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1. Introduction

How the addition of a polar aprotic solvent alters
aldol-addition kinetics: exploring the role of
solvent molecules and their dynamics+

José Carlos Velasco Calderon @ and Samir H. Mushrif @ *

This paper investigates how solvent composition, and dynamics influence the aldol-addition reaction,
which is an important reaction in acid-catalyzed biomass transformations. The reaction between
5-hydroxymethylfurfural (5-HMF) and 5,6-enol is used as a case-study since this is also a key step in the
formation of humins (undesired carbonaceous polymers) in the condensed phase biomass transformation.
Using first principles based molecular simulations performed at experimental conditions, with finite
temperature effects, reaction dynamics and quantum mechanically treated explicit solvent molecules, we
show that polar, aprotic cosolvents like DMSO can alter reaction pathways, conformations of reacting
species, and energetics of the aldol addition reaction. Open-chain conformations of 5,6-enol are stable in
water due to hydrogen bonding, while the presence of DMSO promotes quasi-cyclic structures. In both
pure water and water-DMSO mixtures, the aldol addition reaction can proceed via both, concerted and
stepwise pathways. Analysis of the reaction free energy landscape reveals that the aldol addition reaction is
kinetically more favorable in water compared to water-DMSO mixtures, for both the concerted and
stepwise pathways. Dynamic solvent reorganization during the reaction has a higher free energy penalty in
DMSO than in pure water, highlighting the role of DMSO in increasing the activation free energy for aldol-
addition. This investigation advances our understanding of explicit and dynamic solvent effects in
condensed phase biomass transformation and particularly on the key aldol-addition reaction.

mechanism.’®™* Quantum mechanical calculations have also

revealed that, during the initial stages of humins formation,

The use of lignocellulosic biomass as a renewable feedstock
to produce value-added chemicals, such as biofuels,
bioplastics, and specialty chemicals, has become a key focus
in sustainable and green chemistry."* Lignocellulose derived
molecules are attracting significant interest for their
applications in bio-based solvents, biopolymers, adhesives,
packaging and sustainable materials development. Notably,
5-HMF is a key intermediate for synthesizing polymers and
biofuels.>* However, the acid-catalyzed dehydration of
biomass derived carbohydrates to 5-HMF is accompanied by
undesired side reactions, leading to the formation of humins
which are carbonaceous oligomeric by-products. Their
formation also contributes to substantial carbon loss and
catalyst ~deactivation.”® Compositional characterization
studies have provided conclusive insights into the reaction
mechanisms and showed that humins formation during acid-
catalyzed biomass reactions occurs via aldol-addition
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the aldol addition step is the rate-determining step, exhibiting
the highest energy barrier compared to other reaction steps
such as keto-enol tautomerization and condensation.'® Thus,
aldol addition is crucial for humins formation as it enables
the oligomerization of 5-HMF and its derivatives, thereby
reducing yields of valuable platform chemicals. Moreover, on
the positive side, aldol addition and subsequent condensation
reactions are gaining prominence in sustainable chemistry, as
they enable the utilization of biomass-derived molecules as
viable alternatives to conventional feedstocks to produce
polymers and fuels. Aldol condensation is also key for
converting biomass into liquid alkenes.'® First, aqueous-
phase reforming of carbohydrates generates hydrogen,'” while
pentoses and hexoses from cellulose and hemicellulose are
dehydrated into carbonyl compounds like 5-HMF or
furfural.'®'® Retro-aldol condensation breaks carbohydrates
into smaller carbonyl molecules, such as glyceraldehyde, or
fermented to form acetone which can react with 5-HMF via
aldol addition and condensation.?®*" This process generates
larger, energy-dense molecules that are refined into aviation-
grade hydrocarbons. The expanding sustainable aviation fuel
(SAF) market relies on biomass to mitigate aviation industry's
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carbon footprint, addressing the sector's unique technical
challenges and the limitations of electrification. Furthermore,
the aldol addition reaction is gaining interest in sustainable
chemistry, enabling the use of biomass-derived molecules as
substitutes for traditional feedstocks in polymer production.
Dumesic et al.** synthesized polyurethanes by the aldol
addition of 5-HMF and acetone, forming the monomer HMF-
acetone-HMF to be hydrogenated and then make it react with
other monomers, such as maleimide, giving rise to polymeric
products. The polymer properties can be tuned based on the
degree of hydrogenation, where fully hydrogenated monomers
produce flexible materials suitable for energy-dissipating
rubbers, while partially hydrogenated monomers produce
stiffer materials ideal for packaging applications.

The conversion of biomass into biofuels, sustainable
chemicals, or polymeric materials is highly dependent on the
composition of the condensed phase in which the
transformation occurs. It is well established that the addition
of organic, protic and aprotic solvents can significantly alter
both the reactivity and selectivity toward desired
products.”*® For instance, the production of targeted
alkanes in the jet fuel range (C7 to C14) via aldol
condensation of aldehydes and ketones using Ni-based
catalysts was found to be more efficient in an aqueous
system compared to tetrahydrofuran (THF) as the organic
solvent.” Additionally, Vlachos et al.” demonstrated that the
formation of acid-catalyzed humins derived from 5-HMF
through aldol addition is significantly reduced by the
inclusion of dimethyl sulfoxide (DMSO), a polar, aprotic
solvent. Fourier-transform infrared (FTIR) spectroscopy of
humins suggested that the nucleophilic attack on 5-HMF is
suppressed in the presence of DMSO. This finding was
corroborated by Mushrif et al,** who used molecular
dynamics simulations to show that DMSO preferentially
coordinates around 5-HMF, creating a shielding effect that
protects it from further degradation. In acid-catalyzed
systems, computational studies revealed that DMSO reduces
the stability of hydronium ions (acid catalysts) near 5-HMF,
confining them to the bulk of the solvent in water-DMSO
mixtures. This solvation shielding effect provided by organic
aprotic  solvents  protects  biomass-derived  carbonyl
compounds from acid attack.*’ Neurock et al.,* using ab
initio molecular dynamics (AIMD) simulations, observed that
the aldol addition reaction between 5-HMF and acetone is
significantly suppressed at high acetone concentrations
compared to aqueous solvent systems. Their findings suggest
that, in the presence of acetone, 5>-HMF preferentially resides
within the hydrophobic domain, surrounded by acetone
molecules, while acid protons remain confined to the
hydrophilic domain.

Furthermore, the kinetics of the aldol addition reaction
are also influenced by the molecular conformations of the
reactants. Duarte et al®’ investigated the aldol addition
between proline and a series of hydroxylated cyclohexanone
stereoisomers using density functional theory (DFT)
calculations. Their findings demonstrated variations in
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transition state (TS) stabilities among the stereoisomers,
driven by differences in intramolecular interactions that
influence the overall stability of each stereoisomer.
Specifically, the lengths of hydrogen bonds between the
carboxyl hydrogen atoms and the forming alkoxide groups
played a key role in determining the reaction's
stereoselectivity. Furthermore, simulating the reaction in an
implicit solvent environment of dichloromethane predicted
lower activation energies compared to the gas phase but did
not affect the product distribution. In contrast, introducing
explicit water molecules in the simulation to create a water-
rich environment around the TS disrupted the initial
molecular configuration, and ultimately altering the
stereoselectivity of the reaction. Also, solvents have shown to
alter the molecular configurations of biomass-derived
species. For instance, Plazinski et al>* studied the
conformational changes of hexoses in different solvents,
revealing that DMSO induced a shift in the preferred forms
of p-galactose and b-talose from extended, almost linear
chains to twisted, quasi-cyclic structures, increasing
intramolecular hydrogen bonding. In contrast, water favors
stronger interactions with hydroxyl groups, reducing
intramolecular bonds, leading to extended, linear molecular
configurations. Additionally, Lin et al.*® showed that solvent
selection in xylose conversion to furfural affects the anomeric
equilibrium of xylose. With polar solvents like water, the
equilibrium favors the B-anomer due to better stabilization
and in contrast, less polar solvents shift the equilibrium
toward the a-anomer disfavoring the dehydration reaction via
steric hindrances. This suggests that solvent interactions can
alter molecular configurations, thereby influencing the
energetics and product distribution during the aldol addition
reaction.

Hence, in this work, we investigate how solvent
environment affects the aldol addition reaction between
5-HMF’, and 5,6-enol (see Scheme 1). The molecule 5,6-enol
is chosen for the following reasons: (i) it is well established
that this molecule is formed from the rehydration of 5-HMF
during its acid-catalyzed conversion and (ii) that it undergoes
aldol-addition reaction with 5-HMF in condensed phase
transformations of 5-HMF.®>*® Also, the chosen reaction
provides key insights into solvent effects on aldol addition,

5-HMF*
Reactants

Product

Scheme 1 Reaction mechanism of the aldol-addition between
5-HMF* and 5,6-enol.

This journal is © The Royal Society of Chemistry 2025
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relevant to biofuel and polymer applications. This reaction
serves as a model for understanding reaction energetics and
solvent effects in biomass conversion. AIMD coupled with the
biasing method metadynamics is used to capture explicit and
polarizable solvent molecules and finite temperature effects,
as well as their dynamics under experimental reaction
conditions. The aldol reaction is simulated in explicit water
and water-DMSO solvent environments via stepwise and
concerted pathways.

2. Methodology
2.1 Molecular mechanics based molecular dynamics (MD)

Classical molecular dynamics (MD) was implemented prior to
AIMD to pre-equilibrate the system at experimental
condensed phase density. MD simulations are conducted at
433 K using GROMACS 2020.4.>° Force field parameters for
all species involved in this study are detailed in Table S1 in
the (ESIt). The reacting systems used in this paper are pure
water and a water-DMSO mixture at a mass ratio of 1:3. The
number of solvent molecules and the simulation -cell
dimensions for each system are detailed in Table S2 in the
ESL} The TIP3P model is employed for water, while the
OPLS-AA force field is used to model DMSO, 5-HMF and 5,6
enol molecules.’” The OPLS-AA force field has been
extensively validated for liquid-phase simulations and has
successfully predicted the strong hydrogen bonding between
the hydroxyl groups of carbohydrates and the sulfonyl group
of DMS0.’°?® The temperature of the simulation system is
kept constant using a Nosé-Hoover chain thermostat, with a
coupling time constant of 1 ps.>*>*® To bring the systems to
equilibrium, first energy minimization was performed using
the steepest descent algorithm to bring the energy gradient
below 25 kJ mol™ nm™, followed by a 0.4 ns of NVE
equilibration. Next, isobaric isothermal (NPT) runs for 0.4 ns
were conducted to ensure the system reaches the correct
density (see Fig. S1f). Finally, simulations in the NVT
ensemble were performed for 4 ns for both solvent
compositions. All the simulations were performed using
periodic boundary conditions in all directions. The cut-off of
0.7 nm is used with particle-mesh Ewald (PME) electrostatics.
MD trajectories were analyzed using the visual molecular
dynamics (VMD), version 1.9.3.*" The pre-equilibrated water
and water-DMSO systems were further subjected to AIMD, as
described in section 2.2.

2.2 Ab initio molecular dynamics (CPMD scheme)

The AIMD simulations were performed using version 4.3 of
the CPMD code starting with the pre-equilibrated systems
from classical MD. AIMD computations were performed
using the plane-wave-pseudopotential framework of Kohn-
Sham density functional theory (DFT), employing the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional within the generalized gradient approximation
(GGA).*? Integration over the Brillouin zone in the reciprocal
space was done with a single gamma point. An energy cutoff
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of 70 Rydberg was found to be optimal for achieving
convergence in energy calculations. Within CPMD, the
fictitious electron mass parameter of 400 atomic units (au)
was set. Prior to the molecular dynamics run, geometry
optimization of the system was performed. During the AIMD
simulations, energies, including fictitious electronic kinetic
energy, were continuously monitored to ensure adherence to
the Born-Oppenheimer surface. Initially, this step was
performed without a thermostat to verify the accuracy of the
fictitious mass parameters and to ensure that the electronic
kinetic energy does not deviate. Subsequently, a Nosé-Hoover
chain thermostat was employed to regulate both ionic and
electronic temperatures. The ionic thermostat frequency was
set to 3000 cm ™', aligning with typical C-H and O-H bond
vibrations. Meanwhile, the electronic thermostat frequency
was set to 10000 cm™" to prevent coupling between ionic and
electronic dynamics across all systems. The molecular
dynamics time step utilized in the simulation was 0.0967 fs.

2.3 Metadynamics implementation

To be able to access reaction timescales in AIMD and to
compute the free energy surface (FES) in the reaction
coordinate space, we integrated metadynamics with CPMD.
This combined approach accelerates dynamics along the
selected reaction coordinates and also computes the free
energy surface as a function of those reaction coordinates.
Metadynamics technique is based on the addition of
Gaussian potentials at specific time intervals, filling up the
FES, a concept developed by Laio and Gervasio.*>** The
potentials added during the simulations are tracked,
enabling the construction of FES as a function of predefined
collective variables (CVs) or reaction coordinates. The
subsequent subsections explain the specification of CVs
pertinent to conformational analysis and to aldol addition
reactions.”” The height of the Gaussian hill potential was
maintained at 2.6 kJ mol™". The minimum and maximum
number of steps for intermediate metadynamics iterations
were 25 and 50 respectively, ensuring the system progresses
steadily through the metadynamics simulation. The dynamics
of the collective variables were decoupled from the ionic and
fictitious electronic motions by selecting an appropriate
fictitious mass for the collective variables. The temperature

Torsion Angle ¢, Torsion Angle ¢,

Ao A

.
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Fig. 1 Collective variables (CV; = @;; CV, = @,) for the conformational
sampling of 5,6-enol molecule in solvent, using CPMD-metadynamics.
Structure highlighted in red denotes the atoms involved in the dihedral
angle which is defined as the CV. Blue triangles represent solvent
molecules, simulating a condensed phase environment.
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of the collective variables was set to 433 K and controlled
within a window of 200 K using velocity rescaling. To
explore the effect of the solvent composition on the
conformation of the 5,6-enol, FES in CPMD-metadynamics
was computed as a function of torsion angles to identify the
most stable conformation of the molecule in pure water and
in the presence of DMSO. The combination of collective
variables CV; and CV, are two torsion angles ¢, and ¢, (see
Fig. 1), specifying two sets of carbon atoms of 5,6-enol, ¢; (1-
4) and ¢, (3-6). The two torsion angles (¢, and ¢,) enable the
efficient sampling of both the linear chain and quasi-cyclic
conformations of the 5,6-enol. These angles capture the key
conformational changes, facilitating the exploration of the
molecule's free energy landscape.

To perform the aldol addition reaction, the system was
first equilibrated, performing unbiased CPMD simulation,
using the most stable 5,6 enol configuration from the
conformational analysis for each solvent composition by
keeping the torsion angles constant. After that, the aldol
addition  reaction performed by implementing
metadynamics, releasing the constraint on the torsion angles
of the 5,6-enol molecule. Two collective variables (CVs) were
chosen considering the carbon-carbon bond formation and
deprotonation of the adjacent hydroxyl group of carbon 5
from 5,6-enol. CV; represents the coordination number
between the carbon atoms of 5-HMF' and the 5,6-enol
(carbons 5 and 7), leading to dimer formation (refer to
Fig. 2). CV, was defined as the difference in coordination
number between the oxygen atom of the 5,6 enol and the
oxygen atom (Oy) of a neighboring water molecule specified
in CV,. For the reactant state, the set of collective variables
displays values of [0,1]. CV; equals 0 means there is no bond
between carbon atoms 6 and 7, while CV, = 1 indicates that
it is bonded with the oxygen atoms bonded to carbon 5.
Meanwhile, [1,1] corresponds to the product, indicating the
bond between the carbon atoms 6 and 7 and the
deprotonation of the oxygen of carbon 5.

was

2.4 DFT calculations in gas phase

To examine the impact of molecular conformational changes
on the energy profiles of the aldol addition reaction without
the influence of solvents (to decouple solvent effect from
conformational effect on activation free energy), the most

A A A

HO OH
A 0. 7/ A
1275 (]
A A 9 A A
5-HMF*

Collective Variable CV;= Coordination No. Cg and C;
Collective Variable CV,= Difference in Coordination No. between O(Cs) and O,, with Hs

5,6 enol

Fig. 2 Collective variables CVs for the aldol addition reaction using
CPMD-metadynamics. Blue triangles represent solvent molecules,
simulating a condensed phase environment.
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stable 5,6-enol conformations associated with pure water and
a water-DMSO mixture (1,3 wt) were selected. The torsion
angles corresponding to these conformations were fixed
during quantum mechanical DFT gas-phase calculations to
isolate and analyze the effect of molecular conformation on
reaction energetics.>* The hybrid functional B3LYP combined
with 6-311++G (2d,p) basis set is used using Gaussian 09
code.*® Before the TS calculations were performed using the
Berny algorithm, the dihedral angles were kept constant,
corresponding to the most stable configurations for the 5,6
enol in pure water and in water-DMSO mixture. Intrinsic
reaction coordinate (IRC) analysis and frequency calculations
were performed to confirm that the TS corresponds to both
the reactant and product along the reaction coordinate.*”*®
Subsequently, the geometries of the reactant and product
conformers were reoptimized to calculate the reaction-free
energies at 433 K, the same temperature as for the CPMD
simulations."* The convergence criterion for the self-
consistent field (SCF) was set to an energy change threshold
of 1.00D-06. The Zundel cation, a simplified representation
of the solvated proton H;0,", was selected as the acid catalyst
for this study. A conformational analysis was conducted to
identify the ground state of the initial system formed by the
interaction between the 5,6-enol and the Zundel structure. All
energy values are reported in k] mol ™.

3. Results

3.1 Solvent influence on 5,6-enol molecular conformation

The kinetics of the aldol addition reaction can be influenced
by the relative stability of the reactants, which, in turn, gets
altered due to molecular conformations that reduce steric
hindrances.”® These conformational changes are strongly
affected by solvent-reactant interactions.>**> It is well
established that the addition of polar organic solvents, such
as DMSO, can significantly modify the conformations of
molecules containing polar functional groups, such as those
derived from biomass.*>**>' The torsional flexibility of the
open chain molecule, and the presence of functional groups
such as hydroxyl and carbonyl, makes it sensitive to its
surrounding solvent environment. Fig. 3 presents the FESs
for the molecular conformational analysis of 5,6-enol,
computed using CPMD-metadynamics, as detailed in section
2.3, for two different solvent systems: pure water and a
water-DMSO mixture (1,3 mass ratio). The convergence
criteria are presented in section 2 of the ESLf It is observed
in Fig. 3a for pure water system that the most stable
conformation of 5,6-enol occurs at torsion angles (¢; = 196°
and ¢, = 206°), corresponding to the open-chain form which
is almost linear. This conformation is approximately 135 kJ
mol ™ more stable than another local minimum at (¢, = 234°
and ¢, = 80°), which resembles a quasi-cyclic conformer. The
enhanced stability of the linear configuration arises from
hydrogen bonding between water molecules and the hydroxyl
groups at carbons 2, 5, and 6, as well as the carbonyl group
at carbon 1. This observation aligns with previous

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Free energy landscape of the conformational analysis of
5,6-enol, computed using CPMD-metadynamics simulations. The free
energy is computed as a function of dihedral angles in degrees, with
explicit solvent molecules treated quantum mechanically. a) Pure
water and b) water-DMSO mixture (1,3 mass ratio). Refer to Fig. 1 for
the definitions of the collective variables CV; and CV,. Free energies
(AGR) are reported in kJ mol™.

experimental and computational studies, which suggest that
the polar groups of carbohydrates are stabilized by
interactions with water molecules.’>** The enol polar groups'
interactions with solvent molecules create water-rich domains
that can influence and alter the molecule's configuration. In
contrast, as shown in Fig. 3b, in the presence of DMSO, the
torsion angles of the 5,6-enol undergo significant changes,
causing the carbonyl oxygen at carbon 1 to interact with the
anomeric carbon at position 6. This interaction leads to the
formation of a quasi-cyclic conformer. To explain the change
in molecular conformation, we computed the total number
of hydrogen bonds between the polar groups of 5,6-enol
(hydroxyl groups at carbons 6, 5 and 2, and carbonyl group at
carbon 1) and the solvent molecules for both solvent
composition throughout the simulation (see Fig. S7 in ESIf).
The analysis revealed that the H-bond count of the 5,6-enol
polar groups in the pure water system was three to five times
higher than that in the water-DMSO system throughout the
simulation (see Fig. S7t). This reduction can be attributed to
DMSO's disruptive effect, where its polar sulfoxide group
strongly interacts with water molecules, limiting their

This journal is © The Royal Society of Chemistry 2025
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availability for hydrogen bonding.>> As a result, fewer water
molecules can form hydrogen bonds with the polar groups,
weakening the overall hydrogen bond network. Consequently,
the decreased hydrogen bonding in the water-DMSO system
reduces the stability of the 5,6-enol, suggesting that
molecular conformational changes are driven by
intramolecular interactions rather than hydrogen bonding
with the solvent, as seen in pure water. These findings are
aligned with those of Plazinski et al.,>* who observed similar
solvent-dependent shifts from extended to quasi-cyclic
structures for p-galactose and bp-talose when transitioning
from water to DMSO as the solvent.

3.2 Solvent effect on reaction mechanisms and energetics of
aldol addition

5,6-Enol can undergo aldol addition with 5-HMF" due to the
high nucleophilicity of its a-carbon.®'* This nucleophilicity
allows it to attack the electrophilic carbonyl carbon of
5-HMF’, forming a new carbon-carbon bond and yielding a
B-hydroxy carbonyl compound as the product.”® To
investigate the aldol addition reaction between 5,6-enol and
5-HMF', we employed CPMD-metadynamics as described in
section 2.3. This approach accounts for solvent dynamics and
polarizability by treating the explicit solvent molecules
quantum mechanically and taking finite temperature
dynamics into account. Here, we do not predetermine
whether the aldol addition follows a concerted or stepwise
reaction mechanism. This approach, shown in Fig. 2, allows
for the determination of the kinetically preferred minimum
energy pathway under different solvent compositions. Details
regarding the convergence criteria for the aldol addition
simulations can be found in section S3 of the ESL{ The aldol
addition reaction consists of two steps: (i) the formation of
the bond between carbons 6 and 7, and (ii) the transfer of
the Hs proton from the 5,6-enol to water, which acts as a
proton acceptor—resulting in the conversion of the hydroxyl
group at carbon 5 into a carbonyl group. These reaction steps
are not biased to occur in a specific order.

Fig. 4 illustrates the FESs for both solvent compositions as
a function of the two collective variables. In both systems,
three distinct wells are observed on the 3D map,
corresponding to the reactant state (identical for both
systems), the intermediate state (which differs between the
pure water system and the water-DMSO mixture), and the
final product state (also identical for both systems). In the
pure water system, the intermediate in the stepwise aldol
addition corresponds to the formation of bond between
carbon 6 and 7 (denoted as intermediate B in Fig. 4a). This is
followed by the formation of the carbonyl group at carbon 5
because of proton transfer (H;) from the enol to water
molecules in the system. In contrast, in the presence of
DMSO, the intermediate reactions in the stepwise pathway
occur in a different sequence. Initially, the 5,6-enol loses the
hydroxyl hydrogen (H;) at carbon 5, forming intermediate 7.
This is followed by the addition reaction between carbons 6

React. Chem. Eng., 2025, 10, 1517-1526 | 1521
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Fig. 4 CPMD-metadynamics calculated free energy landscape for the
aldol addition reaction in the presence of explicit, quantum
mechanically treated solvent molecules. The free energy barrier is
depicted in blue for the two-step mechanism and in red for the
concerted mechanism. Free energy values are shown in parentheses.
For definitions of collective variables CV; and CV,, see Fig. 2. a) Pure
water system b) water-DMSO 1:3 wt. Activation free energies (AE) and
reaction free energies (AGg) are reported in kJ mol™.

and 7, leading to product formation. In the concerted
mechanism, the bond formation between carbons 6 and 7,
and the transfer of the Hs; proton from 5,6-enol to water
occur in a single step for both solvent compositions. These
observations highlight two key points: (i) the solvent
composition influences the reaction mechanism, and (ii) the
aldol addition reaction can proceed either via a two-step
mechanism or through a concerted pathway in both solvent
environments. Both concerted and stepwise pathways were
explored and evaluated in both solvent compositions. To find
the minimum energy pathway from reactants to products,
first, we identified the key minima (reactant, intermediate,
and product) on the FES. Further, the minimum-energy path
(valleys) was identified, connecting these minima via
different saddle points.
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Fig. 5 Energetics of the aldol addition reaction between 5,6-enol and
5-HMF, as extracted from CPMD-metadynamics computed free energy
surface, shown in Fig. 4. a) Concerted mechanism b) two-step
mechanism. Activation free energies (AE) and reaction free energies
(AGR) are reported in kJ mol™.

Fig. 5 shows the different pathways extracted from the FES
in Fig. 4 and corresponding reaction energetics in a 2D
representation. Activation barriers and free energy changes
(AGR) for the two-step and concerted mechanisms for aldol-
addition in pure water and the water-DMSO (1,3 mass ratio)
systems are shown. In contrast to our previous study using
DFT calculations with implicit solvent models for water and
DMSO, which found no differences in reaction mechanisms
and only identified concerted pathways for both solvents,"’
the current results reveal distinct variations in the reaction
pathways by incorporating solvent dynamics and
polarizability effects through the use of explicit solvent
molecules. In the pure water solvent, the stepwise pathway
presents free energy barriers of 41 k] mol™" (from reactant to
intermediate B) and 33 k] mol™ (from intermediate B to
product). The energy barrier for the concerted mechanism is
57 k] mol™ (from reactant directly to product). Since the
stepwise pathway has a slightly lower energy barrier (41 k]
mol ™) compared to the concerted pathway (57 kJ mol™), the
concerted stepwise pathway becomes kinetically preferred.
On the other hand, in the presence of DMSO, the

This journal is © The Royal Society of Chemistry 2025
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intermediate steps during the stepwise mechanism have free
energy barriers of 87 k] mol™" (from reactant to intermediate
y) 178 kJ mol ™" (addition reaction between carbons 5 and 6).
For the water-DMSO mixed solvent system, a comparison of
the energetics between the stepwise mechanism and the
concerted mechanism, (with the latter having an energy
barrier of 451 kJ mol™) reveals that the aldol addition
reaction would follows the stepwise mechanism in the
presence of DMSO.

It is further determined that the stepwise pathway is
kinetically favored over the concerted pathway in both pure
water and the water-DMSO mixture. However, the aldol
addition reaction has lower free energy barriers for both
mechanisms in pure water compared to the water-DMSO
system. These results align with experimental findings
showing that aldol addition reactions occur at higher rates in
water than in DMSO, indicating that the addition of DMSO
inhibits the formation of oligomeric by-products via aldol
addition in acid-catalyzed biomass reactions.>*?*>*>¢

To analyze the interaction of solvent molecules with the
reacting species during the aldol addition reaction, we
calculated the radial distribution function of the oxygen atom
at carbon 5, where H; transfer occurs, with oxygen atoms of
water and DMSO molecules (see Fig. S16%1). Additionally, by
tracking the distances between nearby water molecules and
the H; proton, we determined that in pure water, the proton
is stabilized by a nearby water molecule. This enables the
addition reaction between carbons 6 and 7 without the need
for complete proton migration to the bulk. This stabilization
creates charge resonance effects between carbons 5 and 6,
along with the bonded oxygen, resulting in a partial
electrophilic site at carbon 6 (see Fig. S111), which enables
the addition reaction to occur without the full migration of
the H; proton to the bulk. In contrast, in the water-DMSO
mixture, the lack of nearby water molecules prevents the
stabilization of H; until it migrates to the bulk of the solution
(intermediate y), thereby allowing the addition reaction to
proceed (see Fig. S157).

3.3 Effect of 5,6 enol molecular conformation on energetics
of aldol-addition

As previously discussed, the configuration of the 5,6-enol—
whether in its linear or quasi-cyclic form—can alter its
stability and promote intramolecular self-stabilization,
thereby influencing the reaction kinetics.**** To validate
this, we examined the effects of molecular conformation
changes in 5,6-enol during its aldol addition reaction with
5-HMF' using DFT calculations in gas phase, excluding,
both implicit and explicit solvent effects. The most stable
5,6-enol configurations—corresponding to pure water and
in water-DMSO (1:3 mass ratio) were selected. Torsion
angles were fixed and held constant throughout the aldol
addition reaction, as described in section 2.4.>**7 The
results demonstrated that the aldol addition between
5-HMF' and the 5,6-enol proceeds in a concerted manner
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Fig. 6 a) DFT computed reaction mechanism (without explicit solvent)
of the aldol-addition reaction of 5,6-enol with 5-HMF*. Transition
states of the reactions are depicted using square brackets and atoms
not taking part in the reaction are faded. b) Free energy profile for the
aldol addition reaction between 5,6-enol and 5-HMF. DFT computed
free energy values for open-chain configuration (pure water) and
cyclic form configuration (water-DMSO) are shown in blue and red,
respectively. Activation free energies (AE) and reaction free energies
(AGg) are reported in kJ mol™.

in gas phase, as shown in Fig. 6a. This finding aligns with
our previous work, where the aldol addition reaction
between 5-HMF' and various enols derived from 5-HMF
was studied under implicit solvent conditions."® The
energy profiles for the aldol addition reaction for the
linear and quasi-cyclic conformations of 5,6-enol are
shown in Fig. 6b. The activation free energy for the quasi-
cyclic conformation of the 5,6-enol (corresponding to the
water-DMSO 1:3 mass ratio) is 66.4 k] mol™" whereas the
enol's linear configuration has an activation free energy
barrier of 61.5 k] mol™'. For the quasi-cyclic conformer,
the anomeric electrophilic carbon 6 interacts with the
carbonyl group at carbon 1, leading to intramolecular
stabilization (see Fig. S17f). In contrast, the linear form of
the 5,6-enol lacks intramolecular interactions, with its
polar groups stabilized by water molecules from the
Zundel structure. The linear conformation exhibits slightly
higher (5 kJ mol™) free energy barrier compared to the
quasi-cyclic conformer, attributed solely to differences in
molecular configuration. However, this energy difference
alone does not fully explain the observed changes in
energetics in the presence of solvent. Therefore, further
investigation into the influence of explicit, polarizable
solvent environments is necessary.
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3.4 Solvent reorganization energies during aldol addition
reaction

Solvent reorganization energy is the energy required to
reorient solvent molecules around a reacting species during
an electron/charge transfer process.®® The redistribution of
charge within the reacting species during a chemical reaction
induces solvent polarization, thereby modifying the
neighboring solvent environment. This polarization can lead
to solvent molecules' reorientation around the reactant. The
energy penalty associated with the redistribution of solvent is
known as the solvent reorganization energy (A).° The free
energy barrier of the reaction performed in the condensed
phase includes A, which represents the energy needed to shift
the solvent from its equilibrium configuration around the
reactant to the new equilibrium configuration of the
products. During the aldol addition of 5-HMF" and 5,6-enol,
the hydroxyl at carbon 5 oxidizes to a carbonyl functional
group, with H; transferring to a neighboring water molecule,
while the C-C bond forms between carbons 6 and 7, leading
to intramolecular charge redistribution within the reacting
species. This would result in neighboring solvent molecules
having to reorganize themselves. To assess the extent of
solvent reorganization in response to the charge
redistribution, we calculated the solvent reorganization
energy (A). The concerted aldol addition mechanism was
chosen as the case study because it proceeds identically in
both water and water-DMSO (1:3 wt) systems and the
difference in activation free energies in water and water-
DMSO environment is significant. In contrast, the stepwise
mechanisms occur in a different sequence in pure water
compared to that in the presence of DMSO. Additionally,
since the charge redistribution in the reacting species is
occurring in multiple steps, the effect on solvent molecules
would be less pronounced as compared to the concerted
mechanism and this is evident from the observation that the
free energy barrier difference between water and water-
DMSO system is much smaller for the stepwise mechanism.
For both solvent compositions, the minimum energy
pathways for the concerted aldol addition reaction were
mapped to generate 2D free energy profiles. To determine 2,
the reactant well was projected to the product well (post-aldol
addition) using polynomial numerical fitting, as illustrated in
Fig. 7. It is observed that the solvent reorganization energy
(A) is 157 kJ mol™ in pure water and 451 k] mol™ in the
water-DMSO (1:3 wt) mixture. The lower A value in pure
water indicates that the solvent environment needs lesser
reorganization with the change in reactant species’ charge
distribution. This reduced A in water leads to a lower
activation energy barrier. In contrast, the higher A in the
water-DMSO (1:3 wt) mixture suggests that solvent
molecules in presence of DMSO require more energy to
reorient along the reaction coordinates, leading to an
increased activation energy barrier. These findings align with
previous work, where we determined that adding DMSO as a
cosolvent in an aqueous system increased A during the
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minimum energy pathway for the concerted mechanism in a) pure water
and b) water-DMSO. All free energy values are in kJ mol™.

deprotonation reaction of 5-HMF in an acidic environment.®’
In that study, we demonstrated that water molecules undergo
a more extensive molecular rearrangement due to the steric
hindrance imposed by DMSO molecules. In contrast, in pure
water, less reorientation is required to efficiently facilitate
the charge transfer step, resulting in a lower associated
energy penalty. Water's higher dielectric constant compared
to DMSO enhances its ability to stabilize charge separation,
reducing the energy required for solvent reorganization
during the aldol addition reaction. DMSO (8.28 A®) exhibits
higher molecular polarizability than water (1.34 A%),*
meaning its electron cloud is more readily distorted by

This journal is © The Royal Society of Chemistry 2025
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electric charge redistribution from the reacting species. In
contrast, the lower polarizability of water results in smaller
perturbations to the solvent's electron cloud, leading to a
reduced reorganization energy.®> These results are also in
agreement with previous work studying the aldol addition
reaction of 5-HMF" with other enol molecules; the addition
of acetone as a polar aprotic solvent into the aqueous system
results in a higher energy barrier compared to pure water
solvent.®® Based on the results of this work, a similar
conclusion can be drawn regarding the higher energy free
energy barrier observed in the aldol addition reaction
compared to the pure water solvent. Since acetone (6.27 A)
has higher polarizability than water, acetone may undergo
more molecular reorganization in response to the
redistribution of charge in the reacting species.®® This
increased reorganization leads to a higher solvation energy
and consequently a higher free energy barrier for the
reaction. These findings provide valuable insights into how
the addition of aprotic solvents alters the kinetics of aldol
addition through solvent dynamics and reorganization. In
particular, the use of aprotic solvents, such as DMSO, has
been widely employed to tune the properties of biopolymers
and enhance the selectivity of specialty chemicals or biofuels
produced via aldol addition.

4. Conclusions

This study investigates how solvent environment, and its
characteristics affect the kinetics of the aldol addition
reaction between 5-HMF' and 5,6-enol, using ab initio
molecular dynamics (AIMD) simulations that account for
solvent polarizability, temperature effects, and dynamics.
Solvent composition significantly impacted the reaction
mechanisms. In pure water, the stepwise mechanism
involved C-C bond formation followed by proton transfer,
while in water-DMSO (1:3 mass ratio), proton loss preceded
C-C bond formation. In both environments, the concerted
mechanism had higher free energy barriers. In pure water,
the stepwise pathway showed barriers of 41 and 33 KkJ
mol™*, compared to 57 k] mol™" for the concerted path. In
water-DMSO, the concerted mechanism had a much higher
barrier (451 kJ mol™), while the stepwise pathway had 87 k]
mol™ for deprotonation and 178 kJ mol™ for addition
reaction. Conformational changes in 5,6-enol showed that it
adopts an open structure in pure water, stabilized by
hydrogen bonding, while DMSO favors a quasi-cyclic form.
The difference in free energy barriers cannot be fully
explained by these conformational changes, as the quasi-
cyclic form is only ~5 kJ mol™ higher in energy. Solvent
reorganization energy during aldol addition is ~157 kJ
mol™ in pure water and ~451 k] mol™ in water-DMSO,
highlighting the significant energy required for solvent
reorientation in the presence of DMSO. This is due to
water's higher dielectric constant and DMSO's higher
polarizability. In conclusion, this study provides insights
into how solvent environments alter reactant configurations
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and aldol addition kinetics, emphasizing the importance of
accounting for solvent dynamics and polarizability in
biomass conversion processes for fuels, biopolymers, and
chemicals.
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