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RESUMO

SANTOS, Victor Hugo Jacks Mendes dos. Uma perspectiva da modelagem QSPR
para triagem/desenho de catalisadores para a sintese de carbonatos
oleoquimicos. Porto Alegre. 2018. Dissertacdo. Programa de Pds-Graduacdo em
Engenharia e Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE CATOLICA DO
RIO GRANDE DO SUL.

Até o momento, apenas um pegueno numero de organocatalisadores foram aplicados
para producéo de carbonatos oleoquimicos, enquanto a descricdo de novos sistemas
de catalisadores ainda € limitada. O presente trabalho apresenta uma perspectiva
preliminar da modelagem por Relacdo Quantitativa Estrutura-Propriedade (QSPR)
para auxiliar na escolha/desenho de novos organocatalisadores para producdo de
carbonatos ciclicos. O QSPR foi desenvolvido aplicando os descritores moleculares
(2D) para modelar a relacdo estrutura-propriedade entre as caracteristicas dos
organocatalisadores e sua atividade para producdo de carbonatos oleoquimicos. A
partir da triagem virtual, um total de 122 catalisadores tiveram sua atividade prevista
e os melhores alvos moleculares sdo propostos. As principais caracteristicas
moleculares (estrutura organica, arranjo molecular, tamanho da cadeia de carbono e
tipo de substituinte) foram identificadas através da mineracdo de dados, enquanto a
analise de componentes principais (PCA) mostrou-se adequada para realizar a analise
exploratdria do conjunto de moléculas. Além disso, € apresentado o primeiro relato da
aplicacdo do brometo de cetiltrimetilaménio (CTAB) como um catalisador para a
producdo de carbonato oleoquimico derivados dos 6leos de soja, canola e arroz. As
reacGes foram realizadas em uma autoclave de aco inoxidavel de 50 cm® a 120 ° C,
durante 48 horas, sem agitacdo, 5 MPa (p, CO2), 2 g de 0Oleo epoxidado, 4 mL de
butanol e 5% molar de CTAB. A partir do método proposto, todas as reacgdes
apresentaram mais de 98% de conversado de epoxido em carbonato ciclico para todos
0s Oleos vegetais. Desta forma, a modelagem QSPR pode ser aplicada para reduzir
0S custos e tempo na selecado/desenho de organocatalisadores para a sintese de

carbonatos ciclicos a partir de CO:2 e epéxidos.

Palavras-Chaves: QSPR, relacdo quantitativa estrutura-propriedade, 6leos vegetais,

COg2, carbonatos oleoquimicos



ABSTRACT

SANTOS, Victor Hugo Jacks Mendes dos. A perspective of QSPR modeling to
screen/design organocatalysts for oleochemical carbonates synthesis. Porto
Alegre. 2018. Master Thesis. Graduation Program in Materials Engineering and
Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL.

To date, only a small number of organocatalysts have been applied to produce
oleochemical carbonates, while the description of new catalysts system still limited.
This work presents a preliminary perspective of Quantitative Structure-Property
Relationship (QSPR) modeling to assist in the targeted choice/design of active
organocatalysts to produce cyclic carbonates. The QSPR was developed by applying
the molecular descriptors (2D) to model the structure-property relationship between
the organocatalysts features and its activity to produce oleochemical carbonates. From
the virtual screening, a total of 122 catalysts have their activity predicted and the best
molecular targets are proposed. The principal molecular features (organic structure,
molecular arrangement, carbon chain size and substituent type) were identified
through data mining, while the principal component analysis (PCA) proved to be
suitable to perform the exploratory analysis of the molecules set. In addition, is
presented the first report of the application of cetyltrimethylammonium bromide (CTAB)
as a new catalyst to produce oleochemical carbonate derived from soy, canola and
rice oils. The reactions were performed in a 50 cm? stainless steel autoclave at 120°C,
for 48 hours, without stirring, 5 MPa (p, CO2), 2 g of epoxidized oil, 4 mL of butanol
and 5 mol% of CTAB. From the proposed method, all reactions showed more than
98% of epoxide conversion to cyclic carbonate for all the vegetable oil. In this way, the
QSPR modelling can be applied to reduce the costs and time in the organocatalysts

screening/design for the cyclic carbonates synthesis from CO2 and epoxides.

Keywords: QSPR, quantitative structure-property relationship, vegetable oils, COz,
oleochemical carbonate
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1. INTRODUGAO

Existe uma crescente preocupacdo com a perenidade das reservas fésseis e
acerca da extensdo da influéncia do ser humano sobre o meio ambiente. A
humanidade depende dos recursos fosseis como principal fonte de energia e de
matérias-primas, porém, o COz2 residual € um importante passivo ambiental atuando
nas mudancas climaticas globais (NORTH; PASQUALE; YOUNG, 2010).

Hoje em dia, o conceito de sustentabilidade é indissociavel dos processos
quimicos, e ferramentas como a Avaliacdo do Ciclo de Vida sdo cada vez mais
robustas e capazes de auxiliar na identificacdo de pontos criticos ambientais,
econdmicos e sociais ao longo da cadeia de producédo (KRALISCH et al., 2012).

Mesmo valendo-se de conceitos como a intensificacdo do processo (PI-
Process Intensification) e novas janelas de processo (NPWs - Novel Process
Windows), a mera melhoria dos processos convencionais, muitas vezes, ndo é
suficiente para melhorar significativamente a sustentabilidade ambiental e econémica
da producédo quimica (KRALISCH et al., 2012).

Dessa forma, uma vez que as reservas fosseis conhecidas nao serao
suficientes para suprir todas as crescentes demandas da sociedade e, observada a
preocupac¢do com prevenir acréscimos substanciais na concentracdo de CO:2 na
atmosfera, existe uma apelo por buscar alternativas tecnolégicas que promovam
mudancas de paradigmas na concepcao de desenho e desempenho dos processos
quimicos (KRALISCH et al., 2012; NORTH; PASQUALE; YOUNG, 2010; PANCHAL
et al., 2017).

Recentemente, a utilizacdo de fontes renovaveis na preparacao de diversos
materiais foi revitalizada devido as preocupacfes ambientais (SENIHA GUNER;
YAGCI; TUNCER ERCIYES, 2006). Entre as principais oportunidades, esta o

estabelecimento e consolidacdo de uma cadeia perene de matérias-primas capazes
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de substituir as fontes atuais e reduzir a pegada ecoldgica do ser humano (CAl et al.,
2008; MEIER; METZGER; SCHUBERT, 2007) .

Por outro lado, o desafio de substituir progressivamente as matérias-primas
fésseis por materiais provenientes de fontes renovaveis, implica no desenvolvimento
de novos catalisadores, rotas sintéticas e materiais que sejam competitivos em
propriedades e custos (LATHI; MATTIASSON, 2007; RONDA et al., 2011). Dentro
desse contexto, os 6leos vegetais tornaram-se objetos de interesse para a pesquisa
académica e industrial como uma possivel plataforma de produtos quimicos devido a
sua disponibilidade universal, biodegradabilidade inerente e baixo custo de aquisicéo
(CAl et al., 2008; MIAO et al., 2014).

Os oOleos vegetais estdo entre as classes mais importantes de biorrecursos
disponiveis e, no que se refere as questdes ambientais e energéticas, os triglicerideos
deverdo desempenhar um papel fundamental durante o século XXl como base de
combustiveis sintéticos e de materiais poliméricos (ADHVARYU; ERHAN, 2002;
PANCHAL et al., 2017; SARPAL et al., 2015).

As insaturagdes, presentes em todos os 6leos vegetais, sdo a0 mesmo tempo
pontos de fragilidade e potenciais sitios ativos para modificacdes quimicas
controladas. A epoxidacao, processo crucial pelo qual as insaturacdes sdo convertidas
em grupos epoxidos ou grupos oxiranos, apresenta papel fundamental na obtencéo
de derivados poliméricos de triglicerideos (Panchal et al., 2017).

Entre as possiveis modificacdes sequenciais a partir do grupo oxirano tém-se
a carbonatacdo, processo em que o grupo epoéxido reage com COz2, com 100% de
eficiéncia atdbmica, a fim de obter um carbonato ciclico em um anel de 5 membros
(NORTH; PASQUALE; YOUNG, 2010).

Uma rica literatura ja encontra-se disponivel acerca da cicloadicdo de CO2 em
epoxidos pequenos, tais como 6xido de propileno e 6xido de etileno (LI et al., 2008),
porém a disponibilidade comercial de 6leos vegetais epoxidados estimulou a pesquisa
acerca da producéo de carbonatos ciclicos de cadeia longa (HOLSER, 2007).

A vasta variedade de fontes de triglicerideos, e a atencédo que tem sido dado a
incorporacdo de CO2 em moléculas organicas (LI et al., 2008; LIU; WANG, 2017,
TAMAMI; SOHN; WILKES, 2004; YANG; GAO; LIU, 2016), sdao motivadores do

presente trabalho, que propbe-se a utilizar a modelagem por relacdo quantitativa
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estrutura-propriedade (QSPR) para auxiliar na escolha/desenho de novos
organocatalisadores para producéo de carbonatos ciclicos.

Desta forma, a ferramenta QSPR pode ser aplicada para reduzir custo e tempo
envolvido no desenvolvimento de novos organocatalisadores para a sintese de

carbonatos ciclicos a partir de ep6xidos e CO..
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2. OBJETIVOS

O presente trabalho propOs-se aplicar a modelagem por QSPR para
selecionar/desenhar novos catalisadores para a sintese de carbonatos oleoquimicos.

2.1. Objetivos Especificos

- Desenvolver e validar um método QSPR que descreva a relacdo estrutura-
propriedade de catalisadores para a produ¢éo de carbonatos oleoquimicos.

- Utilizar as ferramentas de analise multivariada para a analise exploratéria de
dados, selecdo de dados e desenvolvimento de modelos preditivos da atividade
catalitica dos catalisadores;

- Aplicar a modelagem QSPR para selecdo de um potencial novo catalisador
para a producado de carbonatos oleoquimicos;

- Sintetizar e caracterizar os carbonatos oleoquimicos derivados de Oleos
vegetais, utilizando um catalisador convencional e um novo catalisador selecionado

pela abordagem QSPR.
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3. REVISAO BIBLIOGRAFICA

A limitada extenséo das reservas mundiais de petrdleo, o aumento dos pre¢os
do dleo bruto e as questdes relacionadas com o meio ambiente sdo problemas a
serem herdados pelas geracdes futuras (PANCHAL et al.,, 2017). A partir desse
cenario, é provavel que aparecam inumeras oportunidades no setor da bioindustria
devido a existéncia de uma quantidade relativamente grande de produtos e residuos
gerados no dia-a-dia pelos setores industriais e agropecuarios (TAN; CHOW, 2010).

As matérias-primas renovaveis desempenham um papel muito importante no
desenvolvimento da quimica verde e sustentavel (LATHI; MATTIASSON, 2007; MIAO
et al., 2014). Algumas das matérias-primas renovaveis, para aplicacbes nao-
combustiveis, mais amplamente aplicadas na inddstria quimica incluem os
polissacarideos, acUcares, madeira e 0s Oleos vegetais (MEIER; METZGER;
SCHUBERT, 2007).

Em especial, os 6Oleos derivados de plantas tém um grande potencial para
insercdo na cadeia petroquimica atual na confeccdo de produtos quimicos finos e
materiais poliméricos (MEIER; METZGER; SCHUBERT, 2007).

3.1. Triglicerideos

Um triacilglicerol ou triglicerideo pode ser definido como um éster obtido a partir
de uma molécula de glicerol e trés moléculas de acidos graxos de cadeia longa
(ISSARIYAKUL; DALAI, 2014; SENIHA GUNER; YAGCI; TUNCER ERCIYES, 2006).
Os acidos graxos normalmente apresentam cadeias carbonicas variando entre 14 e
22 carbonos e dividem-se principalmente entre saturados, sem presenca de ligacdes
duplas carbono-carbono e insaturados variando majoritariamente de 1 a 3 ligacdes
duplas por acido graxo (MCNUTT; HE, 2016; RONDA et al., 2011; SENIHA GUNER,;
YAGCI; TUNCER ERCIYES, 2006).
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Dentro da estrutura dos acidos graxos insaturados, existem algumas posicoes
possiveis para a disposicédo das ligacdes duplas C=C, que normalmente situam-se
nas posigcoes 6, 9, 12 e/ou 15. Para cadeias poli-insaturadas, tém-se que se as
ligacBes duplas podem ser isoladas, se estiverem separadas por pelo menos 2 &tomos
de carbono (RONDA et al., 2011), ou conjugadas, se as ligacdes simples e duplas se
alternam entre os atomos de carbono da cadeia (RONDA et al., 2011; SENIHA
GUNER; YAGCI; TUNCER ERCIYES, 2006).

Considerando a atividade das moléculas de triglicerideos, em especial os poli-
insaturados, sdo varios 0s sitios reativos que estdo sujeitos a modificacbes
controladas, fazendo destes compostos plataformas quimicas de grande potencial.
Tendo por objetivo a obtencdo de mondmeros para a producdo de materiais
poliméricos, 0s grupos ésteres, as ligacdes duplas e as posi¢cdes alilicas sdo os pontos
reativos mais importantes (KHOT et al., 2001; MIAO et al., 2014). Na Figura 3.1,

podem ser observados alguns pontos ativos das moléculas de triacilglicerol.

0 1
O 2
O T - s
O -
O o -
3
1 Ligacoes Duplas 3 Posicao Bis-Alilica
2 Posicio Alilica 4 Grupo Ester

Figura 3.1. Pontos ativos das moléculas de triglicerideos insaturados.
Fonte: (MIAO et al., 2014).

Adicionalmente, alguns acidos graxos naturais tém estruturas diferenciada com
a cadeia de carbono apresentando grupos como hidroxila, epdxi ou oxo (MIAO et al.,
2014). Na Figura 3.2 € apresentado a estrutura dos principais acidos graxos

encontrados em fontes naturais.
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Nomenclatura Estrutura do Acido Graxo
0
Acido miristico /\/\/\/\/\/\)LDH
0
Acido palmitico f\/\/\/\/\/\/\)LOH
0
Acido estearico N\/\/\/\/\/\/\)LOH
O
Acido Miristoleico WW\:/\/\)I\OH
. 0
Acido oleico WW/NLDH
0
. 12 a
Acido linoléico - - OH
15 12 ] Q
Acido linolénico — — —
OH
0
Acido petroselinico \/\/\/\/\/E/\/\)I\GH
]
0
Acido ertcico §
ci — oH
8]
Acido calendilico W‘*\/W\/\)Lou
12 10 8
o O
Acido a-eleostearico \/\/MF\/\/\/\)J\QH
13 1"
A /\\/\.//CII&./_ﬂ\/.\/\/\)':'JL
Acido vernodlico - OH
OH 0

4 - L] - - 9
Acido ricinoleico \/\/\/k/:\/\/\/\/U\OH

Figura 3.2. Nomenclatura e estrutura dos principais acidos graxos naturais.
Fonte: (CHUA; XU; GUO, 2012; MEIER; METZGER; SCHUBERT, 2007).

As fontes graxas naturais podem ser de origem animal ou vegetal, sdo

constituidas majoritariamente por triglicerideos, Sdo recursos renovaveis e sao
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encontrados em abundancia em todas as partes do mundo, tornando esses produtos
guimicos matérias-primas alternativas ideais (MIAO et al., 2014).

O termo “6leos vegetais” se aplica as misturas de triglicerideos que mantém-se
no estado liquidos a temperaturas ambiente, sendo normalmente derivados de fontes
vegetais como girassol, algoddo, linhaca, soja, etc. (SENIHA GUNER; YAGCI;
TUNCER ERCIYES, 2006).

A escolha da fonte dos triglicerideos desempenha um papel importante nas
propriedades dos materiais derivados dos mesmos, uma vez que as suas
propriedades fisicas e quimicas séo fortemente influenciadas pela estrutura dos seus
acidos graxos constituintes (SENIHA GUNER; YAGCI; TUNCER ERCIYES, 2006).

Apesar de existir varios 4cidos graxos que podem constituir um triglicerideo, os
Oleos vegetais sdo, com raras excecdes, majoritariamente constituidos pelos acidos
graxos insaturados oleico (C18:1), linoleico (C18:2) e linolénico (C18:3), que contém
1 a 3 ligac@es duplas por acido graxo (HUANG et al., 2015).

Baseado nesse principio, diversos estudos tem sido conduzidos com o objetivo
de realizar a identificacdo e classificacdo desses 06léos vegetais com base no
percentual de cada &cido graxo presente, na configuracdo dos triglicerideos ou na
assinatura espectral do 6leo (JAVIDNIA et al., 2013; LI et al., 2016; ZHANG et al.,
2014b). Os 6leos vegetais possuem propriedades excelentes como boa lubricidade,
baixa volatilidade, alto indice de viscosidade, solvéncia para aditivos lubrificantes e
facil miscibilidade com outros fluidos (BOYDE, 2002).

Muitos pesquisadores se valeram das caracteristicas estruturais dos
triglicerideos de diversas fontes para propor modelos preditivos de suas propriedades
baseados nas suas constituices quimicas e espectrais. Varidveis como o indice de
insaturacdo (BARTHUS; POPPI; ANDRADE, 2001), nivel de oxidacdo do Oleo
(BARTHUS; POPPI, 2002), estabilidade oxidativa do 6leo (DE LIRA et al., 2010), ponto
de fulgor (DUAN et al., 2011), indice de umidade (MIRGHANI et al., 2011), densidade
(FERRAO et al., 2011) e viscosidade cinematica (BALABIN; LOMAKINA; SAFIEVA,
2011) ja foram estimadas com razoavel eficacia a partir dessa estratégia.

Na Tabela 3.1 sdo apresentados os valores de acidos graxos reportados para

algumas das principais plantas oleoaginosas produzidas no mundo.
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Tabela 3.1. Principais plantas oleaginosas e sua composicéo de acidos graxos

Acido graxo C:LD Canola Milho Algoddo Linhaca Oliva Palma Soja Mamona Arroz Girassol

Miristico 14:0 0,1 0,1 0,7 0,0 0,0 10 01 0,0 0,4 0,0
Miristoleico  14:1 0,0 0,0 0,0 0,0 0,0 00 0,0 0,0 0,0 0,0
Palmitico 16:0 4,1 10,9 21,6 55 13,7 444 11,0 1.4 18,2 9,2
Palmitoleico  16:1 0,4 0,3 0,8 0,0 1.2 03 01 0,0 0,2 0,0
Estearico 18:0 1.8 2,0 2,6 3,5 2,5 41 4,0 0,9 1,9 3,5

Oleico 181 609 254 18,6 191 71,1 393 234 3,5 41,7 20,4
Linoleico 182 21,0 596 544 153 10,0 10 53,2 4,9 346 68,1
Linolénico  18:3 8,8 1.2 0,7 56,6 0,6 04 7.8 0,3 1,2 0,4

Ricinoleico  18:1 0,0 0,0 0,0 0,0 0,0 0,0 0,0 88,9 0,0 0,0
Araquidico  20:0 0,7 0,4 0,5 0,0 0,9 04 04 0,0 0,7 0,0
Gadoleico  20:1 1,0 0,1 0,0 0,0 0,0 0,0 0,0 0,0 0,5 0,0
Ertcico 22:0 1,2 0,0 0,0 0,0 0,0 00 0,0 0,0 0,2 0,0
Média de LD no 6leo 3.9 4.5 3.9 6.6 2.8 1.8 4.6 3,1 3,4 4,7

C — Numero de carbonos; LD — Numero de ligagbes duplas
Fonte: (DUBOIS et al., 2007; KHOT et al., 2001)

Mesmo com propriedades interessantes, a existéncia de ligagdes insaturadas
(C=C) ¢é responsavel pela baixa estabilidade oxidativa dos triglicerideos,
especialmente para os O6leos vegetais poli-insaturados, que sao constituidos
predominantemente de 4cidos linoleico e linolénico (WU et al., 2000).

Uma vez que as propriedades fisicas e quimicas dos 6leos sé@o fortemente
influenciadas pela estrutura e configuracdo dos acidos graxos (SENIHA GUNER,;
YAGCI; TUNCER ERCIYES, 2006), a modificacdo quimica dos 6leos vegetais busca
reduzir seus pontos de fragilidades e obter estruturas quimicas que possibilitem
futuras modificacdes controladas (HWANG; ERHAN, 2001).

Ao olhar a natureza, verifica-se que o Oleo natural de vernonia (Vernonia
galamensis) apresenta estrutura parcialmente oxidada, rico em acido verndlico (Fig
3.2), que apresenta um grupo epoxidos que o estabiliza oxidativamente. Essa
caracteristica permite que o mesmo possa ser aplicado em situacdes em que o
estresse térmico € inerente. (CHUA; XU; GUO, 2012; MEIER; METZGER,;
SCHUBERT, 2007).

Sendo assim, a modificagdo artificial das ligacbes C=C, a fim de produzir
derivados quimicos epoxidados, vem atraindo a atencdo de muitos grupos de

pesquisa (HUANG et al., 2015). Essas alteracbes aumentam o leque de oportunidades
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para utilizacdo dos Oleos vegetais como plataforma quimica para producdo de
materiais poliméricos (HUANG et al., 2015; OMONOV; KHARRAZ; CURTIS, 2016).

3.2. Oleos Epoxidados

O epoxido é utilizado para definir a formacdo de um éter ciclico em um anel
com trés elementos também conhecido como anel oxirano (PANCHAL et al., 2017).
Os compostos quimicos epoxidados devem apresentar em sua estrutura pelo menos
um grupo epodxido, que normalmente costuma ser obtido a partir de uma reagéo entre
um derivado insaturado e um composto que apresente oxigénio ativado (XIA; BUDGE;
LUMSDEN, 2016).

O grupo epoéxido, oxirano ou epoxi, € um dos grupamentos quimicos mais
interessantes devido a sua reatividade elevada e a quantidade de transformacgdes a
gue podem ser sujeitos (SWERN, 1970). Na Figura 3.3, é apresentado a estrutura

basica de um grupo epdéxido.

l
C-—.
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N

Figura 3.3. Estrutura basica do grupo epoxi.
Fonte: (SWERN, 1970)

Tal qual definido anteriormente, os 6leos epoxidados devem apresentar em sua
estrutura pelo menos um grupo epéxido, porém tanto os 6leos naturais quanto os
sintéticos costumam possuir mais de uma funcionalidade por molécula de triglicerideo
(XIA; BUDGE; LUMSDEN, 2016).

Conforme Muturi, Wang e Dirlikov (1994) o oleo de Vernonia (Vernonia
galamensis) € o0 Unico Oleo vegetal naturalmente epoxidado. O 6leo de Vernonia
contém 80-82% de acido verndlico, que apresenta estrutura molecular com uma
insaturagdo na posicdo 9 e o grupo epoxi formando o anel com os carbonos das
posicbes 12 e 13. A estrutura dos triglicerideos consiste predominantemente de
trivernolina, que é um triglicerideo esterificado com 3 4cidos verndlicos, cuja estrutura

pode ser encontrada representada na Figura 3.2 da sec¢éo 3.1.
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O dleo de Vernonia normalmente € utilizado como um diluente reativo para o
preparo de formulacfes alquidicas e epoxidicas com baixo teor de compostos
organicos volateis (MUTURI; WANG; DIRLIKOV, 1994). Apesar de ser obtido
naturalmente, as condi¢cbes de cultivo e baixo rendimento extrativo do 6leo de
vernonia fazem com que a demanda por 6leos epoxidados figue muito acima do que
o potencial agricola do cultivar.

Dessa forma, os Oleos epoxidados devem ser obtidos sinteticamente de
maneira a suprir a demanda de mercado existente de entorno de 240.000
toneladas/ano (KRALISCH et al., 2012). Essa obtencéo se da por meio da reacao de
epoxidacdo, Figura 3.4, na qual as duplas ligacbes carbono-carbono dos acidos
graxos reagem com um composto com oxigénio ativo, resultando na adicdo de um
atomo de oxigénio na configuragdo do anel oxirano (GAMAGE; O’BRIEN;
KARUNANAYAKE, 2009).

A epoxidacdo de alcenos constitui uma das reacdes mais Uteis na sintese
organica, uma vez que 0 grupo epodxido é um intermediario ativo facilmente
transformado em outras funcionalidades (ERHAN et al., 2008; PANCHAL et al., 2017)

o Acido O reanico
—_—

CH, +Hly

o
.J'Lﬁ_,n.,_,a-v\u.a‘=‘v'=\,aﬂ':“~.,.—{: Hy

Figura 3.4. Reacédo genérica de epoxidacao de triglicerideos.
Fonte: (ANUAR et al., 2012)

A epoxidacao de Oleos vegetais € uma reacado bem conhecida, com pedidos de
patentes depositadas ja em 1946 e com extensa literatura disponivel ANUAR et al.,
2012; BORUGADDA; GOUD, 2014, 2015; DE QUADROS; GIUDICI, 2016; PALUVAI;
MOHANTY; NAYAK, 2015; SHARMA; DALAI, 2013; WU et al., 2000. O mercado
mundial atual gira na faixa de 240.000 toneladas/ano, dos quais 90.000 toneladas/ano
refere-se apenas ao mercado europeu (KRALISCH et al., 2012). Conforme a empresa

Markets and Markets (2017), o mercado de 6leo de soja epoxidado € projetado para



28

chegar a um volume financeiro movimentado de US$ 0,3 bilh6es/ano em 2020, o que
significa uma expectativa de crescimento de 10,3% ao ano entre 2015 e 2020. Esse
aumento é justificado pelo aumento da demanda por plastificantes de base natural em
substituicdo aos derivados de ftalatos, restringidos por lei nos mercados de paises
desenvolvidos e em nac¢bes emergentes como China, india e Brasil.

A epoxidacdo com oxigénio molecular, catalisada heterogeneamente pela
prata, seria a rota mais barata e menos agressiva ao meio ambiente, porém trata-se
de uma rota quase que restrita a olefinas com cadeia molecular curta, como o etileno
e o butadieno (DINDA et al., 2008; GOUD; PRADHAN; PATWARDHAN, 2006).
Quando esse processo € aplicado aos alquenos com cadeia carbénica mais longa, é
normal a obtencdo de uma quantidade substancial de derivados oxigenados como
aldeidos e cetonas, resultantes da clivagem das insaturagdes presentes.

A alternativa encontrada para a epoxidacdo de triglicerideos passa por
processos nos quais estdo envolvidos: uma molécula com oxigénio ativo, um
catalisador, uma molécula que realizara o transporte do oxigénio e o substrato a ser
epoxidado.

Genericamente, as demais maneiras de epoxidacdo podem ser encaixadas em:
a) epoxidacdo com peroxidos organicos e inorganicos, que inclui a epoxidacao com
peréxido de hidrogénio; b) epoxidacdo com haloidrinas, utilizando acidos
hipofosfatados (HOX) e seus sais como reagentes e c) epoxidacao enzimatica, com a
utilizacao de lipases suportadas (GOUD; PATWARDHAN; PRADHAN, 2006).

Aplicados para triglicerideos, encontra-se na literatura os seguintes métodos
de reacdo: a) reacdo de Prilezhaev, catalisado por peréacidos; b) epoxidacéo
enzimatica, catalisada por uma lipase e intermediado por um peracido de cadeia
longa; c) epoxidagdo com metais, como molibdénio, ferro, tungsténio e titanio; d)
epoxidacao catalisada por liquidos idnicos e e) epoxidagdo com resina de troca ibnica
acida (CHUA; XU; GUO, 2012; TAN; CHOW, 2010). Na Tabela 3.2 é apresentado um
resumo de algumas publica¢cdes que se utilizam das reacdes descritas.

Entre os métodos mais comuns, a industria comumente opta pela utilizacéo da
reacdo de Prilezhaev, catalisado por peracidos. Estes processos podem ser
separados em duas categorias principais: a) na qual o peracido é pré-formado antes
da reacao de epoxidacao e b) onde o peréacido € gerado in situ no recipiente de reacéo
(RANGARAJAN et al., 1995).
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Tabela 3.2. Reacao de epoxidacéo por diferentes métodos.

. . Oleo Condicéo do processo X (0 A
Epoxidagao vegetal Temperatura (°C)  *Adicao de H202 (h) Tempo (h) Conversdo (%) Refereéncia
Soja 45: 55; 65; 75 0,5 12 nd (CAl et al., 2008)
Convencional Jatrofa 30; 50; 70; 85 0,5 3,4,4,5; 10 35-88 (GOUD et al., 2010)
Algodéo 30; 45; 60; 75 0,5 4 80 (DINDA et al., 2008)
Canola 40; 55; 65; 75 0,5 7 50-90,8 WUN%@%’ etal.
- . AA- (SANTACESARIA et
RTI Soja 30; 60; 75 0,5 8 73,1-97,7 al., 2011)
. ) (PAN; SENGUPTA;
Borracha 50-60 1; 25 5,5:;8 86-92 WEBSTER, 2011)
(RUSCH GEN.
Enzimatica Soja 50 0,083 24 50-98,9 KLAAS; WARWEL,
1999)
; (GERBASE et al.,
COM Soja 25 Nd 1-2 16-92 2002)

RTI — Resina de troca ibnica; COM — Catalise organometélica; nd — ndo determinado; * peréxido adicionado a rea¢éo ao longo do tempo descrito
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Uma vez que o0s perdxidos organicos sao extremamente perigosos e
apresentam riscos de detonacdo quando sujeitos a aquecimento e/ou outros estimulos
fisicos, levam a industria a normalmente optar pela producdo in situ do peracido
organico derivado do acido acético ou do éacido formico (ERHAN et al., 2008;
PANCHAL et al., 2017; RANGARAJAN et al., 1995).

Na Figura 3.5 é apresentado um esquema simplificado da reacdo de
epoxidacao. A reacdo de epoxidacgao in situ ocorre em duas etapas: a) formagéao do
peracido e b) reacdo do peracido com a ligacdo dupla (PANCHAL et al., 2017). A
conversao das insaturacdes em epoxido depende de varios fatores tais como: a razéo
de peroxido por insaturacao, razéo de acido carboxilico por insaturagcado, temperatura
reacional, concentragéo de catalisador, velocidade da agitacao e tempo de adicdo de
H202 (SANTACESARIA et al., 2011).

(A)

R [ 1]
+ /O\
HO—OH + H0—< ————> HO—y" >z H H
0]
(B) e
.- \‘\\
\ /Vtil{
H H 0\\ CpLo A o\\
\C:C/ + /(j_ R —» — CH—Cl l\ + /C* R
7 Ok, HO—O N R/ R, HO
Alceno Peracido /CZC\ Produto epoxidado Acido
R R

Estado de transicdo

Figura 3.5. Esquema da reacédo de epoxidacao.
Fonte: (CHUA; XU; GUO, 2012).

A reacédo de epoxidacao de triglicerideos, por meio de geracdo de peracidos in
situ, trata-se de uma catalise bifasica que ocorre em emulsédo de uma fase oleosa e
uma fase aquosa (PANCHAL et al., 2017).

O mecanismo de epoxidacao, representado na Figura 3.6, envolve os seguintes
passos: a) formacdo do peracido (PAA) na fase aquosa - catalisada por um acido
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mineral e envolvendo a reagdo do H202 com o &cido carboxilico; b) transferéncia do
peracido da fase aquosa para a fase oleosa; c) reacdo do peracido para formar o
epoxido com consequente regeneracdo do &cido carboxilico e d) transferéncia do
acido carboxilico da fase oleosa para a fase aquosa (RANGARAJAN et al., 1995;
SANTACESARIA et al., 2011).

(0
/ \

-HC—-CH- <«— -CH=CH-
+ -+
AA PAA
N, N

HO, +AA <=5 PAA+H0

Fase aquosa

Fase organica

Figura 3.6. Dinamica reacional da epoxidacdo em emulséo.
Fonte:(CAMPANELLA; BALTANAS, 2006; CAMPANELLA; FONTANINI; BALTANAS, 2008)

Nesse sistema de duas fases, que envolve reagdes em ambas, os fendmenos
de transferéncia de massa interfacial e a termodinamica do processo sé&o
fundamentais para a otimizagcao do sistema produtivo (RANGARAJAN et al., 1995).

Outro fator que influencia as taxas de epoxidacdo € a composi¢do de acidos
graxos do triglicerideo. Na literatura, encontra-se descrito que a taxa de epoxidacao
aumenta com o aumento no numero de insaturacdes do acido oleico (18:1) para o
linolénico (18:3) (COMERFORD et al., 2015). Enquanto a atividade de cada ligacao

dupla do &cido oleico e linoleico sdo equivalentes, as ligagbes duplas do &cido
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linolénico sdo aproximadamente trés vezes mais reativas do que as presentes nos
demais acidos graxos (COMERFORD et al., 2015; SCALA; WOOL, 2002).

Essa reatividade mais elevada pode resultar em produtos indesejados, uma vez
gue, da mesma forma que elas sédo mais sujeitas a sofrerem epoxidacao, elas séo
igualmente propensas a sofrerem reacdes secundarias de maneira a diminuir a
eficiéncia e seletividade do processo (COMERFORD et al., 2015).

Na industria, os 6leos epoxidados destinam-se, majoritariamente, a aplicacédo
como estabilizantes e/ou plastificantes para o polimeros clorados como o PVC
(BENANIBA; BELHANECHE-BENSEMRA; GELBARD, 2007; KRALISCH et al., 2012)

Em relacdo aos 6leos vegetais de partida, os 6leos epoxidados apresentam sua
densidade, viscosidade e estabilidade oxidativa aumentados (HARO et al., 2016). Isto
é resultado das alteracdes na massa molecular, reducdo no indice de insaturacdo e
modificacdo dos tipos e intensidades das forcas intermoleculares existentes (WU et
al., 2000).

Até o momento, ja foram relatados a epoxidacdo de varios Oleos vegetais
como: Mahua (GOUD; PATWARDHAN; PRADHAN, 2006), Canola (ANUAR et al.,
2012; SHARMA; DALAI, 2013; WU et al., 2000), Mamona (BORUGADDA; GOUD,
2014, 2015; PALUVAI;, MOHANTY; NAYAK, 2015), Soja (HWANG; ERHAN, 2001,
KRALISCH et al., 2012), Algodao (DINDA et al., 2008), Karanja (GOUD et al., 2007;
GOUD; PRADHAN; PATWARDHAN, 2006), Girassol (BENANIBA; BELHANECHE-
BENSEMRA; GELBARD, 2007), Jatropha (GOUD et al., 2010), Linhaca (MUTURI,
WANG; DIRLIKOV, 1994), Milho (PENG; LIN, 2014), Arroz (NIHUL; MHASKE;
SHERTUKDE, 2014) e Uva (HARO et al., 2016). Na Tabela 3.3 podem ser
encontradas as condi¢des otimizadas de epoxidacdo de diversos 6leos vegetais.
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Oleo Acido C=C/Acido/Hz0, Catalisador Condicdo da Reacdo Rend Referéncia
(mol/mol/mol) (wiw)
Algodao Acidp acético glacial 2,5:.0,75:1,1 H2S04 2% 60°C, 8h, 2400 rpm 93,9% (DINDA et al., 2008)
Algodéao Acido féormico 2,5:0,75:1,1 H2S04 2% 60°C, 8h, 2400 rpm 94,6% (DINDA et al., 2008)
Soja Acido acetico 2,0:0,75:1,3 H2S04 2% 60°C, 10h, 1800 rpm  83,3% (MEYER etal., 2008)
Jatrofa Acido acético 2,0:0,75:1,3 H2S04 2% 60°C, 10h, 1800 rpm  87,4% (MEYER etal., 2008)
) (GOUD;
Mahua Acido acético glacial 2,00:0,75:0,8 H2S04 2% 85°C, 3.5h, 1500 rpm 83%  PATWARDHAN;
PRADHAN, 2006)
Canola Acido acético 1:0,5:1,5 Amberlite IR-120 65°C 90%  Jooey o0 ot
Karanja  Acido acético glacial 1:.0,5:1,5 H2504 2% 70°C, 6h, 1500 rpm 80% éi?uw'iggﬁf,\':%;%)
Soja Acido formico 1:2:20 - 40°C, 20h - S TANAS. 006
Girassol Acido férmico 1:2:20 - 40°C, 20h - (Z%Q(';/')PANELLA etal.
Soja Acido acético glacial 1:.0:1 Novozyme 435 60°C, 24h, 350 rpm  96,3% %%%EK; PETROVIC,
] (MONONO;
Canola Acido acético 1:0,5:2 Amberlite IR-120 75°C, 5.5h 93%  HAAGENSON;
WIESENBORN, 2015)
Arroz Acido férmico 1:0,5:1,5 H2S04 3% 60°C, 6h, 1600 rpm 9205  (NMIHUL: MHASKE:

SHERTUKDE, 2014)

Rend - Rendimento
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Uma vez que o ambiente reacional da epoxidacdo contém agua, acido mineral
(catalisador) e acido organico, reacfes subsequentes podem resultar na
decomposicao dos grupos epdxi. Na Figura 3.7 sdo apresentadas algumas das
reacOes de decomposicao do anel oxirano como resultado da hidrolise, acilacéo, etc.
(KOCKRITZ; MARTIN, 2008).

OH OCHO

HCOOH

Y

=
@]
|
ko J:O
X
O :
X

+‘ H™
-
OH OO0OCHO
HCOOOH
-
H,0, OH OOH

Figura 3.7. Reac®es laterais da reacéo de epoxidacéo.
Fonte: (NIHUL; MHASKE; SHERTUKDE, 2014)

Muito embora o anel oxirano esteja sujeito a muitos processos degradativos, a
sua atividade quimica permite que o grupo epoOxi possa ser utilizado como ponto de
partida para obtencdo de produtos com maior valor agregado. Classicamente, os
grupos oxiranos sdo utilizados como intermediarios para producdo de compostos
guimicos tais como: alcoois, glicdis, alcanolaminas e materiais poliméricos como
poliésteres e resinas epoxi (CAIl et al., 2008; GOUD; PATWARDHAN; PRADHAN,
2006).

Mais recentemente, a pesquisa académica e industrial tem se voltado para
novas oportunidades. Grupos como os polibis, os acetais ciclicos e os carbonatos

ciclicos, representados na Figura 3.8, estdao entre as funcionalidades com potencial
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para constituicdo de novas plataformas quimicas derivados de triglicerideos (RILEY;
VERKADE; ANGELICI, 2015).
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Figura 3.8. Possiveis derivados que podem ser obtidos a partir do grupo oxirano.
Fonte: (RILEY; VERKADE; ANGELICI, 2015).

3.3. Oleos Carbonatados
3.3.1. Utilizac&o de CO2

A humanidade depende dos recursos fésseis como principal fonte de energia e
matérias-primas, porém o CO:2 residual é um importante passivo ambiental atuando
nas mudancas climaticas globais (NORTH; PASQUALE; YOUNG, 2010). A
preocupacdo com as emissdes antropogénicas tém despertado recentemente
interesse em promover estudos sobre fontes alternativas de energia e
desenvolvimento de sistemas para a utilizagdo quimica de CO2 (APPEL et al., 2013;
SAPTAL; BHANAGE, 2017; ZHENG et al., 2015).

Atualmente, a captura e 0 armazenamento de carbono, bem como a utilizacéo
do CO:2 excedente, sdo estratégias amplamente fomentadas e investigadas para
reduzirem-se as emissfes de carbono, porém trata-se de uma pratica que demanda
muita energia e com processos ainda pouco viaveis para aplicacdo em larga escala
(NORTH; PASQUALE; YOUNG, 2010). Por outro lado, a existéncia de um excedente

de CO:2 langado na atmosfera, por vezes produzidos com elevada pureza, representa
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uma oportunidade interessante de utiliza-lo como matéria-prima para sintese de
derivados quimicos de alto valor agregado e com propriedades que nenhuma outra
classe de materiais possui.

O gas carbodnico é atoxico, ndo combustivel, pode servir como solvente “verde”
e pode ter suas propriedades como densidade, polaridade, parametro de solubilidade
otimizados para a aplicacdo destinada (MILOSLAVSKIY et al., 2014). Do ponto de
vista quimico, o diéxido de carbono é uma molécula linear com uma distancia muito
curta das ligagdes C-O, na ordem de 1,16 A. Embora ela seja globalmente apolar, o
CO2 contém ligagbes polares devido a diferenga na eletronegatividade entre os
atomos de carbono e oxigénio (APPEL et al., 2013).

O COg2 é cineticamente e termodinamicamente estavel, com caracteristicas
eletrofilicas no atomo de carbono e nucleofilicas no 4&tomo de oxigénio (SAPTAL;
BHANAGE, 2017). Com LUMO localizado no carbono, a estrutura eletrénica do CO2
é melhor representada como O°-C*2-0-?, destacando sua suscetibilidade ao ataque
nucleofilico no carbono e ataque eletrofilico no oxigénio (APPEL et al., 2013). Do ponto
de vista sintético, o dioxido de carbono é considerado um bloco de construcéo C1, isto
€, a partir do qual pode-se obter novos compostos por meio da incorporacédo de uma
molécula com um Unico carbono (ZHENG et al., 2015). Porém, sua limitada reatividade

constitui-se em uma barreira técnica ainda em processo de superacao (LI et al., 2008).

3.3.2. Oleos Carbonatados

A fixacdo quimica de CO:2 é altamente atraente do ponto de vista da utilizagédo
de recursos de carbono (LIU; WANG, 2017). O carbonato organico se refere a um
grupo funcional que contém um &tomo de carbono ligado a trés atomos de oxigénio,
sendo constituido por uma carbonila (C=0) ligada a dois grupos alcoxi (O-R). Se esses
atomos estédo organizados em uma cadeia de carbono em formato de um anel, trata-
se, entdo, de um caso especial chamado de "carbonato ciclico” (DOLL, 2015). A
sintese de carbonatos aciclicos, ciclicos e policarbonatos vém crescendo em
importancia, sendo o dimetil carbonato e o difenilcarbonato os principais derivados
aciclicos comercializados (NORTH; PASQUALE; YOUNG, 2010). Ja os carbonatos de

etileno, propileno e glicerol estdo entre os carbonatos organicos ciclicos mais comuns
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(DOLL, 2015). Na Figura 3.9, sdo apresentados alguns dos principais carbonatos

disponiveis comercialmente.
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Figura 3.9. Principais carbonatos ciclicos comerciais.
Fonte: (BOBBINK; DYSON, 2016)

Ao passo em que os carbonatos de cadeia curta, tais como 0s apresentados
anteriormente, sao frequentemente derivados de matérias-primas fésseis, o0s
carbonatos organicos de cadeia longa podem ser preparados a partir de substratos
oleoquimicos e servir como importantes intermediarios sintéticos (HOLSER, 2007,
SUN et al., 2009).

O crescente interesse do meio académico em carbonatos oleoquimicos é
perceptivel a partir do aumento no nimero de artigos indexados em revistas cientificas
internacionais. A analise bibliométrica descritiva foi conduzida com base nas
referéncias obtidas durante a revisdo bibliografica utilizando o banco de dados de
resumos e citagdes Scopus (Elsevier).

Definido o escopo da revisao bibliografica, definiu-se as palavras-chave para

estabelecer o primeiro filtro para a selecado dos artigos. Os termos que delimitam o
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1]

eixo tematico principal do trabalho séo: “alkyl esters”, “fatty acid”, “fatty acid esters”,
oleochemicals, “soybean oil”, triglyceride e “vegetable oil”.

O primeiro filtro delimita as publicagdes encontradas ao eixo tematico principal
do trabalho e, a fim de tornar os resultados obtidos mais especificos, um segundo filtro
foi aplicado de maneira a conjugar os resultados iniciais com a producdo de
carbonatos ciclicos, segundo eixo tematico do trabalho. As palavras-chave que
delimitam o segundo eixo tematico do trabalho s&o: “piobased carbonates”,
biocarbonates, carbonated, carbonates, carbonation, “cyclic carbonates”, NIPUs,
“nonisocyanate polyurethane” e “non-isocyanate polyurethane”.

As publicacdes identificadas resultam de multiplas combinac¢des das palavras-
chave do primeiro e do segundo filtro e, na Tabela 3.4, sdo discriminadas, por ano,
todas as publicagbes identificadas que envolvem a producdo e/ou aplicacdo de

carbonatos oleoquimicos.

Tabela 3.4. Carbonatos oleoquimicos, referéncias discriminadas por ano.

Ano Documentos Referéncias
2004 1 (TAMAMI; SOHN; WILKES, 2004)
2005 2 (DOLL et al., 2005; DOLL; ERHAN, 2005)
2006 2 (NADUPPARAMBIL; STOFFER, 2006; PARZUCHOWSKI et al., 2006)
2007 1 (HOLSER, 2007)
2008 5 (JALILIAN; YEGANEH; HAGHIGHI, 2008; JAVNI; HONG; PETROVIC,
2008; LI et al., 2008; MANN et al., 2008; TURUNG et al., 2008)
2009 0 -
2010 1 (JALILIAN; YEGANEH; HAGHIGHI, 2010)
2011 0 -
2012 4 (BAHR; MULHAUPT, 2012; MAHENDRAN et al., 2012; MAZO; RIOS,
2012; WANG et al., 2012)
(FIGOVSKY et al, 2013; HAMBALI et al., 2013; JAVNI; HONG;
2013 6 PETROVIC, 2013; LANGANKE; GREINER; LEITNER, 2013; MAZO;
RIOS, 2013; XU, WEN-JIE et al., 2013)
(MAHENDRAN et al., 2014; MILOSLAVSKIY et al., 2014; SCHAFFNER
2014 5 etal., 2014; WERNER; TENHUMBERG; BUTTNER, 2014; ZHANG et al.,
2014a)
(ALVES et al., 2015; BUTTNER et al., 2015; BUTTNER; STEINBAUER;
2015 7 WERNER, 2015; JALILIAN; YEGANEH, 2015; LEE; DENG, 2015;

LEVINA et al., 2015; ZHENG et al., 2015)

(AIT AISSA et al., 2016; BUTTNER et al., 2016; DOLL et al., 2016;
2016 8 GRIGNARD et al., 2016; NARRA et al., 2016; POUSSARD et al., 2016;

SAMANTA et al., 2016; TENHUMBERG et al., 2016)

(BUTTNER et al., 2017a; CAl et al., 2017; DOLL et al., 2017; FARHADIAN
2017 11 et al., 2017; GUZMAN; ECHEVERRI; RIOS, 2017, HANIFFA etal., 2017;

LOULERGUE et al., 2017; MALIK; KAUR, 2017; PENA CARRODEGUAS

etal., 2017; RUIZ et al., 2017; STEINBAUER et al., 2017)

2018 3 (DOLEY; DOLUI, 2018; LONGWITZ et al., 2018; ZHENG et al., 2018)
Total 56
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Na Figura 3.10 é apresentado o gréafico de publicagdes/ano, que abrange desde
a primeira publicacéo, realizado por Tamami, Sohn e Wilkes (2004), até as mais

recentes publicagdes de Zheng et al. (2018) e Longwitz et al. (2018).
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Figura 3.10. Grafico de publicacbes/ano sobre carbonatos oleoquimicos.

Conforme apresentado na Figura 3.10, ap0s a primeira publicacdo sobre a
producado de carbonatos ciclicos derivados de triglicerideos, ha um pequeno nimero
de publicacdes durante o periodo de 2005 - 2008, onde a investiga¢ao limitou-se aos
topicos: catalise com CO2 supercritico e producao de poliuretano sem isocianato. As
primeiras publicac6es seguem um periodo (2009 - 2011) onde registra-se apenas uma
publicacdo (JALILIAN; YEGANEH; HAGHIGHI, 2010), sem grande acréscimo a
literatura prévia.

Um terceiro periodo, 2012 - presente, registra um aumento gradual de
publicacbes sobre a producdo de carbonatos oleoquimicos e representa uma
retomada de interesse académico no topico, principalmente motivado pelo interesse
no desenvolvimento das tecnologias de utilizagdo de carbono e da “Quimica Verde”.
Nos ultimos anos, observa-se avancos significativos para a area, podendo ser
destacado os estudos sobre a Avaliacao do Ciclo de Vida, a producéo de poliuretano
sem isocianato e a triagem e descricédo de diversos catalisadores.

A producgdo de carbonatos ciclicos encontram muitas aplicacdes industriais
devido as suas propriedades quimicas Unicas como biodegradabilidade, baixa
toxicidade e ponto de fulgor elevados (KENAR; TEVIS, 2005). Enquanto os
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carbonatos de cadeia curta tem aplicacdes patenteadas como solventes “verdes”,
eletrdlitos para baterias de litio e base de polimeros com massa molecular
baixa/média, os carbonatos oleoquimicos apresentam patentes depositadas para
aplicacdes como plastificantes, agentes terapéuticos e plataforma para producéo de
polimeros com elevada massa molecular (DOLL et al., 2005)

Existem varios métodos para preparar carbonatos, sendo uma das mais
atraentes a reacao entre o dioxido de carbono (COz2) e um epoxido (ALVES et al.,
2015). Esta rota de sintese apresenta 100% de eficiéncia atdmica, ou seja, o0 CO2 &
incorporado completamente no substrato epoxidado sem liberacéo de subprodutos ou
residuos (ALVES et al., 2015).

A eficiéncia atbmica é apenas um de um total de doze principios da quimica
verde, sendo estes: (1) prevencédo de geracdo residuos, (2) economia de atomos, (3)
sintese menos perigosa, (4) design de produtos quimicos menos agressivos, (5) uso
de solventes menos agressivos e auxiliares, (6) eficiéncia energética, (7) uso de fontes
renovaveis, (8) reducdo de geracao de subprodutos/derivados, (9) uso de catélise,
(10) design de moléculas para degradacdo, (11) analise em tempo real para
prevencdo da poluicdo e (12) prevencao de acidentes (ANASTAS; EGHBALI, 2010;
DEVIERNO KREUDER et al., 2017; GALUSZKA; MIGASZEWSKI; NAMIESNIK,
2013).

Dessa forma, no contexto atual de reducdo da pegada ecoldogica da
humanidade, essa rota tecnologica apresenta-se como uma forma potencial de
incorporar dioxido de carbono residual em matérias primas com valor agregado e
propriedades diferenciadas (NORTH; PASQUALE; YOUNG, 2010). Na Figura 3.11 é
apresentado um esquema simplificado da reacéo de formacao de carbonatos ciclicos
a partir do anel oxirano e do diéxido de carbono.

Figura 3.11. Reacao de carbonatacdo simplificada.
Fonte: (SUN et al., 2009)
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Ja foram descritos na literatura a carbonatacdo a partir de diversas fontes
oleaginosas. Da mesma forma como ja descrito anteriormente, para a sintese de
carbonatos oleoquimicos a rota mais interessante € pela incorporacdo de CO:
diretamente nos 6leos epoxidados (MANN et al., 2008). Na Figura 3.12 é apresentado

a estrutura de um triglicerideo carbonatado.

Figura 3.12. Estrutura de um triglicerideo carbonatado.
Fonte: (KATHALEWAR et al., 2013)

Embora a cicloadicdo de CO2 em pequenos epoxidos tenha atingido niveis
adequados de eficiéncia, a carbonatacdo de derivados oleoquimicos apresenta o
impedimento estérico dos grupos funcionais internos da molécula de triglicerideo,
sendo necessario elevadas temperaturas (>100°C) e pressdes (>10 Bar) para
alcancar niveis adequados de rendimento (LI et al., 2008).

A cicloadicao de gas carbénico em epoéxidos € aplicavel, sem muitas diferencas,
tanto para triglicerideos quanto para os ésteres metilicos derivados dos 6leos vegetais
(DOLL et al., 2005; HOLSER, 2007; KENAR; TEVIS, 2005). Embora existam muitas
matérias primas a serem exploradas, até o momento os 6leos carbonatados descritos
sdo: Soja (DOLL; ERHAN, 2005; LI et al, 2008; MAZO; RIOS, 2012
PARZUCHOWSKI et al., 2006; TAMAMI; SOHN; WILKES, 2004), Vernonia (MANN et
al., 2008), Linhaca (ALVES et al., 2015; BAHR; MULHAUPT, 2012), Algoddo (ZHANG
et al., 2014a), Alga (XU, WEN-JIE et al., 2013), Canola (MALIK; KAUR, 2017),
Jatropha (HANIFFA et al.,, 2017), Brécolis (LOULERGUE et al.,, 2017) Girassol
(BUTTNER et al., 2017a) e Mamona (GUZMAN; ECHEVERRI; RIOS, 2017).

Os trabalhos sobre a sintese de carbonato de Oleos vegetais podem ser

classificados em trés grupos de processamento tecnoldgico, na qual a principal
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diferenca se encontra na pressao de CO2 (MILOSLAVSKIY et al., 2014). Constituem-
se nas rotas técnicas exploradas até o0 momento: a) as reacdes sob fluxo de CO:z a
pressao atmosférica (HOLSER, 2007; MAZO; RIOS, 2012; TAMAMI; SOHN; WILKES,
2004); b) sintese em reatores com pressfes de CO2, compreendendo reacdes
conduzidas com pressfes acima da pressdo atmosférica e abaixo do ponto critico do
CO2(73,8 Bar e 31,04°C) (ALVES et al., 2015; ZHANG et al., 2014a) e c) reacdo com
COz2 supercritico, com pressdes e temperatura acima do ponto critico do dioxido de
carbono (DOLL; ERHAN, 2005; MANN et al., 2008).

Cada um dos processos descritos apresenta vantagens e desvantagens. A
reagdo realizada sob fluxo de CO2 se constitui na rota técnica de menor custo
produtivo, porém os elevados tempos reacionais diminuem o potencial produtivo do
processo. As reagfes conduzidas sob pressdes elevadas apresentam tempos de
reacao menores e conversao superiores, porém o custo de producéo eleva-se devido
a necessidade de aquisicdo de reatores adequados ao fim. Por fim, as reacdes
utilizando CO: supercritico apresentam tempo de reacdo substancialmente menores,
custos elevados e ainda necessitam de extenso estudo para otimizagdo do processo.
Uma vez que o CO:2 supercritico na reacdo de carbonatagdo atua simultaneamente
como solvente e reagente, o ajuste da densidade do fluido e sua polaridade é
essencial para que o tempo reacional seja reduzido sem gque a atividade catalitica seja
prejudicada.

Uma vez observado os 6leos que ja foram utilizados na literatura, na Tabela 3.5
€ apresentado uma breve descricdo da condicdo otimizada de carbonatacao

encontrada por diversos autores.
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Tabela 3.5. Condicao de carbonatacao descrito na literatura

Oleo Temperatura Agitacao Pressdo Solvente Catalisador Cat (mol%) Conversdo Tempo Referéncias
Soja 100°C 500 rpm 1 Bar DMF TBAB 3% ~45% 70h
Soja 120°C 500 rpm 1 Bar DMF TBAB 5% ~80% 70h
Soja 140°C 500 rpm 1 Bar DMF TBAB 7% ~85% 70h (MAZO; RIOS,
Soja 100°C 500 rpm 1 Bar DMF TBAB/agua 5% 50% 70h 2013)
Soja 120°C 500 rpm 1 Bar DMF TBAB/agua 5% 90% 70h
Soja 140°C 500 rpm 1 Bar DMF TBAB/agua 5% 90% 70h
Soja 120°C NE 10 Bar DMF TBAB 3% 71,30% 20h
Soja 120°C NE 10 Bar DMF SnCls. 5H,0 3% 64,40% 20h
Soja 120°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (5/1) 3% 84,70% 20h
Soja 120°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (4/1) 3% 87,40% 20h
Soja 120°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (2/1) 3% 85,80% 20h
Soja 120°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (1,5/1,5) 3% 81,10% 20h
Soja 120°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (1/2) 3% 79,00% 20h (Ll etal, 2008)
Soja 120°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (3/1) 3% 89,20% 20h
Soja 140°C NE 10 Bar DMF TBAB/SnCls. 5H,0 (3 /1) 3% 95% 20h
Soja 140°C NE 6 Bar DMF TBAB/SnCls. 5H,0 (3 /1) 3% 92% 20h
Soja 140°C NE 15 Bar DMF TBAB/SnCls. 5H,0 (3 /1) 3% 95% 20h
Soja 140°C NE 15 Bar DMF TBAB/SnCls. 5H,0 (3 /1) 3% 86,90% 10h
Soja 110°C NE 10 Bar SS TBAB 5% 94,00% 70h
SOJ.a 100°C NE 103 Bar (SC) SS TBAB 5% 100,00% 40 (DOLL; ERHAN,
Soja 100°C NE 103 Bar (SC) SS TBAB 5% 94,00% 20 2005)
Soja 100°C NE 103 Bar (SC) SS TBAB 5% 82,00% 10
Linhaca 140°C NE 10 Bar sS TBAB 3% NE NE (BAHR;
Linhaca 140°C NE 30 Bar 35 TBAB 3% MULHAUPT,
NE NE 2012)
(JALILIAN;
Soja 110°C NE 1 Bar SS TBAB/CaCl, 5% molar 98,00% NE YEGANEH;

HAGHIGHI, 2008)




Tabela 3.5. (Continuagdo).

Oleo Temperatura Agitagao Pressao Solvente Catalisador Cat (mol%) Conversdao Tempo Referéncias

Algodao 100°C NE 30 Bar SS TBAB 5% 50,00% 24h

Algodao 110°C NE 30 Bar SS TBAB 5% 65,00% 24h

Algodao 120°C NE 30 Bar SS TBAB 5% 75,00% 24h

Algodao 130°C NE 30 Bar SS TBAB 5% 88,00% 24h

Algodao 140°C NE 30 Bar SS TBAB 5% 99,00% 24h

Algodao 140°C NE 25 Bar SS TBAB 5% 90,00% 24h

Algodao 140°C NE 20 Bar SS TBAB 5% 83,00% 24h

Algodao 140°C NE 15 Bar SS TBAB 5% 81,00% 24h

Algodao 140°C NE 10 Bar SS TBAB 5% 77,00% 24h

Algodso 140°C NE 30 Bar ss TBAB 5% 94,00% 6h (ZHANG et al.,
Algoddo  140°C NE 30 Bar ss TBAB 5% 95,50% oh 2014a)
Algodao 140°C NE 30 Bar SS TBAB 5% 97,00% 12h

Algodao 140°C NE 30 Bar SS TBAB 5% 98,50% 15h

Algodao 140°C NE 30 Bar SS TBAB 5% 99,00% 18h

Algodao 140°C NE 30 Bar SS TBAB 5% 99,00% 21h

Algodao 140°C NE 30 Bar SS TBAB 1,50% 65,00% 24h

Algodao 140°C NE 30 Bar SS TBAB 3% 80,00% 24h

Algodao 140°C NE 30 Bar SS TBAB 5% 99,00% 24h

Algodao 140°C NE 30 Bar SS TBAB 7% 99,00% 24h

Algodao 140°C NE 30 Bar SS TBAB 10% 99,00% 24h

SS — Sem solvente; DMF — Dimetilformamida; SC — Supercritico; TBAB — Brometo de tetrabutilaménio; NE — Nao especificado
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Pelo que ja estad consagrado pelas pesquisas académicas, a temperatura, a
concentracdo de catalisador e quantidade de gas carbonico dissolvido na fase liquida
sao fatores que controlam a taxa reacional (ZHENG et al., 2015). Sendo assim, a taxa
de carbonatacdo deve ser expressa em relacdo a concentracdo de TBAB, a
concentracdo de grupo oxirano e quantidade de CO: dissolvido (CAl et al., 2017).

A medida em que a reacdo avanca, € 0S grupos oxiranos sdo convertidos, a
viscosidade do meio aumenta e influencia fortemente o fenébmeno de transferéncia de
massa gas-liquido (CAl et al., 2017). Ja foi descrito que o coeficiente de transferéncia
de massa de CO:2 diminui com a conversdo de epoxido, como consequéncia da
alteracdo da viscosidade do meio, porém a solubilidade de CO:2 mostra-se
independente do avango da reagéo e inversamente relacionado com o aumento da
temperatura (ZHENG et al., 2015)

Sendo o CO2 uma molécula muito estavel, atribui-se o sucesso da reacéo a
habilidade do catalisador em ativar o dioxido de carbono. O bom desempenho dos
sais quaternarios de amodnio para carbonatacdo pode ser explicado pelo
comportamento labil do anion. O volume e densidade eletrénica do cation leva o anion
a se afastar e a reduzida interacdo eletrostatica torna o anion um nucledfilo mais
efetivo (CALO et al., 2002). Ao final da reacdo, o brometo ainda mostra-se um bom
grupo de saida e desloca-se de maneira a permitir a formacdo do carbonato e
regeneracao do catalisador (COMERFORD et al., 2015).

O mecanismo mais aceito para esta reagao inicia pela abertura do anel oxirano
por meio do ataque nucleofilico do brometo e segue o0s seguintes etapas: a) o anion
do catalisador realiza o ataque nucleofilico no anel epdéxido; b) existe entdo a formacéo
de um alcoxido e c) o alcéxido realiza um ataque ao diéxido de carbono para formar o
carbonato e regenerar o catalisador (COMERFORD et al., 2015). Na Figura 3.13, é
apresentado o mecanismo reacional proposto para reacdo de carbonatagcdo por
intermédio do TBAB.

Além da classica reacao de carbonatacdo com brometo de tetrabutilamonio e
aguecimento convencional, outras alternativas de sintese foram reportadas como: a)
intensificacdo por micro-ondas (MAZO; RIOS, 2012); b) adicdo de &gua junto com
TBAB (MAZO; RIOS, 2013) e c) sistema de catélise com a utilizacdo de TBAB mais
algum co-catalisador (BUTTNER et al., 2016; COMERFORD et al., 2015; LI et al.,
2008; TENHUMBERG et al., 2016).



46

0
o)

o) ®0 R1/—\R2
R1}—4R2 R4N X

Q' e®

@0

J ?qf R" RN O: :Rz

>‘< R! X

R X

CO,

Figura 3.13. Mecanismo de reacao de carbonatacao.
Fonte: (LANGANKE; GREINER; LEITNER, 2013)

Uma vez que muito do esfor¢co dedicado aos trabalhos de carbonatacéo estao
voltados a producdo de poliuretanos ou na apresentacdo de novos catalisadores,
muito pouco tém-se atentado para promover estudos de otimizacdo dos sistemas ja
descritos, 0 que configura a existéncia de oportunidades de estudos para essas rotas
tecnologicas.

Nos Anexos B-E sado apresentados os melhores resultados obtidos por
diferentes catalisadores (Anexo B e D) e sistemas de catalisadores (Anexo C e E)
aplicados para producdo de carbonatos oleoquimicos derivados de o6leos vegetais
(Anexo B e C) e carbonatos oleoquimicos derivados de ésteres monoalquilicos (Anexo
DeE).

Por fim, & observado que a produc¢éo de produtos quimicos a partir do CO2 nédo
s6 tem apelo econémico, mas também ambiental. Tém-se que a cicloadigdo de CO:2

em epoxidos, a fim de obter carbonato ciclicos de cinco membros, podera constituir-
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se em uma plataforma quimica importante para subsequente producdo de

poliuretanos sem intermédio de isocianatos (LI et al., 2008).

3.4. Relac&o quantitativa estrutura-propriedade (QSPR)

O uso de CO2 como bloco de construcdo Cl1 desempenhara um papel
importante na inddstria quimica de baixo carbono (BUTTNER et al., 2017b;
STERNBERG; JENS; BARDOW, 2017). No entanto, o diéxido de carbono € um agente
guimico termodinamicamente estavel, cuja ativacdo apresenta significativas barreiras
energéticas que devem ser superados por meio de processos fisicos e quimicos (CAl
et al.,, 2017; POLIAKOFF; LEITNER; STRENG, 2015). Portanto, o uso de
catalisadores é essencial para que os processos baseados em dioxido de carbono
sejam economicamente viaveis e com uma razoavel penalidade energética (ALVES
et al., 2017; POLIAKOFF; LEITNER; STRENG, 2015).

A triagem/desenho de catalisadores para promover a cicloadicao de diéxido de
carbono a epéxidos é um desafio que deve ser ativamente abordado pela comunidade
académica. Sendo assim, a fim de reduzir o tempo e 0s custos envolvidos na pesquisa
cientifica, as ferramentas de quimioinformatica: Dinamica Molecular (Molecular
Dynamics - MD), Teoria do Funcional da Densidade (Density Functional Theory - DFT)
e Relacdo Quantitativa Estrutura-Propriedade (Quantitative Structure-Property
Relationship - QSPR) poderiam ser aplicadas para aumentar a compreensao quimica
e mecanistica da reacéo (BLAY et al., 2016).

A modelagem QSPR é baseada na suposi¢cao de que, a partir da estrutura
molecular de um composto, é possivel descrever suas caracteristicas (KATRITZKY;
LOBANOQV, 1995; STEC et al., 2015). O principal papel da metodologia é, através de
ferramentas mateméticas e estatisticas, estabelecer uma relacdo de causa-efeito
entre as caracteristicas moleculares (descritores moleculares) e a propriedade
observada (BEGAM; KUMAR, 2016; ROY et al., 2012; ROY; AMBURE; AHER, 2017).

Os descritores moleculares transcrevem as caracteristicas quimicas, fisicas e
bioldgicas da estrutura quimica em termos mateméaticos, que sao posteriormente
tratados por ferramentas estatisticas (GOLBRAIKH; TROPSHA, 2002; KATRITZKY;
KARELSON; LOBANOV, 1997). Na Figura 3.14, € resumido uma forma tipica de como
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a modelagem QSAR/QSPR transcreve, seleciona e aplica a informacdo molecular

para construcdo de um modelo matematico.
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Figura 3.14. Transcri¢cdo da informag&o molecular em termos matematicos
Fonte: Adaptado de (DUDEK; ARODZ; GALVEZ, 2006)

Um composto quimico é caracterizado pelo arranjo de atomos dentro da sua
estrutura molecular. No entanto, uma vez que a estrutura ndo pode ser usada
diretamente para criar mapeamentos de estrutura-atividade, o conjunto de atomos e
ligacBes que definem um composto sédo codificados e essa informacéo é aplicada para
estudos de quimioinforméatica.

Inicialmente, as estruturas quimicas geralmente ndo contém, de forma explicita,
as informacdes relacionadas a atividade. Esta informacgéo tem que ser extraida a partir
da representacdo matematica (descritores moleculares) de um composto e,
posteriormente, ser relacionados com uma propriedade de interesse. Varios
descritores moleculares, projetados racionalmente, projetam diferentes propriedades
guimicas implicitas da estrutura da molécula. Somente essas propriedades podem se
correlacionar mais diretamente com a atividade.

Conforme representado na Figura 3.14, os meétodos quimioinformaticos
utilizados na construcdo de modelos QSAR/QSPR podem ser divididos em trés
grupos: i) gerar os descritores da estrutura molecular, ii) selecionar aqueles

informativos no contexto da atividade analisada e iii) utilizar os valores dos descritores
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como variaveis independentes (variaveis) para definir um mapeamento que 0s
correlaciona com a atividade controlada.

No presente trabalho, os descritores moleculares 2D das estruturas otimizadas
sdo gerados utilizando o software PaDEL-Descriptor, resultando em conjuntos de
dados iniciais de 1444 descritores (YAP, 2011). O PaDEL, acrébnimo para
Pharmaceutical Data Exploration Laboratory, € um software de coédigo aberto,
baseado em Java script, que consta com mais de 400 citagGes de artigos publicados
em periédicos internacionais indexados (YAP, 2011). Na Figura 3.15 é apresentado a
interface de usuario do software, enquanto maiores informacdes podem ser obtidas

na pagina oficial do programa (http://www.yapcwsoft.com/dd/padeldescriptor).

. PaDEL-Descriptor =% EoR ==~

File Help
Ganersl | 1P & 20 | 30 | Fingearprinks

% ][]

Molecules diractory C\padefimolecides
Descriptor output file Ci\padefidescriptors.csv
=l Descripbors
1D & 20 )
0 |
Fingerprinks
Cptions
Remove salt v
Add hydrogens |
Corwert to 30 No
Log e
% Advanced

Ready

Figura 3.15. Interface de usuario do software PaDEL.
Fonte: Adaptado de (YAP, 2011)

Resumidamente, trés etapas estdo envolvidas na modelagem do QSPR:
representacdo de estrutura, analise dos descritores moleculares e construcdo dos
modelos estatisticos/mateméaticos (BEGAM; KUMAR, 2016; ROY et al., 2012; ROY;
AMBURE; AHER, 2017). A representacao da estrutura molecular pode ser realizada
da maneira mais simples (1D), que levam em consideracdo as caracteristicas

constitucionais (e.g. massa atbmica, nimero de atomos) e a contagem de fragmentos
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moleculares (e.g. numero de acidos, numero de atomos doadores de ligacédo H), até
as formas mais abrangentes de representacdo (2D e 3D) que, respectivamente,
transcrevem as caracteristicas moleculares topolégicas e geométricas (TERFLOTH,
2003).

Para fins praticos, a medida que caracteristicas moleculares mais complexas
passam a ser incorporadas aos estudos de QSAR/QSPR, os modelos preditivos
tendem a apresentar um melhor ajuste com a propriedade estimada (HECHINGER,;
LEONHARD; MARQUARDT, 2012). Essa tendéncia é representada na Figura 3.16.
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Figura 3.16. Melhora no ajuste do modelo para os diferentes tipos de descritores.
Fonte: Adaptado de (HECHINGER; LEONHARD; MARQUARDT, 2012)

A seguir, na etapa de andlise dos descritores moleculares, diversos métodos
de selecdo de variaveis sdo aplicados para reduzir o conjunto inicial de dados para
um seleto nimero de descritores que se relacionam com a propriedade medida. A
terceira etapa passa pela construcdo dos modelos estatisticos/matematicos, na qual
utiliza-se dos métodos de analise multivariada (e.g. regressao por minimos quadrados
parciais - PLS e regressao por vetores de suporte - SVM) para estabelecer a relacao
entre os descritores e a propriedade/atividade controlada. Na Figura 3.17 € resumido
o fluxograma de trabalho envolvido no tratamento de dados para o desenvolvimento
de modelos QSAR/QSPR.
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Figura 3.17. Framework para a modelagem QSPR
Fonte: Adaptado de (NANTASENAMAT et al., 2009)

O QSPR pode ser aplicado como ferramenta para a analise exploratoria,
mineracao de dados e triagem de catalisadores e, posteriormente, orientar o processo
de desenvolvimento de novos catalisadores (MALDONADO; ROTHENBERG, 2010;
ROTHENBERG, 2008; ZEINI JAHROMI; GAILER, 2010). Na literatura, sao
encontrados exemplos de aplicagcbes do método QSPR para estudos de catalise
homogénea (MARTINEZ et al., 2012; YAO et al., 1999) e heterogénea (CRUZ et al.,
2007; FAYET et al., 2009).

Mesmo que a aplicagdo dos métodos QSAR/QSPR para o estudo de
catalisadores ja tenha sido comprovada, ainda é limitado o niumero de sistemas
estudados. Entre os sistemas estudados mais relevantes, encontram-se os trabalhos
aplicados aos processos de polimerizacédo de olefinas catalisados por metalocenos
(YAO et al., 1999), zirconocenos (MARTINEZ et al., 2012) complexos ansa-
zirconoceno,(CRUZ et al., 2007), complexos de ferro bis(arilimino)piridina (FAYET et
al., 2009) e catalisadores tipo Ziegler—-Natta (ACHARY et al., 2016; RATANASAK et
al., 2015).

Do ponto de vista da catalise, do primeiro relatério sobre a producédo de
carbonatos oleoquimicos conduzido por Tamami, Sohn, and Wilkes (2004), ao mais
recente estudo utilizando indugcao por micro-ondas (ZHENG et al., 2018), a maioria

das publicagcdes apresentam resultados redundantes ao aplicar os haletos de
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tetrabutilaménio para o processo de carbonatacdo. Apenas recentemente foram
observados estudos que realizam triagem de catalisadores para producdo de
carbonatos oleoquimicos (ALVES et al., 2015, BUTTNER et al., 2016, 2017a;
LONGWITZ et al., 2018; SCHAFFNER et al., 2014; TENHUMBERG et al., 2016;
WANG et al., 2012). No entanto, a descricdo de novos catalisadores para obtencao
de carbonatos ciclicos a partir de didxido de carbono e derivados epoxidados ainda é
limitada.

Dessa forma, a partir das informacdes obtidas a partir da modelo de
quimioinformatica, o0 QSPR pode ser usado para preencher as lacunas de dados,
prever propriedades de materiais, estabelecer novos alvos moleculares e reduzir o
tempo e os custos envolvidos no processo (KARELSON; LOBANOV; KATRITZKY,
1996; ROY et al., 2018). Sendo assim, o presente trabalho apresenta uma perspectiva
preliminar da modelagem QSPR para auxiliar na escolha/desenho de novos
organocatalisadores ativos para producao de carbonatos oleoquimicos a partir de CO:2

e epoxidos.
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4. PROCEDIMENTO EXPERIMENTAL E RESULTADOS

A secdo, “Procedimento Experimental e Resultados” divide-se em duas partes,
na qual, os procedimentos experimentais/caracterizacoes e resultados da aplicacao
do catalisador convencional TBAB para a producéo de carbonatos oleoquimicos séo
apresentados, respectivamente, nos Apéndices A e B, enquanto os resultados obtidos
a partir da modelagem QSPR e da etapa sintética, utilizando um novo catalisador, séo
apresentados neste capitulo em forma de artigo. O manuscrito foi submetido na data
04/05/2018 a revista Journal of Catalysis (ISSN: 0021-9517) conforme Anexo A. O
periodico foi qualificado pela Capes com o Qualis A1 (Engenharias Il), apresenta o
Cite Score de 6.99 e Fator de Impacto de 6,84.

4.1. Artigo 1

A Perspective of QSPR Modeling to Screen/Design Catalysts for Oleochemical

Carbonates Synthesis

Victor H. J. M. dos Santos *, Darlan Pontin T, Raoni S. Rambo ¥, Marcus Seferin™"+

1 Escola de Ciéncias — PUCRS — Pontificia Universidade Catdlica do Rio Grande do Sul, Av.

Ipiranga, 6681 — Prédio 12, 90619-900, Porto Alegre, Brasil.

1 Escola Politécnica, Programa de Pds-Graduacdo em Engenharia e Tecnologia de Materiais —
PUCRS - Pontificia Universidade Cat6lica do Rio Grande do Sul, Av. Ipiranga, 6681 — Prédio

32, 90619-900, Porto Alegre, Brasil.

*Email of corresponding authors: seferin@pucrs.br



54

ABSTRACT

This work presents a preliminary perspective of Quantitative Structure-Property Relationship
(QSPR) modeling to assist in the targeted choice/design of new active organocatalysts to
produce cyclic carbonates. The QSPR model was developed by applying the 2D molecular
descriptors to establish a structure-property relationship between the organocatalysts features
and its activity to produce oleochemical carbonates. From the virtual screening, a total of 122
catalysts have their activity predicted and the best molecular targets were proposed. The
principal molecular features (i.e. organic structure, molecular arrangement, carbon chain size
and substituent type) were identified through data mining, while the PCA proved to be suitable
to perform the exploratory analysis of the molecules set. In addition, we provide the first report
of application of cetyltrimethylammonium bromide (CTAB) as a new catalyst to produce
oleochemical carbonates, with more than 98% of epoxide conversion to cyclic carbonate for all
the vegetable oil. In this way, the QSPR can be useful to reduce costs and time in the catalysts

screening/design for this reaction.

Keywords: Vegetable oil, Oleochemical carbonate, QSPR, Quantitative Structure-Property
Relationship, Cyclic carbonate, Carbon dioxide, Multivariate Analysis, Organocatalyst, Metal-

free catalyst, Green chemistry
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Graphical Abstract

Graphical abstract. The QSPR can be applied to reduce costs and time in the catalysts

screening/design for cyclic carbonates synthesis.

INTRODUCTION

The replacement of the petrochemical production base and the development of low
carbon technologies have become one of the main concerns of humanity in the early century.
Reduce the ecological footprint, increase the efficiency of production processes and the
exploitation/mitigation of the CO- surplus are widely discussed by the Life Cycle Assessment
and Carbon Capture Utilization and Storage topics [1,2].

The COz is an important anthropogenic greenhouse gas, with increasing atmospheric
concentration and a significant role in climatic changes on a global scale [3]. From an industrial
waste to a renewable raw material readily accessible, the perception of the carbon dioxide role
in a scenario of low carbon economy has been changing significantly.

In this way, the use of CO> as a C1 building block will play a major role in the low
carbon based chemical industry [4,5]. However the CO: is notoriously unreactive chemical,
whose activation presents significant energetic barriers and thermodynamic drawbacks, that

must be surpassed by chemical and physical process [6,7]. Therefore, the use of catalysts is
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essential for the carbon dioxide-based processes to be economically viable and with a
reasonable energetic penalty [3,6].

One of the most prominent alternatives for the use of carbon dioxide in the chemicals
production is through the cycloaddition of CO2 to epoxides with the formation of cyclic
carbonates [8-10]. The carbon dioxide coupling has 100% of atomic efficiency and presents
great industrial potential, since there is a consolidated industry of epoxidized derivatives [3,11].
Once again, the activation of the CO. and epoxy group is carried out by means of catalysts, like
transition metal catalysis, phase transfer catalysts in combination with alkali halides and
organocatalysis [4,10,12,13].

In order to reduce the time and costs involved in scientific research, the
chemoinformatics tools: Molecular Dynamics, Quantum Mechanics and Quantitative
Structure—Property Relationships (QSPR) could be applied to increase the chemical and
mechanistic understanding of the process [14].

The QSPR modelling is based on the assumption that, from the molecular structure of a
compound, it is possible to describe its characteristics [15,16]. The major role of the
methodology is, through mathematical and statistical tools, establish a cause/effect relationship
between the molecular features and observed property [17-19]. Briefly, three steps are involved
in the QSPR modelling: structure representation, descriptor analysis and model building [17—
19].

Thus, by changing the purely intuitive decisions in the scientific process by the targeted
choice, the QSPR can be used to complete data gaps, predict material properties, stablish new
molecular targets and reduce time and costs involved in the process [20,21].

The catalyst is a fundamental component of the chemical process, which cost, and

efficiency are fundamental for making decisions, process upscaling and economic viability. The
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QSPR can be applied as an exploratory tool for data mining and catalyst screening, and,
subsequently, guide the development of new catalysts [22—-30].

The vegetable oils and their derivatives are abundant, low cost, biodegradable and non-
toxic [31-33]. Recently, a growing interest has been observed in the production and application
of cyclic carbonates derived from fatty acids, methyl esters and triglycerides. Among the
fundamental characteristics to explain the great potential of oleochemical carbonates is the
existence of a consolidated industry for the production of epoxidized oleochemical derivatives
and the high availability of CO; [34,35].

From the first report on the production of oleochemical carbonates conducted by
Tamami, Sohn and Wilkes [36], to the most recent publications using microwave induction
[37], Al complex [38] and Cal2/Crown Ethers [39], most publications are seemingly redundant
by using the tetrabutylammonium halides for carbonation process. Only recently, studies that
perform catalysts/co-catalyst screening to produce oleochemical carbonates have been reported
[10,39-44], however the description of new catalysts to produce cyclic carbonates from carbon
dioxide and epoxidized derivatives is still limited. In this way, the screening/design of new
catalyst for the cycloaddition of carbon dioxide to epoxides is a challenge that should be
actively addressed by research community

This work presents a preliminary perspective of QSPR modeling to assist in the targeted
choice/design of new active organocatalysts to produce oleochemical carbonates from CO and
epoxide. To best of our knowledge this study is the first QSPR approach on catalysts to produce
cyclic carbonates. In addition, the cetyltrimethylammonium bromide (CTAB) are presented as

a new catalyst to produce oleochemical carbonates.
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MATERIALS AND METHODS

To date, only a small number of organocatalysts have been applied to produce
oleochemical carbonates from CO> and epoxides. Even fewer reactions were performed under
fair conditions that allow data modeling by QSPR method. A third, and relevant, aspect is that
many organocatalysts applied in the scientific reports do not present optimized or described
chemical structures in public databases as PubChem.

In view of all these factors, the present work brought together the largest number as
possible of organocatalysts applied in oleochemical carbonates studies and presents a
preliminary study on the application of QSPR tool for screening/design of active
organocatalysts for the carbonation reaction. The scope of the present work comprises the
oleochemical carbonates, a class of natural-oil-based chemicals derived from the triglycerides,
fatty acids and fatty acid alkyl esters, represented in the Figure 1.
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Figure 1. Oleochemical carbonates derived from triglycerides

Materials
Three vegetable oil (rice bran oil, canola oil and soybean) were obtained from local

suppliers. The hydrogen peroxide (35% purity) were obtained from Synth. The glacial acetic
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acid (>99%), the sulfuric acid (>95%) and the n-butanol (99% purity) were obtained from
Fluka. The cetyltrimethylammonium bromide or hexadecyltrimethylammonium bromide
(CTAB, 98% purity) were obtained from Sigma-Aldrich. The high purity carbon dioxide (CO,

99.995%) were obtained from Air Liquide. All reagents were used without further purification.

Data Sets.

The present paper presents a total of 03 data sets that were applied for exploratory
and QSPR modelling based on the 2D-molecular descriptors. The Data Set 01 (Table 1) are
retrieved from the Alves and coworkers paper [10], and comprises 12 catalyst with structure
registered in public database. The application domain of this set comprises the synthesis of
cyclic carbonate derived from epoxidized triglycerides and CO2 under the reaction conditions:
T = 100°C, P = 10 MPa, t = 5h and catalyst load = 1 mol%. This data set was applied for the
variables selection procedure, QSPR model building and predict the activity of new

organocatalysts.

Table 1. Catalyst Data Set 01 applied for the QSPR modelling.

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%

Retrieved from the Alves and coworkers paper [10]


https://www.scbt.com/scbt/product/triethylsulfonium-iodide-1829-92-1
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The Data Set 02 (Table S1) are retrieved from the Buttner and coworkers papers,[44]
and comprises 09 catalyst with structure registered in public database. The application domain
of this set comprises the synthesis of cyclic carbonate derived from epoxidized methyl oleate
and CO2 under the reaction conditions: T = 100°C, P = 5 MPa, t = 16h and catalyst load = 2
mol%. This data set was applied to evaluate the transferability of the QSPR model and are built
based on the same descriptors selected for Data Set 01.

The Data Set 03 (Table 2) results from the literature search of all organocatalysts applied
to produce oleochemical carbonates from epoxide and CO2 and comprises 29 catalysts with
structure registered in public database. The exploratory analysis was applied to this data set,
based on unsupervised multivariate method and the 2D-molecular descriptors, with the

objective of evaluating the data set profile based on the variables applied in the QSPR model.

Descriptor Calculation

The molecular descriptors transcribes the chemical, physical and biological features of
the chemical structure in mathematical terms which are posteriorly treated by statistical tools
[45,46]. The catalysts molecular structures were mostly obtained from the PubChem database
and the molecular representation stored in SDF files (Structured Data Format)[47]. In the
present work, the 2D molecular descriptors of the optimized structures are generated using the
PaDEL-Descriptor (http://www.yapcwsoft.com/dd/padeldescriptor) software, resulting in an

initial data sets of 1444 descriptors [48].
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Variable Selection

The variable selection is an essential step in the QSAR/QSPR study to reduce the initial
number of descriptors to a selected variable set which extract the data features to an
interpretable model. For the predictive modelling of the present work, the molecular descriptors
are applied as predictor variables (X) while the epoxide conversion to carbonates are applied as
response variable (Y).

In a first moment, the variable correlation analysis was applied to the entire data set and
the linear correlation of each of the 1444 molecular descriptors with the epoxide conversion to
carbonates was evaluated. Only the variables which presents fair correlation with the response
variable were kept in the data set for the subsequent variable selection steps. The value of > 0.3
or < -0.3 was taken as reference for this first selection [49].

Following the correlation analysis, the variable selection proceeds through the stepwise
method, based on combination of forward selection and backward elimination procedure,
applied within the PLS algorithm by using the leave-one-out (LOO) internal validation method.
The stepwise variable selection is an exhaustive and time-consuming modelling which proceeds
“step by step” with the predictor variables being interactively included/excluded, one by one,
from the regression model until no further gain to be obtained [50-52]. Taking into account that
the data set of this work is small, the variable selection procedure was repeated several times at
each cycle of LOO cross validation until there is no more significant model gain from the
variables removal of the dataset. This strategy was presented previously as an alternative to

make QSAR/QSPR models based on small data set as robust as possible [51].
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Table 2. Catalyst Data Set 03 applied for the exploratory analysis of organocatalyst.

Catalyst PubChem CID CAS Ref.
(2-HydroxyethyDtriphenylphosphonium bromide 2733550 7237-34-5 [44]
(2-Hydroxyethyl)triphenylphosphonium chloride 520034 23250-03-5 [44]
(2-HydroxyethyDtriphenylphosphonium iodide 89439517 4336-77-0 [44]
(4-Hydroxyethyl)-methyl-diphenylphosphonium iodide 20267393 20650-57-1 [44]
1-Butyl-3-methylimidazolium Bromide 2734236 85100-77-2 [41]
1-Butyl-4-methylpyridinium iodide 329763177  32353-64-3 [41]
1-Tetradecyl-3-methylimidazolium bromide 77520435  471907-87-6 [53]
(2-Hydroxyphenyl)-methyl-diphenylphosphonium iodide 71400991 60254-13-9 [44]
Benzyltrimenthylammonium bromide 21449 5350-41-4 [36]
1-Butyl-3-methylimidazolium chloride 2734161 79917-90-1 [41]
Methyl-triphenylphosphonium iodide 638159 2065-66-9 [44]
Tetraheptylammonium Bromide 78073 4368-51-8 [53]
Tributyl(2-hydroxyethyl) chloride CT1084236377 54580-84-6 [44]
Tributyl(2-hydroxyethyl) iodide CT1081904619 54580-85-7 [44,54,55]
Tributyl(2-hydroxyethyl) bromide CT1081904620 54580-43-7 [44]
Tetraoctylphosphonium bromide 3015167 23906-97-0 [42]
Cetyltrimethylammonium Bromide 5974 57-09-0  This work
1-Butyl-1-methylpyrrolidinium iodide 11076461 56511-17-2 [10]
1-Butylpyridinium iodide 14007922 874-81-7 [10]
1-Methyl-3-octylimidazolium bromide 10849985 61545-99-1 [10]
1-Methyl-3-octylimidazolium chloride 2734223 64697-40-1 [10]
1-Methyl-3-octylimidazolium iodide 71353115  188589-28-8 [10]
Tetrabutylammonium bromide 74236 1643-19-2 [10,41,53]
Tetrabutylammonium chloride 70681 1112-67-0 [10,53]
Tetrabutylammonium iodide 67553 311-28-4 [10,41,53]
Tetrabutylphosphonium bromide 76564 3115-68-2  [10,44]
Tetrabutylphosphonium chloride 75311 2304-30-5 [10,44]
Tetrabutylphosphonium iodide 201022 3115-66-0 [10,44]
Triethylsulfonium iodide 74589 1829-92-1 [10]



https://pubchem.ncbi.nlm.nih.gov/compound/89439517
https://www.scbt.com/scbt/product/triethylsulfonium-iodide-1829-92-1
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Molecular Descriptors

After the variable selection step, the 18 molecular descriptors that were important for
the development of the QSPR model are: nCl, nBr’, nl-, ALogP, apol, ATS2e, bpol, C2SP3,
ETA Shape Y, GATS6i, Lipoaffinity Index, MATS4m, nAtom, nAtomLAC, nBonds2, nRotBt,
SssCHz and VABC. The detailing of the selected variables can be found in the Nomenclature

section, and their definition can be found in the literature [56-61].

Data Analysis

The data analysis was carried out by using the Solo+MIA software (Eigenvector
Research) and the statistical tools applied in the present work for the exploratory and predictive
analysis are the Correlation Analysis (CA), Principal Competent Analysis (PCA), Partial Least

Squares Regression (PLS) and Support Vector Machine Regression (SVM).

QSPR Development

For the QSPR modelling of the present work, the molecular descriptors are applied as
predictor variables (X) while the epoxide conversion to carbonates are applied as response
variable (). After the exhaustive variable selection step, the 18 molecular descriptors are
applied to perform the multivariate regression with the data autoscaled and mean centered [24].
The PLS was performed using the SIMPLS algorithm, while the SVM was developed using the

Linear Kernel Function.

QSPR Validation
The model validation is a crucial step on the QSPR development and over the years
several criteria/ threshold values have been presented as minimum requirements, but not always

sufficient, to ensure the robustness and transferability of QSAR/QSPR models [62-66]. The
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present work applies the Golbraikh and Tropsha's criteria [46,66,67], in addition to the Roy and
coworkers r’m metrics[51,62,68,69]. A summary of the validation parameters and the respective

threshold values are presented in the Table 3.

Table 3. Parameters for the QSPR model validation

Parameter Threshold value

R? >0.6
Q? >0.5
R*—R%) <01
_ .
(RZ BRIZ )
— ° <0.1
k 0.85<k<1.15
'¢ 0.85<k<1.15
IRZ — RZ, | <0.3
R — R'2,| <0.3
R?,, >0.5
R, >0.5
IRZ,, — R'2,,| <0.2
2 __pr2
w 0.5

Rz - Denotes the correlation coefficient between the predicted and observed activities for a test set

Considering the small size of the data set, the stability of the model was evaluated based
on both leave one out (Q2-LOO) and leave-many-out (Q2-LMO) internal validation and the
model predictivity was evaluated by using the r’m ooy and r’m Lmo) parameters by replacing
the R2 (test set) with the cross validation Q2 [51,62,65,69].

In addition to the internal validation, the 12 catalysts data are splitted into independent
the training (9 samples) and test sets (3 samples). To avoid any underestimation or
overestimation of the model, a total of 220 PLS models, comprising all possible combinations
of training/validation samples (9 samples/3 samples), was performed and the R2ca), Q3wLoo),

R?ext) and RMSEP parameters are presented in the form of distribution histograms.
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Lastly, the transferability of the QSPR model is confirmed by the construction and
validation of the QSPR model based on Data Set 02 by applying the same molecular descriptors.
The development, validation, and discussion of the QSPR model based on Data Set 02 are
presented separately in the Supporting Information throughout the Figures S1-S3 and Tables

S1-S5.

Virtual screening

The virtual screening is a computational method that guides, based on structure or
property, the search for new active compounds in large chemical libraries [70,71]. The
PubChem search tools was applied to perform the virtual screening of potential molecular
targets with similar chemical structures to those used for calibration models [47].

The descriptor calculation was performed as described previously and, after the
variables removal, the data are evaluated for the existence of missing data and outliers (by mean
of PCA) with subsequent removal of these samples from the data set. A total of 122 potential
catalysts were retrieved and their identification can be found in the Supporting Information,
presented in Table S6, while a summary of the data analysis procedures performed on the

present work are represented in the Figure 2.
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Figure 2. Summary of the procedures used to construct the QSPR models. A) QSPR

Calibration/Validation and B) Virtual screening work flow.

Synthesis Procedures

The synthesis procedures of the present work are performed in two stages: the

epoxidation reaction of the raw vegetable oil and the direct carbonation of the epoxidized

product with CO3.

Epoxidation. The vegetable oils in situ epoxidation reactions was conducted using

glacial acetic acid, hydrogen peroxide 35% and sulfuric acid. The reaction was performed at

75°C, for 6 hours, with mechanical stirring and using the reactants molar ratio of 2:1

(H202:ethylenic unsaturation), 0.5:1 (CH3COOH:ethylenic unsaturation) and 2% sulfuric acid

(wt% of the aqueous fraction) [72,73]. After the reaction, the product was dissolved in ethyl

ether and washed with water until neutral pH, followed by the solvent removal under vacuum.

Carbonation. The carbonation reaction of the epoxidized triglycerides was conducted

using cetyltrimethylammonium bromide (CTAB) catalyst, high purity carbon dioxide and n-
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butanol as solvent. The reaction was performed in a 50 cm? stainless steel autoclave at 120°C,
for 48 hours, without stirring, 5 MPa (p, CO), 2 g of epoxidized oil, 4 mL of butanol and 5
mol% of CTAB. After the reaction, the butanol is removed under vacuum, which causes the
catalyst to precipitate after some time. After the butanol removal, the product was dissolved in
ethyl acetate and washed two times with water and once with brine. The oleochemical carbonate

product are dried with anhydrous sodium sulfate and the solvent removed under vacuum.

Characterization Methods

All the vegetable oil, epoxidized oil and carbonated products are characterized by the
Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy
detailed below.

Infrared analysis (FTIR). The infrared spectra are acquired using the Spectrum One
spectrometer (PerkinElmer) with HATR accessory. The spectral ranges from 4000 to 650 cm™!
wavenumber, resolution of 4 cm™', 16 scans per spectrum.

H-NMR. All NMR spectra were recorded on a Bruker Avance 400 running at 400 MHz
for *H. Chemical shifts (8) are reported in parts per million (ppm) relative to TMS signal (0

ppm) for *tH-NMR and using deuterated chloroform (CDCls) as solvent.
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RESULTS AND DISCUSSION

The results and discussion are divided into five parts: Development of the QSPR model
based on the 2D-molecular descriptors; The virtual screening to select new catalyst target for
the synthesis process; Data mining description; The exploratory analysis of organocatalysts

applied in the literature; Synthesis of oleochemical carbonate using CTAB as catalyst.

QSPR model

The QSPR model was developed based on the Alves and coworkers data [10], and
comprises 12 catalyst with structure registered in public database (Table 1). After the variable
selection step, the 18 molecular descriptors are applied to the PLS and SVM model and the
respective variables values are available in the Table S7 in the Supporting Information.

The internal validations of the models are performed by mean of LOO and LMO cross-
validation. Furthermore, to evaluate the model sensitivity to the sample removal from the
training set, the LMO was performed by keeping out 16.7% and 25% of the data at each cycle

of model training. The results of the QSPR model are presented in the Table 4.

Table 4. QSPR model for the synthesis of oleochemical carbonate through organocatalysis

LOO aLMO bLMO
Data set 1
PLS SVM PLS SVM PLS SVM
R2cq 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 1.31 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, 2 — 16.7% of the sample kept out in the Leave-Many-Out cross-
validation, - 25% of the sample kept out in the Leave-Many-Out cross-validation.
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In a first assessment, the model presents considerable good outputs, with high
calibration R? (>0.95) and good cross validation coefficient of determination (Q? >0.6)
satisfying the minimum criteria for obtaining a reliable QSPR model. Also, acceptable values
of Root-mean-square error of cross-validation (RMSECV) are obtained, with values around
10% of mean squared error.

The validation of the QSPR model was performed based on the Golbraikh and Tropsha's
criteria [46,66,67], in addition to the Roy and coworkers r’m metrics [51,62,68,69]. The Table
S8 presents the estimated conversion values for each of PLS and SVM models, while the Table

5 presents the respective values obtained for the QSPR validation.

Table 5. Validation of the PLS and SVM model performed based on the Data Set 01.

Data Set 01 PLS SVM Reference threshold value
LOO 3LMO °LMO LOO 2aLMO PLMO
R? 0.98 0.97 098 0.97 0.97 0.98 >0.6
Q? 090 091 089 091 084 0.89 >0.5
(Qz - on)
T 0.00 000 001 0.00 0.00 0.02 <0.1
2 _ N2
(QQ—BO) 0.02 0.02 0.06 0.02 0.04 0.09 <0.1
k 000 000 001 0.00 0.00 0.02 <0.3
'¢ 0.02 001 0.05 0.02 0.03 0.08 <0.3
|Q*—Q%,] 099 099 099 099 0.99 0.99 0.85<k<1.15
Q- Q%] 099 100 099 1.00 0.99 0.99 0.85<k<1.15
sz 087 089 080 0.86 0.83 0.77 >0.5
Q’2m 0.78 080 068 0.78 0.69 0.63 >0.5
|Q*, — Q%,] 0.09 0.08 012 0.09 014 0.13 <0.2
2 A2
|sz—Qm| 082 085 074 082 076 0.70 >0.5
Validation V \V V \V V \V All criteria met

V — Validated, ® — 16.7% of the sample kept out in the Leave-Many-Out cross-validation,? — 25% of the sample
kept out in the Leave-Many-Out cross-validation.
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From the Table 5, we found that all the developed QSPR models are validated based on
the Table 3 criteria. In addition to the internal validation, further validation procedures are
performed by splitting the catalyst data into training (9 samples) and test sets (3 samples). To
avoid any underestimation or overestimation of the model, a total of 220 PLS models,
comprising all possible combinations of training/validation samples (9 samples/ 3 samples),
was performed and the R2ca), Q%Loo), R%exy and Root-mean-square error of prediction

(RMSEP) parameters are presented in the form of distribution histograms (Figure 3).
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Figure 3. Distribution histograms: A) R?(ca), B) Q?woo), C) R?Ext and D) RMSEP.
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From the Figure 3, is observed that most of the R?(Cal), Q%LOO), R(Ext) histogram
data are concentrated at higher values, while the prediction error (RMSEP) is concentrated at

lower values. In the Table 6, a summary of the QSPR model histogram results are presented.

Table 6. Summary of the QSPR model histogram results

Parameter aRz  20Q?2LO0 2Rzetx *RMSEP
Mean 0.9776 0.8011 0.9036  2.360
Standard Deviation 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

2_ Results of the 220 PLS models performed with 75% of the data for calibration and 25% used as an
independent test sets

From the Table 6, it is observed that R%cay), Q%rLoo), R¥exy) present mean values above
the minimum requirement for the QSPR model validation and, from the cumulative distribution
function, it is observed that 95% of the QSPR models present parameters values above the
threshold Q?Loo) (>0.5) and R%exy (>0.6). With respect to the prediction error, within the 220
models evaluated there was found an acceptable value of mean RMSEP (2.36), with 80% of the
models presenting mean square error below 10%, and 95% of them presenting mean square
error below 15%.

These results can be considered as good ones, since each QSPR model has been
developed with 25% of the original set kept outside the training set. Considering that, both
internal and external validation had met the minimum requirements and it is considered that the

developed QSPR models are suitable to be applied in the subsequent steps.
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After the validation phase, we move to the interpretation of the data obtained by
calibration models. In the Figure 4, are represented the predicted versus reference plot obtained

from the LOO cross-validation of PLS and SVM models.
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Figure 4. Predicted versus reference plot for the estimation of epoxide conversion to

cyclic carbonate. A) PLS model and B) SVM model.

The interpretation of the principals relationship between the molecular descriptors (X)
and the estimated conversion response (Y) is performed through the PLS Regression

Coefficient, presented in the Figure 5 [74,75].
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Figure 5. PLS regression coefficient for the estimation of epoxide conversion to cyclic
carbonate.

From the regression coefficient obtained it is possible to observe the halide influence on
the catalyst effectiveness, with the order of anion activity being identified as Br > I > CI". This
same pattern have already been described by Langanke and coworkers (2013), which attribute the
higher bromide efficiency as a result of the balance between nucleophilicity and leaving group
character of the chemical species [53]. Also, the influence of the solvent effect of the supercritical
CO: and the changing in the mass transfer phenomena involved could play an important role in

this order [7,76,77].



74

The autocorrelation descriptors (ATS2e, GATS6i and MATS4m) presents a positive
regression coefficient and are related with a property distribution along the molecular structure.
Due to the complexity of these indices, no clear interpretation is possible.

Another important feature of the catalyst is the size of the organic structure and the
molecule polarizability. This behavior is translated by the model in function of the molecular
descriptors apol, bpol, C2SP3, nAtom, nAtomLAC, nBonds2, SssCH> and VABC, all presenting
the positive regression coefficient with respect to the conversion. This characteristic has already
been described in the literature, which relate the increase in the bulkiness of the catalyst to the
weakening of the electrostatic interactions between cation and anion, which lead to an increase in
the nucleophilic character of the halide [78-82]. Also, from the C2SP3 regression coefficient, it is
concluded that the lengthening of the carbon chain with saturated carbon is preferable.

The catalyst solubility play an important role in the reaction in homogeneous phase,
however the catalysts solubility in epoxidized derivatives is limitedly addressed in the literature
[3]. From the QSPR regression coefficient, we found that the lipophilicity descriptors (ALogP and
Lipoaffinity Index) are important to justify the catalyst efficiency, since the effectiveness of the
catalysts increases with their lipophilicity.

Since application domain of this model comprises the synthesis of cyclic carbonate derived
from epoxidized triglycerides, the lipophilicity character is being related with the catalyst
solubility in the medium. The solvent effects of the oily matrix and supercritical CO, over the
bulky organic cation results in charge stabilization and increases the nucleophilicity of halide anion
[81,83]. After observing the regression coefficients, the Variable Influence on Projection (VIP
scores) was analyzed to rank the relative importance of the molecular descriptors for the model

[74,75].
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Figure 6. Variable influence plot of the PLS model

From Figure 6, it is possible to easily identify the relative importance of all the molecular
descriptors applied for the regression. From the VIP plot, in addition to the regression coefficient,
it’s possible to conclude that: the halide species, the size of the carbon chain, the
lipophilicity/solubility of the catalyst and the distribution of the properties along the molecular
structure define the effectiveness of the catalyst to produce oleochemical carbonates.

Within the application domain of the QSPR model, it is concluded that it is possible to
establish a structure-property relationship between the organocatalysts features and its activity to
produce oleochemical carbonates from epoxides and CO. Thus, after the validation and
interpretation of the QSPR model, the virtual screening was applied to identify potential actives

compounds and suggest the best molecular targets among the catalyst set.
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Virtual screening and new catalyst target

In the present work, a structure based virtual screening was performed by using the
PubChem search tools, with the search being restricted to the actives compounds of the QSPR
model application domain (i.e. organic halides derived from: ammonium, phosphonium,
imidazolium, pyrrolidinium and pyridinium). From the virtual screening, a total of 122 potential
catalysts were retrieved from a virtual library and their identification can be found in the
Supporting Information (Table S6) while its respective calculated molecular descriptors are
presented in the Table S9.

To estimate the activity of the potential catalysts, the Table S9 descriptors have been
applied to both multivariate calibration models (PLS and SVM) and its average results predicted
for the epoxide conversion to carbonate is considered as the catalyst output. In the Table 7, the
best 20 molecular targets predicted by the QSPR model are presented, while in the Table S10 and
Table S11, the conversion values estimated by each of the multivariate regression methods are
specified.

Based on the Table 7 results, its observed that, among the catalysts best targets, only the
tetraoctylphosphonium bromide [42] and the tetraheptylammonium bromide [53] have already
been applied to produce oleochemicals both presenting high catalytic activity, as expected from
our QSPR model.

Corroborating with our results, other high active catalysts with structures very similar to
those listed in Table 7 have been reported for the conversion of styrene oxide into cyclic carbonate
product (tetraoctylammonium chloride and tetradodecylammonium chloride) and to produce
oleochemical carbonates (1-tetradecyl-3-methylimidazolium bromide and the

trihexyltetradecylphosphonium bromide)[41,53,78].
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Table 7. Best molecular targets predicted to produce oleochemical carbonates.

Catalyst PubChem CID CAS aConversion (%)
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 54.4%
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 bromide 10960220 20317-32-2 50.1%
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 47.4%
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 45.3%

@ Mean predicted results by the PLS and SVM models

Among the catalysts listed (Table 7) there are examples of compounds applied for
carbonation of other epoxidized derivatives. The cetyltrimethylammonium bromide (CTAB) and
hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide (HEA16Br) were applied to produce

cyclic carbonates derived from styrene oxide and present the same order of activity reported to the
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found in our work, with the bifunctional one-component catalysts being more active [84]. Also,
the predicted activity for HEA16Br was found as higher than for ethyl-hexadecyl-
dimethylammonium bromide. These two compounds differ only in the presence of a hydroxyl
substituent at the end of the ethyl chain and the advantages of a bifunctional catalyst was previously
reported by several works [54,55,85,86].

In the literature, there is a low number of reports that apply the CTAB as a catalyst for the
production of cyclic carbonates, most of them employing CTAB as a co-catalyst [80,81,84,87—
93]. From Wei and collaborators [80], the conventional TBAB presents lower efficiency for cyclic
carbonate production when compared to the catalyst with longer carbon chain length (employed
as co-catalyst of zinc-cobalt double metal cyanide complex).

The order of activity found (TBAB < trimethyl(decyl)lammonium bromide <
trimethyl(dodecyl)ammonium bromide < CTAB) is similar to those found by the QSPR model (for
details see Supporting Information, Table S10). It is attributed to the increasing halide
nucleophilicity, induced by the lengthening in the carbon chain, the enhance in the catalytic activity

[78-82].

Data Mining

After the application of QSPR model over the virtual screening set, an additional data
mining step was applied to evaluate the data features relating to catalyst structure. In this
evaluation, the methyl group was established as the standard substituent and only one molecular
feature is changed at a time (i.e. organic structure, molecular arrangement, carbon chain size and

substituent type) and the results are presented in the Figure 7.
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Figure 7. Structure—property relationships of organocatalyst to produce oleochemical
carbonates. A) halide organic structure, B) carbons molecular arrangement, C) substituent type

and D) lengthening of the carbon chain.

At first, the influence of the molecular structure is evaluated. From Figure 7a, it is possible
to identify which of the organic structure included in the QSPR model application domain presents
the higher estimated conversion and the following order of activity is found: pyridinium <
imidazolium < pyrrolidinium < phosphonium < ammonium.

Identified the ammonium salts as the most actives, the number of carbons of the catalyst is
kept constant while its distribution is altered. From Figure 7b two features are identified: i) the
conversion increases with the lengthening of the carbon chain, and these results are related with
the higher regression coefficient of the nAtomLAC descriptor; ii) the substituent branching results
in a slight increase in conversion and this is explained through the modification of a set of

descriptors (ALogP, C2SP3, GATS6i and SssCH>).
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In addition to the molecular arrangement in the catalyst structure, the influence of the
substituent type on the estimated conversion was evaluated through the hexyl, cyclohexyl and aryl
group, and the results are shown in Figure 7c. Maintaining the same carbon number (06), the
catalyst activity increases in the following order: aromatic < cycloaliphatic < linear aliphatic chain.

This difference can be explained mainly by the modification in the molecular volume,
linear carbon chain length, molecular polarizability and catalyst lipophilicity, indicated by the
descriptors (ALogP, apol, bpol, C2SP3, nAtomLAC, SssCH> and VABC). In this way, it is
concluded that both the solubility of the catalyst and the nucleophilic character of the halide are
strongly influenced by the substituent structure.

Finally, from Figure 7d, it is observed that the lengthening of the carbon chain 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 increase of the

nucleophilic character of the halide [78-82].

Exploratory analysis

From the virtual screening data set, we selected the cetyltrimethylammonium bromide
(CTAB) to be applied in the synthetic step of the present work. The CTAB combines the chemical
characteristics (i.e. long carbon chain and large molecular volume) with practical issues (relatively
low cost and readily available).

Before proceeding to the synthetic step, the exploratory analysis is applied to evaluate the
similarity of CTAB compared to catalysts with known activity to produce oleochemical (Table 2).

The PCA was applied to the molecular descriptor (Table S12) and its scores graph are presented
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in Figure 8, while the PCA loading graph (Figure S4) and residual plot (Figure S5) are provided

in the Supporting Information.
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Figure 8. Exploratory analysis of the organocatalyst.

From the analysis of the PCA score and loading results, we found that the PC1 (56.91% of
explained variance) and the PC2 (11.77% of explained variance) separates the catalysts with
respect to their chemical structures. The compounds that presents higher molecular volume, linear
carbon chain length, molecular polarizability and lipophilicity, indicated by the descriptors PC1
loadings (ALogP, apol, bpol, C2SP3, nAtomLAC, SssCH> and VABC), are displaced to PC1
positive scores values. Considering the regression coefficient of the QSPR model, it is concluded
that the catalysts with higher activity, including the target catalyst (CTAB), are shifted to the right

side of the PCA score plot, to positive values of PCL1.
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The PC2 separate the catalysts, particularly, with respect to the molecular arrangement
carbons in the catalyst structure. Displaced to the PC2 positive scores are founded the catalysts
with higher linear carbon chain length and lipophilicity, indicated by the descriptors PC2 loadings
(ALogP and nAtomLAC), while to the negative PC2 scores are found the catalyst with higher
molecular volume and molecular polarizability.

Another important finding is obtained from the PCA residue graph (Figure S5), which
highlight three catalysts of the Data Set 03 as outliers: benzyltrimenthylammonium bromide,
tetraoctylphosphonium bromide and triethylsulfonium iodide.

The benzyltrimenthylammonium bromide, with high Q-Residual, is described by the
Tamami and coworkers as presenting a negligible activity to produce oleochemical carbonate.[36]
To this result it should be noted that the chemical process was carried out at atmospheric pressure,
with reduced amount of CO> dissolved in the oil phase, and the catalyst solubility was described
as limited. The same catalyst applied to our QSPR model indicates a mean estimated conversion
of 21.8% (PLS - 23.5%; SVM - 20.1%), which are lower than the standard catalyst TBAB (30%)
but considerable higher than reported in the literature, if applied within the QSPR application
domain (T = 100°C, P = 10 MPa, t = 5h and catalyst load = 1 mol%).

The triethylsulfonium iodide, outside the Hotelling T2 limit (95%), composes the
calibration set of the QSPR model and does not present any chemical activity for the production
of oleochemical carbonates [10]. On the other hand, the tetraoctylphosphonium bromide, with high
Q-Residual and outside the Hotelling T2 limit, is a very active catalyst to produce oleochemical

carbonate [42].
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From a combined approach of QSPR modeling and exploratory analysis (PCA), based on
a comprehensive set of data, it would be possible to quickly identify whether a molecular target is

suitable to be tested in a synthetic procedure.

Synthesis of oleochemical carbonate

Identified the best molecular targets and interpreted the data features relating the catalyst
structure with the conversion of epoxide to cyclic carbonates based on the QSPR and PCA
methods, the CTAB is then applied as catalyst to produce cyclic carbonate from epoxidized
oleochemical substrates and CO..

Three vegetable oil epoxides, derived from rice bran oil, canola oil and soybean oil have
been employed to produce their respective oleochemical carbonates. The diversity of raw material
is justified due to the influence of fatty acids composition on the conversion efficiency of epoxides
to cyclic carbonates [38,39].

Initially, the solubility test indicated that CTAB it is very little soluble in epoxidized oil
even at high temperature and, from the literature, similar results were found reported by Tamami
for the benzyltrimenthylammonium bromide, a catalyst with a similar structure to the CTAB [36].
The effective interaction between the CTAB polar head and the bromide ion, together with the low
polarity of the medium, difficult the solubilization and ions stabilization in the oily matrix. Unlike
TBAB, which is readily solubilized in the oil due to the weaker ion pair between the bromide and
a farthest nitrogen center[4,94], the application of CTAB must be assisted using polar solvent or
phase transfer catalysts.

To overcome the solubility limitation, the n-butanol, a protic solvent with known

miscibility with triglycerides and reported little influence on the conversion of epoxides to cyclic
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carbonates, was employed [54,55]. Furthermore, considering the n-butanol structure, it can also
act as a hydrogen bond donors activators (HBD) to facilitate the epoxy ring-opening and change
the mass transfer phenomena involved by reducing the media viscosity and modifying the CO;
solubility/diffusion rate [7,76,95,96].

In this way, the synthetic protocol was performed as described on the Materials and
Methods Section and the products are then characterized by means of infrared spectroscopy
(Figure 9a) and *H NMR (Figure 9b and 9¢) and representatively illustrated in Figure 9. The FTIR
spectra (Figure S6-S14) and the *H NMR with the detailed attribution Figure (S15-S23) are
provided in the Supporting Information.

The first characterization by means of infrared (Figure 9a), is performed to identify the
presence of the cyclic carbonate in the product. The disappearance of the oxirane band between
842cm™ and 823 cm™ indicates the epoxide consumption, while the new intensive carbonyl band
(C=0) at 1795 cm indicate the formation of the 5-member cyclic carbonate. The following *H
NMR analysis (Figure 9b and Figure 9c¢) confirms the initial consumption of the vegetable oil
unsaturation, multiplet between 5.40 ppm and 5.30 ppm (-CH=CH-), to produce the epoxy group
(-CHOCH-), two multiplets at 2.9 ppm and 3.1 ppm [97,98]. In the second reaction step, the
epoxide conversion to cyclic carbonate are accompanied by the disappearance of the epoxy group
signals (2.9 ppm to 3.1 ppm) and the appearance of new signals related to the cyclic carbonate
protons from 4.19 ppm to 4.24 ppm and 4.45 ppm to 5.12 ppm [43,99].

After characterization of the products, the epoxide conversion to cyclic carbonate is

calculated based on the *H NMR spectra and the results are presented in the Table 8.
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Table 8. Epoxide conversion to cyclic carbonate.

Base Oil 3C=C PEpoxy Group c°Conversion (%)

Rice Bran Oil  4.00 2.29 98.4%
Canola Qil 4.40 3.18 >99%
Soybean Oil  4.95 3.55 >99%

a - Mean carbon double bonds number per triglyceride unit, ® - Mean epoxy group per triglyceride unit after
epoxidation,® — Conversion to the cyclic carbonate group estimated based on the initial epoxy value

Based on Table 8, the CTAB showed high activity to produce oleochemical carbonates,
regardless of the base raw material, with more than 98% of epoxide conversion to cyclic carbonate
for all the vegetable oil. Respectively, a conversion of 98.4% was obtained for rice bran oil, (>
99%) for the soybean oil and (> 99%) for the canola oil. In Figure 10 are presented the proposed
mechanism for the CTAB catalytic system.

The proposed catalytic system is composed by three steps and four transitions state,
which are: Step 1) The epoxy ring, activated by hydrogen bonding, is opened by the bromide
nucleophilic attack (Figure 10a), resulting in an oxyanion stabilized by both the CTAB polar head
and the protic solvent hydrogen bonding (Figure 10b) [84]. Step 2) The insertion of CO by
oxyanion attack leads to formation of a carbonate ion (Figure 10c), 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 intramolecular formation of the 5-member
cyclic carbonate (Figure 10d).

Differently from the TBAB catalytic system, in which the intermediate species
stabilization is through a weak Van Der Waals interaction between the anions and the alkyl chain
[95], the CTAB could promote a better stabilization of the intermediate species as results of a more

intensive electrostatic interaction between the anions and the accessible nitrogen center of the
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catalyst polar head [84]. We believe that the directional electrostatic interaction between the anions
involved in the carbonation reaction and the CTAB polar head (with accessible nitrogen center)
can account for the product stereoselectivity, however this statement should be further explored
through computational simulations such as Density Functional Theory (DFT) methods and

additional experimental procedures.
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CONCLUSIONS

To summarize, this work presents a preliminary perspective of QSPR modeling to assist in
the targeted choice/design of new active organocatalysts to produce cyclic carbonates. The QSPR
model was developed by applying the 2D molecular descriptors and validated based on criteria
recognized by the academic community. From our results, it is concluded that it is possible to
establish a structure-property relationship between the organocatalysts features and its activity to
produce oleochemical carbonates from epoxides and COz.

From the virtual screening, a total of 122 catalysts have their activity predicted, the best
molecular targets are proposed and the cetyltrimethylammonium bromide (CTAB) was selected
for synthetic application. The principal molecular features (i.e. organic structure, molecular
arrangement, carbon chain size and substituent type) were identified and described through data
mining, while the PCA proved to be an adequate method to perform a rapid exploratory analysis
of the molecules set.

Based on the synthetic outcomes, we provide the first report of the application of CTAB as
a new active catalyst to produce oleochemical carbonate. In the present work, the experimental
conditions were not fully optimized, the influence of the experimental parameters on the reaction
system (i.e. pressure, time, temperature, stirring rate, catalyst load and solvent type) should be
addressed in future work. Nevertheless, the high conversion, recommend further investigation of
the CTAB-based catalytic system to achieve the optimization of procedures and experimental
conditions.

In this way, the QSPR can be applied to reduce costs and time in the organocatalysts

screening/design for the cyclic carbonates synthesis from CO.. Since this work was developed
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based in a small but representative number of catalysts, future work should increase the number
and diversity of catalysts included in the QSPR model to increase its robustness. To best of our

knowledge, this work presents the first QSPR approach on catalysts to cyclic carbonates.
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NOMENCLATURE

Molecular descriptors

NCI- - Number of chlorine atoms

NBr- - Number of bromine atoms

nl- - Number of iodine atoms

ALogP - Ghose-Crippen-Viswanadhan octanol-water partition coefficient

apol - Sum of the atomic polarizabilities (including 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 Shape Y — Extended topochemical atom shape index Y

GATS6i - Geary autocorrelation - lag 6 / weighted by first ionization potential
Lipoaffinity Index - Atom type electrotopological state lipoaffinity index

MATS4m - Moran autocorrelation - lag 4 / weighted by mass

nAtom - Number of atoms

nAtomLAC - Number of atoms in the longest aliphatic chain

nBonds2 - Total number of bonds (including bonds to hydrogens)

nRotBt - Number of rotatable bonds, including terminal bonds

SssCH2 - Sum of atom-type E-State: -CH>-

VABC - Van der Waals volume
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General Information

All reagents were of analytical grade and obtained from commercial suppliers and used
without further purification. Three vegetable oil (rice bran oil, canola oil and soybean) were
obtained from local suppliers. The hydrogen peroxide (35% purity) were obtained from Synth. The
glacial acetic acid (>99%), the sulfuric acid (>95%) and the n-butanol (99% purity) were obtained
from Fluka. The cetyltrimethylammonium bromide or hexadecyltrimethylammonium bromide
(CTAB, 98% purity) were obtained from Sigma-Aldrich. The high purity carbon dioxide (CO.,
99.995%) were obtained from Air Liquide.

All the infrared spectra are acquired using the Spectrum One spectrometer (PerkinElmer)
with HATR accessory. The spectral ranges from 4000 to 650 cm™! wavenumbers, resolution of 4

cm2, 16 scans per spectrum.
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All NMR spectra were recorded on a Bruker Avance 400 running at 400 MHz for H and
at 101 MHz for 3C. Chemical shifts (5) are reported in parts per million (ppm) relative to TMS
signal (0 ppm) for *H NMR and using deuterated chloroform (CDCls) as solvent. The following
abbreviations are used to indicate the multiplicity in NMR spectra: s — singlet; bs — broad singlet;

d — doublet; t —triplet; q — quartet; m — multiplet; dd — double doublet.

Rice Bran Oil: *H NMR (400 MHz, CDCls) &: 5.39-5.32 (m, 7H), 4.30 (dd, J=11.9, 4.3
Hz, 2H), 4.14 (dd, J=11.9, 6.0 Hz, 2H), 2.77 (t, J=6.4 Hz, 2H), 2.31 (td, J=7.5, 2.5 Hz, 6H), 2.07—
1.98 (m, 10H), 1.64-1.59 (m, 7H), 1.37-1.26 (m, 58H), 0.91-0.86 (m, 9H).

Canola Oil: *H NMR (400 MHz, CDCls) &: 5.40-5.25 (m, 8H), 4.30 (dd, J=11.9, 4.3 Hz,
2H), 4.14 (dd, J=11.9, 6.0 Hz, 2H), 2.80-2.75 (m, 2H), 2.31 (td, J=7.5, 2.5 Hz, 6H), 2.07-1.99 (m,
11H), 1.64-1.59 (m, 6H), 1.37-1.26 (M, 58H), 0.99-0.80 (m, 9H).

Soybean Oil: *H NMR (400 MHz, CDCl3) §: 5.39-5.26 (m, 9H), 4.30 (dd, J=11.9, 4.3 Hz,
2H), 4.14 (dd, J=11.9, 6.0 Hz, 2H), 2.79-2.75 (m, 4H), 2.31 (td, J=7.5, 2.6 Hz, 6H), 2.07-2.00 (m,
9H), 1.63-1.59 (m, 6H), 1.37-1.26 (m, 31H), 0.97-0.86 (m, 8H).

Epoxidized rice bran oil: 'H NMR (400 MHz, CDCls) &: 5.36-5.19 (m, 1H), 4.30 (dd,
J=11.9, 4.2 Hz, 2H), 4.14 (dd, J=11.9, 5.9 Hz, 2H), 3.15-3.05 (m, 2H), 3.00-2.88 (m, 4H), 2.32
(t, J=7.6 Hz, 6H), 1.75-1.26 (m, 77H), 0.93-0.86 (m, 10H).

Epoxidized canola oil: *tH NMR (300 MHz, CDCls) &: 5.26 (t, J=5.1 Hz, 1H), 4.30 (dd,
J=11.9, 4.2 Hz, 2H), 4.14 (dd, J=11.9, 5.9 Hz, 2H), 3.19-3.06 (m, 2H), 2.99-2.88 (m, 5H), 2.32
(t, J=7.6 Hz, 7H), 1.75-1.25 (m, 78H), 1.09-0.86 (m, 10H).

Epoxidized soybean oil: *tH NMR (400 MHz, CDCls) &: 5.27 (bs, 1H), 4.30 (dd, J=11.9,
4.3 Hz, 2H), 4.15 (dd, J=12.0, 5.9 Hz, 2H), 3.14-3.07 (m, 3H), 3.00-2.90 (m, 4H), 2.32 (td, J=7.5,
2.3 Hz, 6H), 1.78-1.26 (m, 70H), 0.92-0.86 (m, 9H).
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Carbonated rice bran oil: *H NMR (400 MHz, CDCls) &: 5.26 (p, J=5.1 Hz, 1H), 4.94—
4.49 (m, 2H), 4.33-4.23 (m, 2H), 4.17-4.08 (m, 3H), 3.39-3.30 (M, 1H), 2.41-2.29 (m, 7H), 1.63—
1.25 (m, 76H), 0.91-0.86 (m, 11H).

Carbonated canola oil: *H NMR (400 MHz, CDCls) &: 5.26 (t, J=5.2 Hz, 1H), 4.99-4.46
(m, 3H), 4.34-4.20 (m, 3H), 4.15 (dd, J=12.1, 6.1 Hz, 3H), 4.07 (td, J=6.7, 1.5 Hz, 1H), 2.41-2.26
(m, 11H), 1.80-1.19 (m, 114H), 0.98-0.81 (m, 17H).

Carbonated soybean oil: *H NMR (300 MHz, CDCls) &: 5.26 (t, J=5.2 Hz, 1H), 4.94—
4.49 (m, 5H), 4.30 (dd, J=12.1, 4.6 Hz, 3H), 4.71-4.06 (m, 4H), 2.41-2.29 (m, 9H), 1.92-1.27 (m,
87H), 0.97-0.86 (m, 11H).

General Prodecure for Epoxidation

The vegetable oils in situ epoxidation reactions was conducted using glacial acetic acid,
hydrogen peroxide 35% and sulfuric acid. The reaction was performed at 75 °C, for 6 hours, with
mechanical stirring and using the reactants molar ratio of 2:1 (H20-:ethylenic unsaturation), 0.5:1
(CH3COOH:ethylenic unsaturation) and 2% sulfuric acid (wt% of the aqueous fraction) [1,2].
After the reaction, the product was dissolved in ethyl ether and washed with water until neutral

pH, followed by the solvent removal under vacuum.

General Prodecure for Cyclic Carbonate Synthesis

The carbonation reaction of the epoxidized triglycerides was conducted using
cetyltrimethylammonium bromide (CTAB) catalyst, high purity carbon dioxide and n-butanol as
solvent. The reaction was performed in a 50 cm? stainless steel autoclave at 120°C, for 48 hours,
without stirring, 5 MPa (p, CO»), 2 g of epoxidized oil, 4 mL of butanol and 5 mol% of CTAB.
After the reaction, the butanol is removed under vacuum, which causes the catalyst to precipitate
after some time. After the butanol removal, the product was dissolved in ethyl acetate and washed
two times with water and once with brine. The oleochemical carbonate product are dried with

anhydrous sodium sulfate and the solvent removed under vacuum.
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QSPR Modeling: Data Set 02

The data set 02 was applied to evaluate the transferability of the QSPR model and are built
based on the same descriptors selected for Data Set 01.The Data Set 02 (Table S1) are retrieved
from the Buttner and coworkers papers [3], and comprises 09 catalyst with structure registered in
public database. The application domain of this set comprises the synthesis of cyclic carbonate
derived from epoxidized methyl oleate and CO. under the reaction conditions: T = 100 °C,P =5
MPa, t = 16 h and catalyst load = 2 mol%.

Table S1. Data set 02: transferability evaluation of the QSPR model.

Catalyst PubChem CID CAS Conversion (%)
(2-Hydroxyethyl)triphenylphosphonium bromide 2733550 7237-34-5 9%
(2-HydroxyethyDtriphenylphosphonium chloride 520034 23250-03-5 5%
(2-Hydroxyethyl)triphenylphosphonium iodide 89439517 4336-77-0 14%
Tributyl(2-hydroxyethyl) chloride 8CT1084236377  54580-84-6 10%
Tributyl(2-hydroxyethyl) iodide 8CT1081904619  54580-85-7 24%
Tributyl(2-hydroxyethyl) bromide 3CT1081904620  54580-43-7 22%
Tetrabutylphosphonium bromide 76564 3115-68-2 38%
Tetrabutylphosphonium chloride 75311 2304-30-5 35%
Tetrabutylphosphonium iodide 201022 3115-66-0 38%

Retrieved from the Biittner and coworkers paper,[3] # — Available at Mol-Instincts: www.molinstincts.com

Descriptor Calculation

The molecular descriptors transcribes the chemical, physical and biological features of the
chemical structure in mathematical terms which are posteriorly treated by statistical tools [4,5].
The catalysts molecular structures were mostly obtained from the PubChem database and the
molecular representation stored in SDF files (Structured Data Format) [6]. In the present work, the
2D molecular descriptors of the optimized structures are generated using the PaDEL-Descriptor
(http://www.yapcwsoft.com/dd/padeldescriptor) software, resulting in an initial data sets of 1444

descriptors [7]. The 2D molecular descriptors of the data set 02 ate presented in the Table.S2.


https://pubchem.ncbi.nlm.nih.gov/compound/89439517
http://www.molinstincts.com/

Table S2. Molecular descriptors for the QSPR modeling of the data set 02
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CAS nCl- nBr  nl- ALogP apol ATS2e bpol C2SP3 2ETA GATS6i °LI MATS4m nAtom °LAC nBonds2 nRotBt SssCH, VABC
7237-34-5 0 1 0 244 5297 533.88 29.3 0 0.132 1.076 111 -0.148 42 2 44 6 1.134  290.91
23250-03-5 1 0 0 244 5297 533.83 29.3 0 0.132 1.076 111 -0.148 42 2 44 6 1.134 290.91
4336-77-0 0 0 1 244 5297 533.88 29.3 0 0.132 1.076 111 -0.148 42 2 44 6 1.134  290.91
54580-84-6 1 0 0 -253 5041 646.78 425 6 0.000 1.100 10.1 -0.019 48 4 47 15 14.725 280.64
54580-85-7 0 0 1 -253 5041 646.78 425 6 0.000 1.100 101 -0.019 48 4 47 15 14.725 280.64
54580-43-7 0 1 0 -253 5041 646.78 425 6 0.000 1.100 10.1 -0.019 48 4 47 15 14.725 280.64
3115-68-2 0 1 0 -280 5579 716.70 46.8 8 0.000 1.172 132 -0.011 53 4 52 16 18.783 306.44
2304-30-5 1 0 0 -280 5579 716.70 46.8 8 0.000 1172 132 -0.011 53 4 52 16 18.783 306.44
3115-66-0 O 0 1 -280 5579 716.70 46.8 8 0.000 1.172 132 -0.011 53 4 52 16 18.783 306.44

ETA - ETA_Shape_Y, ® LI — LipoaffinityIndex, ° LAC — nAtomLAC
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QSPR Development

For the QSPR modelling of the present work, the molecular descriptors are applied as
predictor variables (X) while the epoxide conversion to carbonates are applied as response variable
(Y). After the exhaustive variable selection step, the 18 molecular descriptors are applied to
perform the multivariate regression with the data autoscaled and mean centered [8]. The PLS was
performed using the SIMPLS algorithm, while the SVM was developed using the Linear Kernel
Function. The internal validations of the models are performed by mean of LOO and LMO cross-
validation. Furthermore, to evaluate the model sensitivity to the sample removal from the training
set, the LMO was performed by keeping out 25% and 33% of the data at each cycle of model
training. The results of the QSPR model are presented in the Table S3.

Table S3. QSPR model for the synthesis of oleochemical carbonate: Data set 02

Data set 2 LOO ALMO b MO
PLS SVM PLS SVM PLS SVM
R2cal 0.9550 0.9608 0.9699 0.9455 0.9550 0.9454
Q? 0.8721 0.8847 0.9014 0.9151 0.8678 0.8754
RMSEC 2.6 2.54 2.13 2.94 2.60 2.95
RMSECV 4.38 4.18 3.85 3.62 4.52 441
FISV 3 7 3 9 2 9

a_ 25% of the sample kept out in the Leave-Many-Out cross-validation,? - 33% of the sample kept out in the Leave-
Many-Out cross-validation.

In a first assessment, the model presents considerable good outputs, with high calibration
R2 (>0.94) and good cross validation coefficient of determination (Q? >0.6) satisfying the
minimum criteria for obtaining a reliable QSPR model. Also, acceptable values of Root-mean-
square error of cross-validation (RMSECV) are obtained, with values around 10% of mean squared
error. In the Figure S1, it is possible to observe the regression data profile, while the Table S4

presents the estimated conversion values for each of PLS and SVM models.
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Figure S1. Predicted versus reference plot for the estimation of epoxide conversion to cyclic

carbonate: Data set 02.

Table S4. Predicted values of the conversion of epoxide to cyclic carbonate: Data set 02

PLS (%) SVM (%)
LOO °"LMO ‘MO LOO °“LMO °‘LMO
(2-Hydroxyethyl)triphenylphosphonium bromide 9.0 116 135 8.1 105 101 12.0

Catalyst aRef (%)

(2-Hydroxyethytriphenylphosphonium chloride 5.0 8.1 5.0 5.9 7.3 6.0 6.2
(2-Hydroxyethyl)triphenylphosphonium iodide 14.0 9.8 11.7 9.0 9.5 10.4 11.6
Tributyl(2-hydroxyethyl) chloride 10.0 19.0 171 205 200 180 21.0
Tributyl(2-hydroxyethyl) iodide 24.0 188  20.0 191 225 259 22.2
Tributyl(2-hydroxyethyl) bromide 22.0 176 171 190 195 19.0 21.4
Tetrabutylphosphonium bromide 38.0 374  39.2 353 375 36.6 36.0
Tetrabutylphosphonium chloride 35.0 332 320 326 312 320 30.2
Tetrabutylphosphonium iodide 38.0 40.6 405 387 405 419 40.6

a Ref — [3],° — 25% of the sample kept out in the Leave-Many-Out cross-validation, - 33% of the sample kept out in the Leave-
Many-Out cross-validation.
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The model validation is a crucial step on the QSPR development and over the years several
criteria/ threshold values have been presented as minimum requirements, but not always sufficient,
to ensure the robustness and transferability of QSAR/QSPR models [9-13]. The present work
applies the Golbraikh and Tropsha's criteria [5,13,14], in addition to the Roy and coworkers r’m
metrics [15,9,16,17].

Considering the small size of the data set, the stability of the model was evaluated based
on both leave one out (Q2-LOO) and leave-many-out (Q3-LMO) internal validation and the model
predictivity was evaluated by using the r’m (.oo) and r’m wmo) parameters by replacing the R2 (test
set) with the cross validation Q2 and the respective values obtained for the QSPR validation are
presented in the Table S5 [15,9,12,17].

Table S5. Validation of the PLS and SVM model performed based on the Data Set 02

Data set 2 PLS SVM Reference
LOO a_MO PLMO LOO a_MO bLMO threshold value
R? 0.96 0.97 0.96 0.96 0.95 0.95 >0.6
Q2 0.87 0.90 0.87 0.88 0.92 0.88 >0.5
2_ N2
(QQ—ZQO) 0.00 0.00 0.00 0.00 0.00 0.00 <0.1
2 _ N2
(QQ—BO) 0.02 0.01 0.01 0.02 0.01 0.04 <0.1
k 0.00 0.00 0.00 0.00 0.00 0.00 <0.3
'¢ 0.01 0.01 0.01 0.02 0.01 0.04 <0.3
1Q% — Q2| 0.99 099 1.03 099  0.98 099 085<k<1.15
|Q2 — Q’20| 0.97 0.98 0.94 0.98 1.00 0.98 0.85<k<1.15
sz 0.87 0.89 0.83 0.87 0.91 0.82 >0.5
Q'2m 0.77 0.83 0.80 0.77 0.84 0.71 >0.5
1Q%, — Q%]  0.10 006 004 010  0.07 0.11 <0.2
2 2
|sz—Qm| 0.82 086 082 082 087 0.76 0.5
Validation V \V V \V V \V All criteria met

V — Validated,  — 25% of the sample kept out in the Leave-Many-Out cross-validation,” - 33%
of the sample kept out in the Leave-Many-Out cross-validation.
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From the Table S5, we found that all the developed QSPR models are validated. After the
validation phase, it follows for the interpretation of the data obtained by calibration models. The
interpretation of the principals relationship between the molecular descriptors (X) and the
estimated conversion response (Y) is performed through the PLS Regression Coefficient,
presented in the Figure S2 [18,19].

Regression coefficient [3] (Conversion)
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Figure S2. PLS regression coefficient for the estimation of epoxide conversion to cyclic

carbonate: data set 02.

From the regression coefficient results it is possible the observe the halide influence
on the catalyst effectiveness for this data set, with the order of anion activity to produce
oleochemical carbonates being identified as 1> Br~ > CI". For the application domain of the QSPR
based on the data set 02, the halide effectiveness follows the leaving group character of the
chemical species [20]. The reaction performed without the presence of supercritical CO and the
high polarizability index regression coefficient (apol and bpol) also could play an important role

on this order.
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The autocorrelation descriptors (ATS2e, GATS6i and MATS4m) presents a positive
regression coefficient and are related with a property distribution along the molecular structure.
Due to the complexity of these indices, no clear interpretation is possible.

Another important feature of the catalyst is the size of the organic structure and the
molecule polarizability. This behavior is translated by the model in function of the molecular
descriptors apol, bpol, C2SP3, nAtom, nAtomLAC, nBonds2, SssCH> and VABC, all presenting
the positive regression coefficient with respect to the conversion. This characteristic has already
been described in the literature, which relate the increase in the bulkiness of the catalyst to the
weakening of the electrostatic interactions between cation and anion resulting in the increase of
the nucleophilic character of the halide [21-25].

Unlike the results obtained for the data set 01, the nAtomLAC do not presents a significant
regression coefficient, however, the data set 02 does not allow to obtain this information since,
among the catalysts in the set, there are no significant changes in the carbon aliphatic chain size.
On the other hand, from this data set it is possible to observe the importance of the molecular
volume (VABC) for the catalyst efficiency.

The catalyst solubility play an important role in the reaction in homogeneous phase,
however the catalysts solubility in epoxidized derivatives is limitedly addressed in the literature
[26]. From the QSPR regression coefficient, we found that the lipophilicity descriptors (ALogP
and Lipoaffinity index) are important to justify the catalyst efficiency, in which the effectiveness
of the catalyst increases with their lipophilicity.

Since application domain of this model comprises the synthesis of cyclic carbonate derived
from epoxidized triglycerides, the lipophilicity character is being related with the catalyst
solubility in the medium. The solvent effects of the oily matrix over the bulky organic cation,
which results in charge stabilization and in the increase of the nucleophilicity of halide anion
[24,27]. Observed the regression coefficients, the Variable Influence on Projection (VIP scores)
was analyzed to rank the relative importance of the molecular descriptors for the model [18,19].

From the Figure S3, it is possible to easily identify the relative importance of all the
molecular descriptors applied for the regression. From the VIP plot, in addition to the regression
coefficient, it’s possible to conclude that: the size of the carbon chain, the lipophilicity/solubility

of the catalyst and the distribution of the properties along the molecular structure define the
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effectiveness of the catalyst to produce oleochemical carbonates. For this data set, the halide

species presents a secondary importance compared to the others molecular features.

VIP [3]
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Figure S3. Variable influence plot of the PLS model: data set 02

This data set was applied to evaluate the transferability of the QSPR model and are built
based on the same descriptors selected for Data Set 01. The data interpretation of both QSPR
models (Data set 01 and 02) lead to almost the same features and the variable influence in the
organocatalyst are found to be highly supported by the literature. The differences found can be
attributed to the differences in the QSPR application domains and to the difference in the catalyst
set profile applied in each modelling. Thus, based on the results, there is a positive perspective of
applying the QSPR Modeling to Screen/Design Active Organocatalysts for the Synthesis of

Oleochemical Carbonates.
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Descriptor nomemclature

NCI- - Number of chlorine atoms

nBr- - Number of bromine atoms

nl- - Number of iodine atoms

ALogP - Ghose-Crippen-Viswanadhan octanol-water partition coefficient

apol - Sum of the atomic polarizabilities (including 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 Shape Y — Extended topochemical atom shape index Y

GATS6i - Geary autocorrelation - lag 6 / weighted by first ionization potential
Lipoaffinity Index - Atom type electrotopological state lipoaffinity index
MATS4m - Moran autocorrelation - lag 4 / weighted by mass

nAtom - Number of atoms

nAtomLAC - Number of atoms in the longest aliphatic chain

nBonds2 - Total number of bonds (including bonds to hydrogens)

nRotBt - Number of rotatable bonds, including terminal bonds

SssCH2 - Sum of atom-type E-State: -CH2-

VABC - Van der Waals volume



Supporting Tables

Table S6. Potential catalyst set compiled based on virtual screening method
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Compound Catalyst PubChem CID CAS
1 Tetramethylphosphonium bromide 357594 4519-28-2
2 Tetramethylphosphonium iodide 120511 993-11-3
3 Tetraethylphosphonium bromide 9859378 (4317-07-1)
4 Tetrapropylphosphonium bromide 11011483 63462-98-6
5 Diethyl(dihexyl)phosphonium bromide 87778605 125239-35-2
6 Heptyl(tripropyl)phosphonium bromide 87777292 -
7 Methyl(tripentyl)phosphonium bromide 87777644 -
8 Tetrakis(2-methylpropyl)phosphonium bromide 19867405 -
9 Tributyl(pentyl)phosphonium bromide 20446536  2017557-26-3
10 Methyl(triphenyl)phosphonium bromide 74505 1779-49-3
11 Tributyl(hexyl)phosphonium bromide 22712793 105890-71-9
12 Trihexyl(methyl)phosphonium bromide 87777842 1258887-14-7
13 Ethyl(trihexyl)phosphonium bromide 19826698 120224-02-4
14 Hexyl(tripentyl)phosphonium bromide 87776814 1431978-73-2
15 Dibutyl(diheptyl)phosphonium bromide 87778487 -
16 Tributyl(hexadecyl)phosphonium bromide 84716 14937-45-2
17 Tetraoctylphosphonium bromide 3015167 23906-97-0
18 Tetramethylammonium bromide 66137 64-20-0
19 Tetramethylammonium iodide 6381 75-58-1
20 Trimethylphenylammonium bromide 27663 16056-11-4
21 Triethylmethylammonium bromide 3083778 2700-16-5
22 Benzyltrimethylammonium bromide 21449 5350-41-4
23 Tetraethylammonium bromide 6285 71-91-0
24 Pentyltrimethylammonium bromide 9021 150-98-1
25 Cyclohexyl(trimethyl)ammonium bromide 12653942 3237-34-1




Table S6. (Continued)

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

Hexyl(trimethyl)ammonium bromide
Benzyl(triethyl)ammonium bromide
Trimethyl(octyl)ammonium bromide
Tetrapropylammonium bromide
Triethylhexylammonium bromide
Trimethyl(nonyl)ammonium bromide
Decyl(trimethyl)ammonium bromide
Tributyl(methyl)ammonium bromide
Decyl-ethyl-dimethylammonium bromide
Dibutyl(dipropyl)ammonium bromide
Tributyl(ethyl)ammonium bromide
Triethyloctylammonium bromide
Trimethyl-undecyl-ammonium bromide
Dodecyltrimethylammonium bromide
Triethyl(nonyl)ammonium bromide
Dibutyl-bis(2-methylpropyl) ammonium bromide
Diethyl(dihexyl)ammonium bromide
Methyl(tripentyl)ammonium bromide
Tetraisobutylammonium bromide
Tributyl(2-methylpropyl)ammonium bromide
Trimethyl(tridecyl)ammonium bromide
Diheptyl(dimethyl)ammonium bromide
Tributyl(3-methylbutyl)ammonium bromide
Trimethyl(tetradecyl)ammonium bromide
Tris(2-methylpropyl)-pentylammonium bromide
Dodecyl(triethyl)ammonium bromide
Ethyl-dihexyl-(2-methylpropyl)ammonium bromide
Trimethyl(pentadecyl)ammonium bromide
Benzyl(tributyl)ammonium bromide
Butyl-tris(3-methylbutyl)ammonium bromide

10059492
165294
74964
74745
10825627
74750
16388
10062191
85809143
87778023
19043781
21951230
44345296
14249
22301429
S7477251
85992863
71463862
13726125
19858533
11484093
23018948
18185861
14250
19035239
28939
87480233
14611710
2724282
71404253

2650-53-5
5197-95-5
2083-68-3
1941-30-6
13028-71-2
(1943-11-9)
2082-84-0
37026-88-3
39995-56-7
37026-89-4
13028-73-4
(2650-58-0)
1119-94-4
13028-74-5

1627505-91-2

75174-76-4
108178-12-7
401569-73-1
74900-80-4
21424-21-5
187731-22-2
43017-77-2
8044-71-1
172871-68-0
18186-71-5

21424-22-6
25316-59-0
7322-37-4

115
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Table S6. (Continued)

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Tributyl(heptyl)ammonium bromide
Trihexyl(methyl)ammonium bromide
Ethyl(trihexyl)ammonium bromide

Ethyl-hexadecyl-dimethylammonium bromide

Heptadecyl(trimethyl)ammonium bromide
Tetrapentylammonium bromide

Hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide

Hexyl(tripentyl)ammonium bromide
Octadecyltrimethylammonium bromide
Trihexyl(propyl)ammonium bromide
Didecyl(dimethyl)ammonium bromide
Heptyl(tripentyl)ammonium bromide
Eicosyltrimethylammonium bromide
Tributyl(undecyl)ammonium bromide
Tetrahexylammonium bromide
Triheptyl(propyl)ammonium bromide
Cetyltrimethylammonium bromide
Methyl(trioctyl)ammonium bromide
Docosyl(trimethyl)ammonium bromide
Didodecyl(dimethyl)ammonium bromide
Diheptyl(dihexyl)ammonium bromide
Trioctyl(propyl)ammonium bromide
Tributyl(hexadecyl)ammonium bromide
Tetraheptylammonium bromide
Hexacosyl(trimethyl)ammonium bromide
Tetrakis(decyl)ammonium bromide
1,3-dimethylimidazolium bromide
1,3-dimethylimidazolium iodide
1-Ethyl-3-methylimidazolium bromide
1-Butyl-3-Vinylimidazolium bromide

15461354
11783457
71398586
31280
10045219
70086
10960220
87777464
70708
87478716
16957
87778582
23767
20572340
78026
87777356
5974
11503288
10216960
18669
87777513
90449
11420451
78073
23196158
3014876
71404763
20334
2734235
87560886

85169-31-9
2390-64-9
61175-73-3
124-03-8
21424-24-8
866-97-7
20317-32-2
1843246-52-5
1120-02-1

2390-68-3
7342-61-2
75294-53-0
4328-13-6
187731-24-4
57-09-0
35675-80-0
21396-56-5
3282-73-3

24298-17-7
6439-67-4
4368-51-8

14937-42-9
71027-57-1
4333-62-4
65039-08-9
34311-90-5




Table S6. (Continued)

86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

1-Hexyl-3-methylimidazolium bromide
1-Octyl-2H-imidazolium bromide
1-Ethyl-3-hexylimidazolium bromide
1-Heptyl-2,3-dimethylimidazolium bromide
1-Ethenyl-3-octylimidazolium bromide
1-Ethyl-3-octylimidazolium bromide
1-Methyl-3-nonylimidazolium bromide
1-Butyl-3-methylimidazolium bromide
1-Decyl-3-methylimidazolium bromide
1-Propyl-3-(2,4,6-trimethylphenyl)imidazolium bromide
1-Decyl-3-ethenylimidazolium bromide
1-Decyl-3-ethylimidazolium bromide
1-Methyl-3-undecylimidazolium bromide
1-Butyl-3-(2,4,6-trimethylphenyl)imidazolium bromide
1-Hexyl-3-(4-methylphenyl)imidazolium bromide
1-Dodecyl-3-methylimidazolium bromide
1-Pentyl-3-(2,4,6-trimethylphenyl)imidazolium bromide
1-Dodecyl-3-ethenylimidazolium bromide
1-Butyl-3-decylimidazolium bromide
1-Dodecyl-3-ethylimidazolium bromide
1-Hexyl-3-octylimidazolium bromide
1-Hexyl-3-(2,4,6-trimethylphenyl)imidazolium bromide
1-Dodecyl-3-propylimidazolium bromide
1-Methyl-3-tetradecylimidazolium bromide
1-Heptyl-3-(2,4,6-trimethylphenyl)imidazolium bromide
1-Methyl-3-pentadecylimidazolium bromide
1-Octyl-3-(2,4,6-trimethylphenyl)imidazolium bromide
1-Hexadecyl-3-methylimidazolium bromide
1,3-Di(nonyl)imidazolium bromide
1-(2,4,6-trimethylphenyl)-3-undecylimidazolium bromide

2734237
87125623
87942414
89858560
86657882
88794580
10017026

2734236
22078297
86653215
86657884
87942577
87777766
86653217
87306883
16749605
86653220
23196178
90220482
88794546
89654411
86653222
88795075
77520435
86653224
45045358
86653226

2846928
11395506
86653228

85100-78-3
125750-22-3
547719-00-6
1513876-75-9
349148-77-2
61546-02-9
343851-34-3
85100-77-2
188589-32-4
1176198-41-6
349148-78-3
581101-93-1
1426325-53-2
1165815-77-9
1176199-92-0
61546-00-7
1176198-43-8
163733-82-2
919611-98-6
61546-03-0
1373818-67-7
1176198-44-9
61546-06-3
471907-87-6
1176198-45-0
349148-74-9
1176198-47-2
132361-22-9
370085-31-7
1176198-48-3

117



Table S6. (Continued)

116
117
118
119
120
121
122

1-Butyl-3-hexadecylimidazolium bromide
1-(4-Ethylphenyl)-3-tetradecylimidazolium bromide
1-Docosyl-3-methylimidazolium bromide
1-Methylpyridinium bromide

1-Methylpyridinium iodide
1,1-Dimethylpyrrolidinium bromide
1,1-Dimethylpyrrolidinium iodide

90220325
90374052
86647477
12248289
13596
15935266
200181

937716-18-2
1421755-47-6
943834-80-8
2350-76-7
930-73-4
23827-15-8
872-44-6

118



Table S7. Molecular descriptors for the QSPR modeling of the data set 01
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CAS nCl" nBr  nlI ALogP apol ATS2e bpol C2SP3 2ETA GATS6i °PLI MATS4m nAtom °LAC nBonds2 nRotBt SssCH, VABC
56511-17-2 0 0 1 -2408 30.28 44151 245 4 0.000 1.083 6.8 -0.018 30 4 30 5 9.960 164.18
874-81-7 0 0 1 -1.957 26.28 309.53 17.3 2 0.082 1.072 5.8 -0.063 24 4 24 4 3.688 145.37
61545-99-1 0 1 0 -2994 38.66 509.50 29.1 6 0.118 0.922 83  -0.024 37 8 37 9 9.427 210.89
64697-40-1 1 0 0 -2.994 3866 509.50 29.1 6 0.118 0.922 83  -0.024 37 8 37 9 9.427 210.89
188589-28-8 0 0 1 -3.362 39.99 554.89 313 6 0.118 0.934 83 0.006 39 8 39 9 12.009 224.43
1643-19-2 0 1 0 -3.496 53.26 738.24 42.0 8 0.000 1226 121  0.004 53 4 52 16 16.770 297.61
1112-67-0 1 0 0 -3.496 53.26 738.24 42.0 8 0.000 1.226 121 0.004 53 4 52 16 16.770 297.61
311-28-4 0 0 1 -3.496 53.26 738.24 42.0 8 0.000 1.226 121 0.004 53 4 52 16 16.770 297.61
3115-68-2 0 1 0 -2796 55.79 716.70 46.8 8 0.000 1172 132 -0.011 53 4 52 16 18.783 306.44
2304-30-5 1 0 0 -2796 55.79 716.70 46.8 8 0.000 1172 132 -0.011 53 4 52 16 18.783 306.44
3115-66-0 0 0 1 -2796 5579 716.70 46.8 8 0.000 1172 132 -0.011 53 4 52 16 18.783 306.44
1829-92-1 0 0 1 1058 2346 280.35 19.8 0 0.217 0.000 53 -0.197 22 2 21 6 4738 132.16

aETA - ETA_Shape_Y, LI — Lipoaffinitylndex

, °LAC — nAtomLAC



Table S8. Predicted values of the conversion of epoxide to cyclic carbonate: Data set 01
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Catalyst

Reference (%)

LOO (%) PLMO (%) PLMO (%) LOO (%) °LMO (%) °LMO (%)

1-Butyl-1-methylpyrrolidinium iodide
1-Butylpyridinium iodide
1-Methyl-3-octylimidazolium bromide
1-Methyl-3-octylimidazolium chloride
1-Methyl-3-octylimidazolium iodide
Tetrabutylammonium bromide
Tetrabutylammonium chloride
Tetrabutylammonium iodide
Tetrabutylphosphonium bromide
Tetrabutylphosphonium chloride
Tetrabutylphosphonium iodide
Triethylsulfonium iodide

19.0
12.0
30.0
20.0
25.0
30.0
17.0
26.0
28.0
19.0
21.0
0.0

15.7
15.6
29.9
17.9
27.1
29.6
20.6
22.7
28.8
16.8
23.8
2.8

PLS SVM
16.5 15.2 15.2 16.1
16.2 15.7 15.8 17.5
29.7 29.4 29.0 30.0
17.9 18.3 21.0 18.1
24.6 26.3 26.1 28.0
30.1 294 29.2 28.2
21.9 21.2 21.0 22.2
23.0 22.3 22.2 21.5
29.0 28.7 29.0 27.4
17.2 17.4 18.0 15.3
23.2 23.9 22.5 24.4
1.3 4.7 1.9 2.0

15.2
15.7
29.0
20.3
23.4
29.8
21.0
22.3
29.0
18.0
24.0
5.5

2 Ref - [28], ~ 16.7% of the sample kept out in the Leave-Many-Out cross-validation,® — 25% of the sample kept out in the Leave-

Many-Out cross-validation.


https://www.scbt.com/scbt/product/triethylsulfonium-iodide-1829-92-1

Table S9. Molecular descriptors of the potential catalyst set
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Catalyst nCI- nBr- nl- ALogP apol ATS2e bpol C2SP3 ETA GATS6i °LI MATS4m nAtom °LAC nBonds2 nRotBt SssCH. VABC
1 0 1 0 166 1867 204.09 20.60 0 0.00 0.000 4.19 0.304 17 0 16 4 0.000 98.89
2 0 0 1 166 18.67 204.09 20.60 0 0.00 0.000 4.19 0.304 17 0 16 4 0.000 98.89
3 0 1 0 144 3105 37487 29.34 0 0.00 0.000 7.20 -0.234 29 2 28 8 6.313 168.07
4 0 1 0 -1.64 4342 54578 38.09 4 0.00 0.785 10.19 -0.176 41 3 40 12 12.588 237.25
5 0 1 0 -1.83 5579 716.70 46.84 8 0.00 0919 1311 -0.085 53 6 52 16 18.541 306.44
6 0 1 0 -280 5579 71670 46.84 8 0.00 0.886 13.13 -0.112 53 7 52 16 18.672 306.44
7 0 1 0 -255 5579 716.74 46.84 9 0.00 1047 1311 -0.005 53 5 52 16 18.420 306.44
8 0 1 0 263 5579 716.80 46.84 0 022 0764 13.18 -0.037 53 3 52 16 6.555 306.44
9 0 1 0 -3.08 5889 759.43 49.02 9 0.00 1.148 13.89 -0.010 56 5 55 17 20.316 323.73
10 0 1 0 041 4907 47565 27.16 0 014 1028 11.96 -0.204 38 0 40 4 0.000 264.83
11 0 1 0 -337 6198 80216 5121 10 0.00 1136 14.63 -0.010 59 6 58 18 21.835 341.03
12 0 1 0 -341 6508 84493 5339 12 0.00 1018 1531 -0.004 62 6 61 19 22.962 358.33
13 0 1 0 -346 6817 88762 5558 12 0.00 1.013 16.07 -0.040 65 6 64 20 24,754 375.62
14 0 1 0 -424 7126 93035 5777 13 0.00 1.077 16.84 -0.007 68 6 67 21 26.451 392.92
15 0 1 0 -452 7436 973.08 5995 14 0.00 1.098 1756 -0.007 71 7 70 22 27.925 410.21
16 0 1 0 -625 9292 122946 73.07 20 0.00 1.099 21.89 -0.005 89 16 88 28 36.874 513.99
17 0 1 0 -740 10529 1400.38 81.82 24 0.00 1.044 2488 -0.004 101 8 1 32 43.185 583.17
18 0 1 0 -1.03 16.14 22521 1576 0 0.00 0.000 3.67 0.414 17 0 16 4 0.000 90.06
19 0 0 1 -103 16.14 22521 15.76 0 0.00 0.000 3.67 0.414 17 0 16 4 0.000 90.06
20 0 1 0 -114 2628 31418 1794 0 0.10 0757 6.20 0.016 24 0 24 4 0.000 145.37
21 0 1 0 -028 2542 35361 2232 0 0.00 0.000 5.71 -0.329 26 2 25 7 3.771 14194
22 0 1 0 0.08 2937 35800 20.13 0 0.09 0970 6.82 0.328 27 0 27 5 1.098 162.67
23 0 1 0 -0.03 2852 39640 2450 0 0.00 0.000 6.40 -0.386 29 2 28 8 5.125 159.24
24 0 1 0 -194 2852 396.20 24.50 3 0.00 0781 6.49 0.131 29 5 28 8 5.406 159.24
25 0 1 0 -263 3028 44146 2450 6 0.10 0637 6.91 -0.028 30 0 30 4 7.282 164.18
26 0 1 0 -223 3161 43893 26.69 4 000 0934 721 0.120 32 6 31 9 6.862 176.54
27 0 1 0 -0.37 3865 486.40 26.69 0 0.07 0907 882 -0.174 36 0 36 8 4.843 21455
28 0 1 0 -280 3780 52439 31.06 6 0.00 0948 8.65 0.104 38 8 37 11 9.802 211.13
29 0 1 0 -234 4089 567.32 33.25 4 0.00 0.834 9.24 -0.019 41 3 40 12 10.871 228.42
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Table S9. (Continued)
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0.89
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-0.49
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-4.36
-4.61
-4.36
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53.26
53.26
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53.26
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57.21
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823.70
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74277
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0.00
0.00
0.00
0.00
0.00
0.00
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0.00
0.00
0.12
0.00
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0.24
0.06
0.00
0.00
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0.00
0.17
0.00
0.05
0.00
0.05
0.15
0.00
0.00
0.00
0.00

0.715
0.953
0.957
1.200
0.961
1.050
1.166
0.755
0.961
0.963
0.771
1.018
0.923
0.894
0.799
1.124
0.966
0.975
1.303
0.968
0.856
0.808
0.983
0.970
1.149
1.437
1.161
1.008
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0.973

9.26
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9.99
10.77
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10.81
11.53
11.43
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12.13
12.14
12.13
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12.26
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12.82
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13.56
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14.26
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14.30
15.00
15.11

-0.207
0.097
0.091
0.001
-0.034
-0.006
-0.057
-0.182
0.086
0.082
-0.172
0.132
-0.107
0.001
0.238
0.072
0.077
0.025
0.032
0.074
0.179
-0.147
0.017
0.070
0.038
0.073
0.003
0.001
-0.043
-0.024

41
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56
56
56
59
59
59
54
62
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65
65
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40
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43
43
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46
46
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52
52
52
52
52
52
52
55
55
55
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54
61
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61
64
64

12
12
13
13
14
14
14
14
14
15
15
16
16
16
16
16
16
16
17
17
17
18
18
18
14
19
19
19
20
20

10.919
11.280
12.763
12.353
14.076
13.811
13.811
13.876
14.249
15.736
15.360
10.993
16.779
16.767
5.367
13.863
17.226
16.885
15.340
18.716
9.616
19.825
16.826
20.208
13.303
12.507
21.230
21.211
22.705
23.017

228.42
228.42
245.72
245.72
263.02
263.02
263.02
263.02
263.02
280.31
280.31
297.61
297.61
297.61
297.61
297.61
297.61
297.61
314.90
314.90
314.90
332.20
332.20
332.20
318.33
349.50
349.50
349.50
366.79
366.79
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Table S9. (Continued)
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Table S9. (Continued)
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Table S9. (Continued)

120 0 0 1 -134 16.99 181.28 10.73 0 0.12 0.000 3.85 -0.121 15 0 15 1 0.000 93.48
121 0 1 0 -179 2100 31325 17.94 2 0.00 0.000 471 0.050 21 0 21 2 5.653 112.29
122 0 0 1 -179 21.00 31325 17.94 2 0.00 0.000 471 0.050 21 0 21 2 5.653 112.29

aETA - ETA_Shape_Y, ° LI — LipoaffinityIndex,  LAC — nAtomLAC
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Table S10. Predicted activity for the potential catalyst set based on the PLS and SVM methods.

Compound Catalyst 2PLS (%) 2SVM (%)
1 Tetramethylphosphonium bromide 17.2 17.2
2 Tetramethylphosphonium iodide 10.9 10.1
3 Tetraethylphosphonium bromide 55 55
4 Tetrapropylphosphonium bromide 17.3 16.5
5 Diethyl(dihexyl)phosphonium bromide 26.7 25.9
6 Heptyl(tripropyl)phosphonium bromide 28.3 27.6
7 Methyl(tripentyl)phosphonium bromide 29.6 28.3
8 Tetrakis(2-methylpropyl)phosphonium bromide 14.6 14.3
9 Tributyl(pentyl)phosphonium bromide 30.8 29.4
10 Methyl(triphenyl)phosphonium bromide 8.9 8.0
11 Tributyl(hexyl)phosphonium bromide 33.0 31.8
12 Trihexyl(methyl)phosphonium bromide 33.9 331
13 Ethyl(trihexyl)phosphonium bromide 33.3 32.7
14 Hexyl(tripentyl)phosphonium bromide 36.1 35.4
15 Dibutyl(diheptyl)phosphonium bromide 38.4 37.8
16 Tributyl(hexadecyl)phosphonium bromide 55.3 55.2
17 Tetraoctylphosphonium bromide 47.6 47.4
18 Tetramethylammonium bromide 24.0 24.0
19 Tetramethylammonium iodide 17.7 16.6
20 Trimethylphenylammonium bromide 8.9 8.9
21 Triethylmethylammonium bromide 4.7 51
22 Benzyltrimethylammonium bromide 235 20.1
23 Tetraethylammonium bromide 3.0 3.8
24 Pentyltrimethylammonium bromide 27.2 24.7
25 Cyclohexyl(trimethyl)ammonium bromide 12.4 13.1
26 Hexyl(trimethyl)ammonium bromide 23.3 22.6
27 Benzyl(triethyl)ammonium bromide 10.4 95
28 Trimethyl(octyl)ammonium bromide 33.6 31.2
29 Tetrapropylammonium bromide 22.9 21.5
30 Triethylhexylammonium bromide 194 18.8
31 Trimethyl(nonyl)ammonium bromide 35.6 33.4
32 Decyl(trimethyl)ammonium bromide 37.7 35.6
33 Tributyl(methyl)ammonium bromide 27.4 25.6
34 Decyl-ethyl-dimethylammonium bromide 34.0 32.6
35 Dibutyl(dipropyl)ammonium bromide 27.1 25.7
36 Tributyl(ethyl)ammonium bromide 25.6 24.2
37 Triethyloctylammonium bromide 24.7 24.2
38 Trimethyl-undecyl-ammonium bromide 39.7 37.8
39 Dodecyltrimethylammonium bromide 41.8 40.0
40 Triethyl(nonyl)ammonium bromide 27.3 26.8
41 Dibutyl-bis(2-methylpropyl)ammonium bromide 28.4 26.9
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Table S10. (Continued)
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Diethyl(dihexyl)ammonium bromide
Methyl(tripentyl)ammonium bromide
Tetraisobutylammonium bromide
Tributyl(2-methylpropyl)ammonium bromide
Trimethyl(tridecyl)ammonium bromide
Diheptyl(dimethyl)ammonium bromide
Tributyl(3-methylbutyl)ammonium bromide
Trimethyl(tetradecyl)ammonium bromide
Tris(2-methylpropyl)-pentylammonium bromide
Dodecyl(triethyl)ammonium bromide
Ethyl-dihexyl-(2-methylpropyl)ammonium bromide
Trimethyl(pentadecyl)ammonium bromide
Benzyl(tributyl)ammonium bromide
Butyl-tris(3-methylbutyl)ammonium bromide
Tributyl(heptyl)ammonium bromide
Trihexyl(methyl)ammonium bromide
Ethyl(trihexyl)ammonium bromide
Ethyl-hexadecyl-dimethylammonium bromide
Heptadecyl(trimethyl)ammonium bromide
Tetrapentylammonium bromide

Hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide

Hexyl(tripentyl)Jammonium bromide
Octadecyltrimethylammonium bromide
Trihexyl(propyl)ammonium bromide
Didecyl(dimethyl)ammonium bromide
Heptyl(tripentyl)ammonium bromide
Eicosyltrimethylammonium bromide
Tributyl(undecyl)ammonium bromide
Tetrahexylammonium bromide
Triheptyl(propyl)ammonium bromide
Cetyltrimethylammonium Bromide
Methyl(trioctyl)ammonium bromide
Docosyl(trimethyl)ammonium bromide
Didodecyl(dimethyl)ammonium bromide
Diheptyl(dihexyl)ammonium bromide
Trioctyl(propyl)ammonium bromide
Tributyl(hexadecyl)ammonium bromide
Tetraheptylammonium bromide
Hexacosyl(trimethyl)ammonium bromide
Tetrakis(decyl)ammonium bromide
1,3-dimethylimidazolium bromide
1,3-dimethylimidazolium iodide

27.6
30.9
24.9
29.3
44.0
34.9
29.7
46.1
29.2
34.8
315
48.2
29.4
28.7
36.5
35.6
34.3
47.7
52.5
34.7
50.5
37.0
54.7
37.0
44.6
39.2
59.0
45.4
40.4
41.4
50.4
44.3
63.3
511
43.7
45.7
56.4
45.8
72.0
62.1
13.2
6.9

26.9
30.0
23.6
27.9
42.2
33.6
28.3
44.5
27.9
345
30.6
46.7
28.0
27.4
355
34.9
33.9
46.8
51.2
34.2
49.6
36.6
535
36.6
44.1
38.9
58.1
44.8
40.4
41.3
49.0
44.5
62.6
51.2
43.9
46.1
56.4
46.4
71.8
64.4
13.2
8.2
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Table S10. (Continued)

84 1-Ethyl-3-methylimidazolium bromide 7.7 6.9
85 1-Butyl-3-Vinylimidazolium bromide 20.4 18.4
86 1-Hexyl-3-methylimidazolium bromide 25.1 23.5
87 1-Octyl-2H-imidazolium bromide 28.7 26.8
88 1-Ethyl-3-hexylimidazolium bromide 24.0 22.6
89 1-Heptyl-2,3-dimethylimidazolium bromide 21.3 21.0
90 1-Ethenyl-3-octylimidazolium bromide 29.8 28.2
91 1-Ethyl-3-octylimidazolium bromide 28.9 27.6
92 1-Methyl-3-nonylimidazolium bromide 32.1 30.6
93 1-Butyl-3-methylimidazolium bromide 23.7 21.7
94 1-Decyl-3-methylimidazolium bromide 34.4 33.0
95 1-Propyl-3-(2,4,6-trimethylphenyl)imidazolium bromide 16.9 16.5
96 1-Decyl-3-ethenylimidazolium bromide 34.4 33.0
97 1-Decyl-3-ethylimidazolium bromide 33.7 32.5
98 1-Methyl-3-undecylimidazolium bromide 36.7 35.4
99 1-Butyl-3-(2,4,6-trimethylphenyl)imidazolium bromide 19.9 194
100 1-Hexyl-3-(4-methylphenyl)imidazolium bromide 25.9 24.7
101 1-Dodecyl-3-methylimidazolium bromide 39.0 37.7
102 1-Pentyl-3-(2,4,6-trimethylphenyl)imidazolium bromide 22.2 21.7
103 1-Dodecyl-3-ethenylimidazolium bromide 39.0 37.8
104 1-Butyl-3-decylimidazolium bromide 37.9 36.7
105 1-Dodecyl-3-ethylimidazolium bromide 38.4 37.3
106 1-Hexyl-3-octylimidazolium bromide 35.5 34.4
107 1-Hexyl-3-(2,4,6-trimethylphenyl)imidazolium bromide 24.7 24.2
108 1-Dodecyl-3-propylimidazolium bromide 40.9 39.8
109 1-Methyl-3-tetradecylimidazolium bromide 43.5 42.4
110 1-Heptyl-3-(2,4,6-trimethylphenyl)imidazolium bromide 27.1 26.6
111 1-Methyl-3-pentadecylimidazolium bromide 45.8 44.8
112 1-Octyl-3-(2,4,6-trimethylphenyl)imidazolium bromide 29.5 29.0
113 1-Hexadecyl-3-methylimidazolium bromide 48.0 47.1
114 1,3-Di(nonyl)imidazolium bromide 41.0 40.4
115 1-(2,4,6-trimethylphenyl)-3-undecylimidazolium bromide 36.4 36.1
116 1-Butyl-3-hexadecylimidazolium bromide 51.3 50.6
117 1-(4-Ethylphenyl)-3-tetradecylimidazolium bromide 44.8 444
118 1-Docosyl-3-methylimidazolium bromide 61.6 61.2
119 1-Methylpyridinium bromide 8.6 8.6
120 1-Methylpyridinium iodide 2.3 3.6
121 1,1-Dimethylpyrrolidinium bromide 16.0 16.0
122 1,1-Dimethylpyrrolidinium iodide 9.7 10.2

& — Conversion estimated by PLS and SVM models performed with 16.7% of the sample kept out
in the Leave-Many-Out cross-validation
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Catalyst aPLS (%) Catalyst aSVM (%)
Hexacosyl(trimethyl)ammonium bromide 72.0 Hexacosyl(trimethyl)ammonium bromide 71.8
Docosyl(trimethyl)ammonium bromide 63.3 Tetrakis(decyl)ammonium bromide 64.4
1-Docosyl-3-methylimidazolium bromide 62.1 Docosyl(trimethyl)ammonium bromide 62.6
Tetrakis(decyl)ammonium bromide 61.6 1-Docosyl-3-methylimidazolium bromide 61.2
Eicosyltrimethylammonium bromide 59.0 Eicosyltrimethylammonium bromide 58.1
Tributyl(hexadecyl)ammonium bromide 56.4 Tributyl(hexadecyl)ammonium bromide 56.4
Octadecyltrimethylammonium bromide 55.3 Tributyl(hexadecyl)phosphonium bromide 55.2
Tributyl(hexadecyl)phosphonium bromide 54.7 Octadecyltrimethylammonium bromide 535
Heptadecyl(trimethyl)ammonium bromide 52.5 Didodecyl(dimethyl)ammonium bromide 51.2
Didodecyl(dimethyl)ammonium bromide 51.2 Heptadecyl(trimethyl)ammonium bromide 51.2
Hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide 50.6 1-Butyl-3-hexadecylimidazolium bromide 50.6
1-Butyl-3-hexadecylimidazolium bromide 50.5 Hexadecyl-(2-hydroxyethyl)-dimethylammonium bromide 49.6
Cetyltrimethylammonium Bromide 50.4 Cetyltrimethylammonium Bromide 49.0
Trimethyl(pentadecyl)ammonium bromide 48.2 Tetraoctylphosphonium bromide 47.4
Tetraoctylphosphonium bromide 48.0 1-Hexadecyl-3-methylimidazolium bromide 47.1
1-Hexadecyl-3-methylimidazolium bromide 47.7 Ethyl-hexadecyl-dimethylammonium bromide 46.8
Ethyl-hexadecyl-dimethylammonium bromide 47.6 Trimethyl(pentadecyl)ammonium bromide 46.7
Trioctyl(propyl)ammonium bromide 46.1 Tetraheptylammonium bromide 46.4
1-Methyl-3-pentadecylimidazolium bromide 45.8 Trioctyl(propyl)ammonium bromide 46.1
Tetraheptylammonium bromide 45.8 1-Methyl-3-pentadecylimidazolium bromide 44.8

& _ Conversion estimated by PLS and SVM models performed with 16.7% of the sample kept out in the Leave-Many-Out cross-validation
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CAS nClI" nBr  nlI" ALogP apol ATS2e bpol C2SP3 2ETA GATS6i °LI MATS4m nAtom °LAC nBonds2 nRotBt SssCH. VABC
7237-34-5 0 1 0 2.4 53.0 5339 293 0 0.132 1076 111 -0.148 42 2 44 6 1.13 290.9
23250-03-5 1 0 O 2.4 53.0 5339 293 0 0.132 1076 111 -0.148 42 2 44 6 1.13 290.9
4336-77-0 0 0 1 2.4 53.0 5339 293 0 0.132 1076 111 -0.148 42 2 44 6 1.13 290.9
20650-57-1 0 0 1 2.7 49.9 4886 27.2 0 0.185 1.046 108 -0.225 39 0 41 5 0.00 2736
85100-77-2 0 1 0 -40 263 3386 204 2 0.167 1.064 55 -0.040 25 4 25 5 3.69 141.7
32353-64-3 0 0 1 -22 294 3519 195 2 0.167 1226 6.5 -0.085 27 4 27 5 3.69 162.7
471907-87-6 0O 1 0 -53 586 8105 437 12 0.082 0952 127 -0.002 57 14 57 15 19.69 3282
60254-13-9 0 0 1 2.6 499 4898 27.2 0 0.277 0986 10.2 -0.112 39 0 41 5 1.03 273.6
5350-41-4 0 1 0 0.1 29.4 3580 20.1 0 0.093 0970 6.8 0.328 27 0 27 5 1.10 162.7
79917-90-1 1 0 0 -40 263 3386 204 2 0.167 1.064 55 -0.040 25 4 25 5 3.69 141.7
2065-66-9 0 0 1 3.3 49.1 4757 272 0 0.143 1028 120 -0.204 38 0 40 4 0.00 2648
4368-51-8 0 1 0 -70 904 12510 682 20 0.000 1035 208 0.001 89 7 88 28 34.68 505.2
54580-84-6 1 0 0 -25 504 6468 425 6 0.000 1100 10.1 -0.019 48 4 47 15 1472  280.6
54580-85-7 0 0 1 -25 504 6468 425 6 0.000 1100 10.1 -0.019 48 4 47 15 1472  280.6
54580-43-7 0 1 0 -25 504 6468 425 6 0.000 1100 10.1 -0.019 48 4 47 15 1472  280.6
23906-97-0 0 1 0 -74 1053 14004 818 24 0.000 1044 249 -0.004 101 8 1 32 43.18 583.2

57-09-0 0 1 0 51 625 8662 486 14 0000 0971 144 0.067 62 16 61 19 21.70 3495
56511-17-2 0 0 1 -24 303 4415 245 4 0.000 1.083 6.8 -0.018 30 4 30 5 9.96 164.2
874-81-7 0 0 1 -20 263 3095 173 2 0.082 1.072 58 -0.063 24 4 24 4 3.69 145.4
61545-99-1 O 1 0 -30 387 5095 291 6 0.118 0922 83 -0.024 37 8 37 9 9.43 210.9
64697-40-1 1 0 0 -30 387 5095 291 6 0.118 0922 83 -0.024 37 8 37 9 9.43 210.9
188589-28-8 0 0 1 -34 400 5549 313 6 0.118 0934 83 0.006 39 8 39 9 12.01 2244
1643-19-2 0 1 0 -35 533 7382 420 8 0.000 1.226 121  0.004 53 4 52 16 16.77  297.6
1112-67-0 1 0 0 -35 533 7382 420 8 0.000 1.226 121  0.004 53 4 52 16 16.77  297.6
311-28-4 0 0 1 -35 533 7382 420 8 0.000 1226 121  0.004 53 4 52 16 16.77  297.6
3115-68-2 0 1 0 -28 558 716.7 468 8 0.000 1172 132 -0.011 53 4 52 16 18.78  306.4
2304-30-5 1 0 0 -28 558 7167 46.8 8 0.000 1172 132 -0.011 53 4 52 16 18.78  306.4
3115-66-0 0 0 1 -28 558 7167 46.8 8 0.000 1172 132 -0.011 53 4 52 16 18.78  306.4
1829-92-1 0 0 1 1.1 235 2804 19.8 0 0.217 0.000 53 -0.197 22 2 21 6 4.74 132.2

AETA —ETA Shape Y, ° LI — Lipoaffinitylndex, ¢ LAC — nAtomLAC
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Supporting Figures
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Figure S4. PCA loading of the exploratory analysis of the organocatalyst
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FTIR Spectra for oils (Figure S6-S8)
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FTIR Spectra for epoxides (Figure S9-S11)
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Figure S9. FTIR spectra of epoxidized rice bran oil
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Figure S10. FTIR spectra of epoxidized canola oil
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FTIR Spectra for Cyclic Carbonates (Figure S12-S14)
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Figure S12. FTIR spectra of carbonated rice bran oil
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NMR Spectra for oils (Figure S15-S17)
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Figure S15. *H NMR spectra of rice bran oil
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Figure S16. *H NMR spectra of canola oil
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Figure S17. *H NMR spectra of soybean oil
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NMR Spectra for epoxides (Figure S18-S20)
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Figure S19. *H NMR spectra of epoxidized canola oil
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NMR Spectra for Cyclic Carbonates (Figure S21-S23)
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Figure S21. *H NMR spectra of carbonated rice bran oil
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5. CONCLUSOES

Os carbonatos oleoquimicos representam uma classe de compostos quimicas
de grande potencial de aplicagdo em um contexto de quimica de baixo carbono. Até o
momento, apenas um pequeno numero de organocatalisadores foram aplicados para
producdo de carbonatos oleoquimicos, enquanto a descricdo do novo sistema de
catalisadores ainda € limitada. Portanto, a triagem/desenho de catalisadores para
promover a cicloadicdo de CO2 em derivados epoxidados é um desafio que deve ser
abordado pela comunidade académica.

Este trabalho apresenta uma perspectiva preliminar do potencial da modelagem
QSPR para auxiliar na escolha/desenho de novos organocatalisadores ativos para
producdo de carbonatos oleoquimicos. O modelo QSPR foi desenvolvido aplicando
os descritores moleculares (2D) e validado com base em critérios reconhecidos pela
comunidade académica. A partir dos nossos resultados, conclui-se que é possivel
estabelecer uma relacdo estrutura-propriedade entre as caracteristicas dos
organocatalisadores e suas atividades respectivas para producdo de carbonatos
oleoquimicos a partir de ep6xidos e COo..

A partir da triagem virtual, um total de 122 catalisadores potenciais tem sua
atividade prevista, os melhores alvos moleculares sao listados e o brometo de
cetiltrimetilamoénio (CTAB) foi selecionado para aplicagdo sintética. As principais
caracteristicas moleculares (estrutura organica, arranjo molecular, tamanho da cadeia
de carbono e tipo de substituinte) foram identificadas e descritas através da mineracao
de dados, enquanto a PCA provou ser um método adequado para realizar uma analise
exploratoria rapida do conjunto de moléculas.

Além disso, é apresentado o primeiro relato da aplicacdo do brometo de
cetiltrimetilaménio (CTAB) como um catalisador para a producdo de carbonato
oleoquimico, com mais de 98% de conversao de epdéxido em carbonato ciclico para

todos os Oleos vegetais. Quando comparado com o0s resultados obtidos pelo
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catalisador convencional TBAB, observa-se que conversoes superiores foram obtidas
pelo CTAB em um tempo equivalente, porém a uma temperatura menor.

Desta forma, a ferramenta QSPR pode ser aplicada para reduzir os custos e 0
tempo envolvido no processo de desenvolvimento de catalisadores para a sintese de
carbonatos ciclicos a partir do CO..
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6. PROPOSTAS PARA TRABALHOS FUTUROS

Ao longo do desenvolvimento deste trabalho, foram observadas oportunidades
para dar continuidade ao trabalho, bem como, ampliar o escopo da presente
dissertacao para topicos relacionados. Abaixo estao listados algumas das propostas
para trabalhos futuros.

a) Escrita de um artigo de revisdo sobre a producdo de carbonatos

oleoquimicos.

b) Redigir um artigo com foco nos procedimentos sintéticos do novo sistema
descrito, estendendo a aplicacdo do CTAB como um catalisador para a producao de
carbonatos oleoquimicos derivados de ésteres monoalquilicos e avaliando a

estereosseletividade do catalisador.

c) Realizar um estudo de otimizacdo dos parametros reacionais (pressao,
temperatura, solvente, agitacdo, etc.) do sistema reacional com base em CTAB por
meio de estratégias de design de experimentos como o0 planejamento fatorial e/ou

analise de experimentos de superficie de resposta.

d) Aplicar os carbonatos oleoquimicos para producdo de poliuretanos sem

isocianato.

e) Aumentar o numero e a diversidade de catalisadores incluidos no modelo

QSPR para aumentar sua robustez.

f) Estudar o sistema de catalise por CTAB por meio de outras ferramentas de
Quimioinformatica como: Dinamica Molecular (Molecular Dynamics) e Teoria do

Funcional da Densidade (Density Functional Theory).
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g) Aplicar a modelagem QSPR para a selecéo de catalisadores ativos para a

producado de carbonatos ciclicos derivados de outros materiais epoxidados.



152

7. REFERENCIAS BIBLIOGRAFICAS

ACHARY, P. G. R. et al. A quasi-SMILES based QSPR Approach towards the
prediction of adsorption energy of Ziegler-Natta catalysts for propylene

polymerization. Materials Discovery, v. 5, p. 22-28, ago. 2016.

ADHVARYU, A.; ERHAN, S. Z. Epoxidized soybean oil as a potential source of
high-temperature lubricants. Industrial Crops and Products, v. 15, n. 3, p. 247-254,
2002.

AIT AISSA, K. et al. Thermal Stability of Epoxidized and Carbonated Vegetable
Oils. Organic Process Research and Development, v. 20, n. 5, p. 948-953, 2016.

ALVES, M. et al. Organocatalytic synthesis of bio-based cyclic carbonates from
CO2 and vegetable oils. RSC Advances, v. 5, n. 66, p. 53629-53636, 2015.

ALVES, M. et al. Organocatalyzed coupling of carbon dioxide with epoxides for
the synthesis of cyclic carbonates: catalyst design and mechanistic studies. Catalysis
Science & Technology, v. 7, n. 13, p. 2651-2684, 2017.

ANASTAS, P.; EGHBALI, N. Green Chemistry: Principles and Practice. Chem.
Soc. Rev.,v. 39,n. 1, p. 301-312, 2010.

ANUAR, S. T. et al. Monitoring the Epoxidation of Canola Oil by Non-aqueous
Reversed Phase Liquid Chromatography/Mass Spectrometry for Process Optimization
and Control. Journal of the American Oil Chemists Society, v. 89, n. 11, p. 1951-
1960, 2012.

APPEL, A. M. et al. Frontiers, Opportunities, and Challenges in Biochemical and
Chemical Catalysis of CO2 Fixation. Chemical Reviews, v. 113, n. 8, p. 6621-6658,
14 ago. 2013.

BAHR, M.; MULHAUPT, R. Linseed and soybean oil-based polyurethanes

prepared via the non-isocyanate route and catalytic carbon dioxide conversion. Green



153

Chemistry, v. 14, n. 2, p. 483, 2012.

BALABIN, R. M.; LOMAKINA, E. I.; SAFIEVA, R. Z. Neural network (ANN)
approach to biodiesel analysis: Analysis of biodiesel density, kinematic viscosity,
methanol and water contents using near infrared (NIR) spectroscopy. Fuel, v. 90, n. 5,
p. 2007-2015, 2011.

BARTHUS, R. C.; POPPI, R. J. Multivariate Quality Control Applied To Detect
the Soybean Oil Oxidation Using Fourier Transform Infrared Spectroscopy.
Spectroscopy Letters, v. 35, n. 5, p. 729-739, 2002.

BARTHUS, R.; POPPI, R.; ANDRADE, J. Determination of total unsaturation in
vegetable oil by Fourier Transform Raman Spectroscopy and Multivariate calibration.
Vibrational Spectroscopy, v. 26, p. 99-105, 2001.

BEGAM, B. F.; KUMAR, J. S. Computer Assisted QSAR/QSPR Approaches —

A Review. Indian Journal of Science and Technology, v. 9, n. 8, p. 1-8, 4 mar. 2016.

BENANIBA, M. T.; BELHANECHE-BENSEMRA, N.; GELBARD, G. Kinetics of
tungsten-catalyzed sunflower oil epoxidation studied by *H NMR. European Journal
of Lipid Science and Technology, v. 109, n. 12, p. 1186-1193, dez. 2007.

BLAY, V. et al. Biodegradability Prediction of Fragrant Molecules by Molecular
Topology. ACS Sustainable Chemistry & Engineering, v. 4, n. 8, p. 4224-4231, 6
ago. 2016.

BOBBINK, F. D.; DYSON, P. J. Synthesis of carbonates and related compounds
incorporating CO2 using ionic liquid-type catalysts: State-of-the-art and beyond.
Journal of Catalysis, v. 343, p. 52-61, 2016.

BORUGADDA, V. B.; GOUD, V. V. Epoxidation of castor oil fatty acid methyl
esters (COFAME) as a lubricant base stock using heterogeneous ion-exchange resin
(IR-120) as a catalyst. Energy Procedia, v. 54, n. 361, p. 75-84, 2014.

BORUGADDA, V. B.; GOUD, V. V. In-Situ Epoxidation of Castor Oil Using
Heterogeneous Acidic lon-Exchange Resin Catalyst (IR-120) for Bio-Lubricant
Application. Tribology Online, v. 10, n. 5, p. 354-359, 2015.

BOYDE, S. Green Lubricants. Environmental Benefits and Impacts of
Lubrication. Green Chemistry, v. 4, n. 4, p. 293-307, 2002.



154

BUTTNER, H. et al. Bifunctional One-Component Catalysts for the Addition of
Carbon Dioxide to Epoxides. ChemCatChem, v. 7, n. 3, p. 459-467, fev. 2015.

BUTTNER, H. et al. Iron-Based Binary Catalytic System for the Valorization of
CO:z2 into Biobased Cyclic Carbonates. ACS Sustainable Chemistry & Engineering,
V. 4,n.9, p. 4805-4814, 6 set. 2016.

BUTTNER, H. et al. Organocatalyzed Synthesis of Oleochemical Carbonates
from CO2 and Renewables. ChemSusChem, v. 10, n. 6, p. 1076-1079, 22 mar.
2017a.

BUTTNER, H. et al. Recent Developments in the Synthesis of Cyclic
Carbonates from Epoxides and CO2. Topics in Current Chemistry, v. 375, n. 3, p.
50, 24 jun. 2017b.

BUTTNER, H.; STEINBAUER, J.; WERNER, T. Synthesis of Cyclic Carbonates
from Epoxides and Carbon Dioxide by Using Bifunctional One-Component
Phosphorus-Based Organocatalysts. ChemSusChem, v. 8, n. 16, p. 2655-2669, 24
ago. 2015.

CAl, C. et al. Studies on the kinetics of in situ epoxidation of vegetable oils.
European Journal of Lipid Science and Technology, v. 110, n. 4, p. 341-346, 2008.

CAl, X. et al. Influence of gas-liguid mass transfer on kinetic modeling:
Carbonation of epoxidized vegetable oils. Chemical Engineering Journal, v. 313, p.
1168-1183, abr. 2017.

CALO, V. et al. Cyclic Carbonate Formation from Carbon Dioxide and Oxiranes
in Tetrabutylammonium Halides as Solvents and Catalysts. Organic Letters, v. 4, n.
15, p. 2561-2563, jul. 2002.

CAMPANELLA, A. et al. Lubricants from chemically modified vegetable oils.
Bioresource Technology, v. 101, n. 1, p. 245-254, 2010.

CAMPANELLA, A.; BALTANAS, M. A. Degradation of the oxirane ring of
epoxidized vegetable oils in liquid—liquid heterogeneous reaction systems. Chemical
Engineering Journal, v. 118, n. 3, p. 141-152, maio 2006.

CAMPANELLA, A.; FONTANINI, C.; BALTANAS, M. A. High yield epoxidation
of fatty acid methyl esters with performic acid generated in situ. Chemical
Engineering Journal, v. 144, n. 3, p. 466-475, 2008.



155

CHUA, S.-C. C.; XU, X.; GUO, Z. Emerging sustainable technology for
epoxidation directed toward plant oil-based plasticizers. Process Biochemistry, v. 47,
n. 10, p. 1439-1451, out. 2012.

COMERFORD, J. W. et al. Sustainable metal-based catalysts for the synthesis
of cyclic carbonates containing five-membered rings. Green Chem., v. 17, p. 1966—
1987, 2015.

CRUZ, V. L. et al. 3D-QSAR study of ansa-metallocene catalytic behavior in
ethylene polymerization. Polymer, v. 48, n. 16, p. 4663—-4674, 2007.

DE LIRA, L. F. B. et al. Infrared spectroscopy and multivariate calibration to
monitor stability quality parameters of biodiesel. Microchemical Journal, v. 96, n. 1,
p. 126-131, 2010.

DE QUADROS, J. V.; GIUDICI, R. Epoxidation of soybean oil at maximum heat
removal and single addition of all reactants. Chemical Engineering and Processing:
Process Intensification, v. 100, p. 87-93, 2016.

DEVIERNO KREUDER, A. et al. A Method for Assessing Greener Alternatives
between Chemical Products Following the 12 Principles of Green Chemistry. ACS
Sustainable Chemistry & Engineering, v. 5, n. 4, p. 2927-2935, 3 abr. 2017.

DINDA, S. et al. Epoxidation of cottonseed oil by agueous hydrogen peroxide
catalysed by liquid inorganic acids. Bioresource Technology, v. 99, n. 9, p. 3737—-
3744, jun. 2008.

DOLEY, S.; DOLUI, S. K. Solvent and catalyst-free synthesis of sunflower olil
based polyurethane through non-isocyanate route and its coatings properties.

European Polymer Journal, v. 102, p. 161-168, maio 2018.

DOLL, K. M. et al. Synthesis of carbonated fatty methyl esters using supercritical
carbon dioxide. J Agric Food Chem, v. 53, n. 24, p. 9608-9614, 2005.

DOLL, K. M. CHAPTER 2. Chemical Synthesis of Carbonates, Esters, and
Acetals from Soybean Oil. In: Rsc Green Chemistry. [s.l: s.n.]. v. 2015p. 28-40.

DOLL, K. M. et al. Synthesis and Characterization of Estolide Esters Containing
Epoxy and Cyclic Carbonate Groups. JAOCS, Journal of the American Oil
Chemists’ Society, v. 93, n. 8, p. 1149-1155, 2016.



156

DOLL, K. M. et al. Derivatization of castor oil based estolide esters: Preparation
of epoxides and cyclic carbonates. Industrial Crops and Products, v. 104, n.
January, p. 269-277, out. 2017.

DOLL, K. M.; ERHAN, S. Z. The improved synthesis of carbonated soybean oil
using supercritical carbon dioxide at a reduced reaction time. Green Chemistry, v. 7,
n. 12, p. 849, 2005.

DUAN, M. et al. Rapid determination of flash point and cold filter plugging point
for biodiesel blending with diesel by use of FTNIR. ICMREE2011 - Proceedings 2011
International Conference on Materials for Renewable Energy and Environment,
v. 1, p. 298-302, 2011.

DUBOIS, V. et al. Fatty acid profiles of 80 vegetable oils with regard to their
nutritional potential. European Journal of Lipid Science and Technology, v. 109, n.
7, p. 710-732, 17 jul. 2007.

DUDEK, A. Z.; ARODZ, T.; GALVEZ, J. Computational methods in developing
quantitative structure-activity relationships (QSAR): A review. Combinatorial

chemistry & high throughput screening, v. 9, n. 3, p. 213-228, 2006.

ERHAN, S. Z. et al. Lubricant Base Stock Potential of Chemically Modified
Vegetable Oils. p. 8919-8925, 2008.

FARHADIAN, A. et al. A Facile and Green Route for Conversion of Bifunctional
Epoxide and Vegetable Oils to Cyclic Carbonate: A Green Route to CO2 Fixation.
ChemistrySelect, v. 2, n. 4, p. 1431-1435, 1 fev. 2017.

FAYET, G. et al. Iron bis(arylimino)pyridine precursors activated to catalyze
ethylene oligomerization as studied by DFT and QSAR approaches. Journal of
Molecular Structure: THEOCHEM, v. 903, n. 1-3, p. 100-107, jun. 2009.

FERRAO, M. F. et al. Simultaneous determination of quality parameters of
biodiesel/diesel blends using HATR-FTIR spectra and PLS, iPLS or siPLS regressions.
Fuel, v. 90, n. 2, p. 701-706, 2011.

FIGOVSKY, O. et al. Modification of epoxy adhesives by hydroxyurethane
components on the basis of renewable raw materials. Polymer Science Series D, v.
6, n. 4, p. 271-274, 2013.

GALUSZKA, A.; MIGASZEWSKI, Z.; NAMIESNIK, J. The 12 principles of green



157

analytical chemistry and the SIGNIFICANCE mnemonic of green analytical practices.
TrAC Trends in Analytical Chemistry, v. 50, p. 78-84, out. 2013.

GAMAGE, P. K.; O'BRIEN, M.; KARUNANAYAKE, L. Epoxidation of some
vegetable oils and their hydrolysed products with peroxyformic acid - optimised to
industrial scale. Journal of the National Science Foundation of Sri Lanka, v. 37, n.
4, p. 229-240, 31 dez. 2009.

GERBASE, A. E. et al. Epoxidation of soybean oil by the methyltrioxorhenium-
CH2Cl2/H202 catalytic biphasic system. Journal of the American Oil Chemists’
Society, v. 79, n. 2, p. 179-181, fev. 2002.

GOLBRAIKH, A.; TROPSHA, A. Beware of Q2! Journal of Molecular Graphics
and Modelling, v. 20, n. 4, p. 269-276, jan. 2002.

GOUD, V. V. et al. Epoxidation of karanja (Pongamia glabra) oil catalysed by
acidic ion exchange resin. European Journal of Lipid Science and Technology, v.
109, n. 6, p. 575-584, jun. 2007.

GOUD, V. V. et al. Epoxidation of Jatropha (Jatropha curcas) oil by peroxyacids.
Asia-Pacific Journal of Chemical Engineering, v. 5, n. 2, p. 346-354, mar. 2010.

GOUD, V. V.; PATWARDHAN, A. V.; PRADHAN, N. C. Studies on the
epoxidation of mahua oil (Madhumica indica) by hydrogen peroxide. Bioresource
Technology, v. 97, n. 12, p. 1365-1371, 2006.

GOUD, V. V.; PRADHAN, N. C.; PATWARDHAN, A. V. Epoxidation of karanja
(Pongamia glabra) oil by H202. Journal of the American Oil Chemists’ Society, v.
83, n. 7, p. 635-640, jul. 2006.

GRIGNARD, B. et al. CO2-blown microcellular non-isocyanate polyurethane
(NIPU) foams: from bio- and CO2-sourced monomers to potentially thermal insulating
materials. Green Chem., v. 18, n. 7, p. 2206-2215, 2016.

GUZMAN, A. F.; ECHEVERRI, D. A.; RIOS, L. A. Carbonation of epoxidized
castor oil: a new bio-based building block for the chemical industry. Journal of
Chemical Technology & Biotechnology, v. 92, n. 5, p. 1104-1110, maio 2017.

HAMBALI, R. A. et al. Synthesis and Characterization of Non-Isocyanate
Polyurethane from Epoxidized Linoleic Acid — A Preliminary Study. Advanced
Materials Research, v. 812, n. March, p. 73-79, 2013.



158

HANIFFA, M. A. C. M. et al. Synthesis, characterization and the solvent effects
on interfacial phenomena of jatropha curcas oil based non-isocyanate polyurethane.
Polymers, v. 9, n. 5, p. 162, 1 maio 2017.

HARO, J. C. DE et al. Modelling the epoxidation reaction of grape seed oil by
peracetic acid. Journal of Cleaner Production, v. 138, p. 70-76, dez. 2016.

HECHINGER, M.; LEONHARD, K.; MARQUARDT, W. What is Wrong with
Quantitative Structure—Property Relations Models Based on Three-Dimensional
Descriptors? Journal of Chemical Information and Modeling, v. 52, n. 8, p. 1984—
1993, 27 ago. 2012.

HOLSER, R. A. Carbonation of epoxy methyl soyate at atmospheric pressure.
Journal of Oleo Science, v. 56, n. 12, p. 629-632, 2007.

HUANG, Y. B. et al. Influence of alkenyl structures on the epoxidation of
unsaturated fatty acid methyl esters and vegetable oils. RSC Adv., v. 5, n. 91, p.
74783-74789, 2015.

HWANG, H. S.; ERHAN, S. Z. Modification of epoxidized soybean oil for
lubricant formulations with improved oxidative stability and low pour point. Journal of
the American Oil Chemists’ Society, v. 78, n. 12, p. 1179-1184, 2001.

ISSARIYAKUL, T.; DALAI, A. K. Biodiesel from vegetable oils. Renewable and
Sustainable Energy Reviews, v. 31, p. 446471, mar. 2014.

JALILIAN, M.; YEGANEH, H.; HAGHIGHI, M. N. Synthesis and properties of
polyurethane networks derived from new soybean oil-based polyol and a bulky blocked

polyisocyanate. Polymer International, v. 57, n. 12, p. 1385-1394, dez. 2008.

JALILIAN, M.; YEGANEH, H.; HAGHIGHI, M. N. Preparation and
characterization of polyurethane electrical insulating coatings derived from novel
soybean oil-based polyol. Polymers for Advanced Technologies, v. 21, n. 2, p. 118—
127, 2010.

JALILIAN, S.; YEGANEH, H. Preparation and properties of biodegradable
polyurethane networks from carbonated soybean oil. Polymer Bulletin, v. 72, n. 6, p.
1379-1392, 2015.

JAVIDNIA, K. et al. Discrimination of edible oils and fats by combination of
multivariate pattern recognition and FT-IR spectroscopy: A comparative study between



159

different modeling methods. Spectrochimica Acta - Part A: Molecular and

Biomolecular Spectroscopy, v. 104, p. 175-181, mar. 2013.

JAVNI, |.; HONG, D. P.; PETROVIC, Z. S. Soy-based polyurethanes by
nonisocyanate route. Journal of Applied Polymer Science, v. 108, n. 6, p. 3867—
3875, 15 jun. 2008.

JAVNI, I.; HONG, D. P.; PETROVIC, Z. S. Polyurethanes from soybean oil,
aromatic, and cycloaliphatic diamines by nonisocyanate route. Journal of Applied
Polymer Science, v. 128, n. 1, p. 566-571, 2013.

KARELSON, M.; LOBANOQV, V. S.; KATRITZKY, A. R. Quantum-Chemical
Descriptors in QSAR/QSPR Studies. Chemical Reviews, v. 96, n. 3, p. 1027-1044,
jan. 1996.

KATHALEWAR, M. S. et al. Non-isocyanate polyurethanes: from chemistry to
applications. RSC Advances, v. 3, n. 13, p. 4110, 2013.

KATRITZKY, A. R.; KARELSON, M.; LOBANOV, V. S. QSPR as a means of
predicting and understanding chemical and physical properties in terms of structure.
Pure and Applied Chemistry, v. 69, n. 2, p. 245-248, 28 fev. 1997.

KATRITZKY, A. R.; LOBANQV, V. S. QSPR: The Correlation and Quantitative
Prediction of Chemical and Physical Properties from Structure. Chemical Society
Reviews, v. 24, p. 279-287, 1995.

KENAR, J. A.; TEVIS, I. D. Convenient preparation of fatty ester cyclic
carbonates. European Journal of Lipid Science and Technology, v. 107, n. 2, p.
135-137, 2005.

KHOT, S. N. et al. Development and application of triglyceride-based polymers
and composites. Journal of Applied Polymer Science, v. 82, n. 3, p. 703-723, 17
out. 2001.

KOCKRITZ, A.; MARTIN, A. Oxidation of unsaturated fatty acid derivatives and
vegetable oils. European Journal of Lipid Science and Technology, v. 110, n. 9, p.
812-824, 2008.

KRALISCH, D. et al. Transfer of the epoxidation of soybean oil from batch to
flow chemistry guided by cost and environmental issues. ChemSusChem, v. 5, n. 2,
p. 300-311, 2012.



160

KUMAR, R. et al. 1 H Nuclear Magnetic Resonance (NMR) Determination of the
lodine Value in Biodiesel Produced from Algal and Vegetable Oils. Energy & Fuels, v.
26, n. 11, p. 7005-7008, 15 nov. 2012.

LANGANKE, J.; GREINER, L.; LEITNER, W. Substrate dependent synergetic
and antagonistic interaction of ammonium halide and polyoxometalate catalysts in the
synthesis of cyclic carbonates from oleochemical epoxides and CO2. Green
Chemistry, v. 15, n. 5, p. 1173, 2013.

LATHI, P. S.; MATTIASSON, B. Green approach for the preparation of
biodegradable lubricant base stock from epoxidized vegetable oil. Applied Catalysis
B: Environmental, v. 69, n. 3—4, p. 207-212, 2007.

LEE, A.; DENG, Y. Green polyurethane from lignin and soybean oil through non-
isocyanate reactions. European Polymer Journal, v. 63, p. 67-73, 2015.

LEVINA, M. A. et al. Green chemistry of polyurethanes: Synthesis, structure,
and functionality of triglycerides of soybean oil with epoxy and cyclocarbonate
groups—renewable raw materials for new urethanes. Polymer Science Series B, v.
57, n. 6, p. 584-592, 2015.

LI, X. et al. A combination of chemometrics methods and GC-MS for the
classification of edible vegetable oils. Chemometrics and Intelligent Laboratory
Systems, v. 155, p. 145-150, jul. 2016.

LI, Z. et al. Catalytic synthesis of carbonated soybean oil. Catalysis Letters, v.
123, n. 3-4, p. 246-251, 2008.

LIU, S.; WANG, X. Polymers from carbon dioxide: Polycarbonates,
polyurethanes. Current Opinion in Green and Sustainable Chemistry, v. 3, p. 61—
66, fev. 2017.

LONGWITZ, L. et al. Calcium-Based Catalytic System for the Synthesis of Bio-
Derived Cyclic Carbonates under Mild Conditions. ACS Catalysis, v. 8, n. 1, p. 665—
672, 5 jan. 2018.

LOULERGUE, P. et al. Polyurethanes prepared from cyclocarbonated broccoli
seed oil (PUcc): New biobased organic matrices for incorporation of phosphorescent
metal nanocluster. Journal of Applied Polymer Science, v. 134, n. 45, p. 45339, 5
dez. 2017.



161

MAHENDRAN, A. R. et al. Bio-Based Non-Isocyanate Urethane Derived from
Plant Oil. Journal of Polymers and the Environment, v. 20, n. 4, p. 926-931, 2012.

MAHENDRAN, A. R. et al. Synthesis, characterization, and properties of
isocyanate-free urethane coatings from renewable resources. Journal of Coatings
Technology Research, v. 11, n. 3, p. 329-339, 2014.

MALDONADO, A. G.; ROTHENBERG, G. Predictive modeling in homogeneous
catalysis: a tutorial. Chemical Society Reviews, v. 39, n. 6, p. 1891, 2010.

MALIK, M.; KAUR, R. Synthesis of NIPU by the carbonation of canola oil using
highly efficient 5,10,15-tris(pentafluorophenyl)corrolato-manganese(lll) complex as

novel catalyst. Polymers for Advanced Technologies, n. May, p. 1-8, 2017.

MANN, N. et al. Synthesis of carbonated vernonia oil. JAOCS, Journal of the
American Oil Chemists’ Society, v. 85, n. 8, p. 791-796, 2008.

MARTINEZ, S. et al. Polymerization Activity Prediction of Zirconocene Single-
Site Catalysts Using 3D Quantitative Structure—Activity Relationship Modeling.
Organometallics, v. 31, n. 5, p. 1673-1679, 12 mar. 2012.

MAZO, P. C.; RIOS, L. A. Improved synthesis of carbonated vegetable oils using
microwaves. Chemical Engineering Journal, v. 210, p. 333-338, nov. 2012.

MAZO, P.; RIOS, L. Carbonation of epoxidized soybean oil improved by the
addition of water. JAOCS, Journal of the American Oil Chemists’ Society, v. 90, n.
5, p. 725-730, 2013.

MCNUTT, J.; HE, Q. (SOPHIA). Development of biolubricants from vegetable
oils via chemical modification. Journal of Industrial and Engineering Chemistry, v.
36, p. 1-12, abr. 2016.

MEIER, M. A R.; METZGER, J. O.; SCHUBERT, U. S. Plant oil renewable
resources as green alternatives in polymer science. Chemical Society Reviews, v.
36, n. 11, p. 1788, 2007.

MEYER, P. P. et al. Epoxidation of soybean oil and Jatropha oil. Thammasat
Int J Sci Technol, v. 13, p. 1-5, 2008.

MIAO, S. et al. Vegetable-oil-based polymers as future polymeric biomaterials.
Acta Biomaterialia, v. 10, n. 4, p. 1692-1704, abr. 2014.



162

MILOSLAVSKIY, D. et al. Cyclic carbonates based on vegetable oils.
International Letters of Chemistry, Physics and Astronomy, v. 8, n. 27, p. 20-29,
2014.

MIRGHANI, M. E. S. et al. Rapid Method for the Determination of Moisture
Content in Biodiesel Using FTIR Spectroscopy. Journal of the American Oil
Chemists’ Society, v. 88, n. 12, p. 1897-1904, 2011.

MONONO, E. M.; HAAGENSON, D. M.; WIESENBORN, D. P. Characterizing
the epoxidation process conditions of canola oil for reactor scale-up. Industrial Crops
and Products, v. 67, p. 364-372, 2015.

MUNGROQO, R. et al. Epoxidation of canola oil with hydrogen peroxide catalyzed
by acidic ion exchange resin. JAOCS, Journal of the American Oil Chemists’
Society, v. 85, n. 9, p. 887-896, 2008.

MUTURI, P.; WANG, D.; DIRLIKOV, S. Epoxidized vegetable oils as reactive
diluents I. Comparison of vernonia, epoxidized soybean and epoxidized linseed oils.

Progress in Organic Coatings, v. 25, n. 1, p. 85-94, 1994.

NADUPPARAMBIL, M. S.; STOFFER, J. O. Synthesis of Carbonate Functional
Monomer and Polymers from Epoxidized Soybean Oil. Polymer Preprints, v. 47, n. 1,
p. 329-330, 2006.

NANTASENAMAT, C. et al. A Practical Overview of Quantitative Structure-
Activity Relationship. EXCLI Journal, v. 8, p. 74—88, 2009.

NARRA, N. et al. Lewis-acid catalyzed synthesis and characterization of novel
castor fatty acid-based cyclic carbonates. RSC Adv., v. 6, n. 31, p. 25703-25712,
2016.

NIHUL, P. G.; MHASKE, S. T.; SHERTUKDE, V. V. Epoxidized rice bran oll
(ERBO) as a plasticizer for poly(vinyl chloride) (PVC). Iranian Polymer Journal
(English Edition), v. 23, n. 8, p. 599-608, 2014.

NORTH, M.; PASQUALE, R.; YOUNG, C. Synthesis of cyclic carbonates from
epoxides and CO2. Green Chemistry, v. 12, n. 9, p. 1514, 2010.

OMONOV, T. S.; KHARRAZ, E.; CURTIS, J. M. The epoxidation of canola oil
and its derivatives. RSC Adv., v. 6, n. 95, p. 92874-92886, 2016.



163

PALUVAI, N. R.; MOHANTY, S.; NAYAK, S. K. Synthesis and Characterization
of Acrylated Epoxidized Castor Oil Nanocomposites. International Journal of

Polymer Analysis and Characterization, v. 20, n. 4, p. 298-306, 2015.

PAN, X.; SENGUPTA, P.; WEBSTER, D. C. High biobased content epoxy-
anhydride thermosets from epoxidized sucrose esters of fatty acids.
Biomacromolecules, v. 12, n. 6, p. 2416-2428, 2011.

PANCHAL, T. M. et al. A methodological review on bio-lubricants from
vegetable oil based resources. Renewable and Sustainable Energy Reviews, v. 70,
n. August 2016, p. 65-70, abr. 2017.

PARZUCHOWSKI, P. G. et al. Epoxy resin modified with soybean oil containing
cyclic carbonate groups. Journal of Applied Polymer Science, v. 102, n. 3, p. 2904—
2914, 2006.

PENA CARRODEGUAS, L. et al. Fatty acid based biocarbonates: Al-mediated
stereoselective preparation of mono-, di- and tricarbonates under mild and solvent-less
conditions. Green Chemistry, v. 19, n. 15, p. 3535-3541, 2017.

PENG, Y. H.; LIN, H. DI. Preparation of Environment-Friendly Epoxidized Corn
Oil as a Plasticizer. Advanced Materials Research, v. 852, p. 256-261, jan. 2014.

POLIAKOFF, M.; LEITNER, W.; STRENG, E. S. The Twelve Principles of CO:
CHEMISTRY. Faraday discussions, v. 183, p. 9-17, 2015.

POUSSARD, L. et al. Non-lsocyanate Polyurethanes from Carbonated
Soybean Oil Using Monomeric or Oligomeric Diamines to Achieve Thermosets or
Thermoplastics. Macromolecules, v. 49, n. 6, p. 2162-2171, 22 mar. 2016.

RANGARAJAN, B. et al. Kinetic parameters of a two-phase model for in situ
epoxidation of soybean oil. Journal of the American Oil Chemists’ Society, v. 72, n.
10, p. 1161-1169, out. 1995.

RATANASAK, M. et al. Towards the design of new electron donors for Ziegler—
Natta catalyzed propylene polymerization using QSPR modeling. Polymer, v. 56, p.
340-345, jan. 2015.

RILEY, S. J.; VERKADE, J. G.; ANGELICI, R. J. Chemical characterization and
physical properties of solvents derived from epoxidized methyl soyate. JAOCS,
Journal of the American Oil Chemists’ Society, v. 92, n. 4, p. 589-601, 2015.



164

RONDA, J. C. et al. Vegetable oils as platform chemicals for polymer synthesis.
European Journal of Lipid Science and Technology, v. 113, n. 1, p. 46-58, jan.
2011.

ROTHENBERG, G. Data mining in catalysis: Separating knowledge from
garbage. Catalysis Today, v. 137, p. 2-10, 2008.

ROY, K. et al. Comparative Studies on Some Metrics for External Validation of
QSPR Models. Journal of Chemical Information and Modeling, v. 52, p. 396—408,
2012.

ROY, K. et al. Is it possible to improve the quality of predictions from an
“‘intelligent” use of multiple QSAR/QSPR/QSTR models? Journal of Chemometrics,
p. €2992, 30 jan. 2018.

ROY, K.; AMBURE, P.; AHER, R. B. How important is to detect systematic error
in predictions and understand statistical applicability domain of QSAR models?
Chemometrics and Intelligent Laboratory Systems, v. 162, p. 44-54, mar. 2017.

RUIZ, L. et al. Upgrading castor oil: From heptanal to non-isocyanate
poly(amide-hydroxyurethane)s. Polymer (United Kingdom), v. 124, p. 226-234,
2017.

RUSCH GEN. KLAAS, M.; WARWEL, S. Complete and partial epoxidation of
plant oils by lipase-catalyzed perhydrolysis. Industrial Crops and Products, v. 9, n.
2, p. 125-132, jan. 1999.

SAMANTA, S. et al. Synthesis and Characterization of Polyurethane Networks
Derived from Soybean-Oil-Based Cyclic Carbonates and Bioderivable Diamines. ACS
Sustainable Chemistry & Engineering, v. 4, n. 12, p. 6551-6561, 5 dez. 2016.

SANTACESARIA, E. et al. A biphasic model describing soybean oil epoxidation
with H202 in a fed-batch reactor. Chemical Engineering Journal, v. 173, n. 1, p. 198—
209, set. 2011.

SAPTAL, V. B.; BHANAGE, B. M. Current Opinion in Green and Sustainable
Chemistry Current advances in heterogeneous catalysts for the synthesis of cyclic
carbonates from carbon dioxide. Current Opinion in Green and Sustainable
Chemistry, v. 3, p. 1-10, fev. 2017.

SARPAL, A. S. et al. Direct Method for the Determination of the lodine Value of



165

Biodiesel by Quantitative Nuclear Magnetic Resonance (q'H-NMR) Spectroscopy.
Energy & Fuels, p. acs.energyfuels.5b01462, 2015.

SCALA, J.; WOOL, R. P. Effect of FA composition on epoxidation kinetics of
TAG. Journal of the American Oil Chemists’ Society, v. 79, n. 4, p. 373-378, 2002.

SCHAFFNER, B. et al. Synthesis and Application of Carbonated Fatty Acid
Esters from Carbon Dioxide Including a Life Cycle Analysis. ChemSusChem, v. 7, n.
4, p. 1133-1139, abr. 2014.

SENIHA GUNER, F.; YAGCI, Y.; TUNCER ERCIYES, A. Polymers from
triglyceride oils. Progress in Polymer Science, v. 31, n. 7, p. 633-670, jul. 2006.

SHARMA, R. V.; DALAI, A. K. Synthesis of bio-lubricant from epoxy canola oll
using sulfated Ti-SBA-15 catalyst. Applied Catalysis B: Environmental, v. 142-143,
p. 604-614, 2013.

STEC, M. et al. Predicting normal densities of amines using quantitative
structure-property relationship (QSPR). SAR and QSAR in Environmental
Research, v. 26, n. 11, p. 893-904, 2 nov. 2015.

STEINBAUER, J. et al. Immobilized bifunctional phosphonium salts as
recyclable organocatalysts in the cycloaddition of CO2 and epoxides. Green
Chemistry, v. 19, n. 18, p. 4435-4445, 2017.

STERNBERG, A.; JENS, C. M.; BARDOW, A. Life cycle assessment of CO2 -
based Cl-chemicals. Green Chemistry, v. 19, n. 9, p. 2244-2259, 2017.

SUN, J. et al. Water as an efficient medium for the synthesis of cyclic carbonate.
Tetrahedron Letters, v. 50, n. 4, p. 423—-426, 2009.

SWERN, D. Reactions of the oxirane group. Journal of the American Oil
Chemists Society, v. 47, n. 11, p. 424-429, nov. 1970.

TAMAMI, B.; SOHN, S.; WILKES, G. L. Incorporation of carbon dioxide into
soybean oil and subsequent preparation and studies of nonisocyanate polyurethane
networks. Journal of Applied Polymer Science, v. 92, n. 2, p. 883-891, 15 abr. 2004.

TAN, S. G.; CHOW, W. S. Biobased Epoxidized Vegetable Oils and Its Greener
Epoxy Blends: A Review. Polymer-Plastics Technology and Engineering, v. 49, n.
15, p. 1581-1590, 22 nov. 2010.



166

TENHUMBERG, N. et al. Cooperative catalyst system for the synthesis of
oleochemical cyclic carbonates from CO2 and renewables. Green Chemistry, v. 18,
n. 13, p. 3775-3788, 2016.

TERFLOTH, L. Calculation of Structure Descriptors. In: Chemoinformatics.
Weinheim, FRG: Wiley-VCH Verlag GmbH & Co. KGaA, 2003. p. 401-437.

TURUNC, O. et al. Nonisocyanate based polyurethane/silica nanocomposites
and their coating performance. Journal of Sol-Gel Science and Technology, v. 47,
n. 3, p. 290-299, 2008.

VLCEK, T.; PETROVIC, Z. S. Optimization of the chemoenzymatic epoxidation
of soybean oil. Journal of the American Oil Chemists’ Society, v. 83, n. 3, p. 247-
252, mar. 2006.

WANG, J. et al. Pt doped H3PW12040/ZrO2 as a heterogeneous and recyclable
catalyst for the synthesis of carbonated soybean oil. Journal of Applied Polymer
Science, v. 124, n. 5, p. 4298-4306, 5 jun. 2012.

WERNER, T.; TENHUMBERG, N.; BUTTNER, H. Hydroxyl-Functionalized
Imidazoles : Highly Active Additives for the Potassium lodide-Catalyzed Synthesis of
1,3-Dioxolan-2-one Derivatives from Epoxides and Carbon Dioxide. ChemCatChem,
v. 6, p. 3493-3500, 2014.

WU, X. et al. The study of epoxidized rapeseed oil used as a potential
biodegradable lubricant. Journal of the American Oil Chemists Society, v. 77, n. 5,
p. 561-563, 2000.

XIA, W.; BUDGE, S. M.; LUMSDEN, M. D. 'H-NMR Characterization of
Epoxides Derived from Polyunsaturated Fatty Acids. Journal of the American Oil
Chemists’ Society, v. 93, n. 4, p. 467-478, 12 abr. 2016.

XU, WEN-JIE et al. Microalgae oil-based polyurethane prepared from
microalgae oil and CO:2 via the non-isocyanate route. Xiandai Huagong/Modern
Chemical Industry, v. 33, n. 9, p. 61-65, 2013.

XU, W. et al. Optimization of Epoxidized Methyl Acetoricinoleate Synthesis by
Response Surface Methodology. Chemical Engineering & Technology, v. 40, n. 3,
p. 571-580, 2017.

YANG, Z.; GAO, X.; LIU, Z. Synthesis of chemicals using CO2 as a building



167

block under mild conditions. Current Opinion in Green and Sustainable Chemistry,
v. 1, p. 13-17, ago. 2016.

YAO, S. et al. Consideration of an activity of the metallocene catalyst by using
molecular mechanics, molecular dynamics and QSAR. Computational and
Theoretical Polymer Science, v. 9, n. 1, p. 41-46, mar. 1999.

YAP, C. W. PaDEL-descriptor: An open source software to calculate molecular
descriptors and fingerprints. Journal of Computational Chemistry, v. 32, n. 7, p.
1466-1474, maio 2011.

ZEINI JAHROMI, E.; GAILER, J. Probing bioinorganic chemistry processes in
the bloodstream to gain new insights into the origin of human diseases. Dalton Trans.,
v. 39, n. 2, p. 329-336, 2010.

ZHANG, L. et al. Synthesis of carbonated cotton seed oil and its application as
lubricating base oil. JAOCS, Journal of the American Oil Chemists’ Society, v. 91,
n. 1, p. 143-150, 8 jan. 2014a.

ZHANG, L. et al. Classification and Adulteration Detection of Vegetable Oils
Based on Fatty Acid Profiles. Journal of Agricultural and Food Chemistry, v. 62, n.
34, p. 8745-8751, 27 ago. 2014b.

ZHENG, J. L. et al. Carbonation of Vegetable Oils: Influence of Mass Transfer
on Reaction Kinetics. Industrial & Engineering Chemistry Research, v. 54, n. 43, p.
10935-10944, 4 nov. 2015.

ZHENG, J. L. et al. Synthesis of carbonated vegetable oils: Investigation of
microwave effect in a pressurized continuous-flow recycle batch reactor. Chemical

Engineering Research and Design, v. 132, n. April, p. 9-18, abr. 2018.



168

ANEXO A

Elsevier Editorial System(tm) for Journal of
Catalysis
Manuscript Draft

Manuscript Number:

Title: A Perspective of QSFR Modeling to Screen/Design Organcocatalysts
for Olecchemical Carbonates Synthesis

Article Type: Resesarch paper

Keywords: Vegetable oil; Oleochemical carbonate; Q5PE; Quantitatiwve
Structure-Property Relationship; Cyclic carbonate; Carbon dioxide;
Multiwvariate Analysis; Organccatalyst; Metal-free catalys; , Green
chemistry.

Corresponding Buthor: Dr. Marcus seferin, Ph.D.

Corresponding Buthor's Institution: Pontificial Catheolyc Uniwversity of
Rio Grande do Sul

First Author: Victor Hugo J Mendes dos Santos

Order of Authors: Wictor Hugo J Mendes dos Santeos; Darlan Fonting Raoni
5 Rambo ; Marcus seferin, Fh.D.



ANEXO B

169

Tabela B1. Catalisadores aplicados para producao de 6leos carbonatados.

Catalisador Converséao (%) Referéncia
aLiBr 100,0% (ZIBI/SGD)UPPARAMBIL; STOFFER,
(BAHR; MULHAUPT, 2012;
Brometo de tetrabutilamonio (TBAB) 100,0% DOLL; ERHAN, 2005; ZHANG et
al., 2014a)
tris(pentaﬂEc?rrgfrélr?i)l()%grero?é%g:r%nSanganés(III) 95,0% (MALIK; KAUR, 2017)
H3PW 12040 94,5% (WANG et al., 2012)
H3PM012040 91,6% (WANG et al., 2012)
H4SiW 12040 90,3% (WANG et al., 2012)
Brometo de difenil-propil-2-hidroxifenil-fosfénio 88,0% (BUTTNER et al., 2017a)
SNnCla.5H20 64,4% (LI et al., 2008)
Brometo gi?ir:l_]iggt[lgl.%fla,_]ep;;i%i?ji:-e])_(jaohldro 2H 36,0% (ALVES et al., 2015)
Brometo de 1-metil-3-octilimidazolio 30,0% (ALVES et al., 2015)
Brometo de 1-Buitil-2,3,4,5,7,8,9,10- 28.0% (ALVES et al., 2015)
octahidropirido[1,2-a][1,3]diazepin-1-0 '
Brometo de tetrabutilfosfonio 28,0% (ALVES et al., 2015)
lodeto de tetrabutilaménio (TBAI) 26,0% (ALVES et al., 2015)
lodeto de 1-metil-3-octilimidazolio 25,0% (ALVES et al., 2015)
lodeto de tetrabutilfosfonio 21,0% (ALVES et al., 2015)
Cloreto de 1-metil-3-octilimidazolio 20,0% (ALVES et al., 2015)
lodeto de 1-butil-1-metilpirrolidino 19,0% (ALVES et al., 2015)
Cloreto de tetrabutilfosfénio 19,0% (ALVES et al., 2015)
Cloreto de tetrabutilamdnio (TBACI) 17,0% (ALVES et al., 2015)
lodeto de 1-butilpiridinio 12,0% (ALVES et al., 2015)
KBr 6,0% (DOLL; ERHAN, 2005)
Amberlite IR 400(Cl) 0,0% (TAMAMI; SOHN; WILKES, 2004)
Brometo de trimetil-benzil-amdnio 0,0% (TAMAMI; SOHN; WILKES, 2004)
LiBr 00%  Sotn: wiLkes, 2008
Sem Catalisador 0,0% (DOLL; ERHAN, 2005)
Nal 0,0% (TAMAMI; SOHN; WILKES, 2004)
Hidroxido de tetrabutilaménio (TBAOH) 0,0% (DOLL; ERHAN, 2005)
lodeto de trietilsulfénio 0,0% (ALVES et al., 2015)

aSolvente N-metil pirrolidona



ANEXO C

Tabela C1. Co-catalisadores aplicados para producgéo de Oleos carbonatados.

170

Catalisador Co-Cat Converséo Referéncia
[Oct4P]Br FeCls 100,0%  (BUTTNER et al., 2016)
Calz Diciclohexano-18-crown-6 / PhsP 100,0%  (LONGWITZ et al., 2018)

SiO2 (silica) lodeto de 4-pirrolidina piridina 100,0%  (BAHR; MULHAUPT, 2012)
TBAB CaClz 100,0%  (JALILIAN; YEGANEH, 2015)
TBAB MoO3 100,0% (TENHUMBERG et al., 2016)
TBAB SnCls.5H20 98,6% (LI et al., 2008)

Kl 18-crown-6 98,3% (PARZUCHOWSKI et al., 2006)
TBAB perfluoro-terc-butanol 98,0% (ALVES et al., 2015)
TBAB H20 95,0% (MAZO; RIOS, 2013)

H3PW 12040 ZrO2 94,3% (WANG et al., 2012)

H3PW 12040 ZrO2.Pt (dopado) 93,0% (WANG et al., 2012)

H3PW 12040 ZrO2 86,1% (WANG et al., 2012)

H3PW 12040 SiO2 81,3% (WANG et al., 2012)

H3PW 12040 V20s 64,3% (WANG et al., 2012)

TBAB Catecol 63,0% (ALVES et al., 2015)
TBAB 4- trifluorometilfenol 58,0% (ALVES et al., 2015)
TBAB 1,1,1,3,3,3-Hexafluoro-2-metil-2-propanol 58,0% (ALVES et al., 2015)
TBAB 2,2'-(1,3-Fenileno)bis(1,1,1,3,3,3- 58.0% (ALVES et al., 2015)
hexafluoro-2-propanol)
TBAB 4-terc-butilcatecol 57,0% (ALVES et al., 2015)
TBAB Pirogalol 56,0% (ALVES et al., 2015)
TBAB 3-Metoxicatecol 55,0%  (ALVESetal, 2015)
TBAB 2-(p-toluil)hexafluoroisopropanol 55,0%  (ALVESetal, 2015)
TBAB 4- nitrofenol 47,0%  (ALVESetal, 2015)

H3PW 12040 Al2O3 45,3% (WANG et al., 2012)
TBAB Pentafluorofenol 45,0% (ALVES et al., 2015)
TBAB 3-Trifluorometil-4-nitrofenol 42,0% (ALVES et al., 2015)
TBAB 1,1,1-Trifluoro-2-metil-2-propanol 42,0% (ALVES et al., 2015)

H3PW 12040 Nb20s 41,6% (WANG et al., 2012)
TBAB THA-Cr-Si-POM 41,0%  (ErNeR ot
TBAB 3,4,5-Trifluorofenol 41,0% (ALVES et al., 2015)

H3PW 12040 MgO 40,7% (WANG et al., 2012)
TBAB 2,3,5,6-Tetrafluoro-4-(trifluorometil)fenol 38,0% (ALVES et al., 2015)
TBAB fenol 32,0% (ALVES et al., 2015)
TBAB 4-metoxifenol 31,0% (ALVES et al., 2015)

H3PW 12040 IN203 26,7% (WANG et al., 2012)
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ANEXO D
Tabela D1. Catalisadores aplicados para producéo de ésteres monoalquilicos carbonatados
Catalisador Conversdo  Seletividade Referéncia
Brometo de difenil-propil-2-hidroxifenil-fosfonio 100,0% 99,0% (BUTTNER et al., 2017a)
lodeto de difenil-propil-2-hidroxifenil-fosfénio 100,0% 76,0% (BUTTNER et al., 2017a)
Complexo de Al(Ill) aminotrifenolato (R= CI ; Ligante-Tetrahidrofurano) 100,0% 99,0% (PENA CARRODEGUAS et al., 2017)
Cloreto de bis(trifenilfosfina)iminio 100,0% 95,0% (PENA CARRODEGUAS et al., 2017)
TBAB 100,0% 100,0% (PENA CARRODEGUAS et al., 2017)
Brometo de tetraheptilaménio 99,0% 100,0% (LANGANKE; GREINER; LEITNER, 2013)
Brometo de difenil-propil-(2-hidroxi-3-metilfenil)-fosfénio 99,0% 53,0% (BUTTNER et al., 2017a)
Brometo de tetradecil(tri-n-hexil)fosfénio 97,0% 97,0% (LANGANKE; GREINER; LEITNER, 2013)
Brometo de 1-metil-3-tetradecilimidazélio 97,0% 96,0% (SCHAFFNER et al., 2014)
Brometo de difenil-octadecil-2-hidroxietil-fosfénio 96,0% 91,0% (BUTTNER et al., 2017a)
THA-Cr-Si-POM 95,0% 98,0% (LANGANKE; GREINER; LEITNER, 2013)
lodeto de difenil-metil-2-hidroxietil-fosfénio 92,0% 66,0% (BUTTNER et al., 2017a)
TBACI 80,0% 100,0% (LANGANKE; GREINER; LEITNER, 2013)
TBAI 80,0% 92,0% (LANGANKE; GREINER; LEITNER, 2013)
((C7H13)4aN)s-[a-SiW11039F€].(C7Hs)2 73,0% 97,0% (SCHAFFNER et al., 2014)
((C4aHg)aN)s-[a-SiW11039C0].(C7Hs)1 69,0% 100,0% (SCHAFFNER et al., 2014)
lodeto 1-Butil-4-Metilpiridinio 65,0% 100,0% (BUTTNER et al., 2017a)
Brometo de tributil-2-hidroxietil-fosfonio 65,0% - (BUTTNER et al., 2017a)
Fluoreto de tetrabutilaménio (TBAF) 62,0% 0,0% (LANGANKE; GREINER; LEITNER, 2013)
[BusP]Br 51,0% 100,0% (BUTTNER et al., 2016)
Brometo de 1-Butil-3-metilimidazoélio 50,0% 100,0% (SCHAFFNER et al., 2014)
[BusP]ClI 39,0% 99,0% (TENHUMBERG et al., 2016)
((CaHo)aN)s-[a-SiW11039Ni].(C7Hs)2 38,0% 100,0% (SCHAFFNER et al., 2014)

lodeto de difenil-metil-3-hidroxifenil-fosfénio 37,0% 74,0% (BUTTNER et al., 2017a)
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Tabela D1. (Continuagéo)

[BuaP]I

((CaHo)aN)s-[a-SiW11039CuU]
((CaHo)aN)s-[a-SiW11039Mn]
((C7H13)aN)s-[a-SiW11039Cr].(C7Hs)2

Cloreto de 1-Butil-3-metilimidazélio

Cloreto de difenil-propil-2-hidroxifenil-fosfénio
lodeto de tributil-2-hidroxietil-fosfénio

lodeto de difenil-metil-2-metoxifenil-fosfénio
Brometo de tributil-2-hidroxietil-fosfénio
lodeto de difenil-metil-4-hidroxifenil-fosfénio
lodeto de trifenil-2-hidroxietil-fosfénio

SiO2 (Aerosil 200)

lodeto de difenil-metil-2-carboxifenil-fosfénio
Cloreto de tributil-2-hidroxietil-fosfonio
Brometo de trifenil-2-hidroxietil-fosfonio
lodeto de metil-trifenil-fosfénio

Brometo de difenil-propil-2-hidroxi-3,5-di-terc-pentilfenil-fosfénio
AICl3

Cloreto de trifenil-2-hidroxietil-fosfénio
Brometo de difenil-propil-2-hidroxi-3-terc-pentilfenil-fosfénio
FeCls

NH4Br

Kl

MoOs3

((C7H13)aN)s-[0-SiW11039F€].(C7Hs)2

Al-Salen

LiBr

Sem Catalisador

SmOCI

35,0%

33,0%
33,0%
30,0%
26,0%
26,0%
24,0%
22,0%
22,0%
18,0%
14,0%
12,0%
11,0%
10,0%
9,0%
9,0%
9,0%
6,4%
5,0%
4,0%
4,0%
4,0%
2,0%
1,0%
0,0%
0,0%
0,0%
0,0%
0,0%

72,0%

100,0%
100,0%
95,0%
100,0%
97,0%
98,0%
97,0%
97,0%
64,0%
80,0%
100,0%
84,0%
100,0%
99,0%
91,0%
100,0%
0,0%
0,0%
0,0%
75,0%
100,0%
0,0%
0,0%
0,0%
0,0%
0,0%

(TENHUMBERG et al., 2016) (BUTTNER et

al., 2017a)

(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(BUTTNER et al., 2017a)

(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(SCHAFFNER et al., 2014)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(HOLSER, 2007)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2017a)
(BUTTNER et al., 2016)

(LANGANKE; GREINER; LEITNER, 2013)

(SCHAFFNER et al., 2014)

(TENHUMBERG et al., 2016)

(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(HOLSER, 2007)
(BUTTNER et al., 2016)
(SCHAFFNER et al., 2014)
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ANEXO E
Tabela E1. Co-catalisadores aplicados para producéo de ésteres monoalquilicos carbonatados
Catalisador Co-Cat Converséo Referéncia
[BusP]Br FeBrs 100,0% (BUTTNER et al., 2016)
[BusP]Br FeBr2 100,0% (BUTTNER et al., 2016)
[BusP]Br Fe(OTf)s 100,0% (BUTTNER et al., 2016)
[BusP]Br FeCls 100,0% (BUTTNER et al., 2016)
[OctsP]Br FeCls 100,0% (BUTTNER et al., 2016)
Complexo de Al(Ill) aminotrifenolato o (PENA CARRODEGUAS et al.,
(R= CI ; Ligante—Tetraidrofurano) TBACI 100,0% 2017)

(PENA CARRODEGUAS et al.,

Complexo de Al(lll) aminotrifenolato Cloreto de bis(trifenilfosfina)iminio 100,0% Soim)

(R= CI ; Ligante—Tetraidrofurano)

Complexo de Al(lll) aminotrifenolato o (PENA CARRODEGUAS et al.,
(R=H; Sem Ligante) TBAB 100,0% 2017)

Complexo de Al(lll) aminotrifenolato o (PENA CARRODEGUAS et al.,

(R= Me ; Ligante—Tetraidrofurano) TBAB 100,0% 2017)

(PENA CARRODEGUAS et al.,

Complexo de Al(lll) aminotrifenolato Cloreto de his(trifenilfosfina)iminio 100,0% 2017)

(R= Me ; Ligante-Tetraidrofurano)

Calz Diciclohexano-18-crown-6 100,0% (LONGWITZ et al., 2018)
[BusP]Br MoOs 99,0% (TENHUMBERG et al., 2016)
[BusP]Br CeBrs.7Hz20 99,0% (BUTTNER et al., 2016)

Cal Diciclohexano-18-crown-6 / DBU 98,0% (LONGWITZ et al., 2018)

(diazabicicloundeceno)

Calz Diciclohexano-18-crown-6 / PhsP 98,0% (LONGWITZ et al., 2018)
TBAB FeCls 98,0% (BUTTNER et al., 2016)
TBAB THA-CI-Si-POM 98 0% (LANGANKE; GREINER; LEITNER,

' 2013)

TBAI FeCls 98,0% (BUTTNER et al., 2016)

[BusP]Br H2M0O4 96,0% (TENHUMBERG et al., 2016)

[BusP]I FeCls 96,0% (BUTTNER et al., 2016)




174

Tabela E1. (Continuacao)

Calz

[BusP]Br

Complexo de Al(lll) aminotrifenolato
(R= CI ; Ligante—Tetraidrofurano)

Nal

[BuaP]Br

Complexo de Al(lll) aminotrifenolato
(R=tBu ; Ligante-Tetraidrofurano)

Kl
Calz

Csl
TBACI
ZnBr2
[BusP]Br
Kl
Kl
[BusP]Br

Kl

Calz

[BuaP]Br
[BuaP]Br
TBAB
Kl
[BuaP]Br

Diciclohexano-18-crown-6 / DABCO
(diazabiciclooctano)

MoOz(acac):
TBAB

15-crown-5
Mo(CO)s

Cloreto de bis(trifenilfosfina)iminio

18-crown-6

Diciclohexano-18-crown-6 / TBD
(triazabiciclodeceno)

Polietilenoglicol 200

FeCls

CsHsN

AICls
Polietilenoglicol 400
Polietilenoglicol 600

Na:MoO4-2H20
[2.2.2] cripitante (4,7,13,16,21,24-
Hexaoxa-1,10-diaza-
biciclo[8.8.8]hexacosano)
Diciclohexano-18-crown-6 / DMAP
(Dimetil-amino-piridina)
MoO:
HWO4
Al-Salen
Polietilenoglicol 200

Fe(acac)s

95,0%
94,0%
94,0%
94,0%
93,0%
92,0%
90,0%
89,0%
89,0%
88,0%
88,0%
87,0%
84,0%
84,0%
83,0%

83,0%

81,0%

80,0%
80,0%
80,0%
79,0%
78,0%

(LONGWITZ et al., 2018)

(TENHUMBERG et al., 2016)

(PENA CARRODEGUAS et al.,
2017)

(SCHAFFNER et al., 2014)

(TENHUMBERG et al., 2016)

(PENA CARRODEGUAS et al.,
2017)

(SCHAFFNER et al., 2014)
(LONGWITZ et al., 2018)

(SCHAFFNER et al., 2014)
(BUTTNER et al., 2016)
(SCHAFFNER et al., 2014)
(BUTTNER et al., 2016)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(TENHUMBERG et al., 2016)

(SCHAFFNER et al., 2014)

(LONGWITZ et al., 2018)

(TENHUMBERG et al., 2016)
(BUTTNER et al., 2016)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(BUTTNER et al., 2016)
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Tabela E1. (Continuacéo)

[BusP]Br FeFs 77,0% (BUTTNER et al., 2016)
[BusP]Br CeCl3.7H20 73,0% (BUTTNER et al., 2016)

Kl dietilenoglicol 73,0% (SCHAFFNER et al., 2014)
[BusP]CI FeCls 72,0% (BUTTNER et al., 2016)
[BusP]Br CaClz 71,0% (BUTTNER et al., 2016)
[BusP]Br CeS04.4H20 70,0% (BUTTNER et al., 2016)

TBAB CaCl 70,0% (SCHAFFNER et al., 2014)
Diciclohexano-18-crown-6/ NHC (1,3-
Calz bis(2,6-diisopropilfenil)-1,3-dihidro-2H- 68,0% (LONGWITZ et al., 2018)
imidazol-2-ilideno)
[BusP]Br Al(OiPr)s 66,0% (BUTTNER et al., 2016)
TBAB SnCls.(H20)s 64,0% (SCHAFFNER et al., 2014)
Kl Polietilenoglicol 1000 62,0% (SCHAFFNER et al., 2014)
Calz 18-Crown-6 61,0% (LONGWITZ et al., 2018)
Calz Benzo-18-crown-6 60,0% (LONGWITZ et al., 2018)
o e U amnetenoo oo GERACARRODEGUAS etal,
[BusP]Br Fe(OAc): 58,0% (BUTTNER et al., 2016)
[BusP]Br Fe(estearato)s 57,0% (BUTTNER et al., 2016)
KBr 18-crown-6 55,0% (SCHAFFNER et al., 2014)
[BusP]Br FeClz-6H20 47,0% (BUTTNER et al., 2016)
Lil Polietilenoglicol 200 43,0% (SCHAFFNER et al., 2014)
[BusP]Br Fe(citrato)s-(aqg.) 37,0% (BUTTNER et al., 2016)
Calz 1-Aza-18-crown-6 36,0% (LONGWITZ et al., 2018)
[BusP]Br FeS04-7H20 27,0% (BUTTNER et al., 2016)
2-difenil-fosfonio-fenol suportado em silica gel funcionalizada com 26,0% (STEINBAUER et al., 2017)

4-bromopropil
Calz DMF 23,0% (LONGWITZ et al., 2018)
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Tabela E1. (Continuacao)

Kl

Kl
Calz
Calz

Lil

Kl

Kl

TBAB
Calz
Csl
Calz
NH4Br

Podandg (Tris[2-(2-metoxi-etoxi)etil]-
amina)
Lecitina de soja
PhsP
Dibenzo-18-crown-6
12-crown-4
Monoetilenoglicol
Polietilenoglicol 200000
SiO2
Diciclohexano-18-crown-6/TBABr
18-crown-6
2-Hidroximetil-18-crown-6
Al-Salen

23,0%

22,0%
19,0%
18,0%
18,0%
17,0%
17,0%
15,0%
10,0%
10,0%
0,0%

0,0%

(SCHAFFNER et al., 2014)

(SCHAFFNER et al., 2014)
(LONGWITZ et al., 2018)
(LONGWITZ et al., 2018)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(SCHAFFNER et al., 2014)
(LONGWITZ et al., 2018)
(SCHAFFNER et al., 2014)
(LONGWITZ et al., 2018)
(SCHAFFNER et al., 2014)
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APENDICE A

No Apendice A, sdo apresentados os procedimentos experimentais aplicados
para a sintese de 6leos carbonatados utilizando o brometo de tetrabutilaménio (TBAB)
como catalisador, bem como séo descritos os métodos de caracterizacao e de célculo

aplicados no presente trabalho.
Oleos Vegetais

Os dleos vegetais que foram investigados no presente trabalho sdo: Arroz,

Canola, Oliva, Palma e Soja.
Reacédo de Epoxidacéao

As reacOes de epoxidagdo in situ dos Oleos foram conduzidas utilizando-se
acido acético glacial, peréxido de hidrogénio 30 %, temperatura de 75°C com as
propor¢des de 2/1 (mol/mol) de H202/C=C, 0,5/1 (mol/mol) CH3COOH/C=C, 2% acido
sulftrico (fracdo aquosa) e tempo reacional de 4-8 horas. O valor de C=C por
triglicerideo seré obtido a partir da Tabela 3.1, cromatografia gasosa e indice de iodo
(DINDA et al., 2008; GOUD et al., 2007).

Reacédo de Carbonatacao

As reacdes de carbonatacdo foram conduzidas utilizando-se os 6leos
epoxidados, catalisador (Brometo de tetrabutilamonio), com uma proporgéo de 5%
molar em relacdo ao grupo oxirano, tempo reacional de 48h, sem agitacéo e pressao
de CO2 de 50 bar (LI et al., 2008; ZHANG et al., 2014a; ZHENG et al., 2015).

Caracterizacao

A fim de caracterizar os produtos obtidos, as analises descritas a seguir sao
propostas de maneira a realizar o controle de qualidade dos produtos e processos

realizados.
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Espectroscopia no Infravermelho

Os espectros de Infravermelho por transformada de Fourier (HATR —FTIR) dos
Oleos vegetais, 0leos epoxidados e 6leos carbonatados, serdo obtidos utilizando um
espectrometro da PerkinEImer modelo Spectrum One com um cristal de ZnSe
utilizando a faixa espectral de 4000 cm™ a 650 cm™ e com resolugdo de 4 cm™.

Espectrocopia por *H-NMR

Todos os espectros de *H-NMR foram registrados em um Bruker Avance 400
operando a 400 MHz para H. Os desvios quimicos (8) sdo apresentados em partes
por milh&o (ppm) em relagéo ao sinal de TMS (0 ppm) e usando cloroférmio deuterado
(CDCl3) como solvente. As seguintes abreviaturas sao usadas para indicar a
multiplicidade em espectros de 'H-NMR: s - singlet; bs - singuleto largo; d - doublet; t

- tripleto; q - quarteto; m - multipleto; dd - dupleto duplo.

Parametros estimados por *H-NMR

No presente trabalho os parametros: 1) numero de insaturacdes dos 6leos
vegetais, II) nUmero de grupos epodxi nos 6leos epoxidados e Ill) conversao de grupo
epoxi na reacdo de carbonatacdo foram estimados com base nos espectros de 'H-
NMR. Na Figura Al é representado a estrutura dos Oleos vegetais e sinais
caracteristicos aplicados para os calculos.

Para os dados de 'H-NMR, os célculos foram realizados da seguinte forma. Um
fator de normalizacéo (NF) foi calculado a partir dos sinais dos quatro protons metil da
porcao glicerol (B), usando a Equacdo Al (MAZO; RIOS, 2012, 2013).

B
Fator de Normalizacdo (NF) = 2 (A1)

LigacOes Duplas. A seguir, 0 numero de insaturagbes dos Oleos vegetais é
estimado com base na éarea integrada dos sinais respectivos aos hidrogénios
olefinicos (C). O numero total de ligagBes duplas é estimado a partir dos sinais de
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hidrogénios olefinicos (C) normalizados contra os quatro protons metil da porcao
glicerol (B) (Equacéo A2) (KUMAR et al., 2012).

C
Ligagdes duplas (C=C) = SNF (A42)

Grupos epOxi. ApGs a etapa de epoxidacdo, 0s sinais respectivos aos
hidrogénios olefinicos (C) sdo consumidos, enquanto os sinais atribuidos aos prétons
do grupamento oxirano (D) sdo formados entre 2.9 ppm 3.1 ppm. O nimero de grupos
oxiranos € estimado com base na area integrada dos sinais respectivos aos
hidrogénios do grupo epdéxi (D). O numero total de grupos oxiranos € estimado a partir
dos sinais dos hidrogénios do grupo epoxi (D) normalizados contra os quatro protons
metil da porcéo glicerol (B) (Equacao A3) (MAZO; RIOS, 2012, 2013).

D
Grupos Oxiranos (E,) = NF (43)

Conversao. O calculo de conversao é realizado com base no consumo de

grupos epoxi ao longo da reacao de carbonatacéo e é estimado por meio da Equacéo
A4) (MAZO; RIOS, 2012, 2013).

Ep inicial ~— Ep final

Conversdao (%) = x100 (A4)

Ep inicial

Uma vez que existe a possibilidade de ocorrer a sobreposi¢éo dos sinais dos
hidrogénios do carbonato (E) e dos sinais dos quatro prétons metil da porcao glicerol
(B), os calculos de rendimento e de seletividade s&o estimados utilizando as Equacdes
A5 e A6 e sdo aplicados quando néo existem indicios de sobreposi¢des de sinais no
espectro de *H-NMR (MAZO; RIOS, 2012, 2013). Considerando que no presente
trabalho foi constatado a sobreposicdo de sinais, os parametros rendimento e

seletividade nao foram estimados.

Rendimento. O célculo de rendimento é estimado a partir dos sinais dos

hidrogénios do grupo carbonato (E) gerados (4.19 - 4.24 ppm e 4.45 - 5.12 ppm)
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durante a reacao de carbonatacdo em relacdo ao niumero de grupos oxiranos iniciais.
O célculo de rendimento € realizado por meio da Equacdo A5 (MAZO; RIOS, 2012,

2013).

x100 (A5)

E
Rendimento (Y%) = NF b?
p inicial

Seletividade. O célculo de seletividade é estimado a partir da razéo entre o

rendimento e a conversao e é realizado por meio da Equacdo A6 (MAZO; RIOS, 2012,

2013).

Grupos Oxiranos (§%) = Y(%) (46)
n(%)

(A)

(B)
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Figura Al. Estrutura e sinais caracteristicos dos derivados oleoquimicos
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APENDICE B

No Apéndice B, é brevemente discutido os resultados obtidos na sintese de
Oleos carbonatados utilizando o brometo de tetrabutilaménio (TBAB) como

catalisador.

Reacéo de Carbonatacdo com TBAB

As reacdes de carbonatagdo dos 6leos de soja, palma, canola, oliva e arroz,
utilizando o TBAB, foram aplicadas nas condi¢des descritas no Apéndice A. Devido a
elevada viscosidade do meio, as reacdes foram conduzidas sem agitacdo devido a
ineficiéncia da agitacdo magnética em promover a homogeneizacao dos reagentes. A
caracterizacao dos produtos obtidos a partir da reagcdo com TBAB foi conduzida por
FTIR e os resultados sdo apresentados nas Figuras Bl - B5.

O infravermelho é realizado para identificar a presenca do carbonato ciclico no
produto. O desaparecimento da banda de oxirano entre 842 cm™ e 823 cm™ indica o
consumo de epdéxido, enquanto a formacdo de uma nova banda intensa de carbonila
(C=0) em 1795 cm indica a formacdo do carbonato ciclico de 5 membros.
Adicionalmente, observa-se a presenca de hidroxila (H-O), devido ao estiramento na
regido entre 3600 cm™ e 3200 cm?, indicando que os grupamentos epdxi foram
parcialmente hidrolisados ainda durante a etapa de epoxidacdo com a formacao de
alcoois secundérios.

Conforme observado nas Figuras B1 - B5, todos os 6leos vegetais epoxidados
foram carbonatados parcialmente. A presenca de grupos epoxidos residuais sao
identificados devido ao pequeno estiramento entre 842 cm™ e 823 cm e indicam que,
nas condigdes em que foram conduzidas as reagdes, ndo é possivel obter conversdes
completas de grupos epoxidos em carbonatos.

Em condi¢cdes reacionais semelhantes (tempo, temperatura, pressao e
catalisador) a literatura reporta conversdes acima de 90% de ep6xido em carbonatos
(LI et al., 2008), porém a agitacdo € apontada como um fator determinante para a
obtencéo de conversdes elevadas. Considerando que a elevada viscosidade do 6leo
epoxidado/carbonatado apresenta uma elevada barreira para a transferéncia de
massas entre a fase gasosa (CO2) e liquida (6leo + catalisador) (ZHENG et al., 2015,

2018), a baixa conversao justifica-se pela auséncia de agitacdo durante as reacgoes.
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Figura B1. FTIR do carbonato de 6leo de arroz catalisado pelo TBAB.
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Figura B2. FTIR do carbonato de 6leo de canola catalisado pelo TBAB.
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Figura B3. FTIR do carbonato de 6leo de oliva catalisado pelo TBAB.
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Figura B4. FTIR do carbonato de Oleo de palma catalisado pelo TBAB.
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Figura B5. FTIR do carbonato de 6leo de soja catalisado pelo TBAB.
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