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Solvation effects drive the selectivity in Diels-Alder reaction
under hyperbaric conditions

A multiscale modelling approach is applied to elucidate the
influence of high pressure conditions on the kinetics of a
Diels-Alder reaction in condensed phase. The simulations
suggest a strong preference for a specific diastereomer due
to solute-solvent interactions.
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High pressure effects on the Diels—Alder reaction in condensed
phase are investigated by means of theoretical methods, employing
advanced multiscale modeling approaches based on physically
grounded models. The simulations reveal how the increase of
pressure from 1 to 10 000 atm (10 katm) does not affect the stability
of the reaction products, modifying the kinetics of the process by
lowering considerably the transition state energy. The reaction
profile at high pressure remarkably differs from that at 1 atm,
showing a submerged TS and a pre-TS structure lower in energy.
The different solvation between endo and exo pre-TS is revealed as
the driving force pushing the reaction toward a much higher
preference for the endo product at high pressure.

The favourable effect of high pressure (HP) regimes on the
kinetics of certain organic reactions is known for a while,"
notably for hindered substrates. HP indeed activates reactions
unfeasible under conventional conditions, often increasing
chemo-, regio- and stereo-selectivities.>™

HP effect has been markedly studied on the Diels-Alder
cycloaddition,>® a remarkable chemical transformation which
still provides key solutions for the synthesis of (poly)cyclic
molecules. The inertia of the components may limit its applic-
ability, for steric or electronic reasons. The process is then
usually activated by heating, using catalysts or changing solvents.
Temperature increase often favors the reverse reaction, while
catalysts may induce substrates and/or products degradation.
Working under pressure is often an efficient alternative.

Cycloaddition reactions are characterized by very negative
activation volumes (AV* = —20 to —40 cm® mol™")” and their
kinetics are usually accelerated under high pressure. One of the
first and most emblematic examples is the use of furan as a
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Fig. 1 Examples of successful selectivity enhancement in organic chem-
istry reactions.

diene in the synthesis of cantharidin by Dauben (see Fig. 1,
top).®® Since then, HP activation has shown its efficiency in
performing (4+2) cycloadditions involving sterically hindered'* ™"
or electronically deactivated'*™® substrates for instance. This soft
and eco-compatible activation mode has thus given access to
different complex and functionalized structures, in the context of
total syntheses for example."”'® The positive influence of pressure
on the diastereoselectivity of Diels-Alder cycloaddition reactions
has been observed in many cases (see Fig. 1, bottom). Generally,
the more compact endo approach is favored by a HPs.”'>*°
In some cases endo kinetic adducts are obtained under hyperbaric
cycloaddition, while exo thermodynamic ones are generated by
heating.”*

The activation observed in organic reactions in liquid phase
is explained by the Evans-Polanyi equation, which connects a
negative activation volume with the acceleration of the reaction
with pressure increase. Based on such a theory, Ladanyi and
Hynes studied pressure effects on rate constant of simple
systems, finding an important dependence of the activation
volume at very HP.*?

Later, Dumas et al. have studied an aza-Michael addition via
an atomistic model where the effect of pressure was included
modifying the van der Waals radii.>® More recently, Hoffmann,

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Model Diels—Alder reaction used in the present work. TS: transition
state, CA: cycloadduct.

Cammi and co-workers have studied the effect of pressure from
a quantum chemistry approach coupled with an implicit solva-
tion model on a set of organic reactions.”* The activation
volumes were thus evaluated from electronic densities.

To get more insight into this phenomenon, we undertook a
computational modeling study of pressure effects on a proto-
typical Diels-Alder reaction, between cyclopentadiene and
acrylonitrile (see Fig. 2).>°

Since the HP effect can modify the solute, the solvent and
their interactions, we have adopted a physically grounded
description of the solvent by means of an advanced classical
polarizable force field (FF),”® coupled with a quantum chemistry
method to treat the solute reacting species, which are then
explicitly affected by the presence of the classical but atomistic
solvent. This is what we define a polarizable variational quantum
mechanics/molecular mechanics (QM/MM) method.>”°

To sample the large number of solute-solvent configurations
needed to extract meaningful energies and properties from such
atomistic models we resorted to a sequential approach: first
performing full FF based molecular dynamics to have equilibrated
solvent configurations at the needed temperature and high/low
pressures, then including the quantum treatment of the solute in
the structure sampling and performing shorter QM/MM MDs,
starting from different points of the full FF-based trajectories.

The solute molecules are described within the density func-
tional theory (DFT) approximation, with the M06-2X functional®
and a 3-21G atomic basis set, which provides, in our benchmark
reported in the ESI,T a good quality activation energy values. More
details on this choice are reported in the ESL} (Section S1). Note
that it is not uncommon that a small basis set can provide results
better than a larger one:*" convergence in basis set sometimes
occur only for a very large one, which would be then inadequate to
perform QM/MM MDs.

During the polarizable MDs the solvent has been modeled
with the AMOEBA FF, which performs correctly at different
pressures without any ad hoc parametrization.>® Solute was
solvated by 603 CH,Cl, molecules using an AMOEBA potential
recently developed for organic molecules.*®> The solvent was
first equilibrated at room temperature and at two different
pressures (low, 1 atm and high, 10 katm) fixing the solutes
in their QM optimized geometry and running about 2 ns

This journal is © The Royal Society of Chemistry 2020
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polarizable MD simulations using the Bussi-Parrinello algo-
rithm to keep an NPT ensemble.**

This procedure was performed for each chemical species
relevant to describe the reaction pathway, which are reported
in Fig. 4. Pre-transition states (pre-TS) where taken from the
intrinsic reaction coordinate (IRC) which connects reactants
with TS.

After an equilibration time of less than 10 ps the systems
reached the equilibrium density at the two different pressures,
namely 1.419(3) and 1.776(4) g mL~". These values are inde-
pendent on the chemical nature of the solutes. In Fig. 3 the
density time series at the beginning of the classical polarizable
trajectories are reported, showing the differences between
low and high pressure simulations, for which also different
simulation box sizes were obtained.

Finally, the solute-solvent interaction was refined via a
variational formulation of hybrid polarizable QM/MM, accounting
for the mutual polarization between the classical and the quantum
subsystems.>” 2> This approach was used for the first time here
to investigate pressure effects on a chemical reaction.

Once the solvation was equilibrated via polarizable MD, QM/
MM simulations were performed, either running few pico-
seconds QM/MM MD or single point QM/MM energy calcula-
tions (see Section S3 of ESIT), using structures sampled from
the full-FF based polarizable MDs. The Tinker-HP package®®
coupled with a development version of Gaussian09 was used for
all the calculations.?”
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Fig. 3 (Top) Solution density's time-series along the initial part of the full-FF
equilibration dynamics run for pre-TSs, TSs, cycloadducts and reactants in exo
configuration, in CH,Cl, solution. In red are reported the densities for the
10 katm MDs, while those for 1 atm MDs are in blue. Bottom) Shrinking of the
MD simulation box due to the pressure increase. The cubic boxes reported are
taken from two trajectories of the same solvated system at 1 and 10 katm, with
a box side length of 39 and 36 A respectively.
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Fig. 4 (Top) Structures of the different molecular species involved in the
reaction. (Bottom) Energy diagram as from QM/MM simulations, reporting
the energy differences discussed in the text.

The reaction energy profiles were thus obtained extracting
average energies from the simulations at different pressures,
setting at zero the energy of the reactants at both 1 atm and
10 katm. Such relative energies are reported in Fig. 4.

In the 1 atm reaction pathway, the TS was found to be 11 and
18 kecal mol ' higher than reactants for endo and exo
approaches, respectively (with a statistical uncertainty of
1 keal mol * for these and further energy values, as discussed
in ESIY). Products were exothermic of 38 and 39 kcal mol ™" for
endo and exo pathways. Note that for such a reaction a very
small difference between the two stereomers is expected.*®
Finally, at 1 atm the pre-TS has an energy lying in between
the reactants and the TS, as in the IRC calculations from which
the structures were extracted.

At 10 katm the situation is very different instead: the TS was
found to be energetically more stable than the reactants.
Interestingly, the pre-TS structures are now more stable than
the corresponding TS. However, while for the exo reaction,
a barrier of about 9 kcal mol ! was calculated between the
pre-TS and the TS, for the endo reaction it was found to be
almost zero (1 keal mol " which lies into the uncertainty). This
means that the rate constant in the case of the endo approach is
almost under diffusion control and much faster than the exo one.
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Finally, products were similar in energy with a slight preference for
the endo diastereomer.

Results show that the reaction is indeed kinetically favoured
by a pressure increase. For the exo approach, an energy barrier
of 18 kcal mol ' at ambient pressure translates into a
9 keal mol ™" one at HP; for endo approach, the difference is even
bigger: the 11 kcal mol " barrier observed at ambient pressure
almost vanishes at HP and the kinetics is then diffusion con-
trolled. Finally, the resulting endo cycloadduct is favoured (due to
kinetic control) with respect to exo, as experimentally expected.

In our microscopic description of the system, increasing
the pressure triggers a compact packing of the molecules.
As a consequence, the attractive interactions with the solvent
molecules increase (see Table S2 of ESIf for the absolute
energetics). In this respect, the use of polarizable FFs*° is
crucial: the polarization variation with the pressure ensures a
large part of this. Only thanks to the fluctuations of their
induced dipole, the classical solvent molecules are allowed to
respond to the different pressure regimes and readjust during
the compaction of the molecular packing.

On one hand, the extended exo-stereomers are more exposed
to the solvent molecules than the compact endo ones. This
effect is even greater in the pre-TS where the substrates are
further apart: the stabilizing interactions induced by the
solvent under HP show their maximum effect for the exo
pre-TS, which is more stable than the endo one by 2 kcal mol .
On the other hand the TS endo is generally considered to be more
favoured than the TS exo, due to the attractive secondary orbital
interactions between the p orbitals that are not directly involved in
the formation of the new ¢ bonds, according to the famous (even if
still debated) proposition by Woodward and Hoffman.>® As a net
result of these two antagonistic phenomena, the endo TS is almost
barrier less, while the exo one features an energy activation of
9 kecal mol™". Thus, the solvation effect explains the greater
preference for the endo cycloadduct formation under HP.

We connect our results to the commonly accepted picture
offered by the concept of activation volume. Following the
approach used by Cammi and co-workers,*® we compute molar
volumes from QM/MM electron densities at the two different
pressures, using them to compute activation and reaction
volumes. As shown in Table 1, for each species the activation
volume does not depend neither on the pressure, nor on the
stereochemistry. This means that we are in the linear regime
of pressure dependence, confirming experimental data.®> Further-
more, the reaction volumes are similar, showing the high simi-
larity between TS and products as expected for such a late
transition state Diels-Alder reaction.

The pre-TS were found to be crucial in differenciating the
kinetics between the exo and endo approaches at HP. This is in line
with the different activation volumes calculated when the pre-TSs
were considered as reactants (see Table 1). The exo pre-TS volume is
indeed similar to the reactants one, while the endo pre-TS volume
resembles more the corresponding TS at HP (the absolute volume of
each structure is reported in Fig. S4 of ESIT).

In conclusion, we propose here that the solvation plays a
fundamental role on the pressure effect on this Diels-Alder

This journal is © The Royal Society of Chemistry 2020
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Table 1 Activation volume AV* and reaction volume AV for the
reaction under investigation computed from the SCF QM/MM electron
density with Monte-Carlo integration by Gaussian 09.3”4° The values, with
associated 95% confidence interval, are reported in cm® mol™. The
molecular volume is defined as the volume inside a contour p (electron
per Bohr®) density set at the Gaussian09 default value

A Vi A Vv react
Endo Exo Endo Exo

—8.65 + 2.60 —10.09 + 3.60 —10.76 + 0.60 —10.24 £ 0.60
—11.12 £ 0.60 —10.594 + 0.60

1 atm
10 katm —9.00 + 3.20 —8.94 £ 3.60

AVprefTS

Endo Exo
1 atm —6.34 + 4.10 —3.71 + 4.80
10 katm —4.40 + 4.10 —7.40 + 4.80

prototypical cycloaddition. Under HP, the efficient solvation of
the TSs lowers the energy barriers and explain the acceleration
of the process. In addition to this phenomenon, the exo pre-TS
arrangement, more exposed to solvent molecules, is favorably
solvated under HP and more stabilized than the endo one,
making the passage to the corresponding TS more challenging.
In the meantime, the compact endo TS remains favored thanks
to its attractive secondary orbital interactions. These two parallel
phenomena explain the enhancement of the diastereoselectivity
and the greater endo preference for Diels-Alder cycloaddition
under HP. Note that this interpretation is somehow in line with
the work by Houk and Bickelhaupt, showing that a distortion/
interaction model is especially fruitful for explaining cycloaddition
reactivity.*’ The QM/MM method developed in our group shows
how pressure effects in the condensed phase can be modeled
for an archetypal Diels-Alder reaction. The original approach
proposed will certainly find other applications, not only for
transformations under HP, but also to further investigate the
crucial role of solvents/additives in organic reactions.
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