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Abstract Screening catalysts for the synthesis of cyclic
carbonates from CO, and epoxides presents a challenge for
the research community. Thus, we propose the application
of quantitative structure—property relationships (QSPR)
modeling and exploratory analysis to assist in the selection
of catalysts to produce oleochemical carbonates. QSPR
modeling was developed by applying 2D-descriptors to
evaluate the relationship between the molecular structure of
organocatalysts and their activity in the production of bio-
based organic carbonates. From the virtual screening,
122 potential catalysts were selected, their catalytic activi-
ties were estimated, and the best molecular targets
highlighted. Already from the data mining and exploratory
analysis, the catalysts’ key structural features (e.g. organic
structure, molecular arrangement, carbon chain size, and
substituent type) were identified. Thus, it was possible to
evaluate the similarity between the catalysts and to relate
the 2D-descriptors to their activity. Then, based on QSPR
modeling results, cetyltrimethylammonium bromide

Supporting information Additional supporting information may be
found online in the Supporting Information section at the end of the
article.

>4 Victor Hugo Jacks Mendes dos Santos
victor.santos @pucrs.br

' School of Technology, PUCRS—Pontifical Catholic University
of Rio Grande do Sul, 6681 Ipiranga Avenue—Building 12, Porto
Alegre, 90619-900, Brazil

Engineering and Materials Technology Graduate Program,
Pontifical Catholic University of Rio Grande do Sul, 6681
Ipiranga Avenue—Building 32, Porto Alegre, 90619-900, Brazil

Institute of Petroleum and Natural Resources, Pontifical Catholic
University of Rio Grande do Sul, 6681 Ipiranga Avenue—
Building 96J, Porto Alegre, 90619-900, Brazil

Published online: 30 April 2020
J Am Oil Chem Soc (2020) 97: 817-837

(CTAB) was proposed as a new catalyst to produce
oleochemical carbonates. From the CTAB application, con-
versions greater than 98% of epoxide were observed in the
cycloaddition of CO, to epoxidized vegetable oil (rice bran,
canola, and soybean). Thus, it was concluded that QSPR
modeling and exploratory analysis show potential for
screening catalysts for oleochemical carbonate synthesis.

Keywords Vegetable oil - Cyclic carbonate - Quantitative
structure—activity relationship - QSAR - Ionic liquid -
Organocatalyst
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Abbreviations
ALogP Ghose-Crippen-Viswanadhan octanol—

water partition coefficient

apol sum of the atomic polarizabilities (includ-
ing implicit hydrogens)

ATS2e Broto-Moreau autocorrelation—lag
2/weighted by Sanderson
electronegativities

bpol sum of the absolute value of the difference
between atomic polarizabilities of all
bonded atoms in the molecule (including
implicit hydrogens)

C2SP3 singly bound carbon bound to two other
carbons

ETA extended topochemical atom shape index Y

Shape Y

GATS6i geary autocorrelation—lag 6/weighted by

first ionization potential
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Lipoaffinity atom type electrotopological state

Index . .
lipoaffinity index

MATS4m moran autocorrelation—lag 4/weighted
by mass

nAtom number of atoms

nAtomLAC  number of atoms in the longest aliphatic
chain

nBonds?2 total number of bonds (including bonds to
hydrogens)

nBr number of bromine atoms

nCl number of chlorine atoms

nl number of iodine atoms

nRotBt number of rotatable bonds, including termi-
nal bonds

SssCH, sum of atom-type E-state: -CH,—

VABC Van der Waals volume

Introduction

The replacement of the petrochemical production base and
the development of low carbon technologies became one of
the main concerns of humanity at the beginning of the cen-
tury. Carbon dioxide (CO,) is an important anthropogenic
greenhouse gas, with increasing atmospheric concentration
and a significant role in global climate change (Alves et al.,
2017). Thus, it is necessary to propose ways to avoid CO,
emissions or find a safe destination for its surplus, which
are issues widely addressed by Life Cycle Assessment
(LCA) and Carbon Capture, Utilization, and Storage
(CCUS) studies (Cuéllar-Franca and Azapagic, 2015; North
and Styring, 2015).

From gaseous waste to the valorization of CO, as a raw
material for chemicals, the perception of the role of CO; in
a low-carbon economy scenario has been changing signifi-
cantly. Thus, the utilization of CO, as a C1 building block
will play an important role in the low-carbon-based chemi-
cal industry (Biittner et al., 2017a; Sternberg et al., 2017).
From the CO, utilization, several valuable chemicals such
as methanol, hydrocarbons, carboxylic acids, carbamates,
urea, polymers (polyurethanes and polycarbonates), and
organic carbonates can be produced (Gomes et al., 2012;
Liu and Wang, 2017; Mustafa et al., 2020; Yu et al., 2018).
However, CO, is a notoriously unreactive chemical whose
activation presents significant energy barriers and thermo-
dynamic drawbacks, which must be overcome by chemical
and physical processes (Cai et al., 2017; Poliakoff et al.,
2015). Therefore, the use of catalysts is essential for carbon
dioxide-based processes to be economically viable and with
a minimum energy penalty (Alves et al., 2017; Poliakoff
et al., 2015).

One of the most important alternatives for using carbon
dioxide in chemical production is by cycloaddition of CO,

WILEY AOCS&

to epoxides to produce cyclic organic carbonates (Alves
et al., 2015; Aquino et al., 2015; Vieira et al., 2018). In this
process, carbon dioxide coupling has 100% atomic effi-
ciency and great industrial potential, since there is an
established industry of epoxidized derivatives (Alves et al.,
2017; Cokoja et al., 2015). In a cycloaddition reaction,
CO, and the epoxy group are activated by catalysts such as
transition metals, phase transfer catalysts with alkaline
halides, and organocatalysts (Alves et al., 2015; Appel
et al., 2013; Biittner et al., 2017a; Desens and Werner,
2016). Ideally, these processes should involve few steps
and use catalysts that enable chemical routes with positive
carbon balance and energy savings (Gomes et al., 2012).
Therefore, screening catalysts for the synthesis of cyclic
carbonates from CO, and epoxides is a challenge to be
addressed.

To reduce the time and costs involved in scientific
research and to increase the chemical and mechanistic under-
standing of the carbonation process, the cheminformatics
methods: Molecular Dynamics (MD), Quantum Mechanics,
Quantitative Structure—Activity Relationship (QSAR), and
Quantitative Structure—Property Relationships (QSPR) could
be applied (Blay et al., 2016). In general, QSPR is based on
the concept that it is possible to describe the properties of a
compound from its molecular structure (Katritzky and
Lobanov, 1995; Stec et al., 2015). Then, the QSPR aims to
establish a cause-effect relationship between molecular char-
acteristics and observed properties through mathematical
and statistical tools (Begam and Kumar, 2016; Roy et al.,
2012a; Roy et al., 2017). In the modeling process, three
steps are involved: (1) structure representation, (2) descriptor
analysis, and (3) model calibration and validation. Thus,
QSPR can be used to reduce the time and costs involved in
the development process by filling data gaps, predicting
material properties, and guiding the choice of new molecular
targets (Karelson et al., 1996; Roy et al., 2018).

Vegetable oils and their derivatives are renewable,
abundant, inexpensive, biodegradable, and nontoxic
(Karmakar et al., 2017; Miao et al., 2014; Samanta et al.,
2016). Recently, there has been a growing interest in the
production and application of cyclic carbonates derived
from oleochemicals (fatty acids, methyl esters, and
triacylglycerols). Among the main reasons for the great
potential of bio-based carbonates is the high availability
of CO, and the existence of a consolidated industry for
the production of epoxidized oleochemicals, such as the
epoxidized soybean oil (ESBO), a plasticizers widely
applied in the polyvinyl chloride (PVC) industry (Assen
et al., 2016; Danov et al., 2017).

The use of a catalyst is a key component of the chemi-
cal process to increase efficiency and reduce production
costs. From the first report on the production of
oleochemical carbonates by Tamami et al. (2004), to
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recent publications (Cai et al., 2019; Pefia Carrodeguas
et al., 2017; Zheng et al., 2018), most results are obtained
using tetrabutylammonium halides as a catalyst for the
carbonation process (Biittner et al., 2016, 2017b;
Longwitz et al., 2018; Pefa Carrodeguas et al., 2017;
Schiffner et al., 2014; Tamami et al., 2004; Tenhumberg
et al., 2016; Wang et al., 2012b; Zheng et al., 2018). Only
recently, screening studies of catalysts for the production
of oleochemical carbonates have been reported (Alves
et al., 2015; Biittner et al., 2016, 2017b; Longwitz et al.,
2018; Schiffner et al., 2014; Tenhumberg et al., 2016;
Wang et al., 2012b); however, the description of new cata-
lysts for the production of cyclic carbonates from carbon
dioxide and epoxidized derivatives is still limited. Thus,
QSPR modeling can be applied to screen catalysts and
guide the development of new systems (Achary et al,
2016; Cruz et al., 2007; Fayet et al., 2009; Maldonado and
Rothenberg, 2010; Martinez et al., 2012; Ratanasak et al.,
2015; Rothenberg, 2008; Yao et al., 1999).

To date, a small number of catalysts have been applied
to produce oleochemical carbonates from CO, and epoxi-
dized vegetable oil, and only a few results were generated
under comparable conditions to allow QSPR data model-
ing. Another relevant aspect is that many organocatalysts
applied in scientific reports do not have chemical struc-
tures described in public databases such as PubChem.
Therefore, the present work proposes the application of
QSPR modeling and exploratory analysis to screen cata-
lysts for the synthesis of oleochemical carbonates from
CO, and bio-based epoxides. A representative number of
catalysts were compiled and the first study on the applica-
tion of QSPR modeling and exploratory analysis tools to
select a new catalyst for the synthesis of organic carbon-
ate derived from vegetable oils (rice bran, canola, and
soybean) was presented. Then, based on the QSPR
results, cetyltrimethylammonium bromide (CTAB) was
proposed as a new catalyst to produce bio-based organic
carbonates.

Materials and Methods

Catalyst selection is a key step in processes involving the
cycloaddition of CO, to epoxidized oleochemicals. Thus, we
propose the application of QSPR modeling and exploratory
analysis to assist in the selection of catalysts to produce bio-
based organic carbonates. The scope of the work comprises
catalysts derived from organic halide salts and oleochemical
carbonates derived from vegetable oil (triacylglycerols, fatty
acids, and fatty acid alkyl esters) presented in Fig. 1. Only
catalysts with a structure registered in public databases such
as PubChem were considered.

J Am Oil Chem Soc (2020) 97: 817-837

Materials

The chemicals used were hydrogen peroxide (35%), glacial
acetic acid (>99%), sulfuric acid (>95%), n-butanol (99%
purity), CTAB (98%), high-purity carbon dioxide
(99.995%), and three vegetable oils (rice bran, canola, and
soybean) obtained from local suppliers. All reagents were
used without further purification, while information on the
fatty acid composition of vegetable oils and the average
ethylenic unsaturation per triacylglycerol molecules is pres-
ented in Table S10.

QSPR Modeling and Exploratory Analysis Data Sets

This paper presents three data sets applied for the QSPR
modeling (Data Set 01 and 02) and exploratory analysis
(Data Set 03) of catalysts based on 2D-molecular descrip-
tors. Data Set 01 (Table 1), from Alves et al. (2015), com-
prises 12 catalysts with structures registered in a public
database, and was applied for variable selection, calibra-
tion, and validation of QSPR and to predict the activity of
potential new catalysts. The application domain of this set
considers the synthesis of organic cyclic carbonate from
CO, and epoxidized triacylglycerols at 100 °C, 10 MPa
CO,, 5 hours, 1 mol% catalyst load, and constant stirring.

Already Data Set 02 (Table S4), from Biittner et al.
(2017b), comprises nine catalysts with structures registered
in a public database, and was applied to evaluate the trans-
ferability of the QSPR model and was developed with the
same descriptors selected for Data Set 01 (pages S8-S16,
Fig. S2-S4, and Tables S4-S8). The application domain of
this set considers the synthesis of organic cyclic carbonate
from CO, and epoxidized methyl oleate at 100 °C, 5 MPa
CO,, 16 hours, and 2 mol% catalyst load.

Furthermore, Data Set 03 (Table S9) comprises a repre-
sentative number of catalysts (29 catalysts) that have been
applied to produce oleochemical carbonates from CO, and
epoxide. Exploratory analysis was applied to this data set
based on unsupervised multivariate method and 2D-
molecular descriptors to evaluate the key structural features
of the catalysts. In the exploratory analysis, the same
molecular descriptors previously selected were applied and
the results are presented in the Supporting Information
(Pages S16-S20, Fig. S5-S6, Table S9, and Table S17).

Descriptor Calculation

Molecular descriptors transcribe the chemical, physical,
and biological characteristics of the chemical structure in
mathematical terms, which need to be processed with statis-
tical tools to develop pattern recognition or predictive
models (Golbraikh and Tropsha, 2002; Katritzky et al.,
1997). The molecular structures of catalysts were primarily

WILEY AOCS&



820

J Am Oil Chem Soc

—0

Epoxidized esters

\ Fatty acid epoxides
\K?\(l/ ’ )\ /j/
O

\ o
Triglycerides

“I

\
R2 o

Epoxidized oil

—0

Carbonated esters

I
O)\O
M
7

Other oleochemical carbonates

N

(@)

PN

O

A

R2

Carbonated oil

Fig. 1 Oleochemical carbonates derived from triacylglycerols

obtained from the PubChem database and stored in SDF
files (Structured Data Format) (Kim, 2016). Then, 2D-
molecular descriptors of the optimized structures are
obtained using the PaDEL-Descriptor software (http:/
www.yapcwsoft.com/dd/padeldescriptor), comprising an
initial data set of 1444 descriptors (Yap, 2011).

Variable Selection

Variable selection is an essential step in the QSAR/QSPR
study to reduce the initial number of descriptors for a

Table 1 Catalyst Data Set 01, applied for QSPR modeling

representative set of variables and enable the development
of interpretable models. For QSPR modeling, molecular
descriptors are applied as predictive variables (X), while
epoxide conversion to carbonates (Data Set 01) was used
as the response variable (Y). Then, the variable correlation
analysis was applied and the linear correlation of the 1444
molecular descriptors with the conversion of epoxide to
carbonates was evaluated. Thus, only the variables that pre-
sent a fair correlation with the response variable (R* > 0.3
or R* < —0.3) were kept in the data set for subsequent vari-
able selection steps (Kiralj and Ferreira, 2010).

Catalyst PubChem CID CAS Conversion (%)
Tetrabutylammonium iodide 67553 311-28-4 26
Tetrabutylammonium bromide 74236 1643-19-2 30
Tetrabutylammonium chloride 70681 1112-67-0 17
Tetrabutylphosphonium iodide 201022 3115-66-0 21
Tetrabutylphosphonium bromide 76564 3115-68-2 28
Tetrabutylphosphonium chloride 75311 2304-30-5 19
1-Methyl-3-octylimidazolium iodide 71353115 188589-28-8 25
1-Methyl-3-octylimidazolium bromide 10849985 61545-99-1 30
1-Methyl-3-octylimidazolium chloride 2734223 64697-40-1 20
Triethylsulfonium iodide 74589 1829-92-1 0
1-Butyl-1-methylpyrrolidinium iodide 11076461 56511-17-2 19
1-Butylpyridinium iodide 14007922 874-81-7 12

Data from Alves et al. (2015).
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After correlation analysis, the selection of variables pro-
ceeds by the stepwise method, based on the combination of
forward selection and backward elimination procedures,
applied within the PLS regression by using the leave-one-
out (LOO) internal validation method. The selection step-
wise variable is a time-consuming procedure that interac-
tively included / excluded (step by step) the predictor
variables (X) until the best model is obtained (Gonzalez
et al., 2008; Mitra et al., 2010; Xu and Zhang, 2001). Con-
sidering the number of catalysts from Data Set 01, and to
obtain a reliable model with a reasonable number of molec-
ular descriptors, the variable selection procedure was
repeated several times until the stepwise method uses the
interval size of one. This strategy was previously presented
as an alternative for making QSAR/QSPR models based on
a small data set as robust as possible (Mitra et al., 2010).

Molecular Descriptors

From the variable selection step, the number of 1444 vari-
ables was reduced to only 18 molecular descriptors. This
set of descriptors was selected by the stepwise method
algorithm and are the variables that showed the greatest
potential for predicting catalytic activity for the carbonation
reaction, resulting in multivariate models with the best
adjustments. Thus, the 18 molecular descriptors applied in
QSPR modeling are: nCl™, nBr~, nl", ALogP, apol,
ATS2e, bpol, C2SP3, ETA Shape Y, GATS6i, Lipoaffinity
Index, MATS4m, nAtom, nAtomLAC, nBonds2, nRotBt,
SssCH,, and VABC. The details of the selected variables
can be found in the “Abbreviations” and its definition can
be found in the literature (Ghose and Crippen, 1986, 1987;
Liu et al., 2001; Roy and Ghosh, 2004; Todeschini and
Consonni, 2009; Zhao et al., 2003).

Data Analysis

Data analysis was performed using the Solo + MIA soft-
ware (Figenvector Research) and the statistical tools
applied for QSPR modeling and exploratory analysis are
Correlation Analysis (CA), Principal Component Analysis
(PCA), Partial Least Squares Regression (PLS), and Sup-
port Vector Machine Regression (SVM).

QSPR Modeling

For QSPR modeling, molecular descriptors are applied as
predictive variables (X), while epoxide conversion to car-
bonates was used as the response variable (Y). After the
exhaustive variable selection step, 18 molecular descriptors
are applied to perform the multivariate regression with the
data autoscaled and mean centered (Rothenberg, 2008).
Then, PLS was performed using the SIMPLS algorithm,

J Am Oil Chem Soc (2020) 97: 817-837

while SVM was developed using the Linear Kernel
Function.

QSPR Validation

Model validation is a crucial step in QSPR modeling and
several criteria and threshold values have been presented as
minimum requirements to ensure the robustness and trans-
ferability of QSAR/QSPR models (Alexander et al., 2015;
Gramatica and Sangion, 2016; Pratim Roy et al., 2009;
Todeschini et al., 2016; Tropsha et al., 2003). Thus, the
validation of the QSPR models was performed according to
the criteria of Golbraikh and Tropsha (Golbraikh and
Tropsha, 2002; Tropsha, 2010; Tropsha et al., 2003), and
rm2 metrics of Roy and coworkers (Mitra et al., 2010;
Pratim Roy et al., 2009; Roy et al., 2012b; Roy and Mitra,
2012). A summary of the validation parameters and their
limit values are given in Table 2.

Considering the size of Data Set 01, model stability was
assessed through internal validation by leave-one-out (Q*
LOO) and leave-many-out (Q*-LMO), while predictability
was evaluated using the rm2 ooy and rm2 (LMO) parameters
by replacing the Rz(test sety With the cross-validation 0’
(Gramatica and Sangion, 2016; Mitra et al., 2010; Pratim
Roy et al., 2009; Roy and Mitra, 2012). In addition to inter-
nal validation, the data for the 12 catalysts are divided into
independent training (9 samples) and external test sets
(3 samples). The catalysts of each of the external test sets
(03 catalysts) do not compose the calibration set. Thus, to
avoid underestimation or overestimation of the QSPR
model, all combinations of independent training and exter-
nal test sets (220 PLS models) were modeled, and Rz(cal),
QZ(LOO), Rz(test seyp and root-mean-square error of

Table 2 Parameters used for QSPR model validation

Parameter Threshold value
R? >0.6
0? >0.5
(R*-R2) <0.1

RZ
(R*-R2) <0.1

RZ
k 0.85<k<1.15
4 0.85<k<1.15
|R?2—R? | <0.3
|R?—R? | <0.3
R? >0.5
R2 >0.5
| Ry —R3 | <02
IRﬁ‘;Riﬁ\ >0.5

R*>—correlation coefficient between the predicted and observed activi-
ties for a test set.
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prediction (RMSEP) parameters were evaluated as distribu-
tion histograms.

In the present work, the occurrence of overfitting prob-
lem was evaluated by reducing the number of molecular
descriptors applied to develop the QSPR model (Data Set
01) and the results are presented in the Supporting Informa-
tion (Pages S5-S7, Fig. S1, and Tables S1-S3), while the
transferability of the QSPR model was evaluated based on
Data Set 02. Thus, QSPR modeling of Data Set 02 was per-
formed with the same molecular descriptors, and validation
was evaluated based on the same criteria (Table 2). All
QSPR modeling procedures (calibration, validation, and
discussion) developed based on Data Set 02 are presented
in the Supporting Information (Pages S8-S16, Figs S2-S4,
and Tables S4-S8).

Virtual Screening

Virtual screening is a computational method, based on
structure or property, that guides the search for new active
compounds in large chemical libraries (Roy and Mitra,
2011; Scior et al., 2012). So, PubChem search tools were
applied to perform virtual screening of possible molecular
targets with chemical structures similar to those used for
calibration models (Kim, 2016). Then, 2D-molecular
descriptors were obtained using the PaDEL-Descriptor soft-
ware and the data evaluated to remove molecules with

(a) Data set
PubChem
PaDEL-descriptor
2D-QSPR (1444)

- { Correlation matrix ]

Correlation <0.3 or >-0.3

-

Descriptor removal

' Correlation >0.3 or <-0.3

[Multivariate analysis]

&

-

missing data and outliers (using PCA). Thus, 122 potential
catalysts were compiled and are presented in the
Table S13, while a summary of the data analysis proce-
dures performed in the present work are depicted in Fig. 2.

Synthetic Procedures

The synthetic procedures were performed in two stages:
epoxidation of raw vegetable oil and carbonation of
epoxidized oil.

Epoxidation Reactions

In situ epoxidation of vegetable oils was performed with
glacial acetic acid, hydrogen peroxide (35%), and sulfuric
acid. Reactions were performed at 75 °C for 6 hours under
mechanical stirring and by using hydrogen peroxide to eth-
ylenic unsaturation molar ratio (2.0), acetic acid to ethyl-
enic unsaturation molar ratio (0.5), and sulfuric acid
catalyst (2 wt% based on aqueous fraction) (Dinda et al.,
2008; Goud et al., 2007). Then, after the reactions, the
products were dissolved in ethyl ether and washed with
water to neutral pH, followed by removal of the solvent
under vacuum. The specific dosage of chemicals for each
of the reactions was estimated from the -ethylenic
unsaturation of each vegetable oil given in Table S10.

(b) Virtual screening

.E.I

PaDEL-descriptor
2D-QSPR (1444)

[ Descriptor removal ]

-

[ Molecule removal ] -

(outliers / missing data) Data evaluation

-I-

[ Descriptor removal ] - [ Preliminary model] [

Variable selection
(CV-LMO/stepwise method)

Potential catalysts

v ) e i

[(Ps | [ svm ]

Best targets

Fig. 2 Summary of QSPR modeling procedures: (a) QSPR calibration and validation and (b) virtual screening workflow
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Carbonation of Epoxidized Oil

The present work used its own protocol adapted to the
available resources, and the carbonation reactions of epoxi-
dized oils were performed using CTAB catalyst, high-
purity carbon dioxide, and n-butanol as solvent. Reactions
were performed in a 50 cm® stainless steel autoclave at
120 °C for 48 hours and without stirring by using 2 g of
epoxidized oil, 5 MPa CO,, 4 mL of butanol, and 5 wt% of
CTAB. Then, the butanol was removed under vacuum and
the product was redissolved in ethyl acetate and washed
twice with water and once with brine. Finally, the
oleochemical carbonate was dried over anhydrous sodium
sulfate and the solvent was removed under vacuum. Due to
the technical limitations of our reactors, we cannot repro-
duce the pressure (10 MPa CO, at supercritical state) and
stirring conditions of the QSPR model application domain
(Data Set 01).

Characterization Methods

All vegetable oils, epoxidized oils, and carbonated products
are characterized by Fourier Transform Infrared Spectros-
copy (FTIR) and Nuclear Magnetic Resonance Spectros-
copy (NMR) detailed below.

Infrared Analysis (FTIR)

Infrared spectra are obtained using Spectrum One
(PerkinElmer) with HATR accessory, using the spectral
range from 4000 to 650 cm_], 4 cm™! resolution, and

16 scans per spectrum.

'H NMR

All "H NMR spectra were recorded on a Bruker Avance
400 running at 400 MHz. Chemical shifts (6) are reported
in parts per million (ppm) relative to TMS signal (0 ppm)
for '"H NMR and using deuterated chloroform (CDCl;) as
solvent. The following abbreviations are used to indicate
the multiplicity in NMR spectra: s—singlet; bs—broad sin-
glet; d—doublet; t—triplet; g—quartet; m—multiplet;
dd—double doublet.

Three parameters, (1) number of ethylenic
unsaturation, (2) number of epoxy groups, and (3) epoxy
group conversion in the carbonation reaction, were esti-
mated based on the "H NMR spectra, and Fig. S7 shows
the structure and NMR peaks of the oleochemical deriva-
tives. For the calculations, it was necessary to use a nor-
malization factor (NF) using Eq. 1. The signals of the
four methyl protons of the glycerol portion (B) were
used, since this relationship remains constant in all

J Am Oil Chem Soc (2020) 97: 817-837

derivatives of triacylglycerols (raw, epoxidized, and car-
bonated) (Mazo and Rios, 2012).

NF = 1 (1)

Thus, the number of ethylenic unsaturation of vegetable
oils was estimated from Eq. 2, based on olefinic hydrogen
signal (C) and NF (Kumar et al., 2012), while the number
of epoxy groups of epoxidized vegetable oils was estimated
from Eq. 3, based on oxirane ring hydrogens (D) and NF
(Mazo and Rios, 2012).

C

a (2)

Ethylenic unsaturation (C=C) =

D
Epoxy group (Ep) = > (3)

Furthermore, the carbonation reaction conversion was
estimated from Eq. 4, based on the consumption of epoxy
groups in the cycloaddition of CO, to epoxidized vegetable
oil (Aerts and Jacobs, 2004; Mazo and Rios, 2012; Xia
et al., 2016).

(4)

Ep(initial) - Ep(ﬁnal)
ED initia)

Conversion (%) = 100 x [

Results and Discussion

The results and discussions were divided into five parts:
(1) QSPR modeling based on 2D-molecular descriptors,
(2) virtual screening of potential catalysts for the synthesis
process, (3) data mining for pattern recognition of the
QSPR model, (4) exploratory analysis of catalysts with
known activity for the production of oleochemical carbon-
ates (presented in the Supporting Information), and (5) syn-
thesis of oleochemical carbonate from CTAB.

QSPR Modeling

The QSPR model was developed based on data from Alves
et al. (2015), comprising 12 catalysts with structures regis-
tered in a public database (Table 1). After the variable
selection step, 18 molecular descriptors were applied in the
PLS and SVM regression and internal validations of the
models were performed by the LOO and LMO cross-
validation methods. Furthermore, leave-many-out (LMO)
cross-validation was evaluated in two scenarios to assess
the models’ sensitivity, leaving out 16.7% and 25% of data
in each calibration cycle. Thus, the QSPR model results are
presented in Table 3, while the respective molecular
descriptor values are available in Table S11.

WILEY AOCS&
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Table 3 QSPR modeling to estimate catalyst activity in oleochemical carbonate synthesis

Data set 1 LOO LMO? LMO®

PLS SVM PLS SVM PLS SVM
R 0.9762 0.9747 0.9741 0.9715 0.9762 0.9769
Q’cv) 0.9040 0.9142 0.9118 0.8373 0.8868 0.8896
RMSEC 1.25 1.30 131 1.58 1.26 1.26
RMSECV 2.56 2.44 2.44 3.30 3.57 2.94
F/SV 4 12 3 8 4 12

F, factor; SV, support vectors; RMSEC, root-mean-square error of calibration; RMSECV, root-mean-square error of cross-validation.

#16.7% of the sample left out in the leave-many-out cross-validation.

© 25% of the sample left out in the leave-many-out cross-validation. The K-fold values of both LMO cross-validations are 6.

Table 3 shows that the QSPR model meets the minimum
criteria of a reliable model, with high calibration coefficient
of determination (R*> > 0.97), good cross-validation coeffi-
cient of determination (Q* > 0.83), and acceptable root-
mean-square error of cross-validation (RMSECV) values.
Moreover, both multivariate regression models (PLS and
SVM) showed similar results; however, PLS regression
allows an interpretation of the results from the loadings and
variable influence on projection (VIP scores) graphs. Thus,
the validation of the QSPR model is evaluated and the
results presented in Table 4, while the estimated conversion
values are shown in Table S12.

Table 4 shows that all developed QSPR models are vali-
dated based on the criteria shown in Table 2, demonstrating
potential to estimate the activity of new catalysts. In addition

Table 4 Validation of QSPR models based on PLS and SVM regressions

to internal validation, external validation procedures were
performed by dividing catalyst data into training (nine sam-
ples) and external test (three samples) sets. Thus, to avoid
underestimation or overestimation of the QSPR model, all
combinations of independent training and test sets (220 PLS
models) were modeled, and Rz(cal), QZ(LOO), Rz(test sety and
RMSEP parameters are presented in Fig. 3 as distribution
histograms and summarized in Table 5.

Fig. 3 shows that most PLS models have high regression
coefficient (Rz(cal), QZ(LOO), Rzaest sety) and low prediction
errors (RMSEP), while Table 5 shows that all parameters
have average values that meet the minimum requirements
for QSPR model validation. Moreover, from the cumulative
distribution function, it is observed that 95% of the PLS
models present QZ(LOQ) (>0.5) and Rz(test sety (>0.6) above

Data Set 01 PLS SVM Threshold value
LOO LMO* LMO" LOO LMO* LMO"

R? 0.98 0.97 0.98 0.97 0.97 0.98 >0.6
0? 0.90 0.91 0.89 0.91 0.84 0.89 >0.5
(2-0%) 0.00 0.00 0.01 0.00 0.00 0.02 <0.1

QZ
(*-02) 0.02 0.02 0.06 0.02 0.04 0.09 <0.1

QZ
k 0.99 0.99 0.99 0.99 0.99 0.99 0.85<k<1.15
14 0.99 1.00 0.99 1.00 0.99 0.99 085<k<1.15
| ? _Qg | 0.00 0.00 0.01 0.00 0.00 0.02 <0.3
| ? _Qf | 0.02 0.01 0.05 0.02 0.03 0.08 <0.3
an 0.87 0.89 0.80 0.86 0.83 0.77 >0.5
Qﬁ 0.78 0.80 0.68 0.78 0.69 0.63 >0.5
\Q;—Qm 0.09 0.08 0.12 0.09 0.14 0.13 <0.2
IQ2m2+Q,’§\ 0.82 0.85 0.74 0.82 0.76 0.70 >0.5
Validation \% \" \% \% \% \% All criteria met

V, validated.

*16.7% of the sample left out in the leave-many-out cross-validation.

©25% of the sample left out in the leave-many-out cross-validation. The K-fold values of both LMO cross-validations are 6.
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the threshold values and acceptable prediction errors, with
80% of the models showing relative errors below 10%
(RMSEP < 3.14) and 95% of them below 15%
(RMSEP < 4.37). Thus, it is concluded that the QSPR
model meets the internal and external validation criteria
and presents good sensitivity for screening new catalysts.
As the PLS and SVM regression models have been vali-
dated, the QSPR models can be applied in subsequent steps
and Fig. 4 shows the predicted versus reference plot

Table 5 QSPR model external validation results

obtained from the LOO cross-validation of the PLS and
SVM models.

From Fig. 4 and Table 3, it is observed that both regres-
sion models (PLS and SVM) result in models with good fit
(R* > 0.97 and Q* > 0.83). Then, the interpretation of the
relationship between the molecular descriptors (X) and the
estimated conversion response (Y) was performed by the
PLS regression coefficient (Das et al., 2017; Wold et al.,
2001), shown in Fig. 5.

Parameter R cary” 0100y R et sen)” RMSEP?
Mean 0.9776 0.8011 0.9036 2.360
SD 0.0189 0.1532 0.1483 1.170
Minimum 0.8172 0.1800 0.0880 0.410
Maximum 0.9994 0.9916 0.9999 9.570
Cumulative distribution (80%) >0.9683 >0.7167 >0.8469 <3.14

Cumulative distribution (95%) >0.9526 >0.5718 >0.7396 <4.37

RMSEP, root-mean-square error of prediction.

 Results of 220 PLS models performed with 75% of data for calibration and 25% as an external test set.
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Fig. 4 Predicted versus reference plot to estimate the conversion of epoxide to cyclic carbonate: (a) PLS model and (b) SVM model

From the regression coefficient (Fig. 5), it is possible to
observe the influence of halide on catalyst efficiency, with
the order of anion activity identified as Br = > 1" > CI™.
The same profile was found by Langanke et al. (2013),
relating this order as a result of a balance between the
nucleophilicity and leaving character of the chemical spe-
cies. Moreover, the solvent effect of supercritical CO, and
its influence on mass transfer phenomena can play an
important role in this order (Cai et al., 2017; Yang et al.,
2017; Zheng et al., 2015).

The size of the organic structure and polarizability of the
molecule are other important features of the catalysts.
These characteristics are considered by the QSPR model
through the molecular descriptors apol, bpol, C2SP3,
nAtom, nAtomLAC, nBonds2, SssCH,, and VABC, all
presenting a positive regression coefficient with respect to
the conversion of epoxide to cyclic carbonate. The same
pattern has been described in the literature, which relates an
increase in the bulkiness of the catalyst to a weakening in

WILEY AOCS&

electrostatic interactions between cation and anion and an
increase in halide nucleophilic character (Dharman et al.,
2009; Han et al., 2012; Narang et al., 2016; Wang et al.,
2016; Wei et al., 2013a). Thus, it is concluded that catalysts
with higher molecular volume and longer saturated carbon
chains are more efficient in the production of oleochemical
carbonates.

Catalyst solubility plays an important role in the homo-
geneous phase reaction, but information on catalyst solubil-
ity in epoxidized derivatives is limited in the literature
(Alves et al., 2017). From the molecular descriptors ALogP
and Lipoaffinity Index, we identified that catalyst efficiency
increases with its lipophilicity. As the application domain
of the QSPR model comprises the synthesis of
oleochemical carbonates derived from epoxidized
triacylglycerols, the catalyst lipophilicity character may be
related to its solubility. Thus, it can be concluded that the
solvent effects of the oily matrix and supercritical CO, sta-
bilize the charge of bulky organic cations and increase the

J Am Oil Chem Soc (2020) 97: 817-837
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Fig. 5 PLS regression coefficient to estimate the conversion of epoxide to cyclic carbonate

halide anion nucleophilicity, reducing the energy barrier of
CO, cycloaddition to epoxide (Narang et al., 2016; Sun
and Zhang, 2007).

The autocorrelation descriptors (ATS2e, GATS6i, and
MATS4m) have a positive PLS regression coefficient and
are related to the distribution of properties along the molec-
ular structure. Due to the complexity of these indices, no
clear interpretation is possible. Then, after observing the
PLS regression coefficients, the variable influence on pro-
jection (VIP scores) was analyzed to rank the relative
importance of the molecular descriptors for the QSPR
model and the projection is presented in Fig. 6 (Das et al.,
2017; Wold et al., 2001).
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Fig. 6 Variable influence on projection for PLS model
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From Fig. 6, it is possible to rank the relative importance
of all molecular descriptors applied in the regression, fol-
lowing the order: carbon chain size > halide species > cata-
lyst lipophilicity > distribution of properties along the
molecular structure. Thus, within the application domain of
the QSPR model, it is concluded that it is possible to estab-
lish a structure—property relationship between the character-
istics of catalysts and their activity to produce oleochemical
carbonates from CO, and epoxides. Moreover, the over-
fitting problem was not identified, being possible to obtain
validated QSPR models from 06 molecular descriptors
(nCl™, nBr~, ALogP, nAtomLAC, SssCH2, and VABC),
while the transferability of the QSPR model was confirmed
from the modeling based on Data Set 02. The results of the
overfitting and transferability assessment are described in
the Supporting Information (Pages S5-S16, Figs S1-S4,
and Tables S1-S8).

Virtual Screening of Potential Catalysts

Virtual screening is a computational method that guides the
search for new active compounds in large chemical librar-
ies (Roy and Mitra, 2011; Scior et al., 2012). In the present
work, virtual screening was performed using PubChem sea-
rch tools, being restricted to the classes of compounds that
compose the application domain of the QSPR model
(i.e. organic halides derived from: ammonium, phospho-
nium, imidazolium, pyrrolidinium, and pyridinium).

From virtual screening, a total of 122 potential catalysts
were retrieved from the virtual library and their
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Table 6 Best molecular targets highlighted by QSPR models to produce oleochemical carbonates

Catalyst PubChem CID CAS Conversion (%)*
Hexacosyl(trimethyl)ammonium bromide 23196158 — 71.9
Tetrakis(decyl)ammonium bromide 3014876 14937-42-9 63.0
Docosyl(trimethyl)ammonium bromide 10216960 21396-56-5 63.0
1-Docosyl-3-methylimidazolium bromide 86647477 943834-80-8 61.7
Eicosyltrimethylammonium bromide 23767 7342-61-2 58.5
Tributyl(hexadecyl)ammonium bromide 11420451 6439-67-4 56.4
Tributyl(hexadecyl)phosphonium bromide 84716 14937-45-2 54.9
Octadecyltrimethylammonium bromide 70708 1120-02-1 544
Heptadecyl(trimethyl)ammonium bromide 10045219 21424-24-8 51.9
Didodecyl(dimethyl)ammonium bromide 18669 3282-73-3 51.2
1-Butyl-3-hexadecylimidazolium bromide 90220325 937716-18-2 50.6
Hexadecyl-(2-hydroxyethyl)-dimethylammonium 10960220 20317-32-2 50.1
bromide
Cetyltrimethylammonium bromide 5974 57-09-0 49.7
Tetraoctylphosphonium bromide 3015167 23906-97-0 47.7
Trimethyl(pentadecyl)ammonium bromide 14611710 21424-22-6 47.5
1-Hexadecyl-3-methylimidazolium bromide 2846928 132361-22-9 474
Ethyl-hexadecyl-dimethylammonium bromide 31280 124-03-8 47.2
Trioctyl(propyl)ammonium bromide 90449 24298-17-7 46.1
Tetraheptylammonium bromide 78073 4368-51-8 46.1
1-Methyl-3-pentadecylimidazolium bromide 45045358 349148-74-9 453

4 Mean predicted results by the PLS and SVM models.

identification (Table S13) and respective calculated molec-
ular descriptors (Table S14) can be found in the Supporting
Information. To estimate catalyst activity, the descriptors (-
Table S14) were applied to both multivariate regression
models (PLS and SVM) and the mean results predicted by
the models (PLS + SVM) are considered as the catalyst
output. Thus, the activity of 122 catalysts to promote the
carbonation reaction of epoxidized triacylglycerols was
estimated within the application domain of the QSPR
model (100°C, 10 MPa CO,, 5 hours, 1 mol% catalyst load
and constant agitation). Table 6 shows the 20 best molecu-
lar targets predicted by the QSPR model, while Tables S15
and S16 specify the conversion values estimated by each of
the multivariate regression methods (PLS and SVM).

From Table 6, it was observed that only
tetraoctylphosphonium bromide (Biittner et al., 2016) and
tetraheptylammonium bromide (Langanke et al., 2013)
have already been applied to produce oleochemical carbon-
ates, both with high catalytic activity as estimated by QSPR
models. Moreover, corroborating our results, other catalysts
with molecular structures similar to those listed in Table 6
have been reported to be highly active, such as
tetraoctylammonium chloride and tetradodecylammonium
chloride for styrene carbonate synthesis and 1-tetradecyl-
3-methylimidazolium bromide and trihexyltetradecylpho
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sphonium bromide to produce oleochemical carbonates
(Dharman et al., 2009; Langanke et al., 2013; Schéffner
et al., 2014).

Comparing the results of Table 6 with the literature, it is
observed that the QSPR models reproduce other important
features of the catalytic system for cycloaddition of CO, to
epoxide. Carvalho Rocha et al. (2016) applied CTAB and
hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide
(HEA16Br) to produce styrene carbonate and, as estimated
by the QSPR model, the bifunctional catalyst (HEA16Br)
was described as more active. Furthermore, the predicted
activity of HEA16Br was found to be higher than that of
ethyl-hexadecyl-dimethylammonium bromide. These two
compounds differ only in the presence of a hydroxyl sub-
stituent at the end of the ethyl chain and, therefore, it is
concluded that the QSPR model was able to identify the
advantages of a bifunctional catalyst, similar to that
reported by several studies (Anthofer et al., 2015; Biittner
et al., 2015a, b; Wang et al., 2015).

From virtual screening and the QSPR model application
(Table S15), it is possible to compare the results obtained
for tetrabutylammonium bromide (standard catalyst to pro-
duce oleochemical carbonates) with the highlighted molec-
ular targets. The order of activity found (TBAB < trimethyl
(decyl)ammonium bromide < trimethyl(dodecyl)ammo

J Am Oil Chem Soc (2020) 97: 817-837
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nium bromide < CTAB) is similar to that found by the
QSPR model (for details, see Table S15) and follows the
increase in halide nucleophilicity, which is induced by car-
bon chain elongation (Dharman et al., 2009; Han et al.,
2012; Narang et al., 2016; Wang et al., 2016; Wei et al,,
2013a). From the work of Wei et al. (2013a), conventional
TBAB has lower efficiency for producing cyclic carbonate
compared to CTAB and other longer carbon chain catalysts
(both used as co-catalyst of the zinc-cobalt and double
metal cyanide complex). Moreover, there are a few reports
that apply CTAB as a catalyst for cyclic carbonate produc-
tion, most of them using CTAB as a co-catalyst (Bu et al.,
2010; Carvalho Rocha et al., 2016; Guo et al., 2014; Ion
et al.,, 2009; Liu et al., 2016; Narang et al., 2016, 2017;
Tharun et al., 2012; Wei et al., 2013a, b) and none applied
to produce oleochemical carbonate. Thus, considering the
availability, cost, and estimated activity of CTAB
(Table 6), it can be concluded that CTAB is a good molec-
ular target for the synthesis of oleochemical carbonates.

Data Mining of the QSPR Model

After estimating the activity of the virtual screening catalyst
set, data mining was performed to evaluate the structure—
property relationship of the catalysts. In this assessment, the
methyl group was established as the standard substituent
and only one molecular feature was changed at a time
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(e.g. organic structure, molecular arrangement, carbon chain
size, and substituent type) and the results are shown in Fig. 7.

From Fig. 7a, it is possible to identify which organic struc-
ture, among the organic structures included in the QSPR
model (application domain), presents a higher estimated
conversion, and the order of activity found is:
pyridinium < imidazolium < pyrrolidinium < phosphonium <
ammonium. Identifying that ammonium salts are the most
active compounds, the influence of the type of substituent on
the conversion was evaluated by simulating the inclusion of
the hexyl, cyclohexyl, and aryl groups, and the results are
shown in Fig. 7b. Thus, we find that, keeping the same carbon
number (06) of the substituent, the catalyst activity increases in
the following order: aromatic < cycloaliphatic < linear ali-
phatic chain. Changes in the catalyst molecular structure
(organic structure and type of substituent) result in modifica-
tions of all molecular descriptors; however, it can be inferred
that catalysts with higher lipophilicity and halide nucleophilic
character have higher estimated activity.

In addition to the molecular arrangement in the catalyst
structure, the number of carbons of the catalyst is kept
constant while its distribution is changed. From Fig. 7c,
two profiles are identified: (1) the conversion increases
with the lengthening of the carbon chain and these results
are related to the higher regression coefficient of the
nAtomLAC descriptor and (2) branched substituents
results in a slight increase in conversion and this is
explained by modifying a set of descriptors (ALogP,

Br~
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Fig. 7 Structure—property relationship of catalyst to produce oleochemical carbonates: (a) organic structure, (b) substituent type, (c) molecular

arrangement, and (d) carbon chain size
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C2SP3, GATS6i, and SssCH,). This difference can be
explained mainly by the change in molecular volume, lin-
ear carbon chain length, molecular polarizability, and cat-

alyst lipophilicity, indicated by the descripto

apol, bpol, C2SP3, nAtomLAC, SssCH,, and VABC).

Thus, it is concluded that both the catalyst so
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the halide nucleophilic character are strongly influenced
by the structure of the substituent. Moreover, from Fig. 7d,
it is observed that carbon chain elongation results in an
increase in the estimated conversion value, regardless of
the carbon arrangement profile in the catalyst. Therefore,
the increase in the bulkiness of the catalyst results in the

rs (ALogP,

lubility and
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Table 7 '"H NMR estimated parameters for triacylglycerol derivatives
(raw, epoxidized, and carbonated)

Base oil c=C* Epoxy group® Conversion (7 %)°
Rice bran oil 4.00 2.29 98.4%
Canola oil 4.40 3.18 >99%
Soybean oil 4.95 3.55 >99%

# Mean ethylenic unsaturation per triacylglycerol unit,
° Mean epoxy group per triacylglycerol unit after epoxidation,

¢ Conversion estimated based on the initial epoxy value.

increase of the nucleophilic character of the halide
(Dharman et al., 2009; Han et al., 2012; Narang et al.,
2016; Wang et al., 2016; Wei et al., 2013a).

Oleochemical Carbonate Synthesis

After highlighting the best molecular targets of the virtual
screening set and interpreting the catalyst structure—
property relationship through QSPR modeling and explor-
atory analysis (Supporting Information), CTAB was
applied as a catalyst to produce cyclic carbonate from CO,
and bio-based epoxides. Although not the focus of the pre-
sent work, the synthetic step was included to conduct the
proof of concept on the application of computational
methods to screen new catalysts for the synthesis of cyclic
carbonates from CO, and epoxides. Thus, three epoxidized
vegetable oils derived from rice bran oil, canola oil, and
soybean oil were used to produce oleochemical carbonates.
All the vegetable oils (rice, canola, and soybeans) are
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widely available and were used to evaluate whether fatty
acid composition influences conversion efficiency
(Longwitz et al., 2018; Pefia Carrodeguas et al., 2017).

Initially, the solubility test indicated that CTAB is poorly
soluble in epoxidized oil at room temperature, a result simi-
lar to those reported by Tamami et al., 2004 for
benzyltrimentylammonium bromide, a catalyst with a struc-
ture similar to CTAB. Unlike TBAB, which is readily solu-
bilized in oil due to the weaker pair of ions between the
bromide and the farthest nitrogen center (Biittner et al.,
2017a; Calo et al., 2002), the effective interaction between
the CTAB polar head and the bromide ion, together with
the low polarity of the medium, hinders its initial solubili-
zation and ion stabilization in the oil matrix. Thus, we sug-
gest that the application of CTAB must be assisted using
polar solvent, supercritical CO,, or phase transfer catalysts.

In the present work, n-butanol (protic solvent) was used
to overcome CTAB solubility limitation due to its known
miscibility with triacylglycerols and little influence on the
conversion of epoxides to cyclic carbonates (Biittner et al.,
2015a, b). Moreover, considering the n-butanol structure, it
can also act as a hydrogen bond donor (HBD) activator to
facilitate epoxy ring opening and modify the mass transfer
phenomena involved, reducing medium viscosity and
changing CO, solubility and diffusion rates (Alves et al.,
2016; Cai et al., 2017; Wei et al.,, 2013b; Zheng et al.,
2015). Thus, to conduct the proof of concept and confirm
CTAB activity, the synthetic protocol was performed as
described in the Materials and Methods section and the
products are then characterized by infrared (Fig. 8a) and 'H
NMR (Fig. 8b, c) spectroscopy, representatively illustrated
in Fig. 8. FTIR (Figs S8-S16) and "H NMR spectra (Figs
S17-S25) with detailed attribution are provided in the
Supporting Information.

Infrared characterization (Fig. 8a) was performed to iden-
tify the presence of cyclic carbonate in the product. The dis-
appearance of the oxirane band between 842 and 823 cm™'
indicates epoxide consumption, while a new intensive car-
bonyl band (C=0) at 1795 cm™! indicates the formation of
5-membered cyclic carbonate. Then, the '"H NMR analysis
(Fig. 8b, c¢) confirms the initial consumption of ethylenic
unsaturation of vegetable oil, multiplet between 5.40 and
5.30 ppm (-CH=CH-), to produce the epoxy group (—
CHOCH-), two multiplets at 2.9 and 3.1 ppm (Aerts and
Jacobs, 2004; Xia et al., 2016). In the second reaction step,
the conversion of epoxide to cyclic carbonate is observed
from the disappearance of epoxy group signals (2.9 to
3.1 ppm) and the appearance of new signals related to
cyclic carbonate protons of 4.19—4.24 ppm and 4.45—
5.12 ppm (Mazo and Rios, 2012; Tenhumberg et al., 2016).
After characterization of the products, the conversion of
epoxide to cyclic carbonate is calculated based on 'H NMR
spectra and the results are presented in Table 7.
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From 'H NMR analysis, over 98% conversion of epoxide
to cyclic carbonate was estimated for all vegetable oils
(rice, canola, and soybean), respectively, 98.4% for rice
bran oil and (>99%) for canola oil and soybean oil. These
results are above those obtained by the QSPR models,
which estimated an average of 49.7% (Table 6) conversion
of epoxide to cyclic carbonate within the application
domain (100°C, 10 MPa CO,, 5 hours, 1 mol% catalyst
load, and constant agitation). This difference can be
explained by the nonsimilar experimental conditions
applied in the present work (120 °C, 5 MPa CO,, 48 hours,
5 wt% catalyst load, solvent, and static reaction medium) in
relation to the application domain of the QSPR model
(Data Set 01). Therefore, by increasing reaction time, tem-
perature, catalyst load, and using n-butanol, it was possible
to compensate for the static medium, lower gas pressure,
and absence of supercritical CO, solvent effect and achieve
high epoxy group conversions. Although the experimental
procedures performed in the present work are not compara-
ble to the application domain of the QSPR model, due to
the technical limitations of our reactors, it was possible to
conduct a proof of concept on the potential of multivariate
models (QSPR and exploratory analysis) to screen cata-
lysts, demonstrate CTAB activity to produce oleochemical
carbonates, and meet the proposed objectives. Thus,
Table 7 shows that CTAB has high activity to produce
oleochemical carbonates regardless of the base raw mate-
rial, while Fig. 9 shows the proposed mechanism for the
CTAB catalytic system.

The proposed catalytic system is composed of three steps
and four transition states, which are: Step I: the hydrogen
bond-activated epoxy ring is opened by the bromide nucle-
ophilic attack (Fig. 9a), resulting in an oxyanion stabilized
by both CTAB polar head and hydrogen bonding of the
protic solvent (Fig. 9b) (Carvalho Rocha et al., 2016); Step
2: the insertion of CO, by oxyanion attack leads to the for-
mation of a carbonate ion (Fig. 9c), also stabilized by
hydrogen bonding and electrostatic interaction with the
CTAB polar head; Step 3: the last step proceeds with the
disruption of the C—Br chemical bond and the intramolecu-
lar formation of the 5-member cyclic carbonate (Fig. 9d).

Unlike the TBAB catalytic system, in which intermediate
species stabilization occurs through weak Van Der Waals
interaction between the anions and the alkyl chain (Alves
et al., 2016), CTAB could promote better stabilization of
intermediate species as a result of more effective electro-
static interaction between the anions and the accessible
nitrogen center of the catalyst polar head (Carvalho Rocha
et al., 2016). Thus, based on the QSPR regression coeffi-
cient and the proposed reaction mechanism, it can be
assumed that a good stabilization of intermediates contrib-
utes to the efficiency of CTAB as a catalyst to produce
oleochemical carbonates.
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Conclusions

In the present work, we propose the application of QSPR
modeling and exploratory analysis to assist in the selec-
tion of catalysts to produce oleochemical carbonates.
From our results, it was identified that it is possible to
establish a structure—property relationship between the
catalyst characteristics and their activity to produce
oleochemical carbonates from CO, and epoxides. All
developed QSPR models were validated, no overfitting
problem was identified, and the transferability of the
model was confirmed. Therefore, we concluded that the
QSPR method have the potential to reduce costs and time
to screen new catalysts for the synthesis of oleochemical
carbonates from CO, and epoxides.

Based on the QSPR model, we found that catalysts with
higher bulkiness, lipophilicity, and halide nucleophilic
character have higher estimated activity and, within the
application domain of the QSPR model, the catalysts with
the most potential are ammonium and phosphonium deriva-
tives with long carbon chains. It should also be noted that
the results of the present work are expected within the
application domain of the respective QSPR models. Thus,
changing the substrate (epoxidized oleochemical deriva-
tive) and the reaction conditions (e.g. time, temperature,
pressure, and catalyst load) must result in different conver-
sions in the carbonation process.

From the synthetic results, we provide the first report
on the application of CTAB as a new active catalyst to
produce oleochemical carbonates. From experimental pro-
cedures, over 98% conversion of epoxide to cyclic carbon-
ate was estimated for all vegetable oils (rice, canola, and
soybean), respectively, a conversion of 98.4% for rice
bran oil and (>99%) for canola oil and soybean oil. Thus,
the high conversion recommends further investigation of
the CTAB-based catalytic system to achieve optimization
of experimental procedures and conditions. As the experi-
mental procedures of the present work were not opti-
mized, the influence of the experimental factors (pressure,
time, temperature, stirring speed, catalyst load, and sol-
vent) on the reaction system should be evaluated in the
future.

In the present work, the QSPR models were developed
based on small but representative sets of catalysts; how-
ever, some relevant aspects may not have been obtained
due to a literature restriction. Another limitation is that the
application domain of the QSPR models also encompasses
the vegetable oil feedstock, so it must be necessary to
develop specific models for vegetable oils with very differ-
ent fatty acid composition. Thus, to avoid pitfalls and mis-
understandings of the catalysis process for the production
of oleochemical carbonates, we suggest that future works:
(1) increase the number and diversity of catalysts included
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in the QSPR model to increase their robustness and appli-
cation domain, (2) develop specific models for vegetable
oils with very different characteristics, (3) increase the
complexity of molecular descriptors (e.g. 3D-descriptors
and quantum-chemical descriptors) and evaluate software
that can better represent molecular structures not fully con-
nected, such as organic salts and ionic liquids, (4) experi-
mentally confirm the order of catalyst activities suggested
by our results (virtual screening and data mining steps),
(5) compare the results of the new CTAB catalytic system
with those obtained by the TBAB reference catalyst, and
(6) assess whether directional electrostatic interaction
between the anions (reactive intermediates) and the CTAB
polar head can result in stereoselective products. All these
studies should be supported by additional experimental pro-
cedures and other cheminformatics tools (e.g. Molecular
Dynamics and Quantum Mechanics).
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