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CONSPECTUS: Noncovalent interactions are ubiquitous in
organic systems, and can play decisive roles in the outcome of
asymmetric organocatalytic reactions. Their prevalence,
combined with the often subtle line separating favorable
dispersion interactions from unfavorable steric interactions,
often complicates the identiﬁcation of the particular noncovalent interactions responsible for stereoselectivity. Ultimately, the stereoselectivity of most organocatalytic reactions
hinges on the balance of both favorable and unfavorable
noncovalent interactions in the stereocontrolling transition
state (TS).
In this Account, we provide an overview of our attempts to understand the role of noncovalent interactions in organocatalyzed
reactions and to develop new computational tools for organocatalyst design. Following a brief discussion of noncovalent
interactions involving aromatic rings and the associated challenges capturing these eﬀects computationally, we summarize two
examples of chiral phosphoric acid catalyzed reactions in which noncovalent interactions play pivotal, although somewhat
unexpected, roles. In the ﬁrst, List’s catalytic asymmetric Fischer indole reaction, we show that both π-stacking and CH/π
interactions of the substrate with the 3,3′-aryl groups of the catalyst impact the stability of the stereocontrolling TS. However,
these noncovalent interactions oppose each other, with π-stacking interactions stabilizing the TS leading to one enantiomer and
CH/π interactions preferentially stabilizing the competing TS. Ultimately, the CH/π interactions dominate and, when combined
with hydrogen bonding interactions, lead to preferential formation of the observed product. In the second example, a series of
phosphoric acid catalyzed asymmetric ring openings of meso-epoxides, we show that noncovalent interactions of the substrates
with the 3,3′-aryl groups of the catalyst play only an indirect role in stereoselectivity. Instead, the stereoselectivity of these
reactions are driven by the electrostatic stabilization of a ﬂeeting partial positive charge in the SN2-like transition state by the
chiral electrostatic environment of the phosphoric acid catalyst.
Next, we describe our studies of bipyridine N-oxide and N,N′-dioxide catalyzed alkylation reactions. Based on several examples,
we demonstrate that there are many potential arrangements of ligands around a hexacoordinate silicon in the stereocontrolling
TS, and one must consider all of these in order to identify the lowest-lying TS structures. We also present a model in which
electrostatic interactions between a formyl CH group and a chlorine in these TSs underlie the enantioselectivity of these
reactions.
Finally, we discuss our eﬀorts to develop computational tools for the screening of potential organocatalyst designs, starting in the
context of bipyridine N,N′-dioxide catalyzed alkylation reactions. Our new computational tool kit (AARON) has been used to
design highly eﬀective catalysts for the asymmetric propargylation of benzaldehyde, and is currently being used to screen catalysts
for other reactions. We conclude with our views on the potential roles of computational chemistry in the future of organocatalyst
design.

1. INTRODUCTION

merits of designing organocatalysts in which favorable noncovalent interactions preferentially stabilize the transition state
(TS) leading to the desired product. Such “enzyme-inspired”
approaches can be contrasted with conventional views of
asymmetric catalyst design in which unfavorable steric
interactions are used to destabilize transition states leading to

Attitudes have shifted recently regarding the role of noncovalent interactions in organocatalysis. In particular, the
consensus has drifted from the steric-repulsion centered view
that dominated discussion of asymmetric reactions for decades
toward an emphasis on the potentially pivotal role of favorable
noncovalent interactions. From our perspective, this has been
driven primarily by two developments. First, Copeland and
Miller1 and Jacobsen and co-workers2 have championed the
© 2016 American Chemical Society
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undesired products (e.g., by sterically restricting access to one
face of a prochiral substrate). The concurrent development of
density functional theory (DFT) methods capable of capturing
dispersion-driven interactions, which are central to many
favorable noncovalent interactions,3−5 has allowed computational chemists to quantify the role of noncovalent interactions
in large organic systems with previously unachievable accuracy.
It is now widely appreciated that favorable noncovalent
interactions can play vital roles in many areas of catalysis. For
instance, Krenske and Houk6 recently reviewed aromatic
interactions as control elements in catalysis. More recently,
Wagner and Schreiner7 provided an eye-opening review of the
impact of dispersion interactions on everything from molecular
structure and stability to reactivity, catalysis, and spectroscopy.
This growing recognition of the importance of favorable
noncovalent interactions in organic chemistry, as well as the
widespread availability of computational tools to reliably treat
such interactions,3−5 has opened up new avenues for
computational studies of organic systems. It has also presented
new challenges for both experiment and theory in the context
of asymmetric organocatalysis. Most notably, it has raised the
question of how we can best exploit these noncovalent
interactions to design more eﬀective catalysts.
Over the last six years, much of our research has focused on
understanding the nature of noncovalent interactions involving
aromatic rings.8−10 Our initial eﬀorts to quantify the impact of
these interactions in organocatalysis, starting with the study by
Lu et al.11 of a Lewis-base promoted propargylation reaction,12
highlighted the diﬃculty of pinpointing the particular noncovalent interactions responsible for the stabilization of a given
transition state. In general, stereoselectivity in organocatalyzed
reactions arises from a diﬀerence in free energy between
competing diastereomeric forms of the stereocontrolling
transition state, and we have found that the impact of a given
noncovalent interaction on this free energy diﬀerence can be
contrary to that presented in qualitative TS models.11 Below,
we chronicle some of our eﬀorts to untangle the impact of
noncovalent interactions on organocatalysis through the
application of dispersion-corrected DFT computations,13
concluding with our burgeoning eﬀorts to develop tools for
computational organocatalyst design.14

Figure 1. Prototypical noncovalent interactions involving aromatic
rings.9,10

relatively poor absolute barrier heights and overall thermochemistry for many organic reactions. Regardless, the systems
discussed below are all assumed to be under Curtin-Hammett
control, in which case the stereoselectivity depends only on the
relative free energies of the competing stereocontrolling
transition states.

3. CHIRAL PHOSPHORIC ACID CATALYZED
REACTIONS
Phosphoric acids derived from chiral diols (Scheme 1), which
feature both Brønsted-acidic and basic sites within a tunable
Scheme 1. Chiral Phosphoric Acid Frameworks (PA-1, PA-2,
and PA-3), along with Common Aryl Substituents (A−F)

2. NONCOVALENT INTERACTIONS: CHALLENGES FOR
CONVENTIONAL DFT METHODS
Our understanding of noncovalent interactions involving
aromatic rings has advanced considerably over the past
decade.15 Chief among our interests has been developing an
understanding of the noncovalent interactions depicted in
Figure 1, and our eﬀorts along these lines have been reviewed
recently.9,10 These interactions play key roles in many
organocatalytic reactions, yet have long posed a particular
challenge for the DFT methods widely used in computational
organic chemistry. In particular, conventional DFT functionals
(e.g., B3LYP) fail to capture dispersion interactions. As noted
above, however, there have been dramatic advances in the past
decade in DFT methods that capture these eﬀects, and the use
of such methods is mandatory for the reliable prediction of
stereoselectivities for the sort of reactions discussed herein. We
have relied heavily on the empirical dispersion correction of
Grimme and co-workers.4 In particular, we have found that the
B97-D and ωB97X-D functionals, when paired with a triple-ζ
basis set, provide reliable relative free energies for many
asymmetric reactions. We note, however, that B97-D provides

binding pocket created by the aryl groups tethered to the
catalyst, provide excellent activity and stereoselectivity across a
dizzying array of asymmetric reactions.16 Conventional
explanations of their stereoselectivity invoke the shape
complementarity of the chiral binding pocket and reacting
substrates for one stereoisomer; that is, TS models typically
ascribe the destabilization of the disfavored TS to steric
interactions between the substrates and the aryl groups of the
catalyst. However, an emerging trend in this area is the
exploitation of favorable noncovalent interactions (i.e., πstacking interactions, CH/π interactions, etc.) between the
substrates and these aryl groups.17−20 This has created an
opportunity for us to leverage our understanding9,10 of these
noncovalent interactions to elucidate the modes of stereoinduction in phosphoric acid catalyzed reactions.
Our ﬁrst foray21 into chiral phosphoric acid catalysis
concerned the catalytic asymmetric Fischer indole reaction of
List and co-workers (Scheme 2),22 which provides a route to
indoline frameworks commonly found in natural products.
Experimental data were provided for a number of chiral
phosphoric acids, including PA-1A, PA-1C, PA-1D, PA-2C, and
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However, identifying the lowest lying transition states leading
to the (R) and (S) products [TS(R) and TS(S), respectively]
required the consideration of well over 100 distinct conformers,
at considerable computational cost in terms of both computational resources and person-hours. As seen in Figure 2, the
substrate adopts qualitatively diﬀerent conformations in TS(S)
and TS(R), and a more limited search for possible
conformations would have missed key aspects of this reaction.
Overall, the computational predictions are in good agreement
with the experimental stereoselectivity data for four of the ﬁve
catalysts studied, and we showed that both π-stacking
interactions and CH/π interactions were operative in TS(S)
and TS(R) (see Figure 2). However, for the diﬀerent catalysts,
these interactions compete with one another to diﬀerent
extents. The impacts of individual noncovalent interactions (Hbonding, CH/π interactions, and π-stacking interactions) were
approximately quantiﬁed by considering truncated model
systems in which selective portions of the optimized TS
structures were removed and the interaction energies of the
remaining components computed. In the case of the highly
enantioselective PA-1A, π-stacking interactions preferentially
stabilize TS(R), while CH/π interactions selectively stabilize
TS(S). In this case, the CH/π interactions prove far more
favorable, and, in conjunction with hydrogen bonding
interactions that also preferentially stabilize TS(S), lead to
the overall excess formation of the (S) product. In the case of
the nonenantioselective catalyst PA-2C, these same noncovalent interactions are balanced in TS(S) and TS(R), leading
to no signiﬁcant diﬀerence in free energy between the
competing pathways. Thus, rather than arising from the impact
of a single noncovalent interaction, the enantioselectivity of
reaction 1 catalyzed by chiral phosphoric acids hinges on the
balance of a multitude of favorable noncovalent interactions.
In more recent work, we examined three phosphoric acid
catalyzed asymmetric ring openings of meso-epoxides (Scheme
3).25 These reactions, published by Sun and co-workers26 and
List et al.,27,28 provide access to vicinal diols and βhydroxythiols, which are key intermediates in the synthesis of
numerous complex chiral molecules. As with many other chiral
phosphoric acid catalyzed reactions, the stereoselectivities of
these reactions are sensitive to the nature of the 3,3′-aryl
substituents of the catalyst. Sun et al.26 proposed that the
enantioselectivity of PA-2B arises from the destabilization of
TS(S,S) by steric interactions of the substrates with these aryl
groups.
We set out to unravel the origin of stereoselectivity in these
reactions, intending to focus on the impact of favorable
noncovalent interactions of the substrate with the 3,3′-aryl
groups of the catalyst.25 In total, we examined nine catalyst/
reaction combinations (PA-2A, PA-2B, and PA-3F for reactions
2, 3a, and 3b);29 predicted enantioselectivities were in excellent
agreement with the experimental data.26−28 Again, this

Scheme 2. List’s Asymmetric Catalytic Fischer Indole
Reaction22

PA-2D (Scheme 1). Of these, only PA-1A proved highly
enantioselective for reaction 1.22 We sought to understand the
enantioselectivity in the case of PA-1A, and the lack of
selectivity for the other, similar catalysts.21
The stereocontrolling transition state for reaction 1 is a
simple 3,3-sigmatropic rearrangement (see Figure 2).22,23

Figure 2. Lowest-lying (S) and (R)-transition state structures for
reaction 1 catalyzed by PA-1A. Relative solution-phase free energies
(kcal/mol) and gas-phase energies (kcal/mol, in parentheses) are
provided,24 along with the approximate contribution of hydrogenbonding, π-stacking interactions, and CH/π interactions on the energy
of TS(S) relative to TS(R). Adapted with permission from ref 21.
Copyright 2015 American Chemical Society.

Scheme 3. Asymmetric Ring-Opening of meso-Epoxides Catalyzed by Chiral Phosphoric Acids26−28
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within a chiral electrostatic environment created by the
phosphoric acid functionality, leading to the preferential
stabilization of TS(R,R) by electrostatic interactions.

agreement depended on the identiﬁcation of the lowest-lying
TS structures leading to the (R,R) and (S,S) ring opened
products, which required the consideration of 100s of diﬀerent
conformers. The lowest-lying transition states were strikingly
similar across all nine catalyst/reaction combinations, suggesting a common mode of stereoinduction across these reactions.
These structures are shown in Figure 3 for reaction 2 catalyzed

4. INTERLUDE: COMPUTATIONAL CHEMISTRY AND
ORGANOCATALYST DESIGN
Computational quantum chemistry has long played a vital role
in understanding asymmetric reactions, and, sometimes, in
designing improved organocatalysts.31−34 However, it is still
generally more eﬃcient to experimentally screen a range of
potential organocatalysts for a given reaction than to “test”
them computationally. Consequently, new organocatalysts are
typically identiﬁed through the synthesis and experimental
screening of many potential catalyst designs. The most eﬀective
catalysts are then (sometimes) subject to computational study
to understand the mode of stereoinduction and to inform the
design of improved catalysts.
We have a diﬀerent vision for the future role of computation
chemistry in organocatalyst design. We would like to design our
own catalysts by using computational chemistry to screen
potential catalyst designs. Those predicted to exhibit the
highest degree of stereoselectivity can then be subject to
experimental synthesis and testing, obviating the need to
synthesize dozens of catalysts that have little chance of
achieving high degrees of stereoselectivity. The major impediment to such an approach is quite obviouspredicting the
outcome of a given reaction using quantum chemistry is often
not straightforward, let alone providing predictions of stereoselectivities and catalytic activities that are suﬃciently reliable to
identify promising catalysts. Moreover, the prospect of carrying
out such predictions for potentially hundreds of catalyst/
substrate combinations is daunting at best, since each catalyst/
substrate combination might require the optimization of 100s
of TS structures even if the stereocontrolling TS is wellestablished. While this general problem is largely unsolved (and
perhaps unsolvable), we have chosen to ﬁrst tackle a much
simpler problemdeveloping computational tools to automate
the prediction of stereoselectivities for organocatalyzed
reactions for which there is a well-deﬁned mechanism and an
enumerable set of possible stereocontrolling transition state
structures. We have accomplished this in the context of Lewisbase promoted alkylation reactions,14,35 as described below, and
are currently extending this approach to other families of
organocatalyzed reactions.36 We are also working on analogous
tools for asymmetric organocatalytic ion-pairing catalysis, in
which several components come together in any of a huge
number of possible relative orientations.

Figure 3. Several depictions of the lowest-lying (R,R) and (S,S)
transition state structures for reaction 2 catalyzed by PA-2B.25

by PA-2B, along with their relative solution-phase free energies
and gas-phase energies. To quantify the role of noncovalent
interactions with the ﬂanking aryl groups of the catalyst, we
recomputed the energy diﬀerence after replacing the 3,3′-aryl
groups with hydrogen atoms and keeping all other atoms
unmoved. Remarkably, the energy diﬀerence did not change
considerably, indicating that noncovalent interactions with
these aryl groups have no substantial direct eﬀect on the
enantioselectivity. Similarly, replacement of the BINOL backbone of the catalysts with hydrogen atoms, leaving only the
phosphoric acid functionality itself, had little impact on the
energy diﬀerence between TS(S,S) and TS(R,R). Apparently,
the 0.9 kcal/mol gap in energy between TS(S,S) and TS(R,R),
which underlies the enantioselectivity of reaction 2 catalyzed by
PA-2B, arises almost entirely from interactions of the substrates
with the phosphoric acid functionality itself. Similar results were
obtained for most of the other catalyst/reaction combinations
considered.
Examining the electrostatic potential (ESP) of the catalyst in
the TS geometries (Figure 3) was beneﬁcial in understanding
how this energy gap remains even after removing all but the
phosphoric acid functionality. During the SN2-like transition
state, there is ﬂeeting partial positive charge on the CH-group
undergoing nucleophilic attack. In the case of TS(R,R), this
CH-group is directed toward the region of negative ESP
associated with the phosphoryl oxygen of the catalyst, which is
able to stabilize the positive charge. In TS(S,S), the CH group
undergoing nucleophilic attack is not subject to this electrostatic stabilization. Similar interactions were recently invoked by
Cheong et al.30 to explain the stereoselectivity of an NHCcatalyzed kinetic resolution. This model extends to the majority
of the nine catalyst/reaction combinations examined, suggesting a common mode of stereoinduction in phosphoric acid
catalyzed meso-epoxide ring openings. In each case, the ﬂanking
aryl groups position the reacting nucleophile and electrophile

5. LEWIS-BASE PROMOTED ALKYLATIONS
Lewis-base promoted alkylations (Scheme 4) were pioneered
by Denmark and co-workers in the early 1990s.37−41 Further
development by Nakajima et al.42,43 and Malkov and coworkers44−46 over the ensuing years led to many examples of
bipyridine N-oxides and N,N′-dioxides that provide high
degrees of enantioselectivity for the allylation of benzaldehyde
using allyltrichlorosilanes (reaction 4). Strangely, none of these
catalysts are highly enantioselective for the analogous
propargylation reaction (reaction 5), and the only example of
a bipyridine N-oxide that provides high degrees of enantioselectivity for reaction 5 is the helical N-oxide of Takenaka and
co-workers (see Scheme 4).12 We sought to explain the
stereoselectivities of the catalysts in Scheme 4, and set the stage
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assumed a trans-arrangement. We have computed11,47,48 reliable
TS structures corresponding to these TS models.12,42,43,46 In
each case, we found that the computed TS structures predicted
the opposite enantioselectivity compared to experiment. For
instance, Sepúlveda et al.48 found that Nakajima’s TS model for
the allylation of benzaldehyde yields the computed TS
structures in Figure 5a; these predict excess formation of the
(S)-alcohol, whereas this catalyst yields 88% ee of the (R)alcohol experimentally.42
The problem is that the ligand arrangement in Nakajima’s TS
model is only one of ﬁve distinct ligand conﬁgurations
compatible with addition of the allyl group to the aldehyde.48
Each of these ﬁve ligand arrangements gives rise to two
transition statesone leading to the (R)-alcohol and one
leading to the (S)-alcohol. Thus, there are 10 potential TS
structures for C2-symmetric catalysts; for non-C2-symmetric
catalysts, there are 20.11,47 By considering all ten possible TS
structures, Sepúlveda et al.48 identiﬁed the correct low-lying
TS(R) and TS(S) structures for reaction 3 (Figure 5b), and
showed that Nakajima’s TSs are 4.9 and 7.0 kcal/mol higher in
free energy than the lowest-lying TS(R). These low-lying TS
structures diﬀer from Nakajima’s TS model only by the
interchange of the allyl group and aldehyde, yet are
considerably lower in free energy. Based on a Boltzmann
weighting of all computed TS structures, Sepúlveda et al.48
predicted an enantioselectivity in perfect agreement with
experiment.48 Similar issues arose when Lu and co-workers11,47 assessed the TS models of Malkov and co-workers46
and Takenaka et al.12 Only after considering all 20 possible
transition states for these catalysts were the correct lowest-lying
TS(R) and TS(S) identiﬁed and agreement with the
experimental ee’s achieved.
Having identiﬁed the correct transition states for each of
these reactions, we still needed to unravel the origin of the free
energy diﬀerence between TS(S) and TS(R) for each reaction.
In all cases, we found that for a given ligand conﬁguration, the
structure in which the formyl CH of the aldehyde was directed
toward a chlorine was always lower in free energy than the
opposing one, in which this group pointed away from a
chlorine (see Figure 5). This could be explained by stabilizing
electrostatic 1,3-diaxial interaction between the formyl CH of
the aldehyde and one of the chlorines in the favored TS; these
interactions are absent in the analogous TS, in which the
nucleophilic allyl group attacks the other face of the aldehyde.
In the case of allylations, there is an additional favorable 1,3diaxial interaction between a chlorine and the central CH group
of the allyl nucleophile, which is always oriented the same way
as the formyl CH of the aldehyde. The absence of this second
1,3-diaxial interaction in propargylation reactions was identiﬁed
by Lu et al.47 as the reason that propargylation reactions have
proved more diﬃcult to catalyze enantioselectively using
bipyridine N-oxides and N,N′-dioxides. Such 1,3-diaxial
interactions are also operative in the Nakajima’s TS structures;
in this case, they are responsible for the greater stability of
Nakajima’s TS(S) compared to TS(R). Unfortunately, while
these 1,3-diaxial interactions explain the relative stability of
TS(R) and TS(S) for a given ligand conﬁguration, so far we
have been unable to develop a general model to predict which
particular ligand arrangement will be most favorable for a given
catalyst.

Scheme 4. Lewis-Base Promoted Allylation and
Propargylation of Benzaldehyde, along with Selected
Bipyridine N-Oxide and N,N′-Dioxide Catalysts and
Reported ee’s12,43,46

for the computational design of more eﬀective catalysts for the
asymmetric propargylation of benzaldehyde.
In nonpolar solvents, the stereocontrolling step in bidentate
Lewis-base catalyzed alkylation reactions involves a closed,
chairlike transition state built around a hexacoodinate silicon,42
as depicted in Nakajima’s TS model (Figure 4). The

Figure 4. Transition state models for reactions 4 and 5.12,42,46

enantioselectivity of these reactions arises from the preferential
addition of the alkyl nucleophile to one face of the aldehyde
over the other. In these and related TS models, there is an
underlying assumption regarding the arrangement of ligands
around the hexacoordinate silicon. For instance, Nakajima et
al.42 assumed that the chlorines are in a cis-conﬁguration,
whereas Malkov and co-workers46 and Takenaka et al.12
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DOI: 10.1021/acs.accounts.6b00096
Acc. Chem. Res. 2016, 49, 1061−1069

Article

Accounts of Chemical Research

Figure 5. Computed TS structures for reaction 4 catalyzed by Nakajima’s bipyridine N,N′-dioxide, along with relative free energies in kcal/mol. (a)
TS structures based on Nakajima’s TS model;42 (b) lowest-lying TS structures. For each pair of TS structures, the blue arrows indicate the 1,3-diaxial
interactions that stabilize the TS in which the formyl and allyl CH groups are directed toward a chlorine.48

6. AARON: A NEW TOOL KIT FOR COMPUTATIONAL
ORGANOCATALYST DESIGN
Although key insights were gleaned from these three
examples,11,47,48 more deﬁnitive conclusions could be drawn
regarding the mode of stereoinduction in bipyridine N-oxide
and N,N′-dioxide catalyzed alkylations if we could examine
dozens more catalysts. However, since the study of a given
catalyst requires the optimization of at least 10 or 20 transition
states in order to correctly identify the most favorable
structures, this would be a daunting task to complete by
hand. In order to accomplish this, Rooks and Wheeler
developed a computational tool kit called AARON (Automated
Alkylation Reaction Optimizer for N-oxides),35 which automates the computation of all required TS structures for
bidentate Lewis-base catalyzed allylations and propargylations.
AARON constructs initial TS structures by mapping key atoms
of new catalysts onto the positions of the corresponding atoms
in previously computed TS structures based on a model
catalyst. AARON then performs a prescribed series of
constrained and unconstrained optimizations to yield ﬁnal
optimized TS structures and ee predictions, performing checks
at each step to ensure that the correct TS structures are
identiﬁed. We emphasize that AARON employs conventional
TS optimization routines and electronic structure methods; it
simply automates the task of constructing input ﬁles, running
computations, and parsing the resulting output ﬁles from
standard electronic structure packages.
To assess the reliability of the resulting predictions, and to
test the prospect of using AARON to screen potential catalyst
designs, Rooks et al.14 selected a set of 18 bipyridine N,N′dioxides for which experimental enantioselectivities are known.
For each of these catalysts, AARON35 was used to compute all
required transition state structures and to predict ee’s. The
resulting predictions are plotted against the corresponding
experimental data in Figure 6. Rooks et al.14 were able to
correctly predict the overall sense of stereoinduction for all 18

Figure 6. Experimental vs predicted ee’s for reaction 4 catalyzed by 18
bipyridine N,N′-dioxides.14

catalysts; for 16 of the 18 catalysts, the predicted ee’s were
within 20% of the experimental data, while for many of the
catalysts the predictions were even more reliable. Thus,
although there was some tendency for the predicted ee’s to
slightly overestimate the experimental enantioselectivities, we
now seemed to have a computational tool capable of screening
potential bipyridine N,N′-oxides for asymmetric allylations!
Somewhat surprisingly, we found that the most reliable
predicted ee’s arose from the use of relative energies rather
than relative free energies. This highlighted the general
challenge of treating the entropic component of the free
energy for large organic systems.
Bolstered by this agreement with experimental enantioselectivity data for allylations, we also predicted enantioselectivities for these same 18 bipyridine N,N′-dioxides for the
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quantum chemistry to asymmetric organocatalysis. Chief
among these are treatments of the entropic component of
the free energy and the impact of explicit solvent interactions.
With respect to entropy, we have found in some cases that
relative energies provide more reliable predictions of
enantioselectivities than free energy predictions. In many
cases, we have found that the quasi-RRHO approach of
Grimme50 gives more reliable relative free energies than
standard RRHO-predicted values. Similarly, in the case of the
asymmetric alkylation reactions, we routinely account for the
Boltzmann weighting of an ensemble of low-lying TS
structures; such eﬀects were neglected in our work on
phosphoric acid catalyzed reactions, and unpublished results
indicate that accounting for all low-lying TS structures would
have led to even better agreement with experimental stereoselectivities. With regard to solvent eﬀects, we have been careful
to select reactions in which speciﬁc solvent eﬀects are expected
to be relatively unimportant. More broadly, however, explicit
solvent interactions can play key roles in stereoselective
reactions, and could alter the noncovalent interactions that
underlie the stereoselectivity of many reactions. The development of practical approaches to systematically deal with explicit
solvent interactions will be important for the continued
maturation of computational organic chemistry. Further caveats
apply to cases in which there is no clear stereocontrolling
transition state or for reactions in which the relative stability of
downstream intermediates controls the stereoselectivity.51
Despite these caveats, computational chemistry is wellpositioned to positively impact the ﬁeld of asymmetric
organocatalysis. We foresee this happening along two
complementary fronts. First, computations can oﬀer key
insights into the impact of noncovalent interactions on
stereoselectivity, which can inform eﬀorts to improve existing
catalysts and design novel catalytic systems. Second, computational chemistry can facilitate the design of new organocatalysis
by screening potential catalyst designs. As seen in the
discussion of our computational tool kit AARON,36 the tedious
work involved in computing all required transition states for a
given organocatalytic transformation is amenable to automation
for well-chosen reactions, and AARON has opened the door for
the purely computational design of new organocatalysts. Many
such applications of AARON are ongoing in our group.

propargylation of benzaldehyde. For the one example for which
experimental stereoselectivity data was available for this
reaction (the bipyridine N,N′-dioxide of Nakajima et al.,
Scheme 4), the predicted ee was in excellent agreement.
Moreover, several of these existing allylation catalysts were
predicted to provide promising ee’s for propargylations.
Encouraged by these data, we recently used AARON to screen
over 100 novel bipyridine N,N′-dioxides for the propargylation
of benzaldehyde. We proceeded by ﬁrst examining many
bipyridine scaﬀolds, and then systematically explored the
impact of substituents on these six of frameworks. Ultimately,
we identiﬁed over a dozen potential organocatalysts for which
predicted ee’s exceed 95%; our hope is that some of these
catalysts will be synthesized and tested experimentally.
We are currently expanding AARON into a much more
general tool for screening potential organocatalyst designs. This
new incarnation of AARON (An Automated Reaction
Optimizer for Nonmetal catalyzed reactions)36 is currently
capable of replicating any prescribed set of TS structures for a
given catalyst and substrate, enabling the simultaneous
screening of both catalyst and substrate for any organocatalyzed
reaction for which there is a known, well-deﬁned mechanism
and stereocontrolling TS. The application of AARON to a new
class of organocatalyzed reaction requires that one ﬁrst
compute all reasonable stereocontrolling TS structures “by
hand” for a single, representative example of that reaction.
These reference structures are then used by AARON to
automatically optimize the corresponding TS structures for
related catalysts or substrates. Furthermore, conformations of
simple rotatable groups (OMe, iPr, etc.) are automatically
explored by AARON, ensuring that all thermodynamically
relevant TS structures are identiﬁed. As an initial demonstration, AARON is currently being used to design new classes
of bifunctional hydrogen bonding catalysts using the asymmetric dearomatization of β-naphthols as an example
reaction.49

7. SUMMARY AND PROSPECTUS
A number of themes have emerged during our work on
asymmetric organocatalysts. The ubiquity of dispersion
interactions, coupled with the often subtle line separating
favorable noncovalent interactions and unfavorable steric
interactions, creates challenges for the attribution of the
stereoselectivity of a given organocatalytic transformation to
particular noncovalent interactions. Often, we have found that
noncovalent interactions that appeared to be operative in the
stereocontrolling TS were not ultimately responsible for the
observed stereoselectivity. In general, the stereoselectivity of a
given reaction generally hinges on the balance of numerous
noncovalent interactions, and, even with modern computational tools, it is often diﬃcult to pinpoint a particular
interaction as the dominant one. A second theme concerns the
importance of purely electrostatic eﬀects, which have proved
remarkably powerful as a means of achieving stereoinduction.
This was apparent in the chiral phosphoric acid catalyzed ring
openings of meso-epoxides and the Lewis-base catalyzed
alkylations of aromatic aldehydes, in which electrostatically
driven noncovalent interactions were responsible for stereoselectivity.
Although in the examples described herein there was
generally excellent agreement between computationally predicted enantioselectivities and experimental data, there are a
number of unmet challenges with regard to the application of
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