional interactions around the
fused cyclopropane ring. The computed lowest-energy confor-
mations of the cis- and trans-methanoproline enamines revealed
that the trans-methanoproline enamine is the expected boat with
a significantly pyramidalized amine. The cis-methanoproline was
also found to be the expected boat; however, the steric repulsion
of the carboxylic acid group syn to the cyclopropane ring resulted
in a rather planar cis-methanoproline enamine.
The stereoselectivity of the Hajos�Parrish reactions catalyzed

by these methanoprolines is dictated by the native conformational
preference of the respective proline derivatives. In the cis-

Scheme 2. Various Proline Derivative Catalysts for the
Hajos�Parrish Reaction Studied by Houk

Figure 2. The computed anti and syn transition structures of 4,5-metha-
noproline (5, 6)-catalyzed Hajos�Parrish reactions.
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methanoproline case, the planar enamine allows for a facile
transition to the anti planar iminium transition structure, whereas
the realization of the pyramidalized syn transition structure would
require geometric distortion (Figure 2). This is in contrast to the
trans-methanoproline, where the naturally pyramidalized enamine
requires less geometric distortion to reach the syn pyramidalized
iminium transition structure, than the planar anti one. Despite this
conformational bias, trans-methanoproline is still anti-selective not
only due to the stability gained by the more planar iminium of the
anti transition structure but because of the accentuated interaction
between the cyclopropyl methylene hydrogen and the developing
alkoxide oxygen.
The observed catalytic ability of the two derivatives can also be

explained by the conformational biases. The energy required for
the naturally pyramidalized trans stereoisomer to achieve the
necessary planar iminium arrangement in the aldol transition
state is responsible for its comparatively poorer catalytic ability.

2.1.1.3.2. Pyrrolidine-2-thioic and Dithioic Acids. The pyr-
rolidine-2-thioic acid (2) and the closely related pyrrolidine-2-
dithioic acid (3) feature acid groups that prefer longer ideal
proton transfer distances. As expected, there is a substantial
penalty for the syn transition states for cases where the proton
transfer occurs from the sulfur (4.8 kcal/mol), while proton
transfer from the oxygen exhibited a smaller preference (2.8 kcal/
mol, Figure 3).21

2.1.1.3.3. Protonated Amine.The protonated amine case (4),
which features a quaternary ammonium cation as the proton
donor in lieu of a carboxylic acid moiety, was particularly unique
from the other catalysts in that it exhibited a reversal in the
stereoselectivity (4.7 kcal/mol preference for the syn transition
structure, Figure 4).21 This reversal is seen to be caused by two
factors: (1) the relief of geometric strain in the syn transition
structure due to the change in hybridization of the proton donor
and (2) the destabilization of the anti transition structure due to
the steric interactions between the ammonium ion and the
substrate.
2.1.1.3.4. Isoxazolidine-3-carboxylic Acid. The isoxazolidine-

3-carboxylic acid (7) is an interesting choice of catalyst, due to the
possibility of increased nucleophilicity originating from an R-effect.
This catalyst also lacks the ability to stabilize the developing alkoxide
via δþNCH 3 3 3O

δ� interactions. The computed activation barrier

Figure 3. The computed anti and syn transition structures of thioic acid
(2) and dithioic acid (3) catalyzed Hajos�Parrish reactions.

Figure 4. The computed anti and syn transition structures of quaternary
ammonium (4) catalyzed Hajos�Parrish reactions.

Figure 5. The computed anti and syn TSs of isoxazolidine-3-carboxylic
acid (7) catalyzed Hajos�Parrish reactions.



5047 dx.doi.org/10.1021/cr100212h |Chem. Rev. 2011, 111, 5042–5137

Chemical Reviews REVIEW

for the C�C bond formation for this catalyst was ΔHq = 10.0
kcal/mol, which was found to be similar to the analogous barrier
in proline of 10.0 kcal/mol.21 The lack of change in reactivity is
most likely due to the fact that the repulsive δ-NO 3 3 3O

δ�

interactions erode any potential reactivity gained from the
R-effect. This same repulsive interaction is also responsible for
the lack of any computed stereoselectivity for this catalyst
(Figure 5).
2.1.1.3.5. 5,5-Dimethylthiazolidine-4-carboxylic Acid (DMTC)

and 5,5-Dimethyloxazolidine-4-carboxylic Acid (DMOC). 5,5-
Dimethylthiazolidine-4-carboxylic acid (DMTC, 8) and the closely
related 5,5-dimethyloxazolidine-4-carboxylic acid (DMOC, 9) were
also studied.21 DMTC is particularly interesting because since the
first reports of intermolecular aldol reactions catalyzed by proline, it
has been ear-marked as a promising alternative to proline. The
presence of the gem-dimethyl groups in both of these catalysts create
A1,2 strainwith the carboxylic acid group.Theneed to accommodate
a proximal alkoxide in the syn TS forces the slight rotation of
the carboxylate toward the gem-dimethyl groups compared with the
anti TS (Figure 6). This results in the computed greater stereo-
selectivity of the DMOC (3.1 kcal/mol) compared with proline
(2.1 kcal/mol). The DMTC exhibited the same stereoselectivity as
proline, and this decrease in preference is seen to be from theweaker
δþNCH 3 3 3O

δ� interaction in DMTC compared with DMOC.
2.1.1.4. Primary Amino Acid Catalysis. Clemente and Houk

studied the stereoselectivity of the Hajos�Parrish reaction
catalyzed by primary amino acids (Scheme 3).22 Primary amino
acids exhibit a slightly different stereoselectivity from proline. In the
classic Hajos�Parrish reaction, the enantioselectivity exhibited by

the primary amino acids is lower than that catalyzed by proline.
However, in cases where there is an alkyl substituent on the exocyclic
terminus, primary amino acids are more selective than proline.
Geometry optimizations were performed at the B3LYP/6-

31G(d) level of theory, while energies were computed at the
B3LYP/6-31þG(d,p) level of theory with single-point PCM
solvation corrections for DMSO using HF/6-31þG(d,p) and
the UAKS radii.
The enamine mechanism is still operative. In the case of the

Hajos�Parrish substrate, the stereoselectivity arises from the
energetic discrimination between the syn and the anti enamine
cyclizations. The energetic penalty of the syn TS is again explained
as a consequence of the geometric distortion required for proton
transfer to a more proximal alkoxide. In the case of primary amino
acids, the energetic penalty from this distortion is less than that
exhibited by proline (1.7 kcal/mol less than proline), because the
absence of the constraining pyrrolidine ring alleviates some of the
geometric penalty of the syn TS (Figure 7).
In the case where the exocyclic terminus is substituted by a

methyl group, the stereoselectivity is influenced by the difference
in energy between the Z or E enamines. In the case of proline, the
methyl group of the anti-Z-enamine experiences steric interac-
tion with the pyrrolidine ring, while the E-enamine experiences
steric interaction with the approaching cyclopentadione electro-
phile, leading to overall destabilization of the anti-Z transition
structure. The syn transition structures are higher in energy. This
is in sharp contrast to the phenylalanine anti-Z-enamine struc-
tures, which exhibit little steric interaction between the methyl
and the proton of the phenylalanine enamine (Figure 8).
2.1.2. Intermolecular Aldol Reactions. The intermolecu-

lar aldol reaction was reported by List, Lerner, and Barbas and is

Figure 6. The computed anti and syn TSs of 5,5-dimethylthiazolidine-
4-carboxylic acid (DMTC) and 5,5-dimethyloxazolidine-4-carboxylic
acid (DMOC) catalyzed Hajos�Parrish reactions.

Scheme 3. Various Primary Amino Acids and the Intramo-
lecular Aldol Cyclizations Studied

Figure 7. Phenylalanine-catalyzed Hajos�Parrish reaction.
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the first report of the rebirth of organocatalysis since the
discovery of the Hajos�Parrish reaction (Scheme 4).23

2.1.2.1. Mechanism. The generally accepted mechanism of
proline-catalyzed reactions involves the transformation of the start-
ing carbonyl compound to amore nucleophilic enamine (Scheme 5,
left cycle). Although the generation of enamine is critical for
catalysis, the details of the process are still not well understood.
Patil and Sunoj24 computed a proton-relay mechanism invol-

ving two molecules of methanol for the enamine formation
between model substrates (dimethylamine and propanal) at
the mPW1PW91/6-31G(d) level of theory. The PCM solvation
model with UAKS radii was used to include solvent effects
(THF) in the energy calculations. Significantly lower activation
energies compared with the unassisted pathway (Scheme 6)
suggested a facile enamine formation in the presence of protic
additives. The catalytic ability of cocatalysts is explained by the
improved transition state stabilization due to effective hydrogen
bonding.
Clemente and Houk16 studied the pathway involving the

formation of an enamine intermediate for a proline-catalyzed

intramolecular aldol reaction with B3LYP/6-31þG(d,p)//
B3LYP/6-31G(d). The predicted activation energies for the
carbinolamine, iminium, and enamine formation are 17.0, 15.3,
and 26.2 kcal/mol, respectively, with respect to separated
reactants (Scheme 7). More recently, Sunoj and co-workers25

reported the gas-phase free energy profile associated with the
formation of the anti-enamine intermediate in the reaction
between proline and propanal at the B3LYP/6-31þG(d,p) level
of theory. The activation free energies for the formation of
carbinolamine, iminium, and enamine intermediates are found

Figure 8. Proline- and phenylalanine-catalyzed asymmetric intramolecular aldol condensation.

Scheme 4. The Intermolecular Aldol Reaction Catalyzed by
Proline

Scheme 5. Mechanistic Possibilities Involving the Enamine
and Oxazolidinone Pathways
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to be 24.2, 25.8 and 30.0 kcal/mol relative to the separated
starting compounds.
Boyd and co-workers reported a DFT investigation of the

mechanism of the proline-catalyzed intermolecular aldol reaction
between acetone and acetaldehyde.26 B3LYP/6-311þG(2df,p)
single point energies based on B3LYP/6-31G(d) geometry
optimizations along with solvation corrections using the Onsager
model (DMSO, ε = 46.7) were used. The calculations show that
the most difficult step along the reaction potential energy profile
is the initial addition of proline to the donor ketone to form the
carbinolamine with a barrier of ΔEzp

q = 40.1 kcal/mol. This was
shown to be more difficult than the enamine formation (ΔEzp

q =
7.1 kcal/mol) or the C�C bond formation step (ΔEzp

q = 13.7
kcal/mol) in the gas phase. Once solvation corrections have been
accounted for, however, the barrier for initial addition drops to
ΔEzp

q = 9.7 kcal/mol and is more facile than the enamine
formation (ΔEzp

q = 12.0 kcal/mol) or the C�C bond formation
step (ΔEzp

q = 11.1 kcal/mol). They concluded that the use of
high-polarity solvent is necessary to stabilize the various zwitter-
ionic intermediates and transition state, as expected of an
acid�base mechanism.
Reaction progress kinetic analysis of the proline-mediated

intermolecular aldol reaction by Blackmond and co-workers27

provided evidence that the enamine formation cannot be rate-
determining. The rate depends on the concentrations of both
the donor ketone and the acceptor aldehyde. The observed
isotope effects supports a role for the carboxyl group in the
rate-limiting step, which is suggested to be the C�C bond
formation.
Characterizing proline enamines has proved to be difficult as

carbonyl compounds reversibly react with proline giving oxazo-
lidinones in equilibration with enamines. List and co-workers
were able to isolate both aldehyde- and ketone-derived proline
enaminones and compared the crystal structures with the

calculated Houk-List and the postulated Seebach-Eschenmoser
transition states.28a The vast majority of the 10 crystal structures
were consistent with the Houk-List transition states of proline-
catalyzed reactions. Only very recently, Gschwind and co-
workers28b detected and characterized the enamine intermedi-
ates in proline-catalyzed aldol reactions for the first time experi-
mentally and showed the direct formation of enamine carboxylic
acids from oxazolidinones in the solvent dimethylsulfoxide.
The NMR spectroscopic evidence for the formation of

oxazolidinone intermediates in the reactions of proline with
carbonyl compounds29 has stimulated significant debate over
the mechanism of catalysis. List and co-workers characterized the
formation of oxazolidinones in terms of a “parasitic equilibrium”;
that is, oxazolidinones are not involved in the catalytic cycle, but
their formation would still allow for turnover by keeping the
catalyst in solution.29c More recently, a catalytic role of oxazo-
lidinone have been proposed that involves a key enamine
carboxylate intermediate (Scheme 5, right cycle).30

Sunoj and co-workers25 explored the competing enamine and
oxazolidinone pathways (Scheme 5) using density functional and
ab initio MP2 calculations. Scheme 8 shows the activation free
energies of alternative pathways for the conversion of iminium
carboxylate to various key intermediates computed with B3LYP/
6-31þG(d,p). The barrier for the formation of the oxazolidinone
intermediate by the intramolecular attack of carboxylate to

Scheme 6. Free Energies (ΔG)a for the Enamine Formation between Dimethylamine and Propanal

amPW1PW91/6-31G(d), using PCM and UAKS radii, with respect to separated reactants.

Scheme 7. Free Energies (ΔG)a for the Enamine Formation
in the Proline Catalyzed Intramolecular Aldol Reaction

aB3LYP/6-31þG(d,p)//B3LYP/6-31G(d), with respect to separated
reactants.

Scheme 8. Gibbs Free Energies of Activation (ΔGq) for
the Conversion of Iminium Carboxylate to Various Key
Intermediates a

aB3LYP/6-31þG(d,p), with respect to iminium carboxylate. Activation
free energies for the formation of syn intermediates are in square
brackets.
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imium is only 0.7 kcal/mol. Higher activation free energies for
the formation of enamine carboxylic acid (12.8) and enamine
carboxylate (18.0) suggest an equilibrium composition in favor
of the oxazolidinone intermediate, in agreement with the experi-
ments. The C�C bond formation steps for both enamine and
oxazolidinone pathways were also examined (Figure 9). The
C�C bond formation barriers for the oxazolidinone pathway are
higher by 11.6 kcal/mol compared with the enamine pathway
and do not predict the correct stereochemistry of the major
product. The resulting oxazolidinone products are also found to
be significantly higher in energy than the corresponding iminium
products in the enamine pathway. Although the energetics
support the enamine pathway, a likely convergence between
the enamine and oxazolidine pathways under the experimental
conditions is proposed based on the variance of enantio- and
diastereoselectivities under different conditions.
Blackmond and co-workers31 carried out experimental studies

of the role of base additives in enamine catalysis of aminations
and observed an unusual reversal of enantioselectivity, in line
with the kinetically controlled outcome of the oxazolidinone
pathway.
2.1.2.2.Originsof Stereoselectivity. 2.1.2.2.1. TheZimmerman�

Traxler Model. In List’s initial paper on the proline-catalyzed
intermolecular aldol reaction,23 the enantioselectivities were
rationalized based on the Zimmerman�Traxler transition states
(Scheme 9),32 originally described for metal enolate aldol reac-
tions. In this model, the nitrogen of the proline enamine is aiding
the proton transfer from the carboxylic acid to the forming
alkoxide. The stereoselectivity arises from a switch in the axial or
equatorial orientation of the electrophile substituent.
2.1.2.2.2. The Houk�List Model. Joint efforts by the Houk

and List groups resulted in the Houk�List model to explain the
origin of stereoselectivity of proline-catalyzed intermolecular
aldol reactions.8,33 In contrast to the Hajos�Parrish reaction
where the intramolecular nature of the aldol addition restricts the
approach of the electrophile, the carbonyl of the electrophile in
the intermolecular case can realize various dihedral angles with
respect to the enamine double bond. Calculations from Bahma-
nyar and Houk indicate that only the transition structures that
involve intramolecular proton catalysis are energetically viable.
DFT (B3LYP/6-31G(d)) computations of a simple model
system involving the proline enamine attack of acetaldehyde
revealed that only certain rotamers with a dihedral angle of(60�
can participate in the H-bonding. In particular, transition struc-
tures with a dihedral angle of�60� were found to be 5�10 kcal/
mol higher in energy than those with one of þ60� (Figure 10).
Scheme 10 shows the Houk�List model for predicting the

stereoselectivity of proline-catalyzed intermolecular aldol reac-
tions. Transition structures involving the anti proline enamine
are favored over the syn due to (1) the greater electrostatic
stabilization arising from the δþNCH 3 3 3O

δ� interaction, (2)
the syn transition structures suffering from distortion of the
pyrrolidine ring to accommodate proton transfer to a more
proximal developing alkoxide, and (3) transition structures
involving the syn-enamine forcing the substituents at the forming
C�C bond to be nearly eclipsed.
The re face attack is found to be preferred over the si face

attack. This minimizes the steric interaction between the alde-
hyde substituent and the enamine, placing the substituent in a
pseudoequatorial conformation. The re face attack also generally
features a more perfect staggering of substituents around the
forming C�C bond.

The computed transition state geometries reveal that the
carboxylic acid proton and enamine nitrogen (N 3 3 3H distance
∼2.5 Å) are not arranged to form an ideal Zimmerman�Traxler
six-membered ring, as had been originally surmised by List.23 On

Figure 9. Gibbs free energies of activation (ΔGq) for the C�C bond
formation in the enamine and oxazolidinone pathways calculated with
B3LYP/6-31þG(d,p). Free energies of iminium and oxazolidinone
products (ΔG) are given in parentheses.

Scheme 9. The Zimmerman�Traxler Transition States
Proposed by List and Co-workers To Rationalize the Stereo-
selectivities of Proline-Catalyzed Intermolecular Aldol
Reactions

Figure 10. Rotameric anti�re transition structures of the intermole-
cular aldol reaction between acetone and acetaldehyde, catalyzed by
proline.

Scheme 10. The Houk�List Model for Predicting the
Stereoselectivity of the Intermolecular Aldol Reaction Cata-
lyzed by Proline
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the other hand, the remaining five atoms are arranged in a
chairlike arrangement. These findings are summarized in the
Houk�List model, which can be represented as a Newman
projection centered at the forming C�C bond or in the offset
Newman arrangement that shows the chairlike arrangement of
the five heavy atoms involved in bonding changes (Scheme 10).
2.1.2.2.3. The Seebach�Eschenmoser Model. More re-

cently, the Seebach�Eschenmoser model has been proposed
to explain the origin of selectivity (Scheme 11).30 This model
involves the enamine carboxylate as a key reaction intermediate.
They suggested anti addition to the syn enamine rotamer, which
leads to the more stable exo isomer of the product oxazolidinone
and ultimately to the experimentally observed stereoisomer of
the product.
In order to gauge the accuracies of DFT in reproducing the

stereoselectivities of proline-catalyzed aldol reactions, the aver-
age absolute errors in calculations for three known aldol reactions
were determined.8 B3LYP/6-31G(d) was shown to have average
absolute errors of approximately (0.5 kcal/mol.
2.1.2.2.4. Predictions of Stereoselectivities. Houk and Bah-

manyar predicted the stereoselectivities of proline-catalyzed
intermolecular aldol reactions between cyclohexanone and
benzaldehyde.8,33 The predictions were computed prior to the
experiments, which were in turn performed by Benjamin List.
They reported excellent agreement between the quantum me-
chanical prediction and the experimental results. Subsequent
calculations indicated that different predictions were obtained
when more extensive conformational searches were performed,
and are described in a recent published interview of Houk.34 List
also found that the stereochemical results obtained with the
proline-catalyzed reaction of cyclohexanone and benzaldehyde
were highly dependent on adventitious water and temperature, so
that the agreement of theory and experiment was rather fortuitous.
2.1.2.3. 5-Pyrrolidin-2-yltetrazole. 5-Pyrrolidin-2-yltetrazole

is one of the currently most interesting analogues of proline, in
particular for reactions when less reactive aldehydes are em-
ployed as aldol acceptors (Scheme 12). In addition, although
tetrazoles and carboxylic acids have similar pKa values, the
tetrazole group is much more lipophilic and, unlike proline, does
not suffer from solvation issues in organic solvents.
Domingo and co-workers performed a B3LYP/6-31G(d,p)

study of the tetrazole-catalyzed intermolecular aldol reaction
between acetone and pivaldehyde.35 Solvation energies were
computed for DMSO using the PCM method. The tetrazole
catalyst can exist in two different tautomers (Scheme 13). The
2-tautomer is more stable than the 3-tautomer form by 2.4 kcal/
mol in the gas phase. Solvation corrections increased this
difference to 3.3 kcal/mol.
Domingo and co-workers state that the origins of stereose-

lectivity are similar to the reported proline case by Houk and co-
workers. The transition structures involving anti enamine attack
on the re face of the pivaldehyde was favored (Figure 11).
However, the most interesting feature of note in this report
was the discovery that the free energy of activation of the
tetrazole catalyst was lower than that of the prolines. This is a
consequence of the larger solvation corrections for the tetrazole
transition structures (ΔGsolv = 11.1 kcal/mol) than the proline
transition structures (ΔGsolv = 7.4 kcal/mol).
2.1.2.4. Proline Amide Derivatives.Wu and co-workers have

reported the development of a proline amide derivative as a
catalyst for the intermolecular aldol reaction of acetone and
p-nitrobenzaldehyde (Scheme14).36These catalysts are of particular

interest as a more active and stereoselective catalyst than the parent
proline. They yield the same enantioselectivity as the proline aldol
reactions.
HF/6-31G(d) geometries with B3LYP/6-31G(d,p) single

points were used to compute the transition structures of various
proline amide derivative catalyzed aldol reactions. HF generally
gives poor activation energies because of the lack of correlation
energy. This may also cause the position of the transition state to

Scheme 11. The Seebach�Eschenmoser Model for Predict-
ing the Stereoselectivity of the Intermolecular Aldol Reaction
Catalyzed by Proline

Scheme 12. The 5-Pyrrolidin-2-yltetrazole-Catalyzed Inter-
molecular Aldol Reactions

Scheme 13. The Two Tautomeric Forms of 5-Pyrrolidin-2-
yltetrazole Catalysta

aDMSO energies are in brackets.

Figure 11. The anti�re and anti�si transition structures of the inter-
molecular aldol reaction between acetone and pivaldehyde, catalyzed by
proline and 5-pyrrolidin-2-yltetrazole. DMSO values in brackets.
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be in error. However, geometries with HF are reasonable, if less
accurate than B3LYP geometries, so that use of HF for geome-
tries is occasionally employed for large systems.
The computed activation barriers of reactions catalyzed by

simple proline amides, which lack a strongly acidic proton, are
similar to those catalyzed by proline. As expected, the presence of
anotherH-bond donor decreases the aldol barrier even further, as
shown by the transition structure of (1S,2S)-diphenyl-2-ami-
noethanol amide derivative (Figure 12). Experimental observa-
tions also show that the doubly hydrogen bonded aminoethanol
amide derivative is more reactive than proline or the parent
proline amide.
The use of (1S,2S)-diphenyl-2-aminoethanol amide derivative

resulted in a substantial increase in stereoselectivity compared with
proline. This increase in stereoselectivity is said to arise from the
steric interaction between the phenyl of the benzaldehyde and the
hydroxyl of the aminoethanol in the si attack of the anti enamine.
Gong and co-workers reported highly selective aldol reactions

of ketones with R-keto acids using amides prepared from proline
and aminopyridines (Scheme 15).37 B3LYP/6-31þG(d) was
used to explain the high enantioselectivity of the reaction.

It was proposed that the pyridine nitrogen of the catalyst could
hydrogen bond with the acid, while the amide hydrogen could
bind with theR-keto acid at the carbonyl of either the keto or acid
group (Scheme 16). Binding at the keto group was calculated to
be favored by 2.5 kcal/mol. Single hydrogen bonding of the
amide hydrogen with either carbonyl group (and without inter-
action of the pyridine nitrogen) was calculated to be disfavored
by 8.0�8.7 kcal/mol.
The Gong research group also investigated the intermolecular

aldol reaction of hydroxyacetone with benzaldehyde, catalyzed
by a proline amide (Scheme 17).38 It was found that water
influenced the regioselectivity, affording products with enantios-
electivities ranging from 91% to 99% ee. Theoretical studies
(B3LYP/6-31þþG(d,p)//HF/6-31þG(d) with explicit solva-
tion by water) revealed that this is due to the hydrogen bonds
formed between the amide oxygen of proline amide, the hydroxy
of hydroxyacetone, and water.
The anti enamine and anti enol enamine were predicted to

differ in stability by only 0.4 kcal/mol (Scheme 18). In the
absence of explicit solvation, the transition state leading to the
minor 1,2-diol regioisomer (via the enol enamine) was calculated
to be favored over the transition state leading to the major 1,
4-diol regioisomer (via the enamine) by 4.3 kcal/mol. This
regioselectivity is attributed to the short hydrogen�hydrogen
distance of 2.34 Å between an amide hydrogen and hydroxy
hydrogen in the disfavored transition state.
With the inclusion of an explicit water molecule, the calculated

relative energies of the transition states still favor the experi-
mental 1,2-diol (Figure 13). It was reasoned that the experimen-
tally observed selectivity for the 1,4-diol is attributed to the
stabilities of the enamine�water complexes. The 6.6 kcal/mol
stability of the anti enamine compared with the anti enol enamine
leads to formation of the favored 1,4-diol.
Okuyama and co-workers observed high stereoselectivities in

aldol and Michael addition reactions catalyzed by 4-hydroxypro-
linamide alcohols (Scheme 19).39 B3LYP/6-31G(d) calculations
were performed to understand the high selectivity observed in
the reaction between acetone and benzaldehyde (99% ee).

Scheme 14. Proline Amide Derivatives as Catalysts for the Intermolecular Aldol Reaction

Figure 12. The anti�re and anti�si transition structures of the inter-
molecular aldol reaction between acetone and benzaldehyde catalyzed
by (1S,2S)-diphenyl-2-aminoethanol amide proline derivative.

Scheme 15. Organocatalyzed Aldol Reaction of Ketones with
R-Keto Acids

Scheme 16. Possible Binding Modes of Catalyst with R-Keto
Acid
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The anti conformation of the enamine was assumed to be the
most stable, and attack on the re and si faces of benzaldehyde were
calculated. Only one conformation for each of these transition states
was located due to steric hindrance of the two gem-diphenyl groups
of the catalyst (Figure 14). The 5.3 kcal/mol difference between
the transition states leading to the major (R) and minor (S)
isomers is in excellent agreement with the experimental results.
2.1.2.5. Primary Amino Acids. Acyclic primary amino acids

have also been discovered to be catalysts for the intermolecular
aldol reactions (Scheme 20), as discussed earlier for the
Hajos�Parrish reaction.40 Simple natural and unnatural primary
amino acid derivatives catalyzed the reaction between cyclohex-
anone and an aldehyde in high yield and enantioselectivities.
C�ordova has reported the origins of stereoselectivity of this

reaction using B3LYP/6-31G(d,p) geometry optimizations and
B3LYP/6-31þG(2d,2p) single points.41 Four factors were seen
to control the stereoselectivity of this reaction: (1) The C�N
bond of the amino acid can rotate in the enamine intermediate, in
contrast to the corresponding proline-derived enamine inter-
mediates. (2) δþNH 3 3 3O

δ� electrostatic interactions between
the amine proton and the forming alkoxide are stabilizing.
Transition state (R,R), which lacks this interaction, is higher in
energy by 2�5 kcal/mol (Figure 15). (3) The steric interactions
between the aldehyde phenyl and the enamine cyclohexyl are
destabilizing. The (S,S) transition state is thus more crowded
than the corresponding (S,R) transition state, which lacks this
destabilizing interaction. The same holds true for the (R,R)
transition state compared with the (R,S) transition state. (4)
Finally, the methyl substituent of alanine interacts unfavorably
with the cyclohexyl ring, destabilizing the (R,S) transition state
by 3.2 kcal/mol compared with the (S,R).
The same group computed the reaction profile for formation

of the major (S,R) product (Figure 16a). The overall reaction
profile is analogous to various proline-catalyzed processes. It is
worth noting that the oxazolidinone is 4.6 kcal/mol more stable
compared with the active catalyst enamine (Figure 16b).
C�ordova stated that the need for water in the reaction mixture

Scheme 17. Intermolecular Aldol Reaction of Hydroxyacetone with Benzaldehyde Catalyzed by a Proline Amide

Scheme 18. Relative Stabilities (Top) of anti Enamine and
anti Enol Enamine and Activation Free Energies (Bottom) for
1,2-Diol and 1,4-Diol Formationa

aB3LYP/6-31++G(d,p)//HF/6-31+G(d) with explicit solvation by
water.

Figure 13. Aldol reaction of benzaldehyde and hydroxyacetone cata-
lyzed by proline amide.

Scheme 19. Aldol Reaction of Acetone and Cyclohexanones
Catalyzed by a 4-Hydroxyprolineamide Alcohol
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experimentally is to drive the equilibrium toward the enamine
from the oxazolidinone.
Blackmond and co-workers later investigated the effect of

water in proline-mediated aldol reactions using reaction progress
kinetics analysis.29e Their results showed two conflicting roles for
water: (1) increasing the total catalyst concentration within the
cycle due to the suppression of spectator species, such as
oxazolidinones; (2) decreasing the relative concentrations of
key intermediates in the cycle by shifting the equilibrium from
the iminium carboxylate back toward proline.
2.1.2.6. Cyclic Aminophosphonates: Pyrrolidin-2-ylpho-

sphonic Acid.Din�er and Amedjkouh reported the aldol reaction
of acetone and cyclohexanone derivatives with para-nitrobenzal-
dehyde catalyzed by pyrrolidin-2-ylphosphonic acid (Scheme 21).42

This catalyst is the phosphonic acid version of proline and was
studied as a candidate for the syn-aldol catalyst.
The reaction involving acetone and para-nitrobenzaldehyde has

been studied computationally using B3LYP/6-31G(d). The three
most important transition structures are shown in Figure 17.
The origins of stereoselectivity for this catalyst are very similar

to those for the proline cases. The one notable difference
between this catalyst and proline is that the syn�re transition
state is only 0.9 kcal/mol disfavored compared with the most
stable anti�re, whereas in proline, this difference is greater
(>2 kcal/mol).
All enantioselective organocatalysts known to date yield the

anti-aldol as major products. The authors hoped that the reduced
preference between the anti and syn enamine preference in the
aldol transition state of this catalyst would favor the formation of

syn aldol in the reaction between benzaldehyde and various
cyclohexanone derivatives. However, even with Lewis base
additives, which enhance the syn-aldol selectivity to the reaction
mixture, the authors found only modest preference for the syn
aldol (syn/anti ≈ 1:1).
2.1.2.7. Nornicotine. Lovell, Noodleman, and Janda have

reported the experimental and theoretical studies of nornicotine
aqueous aldol reactions between acetone and substituted ben-
zaldehydes. Notably, proline and pyrrolidine are poor catalysts
for the aqueous aldol reactions. The mechanism they proposed
for this reaction is shown in Scheme 22.43

Lovell, Noodleman, and Janda proposed that the nornicotine
catalyst reacts via the enamine pathway but invoked an unusual
transition state in which a molecule of water simultaneously
attacks the internal carbon of the enamine olefin and donates a
proton to the forming alkoxide. In addition a second molecule of
water is suggested to be present in the transition structure that
later participates in the hydrolysis of the catalyst. No explanations
were offered to justify the necessity for the electrophile addition
to the more hindered face of the enamine.
This mechanism is based on their calculations for the model

reaction of acetaldehyde and acetone (Scheme 23). However, the
authors did not include the 9 kcal/mol higher energy of the enol
tautomer of acetone compared with acetone. Furthermore, this
high-energy pathway, in which the first transition structure is
entropically disfavored, was not explained.
Zhang andHouk computed the same aldol reaction in water and

proposed an alternative mechanism involving water ionization.44

Figure 14. The anti�re and anti�si transition structures for the
prolineamide-catalyzed aldol reaction.

Scheme 20. Primary Amino Acid Catalyzed Intermolecular
Aldol Reaction between Cyclohexanone and para-
Nitrobenzaldehyde

Figure 15. (S,R), (S,S), (R,R), and (R,S) transition structures for the
reaction between cyclohexanone enamine of alanine and benzaldehyde.
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The reaction involves three steps: (1) water autoionization, (2)
hydroxide- or hydronium-catalyzed conversion of aldehyde or
ketone into enol, and (3) C�C bond formation and proton
transfer to give the aldol product. The overall process for the
reaction of acetone and acetaldehyde using B3LYP/6-311þþG-
(3d,3p)//B3LYP/6-31G(d) and the CPCM solvation model are
shown in Scheme 24. Two alternative possible mechanisms—(1)
initial proton transfer from the ketone enol to water, and (2) initial
proton transfer from the ketone enol to aldehyde—were also
computed, but the highest-energy species of these reactions are
significantly higher in energy than the mechanism shown in
Scheme 24. While C�C bond formation was calculated to be the
rate-determining step, formation of the enol or enolate may be rate-
determining for more reactive aldehydes.
2.1.3. Mannich Reaction. The discovery of the intermole-

cular aldol reaction soon paved the way for the discovery that
additions to various other double bonds would also be possible.
The proline-catalyzed direct Mannich reaction is a natural
extension of the aldol reaction and is a highly effective car-
bon�carbon bond-forming reaction that is used for the preparation

of enantiomerically enriched amino acids, amino alcohols, and their
derivatives (Scheme 25).45

2.1.3.1. Origin of the Reverse Enantioselectivity Compared
with the Aldol Reaction. The enantioselectivity of the Mannich
reaction is opposite that of the aldol reaction. Computational
investigations by Houk and co-workers show that the imine
acceptor must be situated so as to accommodate proton transfer

Figure 16. (a) Overall reaction profile for primary amino acid catalyzed
aldol reaction. (b) Relative energies of oxazolidinone and enamine.

Scheme 21. Pyrrolidin-2-ylphosphonic Acid Catalyzed In-
termolecular Aldol Reactions

Figure 17. The most stable anti�re, anti�si, and syn�re transition
structures for the aldol reaction of acetone with para-nitrobenzaldehyde
catalyzed by pyrrolidin-2-ylphosphonic acid.

Scheme 22. Nornicotine-Catalyzed Intermolecular Aldol
Reaction Mechanism
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to nitrogen (Figure 18).46 This situates the carbon substituent in
the more crowded pseudoaxial position.
2.1.3.2. The Enhanced Rate of theMannich Reaction versus

the Aldol Reaction. It is also of interest to note that proline-
catalyzed Mannich reactions are often much faster than the
corresponding aldol reaction. Hayashi and co-workers have
suggested that the more basic imines are more readily activated
by the carboxylic acid of proline.47

2.1.3.3. The Origin of Erosion of Diastereoselectivity in the
Pipecolic Acid Catalyzed Mannich Reaction. Barbas’ group
reported that pipecolic acid catalysis gives both syn and anti
diastereomers with high enantioselectivity (Scheme 26).48 The
diastereomeric ratio of syn- versus anti-product ranged from 2:1
to 1:1. This unusual change in diastereoselectivity upon the
increase in ring size from five to six was investigated computa-
tionally by Cheong and Houk.48

The C�C bond-forming steps involving both pipecolic acid
and proline enamines of propionaldehyde attacking the N-PMP-
protected R-imino methyl glyoxylate were calculated at the HF
level of theory with the 6-31G(d) basis set.
The diastereoselectivity of this reaction is determined by whether

the anti or syn enamine conformer is favored in the transition
structure. In the case of proline, the transition structures involving
the anti-enamine are favored over those that involve the syn-
enamine. The latter involves distortions of the developing iminium
from planarity to accommodate proton transfer, and the computed
diastereoselectivity given by the difference in anti�si and syn�si
transition structures is 1.0 kcal/mol.
This differentiation is weakened in the case of pipecolic acid;

the analogous difference for pipecolic acid is only 0.2 kcal/mol

Scheme 23. Intermolecular Aldol Reaction Mechanism
Computed by Janda and co-workers43a

aB3LYP/6-311þG(3d,3p)//B3LYP/6-31G(d); COSMO model for
solvation energies (water).

Scheme 24. Intermolecular Aldol Reaction Mechanism
Computed by Houk and co-workers44

aB3LYP/6-311þG(3d,3p)//B3LYP/6-31G(d); CPCM model for sol-
vation energies.

Scheme 25. Typical Intermolecular Mannich and Aldol Re-
actions Catalyzed by Proline

Figure 18. The anti�re and anti�si transition structures of the
Mannich reaction, and anti�re transition structures of the aldol reaction
catalyzed by proline.

Scheme 26. Intermolecular Mannich Reaction of Aldehydes
Catalyzed by Pipecolic Acid
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(Figure 19). The piperidine ring experiences steric interactions
with the anti- or syn-enamines that are different than those of the
pyrrolidine ring of proline. The relatively rigid piperidine ring
holds the carboxylic acid more rigidly than the more flexible
pyrrolidine. This alters electrostatic interactions with the ester of
the iminoglyoxylate and with the protonated imine. These
differences allow the imine to react via both the anti- and syn-
enamine, giving rise to roughly equal amounts of both syn and
anti product experimentally and computationally. Although the
calculated selectivities are in good agreement with the experi-
ments, it should be noted that various benchmarks show that
such small energy differences fall in the error margin of the most
of the standard computational methods.2�7 It is generally
assumed, without proof, that these methods are able to predict
small differences in the energies of stereoisomeric transition
states.
The facial re or si selectivity of the imine acceptor is governed by

the necessity for intramolecular proton transfer andminimization of
steric interactions between the imine and the reactive enamine. The
E-imine is more stable than the Z-imine. Transition structures
involving intramolecular proton transfer are favored; thus the re
face attacks necessitate substantial eclipsing of the imine and
enamine. Consequently, anti�re and syn�re transition structures
are higher in energy by >1 kcal/mol than the anti�si or syn�si
transition structure for both proline and pipecolic acid.
2.1.3.4. The Mannich Reaction Catalyzed by Diarylprolinol

Silyl Ethers. Hayashi and co-workers used B3LYP/6-31G(d) to
investigate the role of acid additives in the Mannich reaction of
imines and acetaldehyde catalyzed by diarylprolinol silyl ethers
(Scheme 27).49 The catalyst was modeled by 2-methylpyrroli-
dine and the imine was modeled by N-benzoyl-N-benzylidene-
namine. The lowest-energy conformer was calculated to have an
s-cis geometry around the CdN—CdO bond (Scheme 28).
The s-trans conformer converged to a transition structure for the
rotation of this dihedral. The Z-isomer is approximately 30 kcal/
mol higher in energy than the E. The modeled enamine was
calculated to have a small 0.7 kcal/mol preference for an anti
alkene with respect to the pyrrolidine methyl group. The imine
was calculated to favor protonation of the nitrogen versus
protonation of the carbonyl oxygen by approximately 7 kcal/mol.

Addition of the acetaldehyde anti-enamine to the protonated
imine was calculated to be highly exothermic (�31.1 kcal/mol in
THF, PCM model) and barrierless. The favored transition
structure was modeled by constraining the forming C�C bond
at 3.0 Å and plotting the energy versus the dihedral angle around
this bond. The optimal geometry was located at a dihedral angle
of 140� between the reacting imine and enamine double bonds
(Figure 20). Because the addition step is extremely fast, the
authors conclude that enaminium formation is the rate-deter-
mining step of the reaction.
Wong also investigated a similar Mannich reaction using the

same catalyst and concluded that the reaction proceeds through
an enol rather than an enamine intermediate (Scheme 29).50 The
calculated enantioselectivity is in good agreement with experi-
mental results. Wong also proposed that the Michael-aldol
condensation, Michael addition, R-amination, R-fluorination,
R-sulfenylation, and R-bromination reactions proceed by an
enol intermediate with this catalyst.
2.1.3.5. The Mannich Reaction Catalyzed by (S)-1-(2-Pyrroli-

dinylmethyl) Pyrrolidine. Li and co-workers used BH&HLYP
to explain the opposite diastereoselectivities obtained by

Figure 19. The anti�si and syn�si transition structures of Mannich
reaction catalyzed by pipecolic acid.

Scheme 27. Diarylprolinol Silyl Ether Catalyzed Mannich
Reaction

Scheme 28. Imine and Enamine Conformers

Figure 20. Transition statemodel forMannich reaction of acetaldehyde
and protonated N-benzoyl iminium.
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(S)-1-(2-pyrrolidinylmethyl) pyrrolidine and proline in the
directMannich reactions between ketimine and isovaleraldehyde
reported by Jørgensen and co-workers (Scheme 30).51 Sketches
and relative energies of the lowest-energy transition structures
for each diastereomeric product are shown in Scheme 31. The (S,
S) and (R,S) transition structures are higher in energy than the
(R,R) and (S,R) transition structures due to a disfavored steric
interaction between the ketimine protecting group and the
pyrrolidinyl moiety of the catalyst. In the (R,R) and (S,R)
transition structures, the ketimine is attacked from the opposite
face of the pyrrolidine group. The stability of the (R,R) transition
state compared with the diastereomeric (S,R) transition structure
is attributed to three factors: (1) larger degree of planarity of the
developing iminium in the (R,R) transition structure, (2) elec-
trostatic stabilization of the imine nitrogen by the catalyst in the
(R,R) transition structure, and (3) better staggering around the
forming C�C bond in the (R,R) transition structure.
Catalysis of the same reaction by proline was then studied

computationally and represented the first theoretical study of the
Mannich reaction of ketimines. The previous studies had in-
volved reactions of aldimines. The lowest-energy transition
structures for each diastereomer are shown in Scheme 32. The
C�C bond forming distances are shorter than those calculated
for the reactions of aldimines (2.2�2.4 Å) and the proton
transfer occurs later in the ketimine reactions. In agreement with
experiment, the lowest-energy transition structure involves at-
tack of the anti enamine on the si face of the ketimine to give the
(R,S) product. This transition structure has good staggering
around the C�C forming bond, and the iminium is stabilized by
the carboxylic acid proton.
2.1.3.6. The Computational Design of an anti Selective

Mannich Organocatalyst. Following on the heels of the study
of pipecolic acid catalyzed Mannich reactions, Houk and
Barbas reported a joint computational and experimental de-
sign of an anti selective organocatalyst (Scheme 33).52 The
stereoselective formation of anti products necessitates a
reversal in the facial selectivity of either the enamine or the
imine, compared with the proline-catalyzed reactions. A
substituent at the 5-position of the pyrrolidine was used to
fix the conformation of the enamine. The acid functionality
was placed at the distal 3-position of the ring, to affect control
of enamine and imine facial selection in the transition state. To
avoid steric interactions between the substituent at the 5-position
of the new catalyst and the imine in the transition state, the
substituents at 3- and 5-positions were placed in the trans
configuration. On the basis of these considerations, a new catalyst,
(3R,5R)-5-methyl-3-pyrrolidinecarboxylic acid, was designed. The
proposed major transition state of the Mannich reaction catalyzed
by the new catalyst is shown in Scheme 33.
The reaction between propionaldehyde and N-PMP-pro-

tected R-imino methyl glyoxylate was studied using HF/6-31G-
(d) calculations to test the design prior to synthesis. No
computed structures were reported in this work. The catalyst
was predicted to give 95:5 anti/syn diastereoselectivity and
∼98% ee for the formation of the (2S,3R)-product.
The relative contributions of the carboxylic acid and methyl

group of the catalyst in directing the stereochemical outcome of
the reaction were assessed. Computational studies involving the
derivative lacking the 5-methyl group, (S)-3-pyrrolidinecar-
boxylic acid, indicate that the methyl group contributes ∼1
kcal/mol toward the anti diastereoselectivity. That is, the stereo-
selectivity changes to 82:18 anti/syn dr and 92% ee when

transition structures with the unmethylated catalyst are located.
This unmethylated catalyst was also tested in an actual reaction,
for the case where R = i-Pr. This derivative afforded (2R,3S)-anti
product in 95:5 anti/syn dr and 93% ee, which is a drop of 0.6
kcal/mol from the catalysis of the same substrate by the
unmethylated catalyst.
2.1.4. R-Aminoxylation Reaction. The proline-catalyzed

aminoxylation reaction is a convenient way of oxidizing the R
position of carbonyl compounds (Scheme 34).
Three different variations of the mechanism have been pro-

posed (Scheme 35). The proposed mechanisms differed by the
degree to which the carboxylic acid or the proline amine
participates in the proton-transfer process. The transition state
model proposed by Hayashi53 is analogous to the Houk�List
model; proton transfer occurs from the carboxylic acid in a
“partial-Zimmerman�Traxler” chairlike transition state. Zhong
proposed a Zimmerman�Traxler transition state in which the
proline amine also facilitates the proton transfer,54 while Mac-
Millan proposed an enammonium-mediated ene-like zwitterio-
nic transition state.55 These pathways do not exhaust the
mechanistic possibilities. Nitrosobenzene dimerizes readily,
and analogous pathways involving the proline enamine attack
on the nitrosobenzene dimer are also possible. Blackmond has
reported the observation of an acceleration of reaction rate for
the aminoxylation and the related amination reactions by the
products of the reaction.56,29f It was concluded that the auto-
induction occurs in these reactions but not in the aldol reaction
because of a difference in the rate-determing steps.57

The reaction was investigated computationally by the Cord�ova,58a

Houk,58b and Wong58c groups. Cord�ova reports that the C�O
bond-forming step for the major R-enantiomer occurs via the anti
enamine, similar to the model proposed by Hayashi (Scheme 36).
Formation of theminor S-enantiomer reportedly occurs via addition
of the syn enamine to the re face of the hydrogen-bound nitro-
somethane. The minor transition structure is disfavored by approxi-
mately 7 kcal/mol. Attempts to locate a transition structure
according to the MacMillan model resulted in structures that are
similar to the Hayashi transition structure.
The transition structure for the major R-enantiomer com-

puted by the Houk group (Figure 21)58b is similar to that of
Cord�ova. However, the minor transition structure (syn-O)
differs in that the syn enamine attacks the si face of the
hydrogen-bound nitrosobenzene, as opposed to the re face
described by Cord�ova. The transition structure for the minor
enantiomer is 3.3 kcal/mol higher in energy than the most
stable transition structure for the major enantiomer. This
corresponds to a prediction of 99% ee of the product favored
experimentally, in reasonable agreement with the experimen-
tally reported ee of 97%.

Scheme 29. Mannich Reaction via an Enol Mechanism
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The model proposed by Zhong is found not to be a transition
state but minimizes to a more stable transition state anti-O. Here
the proline amine�proton distance is 2.7 Å, and there is no
evidence of proline amine pyramidalization. The enammonium-
mediated zwitterionic ene-like transition state proposed by
MacMillan, with the carboxylate group syn to the proton-transfer
face, was not found. The closest enammonium transition

structure found was one in which the carboxylate group is anti
to the proton transfer; it is 32.4 kcal/mol higher in energy than
the most stable transition structure. The high barrier is attributed
to the poor nucleophilicity of the enammonium olefin and the
great energetic penalty accrued by the charge separation.58b

The transition structures involving the nitrosobenzene dimer are
disfavored due to the entropic cost of dimerization and the difficulty

Scheme 30. Opposite Diastereoselectivities Observed in the Mannich Reaction with Proline and Pyrrolidinylmethylpyrrolidine
Catalysts

Scheme 31. Lowest Energy Transition Structures Leading to Each Diastereomer of the Pyrrolidinylmethylpyrrolidine-Catalyzed
Mannich Reactiona

aBH&HLYP/6-31G(d,p), including solvation energies—CH2Cl2, CPCM/UAKS model.

Scheme 32. Lowest Energy Transition Structures Leading to Each Diastereomer of the Proline-Catalyzed Mannich Reactiona

aBH& HLYP/6-31G(d,p), including solvation energies—CH2Cl2, CPCM/UAKS model.
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of a nucleophilic attack on the partially negatively charged oxygen of
the nitrosobenzene dimer. The most stable transition structure
involving the nitrosobenzene dimer is 24.4 kcal/mol higher than the
most stable pathway involving the nitrosobenzene monomer.58b

The transition structures for attack at nitrogen (oxyamination)
were generally higher in energy than those for attack at oxygen.
The attack at nitrogen to give the (R)-hydroxyamination product
via transition structure anti-N is disfavored by 2.6 kcal/mol. This
heteroatom selectivity is also explained by the preferential
protonation of the more basic nitrogen. In the absence of
Brønsted catalysis, a reversal in heteroatom selectivity is ex-
pected. The reaction between the dimethyl enamine of propio-
naldehyde and nitrosobenzene was computationally shown to
favor the attack on the nitrogen.58b

Wang also investigated the reaction and found that the lowest-
energy transition structures for each enantiomer occur from the
anti enamine (Scheme 37). The calculated energy difference is
large in the gas phase (5.2 kcal/mol) but decreases substantially
with the inclusion of solvent effects (1.5 kcal/mol). The pathway
subsequent to bond formation was also computed with one
explicit water molecule. It was found that the resulting imine
favors a syn geometry with respect to the catalyst carboxylate in
order to maximize hydrogen bonding.58c

2.1.5. R-Fluorination. Jørgensen used DFT to explain the
enantioselectivities of R-fluorination reactions catalyzed by tri-
methylsilyl diarylprolinol (Scheme 38).59 Unlike proline, where

Scheme 33. Development of anti Selective Mannich Reaction Organocatalyst

Scheme 34. R-Aminoxylation Reaction

Scheme 35. Proposed Transition States of Proline-Catalyzed
R-Aminoxylation Reaction

Scheme 36. Relative Gas Phase Transition Structure
Energies for the Aminoxylation Reactiona

aB3LYP/6-311þG(2d,2p)//B3LYP/6-31G(d,p).
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the carboxylic acid directs the electrophile to the “top” face of the
enamine via hydrogen bonding, the TMS diarylprolinol catalyst

directs the electrophile to the “bottom” face of the catalyst due to
steric shielding (Scheme 39). It was found that there is little
preference for the anti or syn enamines of propanal and 3,3-
dimethylbutanal (Scheme 40), so transition structures for attack
of both anti and syn enamines were calculated.
Transition structures for the R-fluorination of 3,3-di-

methylbutanal by N-fluorobenzenesulfonamide (NFSI) were
located using B3LYP/6-31G(d). The syn and anti conforma-
tions and E and Z geometries were considered. The lowest-
energy transition structures leading to the major (S)- and
minor (R)-enantiomers are shown in Figure 22. The major
(S)-enantiomer is formed by attack of the anti-E enamine from
the “bottom” (si) face to NFSI. The minor (R)-enantiomer is
2.4 kcal/mol higher in energy and is formed by attack of the
syn-E-enamine from the “bottom” (re) face to NFSI. This
predicted selectivity (96% ee) is in excellent agreement with
the enantioselectivity (97% ee) observed experimentally. The
energy difference is attributed to good staggering around the

Scheme 39. Hydrogen Bond and Steric Stereocontrol

Figure 21. B3LYP/6-31G(d) transition structures for the R-aminox-
ylation reaction. Activation energies include HF/6-31þG(d,p) DMSO,
PCM model, and UAKS radii solvation.

Figure 22. Lowest energy transition structures for the R-fluorination of
2,2-dimethylbutanal.

Scheme 37. Activation Energies for the R-Aminoxylation
Reactiona

aB3LYP/6-31G(d,p); solvation energy corrections (B3LYP/6-311þG
(2d,2p) PCM, DMSO) are in brackets.

Scheme 38. Organocatalyzed R-Fluorination Reaction

Scheme 40. Relative Free Energies of anti versus syn
Enaminesa

aB3LYP/6-31G(d).
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forming C�F and breaking F�N bonds in the major enantio-
mer but eclipsing around these bonds in the minor enantio-
mer. The transition structure for the major enantiomer of
the R-amination of n-butanal by diethyl azodicarboxylate
(DEAD) was also located, but the stereoselectivity was not
discussed.
2.1.6. γ-Amination. The γ-amination of R,β-unsaturated

aldehydes by diethyl azodicarboxylate (DEAD), catalyzed by the
same TMS-protected diarylprolinol, was studied computation-
ally by Jørgensen (Scheme 41).60 The (R) enantiomer domi-
nated in these reactions, which is the opposite of what was
expected. Density functional theory (B3LYP/6-31G(d) with
CPCM solvent corrections) was used to rationalize the stereo-
selectivity of the reaction. Two low-energy conformers of the
enamine were located, E-s-trans-E and E-s-trans-Z (Scheme 42),
which differ in energy by 1.4 kcal/mol. This is consistent with 1H
NMR observations of a mixture of isomers; the two isomers are
believed to be readily interconvertible by a protonation/depro-
tonation mechanism.
The activation energy for γ-amination of the major (R) isomer

with respect to the E-s-trans-E enamine is predicted to be 17.1
kcal/mol, while that of the minor (S) enantiomer is 13.0 kcal/
mol. The activation energy for R-amination of both enamine
conformations is approximately 21 kcal/mol. Given the discre-
pancy between the calculated selectivity for the (S)-enantiomer
and the experimental observation of the (R)-enantiomer,
Diels�Alder cycloaddition barriers of the enamine intermediates
were calculated. It was postulated that the resulting Diels�Alder
cycloadducts should readily hydrolyze to the γ-aminated alde-
hyde, and the E-geometry of the C2�C3 double bond would be

restablished via a reversible addition mechanism of a nucleophile
such as water or the catalyst. The activation energy for the [4 þ
2] cycloaddition of E-s-cis-E was calculated to be only 6.7 kcal/
mol (11.6 kcal/mol with respect to the lowest-energy enamine,
Figure 23), while the activation energy for the [4 þ 2] cyclo-
addition of E-s-cis-Z was calculated to be 12.3 kcal/mol (18.1
kcal/mol with respect to the lowest-energy enamine). The
Diels�Alder reactions were calculated to be exothermic, while
the γ-amination reactions were calculated to be endothermic.
Thus, calculations predict that the preferred mechanism for γ-
amination occurs by a Diels�Alder cycloaddition of the E-s-cis-E
enamine, followed by hydrolysis to give the (R) product. To
support the Diels�Alder mechanism, 2-pentenal and the pyrro-
lidine catalyst were reacted with N-methylmaleimide instead of
DEAD. The Diels�Alder cycloadduct was isolated.

Scheme 42. Mechanism for the γ-Amination of 2-Pentenala

aB3LYP/6-31G(d) energies (with CPCM solvent corrections).

Scheme 41. γ-Amination of r,β-Unsaturated Aldehydes

Figure 23. Lowest energy transition structures for the [4 þ 2]
cycloaddition of enamines and DEAD.
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The Seebach group computed the relative energies of the
enamine formed by 2-pentenal and the iminium formed by
3-phenyl-2-propenal with TMS-protected diarylprolinol catalyst
using B3LYP and MP2 and found that the anti-all-trans con-
formations are most stable (Figure 24).61 The most stable
calculated iminium geometry overlays very well with the crystal
structure.
2.1.7.R-Alkylation.The intramolecular catalytic asymmetric

R-alkylation of aldehydes was developed by List and co-
workers.62 The synthesis of cyclic aldehydes via proline and
2-methylproline catalyzed cyclizations of acyclic halo-aldehydes
are shown in Scheme 43.
Two items are of particular interest in this reaction: (1) Simple

methyl substitution at the 2-position of proline enhanced the
stereoselectivity of the reaction, as shown in Scheme 43. (2)
Triethylamine accelerates the reaction. Thiel and List reported a
computational investigation of this reaction using B3LYP with
the 6-31G(d) and LANL2DZ basis sets.63 CHCl3 solvation
effects were taken into account by geometry optimizations using
the Onsager model and single point energies using the CPCM
method with the UAKS radii. Triethylamine was modeled using
trimethylamine.
The reaction proceeds via the enamine nucleophilic displace-

ment of the halogen, analogous to the typical proline mechan-
isms (Figure 25). The rate- and stereo-determining step was
considered to be the alkylation step. It is interesting to note that
the stabilization of the departing iodide by the carboxylic acid of
the catalyst induces a cisoid conformation of the carboxylic acid,

while in other reported reactions involving proline, the transoid
conformation is preferred. Triethylamine was found to provide a
salt bridge between the carboxylic acid and the departing halide.
The stereoselectivity of this reaction arises from preferred

cyclization by the anti enamine. The basic origin of stereoselec-
tivity remains the same; the cyclization of the syn enamine
accrues energetic penalties due to the catalyst stabilization of a
more proximal developing anion. The calculated 99% ee is in
good agreement with the experimentally observed 95% ee. The
enhanced enantioselectivity for the 2-methylproline catalyzed
aldol reaction compared with the proline-catalyzed reaction is
due to the inherently larger steric interactions between the
methyl and the aldehyde substituent in the syn transition
structure. Again, the calculated 66% ee for the proline-catalyzed
reaction is in good agreement with the experimental 68% ee.
2.1.8. Hydrophosphination.Diaryl prolinols have been used

to catalyze the asymmetric hydrophosphination of R,β-unsaturated

Figure 24. DFT gas phase relative energies calculated by Seebach and co-workers.61

Scheme 43. The Prototypical Proline and 2-Methylproline
Catalyzed Alkylation Reaction

Figure 25. The two lowest-energy alkylation transition structures
involving 2-methylproline and trimethylamine.
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aldehydes (Scheme 44).64 The origin of high enantioselectivity was
investigated using density functional theory (B3LYP/6-311þG-
(2d,2p)//B3LYP/6-31G(d,p)). The lowest-energy iminium inter-
mediate is in the E geometry and is 3.5 kcal/mol lower in energy
than the Z isomer (Scheme 45). In agreement with experimental
observations, the lowest-energy transition structure leads to the S
product. The lowest-energy transition structure leading to theminor
R product is 1.5 kcal/mol higher in energy and also rises from the E
iminium. Steric repulsion with the bulky group of the catalyst causes
this transition state to be disfavored. The lowest-energy transition
structure that arises from the Z iminium is 4.2 kcal/mol higher in
energy than the S transition state.
2.1.9. Michael Addition. Domingo and co-workers used

B3LYP/6-31G(d,p) to study the role of (S)-5-(pyrrolidin-2-yl)-
1H-tetrazole in the Michael addition of (i) acetaldehyde to
nitroethylene and (ii) acetone to β-nitrostyrene (Scheme 46).65

For the former reaction, it was found that the enamine isomers
formed by condensation of the catalyst with acetaldehyde differ by
only 0.8 kcal/mol (model A, Scheme 47). All possible modes of
addition, of the R and β faces of both the anti and syn enamines to
both faces of nitroethylene, were calculated. The lowest-energy
transition structure has an activation barrier of 18.7 kcal/mol and
occurs by addition of nitroethylene to the β-face of the anti
conformation of the enamine, with a hydrogen bond between the
tetrazole hydrogen and an oxygen on the nitro group.
For the latter reaction, four transition structures, addition of

both faces of nitrostyrene to the β-face of both the anti and syn
enamines, were located (model B). The four lowest-energy
transition structures for each mode of attack are shown in
Scheme 48. In all four transition structures, an anti arrangement
between the phenyl group of nitrostyrene and the enamine C�C
double bond and a gauche arrangement between the enamine and
nitrostyrene C�C double bonds are preferred. The configura-
tion of the lowest-energy transition structure, TS-anti�re, agrees
with the experimentally observed major diastereomer. The
stability of this transition structure is attributed to favorable
electrostatic interactions between the forming iminium and the
nitro group, as well as the tetrazole hydrogen and an oxygen on the
nitro group. Seebach proposed this arrangement (“topological rule”)
for the transition states of enamine reactions with nitroalkenes.66

The syn transition structures are approximately 2 kcal/mol higher
in energy; the NdO 3 3 3H—Ndistances reveal weaker hydrogen
bond stabilization.
Sunoj used mPW1PW91 and B3LYP to explore the impor-

tance of explicit solvation in computing transition structures for
the proline-catalyzed Michael addition of 3-pentanone and
cyclohexanone to nitrostyrene (Scheme 49).67 Polar protic
solvents had experimentally been shown to improve reaction
rates and stereoselectivities,68 and calculations without explicit
solvent molecules failed to reproduce the experimentally ob-
served stereoselectivities. The experimentally observed major
diastereomer could arise from addition of the anti enamine to the
re-face of nitrostyrene (TS-anti�re) to give the syn-(S,R) pro-
duct. However, mPW1PW91/6-311G(d,p)//mPW1PW91/
6-31G(d) gas-phase calculations predict a stereochemical outcome
of 6% de (syn) and 40% ee in favor of the (S,R) product for
3-pentanone and 32% de (anti) and 97% ee in favor of the (R,R)
product for cyclohexanone.
With onemethanol, calculations still do not fit experiment, but

the inclusion of twomethanol molecules in a cooperative binding
mode results in stereoselectivities that are in good agreement
with experimental results. Calculations predict 80% de (syn) and

90% ee (S,R) for 3-pentanone and 82% de (syn) and 59% ee (S,R)
for cyclohexanone. The most favored transition structures for
each ketone are shown in Figure 26. Both transition structures
involve attack of the anti enamine to the re-face of nitrostyrene,
with two methanol molecules bridging the carboxylic acid
group of the catalyst and the nitro group of the alkene. The
enamine and nitroalkene C�C π bonds are anti to one another.
N�ajera and co-workers used B3LYP/6-31G(d) to explain the

stereoselectivity of theMichael addition reaction of nitroalkenes with
1,2-amino alcohol-derived prolinamide catalysts (Scheme 50).69

The reaction was modeled by 3-pentanone, 1-nitropropene,
and a truncated 1,2-amino alcohol catalyst. Four possible modes
of attack, attack of the nitropropene on both the re- and si-faces of
both the anti- and syn-enamines, were calculated (Scheme 51).
In agreement with the experimental results, the lowest-energy

transition structure (Table 1, TS anti, re, 15.0 kcal/mol), which

Scheme 44. Asymmetric Hydrophosphination Reaction

Scheme 45. Iminium Ion and Transition Structure Energies
for the Asymmetric Hydrophosphination of r,β-Unsaturated
Aldehydes Catalyzed by Diphenylprolinola

aB3LYP/6-31G(d,p); solvent-corrected values (B3LYP/6-311þG
(2d,2p) single-point, CPCM, CHCl3) are in parentheses.

Scheme 46. Michael Addition of Acetaldehyde and Acetone
to Nitroalkenes
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occurs via attack of the re-face of the anti-enamine, gives the
major (4S,5R)-syn product. The transition structure that gives
the minor (4R,5S)-syn enantiomer occurs by attack of the
nitroalkene to the si-face of the anti-enamine. The computed
energy difference between these two transition structures
(1.4 kcal/mol,∼80% ee) agrees well with the enantioselectivities
obtained experimentally. The syn, re and syn, si transition
structures do not have stabilizing hydrogen bond interactions
and therefore have higher calculated activation energies.
Alexakis and co-workers reported a DFT study of the pyrro-

lidine-type catalyzed conjugate addition of aldehydes to
vinyl sulfone and vinyl phosphonate Michael acceptors
(Scheme 52).70 The reaction of 3,3-dimethylisobutyraldehyde
and vinyl sulfone was computed. Because the five lowest-energy
minima for the enamine formed by the pyrrolidine catalyst and
3,3-dimethylbutyraldehyde are anti, only the transition structures
for si-face (“bottom”, major) and re-face (“top”, minor) attack on
the anti-enamine were considered (Figure 27). In agreement
with experiment, si-face attack was calculated to be favored
(ΔGq = 6.2 kcal/mol). The stereoselectivity is attributed to
favorable electrostatic interactions between the sulfone oxygens

and enamine nitrogen. Compared with the reactant, the negative
charge on each sulfone oxygen increases in the transition state,
and these oxygens are stabilized by the developing positive
charge on the enamine nitrogen. The minor (re) transition
structure was calculated to be significantly higher in energy
(ΔGq = 13.0 kcal/mol). The sulfone oxygens in the minor
transition structure are far from the enamine nitrogen (4.07 Å)
and experience steric hindrance with the bulky group of the catalyst.
A variety of chiral amines based on the pyrrolidine skeleton are

shown to catalyze the Michael addition of aldehydes to vinyl
ketones.71 An interesting aspect of the reaction is that the catalyst
can equally take part in the nucleophilic activation of the
aldehyde by enamine formation or in the electrophilic activation
of the vinyl ketone by iminium ion formation. Patil and Sunoj
have investigated the competing enamine and iminium pathways
in the pyrrolidine-catalyzed Michael addition between propanal
and methyl vinyl ketone (MVK) (Scheme 53).72 The results
summarized in Table 2 suggest that the directMichael addition of
the enamine intermediate to MVK is the more likely pathway for
the C�C bond formation in this reaction.
2.1.10. Cascade Reactions. Sunoj reported a computational

study of the highly stereoselective triple cascade reaction re-
ported by Enders and co-workers (Scheme 54).73 All possible
conformers and faces of addition were explored using B3LYP/
6-31G(d)//ONIOM2(B3LYP/6-31G(d):AM1). In excellent
agreement with the reported results, the lowest-energy transition
structure for the first step (ΔEq = 23.4 kcal/mol with respect to
separated reactants) occurs via addition of the si-face of nitros-
tyrene to the si-face of the (E)-anti-enamine to give (2R)-methyl-
4-nitro-(3S)-phenylbutanal (Figure 28). The unusual stability of
this transition structure is attributed to a number of favorable
electrostatic interactions, including the oxygens of the nitro
group with hydrogens on the catalyst and a short Nδþ�Nδ�

distance of only 2.9 Å. The other diastereomeric transition
structures do not bear such stabilizing interactions. The next

Scheme 47. Relative Energies of (S)-5-(pyrrolidin-2-yl)-1H-
tetrazole-Catalyzed Michael Addition

Scheme 48. Transition Structures and Activation Energies
for Addition of Acetone�Enamine to Nitrostyrene

Scheme 49. Proline-Catalyzed Addition of 3-Pentanone and
Cyclohexanone to Nitrostyrene
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higher-energy transition structure is 5.0 kcal/mol higher in
energy; it involves addition of the re-face of nitrostyrene to give
the (2R,3R) aldehyde.
The next step, Michael addition of the anion generated from

the formed nitroalkane to the iminium of 3-phenyl-2-propenal,
was calculated to favor si-facial attack of the nitroalkane anion to
the re-face of the iminium (Figure 29). Like the first transition
structure, hydrogen bond stabilization of the nitro oxygens with
the catalyst accounts for the relative stability of this transition
structure compared with the higher energy conformers. There is
a further stabilization arising from the carbonyl oxygen with a
pyrrolidine hydrogen. Attack on the re-face of the nitroalkane was
calculated to be 2.2 kcal/mol higher in energy. This transition
structure is not stabilized by any CdO 3 3 3H interactions.

The final intramolecular aldol cyclization step was calculated
to occur in the same geometry as the previous Michael addition
step (Figure 30). The most stable transition structure adopts a
chair conformation and has the same CdO 3 3 3H and N�O 3 3 3H
stabilizing interactions found in the previous steps. Other
transition structure conformers are at least 9.1 kcal/mol higher
in energy.
2.1.11. Morita�Baylis�Hillman Reaction. Santos and co-

workers investigated the proline-catalyzed intramolecular Morita�
Baylis�Hillman reaction of hept-2-enedial reported by Hong
and co-workers (Scheme 55).74 In the presence of imidazole as
cocatalyst, the enantioselectivity of the reaction improves con-
siderably, but with an inversion of absolute configuration. Santos
used DFT calculations to verify the mechanisms proposed
by Hong.
The results of the lowest-energy proline-catalyzed reaction

and proline-catalyzed reaction with imidazole as a cocatalyst are
shown in Schemes 56 and 57, respectively. For the reaction
without imidazole, the relative energies of the anti and syn
iminiums formed between proline and hept-2-enedial are 0.0
and 2.2 kcal/mol, respectively, but the favored pathway initially
involves rearrangement of the syn imine to the enamine with
water assistance (TS-taut). This tautomerization is the rate-
determining step. The resulting syn-enamine (with C3�C4 in
the Z geometry) rotates to the anti-enamine, which then can
cyclize via TS-MBH to give either the (S) or (R) iminium
intermediate. In agreement with experiment, cyclization to the
(S) product is favored. The syn-enamine can also cyclize to give
either the (S) or (R) product, but these barriers were calculated
to be higher than those of the anti-enamine.
The four possible cyclizations result in a calculated enantios-

electivity of 64%. The experimental range is 5�45%, depending
on the solvent.74b,75 The most favored MBH transition structure
is shown in Figure 31. Overall, the model agrees with the one
proposed by Hong, which involves addition of the re-face of the
anti-enamine to the re-face of the aldehyde. A significant stabiliz-
ing electrostatic interaction for the computed transition structure
is seen in the 2.39 Å distance between a proline C5 methylene
hydrogen and the developing alkoxide, as is found in the usual
Houk�List transition structure for the aldol reaction catalyzed
by proline. The corresponding distance is at least 3.10 Å in
transition structures involving the syn enamine.
The reaction in the presence of imidazole was then studied in

order to explain the stereoselectivity reversal. The lowest-energy
computed pathway is shown in Scheme 57. Unlike the mechan-
ism in the absence of imidazole, the mechanism with imidazole
proceeds favorably via the initially formed anti-iminium. Addi-
tion of imidazole to the iminium terminus and tautomerization to
the anti-enamine proceeds with water assistance to give the (S)
configuration at C3 (TS-addn, Figure 32). The transition struc-
ture for addition without water assistance is only 0.4 kcal/mol
higher in energy. The transition structures for formation of the
(R) stereoisomer with and without water are 5.8 and 2.4 kcal/
mol higher in energy, respectively.
The carboxylic acid of the proline catalyst activates the

terminal aldehyde of the anti-enamine (C3-(S)), which cyclizes
via the “top” (re) face of the enamine to the si-face of the
carbonyl, giving the experimentally observed (R) product upon
hydrolysis (TS-MBH-(R), Figure 32). Cyclization to the (S)
product was calculated to be 2.4 kcal/mol higher in energy. This
transition state proceeds via an axial orientation of the imidazole
group, which is less stable than the equatorial conformation

Figure 26. Lowest energy transition structures for the proline-catalyzed
Michael addition of nitrostyrene and cyclohexanone (left) and 3-penta-
none (right), with two explicit methanol molecules.

Scheme 50. Michael Addition Catalyzed by Prolinamide
Catalysts

Scheme 51. Possible Modes of Attack for the Prolinamide-
Catalyzed Michael Addition
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found in the (R) transition state. The overall predicted stereo-
selectivity of 93% ee agrees with the experimental results (80% ee
with 0.1 equiv of imidazole, 93% ee with 1.0 equiv of imidazole).
The rate-determining transition structure calculated by Santos

(TS-addn, Scheme 57 and Figure 32) is similar to the one
proposed by Hong with respect to an explanation for the
stereochemical outcome (Scheme 58). However, the twomodels
differ with respect to the stabilizing mode of the imidazole. Hong
proposed that a protonated catalyst carboxylate directs the
nucleophilic imidazole nitrogen toward attack of the iminium
carbon, while Santos proposed that the carboxylate interacts with
the acidic C-2 hydrogen of the imidazole and directs the
nucleophilic attack. Attempts by Santos to locate transition
structures proposed by Hong failed.

2.2. Imidazolidinones
The resurgence of organocatalysis in 2000 was initiated not

only by reports of the proline-catalyzed aldol reaction but also by
MacMillan’s report of an intermolecular Diels�Alder reaction
catalyzed by an imidazolidinone catalyst (Scheme 59).76 Since
this discovery, imidazolidinone catalysts have catalyzed a number
of reaction types in good yields and stereoselectivities.
2.2.1. Structure Study. Burley and co-workers77 and See-

bach and co-workers78 have independently reported crystallo-
graphic and DFT studies of imidazolidinone catalysts. Burley
showed that the lowest-energy gas-phase conformations of the
benzoyl groups predicted by B3LYP/6-31G(d,p) and B3LYP/6-
311G(d,p) optimizations of the catalysts shown in Figure 33 are

not the same as the conformers that exist in the solid state. This
discrepancy can be explained by the fact that the gas-phase
monomeric structures are stabilized by intramolecular interac-
tions, while the solid-state structures are stabilized by intermo-
lecular interactions.
Seebach overlaid the crystal structures of the PF6 salts formed

by (E)-1-cinnamaldehyde and three imidazolidinone catalysts
with DFT structures and found excellent agreement between the
structures (Figure 34).
2.2.2. Alkylation.Houk and co-workers used B3LYP/6-31G-

(d) calculations to rationalize varying enantioselectivities by
MacMillan and co-workers in the alkylation of N-methylindole
and N-methylpyrrole by (E)-crotonaldehyde, catalyzed by two
imidazolidinone catalysts (Scheme 60).79 Tomkinson and co-
workers have also reported a solution-phase NMR, X-ray crystal-
lographic, andDFT study of the imidazolidinone intermediates.80

The lowest-energy transition structure for the experimental
major (R) enantiomer in the reaction catalyzed by the dimethyl-
substituted imidazolidinone occurs via bonding of the si-face of
the pyrrole to the re-face of the iminium (Figure 35). The lowest-
energy transition structure for the experimental minor (S)
enantiomer occurs via bonding of the re-face of the pyrrole to
the si-face of the iminium. A theoretical enantioselectivity of 71%

Scheme 52. Michael Addition Reaction of Vinyl Sulfones

Figure 27. Michael addition transition structures for the addition of 3,3-
dimethylisobutyraldehyde to a vinyl disulfone.

Table 1. Activation Energies and Distances for theMichael Addition of 3-Pentenone to 1-Nitropropene Catalyzed by 1,2-SAmino
Alcohol Catalysta

TS Eact forming C 3 3 3C NH 3 3 3O1 O3H 3 3 3O1 NH 3 3 3O2 O3H 3 3 3O2

TS anti, re 15.0 2.13 2.03 1.89 2.59 2.72

TS anti, si 16.4 2.10 2.11 2.85 2.56 2.09

TS syn, re 18.2 2.01

TS syn, si 27.6 1.95
aB3LYP/6-31G(d,p).
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Scheme 53. Competing Pathways for Pyrrolidine Catalyzed Michael Addition of Propanal with Methyl Vinyl Ketone (MVK)

Figure 28. First Michael addition transition structure in the cascade
sequence of Scheme 54.

Figure 29. Second Michael addition transition structure in the cascade
sequence.

Figure 30. Intramolecular aldol cyclization in the cascade sequence.

Table 2. Activation Free Energiesa (ΔG) for the Generation of Different Intermediates and for the C-C Bond Formation through
Various Plausible Pathways

enamine formation iminium ion formation C�C bond formation

formation of enol tautomer addition dehydration addition dehydration pathway1 pathway2 pathway3 pathway4

64.8 (29.0)b 36.5 (17.0)b 49.0 (24.6)b 42.8 (24.2)b (30.9)b 88.9 26.1 69.9 25.5
aWith respect to the separated reactants, computed with PCM(THF)/mPW1PW91/6-311G(d,p)//6-31G(d) level of theory. bActivation free energies
for phenol-assisted pathways are given in parentheses.

Scheme 54. Organocatalyzed Michael Addition�-Aldol
Reaction Cascade
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ee was calculated for all low-energy conformers. This corre-
sponds to an activation free energy difference that is
0.5 kcal/mol lower than the experimental observation. The si-
face of the iminium is shielded by the benzyl group, accounting
for the observed preference for attack at the re-face. The
conformation of the benzyl group is, however, different from
that displayed in MacMillan’s publication.

Like the previous catalyst, the lowest-energy transition struc-
ture for the experimental major (R) enantiomer in the reaction
catalyzed by the tert-butyl-substituted imidazolidinone occurs
via the si-face of the pyrrole bonding to the re-face of the
iminium (Figure 36). The lowest-energy transition structure
for the experimental minor (S) enantiomer occurs via the
re-face of the pyrrole to the si-face of the iminium. A theoretical
enantioselectivity of 90% ee was calculated using all low-energy
conformers, in excellent agreement with the experimental
observation.
The enhanced enantioselectivity compared with the dimethyl-

substituted catalyst can be explained by the preferred conforma-
tions of the ground-state iminium ions. In the dimethyl-sub-
stituted catalyst, the phenyl ring lies over the face of the catalyst
due to a stabilizing C�H 3 3 3π interaction between the phenyl
ring and the cis-methyl group (Figure 37). Such a stabilizing
interaction does not exist in the t-butyl-substituted catalyst due to
the steric bulk of the t-butyl group. The phenyl ring effectively
rotates away from the catalyst and blocks the si-face of the

Scheme 56. Mechanism for Proline-Catalyzed Intramolecular Morita�Baylis�Hillman Reactiona

aB3LYP/6-31þþG(d,p)(PCM,CH3CN)//B3LYP/6-31G(d,p).

Scheme 57. Mechanism for Proline-Catalyzed Intramolecular Morita�Baylis�Hillman Reaction with Imidazole Cocatalysta

aB3LYP/6-31þþG(d,p)(PCM,CH3CN)//B3LYP/6-31G(d,p).

Scheme 55. Proline-Catalyzed Intramolecular Morita�
Baylis�Hillman Reaction
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iminium to a greater extent than the same group of the dimethyl-
substituted catalyst.
2.2.3. Diels�Alder Cycloaddition. Since MacMillan’s first

report of the imidazolidinone-catalyzed Diels�Alder cycload-
dition reaction, modifications to the catalyst structure have
been made in attempts to improve stereoselectivity. Table 3
lists the results of changing substituents on the catalyst. The
furyl-substituted catalyst (entry 5) proved to be the most
efficient in catalyzing the [4þ 2] cycloaddition between 4-hexene-
3-one. Houk and co-workers carried out B3LYP/6-31G(d)

calculations in order to explain the stereoselectivity of the
reaction.81

The uncatalyzed reaction was calculated to have a barrier of
20.9 kcal/mol (TS-s-cis�exo, Figure 38). A 1:4.5 endo/exo ratio
was calculated in the gas phase at 0 �C (1:3.7 in water).
Transition structures were also located for the Diels�Alder
cycloaddition catalyzed by dimethylamine. A 3.1:1 endo/exo ratio
was calculated in the gas phase at 0 �C (4.1:1 in water). The
activation energy for the most favored transition structure is 9.8
kcal/mol (Figure 38), significantly lower than that of the
uncatalyzed reaction.
Transition structures for the least and most effective imidazo-

lidinone catalysts (dimethyl, entry 1, versus furyl, entry 5) were
located. Houk and co-workers predicted an endo/exo ratio of 6:1
and >99% ee for the dimethyl-substituted catalyst in the gas
phase at 0 �C and 100% endo selectivity and >99% ee in water

Figure 31. B3LYP/6-31G(d,p) major cyclization transition structure
for the proline-catalyzed intramolecular Morita�Baylis�Hillman
reaction.

Figure 32. B3LYP/6-31G(d,p) major transition structures for the
proline-catalyzed imidazole addition and intramolecular Morita�
Baylis�Hillman (im = imidazole).

Scheme 58. Rate-Determining Transition Structures Pro-
posed by Hong and Santos

Scheme 59. Imidazolidinone-Catalyzed Diels�Alder
Cycloaddition

Figure 33. Imidazolidinone catalysts studied by Burley and co-
workers.77

Figure 34. Imidazolidinones investigated by Seebach and co-workers.78

Scheme 60. Imidazolidinone-Catalyzed Indole Alkylation
Reactions
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(CPCM model, HF/6-31G(d)//B3LYP/6-31G(d), UAKS cav-
ity model). For the furyl-substituted catalyst, an endo/exo ratio of

25:1 and 99% ee was calculated in the gas phase at 0 �C. In water,
the predicted endo/exo ratio increases to 35:1 and the enantios-
electivity is still high (>99% ee).
The poor enantioselectivity prediction for the dimethyl-

substituted catalyst led the authors to propose that the iminium
is slowly formed compared with the furyl-substituted catalyst.
The slow iminium formation would allow for the uncatalyzed
background reaction to occur and erode the % ee. Gas-phase
calculations show that iminium formation with the dimethyl-
substituted catalyst is endothermic by 7.9 kcal/mol, whereas
iminium formation with the furyl-substituted catalyst is
exothermic by 0.6 kcal/mol. The stability difference is due to
strong steric hindrance between the ethyl fragment and di-
methyl groups (Figure 39). The closest H�Hdistances are 1.93
and 2.05 Å; the closest H�H distance in the furyl-substituted
catalyst is 2.22 Å).
In conclusion, good endo/exo ratios are predicted by both

catalysts, but the enantioselectivities are overestimated. The poor
enantioselectivity of the dimethyl-substituted catalyst can be
explained by steric hindrance between the ethyl group of the
ketone and the dimethyl groups of the catalyst. The catalysts
decrease the activation energies compared with the uncatalyzed
reaction by 11 kcal/mol.
2.2.4. R,β-Unsaturated Ketone Reduction. Density func-

tional theory (B3LYP/6-31G(d)) was used to investigate the
stereoselectivity of the organocatalytic transfer hydrogenation of

Figure 35. Lowest-energy transition structures and relative energies for
imidazolidinone-catalyzed alkylation of N-methylpyrrole.

Figure 36. Lowest-energy transition structures and relative energies for
imidazolidinone-catalyzed alkylation of N-methylpyrrole.

Figure 37. Most stable conformers of dimethyl- and tert-butyl-substi-
tuted iminiums.

Table 3. Results of Imidazolidinone-Catalyzed Diels�Alder
Cycloaddition Reactions

entry R1 R2 R3 % yield endo/exo % ee (endo)

1 Me Me Ph <30 7:1 0

2 tBu H Bn <30 0

3 Ph H Bn 88 21:1 47

4 Ph H Bn 83 23:1 82

5 5-methyl-2-furyl H Bn 89 25:1 90

Figure 38. Uncatalyzed and N,N-dimethylamine-catalyzed Diels�Alder
cycloaddition transition structures and activation energies (B3LYP/6-31G-
(d)) of cyclopentadiene and 4-hexene-3-one.
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3-phenyl-2-cyclopentenone (Scheme 61).82 Two low-energy
iminium conformers were located that could lead to the experi-
mentally observed products (Scheme 62). Hydride attack on the
“bottom” face of the E iminium would lead to the major R
product, while attack on the “bottom” face of the Z iminium
would lead to the minor S product. In good agreement with
experimental results, attack of the E iminium was calculated to be
favored by 1.1 kcal/mol (76% ee). The selectivity is due to amore
favorable C�H 3 3 3π interaction in the favored R transition
structure.
2.2.5. R-Arylation. Both the Nicolaou83 and MacMillan84

groups reported asymmetric intramolecular R-arylation reac-
tions via SOMO activation (Scheme 63).
On the basis of geometry, charge, spin density, and molecular

orbital analyses of the uncyclized and cyclized radical enamine
cation intermediates, Houk and co-workers concluded that the
cyclization is best described as a radical mechanism.85 In agree-
ment with experiment, radical attack ortho to the methoxy group
was calculated to be favored over para attack. The greater
stabilization of the cyclohexadienyl radical by the methoxy group
at the 1-position rather than the 3-position provides the basic
origin of the selectivity (Figure 40).86

An interesting reversal of selectivity occurs when an additional
substituent R4 is introduced to the aromatic ring (Scheme 64,
top). Calculations show that para, meta cyclization is favored
over ortho, meta cyclization by 2.4�3.4 kcal/mol, in agreement
with experiment. The ortho, meta cyclization barriers were
calculated to be unachievable under the reaction conditions
due to a destabilization of the ortho, meta transition states. This
destabilization is due to repulsion between R3 and the iminium
moiety, which results in a distortion of R3 (Scheme 64, bottom).

3. LEWIS/BRØNSTED BASE CATALYSIS

3.1. Nucleophilic Carbenes
3.1.1. Benzoin Condensation and Stetter Reaction. The

benzoin condensation is a powerful and interesting C�C bond
formation, because it implies the use of an aldehyde as a carbon
nucleophile.87 It was first reported by W€ohler in a version
catalyzed by cyanide ion,88 and a thiazolium salt catalyzed

variant was later reported by Ugai and co-workers.89 The
mechanism of the thiazolium salt catalyzed benzoin condensa-
tion is still a matter of debate, and various hypotheses were
proposed in the past 50 years. Bofill and co-workers have even
reported the possibility of a biradical mechanism based on AM1
calculations.90 Houk and co-workers studied this reaction compu-
tationally using DFT and found evidence that the monomer-
catalyzed pathway was preferred,91 which is in accord with the
original mechanism proposed by Breslow (Scheme 65).92

Chiral thiazolium and triazolium salts, precursors of their
corresponding carbenes, were used with mixed success in order
to achieve an asymmetric variant of the benzoin condensation.
Houk and co-workers initially studied a small achiral system
using B3LYP/6-31G(d). They found that the intramolecular
proton transfer is key for controlling the stereoselectivity
(Scheme 66).
The C�C bond-forming step for four different chiral carbene

catalysts (10�13, Figure 41), as well as the reaction of a chiral
aldehyde (14) with an achiral thiazolium-derived catalyst (15),
was studied using ONIOM(B3LYP/6-31G(d):AM1). Energies
were computed at B3LYP/6-31G(d).
Catalyst 10, a triazolium catalyst reported by Enders and co-

workers93 to be highly selective, was studied. The two lowest-energy

Figure 39. Lowest-energy iminium conformers.

Scheme 61. Imidazolidinone-Catalyzed Transfer
Hydrogenation

Scheme 62. Reduction Leading to Major (R) and Minor (S)
Enantiomersa

aRelative B3LYP/6-31G(d) enthalpies.
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transition structures leading to the enantiomeric antipodes
are shown in Figure 42. In both structures, the phenyl group of
the enolamine is anti to the bulky tert-butyl group. In the lower
energy TS-re, the aldehyde substituent is positioned anti to
both the aromatic substituent of the enolamine and the N-aryl
moiety of the catalyst. They proposed that the re addition

structure (TS-re) is stabilized by the π-aryl�iminium ion inter-
action, because the distance between the aldehyde aryl group and
the triazolium ring is fairly close (∼3.3 Å). The stereoselectivity
was predicted using a Boltzmann distribution of the most stable
transition structures within 4 kcal/mol. This gave an enantios-
electivity of 98% ee, which is in good agreement with experiment
(90% ee).
Catalyst 11 is a similar thiazolium catalyst reported by Knight

and co-workers94 that affords the (S)-benzoin product from
benzaldehyde with low enantioselectivity (11% ee). The two
lowest-energy addition structures are shown in Figure 43. The
main difference between the two transition structures is a
repulsive interaction between the phenyl group of the aldehyde
and the aryl of the catalyst. Moreover, there seems to be a slightly
more favorable π-aryl�iminium ion interaction in the si transi-
tion structure (distance between Phaldehyde�thiazolium = 3.8 Å)
compared with the re addition (distance 4.3 Å). These transition
states are very similar in energy, and the computed enantioselec-
tivity of 10% ee in favor of the R product is in fair agreement with
the low selectivity observed experimentally (11% ee) in favor of
the S product.
The third catalyst (12) studied was reported by Sheehan and

co-workers95 to give modest enantioselectivity (51% ee), and the
two lowest-energy structures are shown in Figure 44. The main
difference is the repulsive interaction between the aryl of the
aldehyde and the R-methyl of the catalyst. The computed
energies overestimate the enantioselectivity (91% ee) in favor
of the R product.
Catalyst 13, reported by Enders and co-workers,96 has many

possible conformational isomers, but all located transition
structures showed the same conformation of the chiral 1,3-
dioxane ring. The two lowest-energy transition structures
leading to the R and S product are shown in Figure 45. In both
structures, the chiral dioxane ring is in a chair conformation
with the triazolium in an axial position and the phenyl in an
equatorial position. The main difference between the re and si is
the repulsive interaction between the aldehyde aryl and the
phenyl ring of the catalyst in the re structure. The computed
enantioselectivity is >99% ee in favor of the R product, higher
than the experimentally observed 75% ee. Enders and co-
workers have however reported a decrease in enantioselectivity
with longer reaction times, possibly explained by the benzoin
product racemization.

Scheme 63. Intramolecular R-Arylation Reaction via SOMO
Activation

Figure 40. IntramolecularR-arylation transition structures and cyclized
radical cations (UB3LYP/6-31G(d) ΔG values for aqueous solution at
268 K; optimizations in CPCM water). Spin densities, followed by
Mulliken charges in brackets.

Scheme 64. (a) para,meta-R-Arylation Selectivity of 1,3,
4-Trisubstituted Aromatics and (b) Destabilization of ortho,
meta Transition States
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Finally, they computed the transition structures of an
intramolecular condensation of a chiral aldehyde 14 using

a simple achiral thiazolium derivative (15) reported by
Hachisu and co-workers.97 The four possible transition
structures are shown in Figure 46. The transition structures
leading to the minor product (si attack) are clearly disfa-
vored, because the thiazolium moiety and the ester groups
are eclipsing each other. Of the two transition structures
leading to the experimentally observed product (re attack),
the exo transition state is slightly favored, because an
unfavorable interaction between the methyl in the endo
position and the ring exists in the endo transition state.
The energy difference of 6.6 kcal/mol predicts an exclusive
formation of the R,S isomer, in agreement with the >20:1
selectivity observed experimentally.
A reaction that is closely related to the benzoin condensa-

tion is the Stetter reaction, which involves the C�C coupling
between aldehydes and an appropriate Michael acceptor. The
suggested mechanisms of these related reactions are similar;
only the second aldehyde of the benzoin condensation is
replaced by a similar conjugate acceptor. Hawkes and Yates
investigated a model asymmetric Stetter reaction using
B3LYP/6-31G(d) on the basis of Breslow’s mechanism for
benzoin condensation.98 They located a low-energy inter-
molecular proton transfer pathway, in which two carbene/
aldehyde coupled intermediates react to form the Breslow
intermediate (Scheme 67) with an overall barrier of 13.1 kcal/
mol, competing with the high-energy intramolecular 1,2-
hydrogen shift transition state (39.1 kcal/mol). The overall
reaction profile is consistent with benzoin condensation: the
stereo- and rate-determining step is the C�C coupling (34.4
kcal/mol). Unlike the benzoin condensation, the C�C cou-
pling in the Stetter reaction occurs in a two-step process, in
which C�C bond formation precedes proton transfer. The
authors suggested that the stereoselectivity is governed by the
steric interactions of the enolamine N-substituents with the
Michael acceptor and the exact conformation of the enola-
mine, which can be adjusted by tailoring the carbene
substituents.
3.1.2. Transesterification. Widely used N-heterocyclic car-

benes (NHCs) have recently been shown to be excellent catalysts
for transesterification reactions. Nolan and co-workers have

Scheme 65. Mechanism for the Benzoin Condensation as
Proposed by Breslow

Scheme 66. Transition Structure for the C�C Bond For-
mation in the Benzoin Condensation of Formaldehyde

Figure 41. Chiral catalysts (10�13, 15) and aldehyde (14) studied in
the benzoin condensation.

Figure 42. Lowest-energy transition structures for the additionwith catalyst10.

Figure 43. Lowest-energy transition structures for the addition with
catalyst 11.
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demonstrated their use in the rapid transesterification of a vinyl
acetate.99 Hedrick and co-workers have reported similar meth-
odologies and have noted their potential as catalysts for the living
polymerization of cyclic esters.100 The actual mechanism of action
of the NHC in the transesterification is still a matter of debate. Hu
and co-workers computationally studied the possible pathways for
the transesterification reaction,101 using B3LYP and the cc-pVDZ
basis set. The mechanism involving a neutral tetrahedral inter-
mediate (Scheme 68) was found to be the most favorable.
The pathway involving the nucleophilic attack of the NHC

to the carbonyl carbon, resulting in a 2-acylimidazolium
intermediate, was found to be unfavorable. They also studied
different alcohols and carbene derivatives and found qualita-
tive agreement between the relative energies of the tetrahedral
intermediates (TD) and the experimentally observed
conversions.

3.1.3. Oxidation/Protonation of R,β-Unsaturated Alde-
hydes. Scheidt and co-workers gave experimental and computa-
tional evidence for the ability to divert product distributions in
the esterification of R,β-unsaturated aldehydes catalyzed by N-
heterocyclic carbenes (Scheme 69).102 Prior to this report,
manipulation of reaction conditions to favor the saturated product
remained elusive.103 All known reports had favored either solely the
oxidized product or mixtures of the two products.
A test of the reaction in toluene, dichloromethane, tetrahy-

drofuran, and methanol shows a reversal of product selectivity
as the solvent polarity increases. In toluene, the saturated
product dominates (approximately 2 or 3:1), while in methanol
the oxidized product dominates (up to 12:1). To understand
the divergent pathways, the reaction enthalpies of the compet-
ing steps, hydride loss from the tetrahedral intermediate
(Scheme 70, ΔH3) and 1,2-proton shift from the tetrahedral
intermediate (ΔH2), were calculated in methanol and dichlor-
omethane using density functional theory (M06-2X/6-311þG-
(2df,p)//M06L/MIDI!(6D)/Auto, SM8 solvation model, and
a single explicit methanol molecule). The results are shown in
Table 4. The first step, addition of the catalyst to the aldehyde
(ΔH1), is calculated to be exothermic in both methanol and
dichloromethane. In good agreement with experimental results,
hydride loss from the tetrahedral intermediate to generate the
cationic acyl azolium intermediate (ΔH3 = 3.7) is more favor-
able than a 1,2-proton shift (ΔH2 = 6.1) in methanol. In
contrast, hydride loss in dichloromethane is significantly dis-
favored (ΔH3 = 13.7), while a proton shift becomes more facile
(ΔH2 = 2.7). This difference is attributed to the sensitivity of
the cationic intermediate to solvation. The oxidation pathway
dominates in protic solvents, whereas the saturation pathway
dominates in nonpolar solvents.

Figure 44. Lowest-energy transition structures for the addition with
catalyst 12.

Figure 45. Lowest-energy transition structures for the addition with
catalyst 13.

Figure 46. Transition structures for the intramolecular crossed alde-
hyde�ketone benzoin condensation.
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3.1.4. Biomimetic Oxidation of Aldehydes. Pyruvate
ferredoxin oxireductase (PFOR), along with cofactor thiamine

pyrophosphate and a [Fe4S4] cluster, catalyzes the oxidative
decarboxylation of pyruvate.104 Studer and co-workers were guided
by PFOR activity in the development of a reaction system of 2,2,6,
6-tetramethyl piperidine N-oxyl radical (TEMPO) and thiazolium
carbene tomediate the oxidation of aldehydes (Scheme 71).105 The
proposed mechanism is shown in Scheme 72.
The structure of the intermediate radical cation (RC) was studied

using several DFT methods (PBEh/TZVP, B2LYP/TZVP, and
B2LYP/TZVPP). Both enol (RC-enol) and keto (RC-keto) forms
were calculated (Figure 47). The enol form was calculated to be
more stable than the keto form by 12.8, 9.6, and 11.4 kcal/mol using
PBEh/TZVP, B2LYP/TZVP, and B2LYP/TZVPP, respectively.
The electronic structures shown in Figure 47 are in agreement with
the calculated spin density distributions.

3.2. DMAP Catalysts
3.2.1. Mechanism of the DMAP-Catalyzed Acylation.

4-(Dimethylamino)pyridine (DMAP) is an efficient catalyst for
the acylation of alcohols and amines. Zipse and co-workers

Scheme 67. Intermolecular Proton Transfer Pathway to the
Breslow Intermediate

Scheme 68. Reaction Pathway for the NHC Catalyzed
Transesterification Involving a Neutral Tetrahedral
Intermediate

Scheme 69. Esterification of R,β-Unsaturated Aldehydes

Scheme 70. Transesterification Mechanism

Table 4. Reaction Enthalpies of the Competing Steps in the
Esterification of r,β-Unsaturated Aldehydes Catalyzed by N-
Heterocyclic Carbenes

entry solvent ΔH1 ΔH2 ΔH3 exp. saturated/oxidized

1 MeOH �13.2 6.1 3.7 1:12

2 CH2Cl2 �8.7 2.3 13.7 2:1

Scheme 71. Organocatalyzed Oxidation of Aldehydes by
TEMPO

Scheme 72. Proposed Mechanism for Carbene-Catalyzed
Oxidation of Aldehydes
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computationally studied the simplest acylation of alcohols with
DMAP.106 The currently accepted mechanism involves the facile
nucleophilic addition of DMAP to acetic anhydride to form an
acylpyridinium cation, followed by a rate-limiting formation of
the ester from this intermediate (Scheme 73). A stoichiometric
quantity of an auxiliary base, such as triethylamine, is required to
regenerate the catalyst.
The identity of the base in the rate-limiting step is a matter of

debate, because the acetate counterion, triethylamine, or a
second DMAP molecule could be involved. In order to confirm
the mechanism and clarify this issue, Zipse and co-workers have
done computational and kinetic studies on the simple DMAP-
catalyzed acetylation of alcohols. The gas-phase enthalpy dia-
gram for the accepted mechanism is shown in Scheme 74.
As experimentally observed, the rate-determining step is found

to be the trans acylation of the alcohol. Single point solvation
corrections were calculated for different solvents, and the results
are in qualitative agreement with experimental findings that show
polar solvents tend to slow down the reaction. The trans
acylation step is always found to be the rate-determining step,
even with solvation. Other possible pathways were calculated and
found to be energetically less favorable.
The identity of the base implicated in the trans acylation step

was still unanswered. Some previous evidence suggests that the
acetate anion plays an important role, based on the low reactivity
of acylpyridinium salts containing less basic anions.107 Using
kinetic studies, they found strong evidence that triethylamine
does not participate in the rate-limiting trans acylation reaction,
in agreement with the role of the acetate anion as the actual base.
It has been shown that increasing the steric bulk of the

anhydride leads to decreased reaction rates. The G3(MP2)B3
compound method was used to calculate the reaction enthalpies
of acyl transfer to cyclohexanol by a variety of anhydrides
(Table 5).108 The reaction enthalpy is independent of the choice
of anhydride, with only a 1.2 kcal/mol difference between the
most reactive acetic anhydride and least reactive pivalic anhy-
dride. Thus it was concluded that the experimental rate differ-
ences intrinsically lie in the activation barriers. The rate of the
catalyzed reaction is more sensitive to the steric bulk of the
anhydride than the rate of the uncatalyzed reaction. This
different response has implications for the kinetic resolution of
alcohols.
3.2.2. Conformational Analysis of Chiral DMAP Deriva-

tives. Although no mechanistic studies have been reported
concerning the acylation or resolution of chiral alcohols
using chiral DMAP derivatives, some interesting studies
have been reported concerning the properties of such chiral
bases. The design of a chiral DMAP derivative requires a
chiral environment around the DMAP nitrogen to effect
stereoselectivity, but not enough to hinder the catalysis.
Numerous groups have sought to exploit π�π interactions
(Scheme 75) to achieve such a feat. Aside from providing a
chiral control element, such interactions were also proposed
to enhance the rate of the reactions via stabilization of the
acylpyridinium intermediate. In order to better understand
these proposals, Zipse and co-workers have performed a
general study concerning the role of π�π interactions in
DMAP-derivative catalysis.109

Zipse studied a number of DMAP derivatives in which π�π
interactions could occur (17�19, Scheme 76). In order to
account for dispersion interactions, an extensive study of differ-
ent theoretical methods was performed. Zipse concluded that a

conformational search at MP2/6-31G(d)//HF/3-21G level
followed by SCS-MP2/6-311þG(d,p)//MP2/6-31G(d) refine-
ments on the lowest-energy conformations led to the best quality
results. In an earlier publication, they found a correlation
between the relative stability of the acyl pyridinium intermediates
and the Cacyl�Npyridinium bond length.110 With the exception of
the pyridine acyl intermediate, with a C�N bond of 1.54 Å, all
the other catalysts were found to have almost identical bond
lengths, around 1.47�1.49 Å. Interestingly, an inspection of the
different conformations of catalyst 18, all possessing very differ-
ent degree of π�π interactions, showed mostly identical C�N
bond lengths. They thus concluded that the interaction does not
seem to greatly stabilize the acyl pyridinium species.
3.2.3. Stabilities of N-Acyl DMAP Derivatives. Zipse

showed that some correlation could be found between the

Figure 47. Lewis structures and PBEh/TZP bond distances of enol
(RC-enol) and keto (RC-keto) forms of intermediate radical cation.

Scheme 73. Accepted Mechanism for the Acylation of Alco-
hols Catalyzed by DMAP

Scheme 74. Gas-Phase Enthalpy Diagram of the DMAP-
Catalyzed Acylation Process
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relative stabilities of the acyl pyridinium species and the catalytic
activity.111,112 In order to address the relative stabilities of acyl
pyridinium intermediates, they computed the isodesmic reaction
shown in Scheme 77 for a number of catalysts. This strategy was
also used by Han and co-workers in order to evaluate the relative
efficiency of new DMAP derivative 22.113 The reaction enthal-
pies of select catalysts were compared with the measured half-life
for the equation shown in Scheme 78. The results are shown in
Table 6.
The nucleophilic base 4-pyrrolidinopyridine (PPY) has long

been known to catalyze acyl transfer reactions more efficiently
than DMAP.114 The 3-alkyl-4-guanidinylpyridines are moder-
ately more effective than PPY in acyl transfer reactions
(23�24),111a while 4-dialkylaminopyridines (DMAP, PPY,
16)109 and 3,4-dialkylaminopyridines (21)111b,114 are among
the most effective DMAP-type catalysts. Han showed that
3,4,5-trialkylaminopyridine catalyst 22 is approximately 10%
more effective than 16.
Yamada and co-workers reported their own conformational

study concerning the DMAP derivative 20 (Figure 48), used as a
catalyst for the resolution of chiral alcohols and amidines.115 In
the neutral form, the chiral side arm at the 3 position is found to
be freely rotating. Upon the formation of a pyridinium salt,
however, the side arm favors conformation A, thus blocking the
top face. This was independently verified by NMR. They have
computed the two lowest-energy conformations at B3LYP/6-
31G(d) of the isobutyryl acylpyridinium and showed that A is
favored by 1.0 kcal/mol. Conformation B is disfavored due to
repulsive interactions between the tert-butyl and the isobutyryl
groups.
3.2.4. Structural Analysis of N-Acetylated DMAP Salts.

Schreiner and co-workers studied the salt formation between
acetylated DMAP and CH3CO2

�, CF3CO2
�, and Cl�, using

experimental and computational techniques (Figure 49).116

B3LYP/6-311þG(d,p) (PCM, dichloromethane)//B3LYP/
6-31G(d) was used for the calculations. The anions can be
stabilized by hydrogen bonding interactions (I and II,
Figure 50), nucleophilic interactions (IV�VI), or a mixture of
both (III).
Complex I was calculated to be the preferred structure for salts

25�27, while complex II was the preferred structure for 28. IR
and NMR spectra, crystal structure analyses, and experiments
with deuterated DMAP support complex II as the preferred
geometry for the chloride salt (28). However, experimental
evidence supports the conclusion that III is the preferred

geometry for 25�27, even though it is approximately 2 kcal/
mol higher in energy. The authors concluded that the bidentate
anionsmight be able to guide an alcohol to the reaction center via
hydrogen bonding interactions (Figure 51).

3.3. Cinchona-type Catalysts
Despite their use as versatile organocatalysts,117 cinchona

alkaloids have received little attention computationally, most
probably due to their large size and flexibility. However, some
mixed spectroscopic and computational studies have been
reported in the literature relating the conformations of various
cinchonidine derivatives (Figure 52). Baiker and co-workers

Table 5. Calculated Reaction Enthalpy and Relative Rate
Constants for Uncatalyzed and Catalyzed Acyl Transfer
Reactions

R ΔHrxn (G3(MP2)B3) krel (uncatalyzed) krel (catalyzed)

CH3 �15.1 526 8025

CH2CH3 �14.6 103 4543

CH(CH3)2 �14.2 40 2852

CH2CH(CH3)2 �14.4 47 963

C(CH3)3 �13.9 1 1

Scheme 75. The Use of π�π Interactions to Shield a Face of
DMAP Derivatives

Scheme 76. Various Studied DMAP Derivatives

Scheme 77. Isodesmic Reaction for Measuring Relative Sta-
bilities of Acyl Pyridinium Intermediates

Scheme 78. Acyl Transfer Reaction Catalyzed by Pyridines
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reported a NMR and computational study of the conforma-
tional behavior of cinchonidine in different solvents.118 More
recently, they also reported a mixed VCD spectroscopy and
computational study of O-phenyl cinchonidine.119 Zaera and
co-workers reported a mixed NMR and computational study
of the effect of protonation of cinchonidine.120 Lastly, Sz€oll€osi
and co-workers have reported a similar mixed study on the
conformational behavior of py-hexahydrocinchonidine.121

3.3.1. Staudinger Reaction. Lectka and co-workers devel-
oped an efficient cinchona alkaloid catalyzed methodology for
the asymmetric synthesis of β-lactams (Scheme 79).122 The
catalyst of choice in this case is benzoylquinine (BQ)
In order to rationally design and optimize their catalyst, they

performed molecular mechanics conformational searches on the
base�ketene adducts. They had some success using this method,
as they obtained qualitative agreement between the enantios-
electivities observed and the relative energies between the
different diastereomers.123

3.3.2. Decarboxylation of Naproxen. Due to the high
demand for nonsteroidal anti-inflammatory drugs (NSAID),
such as naproxen and ibuprofen, there is a growing interest in
the efficient syntheses of these compounds (Figure 53).

Table 6. Reaction Enthalpies for Reaction Shown in Scheme 77
and Half-Life for Acyl Transfer Shown in Scheme 78a

entry catalyst ΔHrxn (calculated) t1/2 (min)

1 pyr 0.0

2 DMAP �14.7 151

3 PPY �16.2 67

4 24 �18.1 44

5 16 �19.7 15

6 21 �20.4 18
aMP2(FC)/6-31þG(2d,p)//B98/6-31G(d).

Figure 48. The computed lowest-energy conformations of a chiral
catalyst developed by Yamada and co-workers.115

Figure 49. Acetylated DMAP salts studied by Schreiner.116

Figure 50. Salt formation between acetylated DMAP and various
anions.

Figure 51. Alcohol addition to 25 via complex III.

Figure 52. Various cinchonidine derivatives.

Scheme 79. Proposed Mechanism for the BQ Catalyzed
β-Lactam Synthesis
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The synthesis reported by Brunner and Schmidt124 relies on a
cinchona-catalyzed asymmetric decarboxylation as the critical
stereodetermining step (Scheme 80) and has been the subject of
a short computational study by Strassner and co-workers.125 To
explain the decarboxylation step, Brunner and Schmidt proposed
a two-step mechanism involving a decarboxylation/ketimine
formation followed by an enantioselective protonation of the
ketimine by the catalyst.
Strassner and co-workers computationally studied the dec-

arboxylation step using B3LYP/6-31G(d)/AM1 level and On-
sager solvation corrections. They have found that a concerted
decarboxylation/protonation mechanism was energetically
more favorable than the stepwise pathway. The transition
structures leading to both enantiomers are shown in
(Figure 54). The formation of the (S)-enantiomer is favored
by 3.7 kcal/mol, in good agreement with experiment. They
explain this difference by the better H-bonding arrangements in
the transition state leading to the S enantiomer.
3.3.3. Sulfinylation. The synthesis of chiral sulfinate esters

by Ellman et al. involves the use of cinchona alkaloids in the
dynamic kinetic resolution (DKR) of racemic sulfinyl chlorides
(Scheme 81).126 In this methodology, the Ellman group used a
catalytic amount of quinidine as well as an excess of proton
sponge in order to neutralize the forming HCl in the reaction. A
similar methodology, but using stoichiometric amounts of a
cinchona alkaloid, was developed earlier by Toru and co-
workers.127

These methodologies require the fast racemization of sulfinyl
chlorides under the reaction conditions, as well as an acceleration
of the sulfinylation step by the base.Maseras and co-workers have
studied these two issues computationally using trimethylamine
as a base model. They initially studied the mechanism of
racemization of different sulfinyl derivatives.128 The calculations
were done using B3LYP with the 6-31G(d) and LANL2DZ-
(ECP) basis sets for the first and second row elements, respec-
tively. The inversion barriers of sulfinyl chloride and methyl

sulfinate were found to be too high (63.4 kcal/mol) to occur
under experimental conditions (Scheme 82).
The computed pathways for the inversion in the presence of

trimethylamine were found to be substantially lower in energy
and experimentally feasible. For the case of the sulfinyl chloride,
the inversion barrier is lowered to 22.9 kcal/mol in the presence
of the base. The analogous barrier for the methyl sulfinate is 42.7
kcal/mol, too high for racemization to occur; hence these
products keep their optical activity after their formation, as
observed experimentally.

Figure 53. Two popular NSAID drugs: (a) naproxen; (b) ibuprofen.

Scheme 80. Enantioselective Decarboxylation Step in the
Synthesis of Naproxen

Figure 54. The concerted decarboxylation/protonation transition
structures in the synthesis Naproxen.

Scheme 81. Cinchona-Catalyzed Dynamic Kinetic Resolu-
tion of Sulfinyl Chlorides
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A comparison of the uncatalyzed and base-catalyzed inversion
transition states led to some insights (Figure 55). The major
difference observed is a more important elongation of the S�X
bond (X = Cl, OMe) in the base-catalyzed structures. These
results show the importance of the base in the dynamic kinetic
resolution.
More recently Maseras and co-workers also studied the effect

of the base on the actual sulfinylation step.129 They have also
investigated several different mechanisms for this reaction, as
shown in Scheme 83. They used the same method described for
the earlier calculations but included single point solvation
corrections for toluene using CPCM.
Uncatalyzed and base-catalyzed pathways were both calcu-

lated for the neutral mechanism (Scheme 83a), and the energy
diagram is illustrated in Figure 56. TS-add was considered the
stereodetermining step. The intermediate between TS-add and
TS-elim was not investigated.
Assistance of the trimethylamine greatly stabilizes the addition

step TS-add. This is due to the strong coordination of the base in
the proton transfer process (Figure 57). Moreover, this results in
a greater nucleophilicity of the alcohol. The close proximity of
the base to the chiral sulfur center in this critical step also explains
the high enantioselectivities observed by Ellman and co-workers.
The ion-pair mechanism (Scheme 83b) was also studied, and

the addition step was also found to be the rate-determining step.
The TSs involving one or two amines are shown in Figure 58.

It is interesting to note that the chloride anion is not fully
dissociated and maintains interaction with the sulfur atom,
resulting in an octahedral complex. The energies show the
uncatalyzed addition of the alcohol to the sulfinyl ammonium
to be unfavorable (40.9 kcal/mol). However, the base-assisted
mechanism leads to a free energy of activation similar to what was
observed for the neutral mechanism (14.4 kcal/mol). From those
results, it is hard to rule out a single mechanism. However, it
should be noted that the use of bulkier bases would disfavor the
ion-pair mechanism.
3.3.4. R-Bromination. Recently, Lectka and co-workers also

developed an asymmetric catalysis for the R-chlorination of acid
halides, using cinchona alkaloid derivatives.130 In an effort to
widen the scope of the method, they extended it to R-bromina-
tion (Scheme 84).131 Unfortunately, this new methodology led
to lower enantioselectivities on larger scale. They thus resorted to
computational studies to assist in the optimization of their
methodology.132

Using molecular mechanics to guide their designs, they
replaced the benzoylquinine (BQ) with a proline�quinine
conjugate (ProQ). This new catalyst led to improved enantios-
electivities. Brominating agent 29a was replaced with brominat-
ing agent 29b to achieve enhanced selectivities.
Computational studies of the bromination step for brominat-

ing agents 29a and 29b, using benzoyl quinine (BQ) as the
catalyst, were employed with the IMOMO variation of ONIOM-
(HF/3-21G(d):AM1). The si and re TSs for the bromination
using 29b are shown in Figure 59.
The strong asymmetry in the Cenolate�Br�C29a clearly shows

that these are late, product-like transition states. The electrostatic
interactions with the quinuclidine hydrogens stabilize the form-
ing negative charge on the brominating agent. The energetic
preference for the si addition originates from a repulsive van der
Waals contact between the enolate R-hydrogen and the C�H
hydrogen R to the benzoyl in the catalyst in the re TSs. The
calculated enantioselectivity of 87% ee is in close agreement with
the experimental value of 88% ee.
The transition structures for the bromination using 29a are

shown in Figure 60. They share similar geometries as the one
found for 29b. The preference for the si addition seems to
originate from a better stabilization of the enolate oxygen
through a 3-point H-bond network with the quinuclidine ring.
In addition, there is a destabilizing van-der-Waals contact
between the ketene enolate phenyl and the quinoline methoxy
in the unfavored re addition. The calculated enantioselectivity of
99% ee is an overestimation of the 78% ee experimentally
observed, but the low selectivity is thought to be due to comp-
eting product racemization.
Molecular dynamics on the lowest-energy TSs found for the

R-bromination using 29a and 29b were performed to monitor
the time needed for the phenolate to be oriented suitably for the
trans acylation. They have found that this process for 29a took
8.5 ps, more than twice as much as for 29b (3.6 ps), giving further
evidence to the possible competition between epimerization and
trans acylation.

3.4. Pyridine N-Oxide
3.4.1. Strecker Reaction. The Strecker reaction is an

efficient method to rapidly access R-amino acids through the
formation of the corresponding R-amino nitriles. Asymmetric
versions have been developed using different catalysts. In
particular, amine N-oxides have been found to be efficient

Scheme 82. Barriers of the Base-Free Inversion of Sulfinyl
Chloride and Methyl Sulfinate

Figure 55. Transition structures for the (a) base-free and (b) base-
catalyzed inversions of sulfinyl chloride and methyl sulfinate.
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catalysts for this reaction, affording the desired R-amino nitriles
under mild conditions.133 Hu and co-workers have computa-
tionally studied the methodology shown in Scheme 85 using

small models.134 The calculations were done using B3LYP/
6-31G(d) and solvation energy corrections using PCM.
The two mechanisms of the uncatalyzed reaction were initially

studied. In pathway a, H3SiCN first isomerizes to isocyanide,

Scheme 83. Possible Pathways for the Sulfinylation Reaction

Figure 56. Free energy diagram for base-free and base-assisted path-
ways for the neutral sulfinylation mechanism.

Figure 57. Optimized addition and elimination transition structures for
the neutral sulfinylation mechanism.

Figure 58. Optimized transition structures for the addition step of the ion-
pair sulfinylation mechanism.

Scheme 84. Catalytic, Asymmetric R-Bromination Metho-
dology Developed by Letcka and Co-workers131
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then adds to the imine, forming theR-amino nitrile (Scheme 86).
Alternatively, the isomerization to the experimentally observed
R-amino nitrile occurs after addition of the H3SiCN to the imine
(pathway b, Scheme 86).
The two pathways are very similar energetically (Figure 61).

Both addition transition states involve simultaneous silyl transfer
to the nitrogen and the cyanide (or isocyanide) addition to the
imine carbon.
The reaction profiles for the pyridine N-oxide catalyzed process

reveal some striking differences (Scheme 87). The catalyzed process
features a stepwise formation of the initial N-oxide�H3-

SiCN�imine complex, not concerted as in the uncatalyzed process.
While the original mechanistic proposal involved a bis-pyridine N-
oxide chelating to the silicon, only mono ligated complexes were
found computationally (33 and Int1a).
The relative energy profiles are shown in Figure 62. Com-

plexation of the N-oxide lowers slightly the isomerization

process from nitrile to isonitrile, compared with the uncatalyzed
process. More importantly, the complexation of the N-oxide
enhances the nucleophilicities of isocyano and cyano groups,
resulting in a remarkable facilitation of the addition step in both
cases. This is due to the strong donor ability of the N-oxide.
They did not however study the stereochemical aspects of the
reactions.

Figure 59. The re and si transition structures for the bromination step
with 29b.

Figure 60. The re and si transition structures for the bromination step
with 29a.

Scheme 85. Methodology Studied by Hu and co-workers134

and Model Molecules Used in the Study
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3.5. Sulfides
3.5.1. Sulfur Ylide Mediated Epoxidations. Aggarwal and

co-workers have recently developed an asymmetric epoxide
synthesis methodology based on the addition of sulfonium ylides
to carbonyl compounds (Scheme 88).135 Although a metal
catalyst is needed in the overall reaction process, the actual
epoxidation proceeds through organocatalysis.
The mechanism of the parent reaction is well established.

Aggarwal has shown that the preference for trans-epoxides arises
because the anti-betaine formation is irreversible, while the
formation of the syn-betaine is reversible (Scheme 89).
Previous theoretical studies concerning the epoxidation using

sulfonium ylides were either done using very small models
(CH2dSH2 and formaldehyde)136 or on larger models without
reliable solvation corrections.137 Aggarwal thus conducted a
computational study of the transition states of this methodology,
involving realistic model molecules with solvation effects.138

They studied the reaction of a phenyl-stabilized ylide
(PhCHdSMe2) with benzaldehyde at the B3LYP/6-311þG(d,
p)//B3LYP/6-31G(d) level. Polarizable continuum�Poisson
solvation corrections were applied during the geometry optimi-
zations and on single points.
The lowest-energy TSs for the addition of the ylide to the

aldehyde all proceed through a gauche (cisoid type) conforma-
tion (Scheme 90). This maximizes the stabilizing Coulombic
interactions between the sulfonium and the forming alkoxide in

the addition step. In a smaller model system, the following trans
cyclization is greatly favored (Scheme 91). Hence, the rotation
from the gauche staggered conformation to the anti staggered
conformation must be taken into account in the overall reaction
process.
The epoxidation energy profile is shown in Figure 63. It is of

interest to note that the rotation is the rate-determining step. In
the formation of the trans-stilbene oxide, the addition is found to
be irreversible, whereas the formation of the cis stilbene oxide is
reversible because the rotation is difficult.
The calculations are in accord with their kinetic and crossover

experiments. These results are particularly interesting because
experiments could not have predicted the rotational barrier
following the addition to be critical in the reaction process.
More recently, they have also reported the development of an

epoxidation methodology using amide-stabilized ylides.139

Although the reported methodology is stoichiometric, previous
work by Seki and co-workers have reported a catalytic methodol-
ogy givingmoderate enantioselectivities in which the sulfur ylides
are generated in situ from diazoacetamide with catalytic chiral
binapthylsulfide and copper(II) acetylacetone.140 In both meth-
odologies, the reaction is found to afford exclusively the trans
epoxide. In order to better understand this reactivity, they have
done crossover experiments and found that in contrast to the
phenyl-stabilized ylides, the addition of amide-stabilized ylides is
reversible in both syn and anti pathways. They have then used
calculations to determine whether the origin of this reversibility is
due to change in the barrier for rotation or cyclization. The
calculations were done at the B3LYP/6-311þG(d,p)//B3LYP/
6-31G(d) level including a continuum description of ethanol as
the solvent. The energy profile is shown in Figure 64.
With these ylides, the elimination step, leading to the forma-

tion of the epoxides, was found to be the rate-limiting step. The
elimination leading to the trans epoxide is favored, because the
elimination leading to the cis product exhibits repulsive interac-
tions between the phenyl ring and amide group. These results are
in accord with the crossover experiments. This difference in
energetics can be attributed to the greater stabilization of the
ylide afforded by the amide group, in comparison to the poorer
phenyl.
Aggarwal has also reported a theoretical study discussing the

importance of the leaving group ability in the reaction. Various
ammonium, oxonium, phosphonium, and sulfonium ylides were
studied.141 Studies of epoxidations using ammonium show that
high barriers to ring closure are due to the poor leaving group
ability of the amine.142

Scheme 86. Possible Pathways for the Uncatalyzed Strecker Reaction

Figure 61. Relative electronic energy and free energy (in parentheses)
profiles for the uncatalyzed Strecker reaction.
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The theoretical work of Aggarwal focused on the understand-
ing of the reactivity and diastereoselectivity, but studies of
enantioselectivities are comparatively rare. Goodman and co-
workers have recently reported a computational study143 regard-
ing the enantioselectivity in the epoxidation reaction catalyzed by
the sulfides 35, developed byMetzner and co-workers,144 and 36,
by the Goodman group (Scheme 92).145

Calculations with B3LYP/6-31G(d) first explored the initial
ylide conformations. While both sulfides give good enantioselec-
tivities, there was little conformational preference. The transition
states of the addition step of the ylides to the aldehyde adopt a
cisoid (gauche) conformation, similar to the lowest-energy addi-
tion transition states found by Aggarwal (Figure 65).
For sulfide 36, the computed enantio- and diastereoselectiv-

ities from the relative energies of the four possible addition TSs
correlate well with experiment. However, for sulfide 35, they
found that the enantioselectivity is controlled by the addition
step, but the diastereoselectivities are controlled by the cycliza-
tion, as shown by Aggarwal. The cyclization step for the trans
diastereomer for the reaction with catalyst 35 is indeed lower in
energy by 1�6 kcal/mol, confirming that the enantioselectivity is

controlled by the addition step for the trans epoxide. The detailed
origin of the enantioselectivities observed was not reported.
3.5.2. Cyclopropanation. In relation to the ylide based

organocatalytic epoxide synthesis, a homologous variant leading
to polysubstituted cyclopropanes has been developed by Tang
and Dai (Scheme 93).146 Of particular interest is the access to
both enantiomers of the product through the use of endo or exo
camphor-based sulfides.
The reaction works under catalytic conditions and leads to

good yields and enantioselectivities, with both endo and exo
sulfides leading to the enantiomeric antipodes. Interestingly, the
free hydroxyl group on the chiral sulfide is necessary for
reactivity; simple dialkylsulfides or the methoxy-protected var-
iant of the chiral sulfide did not yield any desired products
(Scheme 94). In order to understand this particular reactivity and
explain the relative and absolute stereoselectivity of the reaction,
Wu and co-workers performed computational studies.
The calculations were done using B3LYP with either 6-31þG-

(d) or 6-31G(d) basis sets for the hydrogen, carbon, and oxygen
and LANL2DZ(ECP) for sulfur and silicon. Single-point solva-
tion corrections were done using the IEFPCM model (THF).

Scheme 87. Different Pathways for the N-Oxide Catalyzed Strecker Reaction
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The model system is shown in Scheme 95. For the exo-ylide,
methyl acrylate was studied (R1 = H), and methyl cinnamate
(R1 = Ph) was used for the endo-ylide.
The TSs of the addition step for the exo-ylide and methyl

acrylate are shown in Figure 66. The addition step is found to be
the rate- and stereodetermining step, because the cyclization is
extremely facile. The chiral sulfide hydroxyl group directs the
methyl acrylate in an s-cis conformation by H-bonding.
The two transition structures (TS8 and TS9) leading to the

wrong diastereomer are both in an eclipsed conformation around
the forming C�C bond. An almost staggered conformation is
found in the most stable transition structures (TS6 and TS7),
leading to the major products. However, in the structure leading
to the minor enantiomer, a steric interaction is found between
the cis hydrogen of C3 and the hydrogens of the chiral ylide. The
authors also explain the greater stability of TS6 by solvation
effects. TS6 has the largest surface area, and is more prone to
experiencing greater solvation effects.
The calculations predict a diastereoselectivity of 99:1 in favor

of the anti product in 93% ee, which is in good agreement with
experiment (>99:1 anti/syn, 95% ee).
The transition structures of the addition step of endo-ylide

with methyl cinnamate are shown in Figure 67; they show

similarities to the addition transition structures found for the
exo-ylide.
Again, a strong H-bond with the ylide hydroxyl group orients

the electrophile, in this case methyl cinnamate. A staggered
conformation is found in TS10 and TS11, while an almost
eclipsed conformation is found for the transition structures
(TS12 and TS13), leading to the wrong diastereomer. A strong
steric contact is observed in the transition structures (TS10 and
TS12), leading to theminor enantiomer. The computed energies
favor the anti product by 98:2 in 93% ee, which is in good
agreement with experiment (>99:1 anti/syn, 74% ee).
3.5.3. Aziridination.A related reaction to sulfur ylidemediated

epoxidations and cyclopropanations is the synthesis of aziridines
from the reaction of sulfur ylides with imines (Scheme 96). As in
epoxidations and cyclopropanations, the reaction starts with the
addition of the ylide to the imine to form both anti and syn betaines.
The transoid betaine conformers then undergo a ring closure to give
the trans and cis aziridines, respectively.
Robiette has investigated this reaction involving semistabilized

(R = Ph) and stabilized (R = CO2Me) sulfur ylides using the

Scheme 89. Rational for the trans Selectivity Observed in the
Epoxidation Process

Scheme 90. Different Approaches of the Ylide to the
Aldehyde

Scheme 91. Cyclization Step of the Sulfur Ylide Mediated
Epoxidation on a Small Model System

Figure 62. Relative electronic energy profiles for the pyridine-N-oxide-
catalyzed Strecker reaction.

Scheme 88. Catalytic Process for the Sulfur Ylide Mediated
Epoxidation Developed by Aggarwal and Co-workers135
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B3LYP/6-31G(d) methodology.147 The optimizations were
performed in a continuum solvent with a dielectric constant of
37.5 D and a solvent probe radius of 2.179 Å to represent
acetonitrile, one of the common solvents used in these reactions.

Energies were obtained from single-point calculations at the
B3LYP/6-311þG(d,p)(CH3CN) level. In the case of semista-
bilized ylides, the betaine formation is found to be irreversible.
The steric strain induced by the N-sulfonyl group in the addition
transition state determines the stereochemical outcome of the
reaction. The transoid approach is favored in the case of syn
betaine formation, and the cisoid mode of addition for the anti
transition state (Figure 68). The observed low trans selectivity is
explained by the stabilizing Coulombic interactions and stabiliza-
tion by favorable C�H 3 3 3O interactions in the cisoid�anti
addition transition state. In the case of stabilized ylides, the
addition and rotation steps are reversible, and ring closure is
found to be the rate- and selectivity-determining step. The
computed energies of syn and anti ring-closure transition struc-
tures (16.1 and 16.5 kcal/mol relative to the separated reactants)
predict a low selectivity in favor of the cis aziridine formation.
Similarly, the observed low cis selectivity is accounted for by the
steric strain in the elimination generated by the formation of the
cis aziridine compared with the trans aziridine.

Figure 63. Relative energy profiles for the epoxidation process with phenyl-stabilized ylides.

Figure 64. Relative energy profiles for the epoxidation process with amide-stabilized ylides.

Scheme 92. Enantioselective Epoxidation Mediated by
Chiral Sulfides 35 or 36
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Sunoj and co-workers have also studied the reaction between
substituted ylides and an aldimine bearing a CO2Me group on

the nitrogen atom using the B3LYP/6-31G(d) level of theory
with the polarizable continuum model (SCRF-PCM).148 The
single-point energies were calculated using the 6-311G(d,p) basis
set in acetonitrile continuum. They found that the stabilized (R =
COMe) and semistabilized (R = Ph) ylides all follow a cisoid
addition path leading to trans aziridines via anti betaine inter-
mediates. Sunoj and Robiette agree on the more pronounced
steric effects than electronic factors in favoring cisoid and transoid
addition modes, and the rate- and selectivity-determining step is
the addition for semistabilized ylides and elimination for stabi-
lized ylides.
Janardanan and Sunoj later reported a density functional

theory investigation of the factors controlling enantio- and
diastereoselectivities in asymmetric aziridination reactions by
the addition of chiral bicyclic sulfur ylides to substituted aldimines
(Scheme 97).149 The B3LYP/6-311G(d,p)(acetonitrile)//B3LYP/
6-31G(d) calculations were used to construct the energy profiles
given in Figure 69. In the case of stabilized ylides, although the
enantioselectivity is determined in the addition step, the energetics of
the diastereoselectivity-determining elimination step affects the
predicted % ee values (Figure 69). A cumulative effect of electronic
and steric interactions in the diastereomeric transition states
(Figure 70) controls the stereochemical outcome of the reaction.
The nature of the N-protecting group on aldimines (CO2Me

and SO2Me) is found to play an important role for the
diastereoselectivities (Figure 69, panel a vs b). The reversal of
diastereoselectivity is explained by the differences in steric

Figure 65. B3LYP/6-31G(d) geometries and relative energies for the
addition of benzyl ylides derived from sulfide 36 to benzaldehyde.

Scheme 93. Mechanism for the Sulfide-Catalyzed
Cyclopropanation

Scheme 94. Relative Reactivities for Different Sulfides

Scheme 95. Model Reactions Studied byWu and Co-workers
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interactions of the N-protecting group. The orientation of
SO2Me oxygens in Y1-TSelim-RS shows an unfavorable inter-
action with the COMe oxygen (Figure 70a), whereas in the case
of CO2Me-substituted imine (Figure 70b, Y2-TSelim-RS), this
repulsion is minimized due to the planar geometry around the
carbonyl carbon.

3.6. Phosphines
3.6.1. Hydroalkoxylation of Methyl Vinyl Ketone. Phos-

phines are found to be efficient catalysts for the hydroalkoxyla-
tion of R,β-unsaturated ketones (Scheme 98).150 This allows
ready access to β-hydroxy ketones, and provides a useful alter-
native to the typical aldol or sequential epoxidation/reduction of
enones.
Interestingly, little retro-aldol or ketalization products are

produced in the phosphine-catalyzed hydroxylation reaction,
whereas these are common side products in the analogous base
(hydroxide)-catalyzed systems. Li and co-workers investigated
these interesting reactivity differences and studied the addition of
methanol to methyl vinyl ketone catalyzed by trimethylpho-
sphine with MP2.151 Geometry optimizations were done using
the 6-31þG(d) basis set, and energies were computed using
the 6-311þG(2df,2p) basis set. In order to account for solvation,
the geometry optimizations were done using CPCM and
UAHF radii.
The reaction is stepwise. The first step is the formation of the

base (or nucleophile), and the second stage is the actual
hydroalkoxylation step (Scheme 99).
In the first step, phosphine facilitates the formation of the

methoxide anion by either pathway 1a or pathway 1b. In the
former process, the proton transfer fromMeOH to intermediate
37 is found to be the rate-determining step with an activation
energy of 26.6 kcal/mol. Calculations show that the direct
deprotonation is disfavored by 15.7 kcal/mol.
The hydroalkoxylation can proceed through the base-cata-

lyzed mechanism (pathway 2a) or a direct SN2 mechanism

(pathway 2b). The base-catalyzed mechanism is favored over
the SN2 mechanism by 29.2 kcal/mol. The most difficult step in
the reaction was the proton transfer from MeOH to 38 with a
barrier of 18.1 kcal/mol. They conclude that the use of polar
solvents is key in this reaction because this stabilizes the
catalytically important methoxide anion.
3.6.2. Allenoate Additions. Phosphine-catalyzed [3 þ 2]

and [2 þ 2 þ 2] annulations of allenoates and various electro-
philes have been developed recently.152While these reactions are
closely related, contrasting regioselectivities were observed de-
pending on the nature of the electrophilic partner. The mechan-
isms are shown in Scheme 100.
Dudding and co-workers investigated the regioselectivities

observed in the annulation process with methyl acrylate, N-tosyl
benzaldimine, and benzaldehyde using B3LYP/6-31G(d).153

Trimethylphosphine was used as a model for the tri-N-butyl-
phosphine. CPCM solvation corrections for benzene were
computed.
The cycloadditions for all substrates are stepwise; concerted

[3þ 2] cyclization transition structures are not found. The initial
C�C bond formation is rate-limiting, and these are shown in
Figure 71. The computed 95:5 product ratio in favor of the R
addition is in agreement with experiment.
The difference in energy between the two transition structures

can be summarized by the following: First, a stronger δþP 3 3 3
Oδ� electrostatic interaction is found in the transition state
leading to the R addition (TSR). The phosphorus oxygen
distance is shorter in the R addition (3.31 Å) compared with
the γ (3.44 Å). Second, shorter and more symmetric hydrogen
bonds are observed for the R addition. Finally, the gauche
conformation around the forming C�C bond in the R addition
is found to minimize more ideally the steric interactions (44�)
compared with the γ addition (27�).
The transition state leading to the R addition product is quite

similar to the structure observed for the addition to methyl

Figure 66. Computed transition structures for the addition step between the exo-ylide and methyl acrylate.
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acrylate (Figure 72). A strong δþP 3 3 3O
δ� electrostatic interac-

tion (3.35 Å) and two stabilizing hydrogen bonds (2.16 and 2.58 Å)
are found. A gauche conformation around the C�C forming

bond (58�), minimizing steric interactions, is also observed.
Moreover, an anomeric effect involving the donation of the
imine lone pair to the S�O σ* enhances the δþP 3 3 3O

δ�

electrostatic interaction.
On the other hand, the transition state leading to the γ

addition product exhibits a weaker δþP 3 3 3O
δ� electrostatic

interaction (3.77 Å). The free energy difference of 1.2 kcal/mol
between these structures corresponds to an R/γ ratio of 86:14,
which is consistent with experiment.
Lastly, the transition structures found for the additions to

benzaldehyde are shown in Figure 73. In this case, the γ addition is
favored by 3.6 kcal/mol (CHCl3), leading to a ratio of 99.8:0.2, in
accord with experiment. Interestingly, a stronger δþP 3 3 3O

δ� elec-
trostatic interaction is observed for theR addition (2.60 vs 3.11 Å), as
well as relatively similar hydrogen bonds in both transition structures.
However, an important difference arises in the dihedral angle around
the forming bond. A staggered gauche conformation is found for the
more stable R addition, whereas an almost eclipsed conformation is
found for the γ addition, leading to greater steric interactions. This
can also be observed by the comparison of the forming C�C bond
lengths, being noticeably longer for the γ addition.
The full mechanism of the PMe3-catalyzed [3þ 2] cycloaddi-

tion of 2,3-butadienoate and methyl acrylate was investigated
both by the Kwon and Dudding and by the Yu groups
(Scheme 101).154 Kwon used B3LYP/6-31G(d) with CPCM
single-point corrections (benzene) to account for solvation
energies, while Yu used B3LYP/6-31þG(d) with the same
solvent correction method. Kwon concluded that the first
C�C bond formation step (TS-CC1) is the rate-determining
step, withΔGact = 17.9 kcal/mol, while Yu concluded that either
addition of the catalyst to the allenoate (TS-add1) or TS-CC1 is
the rate-determining step, depending on the phosphine. Both
Kwon andYu agree that intramolecular proton transfer from theR- to

Figure 67. Computed transition structures for the addition step
between the endo-ylide and methyl cinnamate.

Scheme 96. Aziridine Formation from Sulfur Ylides and
Imines

Figure 68. Activation energies for the addition of Me2SCHR (R = Ph,
and R = CO2Me given in parentheses) to PhCHdNSO2Me.

Scheme 97. Chiral Sulfur Ylide Promoted Asymmetric
Aziridination
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β-carbon of the allenoate is unfeasible under the reaction conditions
(calculated ΔGact = 37.6 and 39.6 kcal/mol, respectively). Rather,
water assists the [1,2] migration by a protonation�deprotonation
mechanism (TS-prot and TS-deprot). Yu and co-workers used
isotopic labeling experiments in combination with DFT calculations
to confirm the catalytic role of water.155 The barriers for water-
catalyzed [1,2]-hydrogen shift were computed to be significantly
lower, (by ∼32 kcal/mol) than the uncatalyzed process.
Yu calculated the mechanism for formation of a 1,3-dipole

generated by PMe3 and alkynoate (Scheme 102). Without water
assistance, the [1,3]-proton shift of the catalyst�alkynoate
zwitterion intermediate has a calculated activation free energy
barrier of 52.8 kcal/mol (TS-1,3). A water-assisted protona-
tion�deprotonationmechanism occurs with a significantly lower
barrier of 26.7 kcal/mol (TS-deprot; TS-prot could not be
located and was presumed to be nearly barrierless).

Yu and co-workers have observed an unexpected [3 þ 2]
cycloadduct in the reaction of 2-methyl-2,3-butadienoate with
dimethyl fumarate under the cocatalysis of phosphine and water
(Scheme 103).156 The 2-methylallenoate is thought to act as a
three-carbon synthon generated through a [1,4]-proton shift
process to yield the unexpected product. Geometry optimiza-
tions and single-point CPCM solvation corrections at the
B3LYP/6-31þG(d) level located a highly energy-demanding
intramolecular [1,4]-proton transfer transition state (Scheme 104,
ΔH = 38.5 kcal/mol). The water-catalyzed [1,4]-hydrogen shift
is found to be much easier (Scheme 104, ΔH = 18.8 kcal/mol).
These results revealed a reasonably low-energy pathway for the
formation of the unexpected product.
3.6.3. Morita�Baylis�Hillman Reaction. The Morita�

Baylis�Hillman (MBH) reaction has been a well-known
carbon�carbon bond-forming reaction for nearly 40 years,157

Figure 69. Energy profiles for chiral sulfur ylide promoted aziridinations involving (a) SO2Me- and (b) CO2Me-protected imines.
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yet computational studies of the reaction have only appeared in
the literature in the last 4 years. One of the earliest computa-
tional reports, by Xu, investigated the PMe3-catalyzed reaction

of acrylonitrile and ethanal using B3LYP/6-311þG(d) and
Tomasi’s IEF-PCM solvent model for CH2Cl2.

158 The calcu-
lated mechanism and relative free energies are shown in
Scheme 105.
In agreement with experimental studies, the rate-determining

step was predicted to be proton transfer from the carbonR to the
cyano group of the catalyst�alkene�aldehyde adduct to the
alkoxide (zwitt-II to zwitt-III via TS-Hþ). However this barrier
is extremely high (63.2 kcal/mol) and involves a four-membered
transition state (Figure 74).

3.7. Other Amine Catalysts
3.7.1. Morita�Baylis�Hillman Reaction. One year after

Xu’s publication of phosphine-catalyzed MBH reactions,
Aggarwal and Harvey reported a DFT study of the reaction
catalyzed by tertiary amines.159 Kinetic data support a me-
chanism in which the rate-determining step involves proton
transfer from the R-carbon,160 not addition of the aldehyde,
which had been proposed earlier.161 Autocatalysis in the
absence of protic solvents and rate acceleration in the pre-
sence of protic solvents had also been observed. The nature
of the rate-determining step, the mechanism of proton trans-
fer in protic and aprotic solvents, and the origin of rate
enhancement in the presence of alcohols were the focus of
Aggarwal and Harvey’s study. The B3LYP/6-311þG(d,p)
(THF)//B3LYP/6-31þG(d) (THF) lowest-energy pathways
are shown in Scheme 106.
Both in the presence and absence of methanol, the rate-

determining step is intramolecular proton transfer from the R-
carbon to an alkoxide (TS-Hþ). For the non-alcohol pathway,
the aldehyde adds twice to form hemiacetal intermediate hemi-I,
from which proton transfer occurs via a six-membered transition
state. For the alcohol-catalyzed pathway, proton transfer occurs
via a six-membered transition state with assistance from the
alcohol. The intramolecular proton transfer via a four-membered

Figure 70. Transition structures (cisoid (-c) or transoid (-t)) for chiral sulfur ylide promoted aziridinations involving (a) SO2Me- and (b) CO2Me-
protected imines.

Scheme 98. Phosphine-Catalyzed Hydroalkoxylation of
Enones

Scheme 99. Possible Pathways for the Phosphine-Catalyzed
Hydroalkoxylation Reaction
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transition state was calculated to be significantly higher in energy,
46.6 kcal/mol. All three transition structures are shown in

Figure 75. These results are consistent with experimental ob-
servations and kinetic isotope effect studies.
Similar to Aggarwal and Harvey, He and co-workers calcu-

lated the MBH reaction of acrolein and formaldehyde cata-
lyzed by NMe3 using B3LYP/6-311þþG(d,p).162 Results of

Scheme 100. Proposed Mechanism for the Annulation of Allenoates with Various Electrophiles

Figure 71. Rate-limiting C-C bond formation transition structure in the
trimethylphosphine-catalyzed annulation ofmethyl acrylate and allenoate.

Figure 72. Rate-limiting C-C bond formation transition structure in the
trimethylphosphine-catalyzed annulation of N-tosylbenzaldimine and
allenoate.

Figure 73. Rate-limiting C-C bond formation transition structure in the
trimethylphosphine-catalyzed annulation of benzaldehyde and allenoate.

Scheme 101. PMe3-Catalyzed [3 þ 2] Cycloaddition
Mechanism of Allenoate and Acrylate



5094 dx.doi.org/10.1021/cr100212h |Chem. Rev. 2011, 111, 5042–5137

Chemical Reviews REVIEW

gas-phase and CPCM (MeOH) calculations show that the
intramolecular proton transfer is the rate-determining step,
with activation energies of 45.8 and 35.1 kcal/mol, respec-
tively, with respect to separated reactants. The calculated
energies with one explicit methanol molecule are shown in
Scheme 107. He found that explicit solvation with methanol
significantly reduces the energies of zwitterionic intermediates
and lowers the barrier for proton transfer (TS-Hþ), causing
the C�C bond forming step (TS-ald) to be rate-determining.
These results appear to contradict Harvey and Aggarwal’s
results, but the former authors noted that reactive aldehydes
should have lower barriers for C�C bond formation (without

affecting the proton transfer barrier), resulting in a change in
the rate-determining step.
In the same year that Aggarwal and Harvey’s report was

published, Sunoj reported a mPW1K/6-31þG(d) study of the
MBH reaction of methyl vinyl ketone and benzaldehyde cata-
lyzed by diazabicyclo[2.2.2]octane (DABCO).163 Single-point
energy calculations using the IEF-PCM model (DMSO) were
applied. In agreement with Aggarwal and Harvey, Sunoj con-
cluded that the rate-determining step of the reaction involves
proton transfer from the zwitterion intermediate generated upon
C�C bond formation. While this proton transfer was proposed
to occur via a four-membered transition state with ΔGq = 70.0
kcal/mol (Figure 76), the authors did note that calculations on a
model reaction between acrolein, formaldehyde, and NMe3
with explicit water molecules significantly reduces the barrier
to 39.1 kcal/mol.
Most recently, Sunoj showed that the inclusion of two explicit

cocatalyst molecules, including water, methanol, and formic acid,
significantly lowers the activation energy for the C�C bond
formation and proton transfer steps.164 Stabilization of the
proton transfer is more effective than stabilization of the C�C
bond formation. This difference is even more pronounced in the
aza-MBH reaction compared with the MBH reaction.

Scheme 102. Free Energies for Dipole Formation from
Alkynoatea

aB3LYP/6-31þG(d); CPCM single-point corrections (benzene) are
included.

Scheme 103. Phosphine andWater Co-catalyzed Reaction of
2-Methyl-2,3-butadienoate and Dimethyl Fumarate

Scheme 104. Possible Pathways for the [1,4]-Proton Shift in the PMe3-Catalyzed Reaction of 2-Methyl-2,3-butadienoate with
Dimethyl Fumarate (ΔH)

Scheme 105. PMe3-Catalyzed MBH Reaction

Figure 74. Rate-determining transition structure (TS-Hþ) for the
PMe3-catalyzed MBH reaction of acrylonitrile and ethanol.
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3.7.2. 3-Alkynoate Isomerization to Chiral Allenoates.
The Brønsted base catalyzed 1,3-proton shift is a useful depro-
tonation�reprotonation reaction for the preparation of allenes
from alkynes.165 Prior to a report by Huang and Tan,166 only one
asymmetric isomerization, catalyzed by a cinchona alkaloid
derivative, had been reported.167 Propyne is ∼2 kcal/mol more
stable than propa-1,2-diene; thus at equilibrium, the isomeriza-
tion yields depend on the relative stabilities of the alkyne and
allene. Huang and Tan used a guanidine organocatalyst to effect
the isomerization of 3-alkynoates to chiral allenoates in good
yields and enantioselectivities (Scheme 108).
The relative stabilities of four alkyne/allene pairs were calculated

using B3LYP/6-31G(d,p). A comparison of the calculated and
experimental results is shown in Table 7. The calculated relative
stabilities qualitatively correlate with the experimental results. The

thiophen-2-yl alkynoate, which gives the lowest allenoate isomeriza-
tion yield (39%), shows the smallest energy difference between
the two isomers (3.0 kcal/mol). The N-phthalmido alkynoate,
which gives the highest isomerization yield (94%), shows the
highest energy difference between the two isomers (6.0 kcal/
mol). No discussion of the enantioselectivity was given.
3.7.3. Knoevenagel Condensation. The condensation of

aldehydes and activated methylenic groups, also known as the
Knoevenagel condensation, was studied by Corma and co-work-
ers (Scheme 109).168 Proton affinities of seven amine catalysts
were computed using B3LYP/6-31G(d,p) in order to attempt a
correlation between catalyst basicity and reaction rates. The
experimental turnover frequencies (TOF) and calculated proton
affinities (energy difference between protonated and unproto-
nated species) are shown in Table 8.

Scheme 106. Calculated Mechanism of the MBH Reaction in the Absence and Presence of Alcohol

Scheme 107. Energies (Free Energies in Brackets) for theMBHReaction of Formaldehyde and Acrolein Catalyzed by NMe3 with
MeOHa

aB3LYP/6-311þþG(d,p).
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Not surprisingly, the addition of methyl groups to parent 39
results in an increase in proton affinity (compare 39 with 40 and
41). Catalyst 43, which differs from 40 by an additional
methylene bridge, has a higher proton affinity than 40. This
difference is rationalized by a geometry that allows better
interaction with both nitrogens and the proton in 43 (1.06 and
1.93 Å) compared with 40 (1.02 and 2.52 Å).

A reasonable correlation between proton affinity and catalyst
activity could be made for catalysts 40, 39, 42, and 45. However,
41, which has a similar proton affinity as 40 (251.5 versus 250.9),
has a lower TOF. Catalysts 43 and 44, which have significantly
higher proton affinities compared with 40, also react with a lower
TOF. The low activity of 41 might be explained by steric
hindrance of proton abstraction by the four methyl groups.
The low activity of 44 and 43 might also be due to steric factors,
but another possible explanation is that the high proton affinities
of these catalysts cause the protonation of the alkoxy intermedi-
ate to be disfavored (TS-prot, Scheme 110). The activation
energies for each step in Scheme 110 for catalysts 40 and 44were
computed with HF/3-21G in order to clarify the cause of poor
reactivity. The results are shown in Table 9.
Despite the high proton affinity of 44, the activation energy for

deprotonation of ethyl cyanoacetoacetate is high (22.4 kcal/
mol). This high barrier can be explained by steric hindrance by
the methyl groups. While the barrier for protonation of the
oxyanion intermediate by DMPMHþ is barrierless, the

Figure 75. (a) Rate-determining transition structures for proton trans-
fer in the non-alcohol and alcohol-catalyzed MBH pathways. (b)
Intramolecular proton transfer via four-membered transition state.

Figure 76. MBH reaction catalyzed by DABCO. (a) The mPW1K/6-
31þG(d) transition structure for intramolecular proton transfer. (b) The
mPW1K/6-31þG(d) transition structure of water-assisted pathway.

Scheme 108. Guanidine-Catalyzed Isomerization of 3-Al-
kynoates to Chiral Allenoates

Table 7. Relative Stabilities of Alkyne/Allene Isomers
at �20 �C

R X ΔG (allene�alkyne) exptl alkyne/allene

H Ph �3.7 30:70

H 6-MeO-naphth-2-yl �4.3 20:80

H thiophen-2-yl �3.0 61:39

H N-phthalimido �6.5 6:94

Scheme 109. Knoevenagel Condensation Catalyzed by
Amines

Table 8. TOF and Proton Affinities of Amine Catalysts in the
Knoevenagel Condensation of Benzaldehyde and Ethyl
Cyanoacetoacetate

catalyst proton affinity TOF (min�1)

44 258.8 11.2

43 258.2 1.0

41 251.5 9.6

40 250.9 26.0

39 250.1 8.1

42 241.8 0.6

45 233.3 2.2
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corresponding barrier with 44-Hþ is 4.1 kcal/mol. This differ-
ence can again be explained by steric interference by the methyl
groups of 44. In conclusion, both proton affinity and the steric
ability to abstract protons contribute to the high reactivity of
diamine catalysts.

4. LEWIS/BRØNSTED ACID/HYDROGEN BOND
CATALYSIS

Organocatalysts may not accelerate reactions to the large
extent that metal catalysts do, but they are attractive alternatives
due to their environmentally benign nature, effectiveness in
water, and general lack of product inhibition. Lewis (hydrogen-
bonding) and Brønsted (proton-transfer) acid organocatalysts
explored to date involve (thio)ureas, diols, phosphoric acids,
oxazaborolidines, guanidinium/amidinium ions, and bispidine.

4.1. Urea- and Thiourea-Based Organocatalysis
The cocrystallization of N,N0-diarylureas with acetone was

observed as early as 1976.169 Over one decade later, Etter and
co-workers cocrystallized diarylureas with substrates bearing a variety
of Lewis basic functional groups, including ketones, ethers, sulfoxides,
triphenylphosphine oxides, and nitroaromatics.170 The ability of a
single urea molecule to bind substrates by double H-bonding has led
to many uses in organocatalysis.
4.1.1. Diels�Alder Cycloaddition. One of the earliest

theoretical studies of thioureas involves Diels�Alder cycloaddi-
tions. Schreiner used DFT to explain the experimental stereo-
selectivity in the N,N0-bis[3-(trifluoromethyl)phenyl]thiourea-
catalyzed cycloaddition of N-acyloxazolidinone with cyclopenta-
diene (Scheme 111).171

Model calculations (B3LYP/6-311þG(d,p)//B3LYP/cc-
pVTZ on C, H, O, and N; B3LYP/6-311þG(d,p)//B3LYP/
3-21G(d) on S) show that the most favored binding mode of the
catalyst involves a syn relationship between the carbonyl groups,
even though the anti geometry is preferred for the ground-state
conformation of the uncomplexed species (Figure 77). The
efficiency of the catalyst was attributed to hydrogen bonding
with both carbonyl oxygens of the substrate.
A study of the catalysis of the cycloaddition between methyl

vinyl ketone and cyclopentadiene by N,N0-bis[3,5-(trifluoro-

methyl)phenyl]thiourea and by water reveals that thioureas are
effective catalysts even in the presence of water (Table 10).172

Gas-phase calculations show that the thiourea reduces the
activation barrier with respect to the uncatalyzed reaction by 2
kcal/mol, which correlates with the observed 9-fold rate accel-
eration. Catalysis by two explicit water molecules is less effective,
reducing the barrier by only 0.5 kcal/mol.
Fu explored the same reaction with geometry optimizations

at the DFT, rather than semiempirical, level of theory
(Table 11).173 In all cases, the endo transition state with the
s-cis conformation of the dienophile is most stable. It had already
been observed that the transition states of the uncatalyzed
cycloaddition between methyl vinyl ketone and dienes are
concerted, but asynchronous.174�177 This asynchronicity is en-
hanced in the thiourea-catalyzed transition states and is even
greater in the case of BF3. Similarly, thiourea decreases the barrier
by 3.2 kcal/mol, while BF3 barriers are decreased by 11.2 kcal/
mol. An increased charge transfer between the dieneHOMO and
dienophile LUMO explains both the increased asynchronicity
and the decreased reaction barriers.
Brinck used B3LYP and B2PLYP to study diene and dieno-

phile substituent effects on the thiourea-catalyzed Diels�Alder
reaction (Scheme 112).178 A synergistic effect between the
substituents and catalyst was found, resulting in overall reduced
activation barriers of up to 6 kcal/mol. The substituent-mediated
reactions display more asynchronous transition structures than
the unsubstituted reactions, which led to the investigation of a
stepwise Michael-type mechanism. While the Michael product is
23 kcal/mol less stable than the Diels�Alder product, the small
difference between the Michael addition and concerted Diels�
Alder transition structures (1.3 kcal/mol) suggests that a step-
wise mechanism might compete with the concerted.
4.1.2. Claisen Rearrangement. The catalysis of Claisen

rearrangements of allyl vinyl ethers by water179 or thiourea180 has
been known for over a decade, but a computational investigation
of the thiourea-catalyzed reaction was only recently reported by
Strassner and co-workers (Scheme 113).181

Scheme 110. Knoevenagel Condensation Mechanism

Table 9. Activation Energies (Ea) for the Knoevenagel
Condensationa

catalyst TS-deprot TS-add TS-prot

40 8.8 8.4 no barrier

44 22.4 8.4 4.1
aHF/3-21G, with respect to reactants of each step.

Scheme 111. Thiourea-Catalyzed Diels�Alder
Cycloaddition

Figure 77. Binding mode of the complexed model thiourea catalyst.
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Computational analysis of the uncatalyzed rearrangement
shows that the lowest-energy pathway proceeds through an s-cis
geometry of the ester carbonyl (Scheme 114). The barriers for
the catalyzed (3,3)-rearrangement steps with respect to the
catalyst�substrate complexes are reduced by 4.0 kcal/mol for
the s-trans conformation and increased by 0.2 kcal/mol for the
s-cis conformation (Scheme 115). The doubly hydrogen-
bonded s-trans transition state is more stable than singly
hydrogen-bonded s-cis transition state, making the trans path-
way more favorable and offering only a 3.1 kcal/mol free energy
activation barrier reduction over the uncatalyzed reaction. It is
likely that substantially greater charge transfer in the transition
state will be required for acceleration by hydrogen-bonding
catalysts to be effective.
4.1.3. Strecker Reaction. The thiourea-catalyzed asym-

metric hydrocyanation of imines (Strecker reaction) reported
by Jacobsen is highly enantioselective and has a significant
substrate scope.182�185 In a preliminary study, Jacobsen reported
that the thiourea functionality is responsible for catalysis and that
the imine favorably binds with the thiourea hydrogens in the
ground state (Figure 78).186

More recently, a detailed kinetic and computational investiga-
tion by the same group showed instead that the catalyst promotes
the reaction by generating an iminium/cyanide ion pair.187 The
rate-determining step involves rearrangement of the cata-
lyst�iminium�cyanide complex prior to addition of the cyanide
to the iminium. The enantioselectivity is attributed to a larger
stabilization of the iminium in the transition structure leading to
the major (R) enantiomer (Figure 79).
4.1.4. Nucleophilic Oxirane Opening. Schreiner envi-

sioned that diarylthioureas could mimic biological epoxide
hydrolases in detoxifying living cells (Scheme 116).188 The
authors were pleased to find that when methyl oxirane was
reacted with a range of nucleophiles and 10 mol % N,N0-
bis[3,5-(trifluoromethyl)phenyl]thiourea in both CH2Cl2 and
water, the aqueous reactions were accelerated as large as 200-fold
and in excellent yields (Table 12).
The thiourea-catalyzed and uncatalyzed reactions of ethylene

oxide and NH3 in water, in CH2Cl2, and in the gas phase were
studied at the DFT level. Of the possible hydrogen bonding
interactions between the reactants (Scheme 117), the binding of a
single water molecule with thiourea (binding energy = 6.0 kcal/
mol), is more favorable than its interaction with oxirane or another
water molecule (binding energies = 2.8 and 1.1 kcal/mol, re-
spectively).However, thiourea bindswith oxirane (binding energy=
7.0 kcal/mol) even more strongly than it does with water.
As the H-bonding ability of the solvent increases (gas phasef

DCM f water, Table 13), the transition states become earlier
and less asynchronous. The activation barriers decrease in the
same order. These calculations show that the significant rate
acceleration of nucleophilic oxirane opening is due to a strong
and preferential catalyst�oxirane interaction, which is enhanced
in water relative to weaker solvating systems.
Connon and co-workers proposed that N-tosyl-N0-ar-

yl-(thio)ureas should be more effective hydrogen bonding
catalysts than their diaryl-(thio)urea counterparts due to their
higher acidities.189 The calculated interaction energies of phenyl
oxirane with these catalysts show that binding of the proposed
catalysts is indeed more favorable than the diarylthiourea
(Scheme 118).
The favorable binding energies led to a survey of the catalyzed

addition of 1,2-dimethylindole to phenyloxirane (Table 14). The

designed catalyst proved to be remarkably effective, catalyzing
the reaction where all tested (thio)urea catalysts failed (entries
2�4) and showing higher activity than a tosyl sulfonamide
organocatalyst (entry 5).
4.1.5. Tetrahydropyranilation. Schreiner presented the

first acid-free organocatalytic tetrahydropyran (THP) protection
of alcohols (Scheme 119).190 The mechanism of this remarkably
efficient reaction (turnover numbers of 100 000 at 0.001 mol %
catalyst loading) was elucidated using DFT and coupled cluster
computations.
The preorganization of reactants is favored for the catalyzed

reaction compared with the uncatalyzed reaction by nearly 15
kcal/mol (Figure 80). The activation for the uncatalyzed
reaction is prohibitively high, in agreement with experiment.
The thiourea catalyst remarkably lowers the activation barrier.
The computed transition structure of the catalyzed reaction
also shows that the catalyst is positioned away from the alcohol
R group, explaining the ease of protecting even bulky tertiary
alchohols.
4.1.6. Pictet�Spengler-type Cyclization. In 2007, Jacobsen

reported the highly effective use of thiourea catalysis in the
asymmetric Pictet�Spengler-type cyclization of β-indolyl ethyl
hydroxylactams (Scheme 120).191 Possible mechanisms are

Table 10. Methyl Vinyl Ketone and Cyclopentadiene
Diels�Alder Cycloaddition Activation Barriersa

catalyst activation barrier

uncatalyzed 19.0

(H2O)2 18.5

thiourea catalyst 17.0
aGas phase, B3LYP/6-31þG(d,p)//AM1.

Table 11. Gas-Phase Activation Enthalpiesa and Bond Asyn-
chronicity (b � a)b of the Diels�Alder Reaction between
Cyclopentadiene and Methyl Vinyl Ketone

ΔH298
q b � a

uncatalyzed 17.9 0.695

thiourea-catalyzed 14.7 0.794

BF3-catalyzed 6.7 1.007
aB3LYP/6-31þG(d,p) level. Activation barriers are with respect to the
catalyst�ketone complex and cyclopentadiene. bBond-forming distance
at vinyl carbon R to carbonyl minus bond-forming distance at terminal
vinyl carbon.
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shown in Scheme 121. The enhanced reactivity of alkylated
lactams (R = CH3) versus saturated lactams (R = H) led to the

proposal that an SN2-type reaction is not operative. The authors
proposed that the catalyst promotes cyclization by abstracting a
chloride in an SN1-type rate-determining step. Subsequent
addition of the indole to the N-acyliminium ion (SN1-type A)
or via a spiroindoline intermediate followed by alkyl migration
(SN1-type B) would afford the final product. Enantioinduc-
tion would be established by the closely associated catalyst�
chloride complex.
To gain further support of the proposed mechanism, B3LYP/

6-31G(d) was used to optimize three ground-state structures:
(1) catalyst�ionized hydroxylactam, (2) catalyst�chlorolactam
via carbonyl, and (3) catalyst�chlorolactam via chloride
(Figure 81). All attempts to locate a complex in which the
thiourea is bound to the carbonyl of the ionized lactam (structure
1) failed to converge. While the catalyst can bind to the carbonyl
of the chlorinated lactam (structure 2), this leads to an unpro-
ductive mechanism. Finally, a complex in which the thiourea

Scheme 112. Thiourea-Catalyzed Diels�Alder
Cycloaddition

Scheme 113. Thiourea-Catalyzed Claisen Rearrangement of
Allyl Vinyl Ether

Scheme 114. Gas-Phase Free Energies for the Uncatalyzed
Claisen Rearrangement

aB3LYP/6-31þþG(d,p).

Scheme 115. Gas-Phase Free Energies for the Thiourea-
Catalyzed Claisen Rearrangement

aB3LYP/6-31þþG(d,p)

Figure 78. Minimum energy geometry of a catalyst�imine complex at
the B3LYP/6-31G(d,p) level.

Figure 79. Lowest-energy rate-determining transition structures for the
major and minor enantiomer products of the urea/thiourea-catalyzed
Strecker reaction.

Scheme 116. Epoxide Recognition of EpoxideHydrolase and
Diarylthiourea
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binds to the chloride of the hydroxylactam (structure 3)
was located. In a recent work, Danishefsky was able to isolate
the azaspiroindolenine intermediate of the Pictet�Spengler
reaction.192

4.2. Diols
TADDOLs have been used as metal chiral auxiliaries and

stoichiometric enantiodifferentiating reagents for over a
century.193 Rawal’s discovery of the acceleration of hetero-
Diels�Alder cycloaddition reactions by TADDOLs stimulated
their uses as organocatalysts in recent years.194,195

4.2.1. TADDOL-Catalyzed Diels�Alder Cycloaddition.
Wu and co-workers employed QM/MMmethods to analyze the
cycloaddition of Danishefsky’s diene with benzaldehyde
(Scheme 122).196 Danishefsky’s diene was modeled by 1,3-
dimethoxy-1,3-butadiene.
Various H-bonding interactions between TADDOL and ben-

zaldehyde were investigated (Figure 82). Of these binding modes,
the trans complex was established as the mode of catalysis.
The transition structure of the uncatalyzed reaction (ΔEq =

20.2, Figure 83) shows that the cycloaddition is concerted but
asynchronous; the endo mode of attack is preferred; the nucleo-
philic terminus of the diene attacks the carbonyl carbon.
The computed transition stuctures of the catalyzed reaction

with all three catalysts explain the experimentally observed
enantioselectivities. The 1-naphthyl-substituted catalyst, which
experimentally gives the highest yield and ee, was calculated to
give the lowest activation barrier of the three catalysts, 6.0 and 2.5
kcal/mol lower than the lowest-energy transition structures for
the phenyl- and 2-naphthyl-substituted catalysts, respectively.
The 1-naphthyl substituted catalyst was also calculated to
promote the largest selectivity for the si-face attack and most
effectively enhance the endo versus exo selectivity with respect to
the uncatalyzed reaction. The lowest-energy transition structure
for the cycloaddition by the 1-naphthyl substituted catalysts is
shown in Figure 84.
The stabilization the Diels�Alder transition state by the catalysts

is attributed to a significant charge transfer from the donor diene to
the dienophile�catalyst acceptor complexes (0.47�0.49e). The
transition states bear zwitterionic character, and the H-bond to the
carbonyl oxygen stabilizes the developing negative charge.
The quadrant diagram shown in Figure 85 explains the

energetic preference for the si-face approach. The aromatic

moieties of TADDOL protrude “out” in quadrants II and IV
(gray). A si approach would place the reactants in unhindered
quadrants I and III, while a re approach would place the reactants
in hindered quadrants II and IV. The 1-naphthyl moieties of the
most efficient catalyst would protrude more than the phenyl or
2-naphthyl groups of the other cataylsts, causing an increased
barrier for the re approach for the 1-naphthyl catalyst and
explaining the larger observed enantioselectivity.
One year later, Houk and co-workers reported a fully quantum

mechanical study of two TADDOL-catalyzed hetero-
Diels�Alder cycloaddition reactions involving Rawal-type
dienes (Scheme 123).197 The catalyst was initially modeled by
1,4-butanediol and was predicted to bind most favorably in a
cooperative binding mode (Figure 86). G�omez-Bengoa also

Table 12. Organocatalytic Nucleophilic Ring Opening of
Methyl Oxirane (() at Room Temperature

Scheme 117. Binding Energies of Possible Hydrogen Bond
Complexes

Table 13. Activation Energies and Bond Lengths for the
Uncatalyzed and Thiourea-Catalyzed Openings of Oxirane by
NH3

a

entry solvent catalyst Eact x y

1 gas 36.0 2.24 1.65

2 gas (NH2)2CS 24.4 1.90 1.85

3 CH2Cl2 23.3 1.97 1.97

4 CH2Cl2 (NH2)2CS 17.0 1.88 2.09

5 H2O 21.9 1.94 2.01

6 H2O (NH2)2CS 16.2 1.87 2.11
aB3LYP/6-311þþG(d,p)//B3LYP/6-31G(d) level of theory (SCRF
solvent inclusion).

Scheme 118. Interaction Energies of Lowest-Energy Cata-
lyst 3Phenyloxirane Complexes

aB3LYP/6-31þG(d).
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studied the binding modes of double hydrogen bond donors at
the B3LYP and MP2/6-311þþG(d,p) levels and found that the
cooperative binding mode is favored for the Diels�Alder
reaction.198 Both reactions were found to be endo-selective.
The catalyst efficiency is attributed to a charge stabilization of
the zwitterionic transition state by the hydrogen bonds.
The Houk group then reported the use of ONIOM (B3LYP/

6-31G(d):AM1) calculations to explain the origin of enantio-
selection in the reaction of 1-dimethylamino-3-tert-butyldi-
methylsiloxy butadiene and benzaldehyde.199 The two
lowest-energy transition structures for si-face (favored) and
re-face (disfavored) are given in Figure 87. Both structures
show endo selectivity and are highly asynchronous. The re face
transition structure shows that the hydrogen atoms of the
naphthyl groups are within van der Waals radius of the diene
moiety. The si face attack does not suffer these repulsions and,
furthermore, benefits from CH�π stabilization between the
aldehyde CH and a pseudoequatorial naphthyl ring. The
calculated 1.5 kcal/mol difference between these two transition
structures corresponds to an S/R product ratio of 97:3
at�40 �C, which is in good agreement with the experimentally

observed ratio of 99:1. To account for dispersion interactions,
single-point energy calculations were performed on the
ONIOM geometries. MPWB1K/6-31G(d) and M06-2X/6-
31þG(d) results show a 2.4 and 3.4 kcal/mol selectivity,
respectively, for the si face transition state, overestimating the
selectivity substantially.
4.2.2. Biphenylene Diol-Catalyzed Oxirane Opening.

Lewis acid catalysis by 1,8-biphenylene diol was first discovered by
Hine and co-workers in the opening of phenyl glycidyl ether by
diethylamine.200 Soon after, Maruoka and co-workers employed the

Table 14. Organocatalyzed Addition of 1,2-Dimethylindole
to Phenyloxirane

Figure 80. B3LYP/6-31G(d,p) optimized transition structures for the
addition of methanol to dihydropyran: uncatalyzed (top) and catalyzed
(bottom). Energies are with respect to separated reactants.

Scheme 120. Asymmetric Cyclization of Hydroxylactams
Catalyzed by Thiourea

Scheme 119. Tetrahydropyran (THP) Protection of Alco-
hols Catalyzed by Diarylthiourea
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same type of catalyst to promote carbonyl reductions, the Mukaiya-
ma aldol reaction, Michael addition of silyl ketene acetals to R,β-
unsaturated ketones, and theClaisen rearrangement.201 Several years

later, Kelly furthered the scope of catalysis by applying it to the
Diels�Alder cycloaddition.202

Fujimoto investigated the nucleophilic ring opening of
oxirane by ammonia, catalyzed by 1,8-biphenylene diol and
various monodentate acids (Table 15).203 Calculations at both
the B3LYP/6-31G(d) and MP2/6-311þþG(d,p) levels con-
firm that the bidentate diol catalyzes the nucleophilic ring-
opening more effectively than the monoacids by over 5 kcal/
mol (Figure 88). A computational molecular orbital analysis
showed that the H-bonded catalyst promotes charge transfer from
the oxirane to the catalyst, thereby enhancing its electrophilicity and
decreasing electronic repulsion with the attacking nucleophile.
4.2.3. Fluorination. Pliego envisioned the design of an

organocatalyst that would accelerate SN2 reactions more effec-
tively than polar aprotic solvents do.204 A thorough research of
potential catalyst structures suggested 1,4-benzenedimethanol as
the most promising catalyst. The binding mode is shown in
Scheme 124.

Scheme 121. Proposed Reaction Mechanism for the Thiourea-
Catalyzed Asymmetric Cyclizations of Hydroxylactones

Figure 81. Ground-state structures for the thiourea-catalyzed asym-
metric cyclizations of hydroxylactones.

Scheme 122. Diels�Alder Reaction of Benzaldehyde with
Danishefsky’s Diene Catalyzed by TADDOL Catalysts

Figure 82. TADDOL�dienophile H-bonding interactions.

Figure 83. B3LYP/6-31G(d)//B3LYP/6-31G(d):PM3 transition
structure of the uncatalyzed hetero-Diels�Alder cycloaddition of ben-
zaldehyde with 1,3-dimethoxy-1,3-butadiene.

Figure 84. B3LYP/6-31G(d)//B3LYP/6-31G(d):PM3 transition
structure of the TADDOL-catalyzed hetero-Diels�Alder cycloaddition.
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MP2/6-31þG(d)//HF/6-31G(d) calculations of the uncata-
lyzed reactions of ethyl chloride and acetate in DMSO reveal SN2
and E2 free energy barriers of 26.1 and 31.9 kcal/mol, respec-
tively, which means the E2 reaction does not compete with the
SN2 reaction. The 1,4-benzenedimethanol catalyst decreases
these barriers by 4.3 and 3.5 kcal/mol, respectively.
It was calculated that the same catalyst could enhance the SN2

reaction of fluoride ion with 2-chlorobutane.205 Experimentally
these two reactants lead to 90% elimination and only 10% SN2
product. The calculated free energy barriers of the uncatalyzed
reaction in DMSO are nearly identical for all four reactions
(Scheme 125). Calculations of the catalyzed reaction show that
the elimination process barrier is reduced by 1.8�3.1 kcal/mol
and the SN2 by 3.7 kcal/mol. Figure 89 shows that the OH 3 3 3 F
distance in the SN2 transition structure is at least 0.1 Å shorter
than that of the E2 transition structures. These reduced activa-
tion barriers predict a 100-fold increase in the total reaction rate
(SN2þE2) and a change in the SN2/E2 product ratio from 10:90
to 40:60.

4.3. Phosphoric Acid Catalysis
Like TADDOL, the role of BINOL as a hydrogen-bond

donor catalyst was not discovered until recent years when
Schaus and co-workers discovered its catalytic power in the
Morita�Baylis�Hillman reaction.206,207 The phosphoric acid
analog was then demonstrated by the Terada and Akiyama
groups to catalyze Mannich-type reactions.208 These suc-
cesses launched the use of dialkylphosphoric acid organoca-
talysts in a large array of asymmetric reactions.209

4.3.1. Mannich Reaction. Two nearly simultaneous com-
putational investigations of the BINOL-based phosphoric acid
catalyzed Mannich reaction were reported in 2007.210,211 In the
first report, Terada and co-workers used DFT to explain the
mechanism and stereoselectivity of the addition of acetylacetone
to aldimines (Scheme 126).
Preliminary computational analysis had shown that the cata-

lyst�imine complex is controlled by the bulky X substituents of
phosphoric acid. Four different adducts that place the imine
groups away from these bulky groups, two with the trans imine

and two with the cis imine, were envisioned and investigated
(Figure 90).
Attempts to locate hydrogen-bonded complex cis-2 were

unsuccessful, presumably due to unfavorable interactions
between the Boc group and phosphoric acid oxygens. Of
the other three optimized structures, trans-1 is more stable
than trans-2 and cis-1 by 0.8 and 6.9 kcal/mol, respectively.
The imine carbon in complexes in trans-2 and cis-1 are
completely shielded by either of the aromatic X groups.
The same carbon in trans-1 is exposed to stereospecific attack.
It was hypothesized that if trans-1 could freely rotate around
the N�H bond, the observed enantioselectivity would pre-
sumably be destroyed. Indeed, experimental replacement of
the Boc group with a benzyl and methyl ester resulted in
significantly lower enantioselectivities of 26% and 6%,

Figure 85. TADDOL-Catalyzed Hetero-Diels-Alder Cycloaddition.
Quadrant diagrams of (a) si face approach and (b) re face approach.
Adopted and modified from ref 196.

Scheme 123. Activation Enthalpies (ΔHq) for the Uncata-
lyzed and Alcohol-Catalyzed Diels�Alder Reaction with
Rawal-type Dienesa

aB3LYP/6-31G(d).

Figure 86. B3LYP/6-31G(d) transition structures for the 1,4-butane-
diol Diels�Alder and hetero-Diels�Alder reactions.
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respectively, supporting the mechanism of the Mannich
reaction via complex trans-1.
Yamanaka and co-workers reported experimental and theore-

tical investigation of an analogous chiral Brønsted acid cata-
lyzed Mannich-type reaction of silyl enolates with aldimines
(Table 16).
BHandHLYP/6-31G(d) model calculations show that the

reaction occurs by a dicoordination pathway (Scheme 127).
The reaction was found to be a Brønsted acid-catalyzed process
in which the rate-determining proton transfer from phosphate to
the imine occurs prior to nucleophilic addition.
The re face and si face attacks were modeled to explain the

origin of enantioselectivity (Figure 91). In agreement with
experiment, re face attack (TS-re) is 5.7 kcal/mol more stable
than si face attack (TS-si). TS-re possesses an aromatic stacking
interaction between the catalyst and iminium N-aryl group,
which fixes the iminium geometry for attack by the nucleophile.
The magnitude of the aromatic stabilization depends on the
substitution, which explains why the 4-nitrophenyl substituent

enhances reaction rates and selectivities. TS-si is disfavored due
to a steric hindrance between the 4-nitrophenyl group of the
catalyst and either the trimethylsilyl group of the nucleophile or
the aromatic group of the aldimine electrophile.
4.3.2. Acid-Catalyzed 1,3-Dipolar Cycloadditions. Gong

and co-workers synthesized spiro[pyrrolidin-3,30-oxindole] deri-
vatives in high enantiopurity via a 1,3-dipolar cycloaddition of
methyleneindolines with azomethine ylides formed from alde-
hydes and amino esters in the presence of chiral phosphoric acids
(Scheme 128).213

B3LYP/6-31G(d) calculations were performed to explain the
high regio- and stereoselectivity. The lowest-energy transition
structure (Figure 92) corresponds to the experimentally ob-
tained major regio- and stereoisomer. Both the methyleneindo-
line and the azomethine ylide are hydrogen-bonded to the
catalyst. The transition structure that gives the minor enantiomer
is 1.5 kcal/mol higher in energy and does not benefit from
hydrogen bond stabilization to the same extent; the PdO 3 3 3
HNdistance is 4.75 Å. The stability of themajor transition structure
compared with the transition structure that gives theminor regio-
isomer is attributed to a favorable π�π interaction between the
oxo-indole ring and the conjugated esters in the former transition
structure. The distance between these moieties is only ∼3.0 Å.

Figure 87. Enantiodetermining B3LYP/6-31G(d)//ONIOM(B3LYP/
6-31G(d):AM1) transition structures for (R,R)-1-Np-TADDOL-catalyzed
hetero-Diels�Alder reaction. R = TBDMS.

Table 15. Calculated Activation Barriers for the Nucleophilic
Opening of Oxirane by Ammonia

aB3LYP/6-31G(d). bMP2/6-311þþG(d,p)//B3LYP/6-31G(d).

Figure 88. B3LYP/6-31G(d) optimized transition structure of the 1,8-
biphenylenediol-catalyzed nucleophilic opening of oxirane by ammonia.
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4.3.3. Biginelli Reactions. The same group synthesized
dihydropyrimidinethiones in excellent enantioselectivities
via Biginelli and Biginelli-type reactions catalyzed by phos-
phoric acid organocatalysts (Scheme 129).214 ONIOM cal-
culations were used to explain the stereo- and regioselectivity
of the reaction. First, the imine resulting from condensation
of the aldehyde and thiourea was calculated to favor the E
geometry by 6.2 kcal/mol, arising from steric repulsion

between the sulfur atom and phenyl ring. Two activation
modes were then considered (Scheme 130): (1) activation of
the imine by the phosphoric acid OH to generate a zwitter-
ionic iminium salt and stabilization of the enol proton by the
oxygen of the OH group and (2) activation of the imine by the
phosphoric acid proton to generate a zwitterionic iminium
salt and stabilization of the enol proton by the oxygen of the
PdO group. All possible modes of attack for both pathways
were calculated.
The lowest-energy transition structure follows mechanism

B and involves attack of the re face of the imine by the si face
of the enol (TS-(S)). This leads to the experimentally observed
major (S) product. In contrast, the lowest-energy transition
structure that gives the minor (R) enantiomer ((TS-(R)) was
calculated to occur via mechanism A. The hydrogen bond
distances between the enol and phosphoric acid in TS-(R) are
shorter than those of TS-(S) and are believed to account for
the 1.1 kcal/mol difference between these two enantiomeric
transition structures.
4.3.4. Reductive Aminations. The Goodman215 and

Himo216 groups independently reported theoretical studies on
chiral phosphoric acid catalyzed imine reductions by Hantzsch
ester. Goodman used ONIOM(B3LYP/6-31G(d):UFF) fol-
lowed by single-point calculations (MPWB1K/6-31G(d,p),
PCM solvation model for toluene) to investigate the mechan-
ism and stereoselectivity of the reaction. Of the possible
mechanisms, protonation of the imine by the phosphate
OH and stabilization of the Hantzsch ester NH by the
phosphate oxygen was calculated to be favored significantly
(Scheme 131).

Scheme 124. Catalysis of the SN2 Reaction by
1,4-Benzenedimethanol

Scheme 125. Free Energy Activation Barriers for Reaction of
F� with 3-Chlorobutanea

aONIOM[CCSD(T)/6-311þG(2df,2p):MP2/6-31þG(d)] DMSO
solvation by HF(PCM)/6-31þG(d).

Figure 89. Lowest-energy transition structures for the SN2 and
E2 reactions of 2-chlorobutane and F�, catalyzed by 1,4-
benzenedimethanol.

Scheme 126. Phosphoric Acid Catalyzed Mannich
Reaction212

Figure 90. Relative energies of possible imine�phosphoric acid catalyst
adducts in the asymmetric Mannich reaction.
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In the case of Rueping’s catalyst (Ar2 = 3,5-(CF3)2-Ph),
217

the transition structures favor the Z geometry of the imine, even
though the ground-state E conformation was calculated to be
favored over the Z by 2.9 kcal. The lowest-energy transition
structure gives the experimentally observed R-product and is
1.1 kcal/mol lower in energy than the lowest-energy transition
structure that gives the S-product. This difference is attributed
to a destabilizing interaction between a CF3 group of the
catalyst and the aromatic group on the imine nitrogen (Ar1 =
Ph) in the minor S-transition structure. For MacMillan’s
catalyst (Ar2 = SiPh3),

218 the lowest-energy transition structure
that gives the favored R-product also bears the Z conformation.
Unlike Rueping’s catalyst, the lowest-energy transition struc-
ture that gives the minor S-product is in the E conformation.
This minor transition structure was calculated to be 2.7 kcal/
mol higher in energy than the major R-transition structure.
Although no explanation for the stereoselectivity was given for
the stabilization of the E transition structure, a general model
that explains the stereoselectivity of the Z transition structures
was given (Figure 93).
Himo used B3LYP/6-311þG(2d,2p) to explain the kinetic

resolution ofR-branched imines (Scheme 132). For RL = Ph and
RS = Me, the Z imine was calculated to be 3.7 kcal/mol higher in
energy than the E imine. Eight transition structures, re- and si-face

Table 16. Addition of Silyl Enolate to Aldimines, Catalyzed
by Chiral Phosphoric Acids

entry Ar Y % yield % ee

1 2-OH-Ph H 57 0

2 2-OH-Ph Ph 100 27

3 2-OH-Ph 2,4,6-Me3C6H2 100 60

4 2-OH-Ph 4-MeOC6H4 36 32

5 2-OH-Ph 4-NO2C6H4 98 89

6 4-OH-Ph 4-NO2C6H4 2 20

7 4-OMe-Ph 4-NO2C6H4 56 3

8 Ph 4-NO2C6H4 76 39

Scheme 127. Chiral Phosphoric Acid Catalyzed Addition of
Silyl Enolate to Aldimine

Scheme 128. Chiral Phosphoric Acid Catalyzed 1,3-Dipolar
Cycloaddition

Figure 92. Major and minor transition structures for the chiral phos-
phoric acid catalyzed 1,3-dipolar cycloaddition.

Figure 91. BHandHLYP/6-31G(d) transition structures for the re face
and si face attack of enolate to aldimine.
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hydride attack of both the E and Z isomers of each imine
diastereomer, were considered. The naphthyl groups were
modeled by phenyl groups; the carboxyethyl groups of the
Hantzsch ester were modeled by carboxymethyl groups, Ar2 =
2,4,6-trimethylphenyl.
Unlike Goodman’s results, the lowest-energy transition struc-

tures leading to the major S-product and minor R-product arise
from the E imine. This difference is not surprising, considering
that different imines—conjugated aromatic and aliphatic
branched—were studied by both groups. The lowest-energy
transition structures are shown in Figure 94. In the major (S)

transition structure, RL (RL = Ph) points away from the
phosphate, minimizing steric interactions with the mesityl group
of the catalyst. The para-methoxyphenyl group on the imine
nitrogen is parallel with one ester group of the Hantzsch ester (at
approximately 3.5 Å) and one ortho-proton of the protecting
group has a weak stabilizing interaction with a phosphate oxygen
(2.27 Å). The 1.8 kcal/mol destabilization of the minor (R)
transition structure is attributed to steric clashing between the
para-methoxyphenyl group and a mesityl group on the catalyst
(shortest H�H distance is 2.27 Å).
Goodman recently studied the Friedel�Crafts reactions of

indole with N-acyl and N-tosylimines catalyzed by BINOL-
phosphoric acid derivatives and discussed in detail the
energy dependence of the Z/E-imine conformations in the
transition state on the nitrogen substituent.219 N-Phenyl
ketimines prefer a Z-conformation in the transition state,
whereas N-benzyl aldimines adopt an E-conformation. The
highest preference for the E-imine is calculated for N-
acylimines.
4.3.5. Hydrophosphonylation. Shi and co-workers used

ONIOM(B3LYP/6-31G(d):AM1) to investigate the hydropho-
sphonylation reaction of imines (Scheme 133).220 A reaction
screening showed that other aromatic groups on the catalyst,
Ar = 4-NO2 or 4-CF3C6H4, cause both the reaction yield and
enantioselectivity to drop. It was also found that changing the
phosphonate from an ethyl ester to an isopropyl ester causes the
enantioselectivity to increase from 43% to 52%. Finally, a
benzothiazole protecting group causes an almost complete loss
of stereoselectivity.
Unlike the results of the Akiyama study, the monocoordi-

nation pathway was calculated to be higher in energy than the
dicoordination pathway. The calculated mechanism shown in
Scheme 134. All energies are with respect to separated
reactants. The rate-determining transition structures involve

Scheme 129. Chiral Phosphoric Acid Catalyzed Biginelli
Reaction

Scheme 130. Proposed Activation Mechanisms for Organo-
catalyzed Biginelli Reaction

Scheme 131. Chiral Phosphoric Acid Catalyzed Imine Hy-
drogenation by Hantzsch Ester

Figure 93. Enantioselectivity model for chiral phosphoric acid cata-
lyzed imine hydrogenation.

Scheme 132. Organocatalyzed Kinetic Resolution of
R-Branched Imines
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addition of the phosphonate to protonated imines (R)-int and
(S)-int. The 5.2 kcal/mol stability of the (R)-TS compared
with the (S)-TS is overestimated but gives a qualitative picture
of the origin of enantioselectivity. The difference is mainly
attributed to steric interference between a mesityl group of the
catalyst and the para-methoxyphenyl group in the (S)-TS,
which causes the para-methoxyphenyl group to distort from
planarity (Figure 95). In agreement with experimental trends,
the effect of changing the diethyl phosphite to diisopropyl
phosphite resulted in a calculated 6.8 kcal/mol difference
between the major and minor rate-determining transition
structures.
The rate-determining transition structures for the benzothia-

zole-protected imine were also calculated. In excellent agreement
with the experimental results, the major R-TS was calculated to be
only 0.1 kcal/mol more stable than the minor S-TS. There is no
significant difference in the geometries of the enantiomeric
transition structures, and the disfavored interactions between the
3,30-substituents of the catalyst and para-methoxyphenyl group of
the transition structures in Figure 95 do not exist in the
benzothiozole transition structures (Figure 96).

4.4. Oxazaborolidines
Although it could be argued that boron-containing molecules

are not organocatalysts, oxazaboralidines have had significant

impact on asymmetric synthesis as chiral Lewis-acid catalysts,
and the origins of stereoselectivities have received ample atten-
tion from computational chemists as discussed in this section.
Oxazaborolidines, also known as CBS (Corey�Bakshi�Shibata)
catalysts, were discovered to reduce carbonyl compounds with
excellent enantioselectivities one decade ago.221,222 Derivatives
of this catalyst, including recent applications of the protonated
salt, have been employed in catalytic enantioselective
alkynylations,223 Diels�Alder reactions,224�226 cyanosilylation
of aldehydes,227 Michael additions,228 and vinylogous Mukaiya-
ma aldol reactions.229

4.4.1. Carbonyl Reductions. Between 1991 and 1996,
Nevalainen provided a series of ab initio studies that confirmed
Corey’s mechanistic theories of oxazaborolidine-catalyzed car-
bonyl reductions (Scheme 135). A computational explanation
was given for the experimental formation of oxazaborolidine
aggregates230 and the role of Lewis basic solvents in reducing the
aggregation.231 The favored coordination mode of BH3 to the
catalyst,232 as well as the proper ketone�oxazaborolidine com-
plex geometry,233 was also elucidated.

Figure 94. Lowest-energy major and minor transition structures for
chiral phosphoric acid catalyzed kinetic resolution ofR-branched imines.

Scheme 133. Imine Hydrophosphonylation Catalyzed by
Chiral Phosphoric Acid

Scheme 134. Mechanism of Chiral Phosphoric Acid
Catalyzed Hydrophosphinylation
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Li and co-workers provided a more recent series of theoretical
investigations on the chiral oxazaborolidine234 and sulfur-con-
taining chiral oxazaborolidine235 catalyzed reduction of carbonyl
compounds at theHF/6-31G(d) level. The same group also used
HF/6-31G(d) and B3LYP/6-31G(d) to investigate the enantio-
selective reduction of keto oxime ethers (3-cyclohexene-1,2-
dione-1-oxime).236 Despite these successful investigations, tran-
sition structures explaining the observed enantioselectivities
were not calculated. Numerous semiempirical studies have
addressed this issue.237 This review focuses on high level DFT
investigations that explain the general origin of enantioselectivity
of these reductions.238

4.4.1.1. General Mechanism. Consistent with Corey’s ob-
servations and earlier calculations, Alagona found that the cis
oxazaborolidine�borane�THF complexation is exothermic
(ΔG = �1.9 kcal/mol). The trans coordination is disfavored
because of the highly strained pyrrolidine ring conformation
(ΔG = þ9.9 kcal/mol, Figure 97). The geometry of the cis
adduct closely resembles that of the crystal structure obtained by
Corey.239 Coordination of BH3 to the catalyst shifts electron
density from nitrogen to the exocyclic boron, enhancing the
nucleophilicity of the hydrides and increasing the Lewis acidity of
the endocyclic boron.
The ketone binds the cis catalyst�BH3 complex from the less

hindered convex face. Only two of four possible coordination
geometries converged to a local minimum at the B3LYP/6-
31G(d) level, each leading to opposite faces of hydride transfer
(Figure 98). The si face attack is the preferred mode of hydride
transfer because the transition state has a chairlike conformation,
whereas the transition state of the re face attack adopts a boatlike
conformation.
The Meyer group investigated the same catalyst in the

reduction of 20,50-dimethylphenyl isopropyl ketone.240 Experi-
mental and calculated 13C kinetic isotope effect measurements
were in excellent agreement with each other and provide strong
evidence that the rate-determining step is hydride transfer to
the carbonyl carbon. The computed enantiomeric transition
structures show that the gem-diphenyl groups on the catalyst
have little effect on the placement of the RL and RS groups.
Rather, the phenyl groups serve to constrain the conformation
of the bicyclic catalyst and dictate the coordination of the
ketone.
Tang and co-workers used B3LYP/6-31G(d,p) to explain the

experimental selectivities obtained by a similar diamide catalyst
(Scheme 136).241 The reaction was found to proceed via four steps,
with the rate-determining step being the transfer of hydrogen from
the catalyst�ketone complex to acetophenone (Figure 99). In
agreementwith experimental results, the activation free energy for re
face attack was calculated to be favored over si face attack by 1.2
kcal/mol. The difference is attributed to different amounts of
repulsion between the ketone substituent that is closest to the
catalyst and the catalyst substituents. The spatial structures of both
transition structures show that the phenyl group of the re face
transition state is further away from the catalyst system than the
methyl group of the si face transition state.
4.4.2. Reduction of Glycosyl R-Ketoesters. Grison and

co-workers obtained good experimental diastereoselectivities
in the CBS-catalyzed reduction of glycosyl R-ketoesters
(Table 17).242 However, if one considers the glycosyl group
as larger than the ester moiety, Corey’s model predicts the
opposite stereoselectivity than that which was obtained ex-
perimentally. Suspecting that the chiral centers of the glycosyl

group may influence the asymmetric induction, Ruiz-Lop�ez
modeled the reaction at the B3LYP/6-31G(d) level to explain
the origin of diastereoselectivity.243

Figure 95. Lowest-energy enantiomeric transition structures for the
hydrophosphonylation of 4-methoxyphenyl-protected imine catalyzed
by phosphoric acid.

Figure 96. Lowest-energy enantiomeric transition structures for the
hydrophosphonylation of benzothiazole-protected imine catalyzed by
phosphoric acid.

Scheme 135. Mechanism of Oxazaborolidine-Catalyzed
Reduction of Acetophenone Proposed by Corey

Figure 97. The cis and trans (BH3 and C-4 hydrogen relationship)
BH3�oxazaborolidine complexes.



5110 dx.doi.org/10.1021/cr100212h |Chem. Rev. 2011, 111, 5042–5137

Chemical Reviews REVIEW

Model calculations with various substitution patterns at C4
and C5 show that the C4 configuration determines the product
configuration, and disubstitution at C5 enhances the stereo-
stereoselectivity. Consistent with Alagona’s calculations, the
lowest-energy pathway involves a cis coordination of the borane
to the catalyst, binding of the carbonyl to the same face,
and hydride transfer via the si face of the carbonyl carbon
(Scheme 137).

Catalysis of the glycosyl R-ketoester reduction by an achiral
oxazaborolidine was calculated in order to explain the influence
of the sugar moieties on the asymmetric reduction
(Scheme 138). Unlike the previous calculations, the lowest-
energy transition structures for each enantiomeric reduction
proceeds via the top face of the catalyst. The authors suggest
that unlike TS-exo-anti in Scheme 137, which is favored because
RL (CO2Me) is trans to the B-Me group, the analogous TS-exo-
anti for a sugar (Me is substituted by a sugar) is disfavored
because the dihedral around the adjacent carbonyls must distort
from a planar conjugation to avert clashing between the ester and
B-Me groups.
Further calculations of a mismatched chiral catalyst (which

would favor the S product) and theR-ketoester (which favors the
R product) show that induction by the catalyst dominates,
yielding the S product, which is opposite to that which would
have been predicted by Corey’s model (Scheme 139).
4.4.3. Alkynylation. Li and co-workers performed a two-part

DFT investigation on the oxazaborolidine catalyzed alkynylation
of aldehydes (Scheme 140).244,245

As in the carbonyl reductions, the aldehyde can potentially
bind to the catalyst�alkynylborane adduct in four possible
geometries, exo�anti, exo�syn, endo�anti, or endo�syn, lead-
ing to either the R- or S-alcohol product (Scheme 141). Binding
of the aldehyde to the catalyst�alkynylborane complex is
exothermic for three out of four complexes, with the exo/anti
geometry being the most stable adduct. Mulliken charge
measurements and an NBO analysis show charge transfer from
the carbonyl to alkynyl moiety upon complexation. The lowest-
energy adduct, exo�anti, has the largest stabilization interaction
energy among the four complexes (23.1 versus 13.6, 18.9, and
21.2 kcal/mol).
The alkyne transfer transition state was calculated to be that of

the rate-determining step of the catalytic cycle. The exo�anti
transition state is the lowest-energy geometry for the alkyne
transfer, forming a six-membered twist chair transition state
(Figure 100). An NBO analysis of these transition structures
showed that the breaking B�C bond is weakest and the forming
C�C interaction is strongest in the exo�anti conformation
compared with the other geometries, facilitating the transfer of
the alkyne moiety the most in this transition state. The calculated
activation energies for the exo�syn, endo�anti, and endo�syn are
11.4, 11.7, and 11.3 kcal/mol, respectively.
4.4.4. Diels�Alder Cycloaddition. Li investigated the

cationic oxazaborolidine-catalyzed Diels�Alder reaction de-
veloped by Corey’s group (Scheme 142).246 B3LYP/6-31G-
(d) was applied to all proline ring hydrogens. B3LYP/6-
31G(d,p) was applied to all other atoms. Model calculations
of both the uncatalyzed and catalyzed reactions (Scheme 143)
show that the exo/s-cis pathway is preferred, yielding the
S product. The authors concluded that the uncatalyzed reac-
tion is concerted but the catalyzed reaction is stepwise with
the rate-determining step being addition of the cata-
lyst�methylacrolein complex to cyclopentadiene to form a
zwitterionic intermediate.
More recently, Paddon-Row and co-workers investigated the

same class of reactions in order to explain the origins of
enantioselectivity proposed by Corey (Scheme 144).247 Key
features of Corey’s models include (1) a preferred s-trans
CdC—CdO conformation of the dienophile, (2) π-stacking
between the dienophile and the exo-phenyl group at C-5 of the
catalyst, and (3) catalyst binding to the oxygen anti lone pair

Figure 98. Computed transition structures for si and re face hydride
transfers to phenyl methyl ketone catalyzed by oxazaborolidines.

Scheme 136. Oxazaborolidine-Catalyzed Reduction of
Acetophenone

Figure 99. B3LYP/6-31G(d,p) relative transition structure energies for
the oxazaborolidine-catalyzed reduction of methylphenylketone.
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(with respect to the double bond) and formyl hydrogen in the
case of aldehydes, versus catalyst binding to the syn oxygen lone
pair and R-hydrogen of ketones, esters, and carboxylic acids.
These different binding modes expose opposite faces of the
dienophile and explain the opposite enantioselectivities observed
experimentally.
MPW1K/6-31þG(d,p)//B3LYP/6-31G(d) calculations for

seven catalyzed cycloadditions are in qualitative agreement with
experimentally observed selectivities (Table 18) and agree with
Corey’s pre-transition-state models. An alternative coordination
mode for ester dienophiles that does not involve a CH 3 3 3O
bond was found, which was calculated to be significantly
favored over the Corey model (Figure 101). In the new model,

Table 17. Reduction of r-Ketoesters by Catecholborane

glycosyl R-ketoester catalyst configuration % yield major product configuration % de

D-ribo S 61 R 70

D-ribo R 39 S 68

D-galacto S 94 R 78

D-galacto R 81 S 90

Scheme 137. Activation Free Energies (ΔGq) for Hydride
Transfera

aB3LYP/6-31G(d).

Scheme 138. Activation Free Energies (ΔGq) for Hydride
Transfer to Chiral Sugar by Achiral Catalysta

aB3LYP/6-31G(d).

Scheme 139. Activation Free Energies (ΔGq) for Hydride
Transfer from Mismatched Catalyst to R-Ketoestera

aB3LYP/6-31G(d).

Scheme 140. Oxazaborolidine-Catalyzed Alkynylation
Developed by Corey

Scheme 141. Binding Energies of Ethanal with Cata-
lyst�Borane Complexes
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binding of the anti lone pair of the tethering carbonyl oxygen is
predicted to be favored due to relief of repulsion interactions
with the alkoxy oxygen center. Such a stabilization does not

occur when the syn lone pair of the methyl ester carbonyl is
bound to the catalyst.
The same group then reinvestigated the reaction computed by

Li in order to determine whether the aldehyde does indeed bind
to the catalyst in an s-cis conformation, which is at odds with
Corey’s model.248 Two major changes were made in the latter
investigation, the first being that the enantiomeric ratio was
determined by the activation free energies of the cycloaddition,
rather than on the stabilities of the catalyst�carbonyl complexes.
This modification is valid because it had been shown that com-
plexation is rapidly reversible on the NMR time scale.249 Second, it
was argued that the model catalyst was oversimplified because π-
stacking of one of the C-5 phenyl groups plays a role in the
stereochemical outcome of the reaction. Thus, the experimental
catalyst was employed in the calculations, with the only change
being the replacement of the o-tolyl group with a phenyl group.
The reactions of five dienophiles with 1,3-butadiene were

calculated using B3LYP/6-31G(d). All possible coordination
modes and conformations were considered. As shown in
Table 19, the predicted enantioselectivites are in excellent agree-
ment with experimentally observed results. The poor selectivity
predicted in entry 5 is attributed to the modeling of both the
bulky 2-tert-butyl-1,4-benzoquinone and 2-triisopropylsilyloxy-
1,3-butadiene with simpler 2-methyl-1,4-benzoquinone and
1,3-butadiene, respectively. In four out of five cases, the compu-
tational results reinforce Corey’s model of stereoselectivity. It
was also found that the minor enantiomer is largely formed
through a coordination of the dienophile to the concave (endo)
face of the catalyst, and thus catalyst designs that favor this mode
of binding should enhance selectivities.

Figure 100. B3LYP/6-31G(d) optimized transition state of lowest-
energy alkyne transfer (exo�anti).

Scheme 142. Oxazaborolidine-Catalyzed Diels�Alder Cy-
cloaddition between Cyclopentadiene and 2-Methylacrolein

Scheme 143. Uncatalyzed and Oxazaborolidine-Catalyzed
Diels�Alder Cycloaddition between Cyclopentadiene and
2-Methylacrolein

Scheme 144. Corey’s Pre-Transition-State Models for the Ox-
azaborolidine-Catalyzed Diels�Alder Cycloaddition Reaction

Table 18. Predicteda and Experimental % ee Values of
Oxazaborolidine-Catalyzed Diels-Alder Cycloaddition

aMPW1K/6-31þG(d,p)//B3LYP/6-31G(d) þ B3LYP/6-31G(d)
thermal corrections and nonspecific solvent effects (dichloromethane)
using the PCMmodel. Values were calculated at 298.15 K. Themodeled
catalyst differs from the experimental catalyst only by substitution of the
o-tolyl group with a phenyl group. bThe�CO2CH2CF3 group was used
experimentally.
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4.4.5. Diels�Alder Cycloaddition Catalyzed by N-Sul-
fonylated Oxazaborolidines. Several groups have reported
ab initio and DFT investigations250,251 of the coordination of
aldehydes to model N-sulfonylated oxazaborolidines catalysts
in the asymmetric Diels�Alder cycloaddition reactions of
R,β-unsaturated aldehydes with simple dienes252 and inMukaiyama
aldol reactions (Figure 102).253,254 It was consistently found that
the two lowest-energy coordination modes involve a binding of
the aldehyde to the “top” face of the catalyst.
Wong explored the full (S)-tryptophan-derived catalyst using

DFTmethods to explain the role of the tryptophan moiety of the
reaction (Scheme 145).255

Corey had attributed the remarkable selectivities of the
Diels�Alder cycloaddition to three stabilizing interactions
(Scheme 146): (1) donor�acceptor interaction between the
endocyclic boron of the catalyst and the carbonyl oxygen of
acrolein, (2) H-bond between the formyl hydrogen of acrolein
and the ring oxygen of the catalyst, and (3) π-stacking between
the tryptophan and acrolein groups.
Wong proposed the same type of stabilizing interactions, butwith

modifications: the acrolein can adopt an s-cis or s-trans conforma-
tion, and the formyl hydrogen can bond with either the ring oxygen
(asCorey had proposed) or a sulfonyl oxygen. This gives rise to four
possible complexes. MP2/6-31G(d)//PW91PW91/6-31G-
(d)þZPE calculations show that the most stable complex has an
s-trans acrolein geometry and the aldehyde hydrogen binds to the
sulfonyl oxygen (Figure 103). The binding energy is 6.9 kcal/mol.
The other complexes are at least 3.8 kcal/mol higher in energy. The
acrolein and tryptophanmoieties are separated by 3.15 Å, indicative
of a π-stacking interaction. An NBO analysis showed a strong
decrease of electron population in the indolemoiety by 0.13�0.16e,
indicating that the indole group acts as a π donor.
Calculations show that the binding of s-trans-bromoacrolein to

amodel catalyst is selective for the sulfonyl oxygenmode over the
ring oxygen mode by 2.3 kcal/mol (Figure 104). A similar
selectivity of 1.4 kcal/mol is predicted for s-cis-bromoacrolein.
In addition, s-trans-bromoacrolein has a larger binding energy
with indole than s-cis-bromoacrolein (Figure 105). Both the
strong CH 3 3 3OdS interaction and trans-acrolein 3 3 3 trypto-
phan π�π stacking interactions explain the excellent experi-
mental enantioselectivities.

5. BIFUNCTIONAL CATALYSIS

5.1. Thioureas
5.1.1. Michael Addition of Ketones to Nitroalkenes.

Three groups have reported theoretical studies of thiourea-based
asymmetric Michael addition reactions.256 The first report, by
Tsogoeva and Schmatz, investigates a thiourea/cyclohexanedia-
mine catalyst, in which the amine moiety enhances the nucleo-
philicity of the ketone by enamine formation, and the thiourea
moiety enhances the electrophilicity of the nitro-olefin through
hydrogen bonding (Scheme 147).257

While it had been proposed by Takemoto and accepted by
most groups that both oxygens of the nitromoiety are involved in
H-bonding with the thiourea (Figure 106),258 Tsogoeva and
Schmatz found that the doubly bonded transition state is less
stable than the singly bonded transition state by 1.3 kcal/mol at
the B3LYP/6-31Gþ(d,p) level. Inclusion of zero-point and
thermal corrections reverses this stability (the doubly bonded
structure is 1.5 kcal/mol more stable), but it was reasoned that
this structure cannot undergoMichael addition for steric reasons.

Transition state geometries and relative energies calculated
by Tsogoeva and Schmatz are shown in Figure 107. DFT
calculations at various basis sets show a preference for the R
transition state, which leads to the formation of the major
product. This is attributed to a tighter H-bonding interaction
between the thiourea and nitro-olefin, as seen in the transition
H-bond distances, and repulsive electrostatic interactions
between the phenyl and oxygen in the minor S transition
state.
5.1.2. Michael Addition of 1,3-Dicarbonyls to Nitroalk-

enes. P�apai and co-workers pursued a DFT investigation of the
organocatalyzed Michael addition of 1,3-dicarbonyls to nitro-
olefins (Scheme 148).256b

Of the five lowest-energy catalyst conformations, only one
conformation was found to favor a double H-bond coordination
with either the nitro-olefin (proposed by Takemoto) or the

Figure 101. Relative free energies for s-cis CdC—CdO versus s-trans
CdC—CdO ester-activated Diels�Alder cycloaddition.

Table 19. Computeda and Experimental Diels�Alder
Cycloaddition Selectivities

aDiene = 1,3-butadiene. bExperimental diene = 2-methyl-1,3-butadiene.
c Experimental diene = cyclopentadiene. d Experimental dienophile =
2,2,2-trifluoroethyl acrylate. e Experimental dienophile = E-diethyl mal-
eate. fExperimental diene = 2-triisopropylsilyloxy-1,3-butadiene; dieno-
phile = 2-tert-butyl-1,4-benzoquinone.

Figure 102. Favored binding modes of aldehydes with N-sulfonylated
oxazaborolidine catalysts.
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dicarbonyl (Figure 108). The binding energies of the nitro-olefin
(R2 = Ph) and dicarbonyl (R1 =Me) with the catalyst are 7.6 and

7.3 kcal/mol, respectively, implying no preference for formation
of either complex. Both possible routes leading to the experi-
mentally observed major R enantiomer were thus explored
(Scheme 149).
The conjugate addition transition structures leading to the

major R enantiomer for pathways A and B are given in
Figure 109. The conjugate addition activation barrier (gas
phase, B3LYP/6-311þþG(d,p)) with respect to separated
reactants for the catalyst�dicarbonyl complex pathway (B)
was calculated to be only 2.2 kcal/mol, while the barrier for the
catalyst�nitro-olefin complex pathway (A) was found to be
4.9 kcal/mol. In both pathways, transition structures leading
to the minor S enantiomer are less stable than those of the R
enantiomer (2.6 and 2.4 kcal/mol for the former and latter
pathways, respectively). The instability of the S transition
structure is due to eclipsing in the C�C forming bonds, unlike
the R transition structures, in which the forming bonds are
staggered.
Chen and co-workers investigated similar thiourea bifunc-

tional catalysts that contain both a chiral center and chiral axis
(Scheme 150).259 The bis-3,5-trifluoromethylphenyl group was
replaced by hydrogen. A total of four pathways, both enantiomers
of each catalyst, were calculated using B3LYP/6-311þþG(d,
p)// B3LYP/6-31G(d). The calculations show that the stereo-
center is established at the C�C bond-forming step, but
subsequent proton transfer is the rate-determining step. The

Scheme 145. Diels�Alder Cycloaddition of Cyclopenta-
diene with Bromoacrolein Catalyzed by Oxazaborolidine
Catalyst

Scheme 146. Corey’s Proposed Model of Transition State
Assembly Involving s-cis-Bromoacrolein

Figure 103. PW91PW91/6-31G(d) optimized bromoacrolein�
catalyst complex.

Figure 104. Binding energies (MP2/6-31þG(d)//PW91PW91/6-
31G(d)þZPE) of s-trans-2-bromoacrolein�N-sulfonylated 1,3,2-oxa-
zaborolidine-5-one complexes.

Figure 105. Binding energies (MP2/6-31þG(d)//PW91PW91/6-
31G(d)þZPE) of s-trans- and s-cis-2-bromoacrolein�N-sulfonylated
1,3,2-oxazaborolidine-5-one complexes.

Scheme 147. Conjugate Addition of Acetone to Nitro-olefins

Figure 106. Dual-activation proposed by Takemoto.
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activation energies for these steps with respect to each cata-
lyst�substrate complex are given in Table 20.
All of the calculated energies agree with experimental stereo-

selectivities. C�C bond formation (TS-CC) and proton
transfer (TS-PT) by catalyst A favor the S-enantiomer over the
R-enantiomer by 1.6 and 2.7 kcal/mol, respectively. Likewise,
C�C bond formation and proton transfer by catalyst B favor the
R-enantiomer over the S-enantiomer by 1.3 and 9.7 kcal/mol,
respectively.
The enantioselectivities were rationalized by changes in the

catalyst dihedral angles in going from the ground state to the
transition states (Table 21). Dihedral angle N1�C2�N3�C4
of catalyst A, which favors the S-product, changes by 7� in the S-
transition state, as opposed to 15� in the minor R-transition
state. The same dihedral angle of catalyst B, which favors the R-
product, changes by 14� in the R-transition state, as opposed to
21� in the minor S-transition state. The authors conclude that
the enantioselectivity depends on a geometrical match or
mismatch of the catalyst’s axis of chirality with the center of
chirality.
Zhong and co-workers recently developed a highly enantio-

selective domino Michael�Henry reaction catalyzed by a cinch-
ona alkaloid derived thiourea catalyst to furnish highly
functionalized bicyclo[3.2.1]octanes with four stereogenic cen-
ters (Scheme 151).260 The B3LYP/6-31G(d) calculations re-
vealed a new catalytic activation mode for the thiourea catalyst
(Figure 110). Unlike the previously proposed “dual activation
model” by Takemoto,258 this mode shows activation of the 1,3-
dicarbonyl substrates by the thiourea group and an acidic proton
in the phenyl ring and at the same time tertiary amine activation
of the nitro group, which promotes the domino reaction
with excellent stereoselectivity. The lowest-energy transition
structure, shown in Figure 110, favors the formation of the
(R,S)-enantiomer compared with the (S,R)-enantiomer by
5.7 kcal/mol.
5.1.3. Michael Addition of R-Aryl and R-Alkyl Cyanoa-

cetates to Vinyl Ketones. Chen and co-workers explored the
thiourea-catalyzed Michael addition of R-aryl and R-alkyl cya-
noacetates to vinyl ketones (Scheme 152).261

The major S enantiomer is produced by a re face attack of the
Z-enolate of the cyanoacetate (Figure 111, top), while the
undesired R enantiomer is produced by a si face attack of the E-
enolate of the cyanoacetate (Figure 111, bottom). The R
enantiomer is believed to be disfavored because of steric
clashing between the vinyl ketone and cyanoacetate alkyl/aryl
groups.
5.1.4. Michael Addition of 1,3-Dicarbonyls to Azodi-

carboxylates (R-Amination). Liu and co-workers investi-
gated the enantioselective R-amination of 1,3-dicarbonyl com-
pounds to azodicarboxylates catalyzed by a bifunctional urea
(Scheme 153).262

All possible pathways, both re face (major) and si face (minor)
attack of the dicarbonyl via (1) binding of the dicarbonyl to the
urea moiety and the azodicarboxylate to the protonated tertiary
amine and (2) binding of the azodicarboxylate to the urea moiety
and the dicarbonyl to the tertiary amine, were considered.
The calculated lowest-energy transition structures leading to
both enantiomeric products are in qualitative agreement with
experimental results (Figure 112).263 The origin of enantioselec-
tion was not discussed.
Liu and co-workers used B3LYP/6-311þþG(d,p)//B3LYP/

6-31G(d) to explain the mechanism and stereoselectivity of
R-amination reactions catalyzed by a urea-based bifunctional
organocatalyst (Scheme 154).264 The dicarbonyl was modeled

Figure 107. Transition structures of the formation of the R and the S
enantiomeric products.

Scheme 148. Enantioselective Michael Addition of
1,3-Dicarbonyls to Nitro-olefins

Figure 108. Most stable catalyst�nitro-olefin complex and most stable
catalyst�dicarbonyl complex.
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by 2-acetylcyclopentanone, the aromatic ring of the catalyst was
replaced by hydrogen, and the tert-butyl carboxylates were
replaced with methyl carboxylates. Two activation modes of
the substrates were considered (Figure 113): in mechanism A,

the urea moiety activates the dicarbonyl while the tertiary amine
activates the azodicarboxylate; in mechanism B, the urea moiety
activates the azodicarboxylate while the tertiary amine activates
the dicarbonyl. Mechanism A is favored, with a rate-determin-
ing activation barrier of 2.7 kcal/mol. This step involves
nucleophilic attack of the enolate to the azodicarboxylate.
The corresponding activation barrier for mechanism B is
7.8 kcal/mol. An enantiomeric excess of >99% ee was calcu-
lated, which is in reasonable agreement with the experimental
results.

Scheme 149. Two Reaction Routes Envisioned for the Bi-
functional Thiourea-Catalyzed Michael Addition of Acetyl-
acetone to Nitrostyrene

Figure 109. Bifunctional thiourea-catalyzedMichael addition transition
structures for major (R) pathways A and B.

Scheme 150. Bifunctional Thiourea-BasedOrganocatalyst in
the Michael Addition of 2,4-Pentanedione to 1-Nitropropene

Table 20. Transition State Energies for the Bifunctional
Thiourea-Catalyzed Michael Additions of 1,3-Dicarbonyls to
Nitroalkenesa

TS catalyst product configuration Eact (kcal/mol)

TS-CC A S 10.4

TS-CC A R 12.0

TS-CC B S 14.7

TS-CC B R 13.4

TS-PT A S 17.6

TS-PT A R 20.3

TS-PT B S 26.0

TS-PT B R 16.3
aB3LYP/6-311þþG(d,p)//B3LYP/6-31G(d) with respect to initial
catalyst-substrate complex. Bold numbers represent favored enantiomer
of each step.
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5.1.5. Michael Addition of Amines to R,β-Unsaturated
Compounds. Aminoindanol-derived thioureas are shown to
catalyze the addition of hydroxylamines to pyrazole crotonate
derivatives yielding β-amino acids with high enantioselectivities
(Scheme 155).265 Sim�on and Goodman studied the mechanism
of the reaction with quantum mechanical methods in order to
elucidate the role of the catalyst.266 Geometry optimizations
were performed with the B3LYP/6-31G(d,p) in toluene using
the implicit PCM solvation model and UFF cavity scheme.
Energies were further refined with single-point energy calcula-
tions at the MPWB1K/6-31G(d,p) level with solvent included
implicitly by PCM model and UAKS cavity definition. Two
possible pathways were explored using a simplified model of the
catalyst (Figure 114). Mechanism A explains the stereochem-
ical outcome of the reaction as a consequence of a H-bond
between the hydroxyl group of the chiral catalyst and the
oxygen in the nucleophile (Figure 114a). In mechanism B,
the catalyst takes an active part in proton transfer by a proton
switch mechanism (Figure 114b), rather than simply stabilizing
the anions via a H-bond network.
The calculations with the model hydroxy-thiourea catalyst

showed that the transition states corresponding to mechanism
B are 3�4 kcal/mol lower in energy than the transition
structures located for mechanism A. Hybrid QM/MMONIOM
calculations on mechanism B with the real catalyst resulted in

1.6 kcal/mol energy difference between the enantiomeric
transition states favoring the (S) enantiomer, in agreement
with the experiments.
5.1.6. Enolization. Computational methods were used to

design a bifunctional thiourea catalyst that accelerates enoliza-
tion in non-H-bonding organic solvents such as dichlor-
omethane.267 The catalyst incorporates both a basic amine for
deprotonation and hydrogen donors to stabilize the forming
enolate. Based on HF/6-31þG(d) transition states of the urea
and methanol catalyzed enolization, 3D structural databases
were searched by the computer program CAVEAT. A cyclo-
hexenone was identified as an appropriate linker between the
urea and amine moieties (Scheme 156). After further design
and functionalization, a linear thiourea/amine was synthesized
and accelerated the enolization 5-fold. This work demonstrates
the promise of using computational methods as a foundation
for catalyst design.
5.1.7. Alcoholysis of Cyclic Anhydrides. Chen reported

highly enantioselective alcoholysis ofmeso-cyclic anhydrides by a
bifunctional thiourea catalyst (Scheme 157).268 B3LYP/6-31G-
(d) calculations show that the transition state model leading to
the major enantiomer (Figure 115) is 7.0 kcal/mol lower in
energy than the complex leading to the minor isomer. The
transition state is stabilized by hydrogen bonding interactions
between a thiourea hydrogen and the developing alkoxide and
the amine with the adding alcohol.
5.1.8. Ring-Opening Polymerization. Zhang and co-work-

ers investigated the ring-opening polymerization of D-lactide by a
bifunctional thiourea organocatalyst (Scheme 158).269 Both a
concerted and a stepwise mechanism were calculated using
B3LYP/6-311þþG(d,p) (PCM, CH2Cl2)//B3LYP/6-31G(d)
(Scheme 159). In both cases, the rate-determining steps were
calculated to be very high, at least 37 kcal/mol with respect to
separated reactants, suggesting that the uncatalyzed reaction is
energetically unfeasible.
The concerted and stepwise mechanisms of the catalyzed

reaction were then calculated. Unlike the uncatalyzed reaction,
the stepwise pathway is favored over the concerted, with transi-
tion state energies of 11.5 and 32.1 kcal/mol, respectively, with
respect to separated reactants (25.8 and 46.4 kcal/mol, respec-
tively, with respect to the catalyst�methanol�D-lactide com-
plex). A sketch of the rate-determining transition structure for
the stepwise mechanism is shown in Figure 116. The catalyst
activates the lactide for ring-opening by three hydrogen bond
interactions. A covalent binding mechanism involving acyl
transfer to the catalyst was also calculated, but this pathway is
higher in energy.

5.2. Guanidines
Guanidinium and amidinium cation catalysts have successfully

promoted highly enantioselective C�C bond-forming reactions,
first pioneered by Corey in the Strecker reaction.270 Numerous
applications have followed, including in catalysis of the
Diels�Alder reaction,271 (aza)-Henry reaction,272,273 amination
of 1,3-dicarbonyl compounds,274 and ring-opening-metathesis
polymerization.275

5.2.1. Strecker Reaction. Han and co-workers used DFT
(B3LYP/6-31G(d)) to investigate the mechanism of the
bicyclic guanidine-catalyzed Strecker reaction (Scheme 160).276

Because Corey had claimed that HCN does not react with
N-benzhydrylbenzaldimine at 10 �C and theoretical groups had
confirmed a high-energy barrier for this addition but a lower energy

Table 21. Dihedral Angle (N1�C2�N3�C4) Change in
TS-CC with Respect to Ground State

catalyst product configuration Δ(N1�C2�N3�C4)

A S 7

A R 15

B S 21

B R 14

Scheme 151. Organocatalytic Domino Michael�Henry
Reactons of Trisubstituted Carbon Nucleophiles and trans-
β-Nitrosytyrene
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pathway for the HNC addition,277,278 Han modeled and proposed
two possible reaction pathways: HCN isomerizes to HNC, which
adds to methanimine to yield aminonitrile (Pathway A,

Scheme 161), or HCN adds to methanimine to afford aminoiso-
acetonitrile, which then isomerizes to aminonitrile (Pathway B).
The calculated free energy profile is shown in Figure 117.

Pathway A (red) is lower in energy than pathway B (blue).
Formation of aminoisoacetonitrile 51 is predicted to be unfavorable.

Figure 110. Lowest-energy Michael addition transition structure and proposed activation mode of the catalyst and the substrate.

Scheme 152. Asymmetric Michael Addition of R-Aryl and R-
Alkyl Cyanoacetates to Vinyl Ketone Catalyzed by Bifunc-
tional Thiourea

Figure 111. Possible intermediates in the Michael addition of R-2-
fluorophenyl cyanoacetate to phenyl vinyl ketone: top, re face attack,
yielding the major (S)-enantiomer; bottom, si face attack, yielding the
minor (R)-enantiomer.

Scheme 153. Bifunctional Urea Catalyzed R-Amination

Figure 112. Lowest-energy B3LYP/6-311þþG(d,p)//B3LYLP/6-
31G(d) transition state energies for the enantiomeric products of the
R-amination reaction.

Scheme 154. R-Amination Reaction Reported by
Takemoto264b
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A high-energy transition structure for the isomerization of inter-
mediate 49b to 49a was located. These calculations suggest that the
Strecker reactionmost likely proceeds through hydrogen isocyanide.
5.2.2. Ring-Opening Polymerization.Rice and co-workers

investigated two proposed mechanisms for the ring-opening
polymerization of L-lactide using guanidine-based catalyst
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, Scheme 162).279

Their mechanism was based on earlier calculations performed
by Goodman on the ring-opening polymerization of lactones in
the presence of TBD.280 The first mechanism involves both
nucleophilic ring-opening of the lactide and proton donation to
the opened alkoxide by the catalyst (“dual lactide activation”/
“nucleophilic catalytic mechanism”), while the second mechan-
ism involves hydrogen bond activation of both the lactide and
alcohol nucleophile by the catalyst (“lactide and alcohol H-bond
activation”/“acid�base catalytic mechanism”). Geometries were
optimized using MPW1K/6-31Gþ(d) with the CPCM model
(dichloromethane). Single-point calculations were carried out
with MPW1K/aug-ccpVTZ.
The reaction was initially modeled with guanidine as the

catalyst. The first mechanism, ring-opening of the lactide prior
to alcohol addition, was found to be significantly disfavored. The

Figure 113. Activation modes for the R-amination reaction.

Scheme 155. Conjugate Amine Additions to Pyrazole Cro-
tonate Derivatives

Figure 114. Proposedmechanisms for the conjugate addition of amines
to pyrazole crotonates and corresponding transition structures calcu-
lated with a simplified model catalyst.

Scheme 156. Design of Bifunctional Catalyst

Scheme 157. Bifunctional Thiourea Catalyzed meso-Anhy-
dride Alcoholysis

Figure 115. Transition state model for major enantiomer in the
thiourea catalyzed alcoholysis of a meso-anhydride.

Scheme 158. Bifunctional Thiourea Organocatalyzed Ring-
Opening Polymerization of D-Lactide
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rate-determining step is the addition of the alcohol, and the
activation energy is 18.6 kcal/mol with respect to separated
reactants (19.9 kcal/mol with respect to complexed starting
materials). The second mechanism proceeds via a significantly
lower-energy pathway. The rate-determining step is the addition
of the alcohol to the lactone, with a barrier of only 6.0 kcal/mol
with respect to separated reactants (13.3 kcal/mol with respect to
complexed starting materials).
Having established the preferred mechanism, the rate-deter-

mining step of the hydrogen-bonded pathway was recalculated
with the full experimental catalyst (TBD). This change resulted

in a nearly barrierless reaction, with an activation energy of 0.3
kcal/mol with respect to separated reactants (7.9 kcal/mol with
respect to complexed starting materials). This rate-determining
step is shown in Figure 118.
Similar to the results of Rice and co-workers in their earlierwork on

lactones, Sim�on and Goodman showed that the transition structures
corresponding to the acid�base catalytic pathway are energetically
favored over the ones corresponding to the nucleophilic catalytic
reactionbymore than7kcal/mol inGibbs free energy computedwith
B3LYP/6-311þþG(d,p)(CH2Cl2)//B3LYP/6-31þG(d).280

However, a peculiar feature of the process is that the catalyst
surprisingly failed to catalyze the ring-opening polymerization of
the more reactive butyrolactone. Calculations showed that unlike
the reactions of 5- and 6-ring lactones, Gibbs free energy barriers
for nucleophilic addition of TBD to butyrolactone and methanol
acid�base addition are within 1 kcal/mol, presumably due to the
strain in the starting material favoring the former (Scheme 163).
Nucleophilic addition of TBD to butyrolactone leads to the
formation of a stable amide-like intermediate (1.3 kcal/mol),
trapping the catalyst, as the energy barrier to form the product
from this intermediate is very high (37.9 kcal/mol).
5.2.3. Michael Addition of 1,3-Dicarbonyls to Nitroalk-

enes. TheN�ajera group reported good enantioselectivities for the
conjugate addition of 1,3-dicarbonyls to nitroalkenes catalyzed
by a trans-cyclohexanediamine�benzimidazole catalyst in the
presence of TFA (Scheme 164).281 Two coordination modes of
the catalyst, (1) the dicoordinated dicarbonyl nucleophile
(Figure 119, top), and (2) the dicoordinated nitroalkene electro-
phile (Figure 119, bottom), were calculated. The mechanism
involving the coordinated nucleophile was calculated to be
favored, in agreement with the activation mode reported by P�apai
and co-workers for the cyclohexanediamine�thiourea-catalyzed
Michael addition reaction.256b The approximately 3 kcal/mol
difference between the major R and minor S transition structures
agrees well with the experimental enantioselectivities.
5.2.4. Acetonitrile Hydrolysis. 1,5,7-Triazabicyclo[4.4.0]-

dec-5-ene (TBD) has been shown by Sun and co-workers to be
an effective catalyst for the hydrolysis of acetonitrile (Scheme 165).282

The full mechanism of the uncatalyzed and catalyzed reactions
were carried out with B3LYP/6-311þþG(d,p) and MP2/6-
311þþG(d,p).283 The rate-determining step of the uncatalyzed
reaction is the first step, addition of water to acetonitrile
(Scheme 166). This barrier is extremely high, 58.3 and 64.7 kcal/
mol using B3LYP and MP2, respectively, as expected for such
four-center transition states.
The catalyzed reaction was then calculated with B3LYP

(Scheme 167). The activation energy for the first hydrolysis step
(27.6 kcal/mol) is 30.7 kcal/mol lower in energy than that of the
uncatalyzed reaction. Unlike the uncatalyzed reaction, the rate-
determining step is the loss of ammonia after the second
hydrolysis step (35.3 kcal/mol). This rate-limiting barrier is
23.0 kcal/mol lower in energy than the rate-limiting barrier of
the uncatalyzed reaction. This difference would likely change if
solvent effects were considered for these gas-phase calculations.
Nevertheless, the calculations show that TBD is effective in
reducing the barrier for the hydrolysis reaction. The mechanism
is similar to that of the TBD and methanol-catalyzed ring-
opening polymerization (Scheme 162, bottom).

5.3. Proline Derivatives
5.3.1. Epoxidation. The asymmetric epoxidation of R,

β-unsaturated ketones by tert-butyl hydroperoxide (TBHP)

Scheme 159. Relative Energies for the Uncatalyzed Ring-
Opening Polymerization of D-Lactidea

aB3LYP/6-311þþG(d,p)(PCM,CH2Cl2)//B3LYP/6-31G(d).

Figure 116. Rate-determining transition structure for the stepwise ring-
opening of D-lactide catalyzed by a bifunctional thiourea.

Scheme 160. Guanidine-Catalyzed Strecker Reaction
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and β-amino alcohol catalysts has been studied by the Lattanzi
and co-workers (Scheme 168).284 Catalyst screening and testing
of reaction conditions led to the hypothesis that the catalyst plays
a dual role in the reaction. The proposed mechanism is shown in
Scheme 169. The catalyst deprotonates TBHP to form an ion
pair, and the TBHP anion attacks the R,β-unsaturated ketone to

generate an intermediate that is stabilized by the hydroxy group
of the catalyst.

In order to better understand the structure of the ion pair and
explain the experimental enantioselectivities, the protonated
proline, azetidine, piperidine, and 2-methylpropylamine catalysts
(Table 22) were studied using density functional theory
(B3LYP/6-31G(d)). Two low-energy conformers were located

Scheme 161. Possible Pathways for the Guanidine-Catalyzed Strecker Reaction

Figure 117. B3LYP/6-31G(d) free energy profile for the reaction of
HCNorHNCwith formylimine, catalyzed by 46, in toluene at 298.15 K:
red = pathway A; blue = pathway B.

Scheme 162. Two Proposed Mechanisms for the Organoca-
talyzed Ring-Opening Polymerization of L-Lactide

Figure 118. Rate-determining transition structure for TBD-catalyzed
ring-opening polymerization of L-lactide.
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for each catalyst, one in which the hydroxyl hydrogen is bonded
to the N-H bond on the same side of the ring plane (cis), and
one in which the hydroxyl hydrogen is bonded to the N-H bond
on the opposite side of the ring plane (trans). The cis and
trans conformers of the pyrrolidine and acyclic catalysts are
shown in Figure 120. For all four catalysts, the cis conformation
is preferred, which the authors argue contributes to the experi-
mentally observed enantioselectivities. The acyclic ammonium
shows only a 0.1 kcal/mol energy difference for the two lowest-
energy conformers, which may explain the poor experimental
selectivities.
5.3.2. Transfer Hydrogenation. Schreiner and co-workers

used a proline-derived diamide catalyst to achieve moderate
yields and enantioselectivities in the asymmetric transfer hydro-
genation of ketimines with trichlorosilane (Scheme 170).285

B3PW91/cc-pVDZ was used to rationalized the mechanism
and stereoselectivity. The aromatic groups of the ketimine were
modeled by methyl groups, while the methyl group of the
ketimine was modeled by a hydrogen. The adamantane group
of the catalyst was replaced with hydrogen.
The calculated activation enthalpy of the uncatalyzed reaction

involving a four-center transition state is very high, 40.0 kcal/mol
(Figure 121, top), while the calculated activation enthalpy of the
catalyzed reaction is 19.1 kcal/mol (Figure 121, bottom). The role
of the catalyst is to coordinate the trichlorosilane and serve as
a proton donor to the imine. The high free energy barriers (59.7
and 47.1 kcal/mol for the uncatalyzed and catalyzed reactions,
respectivitely) suggest that alternate mechanisms should be
explored.

5.4. Amine-Amides
5.4.1. Aldol Reaction. Recently Feng and co-workers intro-

duced amino acids into the bispidine framework to catalyze the aldol
and Michael addition reactions (Scheme 171).286 These reports
represent the first effective use of bispidine as an organocatalytic
core. The L-phenylalanine-derived bispidine catalyst proved to be

extremely effective in catalyzing the aldol reaction between
acetone and methylethylketone with R-ketophosphonates, R-ke-
toesters, and R,R-dialkoxyketones in up to 97% isolated yield and
97% ee. The size of the phosphonates and esters and electronic
nature of the aromatic ketone have very little effect on yields and
enantioselectivities.
The transition states for the aldol addition between methyl

benzoylformate and acetone were modeled theoretically. In
agreement with experiment, the transition structure leading to
the major R-product was calculated to be nearly 4 kcal/mol lower
in energy than that of theminor product (Figure 122). The origin
of enantioselectivity is attributed to a preferential conformation
in both the major and minor transition states in which the phenyl
group of the catalyst shields the si face of the enamine. The
favored transition state shows a shorter distance between the
protonated catalyst and the keto group compared with that of the
disfavored transition state, indicating a stronger hydrogen bond
interaction.

Scheme 163. Competing Reaction Pathways in the Ring-Opening Polymerization of Butyrolactone Catalyzed by TBDa

aB3LYP/6-311þþG(d,p)//B3LYP/6-31þG(d) computed relative free energies are given in kcal/mol.

Scheme 164. trans-Cyclohexanediamine�Benzimidazole-
Catalyzed Conjugated Addition Reaction

Figure 119. Enantiomeric transition structures for theMichael addition of
1,3-dicarbonyls to nitroalkenes catalyzed by trans-cyclohexanediamine-
benzimidazole catalyst. B3LYP/6-311þþG(d,p)//B3LYP/6-31G(d).
Single-point values in a toluene model (IEF-PCM) in parentheses.
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Feng and Hu achieved good yields and enantioselectivities
in the secondary amine-amide organocatalyzed asymmetric
nitroaldol reaction of R-ketophosphonates (Scheme 172).287

The transition structures for the major (R) and minor (S)
enantiomers were located using HF/3-21G(d) (Figure 123). A 3.7
kcal/mol energy difference was calculated for the two transition
structures. The major transition structure benefits from stronger
stabilizing hydrogen bond interactions compared with the minor
transition structure. This is seen by a comparison of various
hydrogen bond distances: the nitro group oxygens and piperidine
hydrogen distances are 1.63 and 2.43 Å in the major transition state

Scheme 165. Organocatalyzed Hydrolysis of Acetonitrile

Scheme 166. Uncatalyzed Acetonitrile Hydrolysis a

aB3LYP/6-311þþG(d,p) energies, MP2/6-311þþG(d,p) values in
italics; rate-determining step in bold.

Scheme 167. Energy Profile for TBD-Catalyzed Acetonitrile
Hydrolysisa

aB3LYP/6-311þþG(d,p). Rate-determining step in bold.

Scheme 168. Diarylprolinol-Catalyzed Asymmetric
Epoxidation

Scheme 169. Mechanism for Organocatalyzed Epoxidation
of r,β-Unsaturated Ketones by tert-Butyl Hydroperoxide

Figure 120. B3LYP/6-31G(d) conformers and relative energies of
protonated amine catalysts.
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versus 1.67 and 2.77Å in theminor transition state, and the carbonyl
group of the ketophosphonate is separated from an amide hydrogen
by 1.59 Å in the major transition state as opposed to 1.79 Å in the
minor. However, the phosphonate oxygen of the minor transition
state is significantly more stabilized compared with the major
transition state, with O�H bond distances of 1.56 and 1.83 Å,
respectively.
5.4.2. Michael Addition of Ketones to Nitroalkenes. The

L-4-fluorophenylglycine-derived bispidine catalyst was shown
to be extremely effective for catalyzing the Michael addition
of ketones to nitro-olefins (Scheme 173).288 Electron-rich,
electron-deficient, and fused aromatic rings have little effect
on reactivity and selectivity.
The Michael addition of acetone to nitrostyrene catalyzed by L-

phenylglycine-derived bispidine was modeled computationally.288

For both the favored (re) and disfavored (si) faces of attack,
two possible modes were considered (Figure 124). In mode A,
TBBP participates in an intramolecular bond, freeing one
hydroxyl group to protonate the catalyst, which activates the
nitroalkene. In mode B, one hydrogen of TBBP protonates the
catalyst, while the second hydrogen activates the nitroalkene.
Mode A was calculated to be favored for the re and si transition
structures by 4.7 and 4.3 kcal/mol, respectively.
The computational results show that re face attack of the nitro-

olefin is favored by 2.2 kcal/mol (Figure 125). The selectivity is
attributed to a stronger hydrogen bond between the protonated
catalyst and nitro-olefin in the favored transition structure, as
indicated by the shorter distance.

5.5. Cinchona Alkaloids
While cinchona alkaloids were described in section 3.3, this

current section focuses more specifically on cinchonas that
appear to display a dual activating mode in organocatalysis.
5.5.1. Michael Addition. The bifunctional cinchona-catalyzed

Michael addition of ketoesters and phenylmaleimidewas studied by
Cucinotta and Gervasio (Scheme 174).289 Molecular dynamics, ab
initio methods, and quantum mechanical/molecular mechanic
(QM/MM) approaches were used to investigate the mechanism.
The catalytic cycle basedon the calculations is shown inScheme175.
Molecular dynamics and cluster analysis were used to locate the
lowest-energy binary (complex I) and ternary (complex II) com-
plexes. Four ternary complexes were located that are within 2 kcal/
mol of each other. These structures differ in the nature of the
hydrogen bond interactions between the protonated quinuclidine,
the catalyst hydroxyl group, and the ketoester anion. Activation
energy calculations for C�C bond formation from each of these
four complexes show that the complexation mode shown in
Figure 126 is the most favored.
The transition structures for C�C bond formation were

located using QM/MM (nudged elastic band technique, NEB).
The most favored transition state, shown in Figure 126 (left),
gives the same major stereoisomer that was observed experimen-
tally. The enolate is stabilized by the protonated quinuclidine,
while the maleimide is stabilized by the hydroxyl group of the
catalyst. A transition state that does not involve activation by the
hydroxyl group was calculated to be nearly 10 kcal/mol higher in
energy, which supports arguments for the bifunctional role of the
catalyst. The rigid hydrogen bond network is responsible for the
high diastereoselectivities.
Finally, B3LYP/6-311þG(d,p) calculations on a model sys-

tem show that hydrogen bond donation to the maleimide

Table 22. Epoxidation of trans-Chalcone

Scheme 170. Organocatalyzed Asymmetric Transfer Hydro-
genation with Trichlorosilane

Figure 121. Uncatalyzed (left) and catalyzed (right) rate-determining
transition structures for hydride transfer from trichlorosilane to
N-methyl-methylaldimine.
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significantly lowers the energy of the transition state for C�C
bond formation (Figure 127).
5.5.2. Alcohol Desymmetrization. Chin and Song devel-

oped a sulfonamide-based cinchona alkaloid bifunctional catalyst
to effect the desymmetrization of meso-anhydrides in excellent
yields and enantioselectivities (Scheme 176).290 Analogs of the
enantiomeric transition states for five experimental substrates
were modeled using B3LYP/6-31G(d).291 All calculations show
a stabilization of the developing alkoxide by the sulfonamide
hydrogen and the quinuclidine nitrogen acting as a general base
in accepting the methanol hydrogen (Figure 128). While no
explanation was given for the origin of stereoselectivity, the
calculated relative energies of the enantiomers do agree with the
experimental results.
5.5.3. [1,3]-Rearrangements. Cinchona derivatives cata-

lyze [1,3]-sigmatropic O to N rearrangements of allylic trichlor-
oacetimidates to give the corresponding trichloroacetamides via
a two-step SN20 mechanism (Scheme 177).292,293 Houk and co-
workers used M05-2X/6-31þG(d,p)(CPCM-toluene)//
B3LYP/6-31G(d) calculations to show that the availability of a
H-bonding interaction between the catalyst and the substrate

determines the fast reacting enantiomer and the stereochemical
outcome of the reaction (Figure 129).293

5.6. Dipeptides
5.6.1. Hydrocyanation. In 1981, Inoue and co-workers re-

ported the enantioselective hydrocyanation of aldehydes employing a
cyclic dipeptide catalyst cyclo[(R)-His-(R)-Phe] or cyclo[(S)-
His-(S)-Phe] (Scheme 178).294 This catalyst was designed to be a
small molecule alternative to the enzyme hydroxynitrilase lyase
(oxynitrilase) that catalyzes the identical reaction. Highest enantios-
electivity is observed under heterogeneous (gel) reaction conditions.
In methanol, no enantioselectivity is observed. Furthermore, asym-
metric autoinduction was reported.295

Figure 122. B3LYP/6-311G(d,p)//HF/6-31G(d) (IEFPCM, acet-
one) relative energies and distances for the calculated transition
structures of the bispidine-catalyzed aldol reaction.

Scheme 172. Asymmetric Nitroaldol Reaction of
R-Ketophosphonates

Scheme 173. Bispidine-Catalyzed Michael Addition
Reaction

Scheme 171. Bispidine-Catalyzed Aldol Reaction

Figure 123. Major (R) andminor (S) transition structures for the nitroaldol
reaction. H-bonds were omitted from ChemDraw diagrams for clarity.
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DFT and MP2 methods, molecular mechanics, and molecular
dynamics were used to elucidate the mechanism and origin of
stereoselectivity and autoinduction. The active catalytic species
was shown to be a dimer, with activation by the imidazole rather
than the dipeptide moiety. This is consistent with experiments in
which second-order rate dependence with respect to the catalyst
concentration was found.296 Dynamic studies in the gas phase
and nonpolar solvent show that the dimer is stable; in contrast,
simulation in MeOH showed dissociation of the dimer, consistent
with loss of stereoselectivity observed experimentally. The key
step involves delivery of the nucleophile and stabilization of the
developing negative charge by imidazole groups in the transition
state (Figure 130). DFT and MP2 results suggest that extended
edge-to-face π-interaction between the catalyst dimers and
substrates are critical for catalysis and selectivities.

5.7. Brønsted Acids
5.7.1. Additions of Phenols and Protected Amines to

Olefins. In 2006, He and co-workers demonstrated that trifluor-
omethanesulfonic acid (TfOH) can effectively catalyze additions
of phenols and amides to alkenes (Scheme 179), which comple-
ment the commonly applied methods involving transition-metal
ormain-groupmetal catalysts.297 Yu and co-workers used B3LYP/
6-31G(d) calculations to gain insight into the mechanism of
catalysis of these reactions.298 They found that TfOH activates
the nucleophilic additions through a concerted but highly asyn-
chronous eight-membered-ring transition state. The computed
activation free energy for the addition of phenol to cyclohexene is
29.4 kcal/mol relative to the separated reactants (Figure 131). The
methoxy substituent decreases this barrier to 27.3 kcal/mol,
whereas the nitro substituent causes an increase in the activation
free energy by 2.4 kcal/mol. The addition of tosylamide to
cyclohexene is found to have a higher activation free energy
compared with that of phenols (35.8). The authors also showed
that the double-bond migration can compete with the addition

Figure 124. Activation modes of the bispidine-catalyzed Michael addi-
tion reaction.

Figure 125. B3LYP/6-311G(d,p)//HF/6-31G(d) (IEFPCM, acet-
one) relative energies and distances for the lowest-energy transition
structures of the bispidine-catalyzed Michael addition of acetone to
phenylstyrene.

Scheme 174. Bifunctional Cinchona-Catalyzed Michael
Addition

Scheme 175. Catalytic Cycle for Bifunctional Cinchona-
Catalyzed Michael Addition

Figure 126. QM/MM transition structures for C�C bond formation,
in the bifunctional cinchona-catalyzed Michael addition with (left) and
without (right) OH assistance.
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reaction. The relative reactivities of the phenols toward addition
determine the extent of these two competitive processes.

6. EPOXIDATION BY DIOXIRANES

The enantioselective direct oxidation of alkenes is a highly
exploited method to access enantioenriched epoxides. The
in situ formation of a chiral dioxirane from a ketone and Oxone
(potassium peroxymonosulfate), which can then undertake the
epoxidation of alkenes, is especially effective. The epoxidation
mechanism involving dioxiranes has been studied numerous
times computationally. To account for experimental results, a
spiro transition state has been proposed. Earlier theoretical
works on the epoxidation of alkenes by dioxirane have focused
on simple models and have consistently supported the pre-
ference of a spiro transition state.299

However, there has been some debate concerning the asyn-
chronicity of the epoxidation process, as different theoretical
models have given different answers relating to the synchronicity
of the reaction. MP2 and CASSCF calculations have favored
highly asynchronous transition states, while B3LYP and several
high-level ab initio methods have led to a more synchronous
formation of the two C�O bonds. Bach and co-workers have
concluded after a thorough study of the epoxidation of ethylene

with dioxirane that the potential energy surface is very flat and
that the unsymmetrical transition state is slightly favored.299e

Of particular interest here is the study concerning the stereo-
selectivity aspects of the epoxidation using dioxiranes. Houk and co-
workers have studied computationally the stereoelectronic effects
found in the alkene epoxidation using fluorinated dioxiranes.300

Using initially dioxirane derived from fluoroacetaldehyde, they
found that the TS of epoxidation in which the fluoro substituent
is anti to the dioxirane oxygen atom that is not transferred is the
most favorable (Figure 132, TS17). This conformation minimizes
electrostatic repulsion between the oxygen with the greater devel-
oping negative charge. A natural bond orbital analysis confirmed the
electrostatic origin of this conformational preference, as there was
no significant difference between bond orders for the forming and
breaking bonds and the different TSs.

Both equatorial and axial oxygen transfer for the axial and
equatorial fluoro substituents of 2-fluorocyclohexanone dioxir-
ane were studied (Figure 133). TS20 and TS21 show both syn
and anti oxygen transfer using the axial-2-fluorocyclohexanone
dioxirane. The large energy difference between TS20 and TS21
originates from a stabilization of TS20 by 5.2 kcal/mol
(compared with the cyclohexanone equivalent TS), due to
the optimal position of the fluoro substituent anti to the oxygen,
in order to minimize electrostatic interactions. Moreover, a
weak F�H interaction is found in TS20. TS22 and TS23 are
found to be both disfavored due to the electrostatic F�O
repulsions. The axial-anti transfer (TS21) is found to be further
disfavored due to the steric interactions between the alkene and
the axial hydrogens of the cyclohexanone. The experimental
results expressed in Scheme 180301 could result from epoxida-
tion with equatorial attack syn to the fluorine.

The methodology developed by Shi and co-workers is also of
particular interest in the field of enantioselective epoxidation using
chiral dioxiranes. Their systems rely on chiral ketones derived from
fructose (52 and 53), which are transformed into their dioxirane
homologue through reaction with Oxone. The chiral dioxiranes
then proceed to stereoselectively oxidize the unsymmetrical alkene.
The original catalyst 52 was found to be more effective with trans-
disubstituted and trisubstituted alkenes, while the oxazolidinone 53a

Figure 127. B3LYP/6-311þG(d,p) activation energies for Michael
addition, with and without methanol assistance.

Scheme 176. Bifunctional Catalysis of meso-Cyclic Anhy-
dride Desymmetrization

Figure 128. Transition state model for bifunctional cinchona alkaloid
catalyzed desymmetrization of cyclic meso-anhydride.

Scheme 177. Mechanim of Cinchona-Catalyzed [1,3]-Shifts
of Allylic Trichloroacetimidates



5128 dx.doi.org/10.1021/cr100212h |Chem. Rev. 2011, 111, 5042–5137

Chemical Reviews REVIEW

has been found more recently to be effective with cis- and terminal
alkenes.302

Singleton and co-workers have studied the process of enantioselec-
tion by Shi’s catalysts computationally.303 They also measured
experimental kinetic isotope effects (KIE) to comparewith computed
values for the different optimized transition structures. They initially
calculated the epoxidation of trans-β-methylstyrene using a model
dioxirane A and the dioxirane derived from catalyst 52. Epoxidation
using the unhindered reagent 54 led to what they considered the
“natural” asynchronicity conformation TS (Figure 134).

Figure 129. Enantiomeric transition structures and their activation free energies (ΔG) for the addition of quinidine to trichloroacetimidate.

Scheme 178. Dipeptide-Catalyzed Aldehyde
Hydrocyanation

Figure 130. Model transition state for enantioselective autoinduction
in the hydrocyanation of aldehydes.

Scheme 179. TfOH-Catalyzed Addition of Phenols and
Amides to Alkenes
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Multiple TS conformations were found for the epoxidation using
the chiral dioxirane derived from 52, some selected conformations are
illustrated in Figure 135. However, calculation of the KIEs of these
TSs and comparison to the experimentally observed values points to
TS24 as themost realistic conformation. Interestingly, this conforma-
tion is found to be themost energetically favored and shows themost
“natural” asynchronicity when compared with the transition structure
found for A. The structure obtained is in accord with the model
proposed by Shi. In contrast, TS25 shows divergence from the
optimal asynchronicity, and some steric interaction between the
styrene methyl and the axial pyran hydrogen. Morever, TS26, which
leads to the minor enantiomer, is found to diverge widely from the
ideal conformation, because it is not even truly in a spiro TS.

They then proceeded to study the epoxidation of styrene using the
dioxirane derived from catalyst 53b. In the case of styrene, four
possible TSs are illustrated in Figure 136. The two lowest TSs leading
to both enantiomers (TS27 and TS29) are both found to position
the phenyl of the styrene on the same side as the oxazolidinone. The
asynchronicity of the reaction, favoring a longer C�O forming bond
on the side of the phenyl, thus then minimizes the interaction
between the phenyl and oxazolidinone in TS27 and TS29. In
contrast, a shorter C�O bond on the alkene terminal carbon causes
repulsive interactions with the latter and the oxazolidinone in TS28
andTS30. The calculated selectivity is in accord with the experimen-
tally observed stereoselectivity.

They then computed the epoxidation of 1-phenyl-cyclohex-
ene. This specific substrate is interesting due to the widely
different selectivities observed depending on the catalyst used,
as seen in Scheme 181. The authors did not report TSs
using catalyst 52, because they supposed that a conformation
similar toTS24 in Figure 135 would be greatly favored andwould

Figure 132. Transition structures for the epoxidation of ethane by
methyldioxirane and fluoromethyldioxirane (B3LYP/6-31G(d)).

Figure 133. Transition structures for the epoxidation of ethane by
2-fluorocyclohexanone dioxirane (B3LYP/6-31G(d)).

Scheme 180. Epoxidation of (E)-Stilbene

Figure 134. Transition structures for the epoxidation of trans-β-
methylstyrene using dioxirane 54.

Figure 131. Transition states and activation free energies (ΔG) relative
to the separated reactants for the TfOH-catalyzed addition of phenols
and tosylamide to cyclohexene.
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explain the high selectivity. However, they reported the two
lowest structures leading to both enantiomeric antipodes for
the epoxidation using catalyst 53b (Figure 137). The energy
difference found correlates well with the low stereoselectivity
observed.

They explain the small difference of energy between the two
enantiomeric TSs by the fact that inTS32, the asynchronicity causes
steric interactions of the alkene hydrogen with the oxazolidinone.
Conversely, this asynchronicity minimizes the steric clash of the
phenyl group in TS31 with the same oxazolidinone. It is worth
noting that the phenyl group is rotated away from conjugation in

TS31 by 28�, which seems to indicate that the conjugation of the
phenyl group with the alkene is not important in order to stabilize
the epoxidation process.

Figure 135. Transition structures for the epoxidation of trans-β-methylstyrene using dioxirane derived from catalyst 52.

Figure 136. Transition structures for the epoxidation of styrene using dioxirane derived from catalyst 53b.

Scheme 181. Selectivity of Epoxidation of 1-Phenyl-
cyclohexene
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7. CONCLUSIONS AND OUTLOOK

The experimental study of organocatalysis has accelerated
enormously since the writing of this review began, and the com-
putational investigations of these reactions have increased in
number and sophistication as well. As described in the Introduction,
B3LYPwithmodest basis sets continues to be used routinely for the
study of organocatalysis, but deficiencies in this functional have been
discovered. This is especially true for reaction thermochemistries
and in cases where dispersion effects influence weak interactions
between groups.6 Newer, more highly parametrized functionals
such as Truhlar’s M0X series, especially M06-2X and now M08 for
organic reactions, are being used routinely. More accurate, but also
more expensive methods, like SCS-MP2, and double hybrid func-
tionals like B2PLYP are being used with increasing frequency. The
role of dispersion is likely to be important in controlling stereo-
selectivities of many reactions, and the addition of dispersion
corrections to density functionals is now highly recommended.7e,o

While it is important to use intrinsically accurate methods,
solvation energies also have an important role for energetics and
selectivities, especially because organocatalysis is always performed
in the condensed phase. CPCM, SMD, and other continuum-
based models are continually being improved but still may have
appreciable errors, especially for ions.2i,304Cautionmust always be
exercised in using solvation models, especially for predictions.

Finally, it has been shown by Singleton that dynamic effects may
alter regioselectivities; his prime example involves hydroborations.305

While MDmay be necessary to quantify selectivities, the cases where
this is true generally involve reactionswith very low activation barriers.

Computational modeling will continue to complement experi-
mental investigations to provide understanding and new vistas of
organocatalysis.
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