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Solvent usage is one of the most critical factors for the carbon footprint of the chemical and pharmaceutical
industries. Therefore, finding suitable green solvents that can be sourced from biomass is necessary for
more sustainable manufacturing processes. One of the greenest solvents is water, and chemical
transformations in aqueous solution play an increasingly important role. To guide the search for suitable
green solvents for extractions from aqueous solution, eleven biobased solvents were systematically
evaluated with 132 absolute free energy calculations based on 1728 molecular dynamics simulations.
These kinds of calculations are used in modern computer-aided drug discovery for protein-ligand
binding because of their high accuracy and the ability to account for dynamic changes of heterogenous
nanostructures. Based on the calculations, 1-butanol and cyclopentanol are recommended for
extractions of hydrophilic molecules with a decadic logarithm of the partition coefficient between 1-
octanol and water (logP) below 0.5, while cyclopentyl methyl ether and butyl methyl ether are
recommended for hydrophobic solutes with logP > 2.6. Ethyl acetate and 1-pentanol are suitable for
solutes in the mid-range. These findings are verified based on experimental extraction efficiencies from

an aqueous solution in a micelle-enabled cross-coupling transformation. The extraction yields confirm
Received 6th October 2024

Accepted 1st February 2025 the computational results, and also show that only the six most hydrophilic solvents lead to a clear phase

separation in the presence of residual organic solvents and surfactants. This highlights that aqueous
DOI: 10.1039/d4su00628¢ micellar media require special extraction solvents. Overall, both molecular level insight and practical

rsc.li/rscsus considerations are needed for the selection of suitable green solvents.

Sustainability spotlight

This study reports an in silico approach to identify optimal solvent for pre-treatment of waste water, offering significant benefits in terms of CO, release ulti-
mately. The process is illustrated with a real case study that shows its impact on the production of an active pharmaceutical ingredient. The process is
particularly timely as water-based chemistry has grown significantly in importance in the last 10 years, in particular in the pharmaceutical industry. Within this
account, we seek to contribute to the UN Sustainable Development Goals 9 (industry, innovation and infrastructure), 12 (responsible consumption and
production), and 13 (climate action).

1 Introduction relative to the reactants.>® The purification and isolation steps
often rely on the relative solubility of the product in different
Solvent selection has a major impact on the environmental phases such as in liquid-liquid extraction,** crystallization,””
footprint in chemical production processes, as they represent or distillation.*” However, the most commonly used solvents are
about 80% of the total life cycle mass and 75% of the total still fossil-fuel based, and often problematic for the environ-
energy consumption.* Selecting the right solvent can influence ment.'! Finding green alternatives to conventional solvents
reactions by stabilizing certain intermediate states or products ~should reconcile two different demands. On the one hand, the
solvents should come from renewable resources and exhibit
beneficial environmental, health, and safety properties. On the
«Centre for Enzyme Innovation, School of Biological Sciences, University of Other hand, the green alternatives should still have the correct
Portsmouth, Portsmouth, UK. E-mail: gerhard.koenig@port.ac.uk solubility profiles for the solutes in the application. Unfortu-
"Laboratoire d'Innovation Moléculaire et Applications (UMR CNRS 7042), Université  nately, the necessary experimental solubility profiles to choose
de Strasbourg, Université de Haute Alsace, ECPM, 67087 Strasbourg, France the I‘ight solvent for the molecules of interest are often not
‘Chemical & Analytical Development, Novartis Pharma AG, 4056 Basel, Switzerland. . . . .
F-mail: fabrice. gallou@novartis.com avalla.ble, .WhI.Cl.l is why solvent selection often has to rely on
T Electronic supplementary information (ESI) available: Molecular structures of chemical intuition.
the benchmark solutes, NMR spectra, densities, and partition coefficient data of The greenest and most sustainable solvent is water, which,
the solvents. See DOI: https://doi.org/10.1039/d4su00628¢ therefore, plays an increasingly important role as a reaction
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medium for biocatalytic and micelle-enabled processes.'>*
However, the extraction of products from water can be difficult,
especially for hydrophilic compounds and biocatalysis.*
Another challenge can be the cleaning of the resulting waste
water before disposal,’ which might require extractions with
other solvents. Therefore, finding suitable solvents for extrac-
tions from water is highly relevant for green chemistry (Fig. 1).
From a theoretical point of view, the efficiency of different
solvents in extracting a particular solute from water is quanti-
fied by the corresponding partition coefficient, P, which is the
ratio of the solute concentration between the aqueous and the
organic phase at chemical equilibrium. A high partition coef-
ficient indicates better extraction efficiencies, which also means
that less organic solvent is required.

To test their suitability for extractions from water, the
partition coefficients of a series of common biobased solvents
are evaluated with absolute free energy calculations based on
molecular dynamics simulations: cyclopentanol, ethyl acetate,
1-butanol, 2-pentanol, 2-methyl tetrahydrofuran, 1-pentanol,
cyclopentyl methyl ether, butyl methyl ether, butyl acetate, 1-
octanol, and methyl oleate. These solvents were selected to span
a range of different levels of hydrophobicity, with cyclopentanol
being the most hydrophilic and methyl oleate being the most
hydrophobic molecule based on their partition coefficients
between water and 1-octanol (logP). Importantly, all of the
considered solvents can be sourced from biomass. Cyclo-
pentanol, 2-pentanol, 2-methyl tetrahydrofuran, and 1-octanol
can be produced from lignocellulosic biomass,***® while n-ethyl
acetate, n-butyl acetate, 1-pentanol, and 1-octanol can be
synthesized by fermenting sugars.>*** The production of 1-
butanol via acetone-butanol-ethanol fermentation is one of the
oldest biotechnological techniques and has been used on an
industrial scale since World War 1.>* N-Butyl methyl ether can be
produced electrochemically from biomass-derived valeric
acid.” Finally, methyl oleate is a biodiesel that can be obtained
from an esterification reaction of vegetable oil.*®

In terms of greenness, life cycle analysis, health and safety,
the Pfizer solvent selection guide lists 1-butanol and ethyl
acetate as preferred green solvents, and 2-methyl tetrahydro-
furan as useable.”” Other solvents were marked as yellow (scores
between 4 and 7, where 10 is green) in the GSK solvent selection
guide,” which includes 2-pentanol, butyl acetate, and cyclo-
pentyl methyl ether. The rest of the solvents have not been
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Fig. 1 Green solvents that can be sourced from biomass: cyclo-
pentanol, ethyl acetate, 1-butanol, 2-pentanol, 2-methyl tetrahydro-
furan, 1-pentanol, cyclopentyl methyl ether, butyl methyl ether, butyl
acetate, 1-octanol, and methyl oleate.
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considered in solvent selection guides so far. Here, the main
evaluated application is the cleaning of chemical waste water
from pharmaceutical processes with the selected solvents, so no
further downstream separation operations to recover the
solvents are considered. Importantly, all considered solvents
pose a low hazard to water according to the German water
hazard class system (WGK 1), which makes them interesting for
waste water cleaning before it is released into the environment.
Only 2-methyl tetrahydrofuran is classified as hazardous (WGK
2).

The remainder of this paper is structured as follows. First,
the underlying theory of distribution coefficients and transfer
free energies is explained. Since insufficient experimental data
are available for most of the selected solvents, the simulation
method is validated in a series of steps. First, the densities from
the simulations were compared to experimental values. Second,
the correct distribution behaviour of water between the aqueous
phase and the organic phase was checked. Third, the partition
coefficients between water and 1-octanol were determined for
twelve molecules with a broad dynamic range and even spacing
of hydrophobicities (Fig. S1 of the ESIf) using all eleven
solvents. The results are compared to experimental data to
determine any weaknesses in the force field parameters. Fourth,
the simulation results for the twelve test solutes are compared
to available experimental partition coefficients in 1-octanol and
1-butanol. After validation of the simulation protocols, the
partition coefficients of the twelve solutes in the different
solvents are presented. Based on the high correlation with the
widely available partition coefficients between water and 1-
octanol, some guidelines for selecting a suitable solvent for
extractions from water are provided. These guidelines are then
verified based on experimental extraction efficiencies of an
aqueous solution from a micelle-enabled cross-coupling trans-
formation. Finally, the methodological details of the simula-
tions and experiments are described.

2 Theory

The partition coefficient, P, is a dimensionless ratio of the
concentrations of a solute that distributes among two immis-
cible phases.” It is related to the number of extraction steps
that are necessary to remove a given amount of solute from
solution, and, therefore, it is a measure of extraction efficiency.
Here, the partition coefficients were calculated with a thermo-
dynamic approach in two steps: first, by transferring the solute
of interest (S) from aqueous solution (wat) to an ideal gas state.
Second, by transferring the solute from the ideal gas state to the
wet organic solvent of interest (X). The resulting transfer free
energy of the solute from water to the solvent of interest
(4GS .ix) is related to the partition coefficient (P) via

AGS, . =—kTIn P} =—TIn [g}x : (1)

wat

where £ is the Boltzmann constant, T is the temperature, and
the brackets [] denote the molar concentration in the phase that
is indicated by the subscript. By assuming an ideal solution, we
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neglect the corresponding activity coefficients. The decadic
logarithm of the partition coefficient then corresponds to
-AGS

1 PS — wat—>X. 2
8 IX T kT In(10) 2)

In pharmaceutical applications, the decadic logarithm of the
partition coefficient between water and 1-octanol is often
abbreviated as “log P’ or “log K,,”. To avoid confusion, the
abbreviation log P is used for a general partition coefficient. The
log P for a specific solvent is denoted as log Py, where X is
replaced by the abbreviation of the solvent of interest (for
example, log Pgy for the decadic logarithm of the partition
coefficient between water and 1-butanol). For consistency with
the literature, the abbreviation log P is used exclusively for the
decadic logarithm of the partition coefficient between water and
1-octanol.

3 Methods

3.1 Absolute free energy simulations

Absolute free energy simulations are the latest stage in the
evolution of rigorous physics-based methods for computational
drug discovery, accounting for entropic effects and dynamic
structural changes in protein-ligand binding.**** To determine
the partition coefficients with such free energy simulations, the
associated transfer free energies of a series of ligands were
calculated from water to the wet organic phase. This transfer
process is analogous to the transfer of a ligand from water to
a protein binding pocket in protein-ligand binding affinity
calculations. The relative binding affinity of a ligand to the wet
organic solvent phase with respect to water can be directly
converted to partition coefficients.*® The main motivation for
using this technique is the possible formation of inverse
micelles in the wet organic phase, creating heterogeneous and
dynamic nanoenvironments that can accommodate amphi-
philic solutes like active pharmaceutical ingredients. The
partition coefficients were calculated for a series of different
solvents: cyclopentanol, ethyl acetate, 1-butanol, 2-pentanol, 2-
methyl tetrahydrofuran, 1-pentanol, cyclopentyl methyl ether,
butyl methyl ether, butyl acetate, 1-octanol, and methyl oleate.
Twelve simple solutes were evaluated, water, acetamide, meth-
anol, ethanol, tetrahydrofuran, methanethiol, aniline, phenol,
ethane, benzene, cyclohexane, and hexane, as used in previous
studies.®*** All molecules are listed in the order of their
hydrophobicity, starting with the most hydrophilic molecules
and ending with the most hydrophobic molecules, as deter-
mined from the partition coefficient between water and 1-
octanol.

All free energy calculations used CHARMM,**® with the
CHARMM General Force Field (CGenFF) for molecules.”” In an
extensive evaluation of several force fields by Kashefolgheta
et al.,*® the CHARMM force field gave the most accurate results
for cross-solvation free energies of alcohols. CHARMM has been
developed for biomolecular simulations, which makes it suit-
able for biobased solvents, but it is not suitable for all solvents
in general, as it lacks parameters for chlorinated solvents, and
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can lead to biased results for amines. In addition, CHARMM
was used successfully in previous partition coefficient calcula-
tions,* as well as solvation free energy calculations of the
selected solutes.>*** The free energy differences were computed
with Bennett's acceptance ratio method, as implemented in the
FREN module of CHARMM.***' The simulations in water used
2971 TIP3P water molecules,*>** while the wet organic phases
contained 512 solvent molecules, along with water molecules
according to the experimental mole fractions (between 0.0053
for cyclopentyl methyl ether and 0.512 for cyclopentanol).*->
The only exceptions were 1-octanol and methyl oleate, which
contained 411 and 189 solvent molecules, respectively. The
length of the cubic simulation boxes varied between 4.44 and
4.88 nm.

The temperature was maintained at 300 K with a Nosé-
Hoover thermostat. The Particle Mesh Ewald method® was used
for electrostatic interactions, while the Lennard-Jones interac-
tions were switched off between 10 and 12 A. All solute-solvent
pairs were first equilibrated for 1 ns at constant pressure, fol-
lowed by an additional 1 ns equilibration at constant volume for
each A alchemical transformation state. Production simulations
of each phase were conducted for 20 ns. All simulations were
performed with a time step of 2 fs, saving frames every 1000
steps. SHAKE®** was used to keep water rigid. To ensure proper
sampling of all relevant solute degrees of freedom, A-Hamilto-
nian Replica Exchange® was employed to exchange structures
between neighboring A-points every 1000 steps. Standard devi-
ations were calculated from 10 blocks of 2 ns for each free
energy simulation.

The transfer free energies were calculated as described in ref.
56, using a constant volume. The transfer from water to each
organic phase was broken down into four steps: First, the
charges of the solute were gradually turned off in water (1 = 0.0,
0.2, 0.55, and 1.0). Second, the uncharged solute in aqueous
solution was mutated to dummy atoms without any non-
bonded interactions (A = 0.00, 0.15, 0.30, 0.45, 0.60, 0.75, 0.87,
0.96, and 1.00). Third, and fourth, the analogous trans-
formations were performed in the organic phase, where the
non-interacting molecule was transferred into the organic
solvent, followed by the gradual reintroduction of van der Waals
and electrostatic interactions in the organic phase. Soft core
potentials, as implemented with the PSSP command in the
PERT module of CHARMM, were used to avoid the end point
problem in the simulations with dummy atoms.*”*®

3.2 Experimental extraction efficiencies

A cross-electrophilic cross-coupling transformation under
micellar conditions was used as an example.*>* The chemistry
of this reaction has been developed and demonstrated on
a multi-kilogram scale, using one equivalent of aryl bromide
and one and a half equivalents of iodopiperidine salt and TPGS-
750-M as the surfactant for micellar catalysis. In this process,
the product forms smoothly in a highly selective manner,
resulting in the desired cross-coupling product formed in 85%
isolated yield and purity above 99%, with no proto-
deboronation, and with only competitive side-reactions on the

RSC Sustainability, 2025, 3,1539-1549 | 1541
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iodopiperidine. At completion, the solid zinc by-products and
zinc were removed by filtration on cellulose, and the crude
reaction mixture was extracted with a minimal amount of 2-
methyl tetrahydrofuran. The product was finally crystallized
from a mixture of 2-methyl tetrahydrofuran (residual), iso-
propanol, and water, containing the surfactant TPGS-750-M
(copper = Cu,0 0.15 mol%).

The combined aqueous waste streams from the initial
extraction, and the mother liquor, enriched in organic compo-
nents, were used. The mother liquor was distilled to remove as
much of the volatile components as possible. After distillation,
TPGS-750-M had started to hydrolyze into vitamin E succinate
and PEG-750-M (<10% weight). The bulk remained TPGS-750-M
(>90%).

A stirring bar was added to the crude wastewater and stirred
until a homogenized solution formed. 5.0 mL of the homoge-
nized waste water at pH 8.5 were removed with an Eppendorf
pipette under constant stirring and placed in a 15 mL glass vial
equipped with a stirring bar. The exact mass of the waste water
was measured and 20% by weight of the organic solvents were
added via an Eppendorf pipette. The biphasic mixture was then
vigorously stirred for 16 h at room temperature and allowed to
rest for 30 min for phase separation. The aqueous phase was
then removed carefully via a glass pipette and the mass balance
was noted. A 50 mL sample of the extracted wastewater was
taken for quantitative NMR analysis with CH,Br, (20 mL) as the
internal standard. The experimental conditions were chosen
based on previous work."

4 Results and discussion
4.1 Validation of the simulation protocol

Several previous studies have used free energy simulations to
calculate partition coefficients,*** and partition coefficients
have become a benchmark system for the accuracy of molecular
simulations.>***”® Based on the experience from previous free
energy simulations, the expected accuracy of such calculations
lies between 1 and 5 kcal mol™*. The deviations are mostly ex-
pected to arise from misrepresentations of the aqueous phase,
as hydration free energies commonly exhibit deviations
between 1 and 3 kcal mol .*** In our previous study of
partition coefficients of 1-octanol and 1-butanol, errors of
merely 0.2 log P units were observed, which are on the same
order as the statistical uncertainties.*® A blind prediction of the
partition coefficient of cis-cyclohexane-1,2-diol between water
and 1-butanol yielded an error of just 0.02 log P units,** which
further supports the confidence in the simulation results.
Unfortunately, no or very few experimental partition coeffi-
cients are available for the selected biobased solvents. For this
reason, the validation of the simulation protocol relied on
a series of other data. Table S1 of the ESIT lists the densities of
the pure solvents obtained from experiments and simulations.
The average error is 2.1%, demonstrating that the simulations
can yield the correct density. The lowest error is observed for
methyl oleate, with a difference of 0.3%. Oleate is a fatty acid,
and, therefore, is expected to be well-represented by the
CHARMM force field, which was developed for biomolecules. 2-
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Methyl tetrahydrofuran exhibits the largest deviation with an
error of 2.9%, which is well below the reported error of 8.8% for
the density of furan of the CHARMM General Force Field.>”
Overall, the errors in the observed densities align well with the
expected average error of about 2% for the force field.*

Another important solvent property for extractions from
water is the water content in the organic phase, which can be
quantified by the partition coefficient of water between aqueous
solution and the organic phase. Higher, positive partition
coefficients for water indicate a higher water content of the
organic phase, which is a sign for hydrophilicity. For example,
the mole fraction of water in wet 1-butanol is 51%, which means
that there are more water molecules than 1-butanol molecules
in the organic phase.*> With relatively high water concentra-
tions in the organic phase, inverted micelles of water can form,
which also influence the uptake of hydrophilic molecules in the
organic phase.****

The partition coefficients of water between the aqueous phase
and the organic phase are shown in Table S2 of the ESL{ In all
cases, the log P values are negative, because the organic phases
represent hydrophobic environments and are immiscible with
water. The most hydrophilic solvents are 1-butanol and cyclo-
pentanol, with a log P value for water of about —0.8. Interestingly,
according to the simulations, the solvents with the least affinity
for water are cyclopentyl methyl ether and butyl methyl ether with
log P values of —2.7 and —2.5. Thus, the two most hydrophilic
biobased solvents considered here can be converted into the two
most hydrophobic environments by forming their corresponding
methyl ether. However, according to the experimental partition-
ing data, methyl oleate is more hydrophobic with a log P value of
—2.8, which can be rationalized by its long aliphatic tail. The
largest deviations from the experimental values are observed for
methyl oleate, and the two esters butyl acetate and ethyl acetate
(errors of 0.5, 0.5, and 0.4, respectively), but the observed
discrepancies are much lower than the average error of 3.3 log P
units reported for partition coefficient calculations of cyclo-
hexane with a similar protocol.>® Overall, the agreement between
the simulated and the experimental partition coefficients for
water is excellent, with a mean signed error of around 0.1 and
a root mean square error of about 0.3 log P units.

As another test of the quality of the force field parameters,
the partition coefficients of all solvent molecules between water
and 1-octanol were calculated (denoted as log P here, but also
known as logK,,). Within the framework of the European
REACH legislation, water-octanol partition coefficients have to
be determined for the registration of chemicals to estimate their
toxicokinetic behaviour and bioaccumulation potential. There-
fore, experimental log P values are available for a wide range of
compounds, including the considered biobased solvents.

The simulated and experimental partition coefficients
between water and 1-octanol for the considered solvent mole-
cules are listed in Table S4.7 The largest deviation from the
experimental values was again observed for methyl oleate, with
an error of 0.9 log P units. However, this error is still within the
reported experimental 95% prediction interval of 1.22logP
units.®* Therefore, the overestimation of the hydrophobicity of
methyl oleate is not significant. Similarly, the hydrophobicity of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison between the simulated and 27 experimental
partition coefficients (log Psimuiation and  10g Pexperiment)-  FOr the
selected biobased solvents, experimental reference values were
mainly found for 1-octanol and 1-butanol. Overall, the mean signed
error (MSE) of the simulations is 0.18 and the root mean square error
(RMSE) is 0.33. The coefficient of determination (R?) is 0.98. With
a slope of 1.04, the simulation results tend to slightly overestimate
hydrophobicity and hydrophilicity. The error bars correspond to the
standard deviations from 10 blocks of 2 ns.

cyclopentyl methyl ether (error of 0.6logP units) and cyclo-
pentanol (error of 0.6 log P units) was overestimated. Overall,
a mean signed error of around 0.2 and a root mean square error
of about 0.4logP units were achieved, indicating excellent
agreement with experimental data.

As a further verification, the accuracy of partition coefficient
calculations for the twelve test solutes was evaluated based on
available data for water—1-octanol and water—1-butanol. The
corresponding results are shown in Table S3.f Similar to the
partitioning data in Table S4,} the mean signed error is around
0.2 and the root mean square error is about 0.4 log P units. This
again indicates excellent agreement with experimental data.
Also, the agreement of the mean signed error and root mean
square error for different solutes (Tables S3 and S4t), and
solvents (1-octanol and 1-butanol data in Table S37) is a sign of
consistently good results.
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Fig. 2 shows a comparison of the experimental partitioning
data (x-axis) and simulated results (y-axis) from Tables S3 and
S4 of the ESIL.{ The black diagonal line indicates what ideal
correspondence would look like. The error bars of the indi-
vidual data points correspond to the standard deviations from
ten block averages. In almost all cases, the simulation results
are very close to the experimental data, which is also demon-
strated by the total mean signed error of 0.18 and the total root
mean square error of 0.33 log P units. The coefficient of deter-
mination (R) is very high at 0.98. The only notable outlier is the
partitioning result for methyl oleate between water and 1-octa-
nol in the upper right corner of the plot, but this result is still
within the experimental confidence interval.

The simulated partition coefficients (logP) of the twelve
solutes between water and all selected biobased solvents are
listed in Table 1. High, positive log P values indicate high
extraction yields. Both the solutes (different rows) and the
solvents (different columns) are ordered based on the experi-
mental partition coefficient between water and 1-octanol of the
corresponding molecule, going from the most hydrophilic to
the most hydrophobic compound. The corresponding standard
deviations from ten blocks were all below 0.2 log P units, with an
average standard deviation of 0.11.

Since all organic solvents are immiscible with water, the
partition coefficients of water (first row) are negative in all cases.
The most hydrophilic solvents are cyclopentanol (CP) and 1-
butanol (BU). These two solvents also show the highest extrac-
tion capabilities for acetamide, methanol, ethanol, and tetra-
hydrofuran. The best solvent to extract methanethiol from water
is 2-methyl tetrahydrofuran (2T). The best solvent for the
extraction of aniline and phenol is ethyl acetate (EA). Butyl
methyl ether (BM) shows high affinities for ethane, benzene,
cyclohexane, and hexane.

4.2 Derivation of guidelines for solvent selection

To identify general trends in the extraction efficiencies of the
different solvents, linear regressions with respect to the parti-
tion coefficients between water and 1-octanol were performed.
This is motivated by the observation of strong correlation

Table 1 Simulated partition coefficients (log P) of twelve simple solutes between aqueous solution and the selected biobased solvents:

cyclopentanol (CP), ethyl acetate (EA), 1-butanol (BU), 2-pentanol (2P),

2-methyl tetrahydrofuran (2T), 1-pentanol (1P), cyclopentyl methyl ether

(CM), butyl methyl ether (BM), butyl acetate (BA), 1-octanol (OC), and methyl oleate (MO). More positive log P values indicate higher extraction

yields
CP EA BU 2P 2T 1P CM BM BA OoC MO

Water -0.8 -1.1 -0.8 —-1.2 -1.6 -1.2 0.8 —-2.5 —-1.5 -1.5 —-2.3
Acetamide 0.2 —-0.4 0.1 0.0 —0.6 0.0 —-1.5 -1.3 -0.7 —0.4 —-1.6
Methanol -0.2 —0.4 -0.2 -0.3 —0.6 —-0.4 0.9 -1.1 —0.6 —0.6 —-1.2
Ethanol 0.2 0.1 0.2 0.1 0.0 0.1 1.9 —-0.6 —-0.1 —0.1 —-0.7
Tetrahydrofuran 1.0 0.8 1.0 1.0 1.0 0.9 —0.7 0.8 0.8 0.7 0.5
Methanethiol 1.5 1.8 1.4 1.5 1.9 1.5 4.5 1.8 1.8 1.5 1.6
Aniline 1.3 1.5 1.2 1.1 1.2 1.0 4.0 0.8 1.4 0.9 0.8
Phenol 2.2 2.6 1.8 2.1 2.4 1.9 1.7 1.7 2.5 1.6 2.0
Ethane 1.6 2.0 1.7 1.8 2.1 1.8 2.6 2.3 2.0 1.7 1.9
Benzene 2.2 2.5 2.1 2.3 2.6 2.2 2.2 2.6 2.6 2.2 2.4
Cyclohexane 3.3 3.7 3.2 3.5 3.8 3.5 —-1.2 3.9 3.8 3.5 3.7
Hexane 3.7 4.1 3.7 4.0 4.4 3.9 —2.7 4.5 4.3 4.0 4.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Correlation between the log P values of the employed biobased
solvents and the experimental logP in 1-octanol (logP). For each
solvent, the linear regression equation is shown in addition to the
coefficient of determination (R?).
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between the partition coefficients of 1-octanol and 1-butanol in
previous calculations,*® which was also verified experimen-
tally.” The slope of the regression analysis of the theoretical
partitioning data for 1-octanol and 1-butanol for the selected
twelve solutes agrees with the corresponding slope of the
regression based on experimental data for 173 solutes to the
second digit.”* This gives some confidence that a similar anal-
ysis can also be performed for the selected biobased solvents.
The physical basis for the strong correlation of the partition
coefficients between the different solvents is that the free energy
contribution of the removal of the solute from the aqueous
phase is exactly the same for each solute. Due to the similar
densities, the free energy contribution of cavity formation in the
organic phase is similar in all cases,”** and, relative to water,
the dielectric constants of the solvents fall within a narrow
range, which also leads to similar electrostatic contributions.
Fig. 3 depicts the relationships between the partition coef-
ficients of the different solvents for the twelve test solutes with
the partition coefficients between water and 1-octanol (log P).
Because the log P values (also knowns as log K,,) are often
included in the safety data sheets of chemicals, they can serve as
a readily available measure for the hydrophobicity of the
compound. The linear regressions of logP for all selected
solvents exhibit coefficients of determination (R*) with the log P
between 0.96 and 0.99, which shows that log P is a useful metric
to predict the extraction efficiencies in the different solvents.
Fig. 4 shows a comparison of the linear regressions from
Fig. 3 to determine which solvent works best in which range of
log P. As a reference, the extraction efficiency of 1-octanol is
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Fig. 4 Extraction efficiencies from water of the individual biobased
solvents relative to 1-octanol (log Py — log P). The lines show the linear
regressions from Fig. 3. Positive values mean that the solvent exhibits
a higher extraction efficiency than l-octanol. The selected green
solvents are abbreviated as cyclopentanol (CP), ethyl acetate (EA), 1-
butanol (BU), 2-pentanol (2P), 2-methyl tetrahydrofuran (2T), 1-pen-
tanol (1P), cyclopentyl methyl ether (CM), butyl methyl ether (BM),
butyl acetate (BA), and methyl oleate (MO). Some solvents show
significantly higher extraction yields than 1-octanol: cyclopentanol,
and 1-butanol for hydrophilic solutes (log P < 0.5), as well as cyclo-
pentyl methyl ether and butyl methyl ether for hydrophobic solutes
(log P > 2.6). For log P values in the range between 0.5 and 2.6, ethyl
acetate and 1-pentanol are the most efficient extraction solvents from
water.
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used, therefore the y-axis shows the difference between the log P
of the corresponding solvent and the log P. Positive values show
that the solvent is better at extracting compounds from water
than 1-octanol. Negative values indicate that the solvent is less
efficient than 1-octanol for extractions from water.

For hydrophilic molecules (log P < 0.5), both cyclopentanol
(CP, red solid line) and 1-butanol (BU, blue solid line) outper-
form the other solvents in terms of extraction efficiency. A
difference in log P of 0.5 corresponds to three times higher
extraction yields. For hydrophobic solutes (log P > 2.6), cyclo-
pentyl methyl ether (CM, red dashed line) and butyl methyl
ether (BM, blue dashed line) exhibit the highest extraction
yields. This is somewhat surprising, considering that methyl
oleate has a much higher log P than these two solvents (7.5
versus 1.6 and 1.7), which indicates a higher hydrophobicity. But
a higher hydrophobicity does not necessarily imply a high
loading capacity for the solute. Another interesting aspect is
that the formation of methyl ethers converts the most suitable
solvents for hydrophilic molecules into the most suitable
solvents for hydrophobic molecules, which might become
relevant in the production process of the solvents. In the mid-
range of log P values, ethyl acetate (EA, green solid line), or 1-
pentanol (1P, purple dashed line) perform best.

4.3 Experimental testing of extraction efficiencies of the
selected biobased solvents

Synthetic reactions in water, particularly those using micellular
environments or enzymes, play an increasingly important role
in the transition towards greener chemistry.>***® Their use
requires reliable and sustainable ways to extract the reaction
products from water. Therefore, a recently published micelle-
enabled cross-coupling reaction of an active pharmaceutical
ingredient®>* was chosen as the first practical application of the
guidelines outlined in the previous section. The selected
process was developed to produce an active pharmaceutical
ingredient on a multi-kilogram scale, leading to a yield of 85%
and a purity above 99%. The product is crystallized with
a mixture of 2-methyl tetrahydrofuran, isopropanol and water,
which leads to high concentrations of 2-methyl tetrahydrofuran
in the aqueous phase.

The organic content of the aqueous medium is around 10%
by mass, and its main components are 2-methyl tetrahydro-
furan and N,N-diisopropylethylamine (highlighted in red in
Fig. 5). An NMR analysis of the aqueous medium is shown in
Fig. S2 of the ESL{ The aqueous medium was extracted with
cyclopentanol (CP), ethyl acetate (EA), 1-butanol (BU), 2-penta-
nol (2P), 2-MeTHF (2T), 1-pentanol (1P), cyclopentyl methyl
ether (CM), butyl methyl ether (BM), butyl acetate (BA), 1-octa-
nol (OC), and methyl oleate (MO). These solvents were selected
because of their interesting and promising properties from
a sustainability point of view.””*® Based on the distribution
coefficients between water and 1-octanol at pH 7.4 shown in
Fig. 5, the best extraction solvents for N,N-diisopropylethyl-
amine (log D of —2.8) should be cyclopentanol or 1-butanol. The
log D of 2-methyl tetrahydrofuran is 1.8, which indicates pref-
erence for 1-pentanol or ethyl acetate. However, the extraction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Components of the aqueous medium from the extractions and
their distribution coefficients between water and 1-octanol at pH 7.4,
log D (pH 7.4), from the chemical data sheets. Organic components
with elevated concentrations in solution are highlighted in red, while
compounds that are present in minor quantities are shown in orange.
The highest concentrations are observed for 2-methyl tetrahydrofuran
and N,N-diisopropylethylamine (upper left corner).

efficiency of several selected biobased solvents is very similar in
this range of hydrophobicity, as multiple lines intersect at log P
values between 1 and 2 (see Fig. 4). This makes this experi-
mental test particularly interesting. The average log D of the two
main organic components of the aqueous solution is —1, which
indicates that cyclopentanol or 1-butanol might show the best
average performance for the heterogenous mixture of organic
components.

Fig. 6 shows the results of the extraction experiments.
Notably, only six out of the eleven solvents lead to a clear phase
separation (cyclopentanol, ethyl acetate, 1-butanol, 2-pentanol,
2-methyl tetrahydrofuran, and 1-pentanol), which is a necessary
condition for straightforward separation. The most

Fig. 6 Extractions from aqueous solution with various organic
solvents. The solvent with the highest extraction efficiency, 1-butanol,
is highlighted in red. The observed brown color arises from the metals
from the preceding cross-coupling reaction. Due to the presence of
surfactants and residual organic solvents, no clear phase separation is
observed for the five most hydrophobic solvents (cyclopentyl methyl
ether, butyl methyl ether, butyl acetate, 1-octanol, and methyl oleate).
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Table 2 Percentage of total mass extracted from the aqueous phase

by the indicated solvent

Solvent % Extracted mass
Cyclopentanol 15.0%
Ethyl acetate 7.8%
1-Butanol 24.0%
2-Pentanol 16.5%
2-Methyl tetrahydrofuran —0.7%
1-Pentanol 21.6%
Cyclopentyl methyl ether 21.3%
Butyl methyl ether 19.2%
Butyl acetate 19.3%
1-Octanol 16.6%
Methyl oleate 17.5%

hydrophobic solvents resulted in oily materials or emulsions
(cyclopentyl methyl ether, butyl methyl ether, 1-octanol, butyl
acetate, and methyl oleate). Since all solvents were selected to be
immiscible with water, the lack of phase separation can prob-
ably be attributed to the presence of organic solvents and
surfactants in the aqueous medium. The presence of a surfac-
tant decreases the surface tension, which likely stabilizes the
emulsion and allows it to remain stable for a long time. This
counterintuitive finding indicates that, for some applications
like aqueous micellar media, more hydrophilic extraction
solvents can lead to better phase separation.

Table 2 lists the percentage of the total mass extracted from
the aqueous phase for each solvent. The results demonstrate
that the two alcohols, 1-butanol (recommended for hydrophilic
compounds), and 1-pentanol (recommended for mid-range
compounds), extracted more than 90% of the organic content.
The recommended solvent for hydrophobic compounds, cyclo-
pentyl methyl ether, also extracted high amounts of mass from
aqueous solution, but it did not lead to a clear phase separation.
In all other cases the extraction of the organic content was
below 20%. In the case of 2-methyl tetrahydrofuran (2T) the
weight loss of the aqueous phase is negative. This indicates that
parts of the organic phase are dissolved into the aqueous phase.
The resulting reduced thickness of the organic phase in 2-
methyl tetrahydrofuran can also be observed in Fig. 6.

Finally, the 'H NMR spectra in Fig. 7 confirm that 1-butanol
(BU, 2nd row) and cyclopentanol (CP, 1st row), as well as 1- and
2-pentanol (1P, 5th row, and 2P, 3rd row) exhibit high extraction
efficiencies for the organic content of the aqueous waste
streams. Peaks of the two main organic components, 2-methyl
tetrahydrofuran and N,N-diisopropylethylamine, are marked
with red and blue arrows. Notably, 1-butanol is more efficient
when it comes to extracting both main organic components at
the same time, which might be attributed to the micellular
nanostructure of wet 1-butanol.® The "H NMR spectra of the
corresponding aqueous phase are shown in Fig. S3 of the ESL.f

Compared to the total organic carbon (TOC) of the non-
extracted wastewater (1.67%, or 16.7 g L"), the TOC of the
extracted wastewater is reduced to 1.19-1.39%, with most of the
remaining carbon being attributed to the less ecotoxic extrac-
tion solvent itself. Better extraction efficiencies are expected for
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Fig. 7 gNMR of selected solvents after the extractions. Spectra are
shown for cyclopentanol (CP), 1-butanol (BU), 2-pentanol (2P), 2-
methyl tetrahydrofuran (2T), 1-pentanol (1P), butyl acetate (BA), and
the original waste water (WW) before the extraction. Spectra are
normalized with respect to the CH,Br, internal standard. Peaks cor-
responding to 2-methyl tetrahydrofuran are marked with red arrows,
and the main peak corresponding to N,N-diisopropylethylamine is
marked with a blue arrow.

larger scale applications. Importantly, none of the hydrophobic
chemical entities of the reaction, such as the product, the
iodopiperidine starting material, TPGS-750-M, the hydrolyzed
vitamin E succinate, or 3,4,6,7-tetramethyl phenanthroline (all
with log P > 3), were observed in the aqueous solution after
extraction. Besides, 1-butanol, 1-pentanol, and 2-pentanol are
known to be biodegradable and only pose a low hazard to
waters, suggesting that the release of the extracted aqueous
waste stream in standard waste water treatment plants is
acceptable. This highlights the practical usefulness of the
provided guidelines for more ecofriendly extraction processes.

5 Conclusions

Molecular simulations were employed to fill the gap of missing
experimental solubility data for extractions from water using
a series of biobased solvents. The simulation results were first
verified based on density calculations of the pure solvents,
yielding an average error of only 2.1%. The partition coefficients
of water between the aqueous phase and all selected solvents
lead to a mean signed error of only 0.07 and a root mean square
error of 0.28 log P units, which is in the range of experimental
uncertainties. The simulation results were compared to a series
of 27 partition coefficients between water and 1-octanol as well
as 1-butanol, leading to a mean signed error of 0.18 and a root
mean square error of 0.33 log P units. The coefficient of deter-
mination (R*) was 0.98. This demonstrates that partition coef-
ficients for the selected solutes and solvents can be predicted
with relatively high accuracy with computer simulations. The
simulation results were tested experimentally for extractions of
a heterogenous aqueous solution.

The partition coefficients, log P, of all selected solvents exhibit
high correlations with the partition coefficients in 1-octanol (log

© 2025 The Author(s). Published by the Royal Society of Chemistry
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P, also knowns as log K,,). Because the log P values are often
included in the safety data sheets of the compounds, they can be
used as an estimate of their hydrophobicity to guide solvent
selection. Based on the partition coefficients, some simple
guidelines can be provided for extractions from water: Hydro-
philic molecules are best extracted with cyclopentanol or 1-
butanol, while hydrophobic molecules can be extracted with
cyclopentyl methyl ether or butyl methyl ether. For the remainder
of the molecules with log P values between 0.5 and 2.6, either
ethyl acetate or 1-pentanol might be suitable solvents.

The computational results were verified by experimental
extraction data for a heterogenous aqueous solution from
a micelle-enabled cross-coupling reaction. The main organic
components of the aqueous medium are 2-methyl tetrahydro-
furan and N,N-diisopropylethylamine. Based on the published
water-octanol distribution coefficients of the two main organic
components, the two solvents 1-butanol and 1-pentanol were
predicted to be the most suitable solvents. These predictions
were confirmed by the experimental extraction yields. The
experimental data show the importance of practical evaluations
of extraction efficiency, as only six out of the eleven solvents lead
to a clear phase separation in the presence of organic compo-
nents and surfactants. Here, the amphiphilic surfactants form
hydrophobic interactions with the hydrophobic tails of some of
the organic solvents at the water-solvent interface. Some
hydrophobic solvent molecules are then removed from the
organic solvent phase, and encapsulated by surfactant mole-
cules, forming micelles. The micelles lead to turbidity in the
aqueous phase, preventing clear phase separation. The hydro-
phobic effect of slightly more hydrophilic solvents is not strong
enough for stable micelle formation, which leads to a better
phase separation in the presence of surfactants. This leads to
the counterintuitive finding that more hydrophilic solvents
might be more suited for extractions in micelle-enabled reac-
tions. Future simulation studies therefore should incorporate
the effect of salts, buffers, and surfactants on phase separation
by including both phases in one simulation box. Due to the
large size of TPGS-750-M (88 heavy atoms and a diameter of
more than 6 nm), the surfactants could not be included in the
simulation boxes of the present study (4.4-4.9 nm). To include
quantum-mechanical effects that are not captured by the force
field, the use of methods like COSMO-RS could also be envi-
sioned.” Such calculations could enable a more sustainable
treatment of waste water in industry. We hope that the provided
guidelines can support ongoing efforts to transition more
processes to biocatalysis and micellular chemistry, and will
encourage the use of more biobased solvents.
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