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Abstract The reverse-docking of a TADDOL catalyst to
rigid transition-state (TS) representations of an asymmetric
hetero-Diels—Alder reaction is described. The resulting
docking poses represent a simplified geometric model of
the TS for the catalyzed reaction. The conformational space
of'the catalyst in proximity to the catalyst-free TS models is
sampled stochastically and the energetically favored poses
are subjected to a clustering procedure to highlight struc-
tural attributes compatible with organocatalysis. Each pose
is scored and ranked based on its molecular-mechanics
docking energy. The reverse-docking procedure reveals a
clear energetic trend in favor of the experimentally pre-
ferred product enantiomers. Analysis of the best poses
suggests a geometric model that is consistent with prin-
ciples of molecular recognition, catalysis, and experimental
data.

Keywords Asymmetric synthesis - Organocatalysis -
Docking - Reverse-docking - hetero-Diels—Alder

Introduction

The future of asymmetric synthesis lies in the development
of reusable catalysts that can induce asymmetric reactions.
Metal-free versions of these catalysts, termed organocata-
lysts, [1-3] can be tolerant to water and aerobic conditions,
and are prime examples of “green chemistry”. Their
catalytic properties mimic those of enzymes and catalytic
antibodies. The ability to generate only one enantiomer of a
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chiral compound is a very useful tool in the pharmaceutical
industry. In 2003, Rawal established that o,o,a,0('-
tetraaryl-1,3-dioxolan-4,5-dimethanol alcohol (TADDOL)
could effectively catalyze asymmetric hetero-Diels—Alder
(HDA) reactions [4]. The main factor promoting such
reactions appears to be H-bonding patterns. Although these
H-bonds are thought to play a critical role in catalysis, a
precise 3D transition-state model (TS) for this TADDOL
catalyzed HDA reaction remains to be established. In
previous work, reverse-docking showed promise for the
development and study of asymmetric organocatalyzed
reactions [5]. These studies were carried out using
AutoDock 3.0.5 for conformational sampling. However,
recent efforts to streamline the procedure led to the de-
velopment of a new docking algorithm based on stochastic
sampling and energy minimization-based local search,
named EM-Dock [6]. The work presented here highlights
the application of EM-Dock to the Rawal HDA system.
These reverse-docking studies provide insight into the
mechanism of the reaction and may allow for the rational
design of more effective organocatalysts.

Rawal HDA organocatalyst H-bond promoted catalysis of
the HDA reaction was first reported by Rawal in 2002 [7].
It showed that H-bonding solvents greatly accelerated the
rate of the reaction presumably via H-bonding to the
carbonyl group of the dienophile. In subsequent work,
catalysts having H-bond donating properties were found to
be very effective in non-competitive solvents, and the use
of TADDOL as an asymmetric catalyst for the HDA
reaction was disclosed (Fig. 1) [2].

Transition state of the hetero-Diels—Alder reaction Theo-
retical studies suggest that the HDA reaction is concerted
[8]. For the particular diene-dienophile pairs studied here,
H NMR shows that the reaction proceeds via an initial
endo-cycloadduct [2] (in principle, the same final
dihydropyran-4-one enantiomer could have been gener-
ated via exo-addition from the opposite face of the diene
prior to elimination of NR,). Thus for this study, a series
of 16 TS structures for the catalyst-free reaction were
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Fig. 1 TADDOL catalyzed HDA reaction

modeled, corresponding to eight enantiomer pairs of endo-
TS for each of the substrates used in the original Rawal
study (Fig. 1).

Transition state of TADDOL catalyzed reaction Rawal
proposed a working model for the TADDOL -catalyzed
Diels—Alder (DA) reaction (Fig. 2) [9]. By analogy, this
model may also be applicable to the HDA reaction,
providing intramolecular H-bonding in TADDOL, H-
bonding between the free hydroxyl proton of the catalyst
and the carbonyl of the dienophile, and stacking of the
dienophile against the pseudo-equatorial naphthyl ring of
TADDOL. This would pre-organize an asymmetric envi-
ronment for cycloaddition to the diene.

Reverse-docking As previously reported, a reverse-dock-
ing methodology was devised to rationalize the stereo-
selectivity of asymmetric reactions. While traditional
docking explores the configurational space of a small
molecule within the confines of a large receptor, reverse-
docking explores the configurational space of a flexible
organocatalyst around a catalyst-free TS representation of

Fig. 2 Proposed TADDOL-dienophile complex for the Diels—Alder
reaction (interpreted from Rawal)
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the asymmetric reaction (Fig. 3). Evaluating the most
energetically favorable poses resulting from the reverse-
docking simulation can provide insight into the observed
stereoselectivity of the reaction. The interest in this
computational approach is that it allows for the study of
highly flexible catalysts, and to search through vast con-
figurational spaces. Here, we report the reverse-docking of
TADDOL, a less flexible catalyst, to TS models of the
HDA reaction, and show that the most energetically
favorable docking poses are consistent with principles of
molecular recognition, catalysis, and experimental data.

Materials and methods

Transition-state modeling The catalyst-free endo-transition
states were modeled initially using MMFF94x, a modifi-
cation of the MMFF94s [10] force field available in MOE
2004.03 [11]. As an initial estimate for the TS structures,
the C—C addition bonds were restrained to 2.5 A during
the energy minimization. This was done for all eight
aldehyde structures reported in Fig. 1, reacting with the

rigid receptor

flexible ligand

"reverse"
docking
— 0(

rigid TS model

flexible catalyst

Fig. 3 Reverse-docking vs normal docking



same diene. The resulting structures were used as input for
subsequent TS searches at the HF/6-31G* level with
Gaussian03 [12]. Initial force constants at the starting
geometry were calculated using the same basis set as the
optimization. All optimized structures were subjected to a
frequency calculation to determine whether they corre-
sponded to stationary points on the potential energy sur-
face. In addition, the number of negative eigenvalues was
examined to determine if geometries corresponded to a
first-order saddle point. RESP charges [13] were sub-
sequently calculated using Antechamber in Amber7 [14]
and used for subsequent docking energy calculations.
Enantiomers of each TS model were also generated by
simple imaging, resulting in a total of 16 catalyst-free TS
models.

TADDOL catalyst modeling TADDOL was modeled in
MOE using the MMFF94x forcefield. The structure was
then optimized at the HF/6-31G* level and RESP charges
were fitted in Antechamber.

Reverse-docking The reverse-docking simulations were
carried out using EM-Dock in MOE. This new algorithm
was trained on a large number of ligand/receptor com-
plexes using RESP charges. The solvent dielectric con-
stant was set to 2.4 to incorporate the bulk electrostatic
dampening of toluene into the docking environment.
The following parameters were used in the simulations:
number of runs: 400; population size: 400; number of
generations: 1,600. All reverse-docking simulations were
carried out in triplicate and reported as rows A, B, C in
Table 1. The catalyst poses in all 3x16 databases were
energy-minimized (MMFF94x) with toluene solvation
(e=2.4) around the rigid TS models and scored based on
internal and non-bonded interactions in MOE. This
ensured that all poses obtained from the reverse-docking
simulation were scored based on geometry-optimized local
energy minima.

Docking energy The reverse-docking energies were
calculated in MOE as the sum of the internal energy of
the catalyst+intermolecular interactions [electrostatictvan
der Waals]. Reverse-docking poses were sorted and ranked
according to their energy.

Pose clustering Reverse-docking poses were clustered
based on the distances of both hydroxyl protons of
TADDOL to the carbonyl oxygen of the aldehyde
dienophile. Poses with no H-bonding between catalyst and
TS model (i.e. both H O distances>4 A) were discarded
leaving only catalytically relevant poses in the databases. In
addition, docking ranks determined before the clustering
were recorded for each entry. Thus, the overall rank of a
clustered pose, relative to all the docking poses (i.e. prior to
clustering), was retained for analysis and discussion. This
would serve as an indicator of whether the pose clustering
excluded any energetically favorable docking poses.
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Table 1 Reverse-docking results following database screening

Substrate® “S” TS model “R” TS model
E® Rank® E Rank
4a A 218.6 1) 223.4 (1)
B 217.7 @) 222.4 (1)
C 217.1 (1) 223.4 (1)
4b A 220.3 (D 226.9 @)
B 2225 (1) 225.9 1)
C 220.2 (D) 224.5 €))
4c A 221.7 (1) 225.6 1)
B 2212 1) 2242 (1)
C 2214 (1 224.9 1)
4d A 222.8 (1) 226.1 (©6)
B 224.1 (D) 225.8 0))
C 215.8 (1) 226.5 )
4e A 218.9 (D 225.7 €))
B 2203 (1) 2252 (1)
C 222.4 (D) 224.7 €))
af A 2253 (1) 227.1 3)
B 223.7 1) 226.0 (1)
C 223.0 (D 226.9 3)
4g A 225.1 1) 228.9 )
B 225.3 (D 225.3 €))
C 224.5 1 226.6 2)
4h A 221.4 ) 223.0 €))
B 219.3 (1) 224.1 (1)
C 219.4 0 224.9 2)

Substrates according to Fig. 1. Rows A—C refer to triplicate reverse-
docking runs

®Docking energy of lowest-energy entry as calculated by MOE
(kcal mol ")

“Overall docking rank based on MOE energy prior to clustering
(1=best rank)

Results

Reverse-docking energies As previously reported, the
enantioselectivity of the TADDOL-catalyzed HDA reac-
tion always favored the formation of the S-enantiomer
product. Based on this notion, one would expect the
docking poses of the catalyst around the TS model leading
to the S-enantiomer to have lower energies than to those
around the R-enantiomer TS model. The data shown in
Table 1 indicate a clear energetic trend favoring the
formation of the product S-enantiomers, in agreement with
experiment. Indeed, for each of the 24 pairs of docking
runs, the highest-ranking S-enantiomer model shows lower
energy than that of the corresponding R-enantiomer
model. The average docking energy of the best poses to
the preferred S-enantiomer (221.3 kcal mol ') is <4.0 kcal
mol ! lower than that for the R-enantiomer (225.3 kcal
mol™"). Furthermore, the S-enantiomer poses emerge
within the top two ranks prior to clustering, indicating
that the H-bonding clustering scheme did not exclude
relevant poses. As for the R-enantiomer poses, we note
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much variability in the rank, suggestive of a certain degree
of mismatch between the chirality of the catalyst and that
of the asymmetric reaction, and that lower energy docking
poses may exist but are inconsistent with a unified mode
of catalysis.

Although the reverse-docking simulations were able to
predict the trend of the lowest-energy poses for the ex-
perimentally favored enantiomer, they currently only offer
a qualitative correlation as the energy differences between
the S and R enantiomers are too large (<4.5 kcal mol ") for
the quantitative correlation of enantiomeric excess values.
This is not surprising due to the simplicity of the approach,
which after all, treats the catalyst-free TS model as a rigid
component, uses a simple MM-based approach to compute
molecular interactions, and neglects explicit solvent and
entropic effects.

Discussion

3D transition state model for asymmetric organocatalysis
The best ranked TS models for forming the S-enantiomers
all share structural features similar to those present in
Rawal’s original Diels—Alder model. Intramolecular H-
bonding within the TADDOL catalyst is present in all
structures; this would likely increase the acidity of the free
hydroxyl proton and allow for a stronger intermolecular
H-bond with the carbonyl oxygen of the incoming
dienophile. Not surprisingly due to the pose clustering,
analysis of the S-enantiomer poses reveals an intermolec-
ular H-bond to the dienophile carbonyl. More importantly,
these poses suggest 7t-stacking between the dienophile
and the pseudo-equatorial naphthyl ring of the catalyst.
Interestingly, the highest ranking poses position the
dienophile’s aldehyde hydrogen near one of the naphthyl
rings of TADDOL, possibly suggesting some electrostatic
interaction. Indeed, H-bonding of the aldehyde to
TADDOL’s free hydroxyl proton should increase slightly

Fig. 4 Best reverse-docking poses of the TADDOL catalyst to the
TS model for substrate 4a. a S-enantiomeric TS model (£=217.1 kcal
mol !, rank=1); b R-enantiomeric TS model (E=223.4 kcal mol ',
rank=1). Non-polar hydrogens omitted for clarity

the acidity of the aldehyde proton itself. Figure 4a
shows the highest-ranking pose of the TADDOL catalyst
around the rigid S-enantiomer TS model 4a.

The docking poses for the “R” TS model also display
inter- and intramolecular H-bonding patterns but, in con-
trast to the “S” docking results, do not show a consistent
stabilization pattern of 7t-stacking of the dienophile to the
naphthyl rings. This is illustrated in Fig. 4b, where the
energy of this best pose to the R-enantiomer TS model is
significantly higher (6 kcal mol ') than that of the cor-
responding S-enantiomer pose. This difference in docking
energy could be attributed to the lack of 7t-stacking in the
R-enantiomeric pose. Based on these observations, it
appears that the catalyst is able to preferentially bind to S-
enantiomer TS poses based on intra- and intermolecular H-
bonds and the preorganization of the dienophile based on
stacking interactions. This serves to create an asymmetric
environment conducive to preferential formation of the
S-enantiomer.

In summary, the TS for the TADDOL-catalyzed asym-
metric HDA reaction was studied using the reverse-
docking technique. With EM-Dock, the configurational
space of TADDOL around rigid catalyst-free TS models of
the hetero-Diels—Alder reaction was explored stochasti-
cally. The resulting lowest-energy docking poses were
scored and ranked based on MM-derived energies. Anal-
ysis revealed lowest-energy docking scores with the TS
models leading to formation of the S-enantiomer product,
in complete agreement with the available experimental data
for this reaction. Structural analysis of the docking poses to
the S-enantiomer TS models suggests a mechanism for
enantioselective organocatalysis which is consistently in
agreement with Rawal’s proposed TS model for the
TADDOL-catalyzed Diels—Alder reaction. The model
comprises intramolecular H-bonding in TADDOL, inter-
molecular H-bonding to the dienophile carbonyl, and
stacking of the dienophile against one of the pseudo-
equatorial rings of TADDOL, exposing only one aldehyde
face for the ensuing hetero-Diels—Alder reaction, all in
agreement with principles of molecular recognition and
experimental data. In contrast, results with the R-enantio-
mer TS models do not show a consistent stabilization
pattern of stacking of the dienophile to the naphthyl ring
and do not suggest any consistent preorganization pattern
of the dienophile to the catalyst. To date, results give only a
qualitative prediction of enantioselectivity since the re-
verse-docking process is based on a standard molecular-
mechanics force fields. High-level ab initio calculations of
the best transition-state models of the entire catalyst—
substrate complexes may lead to more accurate predictions
of enantioselectivities. Nevertheless, the reverse-docking
approach is appropriate for studying larger, more flexible
organocatalysts, with vast numbers of potential binding
configurations at the transition state of a selected asym-
metric reaction (a similar analysis using ab initio methods
would be prohibitive). Ultimately, the TS models derived



from these studies may serve as templates for the rational in
silico design of new catalysts, and other molecular devices.
Current work is focused on the development of TS models
for other organocatalyzed reactions, including Strecker,
Mannich and other Diels—Alder reactions [7]. A high-
throughput method for the virtual screening of large
organocatalyst databases is also being developed. We will
report on these advances in due course.
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