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ABSTRACT (ENGLISH VERSION)

Bio-based chemistry is pivotal strategy in combating climate change and reducing the
chemical industry’s reliance on fossil resources. Concepts like Bioeconomy and Circular
economy are gaining global recognition, underscoring an upcoming change of societal
paradigm toward sustainability. Despite this strong momentum and the clear environmental
benefits, bio-based and green chemistry face significant challenges that threaten the pace of
this sustainable transition. Among them, the main issue relates to the huge difficulty to
compete with established petrochemical industries, in cost, performance and scalability.
Overcoming these challenges is essential to fostering secure supportive policies, drive
innovation and attract investment for a sustainable chemical industry transformation.

This PhD thesis is dedicated to developing innovative strategies for advancing reactions
involving bio-based polyols. These substrates are inherently complex, resulting from their
high content in oxygen and the coexistence of multiple functional groups within a single
molecular scaffold. This research is structured around two complementary strategies: one
centered on computational chemistry and the other on advanced reactor technologies. The
first strategy introduces a novel strategy integrating Python scripts to statistically decompose
complex spectral datasets. This method facilitates the identification of the number of species
involved in kinetic studies, serving as a foundation for the development of kinetic models
that optimally balance accuracy and complexity. A separate chapter is devoted to the
mechanistic investigation of the deoxydehydration reaction, which generates olefin scaffolds
from polyol substrates. Although this transformation offers an attractive synthetic pathway,
it currently suffers from poor selectivity control, significantly hampering its broader
application. The second strategy details the intensification of glycidol carbonation with CO»,
derived from bio-sourced glycerol, by employing continuous flow technology to exploit its
inherent advantages in facilitating liquid gas reaction. By combining these approaches, the
thesis aims to contribute to overcoming the barriers that hinder the broader adaptation of bio-
based chemistry, thereby advancing the transition toward a more sustainable chemical

industry.






ABSTRACT (FRENCH VERSION)

La chimie biosourcée constitue une stratégie essentielle pour lutter contre le changement
climatique et réduire la dépendance de l'industrie chimique aux ressources fossiles. Des
concepts tels que la Bioéconomie et I'économie Circulaire gagnent en reconnaissance a
I’échelle mondiale, soulignant I’émergence d’un changement de paradigme sociétal vers une
durabilité accrue. Malgré cet élan prometteur et les avantages environnementaux évidents, la
chimie verte et biosourcée se heurte a d’importants défis qui freinent le rythme de cette
transition durable. Le principal obstacle réside dans la grande difficulté a rivaliser avec les
industries pétrochimiques établies en termes de cout, de performance et d’échelle de
production. Surmonter ces défis est essentiel pour consolider des politiques de soutien,
stimuler I’innovation et attirer les investissements nécessaires a la transformation durable du
secteur chimique.

Cette thése de doctorat se consacre au développement de stratégies innovantes pour faire
progresser les réactions impliquant des polyols biosourcés. Ces substrats présentent une
complexité intrinséque, liée a leur teneur élevée en oxygene et a la coexistence de multiples
groupes fonctionnels au sein d’une méme structure moléculaire. Les chapitres s’articulent
autour de deux approches complémentaires : 1’une fondée sur la chimie computationnelle,
I’autre sur des technologies de réacteur avancées. La premiére approche propose une méthode
innovante intégrant des scripts Python pour décomposer statistiquement des ensembles de
données spectrales complexes. Cette méthode permet d’identifier le nombre d’espéces
impliquées dans les études cinétiques, servant de base a 1’élaboration de modéeles cinétiques
optimisant le compromis entre précision et complexité. Un chapitre distinct est consacré a
I’étude mécanistique de la réaction de désoxy-déshydratation, qui permet la formation de
structures oléfiniques a partir de polyols. Bien que cette transformation représente une voie
de synthése prometteuse, elle souffre actuellement d’un manque de contréle en matiére de
sélectivité, ce qui limite fortement son déploiement a I’échelle industrielle. La seconde
approche porte sur I’intensification de la carbonatation du glycidol avec du CO, issu du
glycérol biosourcé, a ’aide de technologies en flux continu, tirant parti de leurs avantages
intrinséques dans les réactions liquide-gaz. En combinant ces approches, cette thése
ambitionne de contribuer a surmonter les obstacles entravant 1’adoption plus large de la
chimie biosourcée, et ainsi a faire progresser la transition vers une industrie chimique plus
durable.
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1 INTRODUCTION

1.1 THE DEVELOPING BIOECONOMY IN EUROPE

1.1.1 EUROPE, BIOECONOMY, AND CURRENT SOCIETAL CHALLENGES

The overall European Bioeconomy strategy generates a turnover around € 2.3 trillion and an
added value worth € 620 million, however, the current situation is still far from what was
expected by the Organization for Economic Cooperation and Development (OECD).[' While
this overall strategy is a critical pillar toward a transition for an increased sustainability, the
spreading and understanding of this strategy only started a decade ago, although its first
mention already dates back to 1987 (Figure 1.1). The original report published by the World
Commission on Environment and Development highlighted the urgent need to transition
toward sustainable development and introduced the concept of bio-based economy or
Bioeconomy.?' In Europe, the early 2000s witnessed the inception of the term Bioeconomy,
also known as knowledge-based Bioeconomy, within the political sphere. It then rapidly
became a major objective and was launched as global strategy advocated by the European
Union. The foundations of Bioeconomy were set during several European Commission (EC)
strategical agendas. To name a few examples, the White Paper (1993) stressed the key role
played by biotechnologies in innovation and growth and the Lisboa Agenda (2000) aimed at
boosting the EU economy through knowledge and innovations. Later in 2002, EC
acknowledged life science and biotechnologies as the milestones to fulfill the main objectives
of the Lisboa Agenda. Following up these strategical agendas, the sourcing and upgrading of
bio-based products were identified as one of the 6 key sectors for setting new paradigms for
the overall European market by the Lead Market initiative, a policy promoting EU
Bioeconomy between 2007-2013.5) Similarly, Horizon 2020 (H2020), a major EU research
and innovation program (2014-2020), attempted to secure EU global competitiveness
through the funding of world-class public/private collaborative research programs aimed at
unlocking innovation. H2020 relied on an approximate budget of € 80 billion with
supplemental private investments.* In the continuity of this project, Horizon Europe took
over in early 2021 and will spread over 7 years with an even higher strike power compared
to H2020, reaching € 95.5 billion. More than half of this budget will be dedicated to
modernizing and accelerating green and digital transitions, as well as to strengthening
Europe’s resilience and crisis preparedness, its competitiveness and its leadership.’! Such
momentum and overall strategy fall under the umbrella of a much broader strategic EU
instrument, that is, the European Strategy Forum on Research Infrastructures (ESFRI), which
stimulates the creation and development of top-notch research facilities to “develop the
scientific integration of Europe and to strengthen its international outreach”.[®

Based on an extended public consultation regarding Bioeconomy, EC published a report
entitled “Innovating for Sustainable Growth: A Bioeconomy for Europe” in 2012. This
agenda comprised 5 distinct objectives to tackle with current societal challenges: (a) ensuring
food security, (b) managing natural resources sustainably, (c) reducing dependence on non-
renewable resources, (d) mitigating and adapting to climate change and (e) creating jobs and
maintaining European competitivity. Moreover, 3 main areas of actions were identified: (a)
investments in research, innovation and skills, (b) reinforced policy interaction and
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stakeholder engagement and (c) enhancement of markets and competitiveness in
Bioeconomy.!"'In 2017, a review of this program stated that, although significant progresses
were made through the successful mobilization of funding for research and innovation, as
well as for the development of numerous national and regional bioeconomy strategies, further
investments were still needed within a stable regulatory environment to encourage private
investments.®]

As a project under the umbrella of H2020, RoadToBio aimed to replace 25% of the total
volume of raw organic chemicals and feedstocks with bio-based or renewable alternative
feedstocks by the end of 2030. The main purposes of RoadToBio revolve around 2
milestones: a) identifying bio-based chemicals opportunities and b) developing a roadmap
and general frame for both bio-based chemistry and bio-based economy.”l The first milestone
enabled to identify bio-based alternatives to 85% of existing petrochemicals, with already a
successful implementation at either pilot or commercial scale.[!%

Lisboa Agenda
Boosting EU

through research

and innovation

Review and
assessment of
Bioeconomy
policies

Paris
REACH RED| Agreements

Apparition of
Bioeconomy

RED 1l
2018

concept 2007 2009 2015 I
1987 2000 I 2017
Bioeconomy Lead Market Horizon Horizon

awareness
1987-2006

initiative
2007-2013

2020
2014-2020

1993 2002 2012 2017 - 2019
{} Implementaticn
White paper EC of Biceconomy RoadToBio
highligthed key | | Life science and policies project
role of biotechnologies 25% bio-based
biotechnologies to boost EU feedstocks in
in EU economy economy industries

Figure 1.1 Timeline of European Bioeconomy development (1987-2021), as well as key events and projects
involved in Bioeconomy within all member states.!*)

As very attractive indicator to assess technology maturity, the technology readiness levels
(TRL) were extensively used within H2020 program to classify project status from a
fundamental idea (TRL=1) to its development as fully commercialized industrial application
(TRL=9). When translating this concept to H2020 first goal, it meant that all identified bio-
based alternatives were associated with a TRL superior to 4, which is attributed to a
demonstration prototype at laboratory scale.l'! Thus, this first purpose highlighted the fact
that even if numerous bio-based technologies do exist to replace petrochemicals, they are still
far from being translated at full commercial scale. Considering the second milestone, it
clearly distinguished regulatory, policy and societal barriers to unlock the implementation of
a durable and competitive bio-based industry.
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Within the EU, numerous regulations were progressively implemented to set a stable and
coherent regulatory framework toward Bioeconomy. However, owing to the legal flexibility
granted by the EU to its members and the diversity of sectors involved in the bio-based
economy, many specific national and even regional regulations actually hamper the
development of a coherent, global and unified EU strategy. For instance, the legislative
heterogeneity in EU causes the same chemical product to be considered as waste or a product
and thus, can or cannot be recycled or reused within two members. Among EU legislation,
different directives were highlighted as potentially problematic for the development of a bio-
based economy. For instance, the Renewable Energy Directive (RED I) directly promotes
the use of green energies, among others, through facilitated access to biomass feedstock.
Consequently, it leads to uneven playgrounds with various bio-based industries exploiting
the same resources, hence causing an extended growth of the Green Energy sector over bio-
based industries. The latter achieved a 4 to 9 times higher value products compared to
renewable energy and 5 to 10 times more jobs.!!! Within the frame of Circular economy,
which consists in the systematic reinsertion of wastes in new pathways of valorization
combined to a significant decrease in polluting emissions,['?! this directive is also very
contradictory. Indeed, the use of biomass for energy is tagged as a final use whereas the
upgrading of biomass to value-added products triggers a cascading use.!'! This directive was
recently revised (RED II) to set new policies for reaching 32% renewable energy by the end
of 2030, instead of the 20% originally scheduled in 2020.1'3 Although the production of
advanced biofuels is promoted, this new target could potentially escalate the pressure on
biomass feedstock availability. In 2007, EU Regulation on the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH) was established for promoting
sustainable development, ensuring an enhanced protection of environment and public health
through a better management of chemical and production hazards. Although the goals of the
latter regulation fall within the walls of the green transition, it was also incriminated as a
major hurdle due to the difficult, long and costly process required for the registration of new
compounds, which is almost always the case for bio-based products. Another striking
example concerns the exemption of import taxes or specific treatments for most of the
petrochemicals, therefore leading to competitive disadvantages for bio-based products and
materials. Overall, these facts clearly demonstrated that bio-based chemical and materials
sectors have not yet received enough policy attention to ensure the coherency and the
continuity of legal measures, as well as the required support for their growths. Besides these
regulatory hurdles, the development of new bio-based industries able to compete with big
petrochemical companies is still very challenging mostly due to the fact that fossil-based
processes are very well optimized, come with an unbeatable cost-efficiency and are well-
tailored to match the regulatory constraints.!']

In the current regulatory landscape deeply modulated by strong measures such as the Paris
agreements, the Circular Economy strategy or the Sustainable Developments Goals, EU
envisions a combined approach at the interface between Bioeconomy and Circular Economy,
namely, Circular Bioeconomy.['?! The Circular Bioeconomy concept advocates the
exploitation of biomass-based feedstock, especially bio-based wastes to decrease green gas
emissions as well as the demand for fossil carbon. The Circular Bioeconomy is however not
just a superimposition of both Bioeconomy and Circular Economy; several key differences
do exist. Among them, a striking example lies with green energies, which belong to the
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Bioeconomy strategy but are not comprised in the Circular economy as it means the end use
of a waste and prevent its further use in a reuse cycle. Additionally, some industrial sectors
produce bio-based products (such as detergents and cosmetics), which is in phase with the
underlying principles of Bioeconomy but cannot be recycled for health or safety
considerations. Finally, numerous bio-based industrial processes were developed over the
years to fulfill EU purposes, yet they were not designed to exploit their wastes, and are
therefore excluded from Circular economy.!'*I Nevertheless, owing to substantial EU funds
involved for promoting research, innovation and competitiveness, the part of bio-based
processes answering to Circular economy prerogatives will more likely increase over the
years, therefore pushing European industries to converge toward a common strategy, relying
on the exploitation of bio-based feedstock while maintaining high value resources as long as
possible by cascading use, recycling and preserving the environment.

1.1.2 BIO-BASED CHEMISTRY

Our current standards of living rely mostly, if not exclusively, on the use of petrochemicals
and fossil resources. Historically, the petrochemical revolution led to the improvement of our
overall life standards. However, with an exponential increase of population worldwide, the
progressive depletion of these resources accelerates, hence their shortage inevitably waves
the background threat of a global collapse of the economy. In Europe, a recent study
highlighted that, based on actual proven fossil resources, their future availability in 2050 will
be very precarious, with reduced reserves estimated to 14% of oil, 72% of coal and 18% of
gas.!'> Therefore, it becomes urgent to focus efforts on a transition toward the exploitation
of sustainable and renewable resources. These past two decades witnessed the emergence of
intense research efforts with the emergence of Sustainable Process Development, the
introduction of the 12 principles of Green Chemistry, the highlight of several hot bio-based
platform molecules by the US Department of Energy and the emergence of biorefineries
toward the production of valuable platform molecules and their further upgrading. However,
these processes are currently highly resource-consuming and produce extensive amounts of
wastes, by contrast, quite paradoxically, to the refining of crude petroleum which is very well
optimized enabling to concomitantly valorize all separated fractions and minimizing waste.
In addition, the design of alternative and economically viable processes based on bio-based
molecules is a great challenge to the Chemistry and Chemical Engineering communities that
requires the development of innovative catalysts, process conditions and technologies, as
well as substantial financial and societal support. The exploitation of biomass inherently
bears the potential to produce building blocks identical to basic or more advanced
petrochemicals (a.k.a. drop-in and smart drop-in bio-based chemicals, respectively— Figure
1.2), as well as to provide new opportunities (a.k.a. dedicated bio-based chemicals — Figure
1.2).1"21 Regarding the latter, it becomes clear that as a consequence of their oxygen-rich
unique structures, they could open new avenues toward groundbreaking applications,
impossible to reach with typical petro-based hydrocarbon backbones. Although several
alternative bio-based processes exist nowadays, they still suffer from poor global efficiency,
as soon as the big picture is considered including the extraction of starting materiel from
biomass, compared to their petro-based analog, hence preventing their widespread adoption.
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Figure 1.2 Definition of bio-based drop-in, smart drop-in and dedicated molecules.

One of the major factors to unlock relates to the high oxygen content of bio-based molecules,
consequently forcing chemists and chemical engineers to adapt, rethink and redevelop
established reaction conditions, processes and their overall strategies. Petro-based processes
indeed rely on a different chemistry targeting hydrocarbon backbones and are historically
focused on product yield, selectivity and cost-effectiveness criterions that are not anymore in
phase with current societal challenges revolving around climate change, environmental
footprint and pollution.
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1.2 OBJECTIVES

This thesis aims to develop novel and sustainable strategies toward the upgrading of bio-
based polyols, integrating computational chemistry and continuous flow technologies. The
first milestone is to design an innovative approach for rationalizing new mechanisms and
complex reaction networks typically associated with bio-based molecules. The second
milestone focuses on leveraging the unique advantages of flow chemistry to enhance CO:
conversion efficiency in reactions with bio-based compounds. This approach aims to support
the engineering of scalable, high-throughput and waste-efficient processes for tailored polyol
functionalization.

The transition toward oxygen-rich bio-based feedstocks presents a significant challenge:
controlling reaction selectivity and productivity while handling molecular complexity. To
address this, new tools must be designed to support chemists in navigating the inherent
intricacies of bio-based compounds.

This manuscript begins with a comprehensive overview of five key reactions relevant to the
transformation of vicinal diols, which helped me to frame the rest of my doctoral research:
(a) deoxydehydration, (b) Williamson’s or dehydrative epoxidation, (c)
chlorination/dechlorination, (d) carbonation and, (e¢) ketalization. These reactions hold
significant potential for upgrading bio-based molecules with broad industrial relevance.

Chapter 2 provides a detailed review of current synthetic methodologies and experimental
conditions applied to C, - C¢ and cyclic polyol substrates, covering a wide array of catalytic
systems developed for these purposes. This review seeks to discuss the physical and chemical
challenges associated with polyols bearing multiple vicinal diols an to showcase recent
technological advancements designed to overcome them. The specific goals of this review
are to:
(a) establish a solid foundation to support the chemistry community in advancing bio-
based processes
(b) present a library of olefins, epoxides, cyclic carbonates and ketals that can be
synthesized from the five key reactions, all with significant industrial potential
(c) provide a comprehensive evaluation of the environmental metrics, including E-
factor and Atom Economy, across a representative selection of processes from each
reaction.

Chapter 3 focuses on the thorough understanding of preliminary steps leading to the
formation of chemicals intermediates undergoing deoxydehydration. These steps involve
complex dynamic covalent exchanges between polyols and orthoesters, characterized by a
broad product distribution and competing reaction pathways. This chapter illustrates the
intrinsic challenges of working with diols, including the intricate interplay between the
reagents, products, solvents and catalysts. The main goals of Chapter 3 are to:
(a) develop a structured workflow to support in the interpretation of spectral datasets
and kinetic modelling, eventually producing a robust, accurate and reliable kinetic
model;
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(b) apply this model to improve classical reagents and solvent screening, enabling a
more systematic and quantitative approach to empirical analysis;

(c) establish an integrated kinetic and computational strategy to dissect dynamic
covalent exchange network, identifying the key factors that govern reaction
dynamics.

Chapter 4 investigates the deoxydehydration (DODH) of bio-based orthoesters, a reaction
with considerable potential to generate renewable olefins for industrial applications. Despite
its promise, the development of DODH processes has been hindered by the typically harsh
conditions required (T >200 °C) and the use of reagents in excess. The main goals of Chapter
4 are:
(a) elucidate the mechanistic pathway of the DODH reaction on bio-based orthoesters
and identify the key intermediates involved in olefin formation.
(b) analyze the influence of intra- and intermolecular hydrogen bonding on the reaction
mechanism, and evaluate how substrate structure affects reaction selectivity and
overall performance.

Chapter 5 explores the integration of bio-based polyols with abundant waste streams such
as CO,, an approach holding significant promise for advancing sustainable chemistry.
Effective implementation of these transformations usually requires activated version of
polyols, (e.g. epoxides), harsh conditions of temperature and pressure and carefully designed
catalytic systems to overcome the inherent low reactivity of COx.

The first subsection of this chapter presents a comprehensive review of catalytic strategies
developed under batch or flow conditions to convert common and B-hydroxylated epoxides
toward glycerol carbonate, a high added value compound. The purposes of this review are
to:

(a) present an in-depth discussion of the catalytic strategies for glycidol with particular
emphasis on catalyst scaffolds and their mechanistic implications in the reaction;

(b) compare all reviewed processes based on the sustainability of their experimental
conditions and carbonate yields, including calculated E-factors;

(c) assess the potential for industrial scale production of glycerol in continuous flow
conditions.

The second subsection of Chapter 4 outlines an integrated computational and experimental
approach aiming at intensifying the synthesis of glycerol carbonate via gas-liquid reactions
in flow systems. The main goals of this study are to:

(a) evaluate the catalytic performances of an array of nitrogen-containing
organocatalysts and rationalize the catalytic mechanism.

(b) intensify the microfluidic process and scale it up to laboratory-scale reactor,
establishing a highly efficient and productive methodology for glycerol carbonate
synthesis;

(c) identification of the key physicochemical parameters that limit overall reaction
performance.
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Figure 1.3 Overview of this PhD work.
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2 PERSPECTIVES FOR THE UPGRADING OF BIO-
BASED VICINAL DIOLS WITHIN THE
DEVELOPING EUROPEAN BIOECONOMY

2.1 PREFACE

This Chapter explores the chemistry of vicinal diols and presents new alternative processes
and technologies aiming at upgrading of bio-based polyols. Despite the growing momentum
driven by Bioeconomy policies, bio-based processes remain far from taking over the
petrochemical industry. To address this gap, five key reactions have been identified: (a)
deoxydehydration, (b) Williamson’s or dehydrative epoxidation, (©)
chlorination/dechlorination, (d) carbonation and (e) ketalization, for their high potential in
the valorization of bio-derived molecules.

This Chapter highlights the major advancements made in the five key reactions applied to
C»-Cs and cyclic polyol substrates. The content is based on a comprehensive review
published in ChemSusChem: C. Muzyka, J.-C. M. Monbaliu, ChemSusChem. 2022, 15,
€202102391. The Chapter provides a thorough examination of synthetic methodologies,
catalytic systems and technology strategies developed to overcome the physicochemical
challenges associated with polyol reaction. Critical problematics such as poor selectivity
control, high polarity of substrates, and solid-state nature of polyols beyond Cjs > are
thoroughly discussed. Furthermore, the chapter presents a range of value-added compounds
accessible through bio-based synthetic routes, offering a comparative perspective on their
petrochemical production versus current or potential bio-based alternatives. The last section
discloses an environmental and waste assessment of representative procedures, emphasizing
reagents and experimental conditions detrimental to the overall process efficiency while
contributing to increase environmental burdens.

This work outlines the low yields observed in many synthetic procedures and the limited use
of polyols containing multiple vicinal diols. These limitations significantly hinder the broader
adaptation of bio-based alternatives in place of conventional petrochemical processes. This
highlights the urgent need for dedicated tools to support chemists in navigating complex
reaction systems. The development of such tools holds strong potential to enable accurate
mapping of reaction networks, thereby enhancing the efficiency and optimization of bio-
based transformations.
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2.2 ABSTRACT

In the past decade, numerous European programs have been developed to stimulate and
promote research and innovation relying on sustainable and renewable resources. This
Review concerns the most promising process conditions and technologies targeting bio-based
vicinal diols and promoting their transformation into value-added molecules of wide
industrial interest, such as olefins, epoxides, cyclic carbonates, and ketals. The previous
decade has witnessed a drastic increase of European incentives aimed at pushing forward the
transition from an exclusively petro-based economy toward a strong and homogeneous bio-
based economy. [''31 Since 2012, numerous programs have been developed to stimulate and
promote research and innovation relying on sustainable and renewable resources. Terrestrial
biomass is a virtually infinite reservoir of biomacromolecules, the biorefining of which
provides platform molecules of low complexity yet with tremendous industrial potential.
Among such bio-based platform molecules, polyols and, more specifically, molecules
featuring vicinal diols have gained tremendous interest and have stimulated an increasing
research effort from the chemistry and chemical engineering communities. This Review
revolves around the most promising process conditions and technologies reported since 2012
that specifically target bio-based vicinal diols and promote their transformation into value-
added molecules of wide industrial interest, such as olefins, epoxides, cyclic carbonates, and
ketals.

2.3 BIO-BASED POLYOLS

Terrestrial biomass represents a virtually infinite reservoir (ca. 1.7 10! tons per year) of
complex biomacromolecules such as vegetable oils, sugar, cellulose or starch. The specific
and selective transformation of such biomass through biorefineries leads to a range of less
complex, low molecular weight yet versatile molecules with a high oxygen/carbon ratio.!']
The most abundant and versatile are nicknamed bio-based platforms and were defined by the
US department of Energy (US DoE) as “molecules with multiple functional groups that
possess the potential to be transformed into new families of useful molecules”; the usefulness
of which is to be understood from an industrial perspective. The US DoE published an initial
collection of 10 bio-based platforms of wide industrial interest.['”! With the development of
new technologies and transformations, the initial list was later revised in 2010 for
encompassing 13 “top chemical opportunities” compounds derived from biomass. This list
comprises various carboxylic acids (3-hydroxypropionic acid, aspartic acid, succinic acid,
fumaric acid, malic acid, glutamic acid, levulinic acid, itaconic acid and glucaric acid), 3-
hydroxybutyrolactone, 2,5-furandicarboxylic acid, and polyols (glycerol, xylitol, arabinitol
and sorbitol (Figure 2.1).[18
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Figure 2.1 Selection of bio-based platform molecules established by the US Department of Energy (US DoE) in
2004 and emphasis on the vicinal diol backbone of bio-based polyols.!®!

Among them, bio-based polyols are among the most represented accessible class of bio-based
platforms, with as common feature a specific repetition of a vicinal diol pattern (i.e., two
hydroxy functions born by neighboring sp* carbon atoms). Aside from polyols produced from
yeast fermentation or derived from the biofuel industry, this peculiar architecture is derived
from plant metabolism targeting carbohydrate synthesis. More specifically, the vicinal diol
pattern arises from Calvin’s cycle, which is responsible for the fixation of carbon dioxide and
its conversion to a 3-carbon sugar precursor called glyceraldehyde 3-phosphate (a.k.a. triose
phosphate).l'”) In the next metabolic step, an enzymatic cascade leads to the formation of
glucose, as well as other sugars such as xylose or arabinose, which are the main reservoir of
building blocks toward cellulose, starch, and hemicellulose, to name a few (Scheme 2.1).1']
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Scheme 2.1 Metabolism of CO, toward biosynthesis of sugars used to produce the targeted polyols ethylene
glycol, glycerol, erythritol/threitol, xylitol, and sorbitol.

Based on their inherent structural features, vicinal diols bear a significant synthetic utility.
Figure 2.2 depicts transformations of interest where vicinal diols are required either for the
formation of either a key intermediate or an added-value product.l?*-?*! Indeed, the presence
of two discriminable neighboring hydroxy groups opens up a large array of reactions that
rely on either their inherent nucleophilicity or on the selective electrophilic activation of one
of them. The outcome of such reactions is, however, quite dependent on their relative
configuration. The relative configuration (cis or trans) often emerges as a determining
parameter for internal vicinal diols (Figure 2.2a) where no conformational flexibility is
allowed. Needless to say, the presence of multiple vicinal pairs in higher bio-based polyols
exponentially increases the likelihood of competitive reactions and the formation of a wide
range of products from the same starting material. This increasing complexity is illustrated
in Figure 2.2b and emphasizes the paramount importance of reaction engineering and a
thorough understanding of reaction mechanisms and selectivity for maintaining
chemoselectivity,?>?% which can obviously become deleterious to cost-efficiency and atom
economy.
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Figure 2.2 (a) Vicinal diols conversion based on their inherent reactivity (nucleophilicity or electrophilicity). (b)
Correlation between multiplication of vicinal diols functions and increased complexity of reactional outcome.

Although glycerol (GL), xylitol (XY) and sorbitol (SO) are the only representative bio-based
vicinal polyols from the updated DoE list, additional bio-based polyols of potential industrial
interest are considered in this Review. Ethylene glycol (EG) and erythritol (ERY) are
considered as well for providing a thorough overview of reactions and process technologies
applied to C,<C<C;s diols (Figure 2.3), hence potentially covering a large array of drop-in,
smart-drop in and dedicated bio-based industrial building blocks. While the production of
EG is already well established at commercial scale,?” the production of ERY is still at its
early commercialization stage.”’”! Generally, this class of chemicals displays severe
differences of prices and market volumes leading to much faster progresses for widely
available and cheap polyols such as EG or GL (<1200 USS$ per ton) in contrast to ERY and
XY (= 3900 USS per ton).2282% The high costs associated with ERY and XY are also rooted
in their main application in the food industry as sweeteners.*" Indeed, the use of polyols as
food additive is not recent, primary finding applications in alimentary formulations suitable
for diabetes diets, these chemicals were progressively used for conventional industrial food
such as candies or the manufacturing of baked goods.*!) Moreover, owing to population
increase, demand for animal source food and thus animal feed is nowadays also raising.
Therefore, competition for resources access seems inevitable and emerges as a major hurdle
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for other industrial applications,’*?! though the development of new and cost-effective
technologies for their production should counterbalance a struggle for supply.
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Figure 2.3 Presentation of bio-based C,-Cs polyols selected in this work as well as their prices per ton (light
grey) and estimated global market volumes (green).

Ethylene glycol (ethane-1,2-diol, EG) is a very important industrial C, building block that
expresses the simplest scenario for a vicinal diol in terms of chemistry. With a market volume
of 34.8 Mt per year,? it is typically petro-based through partial catalytic oxidation of
ethylene oxide either via direct hydration in presence of an excess of water which leads to
high energy demanding purification or via a selective hydrolysis of ethylene carbonate.[3]
The only industrial bio-based alternative is based on a multistep process starting from bio-
ethanol. Among the main players, the bio-based EG process was commercialized in 2008 by
India Glycol Ltd with an annual production of 175 000 t (for the production of polyethylene
terephthalate) or by Greencol Taiwan Corporation (100 000 Mt y!).26:3435 The production
of EG concerns 2 main huge established markets: 50% of its production is entirely dedicated
to the preparation of antifreeze formulations and about 40% serves in the manufacturing of
polyesters.[3¢]

Glycerol (propane-1,2,3-triol, GL) has a much larger market volume. GL is typically
obtained from the biofuel and oleaginous sectors and is co-generated as a 10 wt% by-product
from the transesterification and/or saponification of triglycerides. The worldwide production
of GL was estimated around 8 million tons in 2020 with more than half (62%) of its
production volume arising from the biodiesel industry.l'” With a foreseen growth of the
biodiesel production (168 billion liters in 2022), the overall volume of GL is predicted to
proportionally increase.l*” The main biodiesel producers are NESTE with 2.7 million t per
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year (EU and Singapore), Diamond Green Diesel (USA) with 0.8 million t and Total with
0.5 million t per year (EU). US production is by far the largest, with a production capacity
estimated at 11.3 billion liters.[?’l Moreover, in reaction to Renewable Energy Directive 11
and its aim to transition toward second-generation biofuels (i.e., biofuels from waste
products), new generations of plants are designed to enable their processing. For instance,
Cargill invested € 150 million in Ghent (Belgium) to build a second-generation biodiesel
plant with a production capacity of 150 000 tons, entirely based on the exploitation of
slaughter wastes, frying fat or sewage sludge.*¥] This latter comes in support to their already
existing plant in Ghent (2015, ca. 367 Mt y'), which possesses a complete end to end chain
of biodiesel production.*” Given these facts, it is clear that the production of GL has a bright
medium-term forecast, despite the threat of new generation biofuels called “hydrotreated
vegetable oil (HVO)” that does not coproduce glycerol.*) Aside from HVO, the main
drawback to its worldwide and extensive use relates to its inherent production as a by-product
alongside impurities such as methanol, inorganic salts, water, mono-and diglycerides as well
as fatty acid residues (around 50 wt% w/v) that render the direct use of crude glycerol
cumbersome.!'%*1 In addition, impurity content strongly depends on the type of feedstock
and the biodiesel synthesis process involved.*? Crude GL is worth ca 385-500 US$ per
ton,?®*! which is quite affordable given the potential of GL as a starting material, yet its use
in industrial processes requires extensive and costly purifications that reflect on the final cost
(refined GL 660-1000 US$ t1).263743441 The purification of crude GL typically requires
several steps, among which the most straightforward ones are: (a) the neutralization of crude
GL to remove free fatty acids, (b) distillation of methanol and partial water content. At this
stage, the purity reaches an average 85% of glycerol (mass yield). The third and most cost
and resource intensive purification stage, aiming to reach > 95% w/w in purity, is usually
performed by vacuum distillation. Careful execution is required to avoid glycerol
polymerization or its dehydration under residual acidic conditions. Though, this final vacuum
distillation consumes a huge amount of energy, which in the end represents around 50% of
global operating costs. Alternative or additional steps including ion exchange purification or
adsorption with activated carbon also often considered.*! Despite the hurdles associated with
its purification, the outstanding diversity of compounds accessible from GL has led to
numerous applications toward high added-value chemicals.[?%?>%] As a striking example,
65% of its production is currently dedicated to its direct use in food, pharmaceuticals and
personal care sectors.[!”]

In contrast to GL, the annual production of meso-erythritol [(2R,3S)-butane-1,2,3,4-tetrol,
ERY] only reaches 60 000 t per year through fermentative pathway of starch or glucose by
yeasts and bacteria, as an osmoprotectant.*” In 2016, the market value was around 81 million
USS$ and is expected to reach 150 million US$ in 2024. USA is a major supplier of ERY,
accounting for more than 75% of the production, predominantly ensured by Cargill.[*®! China
accounts for a small contribution (ca. 10%) with major players including Zibo ZhongShi
GeRui Biotech, Zhucheng Dongxiao Biotechnology. The main supplier in EU is
Jungbunzlauer (France).[*! Large scale production of ERY is mostly prevented by a
technology barrier; however, research toward new cheap and readily available resource
pointed out in the direction of glycerol, from which advanced investigations of fermentative
processes are ongoing.[?’! Beside the uses of ERY in the food industry as flavor enhancer,
humectant, stabilizer, thickener and in the pharmaceutical sector as antioxidant,3%3) ERY
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bears an invaluable potential as a C4 platform toward fundamental building blocks otherwise
petro-based (e.g. butadiene, vinyl ethylene oxide, vinyl ethylene carbonate, to name a few).
D-threitol, a diastereoisomer of ERY, is also a valuable compound with a broad range of
applications in the pharmaceutical industry for anti-cancer drugs.’! This polyol is
synthesized through the fermentation of ERY and its lower availability is directly correlated
to the scarcity of yeasts able to synthesize it.>!]

Five and six carbon polyols, namely xylitol [(2R,3R,4S)-pentane-1,2,3,4,5-pentol, XY] and
sorbitol [(2S,3R,4R,5R)-hexane-1,2,3,4,5,6-hexol, SO] are derived from naturally occurring
Cs and Cg sugars. Classical processes to produce XY and SO consist in the hydrogenation of
their respective Cs and Cs parent sugars, namely, xylose and glucose. These bio-based polyols
display similar annual market volume with 200 000 and 164 000 t, which is quite surprising
given that the cost for SO (650 US$ t!) is much lower compared to xylitol (3900 US$ t1).[26]
The production of SO is mainly covered by Roquette Freres (France), as well as Cargill
(USA), Ingredion Incorporated (USA) and STBC (Indonesia), accounting for 70% of the
global market. Regarding XY, Roquette Freres and DuPont are the market leaders. Both Cs
and Cs polyols have applications deeply rooted in the food industry as additives as well as
excipient in pharmaceutical and personal care sectors. In addition, 15% manufacturing of SO
is consumed for the production of vitamin C.[*’) Again, as Cs and C bio-based platforms, XY
and SO also bear a huge potential for the preparation of valuable Cs and Cg olefins and other
industrial intermediates. The development of cost-effective and innovative processes is key
for unlocking the competition with the food industry.

2.4 STAPLE REACTIONS TOWARD THE UPGRADING OF BIO-BASED
VICINAL POLYOLS

The next section revolves around the 5 reactions that exploit the inherent specific reactivity
of bio-based vicinal polyols and that are identified as bearing the highest potential for their
upgrading toward industrially relevant building blocks. Each following subsection is
dedicated to one of these 5 staple reactions and starts with a short introduction on the overall
reactivity aspects, the targets that are reachable accordingly (with a comparison with current
petrochemical production processes) and the associated markets. Then, the latest and most
significant advances for the development of new bio-based roads, chemical processes and
technologies are discussed. The discussion also emphasizes the intrinsic limitations related
to the use of bio-based polyols and in particular the inherent difficulty related to the presence
of multiple vicinal diol pairs in higher bio-based polyols such as meso-erythritol, xylitol and
sorbitol with competitive reactions and complex reaction mixtures. Regarding catalytic
processes, the priority is given to widely available catalysts.
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2.4.1 OLEFINS FROM BIO-BASED VICINAL DIOLS: THE
DEOXYDEHYDRATION (DODH) REACTION

2.4.1.1 OLEFINS AS PRIVILEGED TARGETS

Olefins are the archetype of petro-based platforms with applications deeply rooted in most
of current industrial processes. The deoxydehydration (DODH) reaction enables the
conversion of vicinal diols into olefins. With the wide diversity of bio-based vicinal polyols,
the development of DODH protocols can therefore contribute to feeding industry with a large
array of fundamental or functionalized olefin building blocks (Scheme 2.2). Among the
olefins reachable through a DODH reaction, ethylene (1) and buta-1,3-diene (2) can
theoretically be produced from EG and ERY, respectively. Ethylene (1) is the most important
olefin produced around the globe with 140 Mt per year (market size of 127 billion US$ in
2017 with a cost of 1.2-1.3 US$ per kg) through steam cracking of naphtha and is considered
as one of the most polluting petrochemical process regarding greenhouse gas emissions.?
More than half its production is dedicated to the manufacturing of the most widely used
plastic, namely, polyethylene, and it also contributes to the manufacturing of polystyrene and
polyvinyl chloride.®® Only 0.3% of its global capacity is provided by the fermentation of
bioethanol.’¥ Since the latter primarily serves as biofuel, such production scheme for
ethylene (1) could potentially lead to a competitive struggle for the same feedstock. Hence,
a complementary DODH production scheme feeding on EG is certainly of interest, although
no development has been undertaken in that direction. Another key C3 olefin compound is
prop-2-en-1-ol (allyl alcohol, 3), which is involved in numerous organic syntheses such as
preparation of polymer crosslinking agents, resin, coatings and serves as feedstock for
various value-added chemical intermediates for the manufacturing of high value added 2,3-
epoxy-1-propanol (glycidol, 4), 1-chloro-2,3-epoxypropane (epichlorohydrin, 5), butane-1,4-
diol (6), prop-2-enal (7) and prop-2-enoic acid (acrylic acid, 8) to name a few.[>>59 Allyl
alcohol 3 can be obtained through the DODH of GL and the primary and patent literature
have witnessed an increase in related process technologies. Currently, the global production
of olefin 3 mostly relies on fossil resources with an estimated market size of 0.1 Mt y™!' and
prices ranging from 2.2-3.2 US$ per kg.[¥>1 Conventional petro-based processes rely on (a)
the hydrolysis of 3-chloroprop-1-ene (allyl chloride, 9) with a base or (b) the oxidation of
propene (10) in the presence of acetic acid (11) and catalyzed by palladium under O,
followed by hydrolysis toward allyl alcohol 3. There are alternative processes: (a) the
oxidation of propene (10) into acrolein 7, which next undergoes reduction toward allyl
alcohol 3 in the presence of propanol ("PrOH) and a catalyst such as aluminum isopropylate
or (b) Lyondell’s process, which relies on the isomerization of 1,2-epoxypropane (12) over
basic Li;PQ4.[6061]
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Scheme 2.2 Overview of bio-based polyols and respective olefin derivatives accessible by DODH as well as
further perspectives

Allyl alcohol 3 can be converted in two major building blocks through oxidation: acrolein 7
and acrylic acid 8. Aldehyde 7 has multiple applications that concern various fields such as
the pharmaceutical sector with antibiotics and antimicrobials, the manufacturing of essential
amino acid methionine as a nutritional feed additive for animals and the fragrance industry.
It is also a common precursor for the preparation of acrylic acid 8.2 Acrylaldehyde 7 cost
on the market revolves around 2.7 US$ per kg and its production volume is about 0.23 Mt y-
1162631 Acrolein 7 is a highly toxic and hazardous chemical that is typically produced from
petro-based resources. The most common production route is propene-dependent and
involves a vapor-phase oxidation at 250-400 °C with oxygen in the presence of a
molybdenum-bismuth-iron oxide catalyst.[1 Alternative routes do exist, including the
hydration of allyl chloride 9 or the isomerization of propylene oxide 12.125] Acrylic acid 8 is
an important building block for the polymer sector with applications including plastics,
paints, coating, adhesives or superabsorbents.[® Its global production reaches 5 Mt y*! with
an estimated market price of 1.63 US$ per kg.'®l The most common commercial scale
process consists in the direct O,-oxidation of propene (10) at high temperature in the presence
of a molybdenum-based catalyst. A more sustainable road exists and relies on a sequence of
glycerol dehydration and subsequent oxidation,®” even though neither acrolein 7 nor acrylic
acid 8 are currently prepared at commercial scale accordingly.[*]
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1,3-Butadiene (2) is a Cs4 petro-based platform of utmost importance and is potentially
synthesizable through a double DODH of ERY. It stands as the most important industrial
diene with applications concerning a huge diversity of synthetic rubbers, polymer resins or
elastomers.[%1 In 2018, its global annual production reached 18 Mt with an expected growth
to 20 Mt in 2020. The costs associated with butadiene suffer from a large volatility, directly
correlated to the oil market. Average prices fluctuate between 1-2 USS$ per kg. 95% of its
production comes from oil refining and the isolation of Cs hydrocarbon fractions.
Furthermore, an expensive and cumbersome purification is required through extractive
distillation to obtain the highest grade possible, which is an essential requirement for
polymerization purposes.[® 2 5-Dihydrofuran (13) can also be accessed through a modified
DODH of ERY or its dehydrated intermediate, namely, (3R,4S)-tetrahydro-3,4-furandiol
(14). Compound 13 is a heterocyclic compound with promising future as a potential platform
in the manufacturing of 1,4-epoxybutane (15), 2,3-dihydrofuran (16), 1,4-butanediol (6) or
other fine chemicals including oxolane-3-carbaldehyde or cyclopropane derivatives.[®”-%%]
Regarding its preparation, current industrial research focus on the ring expansion of vinyl
oxiranes,[®! while alternative road relies on ring closure metathesis.[”"’

1,3,5-Hexatriene (15), a Cs conjugated molecule, can potentially be accessed from SO
through a triple DODH. Since SO is much cheaper than ERY, it is expected that 15 will have
a bright forecast as a dedicated bio-based building block, potentially lead to higher added-
value products than butadiene 2.7

Despite falling beyond the scope of substrates, other polyols are also of prime interest to yield
cyclic compounds comprising olefin motifs. For instance, benzene can be accessible through
a triple DODH of inositols, a family of natural occurring carbohydrates. Similarly, phenols
are also reachable via a double DODH and consecutive dehydration.[”>74 As a reminder,
phenols are predominantly involved in the polymer industry, with the manufacturing of
phenolic resins and bisphenol A.I"! Benzoic acid 16 is also reachable, via renewable quinic
acid (17) or shikimic acid (18), therefore, offering an alternative to the current industrial
process relying on toluene oxidation. Acid 16 finds many applications such as the
manufacturing of terephthalic acid, e-caprolactam, dyes or food preservatives. In addition, its
oxidative decarboxylation leads to phenol production, currently mostly generated from
benzene.!”]

2.4.1.2 THE DODH PROCESS ON VICINAL DIOLS

The deoxydehydration (DODH) reaction is a classical procedure for the conversion of vicinal
diols into olefins, typically operated in the presence of rhenium-based catalysts and in
presence of a sacrificial reductant (Figure 2.4). Owing to the very low earth abundance of Re
(estimated to 10~ ppm) and the risk of rapid depletion, as well as its unknown long-term
toxicity, reaction privileging alternative transition metals with a larger abundancy such as
molybdenum and vanadium (1 ppm and 10? ppm earth crust abundance, respectively) are
emerging as well.[7f]
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Figure 2.4 Overview of the DODH reaction for the upgrading of bio-based vicinal polyols toward olefins.!'!

Alternative, metal-free innovative DODH protocols relying on acidic catalysts receive an
increasing attention from the scientific community.?*>7 Figure 2.5 illustrates the
breakdown of DODH protocols according to the catalytic system used.[') The direct
application of DODH protocols on bio-based polyols is very challenging not only because of
their inherent high hydrophilicity and their physical state (C», C3: viscous liquids; Cs 4: solids)
and the great variability of their composition/purity, but also as consequence of the usual
high process temperatures to trigger the DODH process. Moreover, the inherent complexity
related to bio-based polyols featuring several pairs of vicinal diols that can potentially lead
to several DODH isomeric olefins or competitive products (mono vs poly-DODH extrusion)
needs to be carefully addressed for controlling the regioselectivity, otherwise leading to
highly unselective product distribution.!'! Developing efficient and selective processes for
the upgrading of bio-based vicinal polyols that rely on scalable, low-footprint process
conditions as well as environmentally benign chemicals is therefore a timely and significant
goal. In the following sections, the most relevant and recent DODH protocols relying on
either abundant metals or low footprint process discussions will be addressed.

/

Figure 2.5 Popularity of catalytic systems (metal-based or metal-free) from the primary literature for the DODH
on bio-based vicinal polyols (data from [')).

For developing efficient DODH processes compatible with a potential industrial scale, it is
mandatory to rely on readily available and inexpensive metal-based catalysts such as oxo-
molybdenum and oxo-vanadium compounds.[””! In addition, efficient recyclability and low
long-term toxicity are key requirements for current and future catalyst candidates. While
molybdenum fulfils the health imperative,[®! vanadium exposure to high concentration level
and repeated times is recognized for its toxicity toward humans.[” Nevertheless, the use of
V over Mo has several advantages: (a) V is more abundant and (b) V has less volatile market
values.[® Conventional metal-based DODH processes are also limited by the use of toxic
petro-based solvents and sacrificial additives, which prevents a large-scale development.
More sustainable solutions have already emerged that rely on the use of bio-based polyols
both as substrates and sacrificial reductants, however, this drastically reduces the yield
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toward the corresponding olefins and co-generates a significant amount of waste products.[”!
In this section, we have collected some representative examples of metal-based DODH
protocols on C><C<Cjs bio-based platforms relying on non-toxic and abundant metals, as well
on metal-free alternatives. The next section also gathers some examples of metallic
hydrogenolysis protocols in gaseous phase applied to GL. Yet not strictly related to the
DODH reaction in terms of mechanism, the distribution of products is comparable and
typically leads to olefins as major product, hence justifying their presence at the end of this
section.

2.4.1.2.1 METAL-BASED DODH PROTOCOLS

Molybdenum. In 2014, Fristrup and co-workers developed several Mo-based DODH
protocols on several vicinal bio-based diols. A preliminary screening of potential Mo
candidate catalysts gave similar yields ranging from 37 to 43% for the DODH of decane-1,2-
diol (used both as substrate and sacrificial reductant) toward 1-tetradecene in dodecane.
Interestingly, cheap and widely available ammonium heptamolybdate [(NH4)sM070:4,
(AHM)] gave satisfactory results with 43% yield and was therefore selected for further
reactions. The authors also attempted a tentative DODH of GL under continuous distillation
for the preparation of allyl alcohol 3 (Scheme 2.3). GL was used both as substrate and
sacrificial reductant, under neat conditions and in the absence of any other additive.
Noteworthy, the theoretical yield toward allyl alcohol 3 is limited to 50% because of the
ambivalent role of the substrate. Large amounts of side products were observed with the
formation of (a) acrolein 7 derived from the competitive dehydration of GL; (b)
formaldehyde 19 from the deformylation of GL and (c) various acetals from the condensation
of 19 with GL. The competitive conversion of the substrate in several acetal intermediates
accounted for the modest yield of 9% toward 3. The authors attempted a modification of the
protocol to limit the competitive formation of acetal: 3% NaOH was added to the reaction
medium, yet it did not improve the yield toward 3. Instead, glycidol 4 was formed in 29%
yield in the presence of NaOH, hence highlighting a potential strong competition between
glycerol DODH (toward allyl alcohol 3) and dehydration (toward glycidol 4). Another
alternative relied on a significant dilution of the reaction medium with a high boiling solvent,
although this irremediably impacted the overall footprint of the process. The poor solubility
of GL in most organic solvent was quite restrictive, and hydrophilic 1,5-pentanediol was
eventually selected. The DODH under these conditions led to a significant enhancement of
the selectivity and yield toward 3 with 40% yield, despite a low conversion. [

0
/\/OH HJLH
\)O\H/ 2.5 mol% (NH4)sMo7024.4H20 400/3yie| g 19
HO. OH > o
1 5-pontanediol NP0 oA
GL P 7

Scheme 2.3 The DODH of glycerol catalyzed by ammonium heptamolybdate (AHM) using 1,5-pentanediol
without external reductant under reactive distillation, yielding allyl alcohol 3 in 40%.1%"

One year later, the same group reported an updated DODH protocol based on isopropyl
alcohol (‘PrOH) serving as a green sacrificial reductant and as a solvent in the presence of
ammonium heptamolybdate as a catalyst (Scheme 2.4). The use of 'PrOH as a more
oxidizable sacrificial reductant than the bio-based vicinal polyol substrate helped preventing
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the competitive oxidation of GL, hence, enhancing the overall yield toward the
corresponding DODH product. In contrast to previous studies, the addition of BusNOH as a
base had a positive impact on the production of the olefin product with an increase from 46%
to 77% for the DODH of hexan-1,2-diol (toward 1-hexene). The optimized conditions were
next applied to GL; the conversion was complete, but only a very modest yield toward allyl
alcohol 3 (4%) was achieved, along with 19% of propene (10) and traces of 1,5-hexadiene.
The latter was formed most likely through a reductive homocoupling of olefin 3 under the
process conditions (18 h, 250 °C, 5 mol% cat. and 15 mol% of base). Next, the DODH
reaction was transposed to a more complex polyol, namely, ERY, giving 39% of 2,5-
dihydrofuran (13), whereas in this case, the addition of BusNOH was detrimental to the
formation of 13 (27% yield) arguably because of a preliminary partial substrate dehydration
toward anhydroerythritol 14. Surprisingly, DODH of 14 in presence of 15 mol% BusNOH

yielded 79% of 13.17%
" o
5mol% (NH)gMosOp aH,0  \__]
OH
HO/Y\/ >
OH 250°C, 18 h 390/13. d
iPrOH o vie
ERY

e}

Scheme 2.4 DODH protocol based on meso-erythritol and AHM using a large excess of isopropyl alcohol as
solvent and internal reductant.[’?)

De Vos and Stalpeart studied the effect on several B-diketones ligands on Mo-based DODH
(Scheme 2.5).®1 From a preliminary screening of conditions and potential catalysts, species
with high electron-donating strength and large steric effect were identified as the most
efficient ligands for MoO»acac; as a catalyst (acac=acetylacetonate). Using 1,2-hexanediol
as model DODH substrate, up to 36% yield in alkene was reached using ligand 2,2,6,6-
tetramethyl-3,5-heptanedione (20). A similar experiment in the absence of TMHD 20 led to
a lower catalyst activity, as well as the precipitation of oligomeric Mo species. The authors
claimed that the formation of polymeric molybdate species was related to the absence of the
bulky diketonate ligands. Implementing 4 equivalents of TMHD (2h, 200 °C), the yield
jumped up to 93% yield toward 1-hexene with a TOF=4.7 h'!. A large TMDH content was
required to prevent the coordination of Mo with a diol scaffold, owing to the high affinity of
Mo for the substrate, as well as to counterbalance the bidentate coordination of diolate
compared to monodentate THMD. Under the same conditions, using widely available
ammonium heptamolybdate as the Mo precursor in presence of THMD greatly improved the
yield toward 1-hexene, from 12 to 80%. After optimization, the conditions were assessed on
various diol substrates, among which bio-based ERY offered 3 and 15% yield toward buta-
1,3-diene (2) and 2,5—dihydr(§)furan (13), respectively.
H

H OH 0.1 mol% MoO,acac

HO T 1.5 equiv. PPhy o
4 equiv. TMHDH { 7 =
ERY [ = W
o 0 200 ) C,2h 13 2
>‘)]\/U\K Mesitylene 15% vyield 3% yield
N, atmosphere
20

Scheme 2.5 Mo-derived catalytic system involving B-diketones ligands aiming at DODH of ERY with
triphenylphosphine as a reductant.®!!
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In 2017, Palkovits and co-workers proposed a TiO, supported Mo-based catalyst for the
DODH of bio-based anhydroerythritol 14 with 3-octanol as the sacrificial reductant (Scheme
2.6).821 Early work dealt with the screening of available molybdenum salts and emphasized
the higher activity of (NH4)sM07024.4H,0 with 38% of 2,5-dihydrofuran (13). The formation
of acetals from condensation between the substrate and 3-octanone, as well as the formation
of octane from the dehydration of 3-octanol were also observed. Next, two different
preparations for the Mo precursor were considered: (a) (NH4)sM07024.4H>0O impregnated on
a TiO; support and (b) another precursor where an additional reduction was added to (a) to
obtain MoOx/TiO; species, corresponding to the lower oxidation state of Mo. Both supported
catalysts provided superior conversion and yield toward 2,5-dihydrofuran (13) of 48 and 55%,
respectively, whereas the reduced catalyst substantially promoted the formation of 1-octene
(48% yield), which was attributed to its more acidic nature. A third modality was assessed:
it consisted in the simultaneous in situ preparation of catalyst [(NH4)sM07024.4H>O+TiO>]
upon reaction. Such modification led to the best selectivity with 76% yield toward 13.
Recyclability of catalysts showed a gradual decrease of activity with increasing reaction
cycles, whereas MoOx/Ti0; displayed a higher stability. In contrast, a progressive drop in
the yield of octene was observed due to deactivation of acidic sites, giving similar
productivities comparable to the trials with a catalyst generated in situ after 5 cycles.

0. in situ (NH4)eMo07024.4H,0/TiO, 0.
10 equiv. 3-octanol
> \— + Acetals
HO 14 OH 200 °C, 18 h 13 10% yield
76% yield

Scheme 2.6 DODH on anhydroerythritol 14 in presence of reducing agent 3-octanol and an in situ prepared
catalyst (AHM supported on TiO,).[8

Okuda and co-workers reported a DODH protocol tailored for 1,4-anhydroerythritol 14 and
catalyzed by molybdenum bisphenolate complexes.®¥ The reaction time could be drastically
reduced to 1 h under microwave irradiations, achieving 49% yield of 2,5-dihydrofuran (13)
with the most efficient catalyst (5 mol%, Scheme 2.7), at 200 °C with 10 equivalents of 3-
octanol.

Bu Bu

0.

(o]
Q
S~ \’/O 10 equiv. 3-octanol
S Z + (HZC)3<S/7'\//|°.~O — e
(o)

HO OH 200°C,1h 13
49% yield
Bu Bu

5 mol%

Scheme 2.7 DODH on anhydroerythritol catalyzed by a Mo-based complex featuring a (OSSO)-type
bis(phenolate) ligand. 1*%!

Vanadium. Another widely available transition metal was explored by Fristrup in 2018,
namely, Vanadium.® The authors developed alternative DODH protocols with vanadium-
based catalysts such as NH4VO3, NaVOs, V204, V205 and V(acac)s, VO(acac), with the
emphasis on the upgrading of neat GL (Scheme 2.8). Among the selection of V catalysts,

38



ammonium metavanadate (NH4VO3) exhibited the highest efficiency and gave 22% yield
toward allyl alcohol 3 along with 4% of acrolein 7 and only traces of propanal 31. The process
conditions involved a continuous reactive distillation setup operated at 275 °C for 5 h.
Increasing the catalyst loading did not increase the yield toward 3, whereas a lower catalytic
amount was detrimental to the yield. The authors also performed a mechanistic study to
identify the competitive routes leading to diverse products that relied on deuterium-labelled
GL. The results suggested that propanal 21 and acrolein 7 were independently formed from
3. The authors argued that aldehyde 21 would arise from a preliminary dehydration of GL
into acetol 22, subsequently followed with its reduction in 1,2-propanediol (23) and
eventually leading to propan-1-ol (24). Acrolein 7 would arise from two consecutive
dehydrations on GL.

fo)
OH 2.5 mol% NH,VO;, AN ASP ASO
HO\)\/OH —> 3 7 31
G 275°C,5h 22% yield 4% yield Traces
L

Scheme 2.8 DODH of neat glycerol with ammonium metavanadate.

Niobium. Oliveira and co-workers investigated the DODH reaction with an innovative
niobium catalyst and its activity in combination with silicate and silicate doped with
vanadium, in the presence of a rather unusual oxidizing agent H>O,. Nb-Si-V showed the
highest efficiency on crude GL followed by Nb-Si and Nb, with 95, 90 and 45% conversion,
respectively (Scheme 2.9).18 The product distribution included acetone (25), acetol 22 and
allyl alcohol 3. Depending on the quality of the starting GL, a significant impact on the
selectivity of the reaction was noted. For instance, olefin 3 from refined GL led to
approximately 14% yield, whereas it only reached a mere 4% yield with crude GL. Besides
allyl alcohol 3, hydroxyacetone 22 and acetone 25 were formed in 6 and 5% yield,
respectively, starting from unrefined GL, whereas purified GL led only to 8 and 9% yield,
respectively.

o}

A~OH )j\/OH

. 3 22

OH Nb-Si-v Refined: 14% yield Refined: 8% yield

o _oH —o0% 5 Crude: 4% o Crude:s

250°C,4h
GL )k
25
Refined: 9% yield
Crude: 5%

Scheme 2.9 Synthesis of allyl alcohol 3 involving either refined or crude glycerol, a niobium catalyst combined
with Si and V and H,O, as unusual reducer.*!

2.4.1.2.2 METAL-FREE DODH PROTOCOLS

By contrast to metal-based DODH reactions, metal-free DODH protocols potentially offer a
great opportunity for developing 100% bio-based protocols with lower environmental
impacts. The most promising metal-free DODH protocols were developed with formic acid
26, which can be manufactured from biomass or CO», and later with combinations of 26 and
triethyl orthoformate 27.18¢
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Formic acid. Although the seminal work by Ellman and co-workers falls just out the
timeframe of this Review, it pioneered an alternative metal-free DODH protocol relying on
formic acid 26 on a range of vicinal diols including bio-based vicinal polyols.[’" Starting
from neat GL and 26 as both reactant and solvent under continuous distillation, the DODH
reaction proceeded very well with 80% yield after purification. The issue of substrate
charring caused by air oxidation was simply alleviated under a continuous stream of nitrogen.
Continuous distillation of the DODH product enabled to work at high temperature without
the decomposition of allyl alcohol 3. Mechanistic insights were collected through the
application of the formic acid-assisted DODH of deuterated GL. The authors suggested that
the reaction proceeded through the formation of 4-(hydroxymethyl)-1,3-dioxolan-2-
yl)oxonium (28), an orthoester intermediate, which next led to a transient cyclic carbocation
species that is subsequently captured with formic acid to form a 2-acyloxy-1,3-dioxolane
intermediate 29. In the last stage of the process, intermediate 29 undergoes a thermal
extrusion of CO, (Scheme 2.10) to give allyl alcohol 3, with a small amount of the
corresponding formate 30. They also highlighted the fact that this reaction required a vicinal
diol with a cis relative configuration to operate. The formic acid DODH protocol was then
extended to other bio-based polyols such as meso-ERY for assessing its scope. In presence
of large excess of 26, 2,5-dihydrofuran (13) was produced with 39% isolated yield along with
water and unreacted 26 at 210-220 °C.

o %H H20
OH o o o)
e 28
H
HOAO y -H0
26 Jo'
H'ﬁr H
N - Oﬂgo i o0
3R: =H -co, HOLARS® Ho AP
30R=(COH 26 29

Scheme 2.10 Reaction mechanism of the formic acid-mediated DODH of GL toward allyl alcohol 3.1

In 2015, Zhang and Li prepared acrylic acid 8 according to a two steps process that relied on
a preliminary DODH reaction : (a) the preparation of intermediate allyl alcohol 3 was carried
out through a formic acid-mediated DODH of GL and (b) a subsequent oxidation of 3 toward
acrylic acid 8 (Scheme 2.11).531 The process was operated under continuous distillation
conditions with a constant supply in neat GL and formic acid 26, in a 1:1.8 molar ratio. Over
approximatively 2 h of distillation at 235 °C, 99% yield toward 3 was achieved, along with
the collection of water and unreacted formic acid.

H
HO/KO
e g
1.8 equiv. OH A
Ho A _oH———>Z " —— OH
235°C,2h 3 8
GL 99% yield 80% yield

Scheme 2.11 Formic acid-assisted DODH on GL to allyl alcohol 3 and its subsequent oxidation to form acrylic
acid 8.5
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A few years later, Zhang and co-workers reported the first formic acid-assisted DODH of
XY, yielding (E)-2,4-pentadien-1-yl formate (31), which was then deoxygenated to give 1,3-
pentadiene (32; Scheme 2.12).B7) The process was also implemented through reactive
distillation using a continuous-stirred tank reactor. 1,4-Anhydroxylitol 14 was identified as
the main side product due to the competition between the dehydration of XY and the desired
DODH reaction. To limit the extent of the competitive dehydration, the addition of a solvent
was envisioned to decrease the concentration of XY. The combined effect of dilution with
tetraglyme and co-feeding the reactor with a 12:1 formic acid (26)/XY molar ratio (4.4 mL
min’') gave 63% yield toward (E)-2,4-pentadien-1-yl formate (31) and 8% of by-product (E)-
2,4-pentadien-1-ol (33).

H
HO/I§O
OH 26 _NA~_OH HO  oH
44mimin’ 72 2
HO OH ’
. 8% yield (0)
OH OH 235°C,12h /\/\/0\70 HO 14
Tetraglyme
XY 31
63% yield
NN <J
32

Scheme 2.12 Formic acid mediated deoxydehydration of xylitol gave 8% of (£)-2,4-pentadien-1-ol (33) and of
63% of (E)-2,4-pentadien-1-yl formate (31) used as intermediate toward the synthesis of 1,3-pentadiene (32).87)

In 2017, Monbaliu and co-workers developed a continuous-flow metal-free DODH process
toward allyl alcohol 3 using the synergistic combination of triethyl orthoformate 27 and
formic acid 26. Orthoformate 27 was used in stoichiometric amounts while 26 was used as a
catalyst (Scheme 2.13).124 The continuous-flow protocol, inspired by the so-called Eastwood
Olefination,® took advantage of the installation of a dynamic covalent exchange involving
GL and 27 to form hybrid orthoester species (as a 9:1 mixture of 2-ethoxy-1,3-dioxolan-4-
yl)methanol (34) and 2-ethoxy-1,3-dioxan-5-o0l (35)) with the concomitant release of ethanol,
which significantly reduced the viscosity of the feed solution. The formation of such hybrid
orthoesters was also critical for enabling the DODH reaction under high temperature, hence
providing an original solution for the handling of highly viscous bio-based polyols without
supplemental additives or solvents. The presence of an acid catalyst such as acetic acid 11 or
formic acid 26 drastically improved the production of olefin 3. Decreasing the catalyst
loading below 10 mol% negatively impacted the reaction with lower yields. In-line IR
monitoring conveniently offered the possibility to monitor reaction and process steadiness
over time conversion. The process temperature was a very critical parameter with a profound
impact on the reaction outcome: barely detectable DODH products were detected below 200
°C, whereas a cumulated yield of 86% was obtained at 250 °C with a 6 min residence time
in the flow reactor. The reactor effluent was typically composed of 84: 2 ratio of allyl alcohol
3 and allyl formate (30). Continuous production was maintained during 12 h without
noticeable alterations.
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Scheme 2.13 Continuous flow setup for the triethyl orthoformate-mediated DODH of glycerol yielding 84% of
allyl alcohol 3 and 2% of allyl formate 30.14

In 2018, the same group further extended their DODH protocol under continuous-flow
conditions for the upgrading of ERY.®’! The process conditions were adapted for effecting
either a mono-DODH or a bis-DODH, hence producing with a high selectivity 3-butene-1,2-
diol (36) or butadiene 2, respectively (Scheme 2.14). 3-Butene-1,2-diol (36) was further
upgraded to vinyl ethylene carbonate 37 through an additional carbonation reaction using
dimethyl carbonate 38. Owing to the physical state of ERY, solvents of high polarity were
selected, namely, dimethyl sulfoxide (DMSO) and 1-ethyl-3-methylimidazolium ethyl
sulfate [EMIM][ES]. Depending on several parameters including the equivalents of triethyl
orthoformate 27, the nature of the solvent and the process temperature, the distribution of
products could be tuned to orient the process either to a mono-DODH (toward olefins, among
which 3-butene-1,2-diol (36) emerged as the main product) or to a bis-DODH (toward
butadiene 2). For instance, the DODH under continuous-flow conditions on ERY in DMSO
with 1 equivalent of 27 achieved the best yield toward 3-butene-1,2-diol (36) in the 250-275
°C range within only 1 min of residence time. With 2 equivalents of 27, butadiene 2 was
favored. In contrast, the process conditions using ionic liquid [EMIM][ES] led to a drastically
different profile for the reactor effluent: anhydroerythritol 14 was obtained through
cyclodehydration, which next gave 2,5-dihydrofuran (13) and but-2-enal (39) following up
the DODH extrusion. Upon optimization of the DODH step, the authors then further
upgraded 3-butene-1,2-diol (36) through an additional carbonation step. Neat olefin 36 was
reacted with dimethyl carbonate 38 in the presence of a homogeneous organocatalyst (DBU,
2 mol%); the temperature appeared as a critical leverage, with 70% conversion at 160 °C.
The addition of DMSO as a solvent, to enable the direct concatenation with the preliminary
DODH step enhanced the conversion up to 95% without affecting the selectivity. Under
optimized conditions and full concatenation, the authors also assessed a heterogeneous
version of catalyst that offered 79% conversion and 97% selectivity toward vinyl ethylene
carbonate 37 (WHSV=11.89 h!) with an excess of 38 (3 equiv.). The stability of the process
was maintained over 10 h with conversion ranging from 65 to 73%, before a significant
decrease to 28% after 24 h due to basic site deactivation of the catalyst.
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Scheme 2.14 Continuous-flow DODH of meso-erythritol with triethyl orthoformate catalyzed by formic acid to
generate 3-butene-1,2-diol (36). Subsequent carbonation with dimethyl carbonate produces vinyl ethylene
carbonate 37.1%!

2.4.1.2.3 OTHER PROTOCOLS FOR THE PREPARATION OF OLEFINS FROM BIO-BASED
POLYOLS

Although not related to the DODH reaction in terms of mechanism, various metallic
hydrogenolysis protocols in gaseous phase have been reported on GL that led to similar

distribution of products with typically allyl alcohol 3 as a major component of the reactor
effluent.

Zirconia. Among early reports on the hydrogenolysis of GL toward allyl alcohol 3, Masuda
and co-workers studied the catalytic alkali metal-supported ZrO»-FeOx as a potent catalyst
(Scheme 2.15).°% The catalyst was used as a packing material for a packed-bed reactor for
the conversion of GL in the gas phase. This reaction led to a variety of products in the reactor
effluent: acrolein 7, ethanal 40 as well as hydroxyacetone 22, which then yielded carboxylic
acids (such as propanoic acid 41 and acetic acid 11) and ketones or consecutive
transformation toward allyl alcohol 3 and propene 10 through a hydrogen transfer
mechanism. Various alkali metals (Na, K, Rb, and Cs) supported on ZrO,-FeO, were
investigated, all giving almost complete conversion and a higher selectivity toward 3. The
addition of potassium offered the greatest selectivity toward 3 over 6 h, before a significant
decrease in performance due to catalyst deactivation by cooking. These results were
explained by the large decrease of catalyst acidic site density, hence drastically reducing the
preliminary dehydration of GL. Optimized K content in the range of 3-5 mol% achieved 27%
yield toward allyl alcohol 3 [W/F=1 h; W=amount of catalyst (g), F=flow rate of feedstock
(g h'")] and caused a decrease of the selectivity toward other by-products. Compared to ZrO
-FeOx, a significant reduction was observed both for the yields toward carboxylic acids from
21% to 7% and ketones from 9% to 5%. According to the authors, the hydrogen transfer
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mechanism more likely arose from the decomposition of formic acid 26, initially formed
through the oxidation of acetol 22, the main production arising from the dehydration of GL.

(0]

_A~OH N
3 10 )111\0*'
KiZr0p-FeOx 27% yield ~ 1% yield

solvent: water ~ W/F=1h

GL
30 wt% 7 40 . M
350 °C, 2 h TOS /
N2 = 20 cm3 ~ 9% aldehyde yield =~ 7% carboxylic
0 o acid yield
)j\/OH
22 25

~ 5% ketone yield
Scheme 2.15 Metallic hydrogenolysis of glycerol using a packed bed reactor with K/ZrO,-FeOx catalyst.’")

The same year, Masuda and co-workers also reported a protocol for the hydrogenolysis of
crude GL in the presence of formic acid as a H-donor catalyzed by ZrO,-FeO. Taken alone,
FeOx catalysts offered a higher toward allyl alcohol 3 yield of approximately 18%, whereas
the addition of ZrO, favored the emergence of products derived from the dehydration of GL
(10 wt% glycerol, (W/F=5 h, 2 h). Interestingly, with 7 wt% ZrO,, the reaction reached the
highest conversion, whereas the catalyst with 27 wt% ZrO, gave 24% yield of propene 10.°1

Alumina. Stockenhuber and co-workers described protocols for the preparation of allyl
alcohol 3 from GL based on iron catalyst supported on alumina modified with several alkali
metals (Na, K, Li, Rb and Cs).[°”! Assessment of the catalyst and modes of preparation
indicated that catalytic material treated by washing gave the highest selectivity compared to
impregnation and ion exchange, most likely due to a higher content of the active species Fe
retained on the catalyst. Alkali metal addition enabled to increase the selectivity toward 3
compared to an unmodified catalyst with 4% yield (y-alumina/Fe) and 8 to 12% (y-
alumina/Fe/alkali metal), respectively (90% conversion). Reduced catalyst deactivation was
noticed compared to unmodified catalyst with 10% conversion loss instead of 20% over an
extended time on stream (Scheme 2.16). The catalyst was partially regenerated but a 10%
drop in conversion was observed.

solvent: water y-Al ,03/FeOx/Rb _~OH

3
12% yield

340 °C
GHSV = 1190 h"
N, = 226 mL min™!

Scheme 2.16 The heterogeneous hydrogenolysis of glycerol performed at 340 °C gave 12% of allyl alcohol 3
with a y-A1,03/FeOx/Rb catalyst.

In the continuity of the previous article, Stockenhuber next studied the effect of organic acids,
ammonia and ammonium hydroxide as sacrificial reductants for the conversion of GL over
y-alumina/Fe (Scheme 2.17).° The presence and nature of a reducing agent was found
critical to favor the formation of allyl alcohol 3 with high selectivity. Under continuous
conditions, the absence of an additive led to a low yield of 3, whereas acetol 22 emerged as
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a main product. The addition of oxalic acid in a molar ratio of 0.14 to GL yielded 3 and
aldehyde 32, in 17.5% and 5% yield, respectively. Moreover, using a GL/26 molar ratio of
0.14 neither significantly improved the reaction outcome nor decreased the selectivity toward
22.In contrast, a higher ratio (1.9:1 26/GL) gave up to 19.5% yield (340 °C, 35 wt% glycerol,
GHSV=1190 h!). These results were attributed to the slower decomposition of formic acid
26 compared to oxalic acid, as well as to the fact that 26 had a larger tendency to form side
products. Other cheap and readily available reactants such as ammonia and ammonium
hydroxide displayed similar trend that 26 and oxalic acid with 11.3 and 15.1% yield,
respectively, toward allyl alcohol 3 with molar ratio of 0.14 (NH3) and 0.75 (NH4sOH) to GL.
To further gather insights on the reaction or mechanism, the influence of propanoic acid 41
and acetic acid 11 was also studied, yet no conclusive results were collected.

[0}

solvent: water y-Al 203/(Fe203), ¢ OH 0
GL 35 wi% i PNE )I\OH
26 1.9 equiv. 3 7 1

17.5% yield 2.5% yield 4.9% yield

5 340 °C,3h TOS o o
GHSV = 1190 h™'
N
HJ\OH S o M on \)j\OH
26 40 22 a4

4.7% yield 5.5% yield 7.4% yield

Scheme 2.17 The heterogeneous hydrogenolysis of glycerol in a vertical fixed bed reactor using y-
Al;03/(Fe;03)0.16 and formic acid 26 gave 19.5% of allyl alcohol 3.

Valentini and co-workers reported the conversion of GL by MoAl catalyst with Cu, Ni and
Co transition metals promoters.®!! In contrast to individually assessed alumina, all Mo
modified catalysts exhibited good activity (ca. 75-95%) before dropping below 40% over a
longer time on stream (5 h). This difference of conversion was explained by the lower number
of acid sites of single y-Al,O3; compared to MoAl samples, whereas their fast deactivation
was caused by carbon depositions on these strong acid sites. Interestingly, Cu impregnated
MoAl gave the higher conversion with 97% at 30 min of time on stream (Scheme 2.18).
Given its similar acidic properties with MoAl, its superior efficiency arose from Cu and its
interaction with Mo various species which enabled a higher concentration of actives sites
involved in redox reactions. These results also proved that MoAl interacted differently with
the several promoters. Together with NiMoAl, CuMoAl had the most elevated selectivity
toward allyl alcohol 3 close to 15% and both exhibited lower selectivities toward acrolein 7
and hydroxyacetone 22. Since several mechanisms toward olefin 3 can theoretically coexist,
both 7 and 22 could be involved in the formation of 3. Interestingly, over the first 30 min of
reaction catalyzed by CuMoAl, propanol 24 was detected, the formation of which arises

through the direct hydrogenation of allyl alcohol 3.
NOH AN OH

solvent: water ~ CuMoAl,O3 3 24
15% yield = 10% yield
250 °C 7
H, = 25 mL min™' )j\/OH
22
~20% vyield

Scheme 2.18 Metallic hydrogenolysis of glycerol in a packed bed reactor with a MoAl,Ojs catalyst modified with
Cu at 250 °C.P4
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Zeolites. Similarly to the process reported with y-Alumina/Fe/Rb, Stockenhuber and co-
workers developed a protocol relying on an innovative zeolite (Si/Al=30) supported iron
catalyst modified with rubidium deposits (ZSM-5/Fe/Rb) for the conversion of GL toward
allyl alcohol 3.5 ZSM-5/Fe catalyst with the higher iron loading (13 wt%) offered complete
conversion and a superior selectivity toward 3. Modification with rubidium enabled to
increase from 3% to 12% yield toward olefin 3.

Likozar and co-workers reported another protocol for the preparation of 3 that relied on
bifunctional zeolites supported FeMo and FeMoCs catalysts (Scheme 2.19).°°l A stability
study over extended operation time on stream underlined a quick deactivation for the
bimetallic catalysts. 2.5CszsFe>sMo-ZSM-5(30) and 5Cs,sFe; sMo-ZSM-5(1500) were
associated with a superior activity with a conversion of 98 and 79%, respectively, after 56 h
of operation. A modification with cesium was attempted to decrease the Bronsted acidity of
2.5Csz sFer sMo-ZSM-5(30), although it exhibited a very low selectivity toward olefin 3 due
to its extended Lewis acidity inherent to low SiO,/Al ratio of 30. Thus, this former led to
very high selectivities toward acrolein 7 (ca. 45%) and acetol 22 (ca. 30%), yet the amount
of allyl alcohol 3 remained low (ca. 10%). Therefore, a zeolite of higher basicity
(Si02/A1=1500) was selected and further studied to gather information on the influence of
different cesium loading. With 10 wt%, a selectivity of 52% toward 3 was obtained, although
a fast drop in the conversion of GL occurred within 7 h. The most stable yield was achieved
by 5Cs» sFez sMo-ZSM-5(1500) and gave 45% of allyl alcohol 3, along with around 10% of
aldehyde 7 and around 20% of hydroxyacetone 22 over 26 h over operation.

N OH NSO
solvent: water 5Cs2.5Fe2.5Mo-ZSM-5(1500)

3 7
GL 45% yield =10% yield
10 wt% 0
350 °C, 26 h TOS
GHSV =625 h'' )J\/OH + Others
N = 10 mL min"! 22
~20% vyield

Scheme 2.19 The heterogeneous hydrogenolysis of glycerol in a fixed bed reactor catalyzed by FeMo-ZSM-
5(1500) impregnated with 5 wt% of cesium.*")

Lourenco and co-workers reported a process for the conversion of GL catalyzed by beta
zeolite (BEA) supported V,0s (Si/Al=25, 4% V) modified with cesium, in the absence of
reducing additive.””) Surprisingly, a similar trend of catalyst deactivation was observed over
the first hours of operation for the 3 different samples (individual BEA, V/BEA and
V/BEA/Cs). This phenomenon suggested that the dehydration rate was neither influenced by
acidic site strength nor their surface density. Reaction with BEA catalyst gave a higher
selectivity toward acrolein 7 (ca. 40%)>acetol 22 (ca. 30%)>acetaldehyde 40 (ca. 15%)>
allyl alcohol 3 (only 2%), respectively, which matched with the well-known zeolite acidic
properties, promoting the dehydration of GL. Modification with vanadium slightly increased
the selectivity toward olefin 3 to 7%, whereas the selectivity toward aldehyde 7 increased
even more (up to ca. 60% over 24 h, 320 °C, 30 mL min™' N,). To decrease the formation of
7, an exchange of V/BEA with Cs ions was performed to reduce the acidic site density,
resulting in an increase of the selectivity toward olefin 3 up to 30% while reducing the
selectivity toward acrolein 7 to around 50% over 24 h of time on stream.
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Silica. Jiang and co-workers developed another bimetallic catalyst based on molybdenum
and iron supported on KIT-6 silica.’® Preliminary tests were performed on single Fe, Mo and
combined FeMo catalysts. Aside from the lower conversion obtained with Fe-KIT-6, similar
excellent conversions (99%) of GL were found for the two other samples. MoFe-KIT-6
showed the highest selectivity toward ally alcohol 3 with 19% against 17% for individual
metallic catalyst. Increasing the metallic loading to 0.3 led to a slightly lower conversion
(94%), yet it increased the selectivity to 29% (TOS=2 h, 35 wt% aqueous solution of GL at
340 °C). The highest efficiency of MoFe-0.30/KIT-6 was attributed to its moderate acidic
properties as well as its moderate to low reducing properties, by opposition to Fe-KIT-6.

Jiang and co-workers pursued their work on MoFe-KIT-6 catalysts by impregnation with V,
Ti, and Nb (Scheme 2.20).°) V- and Nb-modified catalysts gave higher conversion with 96%
and 92%, respectively while the vanadium-based sample achieved the best selectivity toward
all products with 34% for allyl alcohol 3 (Nb 18%), 17% for acrolein 7 (Nb 10%) and 14%
for acetaldehyde 40 (Nb 8%; TOS=2 h). MoFe-Ti/KIT-6 gave lower conversion and
selectivities, except for 40 with 20%. In comparison with results of MoFe/KIT-6, only V-
based catalysts had a higher efficiency, highlighting MoFe as the active species. The authors
claimed that such a higher activity was correlated to the interaction between V and MoFe
oxides, the modulation of acidic properties and a well-developed and ordered mesoporous
structure of catalyst. Lower conversion with MoFe-Ti/KIT-6 were linked to its poor specific
surface, suggesting that it favored C-C cleavage of acetol 22 unstable intermediates (toward
propanal 21 and acetone 25) and GL. Whereas MoFe-Nb/KIT-6 gave a lower selectivity
toward allyl alcohol 3, most likely caused by the superior acidity of Nb,Os, hence promoting
products derived from the dehydration of GL. Compared to MoFe/KIT-6, a V modified
catalyst ensured both a better stability and a steady conversion at 85% during 8 h, before
dropping to 70% (20% selectivity) after 24 h. Regeneration of the catalysts proved to be
rather inconclusive due to a gradual decrease of activity with cycles.

(0]
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OH A&
% Z )LH
solvent: water MoFe/V-KIT-6 3 7 40
27% yield  13% yield 11% vyield

0 0

340 °C, TOS =2 h )j\/OH )k AP
WHSV =1.9h™ 22 25 21
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Scheme 2.20 The heterogeneous hydrogenolysis of glycerol in a packed bed reactor using MoFe/KIT-6 modified
with vanadium achieved 29% of allyl alcohol 3.1%"!

ZIF (2-methylimidazole). In 2020, Hou and co-workers reported a continuous process
relying on H; as reducing agent, catalyzed with a CoFe alloy supported on 2-methylimidazole
(CoFe-ZIF; Scheme 2.21).[1%1 The bimetallic catalyst showed a synergistic effect between Fe
(enhancing surface acidity) and Co (offering a higher ability for H, activation and
adsorption), hence promoting the dehydration of GL and its consecutive hydrogenation to
yield allyl alcohol 3. Increasing the process temperature up to 250 °C favored the selectivity
toward 3 at the expense of acetol 22. By contrast, exceeding 250 °C strongly promoted the
formation of side product propanol 24. The selectivity toward olefin 3 was also positively
influenced by the concentration in H, concentration: higher H»/GL ratio leading to superior
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conversion and drastically decreasing the formation of 22 from 54% to 9%. Nevertheless, the
selectivities toward propanol 24 and 1,2-propanediol (33) also increased accordingly. A low
H, pressure up to 20 bar was also beneficial to allyl alcohol 3, whereas higher pressure
promoted its further hydrogenation. Under optimized conditions, the process achieved 62%
yield (conv. 90% sel. 69%) of 3 with TOF=48.7 h!, at 250 °C and 20 bar with H./GL ratio
of 40.

OH
A~\OH )\/OH
solvent: water CoFe-ZIF 3 23

62% yield 8% yield

0
250°C, TOS=2h
N, = 10 mL min! )J\/OH ~~CH
Hy/GL = 40 22 24
WHSV =26 h"! 8%yield 7% yield
20 bar

40 wt%

Scheme 2.21 The heterogeneous hydrogenolysis on glycerol catalysed by CoFe alloy supported on ZIF with H,
as reducing agent reached 62% yield of olefin 3.11%!

2.4.2 EPOXIDES FROM BIO-BASED POLYOLS: CARBOXYLATION AND
CONSECUTIVE WILLIAMSON’S EPOXIDATION OR DEHYDRATIVE
EPOXIDATION

2.4.2.1 OXIRANES AS HIGH ADDED VALUE BUILDING BLOCKS

Ethylene oxide 42 is the simplest cyclic ether characterized by an exceptional reactivity due
to the high strain of its 3-membered ring.['°! It stands as one of the most important bulk
chemicals with a global production of 31 Mt in 2018 with a predicted annual growth rate of
3-4% 0219211t is expected to reach a market volume of 58 billion US$ by the end of 2023.[1%3]
Currently, 72% of the production of 42 is dedicated to the preparation of glycols, with an
annual volume of 26 Mt, as well as a non-negligible part going to the preparation of
ethoxylates as surfactants. Glycols have applications deeply rooted in the polymer sector with
polyester fiber, poly(ethylene succinate), polyethylene terephthalate or polyurethanes
manufacturing. Ethylene oxide 42 is commonly produced from the oxidation of ethylene 1 in
the presence of a silver catalyst and oxygen (Scheme 2.22a).15?! There is still an intense
research effort dedicated to finding new applications for further increase the scope of 42,
hence justifying the development of more sustainable processes for its preparation. An
emerging more sustainable approach relies on the epoxidation of the simplest bio-based
vicinal diol, namely, EG.

Glycidol 4 is a key monomer for the polymer industry due its high ambivalent reactivity
correlated to its strained ring and its terminal hydroxy group. Among its primary applications,
the production of branched polyglycidols is predominant.['* In addition, 4 can also lead to
the formation of new generation of monoalkyl glyceryl ethers with numerous applications in
the fields of coatings, lubricants and high boiling solvents.['%! Oxirane 4 is also involved in
the preparation of high value-added pharmaceuticals due to its inherent reactivity and was
utilized as a key building block for the preparation of analgesics and human
immunodeficiency virus (HIV).5%19.1071 The current market value of glycidol 4 is very high
(20 US$ per kg).*Its main industrial road still relies on fossil resources through epoxidation
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of allyl alcohol 3 with hydrogen peroxide over tungsten derived catalysts (Scheme 2.22b).
This pathway displays several drawbacks: (a) it involves multiple steps, (b) the catalyst
undergoes decomposition (c) and the process comes with an overall low yield. Nevertheless,
recent advances were achieved with development of new supported catalysts such as Ti
silicate or Ti-MCM-41.'%1 Greener commercial alternative exists with the Epicerol (Solvay)
or GTE (Dow) processes that feed upon GL for the preparation of glycidol 4. Typically, both
processes imply a preliminary chlorination step on GL, followed with an epoxidation and
hydrolysis to 4 using diluted NaOH solution under harsh conditions (Scheme 2.22¢).>")
Recently, a chloride-free industrial process was developed by Green Lizard Technologies
based on the preparation of glycerol carbonate (43) from GL and dimethyl carbonate 38,
followed by its subsequent decarboxylation into glycidol 4. The process, however,
cogenerates 1 equivalent of CO». Lab scale translation was already successfully implemented
while industrial scale up is expected by the end of 2021, with a production capacity of 10 000
ty! (Scheme 2.224).[10%1101

These past decades, ethylene oxide 42 and glycidol 4 have been envisioned as highly reactive
substrates for the exploitation of carbon dioxide, which was until there, largely impaired by
its high thermodynamic stability.[''"! From these oxiranes, attractive protocols toward 1,3-
dioxolan-2-one (44) and glycerol carbonate 43 have been engineered, ' eventually leading
to the development of industrial roads by among others, Huntsman Corporation.!!3!] The
next section gathers the most recent and promising protocols for the preparation of epoxides:
(a) conventional direct epoxidation protocols applied to vicinal diols, including the
intermolecular etherification (Williamson’s epoxidation) and the dehydrative epoxidation
and (b) indirect epoxidation protocols from cyclic carbonates with extrusion of CO».

a. O2 o
Ag cat.
= g cat >
1 42
b. H,0,
W cat.
/\/OH —cat> %OH
3
C.
OH HCI
Ho A _oH — 2 > CI\)\/CI Ho\)\/
5120 °C
GL
NaOHl
NaOH
L\/OH <o L\/m
d. jﬁ
OH )
DMC
Ho A _oH —=> 97 o MO /A on
GL 43 \—OH 4

Scheme 2.22 Industrial processes for the preparation of ethylene oxide 42 and glycidol 4. (a) Synthetic road toward
ethylene oxide 42 based on ethylene (1) oxidation. (b) Formation of glycidol 4 from the oxidation of allyl alcohol 3.
(c) Glycerol chlorination into dichlorohydrins, Wiliamson’s epoxidation and formation of glycidol 4. (d) Alternative
road to oxirane 4 by concomitant carboxylation of glycerol and decarboxylation of glycerol carbonate 43.
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2.4.2.2 DIRECT EPOXIDATION OF VICINAL DIOLS

2.4.2.2.1 INTERMOLECULAR ETHERIFICATION (WILLIAMSON’S EPOXIDATION)

A typical pathway for the conversion of GL toward glycidol 4 consists in the intermediate
formation of monochlorinated derivatives of GL followed with its intramolecular
Williamson’s epoxidation in the presence of a base. In 2016, Proto and co-workers reported
an innovative production of valuables oxiranes through the cyclization of 2-chloro-1,3-
propanediol (45), a major by-product of the production of epichlorohydrin 5 (see below,
Section 2.3).[''1 This procedure simply relied on the conversion of 45 in a 1 M KOH solution
in ethanol (EtOH) at room temperature for 30 min (Scheme 2.23). The reaction was first
carried out on a mixture of 3-chloro-1,2-propanediol (46) and 45 (7.5% and 0.6% yield,
respectively), previously obtained from the distillation of a reactor effluent from the
chlorination of GL. The results were very conclusive: 99% yield was reached with 100%
selectivity toward glycidol 4. To assess the robustness and its application for downstream
processing epichlorohydrin 5, the same reaction was also implemented on a pure solution of
45. For the latter, 90% yield and excellent selectivity were achieved with only water and KCl
as by-products while ethanol could be easily recycled by distillation.

cl . Q
KOH 1 M in EtOH
Ho A _oH — "5 L _OH
rt,0.5h
45 4

90% vyield

Scheme 2.23 Synthesis of glycidol 4 by the reaction between 45 and KOH in ethanol at room temperature for 30
min. !

More Recently, Dydo and co-workers developed an alternative road toward glycidol 4
exploiting a less conventional technology, namely, bipolar membrane electrodialysis.[!!®]
Such technology enabled the in situ formation of hydroxy anions from an aqueous solution,
which further reacted with 46 to generate the targeted oxirane 4 (Figure 2.6). Interestingly,
the co-generated chloride anions could also be removed through anion exchange membrane
(AEM). Constant voltages conditions (11 V) offered higher conversion and selectivity in
contrast to constant electric current modalities. pH was also identified as critical parameter
as a consequence of the high sensitivity of the product to hydrolysis, hence reforming GL as
a side product. Upon optimization, the membrane-based system achieved afforded 100%
conversion and 97% selectivity starting from a 30% aqueous solution of 46, whereas a
downstream purification step by distillation afforded 75.6% yield of glycidol 4.
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Figure 2.6 Bipolar membrane electrodialysis protocol relying on the reaction of monochlorohydrin 46 as substrate
with in situ generated hydroxyl anions toward the synthesis of oxirane 4.[11°!

In 2019, Monbaliu and co-workers reported the first liquid-phase continuous-flow process
aimed at the hydrochlorination of GL and its subsequent dehydrochlorination toward
valuable epoxide 4.1l Reaction optimization was performed with acetic acid 11 as a model
catalyst. Temperature and residence time showed to be critical for triggering the reaction,
and the product distribution was very sensitive to both parameters. Upon optimization, 140
°C and 20 min of residence time offered both very good conversion of GL (88%) and
cumulated yield comprising 73% monochlorohydrins (mostly 46) and 13% dichlorohydrins
(mostly 47; Scheme 2.24). Further increase of both parameters led to the significant
formation of humins and eventually led to reactor clogging. It is worth mentioning that the
sealed nature of continuous-flow reactor prevented catalyst loss by evaporation, a very
common issue for the process in batch.

OH
GL cl OH
(1 equiv.) module } \)\/
46
73% yield
solvent: water OH
HCI 6 equiv. 140°°C, 20 min o A_cl
AcOH 0.1 equiv.
47
13% yield

Scheme 2.24 Continuous flow process of glycerol hydrochlorination catalyzed by acetic acid 11 at 140 °C with
10 bar of counter pressure for 20 min gave 73% of 46 and 13% of 47.1''"!

2.4.2.2.2 DEHYDRATIVE EPOXIDATION

Yi and co-workers reported a gas-phase dehydration of vicinal diols from EG, 1,2-
propanediol (33) and 2,3-butanediol into their corresponding epoxides (namely, ethylene
oxide 42, propylene oxide 12 and 2,3-epoxybutane) in a fixed-bed continuous-flow reactor.
Using 2,3-butanediol as a model substrate, the authors performed a screening of conditions
and catalysts.[''8] Alkali metal oxides (Ca, Mg, Cs, Sr, K and Na) supported on SiO» were
investigated and showed that catalysts modified with cesium displayed the higher activity
with 69% selectivity toward dimethyloxirane (66% conversion), in contrast to other
candidates (0-39% conversion). The authors explained this superior performance by the
stronger basicity of sites generated by cesium impregnation, the lower decrease of catalyst
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specific surface and the poorer extent of silicate dissolution around Cs atoms, thus, enhancing
its accessibility for the dehydrative oxidation reaction compared to the other candidates.
Further increasing the Cs loading was detrimental for catalyst activity, whereas the increase
of its calcination temperature from 550 to 700 °C positively affected its performance. The
stability of the catalyst was assessed over 30 h of operation and showed a decrease of the
specific activity, defined as the formed amount of product (mol h') on loaded amount of
catalyst (mol), from 59 to 40 h™! before reaching a plateau around 33 h™! after 13 h of reaction.
The optimized conditions were next transposed for the dehydrative epoxidation on EG, 36%
conversion and 38% selectivity were obtained toward ethylene oxide 42 (TOF=8.3 h'!) and
47% selectivity toward side product acetaldehyde 40 (SV=1.38 L min! g! total flow
rate/amount of catalyst; Scheme 2.25). DFT studies for the reaction mechanism highlighted
both the involvement of surface hydroxy groups from SiO; and basic sites in transition-state
structure.

solvent: water

Cs/SiO2

> X0
42 40
14% yield ~ 17% yield

400°C,2h
SV =1.38 L min™" gy
Ny =30 mL min”'

Scheme 2.25. Heterogeneous dehydrative epoxidation of ethylene glycol in a fixed bed continuous reactor using
cesium deposits supported on SiO; at 400 °C giving 14% of ethylene oxide 42 and 17% of ethanal (40).!''®!

Likozar and co-workers presented a continuous gas-phase flow process toward glycidol 4
catalyzed by HZSM-5 zeolite (Si02/Al=1500) modified with cesium (Scheme 2.26).°% Three
concentrations of alkali metal deposits were investigated to study influence of catalyst
basicity on the distribution of products. Results highlighted both superior conversion and
selectivity for the selected catalysts, in decreasing order of performance: 20CsZSM-
5(1500)>10CsZSM-5(1500)>40CsZSM-5(1500) with 40%, 13%, 5% yield of 4, respectively
(2-3 h TOS). A longer time on stream caused substantial catalyst deactivation by cesium
decomposition (reduction) and cooking. It is worth mentioning that the selectivity toward
oxirane 4 continued to rise with extended TOS, more likely as a consequence of to the
poisoning of non-selective active sites on the catalyst. Thermogravimetric studies provided
further insights on this phenomenon, indicating that higher Cs content was correlated to a
reduced porosity, hence responsible for a lower resistance to cooking with the 40 wt% Cs
catalyst. Cs concentration > 20% enabled to decrease the occurrence of the major side product
(hydroxyacetone 22), most likely in correlation with the increasing basic properties and the
absence of measurable Lewis acidity. The authors suggested that the reaction pathway toward
glycidol 4 was likely involving a direct dehydration of GL.

(0]
solvent: water 20Cs-ZSM-5 zeolite o) OH
oL ANGeT M _on
22

10 wt% 4 3
350 °C 40% yield ~ ~36%yield ~6% yield
GHSV = 1250 h"!
Ny =20 mL min”!

Scheme 2.26 Heterogeneous dehydrative epoxidation of glycerol into glycidol 4 catalyzed a moditied ZSM-5
zeolite at 350 °C.1>%
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2.4.2.3 INDIRECT EPOXIDATION THROUGH THE EXTRUSION OF CO; FROM CYCLIC
CARBONATES

This section summarizes the decarboxylation protocols on cyclic carbonates for the
preparation of the corresponding oxiranes. Most of the examples from the primary literature
target glycidol 4, the preparation of which relies on the decarboxylation of glycerol carbonate
43. Interestingly, most research papers include the in situ transformation of GL into 43 prior
the decarboxylation step.

2.4.2.3.1 METAL-CATALYZED CO; EXTRUSION FROM CARBONATES

Lee and co-workers developed a two-step synthesis starting first with the carbonation of GL
and then followed with a subsequent decarboxylation of glycerol carbonate 43 toward
glycidol 4 (Scheme 2.27).1"'"1 The authors used various zinc catalysts and urea as a
carbonatation reagent, in lieu of the more conventional dimethyl carbonate 38. Under reduced
pressure, the catalytic performance of ZnCl,, ZnSOs, Zn(NOs3), and Zn(OAc), were assessed
for one-pot reaction conditions. The general trend disclosed good performance for the
preparation of glycerol carbonate 43 with yields superior to 70%; only Zn(OAc) achieved a
significant conversion to glycidol 4 (20% yield). The Zn catalysts were found to react with
GL to form insoluble Zn(C3;H¢O3), which are in turn inefficient for the follow-up
decarboxylation to epoxide 4, as well as ammonium salts. Interestingly, removal of this
inactive species enabled to increase the yield toward 4 up to 50%, yet this was limited to the
experiments with Zn(OAc),. Zn(C3HsO3;) was preponderant upon completion of the
carbonation step, therefore, deactivating the catalyst for the second decarboxylation step.
When implementing this reaction with either Zn(OAc), or NH4OAc, the yield toward oxirane
4 did not exceed 24%, far from the preliminary results. Further investigation showed that the
carbonation step also generated Zn(NH3)«(OAc), species, which are more likely responsible
for the decarboxylation activity. Using a NH4AOc/ZnO mixture with a molar ratio of 4 gave
the best yield toward 4 (58%; Scheme 2.27).

o
O OJJ\O
oH 1 mol% NH;OAc/Zn(OAc), (4/1) L\/OH
1 equiv. urea - \_
Ho_A_oH > 4 43 \—OH
1.150°C,2h 58% yield 5% yield
GL 0.027 bar
2.175°C,1.5h
0.02 bar

Scheme 2.27 One pot synthesis of glycidol 4 based on glycerol carbonation with urea (150 °C, 2 h) and the
subsequent decarboxylation of glycerol carbonate 43 (175 °C, 1.5 h) with a catalytic system composed of 4/1 ratio
of NH4OAc/Zn(OAc), under reduced pressure.!!!”)

Bafiares and co-workers studied the preparation of glycidol 4 based on a ZSM-5 zeolite
(Si02/Al=1500) and a nanoscale cobalt oxide-supported ZnO catalyst (RT-10C0Zn).l'?"I The
authors also studied the influence of various thermal devices for the activation of glycerol
carbonate 43 under neat conditions. Under atmospheric pressure, both catalysts exhibited the
highest performance under microwave activation with a short reaction time (30 min, 150 °C).
The same conditions were carried out in an ultrasonic apparatus (60 °C over 7 h) and a
conventional heating (150 °C over 23 h) gave lower conversions. With the optimized
conditions in hand, RT-10CoZn gave 99% selectivity and 71% conversion toward 4
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compared to ZSM-5, owing to a decrease in its acidic properties arising from its progressive
dealumination by microwave irradiations.

2.4.2.3.2 CO; EXTRUSION FROM CARBONATES IN IONIC LIQUIDS

In 2012, Kelkar and co-workers investigated ionic liquids (ILs) as efficient catalysts for the
conversion of GL into oxirane 4 through a two-step process (preliminary carbonation of GL
followed with a decarboxylation of glycerol carbonate 43 toward 4; Scheme 2.28a).["?! Early
results of one-pot synthesis indicated the extremely low poor activity of halide-derived ILs
with only traces of glycerol carbonate 43 and epoxide 4. In contrast, ILs composed of
hydroxide and bicarbonate counter anions achieved conversions and selectivities toward 4
ranging from 77 to 95% and 43 to 67%, respectively. The higher efficiencies of these ILs
were attributed to their stronger basicity which favored the decarboxylation of 43 into 4. As
tetramethylammonium hydroxide [TMA][OH] demonstrated the best activity, it was selected
for further reaction optimization. Increasing the catalyst loading enabled to drastically
enhance the selectivity up to 78% for 4 while keeping a conversion of 90% of GL toward
glycerol carbonate 43 after 90 min of reaction time. Given that the carbonation reaction is an
equilibrium, a 3:1 excess of dimethyl carbonate 38 helped to shift the equilibrium toward 43.
Overall, the best reaction conditions reached 78% selectivity in glycidol 4 and gave a GL
conversion superior to 90% with 0.01 equivalents of [TMA][OH] at 80 °C. The recyclability
of the catalyst was assessed by adding fresh reagents after the first cycle. Decrease of both
conversion and selectivity around 8 and 9%, respectively, were observed, mainly imputed to
changes in reaction parameters caused by the dilution of the reaction medium.

Tao and co-workers reported the preparation of four tetracthylammonium amino acid ILs
(TAAILSs) aimed at the decarboxylation of glycerol carbonate 43 toward 4, which in turned
was prepared in situ from GL with dimethyl carbonate 38 (Scheme 2.28b).['?2) Along with
TAAILs, other catalysts including tetracthylammonium acetate or sodium prolinate were
tested. Tetracthylammonium pipecolinate showed a superior activity, giving 95% conversion
of GL and 81% selectivity toward 4. A computational study on the catalytic process indicated
that IL counter anions with a higher content of negative charges on the oxygen enabled an
enhanced activation of reagents; firstly, by the activating OH group from glycerol and
carbonyl of DMC, and secondly this of CH from glycerol carbonate. Increasing the
temperature up to 130 °C combined to an extended residence time (2 h) greatly favored both
conversion and selectivity toward 4, with an overall yield of 78% yield. After three cycles of
catalyst recycling, the selectivity toward oxirane 4 progressively decreased.
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1 mol% [TMA][OH]
\o)Lo/ 3 equiv. 38
38 80°C,1.5h
OH b. 3 wt% TAAIL 0
HO\)\/OH 2 equiv. 38 . L\/OH
GL 130°C,2h 4
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- 6 mol% [DABCO][DMC]
3 equiv. 38
100°C,0.5h

Scheme 2.28 Glycerol carbonation with dimethyl carbonate 38 and the subsequent CO, extrusion from glycerol
carbonate using ionic liquids and various experimental conditions; (a) tetramethylammonium hydroxide
[TMA][OH], (b) tetracthylammonium pipecolinate (TAAIL) and (c) 1,4-diazabicyclo[2.2.2]octane (DABCO) and
its IL derivatives with dimethyl carbonate ((DABCO][DMC]).!2!-1%

Several years later, Kelkar and co-workers studied basic strength impact of 1,4-
diazabicyclo[2.2.2]octane (DABCO) and its IL derivatives with dimethyl carbonate 38
([DABCO][DMC]) on the production of 4 from GL, again with the in situ formation of
glycerol carbonate 43 (Scheme 2.28c).['”) Under reflux, comparative experiments
highlighted higher performance of catalyst exhibiting lowest basicity, that is,
[DABCO][DMC]. These results emphasized that basic properties were not sufficient to fully
account for the catalyst efficiency toward epoxide 4, despite this is widely acknowledged fact
through the literature. Adjusting the DABCO-DMC IL content to 6 mol% greatly improved
the selectivity toward 4, reaching 83% selectivity while ensuring 97% conversion.
Considering the reaction mechanism, the authors claimed that both cations and counter
anions were involved in triggering the reaction, through a dual electrophile and nucleophile
activation of the reactants. By contrast, DABCO only could interact with the hydroxy groups
of the substrate, thus, displaying a lower catalytic activity.

In addition to the work of Kelkar’s group, Lee and co-workers studied the influence of ILs
acidity and nucleophilicity on the decarboxylation of glycerol carbonate 43 into 4 (Scheme
2.29).l'1 From preliminary tests performed with various alkali metal salts, the authors stated
that both the Lewis acidity of the cation and the basicity of the anion had a strong impact on
the selectivity toward glycidol 4. In addition, it was worth mentioning that NaCl showed a
good activity with a surprisingly high yield (62%). To ensure a good tunability of acid-base
properties, 1-butyl-3-methylimidazolium-based ILs were selected. Starting from [BMim], a
library of ILs were assessed, eventually emphasizing [BMim]NO; and [BMim]I as the most
efficient catalysts. These superior activities were correlated to a moderate hydrogen basicity
(B value 0.6-0.8) of their counter anions whereas substrate conversion remained >95% for 3
>0.6. Using 1-butyl-3-methylimidazolium as a cation allowed to increase the selectivity
toward 4 up to 73%, in comparison with the 69% provided with [BMim]NOs3. This suggested
that lower Lewis acidity slightly favored the selectivity to oxirane 4, although this was not
confirmed with cations of decreasing acidity. The addition of Zn(NO3), seemed to play a
synergic role in conjunction with ILs by lowering the basicity of NO3” which in turn decreased
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the activation of the hydroxy groups on 43 and 4. As major side products arose from the
polymerization of epoxide 4, the implementation of continuous feeding for glycerol
carbonate 43 and distillation of 4 combined to the use of glycol dimethyl ether as a solvent
(DMPEG 350) afforded an excellent 98% yield toward glycidol 4 (TOF=150 h!). The
efficiency of the catalyst remained constant for the first 28 h before slightly decreasing with
a TOF of 107 h'! after 40 h.

(o}

O/u\o 2.5 mol% [BMim]NO;, 8\/OH

0.25 Zn(NOs)2/[BMim]NO3

\_OH 175°C, 2.5h 4
43 0.0267 bar 98% yield
DMPG 350

Scheme 2.29 Procedure toward glycidol 4 with a continuous feed of glycerol carbonate 43 and catalyzed by a
synergistic system composed of molar ratio 1/4 of [BMim][NOs] and Zn(NOs), in presence of DMPG 350 as a
solvent under reduced pressure at 175 °C for 2.5 h.[124!

In 2014, Darensbourg and Yeung performed a computational study of the base- and acid-
catalyzed decarboxylation of glycerol carbonate 43 (Scheme 2.30).'1 Regarding the base-
catalyzed decarboxylation processes, the authors started with the conjugated basis of 43, that
is, a cyclic carbonate-alkoxide intermediate (Scheme 2.30a). Two intermediates were
envisioned for the intramolecular five-membered ring opening of the cyclic carbonate,
depending on which O-C bond was cleaved, giving either oxiran-2-ylmethyl carbonate (48)
or oxetan-3-yl carbonate (49). Next, the free energy barriers (relative to their transition state)
were calculated and led to values of 14.4 kcal mol! for the formation of the epoxide-
carbonate 48 and a higher value of 19.8 kcal mol! for the formation of the oxetane-carbonate
49 intermediate (Scheme 2.30b), likely caused by steric repulsion of its eclipsed substituents.
Given the fast reaction of CO; with an alkoxide, authors assumed that thermodynamic data
were sufficient to explain the selectivity of the extrusion of CO,.
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Scheme 2.30 Computed mechanism for the decarboxylation of glycerol carbonate (a) under base-catalyzed
conditions and (b) under acid-catalyzed conditions.!'**!

Calculations showed that this step was endergonic, even if it led to a gain of entropy, hence
highlighting CO, extrusion as the rate determining step. Therefore, increasing the
temperature could theoretically promote the extrusion of CO,. Eventually, even if the
extrusion of CO» from the epoxide-carbonate intermediate 48 was slightly more endergonic
(21.7 vs. 19.0 kcal mol™"), the authors concluded that deprotonated glycerol carbonate 43
would always form an epoxide intermediate 48, instead of a 4-membered ring intermediate
as the result of the faster kinetic for a three-membered ring closure. Epoxide intermediate 48
would then eventually lead to glycidol 4 after extrusion of CO,. Furthermore, in the same
conditions, homopolymerization of oxirane 4 was also calculated. The computational results
showed that if there was sufficient heat for the decarboxylation of 43 to happen, there was
also sufficient heat for the polymerization of 4, owing to its very low activation barrier.
Following a similar approach than for the base-catalyzed reaction, the authors also computed
the mechanism under acidic conditions, starting from protonated glycerol carbonate 43. Since
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O-C bonds of both transition states were slightly longer, that is, emphasizing weaker
interactions than for deprotonated species, free energy Dbarriers for 2-
[(carboxyoxy)methyl]oxiran-1-ium (50) and 3-(carboxyoxy)oxetan-1-ium (51; respective
epoxide 50 and oxetane 51 intermediates) were also lower: 12.3 and 15.4 kcal mol™,
respectively. Moreover, the extrusion of CO, was found to be exergonic under these
conditions, indicating that the first step became rate determining step. Therefore, the acid-
catalyzed decarboxylation of GC was also assumed to always yield glycidol 4, in agreement
with data from the primary literature.

2.4.2.3.3 MISCELLANEOUS

Haamed and co-workers reported a two-step conversion of neat GL catalyzed by clay mineral
sepiolite (SiO,, AlLOs;, MgO, Ca0, K;0, NayO, Fe;O;, TiOz) impregnated with KF.[12¢]
Modifying sepiolite with increasing KF concentration significantly enhanced both the
conversion and the selectivity toward glycidol 4 up to 30 wt%. Similar to KF impregnation,
increasing catalyst loading was very beneficial for reaction outcome. By adjusting the
dimethyl carbonate 48/GL ratio to 2, 99% conversion and 82% selectivity were reached with
6 mol% of catalyst at 85 °C for 90 min. The authors next evaluated the recycling of the
catalyst, and the results showed a progressive decrease of both conversion and selectivity
down to 83% and 76%, respectively, after 4 runs. The reduction in activity was correlated to
a progressive obstruction of its internal pores by reagents.

2.4.3 CHLORINATED DERIVATIVES AND OXIRANE FROM BIO-BASED
POLYOLS: GLYCEROL CHLORINATION AND DECHLORINATION
TOWARD EPICHLOROHYDRIN

This section specifically treats the case of epichlorohydrin 5. Despite a closely related
structure to glycidol 4, the inherent reactivity profile of oxirane 5 with 2 highly reactive
electrophilic centers justifies a separate section.

2.4.3.1 CHLORINATED DERIVATIVES AND EPICHLOROHYDRIN AS A KEY BUILDING
BLOCK

Monochlorohydrins are the first intermediates compounds formed toward the production of
dichlorohydrins (1,3-dichloropropan-2-ol (47) and 2,3-dichlorpropan-1-ol (52)) and
epichlorohydrin 5. Monochlorohydrin 45 is a side product as it cannot undergo a second
chlorination toward dichlorohydrins 47,52. As a potent way of valorization, a process was
recently developed to convert 45 into glycidol 4 through simple basification of the reaction
medium.[''¥ Dichlorohydrins are key intermediates which can be considered as both bulk and
fine chemicals. Obviously, dichlorohydrins are intermediates in the synthesis of
epichlorohydrin 5 and glycidol 4. They also have niche applications in numerous sectors as
starting material for the synthesis of antimicrobials compounds intended to the agricultural
or health industries, involved in the production of polyesters for flame retardants for instance
or surfactants.['?”]

Epichlorohydrin 5, is a high-volume commodity which stands as a pillar in the polymer
industry, especially toward epoxy resins, whereas also contributing to surfactant and
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pharmaceutical sector as a very potent ambivalent electrophile.['?”!28] Although a large
amount of GL is produced from triglyceride transesterification, 5 still serves as feedstock for
the petro-based synthesis of high purity GL, essential for some drugs formulations. Its
worldwide production and prices revolve around 2.2 Mt y! and approximatively 1.8-2.5 US$
per kg, respectively.[*1581291301 At the industrial scale, petro-based epichlorohydrin 5
(Scheme 2.31a) is prepared from a mixture of dichlorohydrins (30:70 52/47) derived from
the chlorination of propene through allyl chloride 9, which next undergoes an alkali treatment
to form oxirane 5. Epichlorohydrin 5 can also be generated starting from allyl acetate. This
latter undergoes a hydrolysis to yield allyl alcohol 3 before its chlorination. The main
drawbacks of these methods are multiple: (a) the petro-based nature of the starting materials,
(b) inherent safety issues of these reagents, (c) the lower reactivity of dichlorohydrins 47, 52
and (d) the poor atom economy.l'?” Since 2007, alternative bio-based roads are also
operational at the commercial scale with the GTE (Glycerol to Epichlorohydrin) process from
DOW and the Epicerol processes from Solvay (see also Section 2.2 on glycidol 4). Together,
they feed the market with 15% of the global production for 5, which is approximately 0.33
Mt yL.I8] The Epicerol process (Scheme 2.31b) relies on a 2-step pathway. The first step
encompasses the chlorination of GL with gaseous hydrochloric acid (HCI) and catalyzed by
caprylic acid, yielding a mixture of monochlorohydrins and dichlorohydrins. A temperature
above 120 °C prevents the deleterious effect of water on the reaction equilibrium, whereas
using a catalyst with long carbon chain avoids its loss by evaporation.[®® The second step
implies a dechlorination of the mixture of chlorinated derivatives with an inorganic base to
form the epoxide. Nowadays, this process is industrially applied up to a scale of 100 kt per
year. Among the major drawbacks, the atom economy is still poor, as well as the recyclability
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Scheme 2.31 Industrial processes for the preparation of epichlorohydrin 5. (a) Synthesis starting from propene
and (b) alternative road relying on glycerol [

Diglycidyl ethers are polymer cross linkers with key involvement in epoxy resin synthesis.
Owing to the extensive versatility of this class of polymers, it concerns a substantial market,
especially in the field of painting, coating or electronics, as well as in the manufacturing of
composite materials. Among the various epoxy resins, the diglycidyl ether of bisphenol A
(DGEBA) represents 70% of their production worldwide. The current global market size for
such resins is approximately 20 billion US$ per year with an annual average growth of
7%.11321 The preparation of DGEBA consists in the O-alkylation of bisphenol A with 5 in the
presence of NaOH as a catalyst. However, although the bio-based production of 5 is now
possible, bisphenol A is still prepared from petro-based acetone and phenol.[6*!

Another polymeric application relies on the synthesis of glycerol ethers (GMEs), which

exhibit particular biological properties such as immunostimulant or antimicrobial properties.
They allow the active transport of substances through the skin and are hence widely used in
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shampoos and skin creams, for example. For this goal, an industrial synthetic road toward a
specific GME named Sensiva SC50 was developed at the industrial scale. This process is
based on the prior etherification of epichlorohydrin 5 in the presence of fatty alcohol or
phenol under basic conditions (NaOH, K,COs or tertiary amines) to give glycidol ethers
precursors. The final step leading to GMEs relies on the hydrolysis of the epoxide.[*!]

Epichlorohydrin 5 also possesses several commercialized niche applications with
antimicrobial molecules (e.g., 1,2,4-triazinones) destined to the agrochemical or
pharmaceutical sectors (sulfonamides).['?”)

2.4.3.1.1 ENROUTE TOWARD BIO-BASED EPICHLOROHYDRIN WITH CARBOXYLIC
ACID CATALYST FOR THE PRELIMINARY CHLORINATION STEP

Canela-Garayoa and co-workers reviewed the preparation of chlorinated derivatives from
GL, as well as their subsequent uses in numerous organic syntheses toward added values
compounds. Most of the protocols reported in the literature for the chlorination of GL toward
mono- and dichlorohydrins involve reacting neat GL with hydrochloric acid in liquid or gas
phases in the presence of acetic acid 11 as a catalyst. The process conditions (temperature,
pressure, HCI concentration or reaction time) have a profound impact on the selectivity
toward either monochlorohydrins 45, 46 or dichlorohydrins 47, 52.1'>"l The mechanism is
depicted in Scheme 2.32.

Di Serio and co-workers studied a large diversity of carboxylic acid catalysts exploitable for
the chlorination of GL.*" Typical process conditions rely on aqueous HCI with dicarboxylic
acids of increasing carbon chain length including malonic acid, maleic acid, fumaric acid,
tartaric acid or adipic acid as catalysts. All catalysts displayed very good conversion ranging
from 86% to 99% and a higher selectivities toward monochlorohydrins (63-93%).
Experiments relying on aliphatic monocarboxylic acids were also described and emphasized
as hexanoic and heptanoic acids as very efficient catalysts for the formation of 1,3-
dichlorohydrin 47 with 87-91% selectivity and very good conversion (86-94%). Several
lactones such as gamma butyrolactone or caprolactam also achieved very promising results
with conversions around 87 to 96% and selectivity up to 94% toward 1,3-dichlorohydrin 47.
The authors also discussed other carboxylic acids containing additional functional groups in
more or less vicinal position and their influence on the activity of the catalyst. For instance,
with benzoic acid derivatives: benzoic acid 16 and 2-aminobenzoic acid were associated with
a very low efficiency; 2-methylaminobenzoic acid was not catalytically active for the
chlorination of GL while phenylacetic acid achieved very good 89% conversion and 85%
selectivity toward dichlorohydrins.
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Scheme 2.32 Mechanism for the formation of monochlorohydrins and dichlorohydrins from the reaction of
glycerol with hydrochloric acid (HCI).[™

Similarly, Wang and co-workers investigated aliphatic mono- and dicarboxylic and
hydroxycarboxylic acids as potential catalysts for the liquid-gas hydrochlorination of GL
(Scheme 2.33).'33] Considering monocarboxylic acids, the transformation of GL into
monochlorohydrins was associated with yields exceeding 70% after 2 h, whereas longer
reaction times (up to 10 h) enabled the conversion of monochlorohydrins into
dichlorohydrins. With a prolonged reaction, the yield toward dichlorohydrins typically
ranged from 68 to 75%, with a decreasing catalytic efficiency from propionic acid>butyric
acid>hexanoic acid to acetic acid. These results suggested that compounds of decreasing pK,
had better activity. The only exception was noticed from acetic acid, which displayed a
slightly lower conversion compared to propionic acid, which was attributed to its lower
boiling that caused evaporation and, hence, loss of the catalyst. The assessment of
dicarboxylic acids showed that an increasing carbon chain length had a positive impact on
the formation of 1,3-dichlorohydrin 47 (69-73% yield) with adipic acid>succinic
acid>malonic acid>oxalic acid. Generally, 6-8 h of reaction was required to convert 50% of
monochlorohydrins into dichlorohydrins. Oxalic acid maintained a superior selectivity
toward monochlorohydrins for the whole reaction time. This result was explained by the
strong steric hindrance between both neighboring carboxylic groups, hence preventing the
formation of dichlorohydrins. Hydroxycarboxylic acids including lactic, malic and citric
acids showed poor activity with a decreased formation of 1,3-dichlorohydrin 47. These
results clearly showed the influence of functional groups and carbon chain length on the
reaction outcome. While mono- carboxylic acids of small chain length had a better efficiency
compared to dicarboxylic acids of same length, the opposite trend was observed for an
increasing carbon number. Thus, adipic acid was selected over propanoic acid for further
optimization because of its more elevated boiling point. With an adjustment of the catalyst
loading to 6.9 mol%, 1,3-dichlorohydrin 47 was obtained in 90% yield at 110 °C for 14 h.
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Scheme 2.33 Synthesis of monochlorohydrins and dichlorohydrins from the reaction between gaseous HCI and
glycerol using adipic acid as catalyst, yielding predominantly 89% of 1,3-dichlorohydrin 47.113%!

Other classes of carboxylic acids were investigated by Santacesaria and co-workers with
several glycolic acids and amino acids in a batch reactor under gas/liquid conditions.['* The
assessment for the catalytic activity of various amino acids emphasized a very high activity
for glutamic acid, with total conversion and high selectivity toward 1,3-dichlorohydrin 47
(72%). Asparagine and cysteine gave a higher selectivity toward 3-monochlorohydrin 46 (70
and 50"%, respectively). By contrast, glycolic, diglycolic thioglycolic acids gave full
conversion of GL, yet with poor selectivity toward monochlorohydrins or dichlorohydrins,
both ranging approximately between 40 and 60% (4 h, 100 °C, 8 mol% of catalyst with 4.5
bar of HCI).

Monbaliu and co-workers reported a liquid-phase continuous-flow process aimed at the
hydrochlorination of GL as already discussed in section 2.2. (Scheme 2.34).1"'71 A library of
homogeneous carboxylic acids was assessed to tune selectivity toward dichlorohydrins.
Among them, pimelic acid displayed the best activity, including for the trials on crude GL.
Upon optimization of the first hydrochlorination of GL, the authors also studied a subsequent
dechlorination step with NaOH in aqueous solution, hence providing a mixture of glycidol 4
and epichlorohydrin 5. The direct concatenation between both steps was successfully
attempted, giving a very satisfying 74% cumulated yield with 30% yield of epoxide 4 and
44% vyield of 5. In line downstream purification was implemented through liquid-liquid
extraction with methyl fert-butyl ether (MTBE) with a hydrophobic membrane separator,
achieving efficient separation of both oxiranes. Glycidol 4 remained in water, whereas 5 was
extracted in MTBE and used for the preparation of active pharmaceutical ingredients from
the B-aminoalcohol class. The scalability of dehydrochlorination step was evaluated in a
commercial mesofluidic reactor (Corning Advanced-Flow G1 SiC reactor, 60 mL internal
volume) using a model solution simulating a typical output for the hydrochlorination of GL.
The results indicated a complete conversion of dichlorohydrins and monochlorohydrins, with
a short residence time of 90 s.
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Scheme 2.34 Continuous flow setup of concatenated reactions of glycerol hydrochlorination and subsequent
Williamson’s epoxidation, followed by liquid-liquid extraction with MTBE to obtain 44% isolated yield of 5 and
30% yield of 4.

In 2014, Brandi and co-workers proposed a novel approach for the chlorination of GL based
on trimethylchlorosilane (TMSCI) in the presence of acetic acid as a catalyst (Scheme
2.35).I3% Various experiments were implemented to determine the influence of reactional
parameters on the distribution of products. While setting the temperature at 100 °C, trials
relying on a large excess of TMSCI (> 2.5 equivalents) led to complete conversion and very
good selectivity toward 1,3-dichlorohydrin 47, after 6 h of reaction, exceeding 85% in yield.
96% yield was achieved after 12 h with 2.9 equivalents of TMSCI Decreasing the
temperature to 60 °C and lowering the excess of TMSCI to 1.8-2.5 equivalents had a
deleterious impact on the conversion, though the formation of 3-monochlorohydrin 46 was
favored (68-78% yield). Under these conditions, full conversion of GL could only be reached
for a prolonged reaction time of 18 h. Based on these results, a fine tuning of the selectivity
was tested on a 52:48 GL/monochlorohydrin aqueous mixture (10% w/w solution) obtained
from the transesterification of sunflower oil with TMSCI. The authors used a similar excess
of 2.7 mol of TMSCI per mole of hydroxy groups for all trials. While high selectivity and
yield toward 1,3-dichlorohydrin 47 (96% yield) was reached at 100 °C (12 h reaction time),
a lower process temperature (60 °C) gave mostly 3-monochlorohydrin 46 after 9 h of reaction
(68:30 46/47 molar ratio). The authors detected hexamethyldisiloxane as a side product
formed by 2 equivalents of TMSCI and claimed that it could be recovered through distillation
prior its recycling with HCI and ZCl, to form fresh TMSCI.
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Scheme 2.35 New synthetic pathways leading to the synthesis of mono- and dichlorohydrins through the reaction
between glycerol with TMSCL. Modulation of experimental conditions enabled a tunable reaction output toward
either 1,3-dichlorohydrin 47 (5 mol% cat., 100 °C, 12 h) or 3-monochlorohydrin 46 (7 mol% cat., 60 °C, 9 h).[!*"]

Santacesaria and co-workers studied the behavior of homologous chlorinated series of
catalysts including acetic, monochloroacetic, dichloroacetic and trichloroacetic acids for the
chlorination of GL under gas-liquid conditions (Scheme 2.36).['3%] Comparative experiments
showed that chlorinated derivatives promoted the selectivity toward 46 (27-70% yield), in
opposition to acetic acid, which comes with a very high selectivity toward 47 (typ. 90%). In
addition, an increasing chloride content on the catalysts led to a decrease of the conversion;
only acetic acid ensured full conversion. However, the similarity between the boiling point
of acetic acid and the process temperature led the authors to select monochloroacetic acid as
a catalyst. The authors argued that this selection would alleviate catalyst loss through
evaporation. The authors also studied the impact of the pressure on the chlorination of GL.
Rising the pressure led to an increase of the conversion, although the selectivity toward 3-
monochlorohydrin 46 dropped in favor of the formation of 1,3-dichlorohydrin 47 (ca. 35%
yield).

5.5 bar HCI

OH 8 mol% monochloracetic acid OH OH
Ho A _oH > ci_K_oH +c _L_c
100 °C, 4 h
GL 46 47

70% yield 10% yield

Scheme 2.36 Reaction between glycerol and HCI catalyzed by monochloroacetic acid at 100 °C for 4 h.[13¢]

2.4.3.1.2 CHLORINATION OF GLYCEROL WITH ACYL CHLORIDES

In 2016, Serio and co-workers reported acyl chlorides as both catalysts and reagents for the
chlorination of GL, relying on the in situ formation of gaseous HCL!'3”) The authors
compared carboxylic acids such as acetic, propionic, adipic, succinic and malonic acids with
their respective acyl chlorides in catalytic amounts (8 mol%) in the presence of gaseous HCI.
The results highlighted that acyl chlorides led to a faster formation of 1,3-dichlorohydrin 47,
though the selectivity over an extended reaction time remained relatively similar compared
to the parent carboxylic acid catalysts. By contrast, acyl chlorides gave a higher yield toward
dichlorohydrins for short reaction times. For instance, a significant difference was obtained
with adipoyl dichloride, which achieved roughly 90% selectivity whereas adipic acid only
offered about 65%. This phenomenon was rationalized by the authors based on mechanistic
specific features: in the carboxylic acid-mediated hydrochlorination, the formation of 2,3-
dihydroxypropyl acetate (53), the intermediate ester that forms from the addition of the polyol
substrate on the catalyst, is an equilibrium, whereas with acyl chloride, the reaction is
quantitative, owing to the enthalpic activation of the acyl chloride. Moreover, the equilibrium
that concerns carboxylic acids generates water, whereas the formation of an ester from an
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acyl chloride does not. In addition, in comparable conditions, the ester from the acyl chloride
is more concentrated than for the carboxylic acid counterpart and the generation of HCI for
the former catalyzes the subsequent step toward the oxonium, hence greatly favoring the
second step (Figure 2.7). The authors also observed that addition of acyl chloride in one time
was deleterious to the reaction due to sharp increase of HCl pressure which negatively
impacted both the selectivity toward dichlorohydrins and the reaction rate. Therefore, the
authors considered a continuous injection of acyl chloride of 2 mL min! (and in situ release
of HCI) that gave a very good yield of 92% of 1,3-dichlorohydrin 47 in less than 2 h. The
authors also reported that the NaCl content in raw GL slightly enhanced the selectivity
toward 47.
g’H HO. o\)O\H/OH
()l\ +OHGL <= |

o HO On,
© 1L-H20

v H
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Figure 2.7 Comparison of the mechanisms of hydrochlorination with carboxylic acids and acyl chlorides
(illustrated on glycerol).[*"!

2.4.3.1.3 CHLORINATION OF GLYCEROL WITH HYDROTALCITES

Ramirez and co-workers developed a continuous gas-phase fixed bed process based on the
dehydrochlorination of dichlorohydrins catalyzed by Lewis basic Mg-Al mixed oxides
derived from hydrotalcites.['*!T An assessment of the reaction parameters highlighted that the
process temperature had a critical impact on the catalyst activity. For temperatures ranging
from 130 to 150 °C, a high selectivity (80-100%) toward epichlorohydrin 5 was achieved,
whereas a further increase of the temperature (150-300 °C) had a deleterious effect with
almost no selectivity nearly toward oxirane 5. This was explained by the thermal
isomerization of 5 toward 1-chloropropan-2-one. At 150 °C and WHSV=1.2 h-!, the
conversion decreased to 15% within the first hour while the selectivity toward 5 reached 80%
after 3 h.

2.4.3.1.4 CHLORINATION OF GLYCEROL IN THE ABSENCE OF A CATALYST

Salmi and co-workers reported the hydrochlorination of neat glycerol under gas-liquid
conditions.['3® Experiments in the absence of a catalyst were performed and, surprisingly,
displayed substantial conversion of GL in monochlorohydrins. Varying the temperature from
70 °C to 120 °C enabled to increase the conversion of GL from roughly 25% to 75% after
200 min, emphasizing that the great temperature dependence of the hydrochlorination of GL
without catalyst.

2.4.3.1.5 ENZYMATIC FORMATION OF EPICHLOROHYDRIN

Hu and co-workers reported biotransformation of 1,3-dichlorohydrin 47 in epichlorohydrin
5 using halohydrin dehalogenases expressed by recombinant Escherichia coli BL21 (DE3).
To prevent enzyme inhibition caused by elevated concentration of 5, the authors implemented
a resin-based in situ product removal to continuously eliminate 5 by adsorption. Using a 10%
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HZD-9 resin (w/v), the production of oxirane 5 achieved 88% yield after 20 min at 45 °C.[!*"]
Zheng and co-workers described the enantioselective conversion of 1,3-dichlorohydrin 47 in
(8)-5 with a mutant (P175S/W249P) expressing the haloalcohol dehalogenase gene. The
latter displayed a high enantiomeric excess (ee) of 95%, which was enhanced by use of an
epoxide hydrolase to reach a yield of 91% of (S)-5 with >99"% ee.['*] Zheng also developed
a process relying on halohydrin dehalogenases that are rather insensitive to high 5
concentration. The addition of NO, as a nucleophile in the reaction medium enabled to
synthesize (R)-5 with 41% yield and > 99% ee.['*!] The same team also reported an alternative
to halohydrin dehalogenases for the enantioselective production of (R)-5. The authors relied
on a recombinant A. radiobacter epoxide hydrolase expressed through Escherichia coli.
Based on the hydrolysis of 5 racemate, a maximal yield of 48% was achieved with ee> to
99% due to substrate and product inhibition.[4?!

2.4.4 FIVE-MEMBERED CYCLIC CARBONATES FROM BIO-BASED POLYOLS:
DIRECT OR INDIRECT CARBONATION OF VICINAL DIOL

2.4.4.1 BIO-BASED CYCLIC CARBONATES AS NEW DROP-IN MOLECULES AND
ALTERNATIVE MONOMERS

Ethylene carbonate 44 is a key cyclic carbonate with low toxicity and high biodegradability.
Owing to its high boiling point and low viscosity, it stands as a sustainable alternative to
common aprotic polar solvents such as DMF, DMSO and NMP. However, owing to its high
melting temperature, it is under solid state at room temperature and further requires the use
of another compound, usually dimethyl carbonate 38, to enable its use as solvent under
standard conditions.['** This carbonate is also extensively used in lithium ion batteries as co-
solvent for electrolytes,!'* as well as a carbonating reagent for transesterification reactions
with diols and cross-linking agent in the polymer sector.[®*!43] Carbonate 44 (Figure 2.8) is
already available at commercial scale and is produced from the cycloaddition of ethylene
oxide 42 with CO,, with an annual production of 0.2 Mt at an average price of 1.5 US$.[!43]
The main drawbacks of this process are related to the inherent toxicity of oxirane 42, its
volatile costs and its petro-based nature.!'+]

Glycerol carbonate 54 (Figure 2.8) is one of the most appealing derivatives of GL because
of its renewable carbon content ranging from 76 to 100% according to its production scheme,
its low toxicity, non-flammability and biodegradability. As an alternative to conventional
polar solvents, glycerol carbonate 43 has also appealing physicochemical proprieties
comprising a high boiling point and vapor tension, as well as its hydrophilic nature.[46]
Moreover, carbonate 43 has other notable applications such as bio-lubricant due to its
adhesion to metallic surfaces and formulating agent as well as monomer for polymer
sector.[>147 Carbonate 43 also exhibits a very interesting multipurpose reactivity with an
ambivalent electrophile/nucleophile character. Finally, 43 has also found utility in Li-based
batteries as an electrolyte liquid carrier.[*1 Overall, the large array of applications concerned
by glycerol carbonate led to huge interest from industrials with worldwide key players
comprising Huntsman International, UBE industries, InKemia Green Chemicals, TCI
Chemicals to name a few.['4314] Recent estimations approximated its production to 3 Mt y-!
in 2020 and with a cost of 25000-34000 US$,[>% which is quiet contradictory.

66



Historically, the first preparations of carbonate 43 were carried out through the reaction of
GL with phosgene or with its derivatives such as alkyl chloroformates or carbonylimidazoles.
However, given intrinsic toxicity and corrosive nature of phosgene, and the high cost and
high-water sensitivity of its derivatives, greener and safer roads were developed, including
processes with urea, dimethyl carbonate 38 or CO,.21:11%130-152INowadays, the major hurdle
for a widespread use of glycerol carbonate worldwide is its relatively high cost.!'33! Current
research efforts are now being focused on the design of new synthetic strategies involving
the exploitation of waste derived-catalysts and affordable carbonation reagents, which could
significantly reduce the current market price for carbonate 43.13 Efforts are also being
devoted to the development of process conditions and reagents that can accommodate crude
GL rather than refined.

Over the past decades, bio-based five membered carbonates gained a significant interest in
the polymer sector, especially as promising renewable sources of monomers aimed at the
production of poly(B-hydroxyurethane)s (PUHs).'*>) PUHs are extensively used in
clastomers, rigid and soft foams, coatings or additives!!*>!571 As polymerizable building
blocks, cyclic carbonates have the potential to offer a more sustainable manufacturing of
macromolecules as well as valorizing bio-based feedstock and carbon dioxide. Especially,
the use of five membered cyclic carbonates offers an alternative route to PUH production
based on hazardous toxic phosgene and isocyanates (for PUHs).!'>8] Just to have a glimpse at
the inherent potential of cyclic carbonates as monomers, the markets associated with PUHs
is estimated to 62 billion US$ with global productions of 18 Mt y1.[156.15]

Among cyclic carbonates reachable through biomass, (4S5,4'R)-[4,4'-bis(1,3-dioxolane)]-2,2'-
dione (erythritol dicarbonate, 54; Figure 2.8) is obtained from a petro-based route relying on
the CO; carboxylation of 2,2'-bioxirane, obtained through the epoxidation of butadiene 2.1
Erythritol dicarbonate 54 can also be obtained from the double carbonation of ERY in high
yield using various carbonating agents.['®!l Recently, sustainable procedures relying on
dimethyl or diphenyl carbonates 38, 55 were developed. Due the bicyclic nature of erythritol
decarbonate 54, it stands as a promising monomer for the polymer industry, especially, some
studies already showed applications in the field of non-isocyanate polyurethanes.'°%1!1 Other
examples of  polycyclic carbonates, (3R,4R,6R)-4-[(S)-2-0x0-1,3-dioxolan-4-
yl]tetrahydrofuro[3,4-d][1,3]dioxol-2-one [56, sorbitol bis(cyclo-carbonate), Figure 2.8]) is
an emerging compound, constituted of a tetrahydrofuran derivative bearing two cyclic
carbonates produced by the reaction of SO with dimethyl carbonate 38. Tricyclic compound
56 is considered a potent platform to compete with polycyclic species such as (3R,3R,6S,6R)-
hexahydrofuro[3,2-b]furan-3,6-diol (57, isosorbide), which had a market size of 190 million
USS$ in 2018 and stands to increase to 350 million US$ in 2023, with many applications
deeply rooted in the polymer industry and commercial applications in electronic, packaging
or biomedical sectors.['92163] (4R 4'S 4"S 5'S)-[4,4":5',4"-ter(1,3-dioxolane)]-2,2',2"-trione
(58, sorbitol tricarbonate, Figure 2.8), which can be accessible through a threefold
carbonation of SO using diphenyl carbonate 55, was also recently reported as a potential
candidate in non-isocyanate polyurethanes (NIPU) manufacturing.!'64
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Figure 2.8 Common bio-based carbonates. The parent bio-based vicinal polyol is indicated above the
corresponding structures.

2.4.4.2 THE CARBONATION OF VICINAL DIOLS

The carbonation reaction is a common strategy toward 5-membered cyclic carbonates that
starts from a vicinal diol and a carbonating reagent. Under the term carbonation, there are
actually two main variants: (a) direct and (b) indirect processes. Direct processes use CO> or
CO in the presence of various catalysts. Indirect processes can be further subdivided into 3
subclasses: (i) indirect processes involving a coupling agent to fix CO, prior to its
transesterification with a polyol; (ii) indirect processes involving linear or cyclic carbonates
and urea as carbonation reagents; (iii) procedures involving the preactivation of vicinal diols
into their corresponding epoxides and their subsequent reaction with CO,. In other words,
the latter category of indirect processes corresponds to a cycloaddition of CO, and epoxides,
which is the current privileged industrial road toward carbonates. Overall, all these synthetic
roads are selective toward the 5-membered ring species rather than the 6 membered
isomer.[6%]

The term “carboxylation” is also widely encountered in the primary literature for describing
the carbonation of polyols, although it theoretically refers to the functionalization of a
substrate with a carboxylic acid group. Within the frame of polyol carbonation, it is used to
describe the incorporation of a CO fragment onto the structure of carbohydrate derivatives.
Similarly, their direct carbonation with CO, can be expressed as the “carbonylation of a
vicinal diol”, which corresponds to the incorporation of CO to yield the cyclic carbonate.

Carbon dioxide stands theoretically as the perfect C; feedstock since it is considered as a
widely available and low-cost building block. Moreover, developing industrial processes that
consume CO; is very appealing to mitigate the overall greenhouse gas emissions. Such
processes have the potential to globally supply a wide range of industrial applications for the
production of large array of linear and cyclic carbonates starting from bio-based vicinal
polyols. With such context, several Green Chemistry principles can be fulfilled and chemical
processes with high atom economy can be devised.!'*3] Currently, the global production of
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CO; is estimated at 37 000 Mt per year whereas its exploitation in various fields of
applications only approximately reaches 200 to 300 Mt y*! at best.['®! Moreover, the
production of cyclic carbonates at industrial scale only represents approximately 100 kt y-!,
mostly through the cycloaddition of CO; on epoxides (in 2013).['71 This fact foresees a huge
potential for further developing carbonation routes from bio-based vicinal polyols.

However, reactions involving carbon dioxide as reactant are severely hampered by
equilibrium limitations and the inherent stability of CO», hence, only achieving low yields.
Consequently, several works investigated the implementation of harsh conditions of pressure
and temperature, which resulted in high energy demanding processes. In addition, the
activation of CO; was also studied via several elaborated catalytic systems yet there is still
plenty of room for optimizing the substrate conversion. One of the most efficient systems
was developed by Tomishige and co-workers, based on lanthanide cerium oxide in presence
of an excess of additive pyridine-2-carbonitrile (59) at 130 °C and 50 bar CO, for 1-2 h. This
procedure enabled to convert a library of 1,2- and 1,3-diols with yields ranging between 62
and 99%.11%81 Despite the good performances of catalytic candidate, CeO> is toxic and
displays a low crustal abundancy, which causes its high cost.[”®! Overall, the design of new
affordable and low toxicity catalysts able to offer high yields and enhanced stability over
extended time on stream is still a very challenging subject for the scientist community.

2.4.4.2.1 DIRECT CARBOXYLATION OF VICINAL DIOLS

One of the prototype reactions involves GL as a bio-based vicinal polyols, which enables the
direct production of glycerol carbonate 43 with a very high atom economy, superior to
87%.[13111 Unfortunately, this reaction is largely hampered by a unfavorable equilibrium
constant (K=6.4 10~ at 25 °C, 1 atm) as well as the formation of water as a by-product.!'”!
The latter can hydrolyze the cyclic carbonate product back to GL. As a result, a wide diversity
of catalysts was assessed to lower the energetic barrier for the direct reaction with CO,, in
conjunction with a library of dehydrating agents in stoichiometric amount to shift the
equilibrium. Nevertheless, the use of additives is not desirable due to the inherent generation
of wastes and its negative impact on the atom economy; it also comes with a significant cost
for complex purification steps.!'”!17?| Despite that the direct carboxylation of GL with CO, s
a very timely research area that bears significant potential for the preparation of the
corresponding carbonate 43, and cyclic carbonates in general, this reaction has received less
attention over the two past decades than the cycloaddition between epoxides and CO,.['3!]
One of the main reasons is that the reaction with epoxides, in the current state of the art,
achieves superior results at milder conditions for a plethora of internal and terminal epoxides
than the direct carboxylation of vicinal polyols.

Metal-based catalysts. In 2017, Ozorio and Mota studied several metal oxides including
Zn0O, SnO; and Fe,O3 supported on polyvinyl alcohol aimed at the direct carboxylation of
GL under supercritical CO; conditions without the addition of any dehydrating agent (Table
2.1, entry 1).['31 Preliminary tests were performed using Fe>O3 showed that a very high CO,
pressure was required to obtain a poor yield in glycerol carbonate 43 (4%) within 3 h.
Extending the reaction time to 12 h enabled to reach the thermodynamic equilibrium,
affording 7% yield of carbonate 43. Among various metal oxides, ZnO exhibited the highest
catalytic activity with 8.1% yield of glycerol carbonate 43 at 180 °C, under 150 bar of CO,,
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whereas a mere 3% was obtained without catalyst. The gradual formation of a layer of ZnCO3
led to a progressive deactivation of the catalyst. Nevertheless, it could be fully regenerated
through by calcination, ensuring similar results over 4 reaction cycles.

Table 2.1 Overview of the various protocols dedicated to the direct carbonation of glycerol using CO,.

Entry Catalyst Conditions 43  Ref.
(%)
1 ZnO 150 bar CO,, 180 °C, 12 h 8.1 (7l
2 CuO 1.2 equiv. 59 150 °C, 5 h, 40 bar 39 (1691
CO,, DMF
3 ZnWO,- 150 °C, 6h, 50 bar CO,, DMF 6.3 (172)
ZnO
4 Co-ZIF- 210 °C, 12 h, 3 bar CO, 29 (741
67 acetonitrile
5 - 3 equiv. 59, 180 °C, 12 h, 150 18.7 [0
bar CO,
6 Zn(OTf), 5 equiv. CaC,, 180 °C, 24 h, 92 (170]

/phe®n* NMP, 50 bar CO,
[a] 1,10-phenanthroline

Eljah, Kurdhani, and Wang reported the conversion of GL with CO, based on a set of metal
oxide nanoparticles (NiO, CuO and Co0303) in the presence of both a dehydrating agent 2-
cyanopyridine 59 and DMF as a solvent (Table 2.1, entry 2). Preliminary results identified
higher performances of CuO>Co304>NiO with yields of glycerol carbonate 43 of 39%, 8%
and 6%, respectively. Notably, the catalyst activity could be tuned through the modification
of the NP size using calcination. Raising the process temperature from 300 to 400 °C led to
a great improvement in the selectivity (from 39% to 80%), whereas the conversion only
slightly increased to 49% (45% at 300 °C). Relying on the structural characterization of the
CuO catalyst, the authors correlated its superior activity to a high specific surface and a higher
redox ability combined to a large density of basic active sites. The catalyst could be recycled
up to 4 times without any significant loss of activity. However, further use required its
regeneration by calcination.[!%]

He and Liu focused on a series of powder catalysts-based composed of a blend of ZnWO4
and ZnO, in the absence of a dehydrating agent.['”?l Using DMF as a solvent, the catalyst
performances were assessed as a function of its W content (Table 2.1, entry 3). Increasing
the W deposition from 1 to 10 wt% had a positive effect on the production of glycerol
carbonate 43, achieving up to 6.3% (vs. 2% under the initial conditions). These results were
correlated to a superior specific surface of the catalyst, hence, enabling an enhanced exposure
of active sites and a larger occurrence of moderate Lewis acidic sites, by contrast to pure
ZnO, which displayed an elevated content of strong basic sites. The temperature was an
important parameter as well with optimal conditions at 150 °C; higher process temperatures
led to the formation of by-products likely arising from competitive reactions with the solvent
or the polycondensation of GL itself.
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Huang and co-workers reported another process catalyzed by a zeolite imidazole framework-
67 containing cobalt metal centers with acetonitrile acting both as dehydrating agent and
solvent (Table 2.1, entry 4). Rising the temperature from 120 °C to 210 °C had a positive
impact on the selectivity that increased from 32% to 49%, whereas the conversion remained
relatively similar (in the 25-30% range). By contrast, extending the reaction time from 6 h to
12 h significantly increased the selectivity up to 92%, giving 29% yield toward carbonate 43
with only 3 bar of CO,. By-products arose mainly from the reaction of water with acetonitrile,
giving acetamide and acetic acid 11. Catalyst removal from the crude reaction mixture was
largely hampered by its fine particle size and by the viscosity of GL, hence leading to a very
poor recyclability.[!74

Metal-free conditions. Zhao and co-workers reported a catalyst-free carboxylation of GL
using various cyanopyridine species both as a dehydrating agent and as a reaction promoter,
in the absence of any additional catalyst or additives.['>! The authors started by determining
the influence of various isomers of cyanopyridine on the reaction outcome. While pyridine-
3-carbonitrile (60) and pyridine-4-carbonitrile (61) offered yields in glycerol carbonate 43 of
5.3 and 3.8%, respectively, the 2-cyano isomer 59 gave 11.4% yield in carbonate 43. This
experimental observation was supported with a DFT study (B3LYP/aug-cc-pVDZ), which
helped to identify and rationalize the mechanism and selectivity though the interaction of the
various cyanopyridine isomers and CO,.

Whereas 3- and 4-cyanopyridines 60 and 61 showed two connecting structures characterized
by high absorption energies (CO>-N in pyridine: 67-75 kcal mol'!; CO»-N of cyano group:
ca. 92 kcal mol'), 2-cyanopyridine 59 displayed a third form, consisting in a dual
concomitant interaction with CO, through the nitrogen atom of the pyridine ring and the
nitrogen atom of the cyano group, thus generating a stable 5-membered ring intermediate of
lower energy (57.71 kcal mol!; Figure 2.9a&b). As a consequence, this species interacted
much more easily with CO», hence enhancing its activation and further reaction with GL.
The dehydrating agent was converted to 2-pyridinecarboxamide (62) through reaction with
water.
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Figure 2.9 (a) Computed structures and binding energies (in kcal mol™) for the interactions of CO, with the three
species of cyanopyridines.!'*! (b) Carbonation of glycerol with 2-cyanopyridine.['!!

Upon process optimization, increasing the CO; pressure from 20 to 200 bar enhanced the
conversion from 29.3% to 46%. The optimal excess of 2-cyanopyridine 59 was of 3
equivalents (in respect to GL), affording 18.7% yield of glycerol carbonate 43 after 12 h at
180 °C under 150 bar of CO, (Table 2.1, entry 5). Besides cyanopyridine species, Choi and
co-workers reported another alternative, namely, calcium carbide (CaC,) as a cheap and
widely available dehydrating agent.['’%l In presence of 1-methyl-2-pyrrolidinone (NMP) as a
solvent, the authors screened various zinc-based catalysts with phenanthroline as a ligand,
including ZnSO4, ZnCl,, ZnBr,, Znl,, Zn(OAc), and Zn(OTf),. All catalysts, but Zn(OTf),
gave poor to moderate yields of glycerol carbonate 43, ranging from 25 to 67%. Zn(OTf),
outclassed the other Zn-based catalysts with an excellent yield of 92%, which was attributed
to its stronger Lewis acidity. Other ligand scaffolds were studied, and the results of the study
indicated that electron-donating substituents positively influenced the yield toward carbonate
43, whereas electron-withdrawing groups had a deleterious effect. Furthermore, disubstituted
ligands also diminished the activity of the catalyst, owing to stronger hindrance. A
concomitant increase of both the temperature and the reaction time favored the formation of
glycerol carbonate 43. Moreover, an excess of calcium carbide (5:1 in respect to GL) also
favored the production of 43. Upon optimization, the protocol was also successfully applied
to a library of diverse vicinal diols with yields in the 83-98% range over 24 h of reaction time
(Table 2.1, entry 6).
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2.4.4.2.2 INDIRECT CARBONATION OF VICINAL DIOLS

The indirect carbonation of a vicinal diol involves a third reactant, namely, a coupling agent,
to overcome the thermodynamic barrier of carbon dioxide. The process consists in the in situ
carboxylation of the coupling agent, generating a reactive carbonylation agent, and its
consecutive transesterification with the vicinal diol to yield the corresponding cyclic
carbonate. Among the various reported coupling agents, propylene oxide 12 and 4,4-
dimethyl-5-methylene-1,3-dioxolan-2-one (63) are currently the most widely studied.
Compound 63 is often seen as the prototype of the a-alkylidene cyclic carbonate family of
compounds. One of the major hurdles of this strategy is ascribed to the large formation of
wastes and low atom economy arising from the use of a coupling agent,!'>! as well as its
typical petro-based nature and complex purifications.'”>!7¢l Though, green road toward the
manufacturing of 12 already exists at laboratory scale, via the epoxidation of 1,2-propanediol
(33) directly synthesized from GL.['7! Regarding precursors of a-alkylidene cyclic
carbonates such as 63, some propargylic alcohol derivatives can be obtained from acetylene
and formaldehyde. Moreover, these propargylic precursors are quite tunable, therefore
offering a broad range of cyclic carbonates structures, with a huge potential in applications
related to polymer or organic chemistries.'7"]

Metal-free carbonations with a coupling agent. Jang and co-workers reported a metal-free
carbonation based on dibromomethane acting both as solvent and coupling agent, in the
presence of DBU as a base and 1-butyl-3-methylimidazolium hexafluorophosphate to
enhance the solubility of CO,.['”* DBU displayed a dual action for the activation of CO»
through (a) the formation of DBU-CO, adducts and (b) the activation of a hydroxy group of
the vicinal polyol to form a more nucleophilic alkoxide moiety (Scheme 2.37).

This eventually leads to a bromo alkylated intermediate that undergoes an intramolecular
substitution to form the desired cyclic carbonate. Notably, control experiments with (S)-1-
phenylethane-1,2-diol (64) only produced the corresponding (S)-4-phenyl-1,3-dioxolan-2-
one (65), indicating that the chirality of on the substrate was conserved. Interestingly,
ethylene carbonate 44 was obtained in up to 74% yield starting from EG at 70 °C (8 h under
10 bar of CO3). Though, this process led to the formation of undesirable halogenated wastes
and inherently has a low atom economy.

2 equiv. DBU
0.5 M CH,Br,
oH on 70°C, 8h QH o
PH 10 bar CO, Ph/\/o\n/o
64 DBU-H* ©
CHzBl’zl
b
0 - A_O_OCH,Br
o HOCH,B PN \ﬂ/ ’
Ph/ - HOCH,Br 5
65

Scheme 2.37 Reaction mechanism of diol carbonation with CO»/DBU and dibromomethane as coupling agent
on a model substrate.!'™®!
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A few years later, Oyamada and co-workers proposed a process relying on coupling agent 1-
bromobutane under mild reaction conditions and dichloromethane as solvent.l'”! The
transformation of EG in its corresponding cyclic carbonate 44 was achieved in 95% yield at
25 °C after 24 h of reaction time. Similarly, Mizuno and co-workers reported glycerol indirect
carbonation with butyl bromide catalyzed this time by Barton’s base (fert-butyl
tetramethylguanidine), using NMP as solvent.[13%]

Han and co-workers developed an alternative one-pot carbonation process based on
propylene oxide 12 as coupling agent (Scheme 2.38).1° In the presence of CO,, 12 was
converted into propylene carbonate (66) prior a subsequent transesterification with GL to
produce 43 and by-product propylene glycol 33. Screening of several alkali halides catalysts
including NaCl, NaBr, Nal, KCI, KBr and KI demonstrated that higher efficiency was
determined by the nucleophilicity of the counter anion and its leaving group ability. Among
them, KI displayed a superior activity at a very low catalyst loading (0.75 mol%) in respect
to 12. Surprisingly, tuning 12/GL molar ratio to 4:1 offered a conversion of GL exceeding
90%, even though KI is well known for displaying a low catalytic activity toward the
cycloaddition of CO; onto epoxides. Hence, the authors assumed the occurrence of a co-
catalytic mechanism enabling epoxide 12 activation by hydrogen bonding via OH groups of
the vicinal polyol substrate that progressively formed propylene glycol 33 (Scheme 2.38). It
was worth mentioning that as for the transesterification of GL it is an equilibrium-controlled
reaction; thus, increasing the amount of carbonation reagent propylene carbonate (66) had
also a positive effect on the formation of the desired glycerol carbonate 43.
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Scheme 2.38 One-pot catalytic carbonation process based on propylene oxide 12 as coupling agent.['>"

Using similar reactional conditions, Pescarmona and co-workers reported cheap and readily
accessible catalytic system based on ion exchange-type amberlite polymeric beads
(ammonium forms) bearing iodide or hydroxy counter anions.!'8! Preliminary study of GL
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transesterification identified Amb-OH-910-OH as the most active resin, ascribed to higher
basicity of OH™ compared to I, hence facilitating substrate deprotonation. Amb-OH-910-1
was found to be the most efficient for the cycloaddition of CO» on epoxides. Next, a one-pot
synthesis was performed using a combination of both catalysts in various proportions.
Remarkably, Amb-OH-910-I used as single catalyst achieved the best yield toward glycerol
carbonate 43 and propylene glycol 33 (27 and 37%, respectively). A higher content of 33 was
attributed to residual water contained in glycerol which led to the hydrolysis of propylene
oxide 12. When introducing Amb-OH-910-OH to the catalytic system, it was found to be
detrimental to the reaction outcome, with increasing loading correlated to decreasing yields
of glycerol carbonate 43. These results supported that besides Amb-OH-910-OH activity
toward transesterification, it was also involved in the catalysis of 12 hydrolysis, resulting in
lower production of propylene carbonate 66. Furthermore, the poor efficiency of Amb-OH-
910-I for the cycloaddition of CO, with epoxides was counterbalanced by the activation of
epoxides through hydrogen bonding with the OH groups of the substrate. Under optimized
conditions, 69% yield of 43 and 67% yield of 66 were obtained (115 °C for 2 h under 20 bar
of COy). Finally, the stability of the catalyst was validated for 4 successive runs with only a
slight deactivation caused by iodide exchange with other anions.

Xia and co-workers described another process for the indirect carbonation of neat GL
catalyzed by heterogeneous 1-vinyl-3-butylimidazolium bromide network using reticulating
agent divinyl benzene (DVB).['8?] The preparation of the catalyst was determinant for the
reaction outcome: samples produced by the functionalization of an imidazolium monomer
with nBuBr prior their polymerization [P-DVB-(vIm-BuBr)] gave superior performances,
reaching up to 81% yield in glycerol carbonate 43 over 69% obtained for a sample prepared
trough copolymerization of imidazolium monomers and DVB, prior its functionalization [P-
(DVB-vIm)-BuBr]. These results were correlated with the lower content in IL on P-(DVB-
vIm)-BuBr. The optimum conditions with such heterogeneous IL catalyst (4 wt%) involved
heating at 100 °C for 4 h under 20 bar of CO, with a4 :1 12/GL ratio. The catalyst reusability
was ensured over 5 cycles without noticeable drop of activity.

Liu and al. described indirect carbonation of a library of diols using propargylic alcohol (67)
and organocatalyst DBU in DMF.[??! Propargylic alcohol 67 acted as a coupling agent and
reacted with CO; to produce an a-alkylidene cyclic carbonate intermediate 84, which was
then consumed to generate the corresponding cyclic carbonates and 3-hydroxy-3-
methylbutan-2-one (68) as a by-product. The authors notably observed a higher yield in by-
product 68 compared to the desired cyclic carbonate, which was imputed to the competitive
hydrolysis of 63. Nevertheless, increasing temperature to 120 °C narrowed the difference
between both product contents, in other words, it promoted the carbonation reaction toward
cyclic carbonate, thus improving the yield toward glycerol carbonate 43 (120 °C for 10 h
under 30 bar of CO,). A likely mechanism relied on (a) the activation of CO; and propargylic
alcohol 67 with DBU, followed by (b) formation of cyclic intermediate 63. It is worth
mentioning that the presence of an exocyclic olefin led to a higher cyclic carbonate ring
strain, resulting in an enhancement of their reactivity with diols. Intermediate alcoholysis
consisted in the nucleophilic attack of a diol alkoxide, yielding an enol species which
tautomerizes into a ketone, and thus, to catalyst recycling (Scheme 2.39).I'”! The fast
rearrangement of the enol intermediate into a more stable tautomer ketone is seen as the
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driving force of the reaction.['¥31 In the last step (Scheme 2.39), the desired carbonate and the
a-hydroxyketone by-product 68 are generated through intramolecular cyclization of ketone
intermediate.??!

Scheme 2.39 Catalytic cycle for the carbonation of polyols with CO,/DBU and propargylic alcohol 67.12%175-183

Lu and co-workers developed a versatile cascade synthesis with propargylic alcohol 67 as
coupling agent, catalyzed by a dual system Lewis/Brensted bases under mild conditions (25
°C and 1 atm of CO,).?! The conditions also include the presence of 1-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as a catalyst and acetonitrile as a solvent. Both steps
were performed within 24 h of reaction time. Once optimized, such one-pot synthesis was
extended to various bio-based polyols including GL, ERY, XY and SO. Given their multiple
reactive sites, the chemoselectivity is very cumbersome to control. The authors attempted to
tune the selectivity through various 67/substrate molar ratios. For instance, the carbonation
of ERY with one equivalent of 67 led to anhydroerythritol carbonate 69, whereas the reaction
in the presence of 2 equivalents mainly produced erythritol dicarbonate 54. Overall, the
results obtained for the conversion of polyols toward the corresponding cyclic carbonates in
DMF gave variable results, mostly according to the nature of the substrate, with yields
ranging from 33 to 92%. Noteworthy, such process conditions enabled the retention of the
stereochemistry of the substrate (Figure 2.10).
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Figure 2.10 Scope of Lu’s protocol on various bio-based polyols (GL, ERY, XY and SO). The parent bio-based
vicinal polyol is indicated above the structures of the corresponding carbonates. ?!!

Carbonates and carbamide as carbonation agents. With an increasing number of reports
on the development of innovative carbonation technologies, a broad range of carbonating
agents were developed overtime.['?) The safety and environmental concerns associated with
the use of phosgene led to the development of other, less problematic carbonation
reagents.!'3 By contrast, urea is a very appealing carbonating agent widely available at low
cost and much safer to use than phosgene, despite the release of corrosive gaseous ammonia
as by-product. Urea also requires elevated temperature under vacuum pressure or continuous
gas flow to shift the equilibrium upon the carbonation of diols,['**! and besides urea as a solid
typically imposes the use of a solvent,] hence negatively impacting on the overall
environmental footprint. Another alternative relies on diphenyl carbonate 55, which enables
to work with smaller excess in respect to substrate compared to dimethyl carbonate 38,
although it generates phenol as a side product and still requires the use of a solvent.['83] As
more reactive species, yet considered as safe, dimethyl carbonate 38, diethyl carbonate,
ethylene carbonate 44 and propylene carbonate 66 carbonates are valuable and well-studied
alternatives. In particular, 38 is widely studied because of its low toxicity as well as it can be
prepared from urea.l'8 The transesterification of diols with 38 under relatively smooth
conditions in the presence of a suited catalysts.['* Despite the efficiency of 38 as a
carbonation reagent and its ease of handling as a liquid, it is a poor solvent for bio-based
vicinal polyols, hence resulting in mass transfer issues. Such hurdles add up to other technical
challenges inherent to bio-based vicinal diols such as a spare solubility, viscosity (GL) or the
need for adding polar solvents for solid polyols.

Over the past decade, GL emerged as a privileged substrate for the transesterification toward
glycerol carbonate 43 using carbonation reagents is extensively covered in recent reviews
concerning both batch,[!%114153.154187.188] and continuous conditions.?>#%1391 Consequently,
the carbonation of GL with dimethyl carbonate 38 is not presented in the scope of this
Review. The next paragraphs deal with carbonation of less common bio-based vicinal polyol
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substrates, namely, EG, ERY, XY and SO. It is worth mentioning that among the numerous
reported procedures, several synthetic procedures eventually led to a commercial scale
application.!!4]

Using dimethyl carbonate 38 both as a solvent and a carbonation agent, Mayakova and co-
workers reported metal complex-based processes achieving the selective conversion EG
(95% yield) when using air sensitive Co(CO)s. In contrast, W(CO)s gave quantitative
conversion with a 1,2-dimethoxyethane/ethylene carbonate 44 product distribution of 1.8:1
(1 h, 180 °C, 4 equiv. DMC, Table 2.2, entry 1), thus indicating partial methylation of
glycols.[17]

Ebitani and co-workers described a process toward cyclic carbonates based on a basic
hydrotalcite-hydromagnesite (HT/HM) catalyst in DMF. The ratio between both composites
had a noticeable impact on the reaction rate with an optimal HM/HT 0.5:1 composition,
whereas further increase in hydromagnesite content was detrimental, ascribed to the too large
decrease of HT active sites density. Notably, HM composite did not exhibit any catalytic
activity but the authors highlighted its ability to inhibit HT aggregation, as well as its efficient
capacity of substrate adsorption, which had a key involvement on HT performances. Indeed,
it was observed that the activity of HT strongly depended on substrate concentration in
reactional medium; the coexistence of HM on the catalytic surface enabled to modulate diols
concentration to fit within optimal working conditions of HT sites. Under optimized
conditions, the authors reported a yield of 89% in ethylene carbonate 44 within 70 min of
reaction time, at 100 °C in presence of 5 equivalents of dimethyl carbonate 38 (Table 2.2,
entry 2).11

Xiao, Gao and Hong reported the transesterification of neat EG with dimethyl carbonate 38
as carbonation agent catalyzed by heterogeneous Ca-Mg-Al hydrotalcite modified with KF
depositions (KF/HT). Using an excess of 38 (GL/38 1:3 ratio), the conversion of EG into the
corresponding carbonate 44 reached 98% yield (100% select.) at 80 °C within 30 min of
residence time (Table 2.2, entry 3). The optimal catalyst loading was of 5 mol% and its
stability could be maintained for up to 10 reaction runs.!%

Bruijninex and co-workers reported a system based on N-heterocyclic carbenes with an
imidazole derived organocatalyst (NHC) toward production of cyclic carbonates. With an
optimized catalyst, ethylene carbonate 44 reached 58% yield at 74 °C after 6 h of reaction
with 1 mol% catalyst (Table 2.2, entry 4).[158

Hou and co-workers developed an innovative catalytic system relying on CO,/DBU/alcohol
aimed at the transesterification of alcohols with dimethyl carbonate 38 (Table 2.2, entry 5).
Using ethanol as model substrate, the introduction of CO, up to 10 bar was beneficial to the
yield, which was attributed to the formation of an ionic liquid species
([DBUH][O(CO)OCH:CH3]). However, increasing the pressure had a negative effect,
putatively imputed to the diminution of DBU content due to its increasing immobilization to
form [DBUH][O(CO)OCH,CHzs], hence leading to a decrease in available active species.
Remarkably, when the reaction was carried out between 70-80 °C, it gave lower yields in
presence of carbon dioxide, whereas an opposite trend was noticed at a process temperature
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> 90 °C. This clearly emphasized a temperature dependency for such catalytic system
CO,/DBU/alcohol. This was later confirmed by experiments studying the DBU/[DBUH ]
molar ratio as a function of temperature, resulting in an increasing ratio at higher temperature,
supposedly caused by the thermal degradation of ionic liquid species. This explanation was
also supported by the occurrence of ionic product under solid state at low temperature in a
non-polar solvent (toluene). At a higher temperature (90 °C), complete miscibility was
noticed. Besides this fact, the solid state of catalyst greatly facilitated its recovery and
recycling. Finally, the authors proposed a combined mechanism consisting in the
conventional road with nucleophilic activation of carbonation agent by DBU, forming the N-
alkoxycarbonyl DBU derivative [DBU(CO)OCH3], which could subsequently be activated
by strong hydrogen bonding with [DBUH "] conjugated acid, eventually leading to the desired
cyclic carbonate. This study clearly showed that the basicity of the catalyst was not sufficient
to predict both the conversion and selectivity for such transesterification reaction. This
process was next extended to EG (46% yield) and a library of carbamates and aliphatic
carbonates could be also synthesized (yields ranging from 46 to 85%). Owing to incomplete
recovery of the catalyst after reaction, the conversion progressively decreased, yielding 80%
after 5 runs, whereas the selectivity remained steady. Nevertheless, given the need for a
stoichiometric amount of DBU, the global efficiency of the process is questionable.[1?3]

In 2018, Kim, Lee, and Baral proposed a transesterification procedure for vicinal diols based
on TBD as an organocatalyst and diphenyl carbonate 55 as the carbonation reagent in 2-
methyltetrahydrofuran (2-Me-THF). Although DMC stands as a much greener alternative, its
lower reactivity compared to diphenyl carbonate 55 required the implementation of more
drastic reaction conditions. Though, the use of diphenyl carbonate 55 was conditioned by the
presence of a solvent to ensure miscibility with vicinal diols. 91% yield of ethylene carbonate
44 was obtained at very low temperature of 30 °C (2 h reaction time), with a nearly
stoichiometric amount of 55 (1.1:1 GL/5S5 ratio) and 2 mol% TBD. A variety of sterically tri-
and tetra-substituted carbonates was also reachable at yields ranging at 56-98% yields (Table
2.2, entry 6).[184]

Table 2.2 Summary of reactions dedicated to the indirect carbonation of ethylene glycol toward 44 with
carbonating agents.

Entry Catalyst Conditions 44 Ref.
(%)
1 Co(CO)s 4 equiv. 38, 180 °C, 1 h 95 o0
2 HT/HM 5 equiv. 38, 100 °C, 70 min, DMF 89 o1
3 KF/HT 3 equiv. 38, 80 °C, 0.5 h 98 [192]
4 NHC 6 equiv. 38,74 °C,6 h 58 [158]
5 DBU 3 equiv. 38, 100 °C, 14 h, toluene, 10 bar 46 [193]
CO2
6 TBD 1.1 equiv. 55, 30 °C, 2 h, Me-THF 91 [184]
720 Barton’s 3 equiv. 38, 135 °C, 2 min, 7 bar 65 [183]
base
gab TBAB 3 equiv. 38, 180 °C, 3 min, 11 bar 75 (1521
9ab - 15 equiv. 38, 240 °C, 15 min, 50 bar 82 [194]
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A series of articles featured the use of new process technologies for the preparation of cyclic
organic carbonates. For instance, in 2018, Monbaliu and co-workers studied the
performances of a library of organic bases for the development of a continuous-flow
preparation of a library of cyclic carbonates derived from vicinal diols (Scheme 2.40). The
screening of catalysts was performed with GL as a valuable model substrate and involved
candidates with pKgu+ in the range of 23.6-32.9. Barton’s base (2-tert-butyl-1,1,3,3-
tetramethylguanidine) and various sterically hindered phosphazenes emerged from the
screening as the most potent catalysts (conv. 94-97%, select. 83-87%; Table 2.2, entry 7).
Interestingly, phosphazenes were associated with superior conversions but lower selectivities
toward glycerol carbonate 38, due the competitive decarboxylation of glycerol carbonate 38
toward glycidol 4. The much higher costs associated with phosphazenes eventually led to the
selection of Barton’s base as the best compromise. Next, their heterogeneous version was
also assessed over extended time on stream, highlighting a similar drop of catalyst activity
within the first hours of reaction and reaching a plateau around 80% yield after 80 h of
operation. The heterogeneous version of the catalysts was seen as a way to simplify
downstream processing, although the decrease of the conversion led the authors to select the
homogeneous strategy. The latter was successfully transposed to several substrates featuring
apical and/or internal diols, with yields ranging between 57 and 84%. This process was
further translated at pilot scale under mesofluidic conditions (reactor with a total internal
volume of 40 mL) with Barton’s base, offering a productivity of glycerol carbonate about 8
kg per day (98% conv., 80% sel.) within 2 min of residence time, at 135 °C, 1 mol% DBU
and 3 equivalents of dimethyl carbonate 38 (7 bar).[!8

(e}

X | (e .
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38
o 0
44
38 (3 equiv.) 135 °C, 2 min 65% yield
Barton's base (1 mol%)

Scheme 2.40 Continuous flow procedure aiming at the carbonation of ethylene glycol with dimethyl carbonate
catalyzed by Barton’s base.!'*")

One year later, Monbaliu and co-workers reported a similar continuous-flow process relying
on a much cheaper and widely available quaternary ammonium salt catalyst. The optimized
conditions with 3.5 mol% of tetrabutylammonium gave 88% yield toward EC within 3 min
of residence time at 180 °C and 3 equivalents of dimethyl carbonate 38 (11 bar; Table 2.2,
entry 8).[1%2]

In parallel, Selva and co-workers reported a catalyst-free thermal transesterification of vicinal
diols with dimethyl carbonate 38 in continuous-flow reactor. Under superheated conditions,
EG was converted to reach 82% yield at 240 °C (50 bar) with a residence time of 15 min, in
presence of a large excess of 38 (15 equiv.; Table 2.2, entry 9).

In 2017, Miilhaupt and co-workers proposed a synthetic procedure toward erythritol
dicarbonate 54 with diphenyl carbonate 55 and zinc acetate in dimethyl sulfoxide. Under a
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reduced pressure of 30 mbar at 120 °C (19 h reaction time), the by-product phenol was
continuously distilled off to yield 80-90% erythritol dicarbonate 54 after recrystallization.['®"]
The same group also developed a related process toward sorbitol tricarbonate 58 catalyzed
by K2CO:s. Recrystallization of the crude material in acetone afforded a 70% yield of STC.
The authors also proposed another sequential process consisting in the dimerization of
acrolein 7 to form hexa-1,5-diene-3,4-diol, followed by a transesterification with diethyl
carbonate. Afterwards, the olefins were subjected to epoxidation using meta-
chloroperoxybenzoic acid (mCPBA) and their further carboxylation with CO», to eventually
yield sorbitol tricarbonate 58 (Scheme 2.41).[164]

AL
55 o

OH OH  {mol% K,CO, o o
~ 3.3 equiv. 55
—_—
HO/YH/\OH o / \ o

OH OH 120 °C
70 mL DMSO O)\O o’&o
SOR 30 mbar

58
70% isolated yield

Scheme 2.41 Carbonation of sorbitol with 3.3 equiv. of diphenyl carbonate at 120 °C under reduced pressure to
yield 70% of 58.11¢4

In contrast to Miilhaupt et al., Meier and Dannecker developed a greener and more
sustainable transesterification of ERY with dimethyl carbonate 38 both as a solvent and a
reagent in the presence of TBD as an organocatalyst. Although ERY was sparingly soluble
in 38, heating the reaction mixture to 60 °C gradually enabled its dissolution. The reaction
was carried out under reduced pressure to continuously remove methanol and shift the
equilibrium toward the formation of erythritol dicarbonate 54 that was obtained in 90% yield
after 40 min of reaction time. Through simple product filtration, the reaction medium could
be recycled by adding both fresh 38 and ERY and the catalytic activity was maintained for 8
consecutive runs. Interestingly, the reaction time was shortened to 25 min, most likely due to
the presence of seeds of erythritol dicarbonate 54 which promoted its crystallization.[!®!]

In 2012, Rockiki and co-workers studied the formation of tetrahydrofuran derivatives
containing five-membered cyclic carbonates using dimethyl carbonate 38, complex polyols
and basic K>COs as a catalyst under reduced pressure. 1,4-Dioxane was used as solvent to
partially overcome the usual mass transfer issue. When this reaction was implemented on
ERY, it was found that the distribution of products could be tuned according to molar ratio
of ERY/38. With a stoichiometric amount, the reaction mainly led to 1,4-anhydroerythritol
14, whereas with an excess 38, the carbonated version of 14 was obtained. Remarkably, the
same reaction was performed at 70 °C in place of 90 °C and gave an unexpectedly low content
of erythritol dicarbonate 54 (5% yield), suggesting that a lower temperature tends to decrease
the extent of polyol etherification to the benefit of its double carbonation. With SO, the
outcome of the reaction depended on which pair of vicinal diols the installation of the first
cyclic carbonate would proceed. At position 6, a competitive additional decarboxylation of
the intermediate resulted in an etherified species bearing a vicinal diol in cis position as well
as another on aliphatic chain, thus yielding a tricyclic derivative of tetrahydrofuran
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containing two cyclic carbonates (43% yield) 56. In contrast, the carbonation of the primary
OH group at position 1 led to the formation of a tetrahydrofuran intermediate species
featuring a trans vicinal diol which could not be carbonated due to highly strained ring,
eventually leading to isosorbide 57 (Scheme 2.42).[1%)
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Scheme 2.42 Carbonation of sorbitol with dimethyl carbonate showing the competitive pathways. %

Zachara and co-workers reported the production of sorbitol bis(cyclo-carbonate) 56. Since
their previous work underlined the poor solubility of SO in 1,4-dioxane, the authors switched
to more polar solvents. Surprisingly, methanol was selected, even if it is co-generated as side
product of the carbonation with dimethyl carbonate 38. The authors argued that the presence
of methanol promoted the conversion of undesirable linear carbonates into their
corresponding cyclic carbonate. The conversion of SO relied on a 2-step process starting with
the complete solubilization of the polyol under reflux (3 h, 60 °C) and followed with the
removal of methanol by distillation over 24 h, giving a precipitate. Depending on the vicinal
diol pair involved in the carbonation process, the corresponding tetrahydrofuran intermediate
would bear a pair of hydroxy groups positioned in cis or trans hence leading to two distinct
products: the target compound 56 (40% yield) and the side product. Since dimethyl carbonate
38/methanol formed an azeotrope (thus decreasing the overall process atom economy), a
combination of diethyl carbonate and ethanol was also assessed but only achieved very low
conversion (4% yield, Scheme 2.43).11%1
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Scheme 2.43 Reaction of sorbitol with dimethyl carbonate toward sorbitol bis(cyclo-carbonate) 56.1°¢)

Furtwengler and Avérous investigated a library of organic, organometallic and inorganic
catalysts aimed at the carbonation of D-SO with dimethyl carbonate 38 as both reagent and
solvent. The results identified TBD as the most efficient catalyst, which gave 45% yield of
sorbitol bis(cyclo-carbonate) 56 over 48 h reaction time at 75 °C. A lower temperature
negatively impacted the process due to a lower catalyst solubility in the reaction medium. To
prevent 38 losses through evaporation, a continuous supply of 38 (15 mL h'') was
implemented to the distillation setup to maintain a constant and optimal 38/SO molar ratio
of 3.35, achieving 50% yield of bicarbonate 56 in 16 h.[1¢2]

2.4.5 CYCLIC KETALS FROM BIO-BASED POLYOLS: KETALIZATION OF
VICINAL DIOL

2.4.5.1 KETALS AS VERSATILE COMPOUNDS AND BIODEGRADABLE MONOMERS

The ketalization of carbonyl compounds with diols is a common transformation (Figure
2.11), which is typically implemented to ensure chemoselective transformation upon
protection of aldehydes or ketones within the frame of complex organic synthesis,'°”! though
it also concerns the production of fuel additives and the manufacturing of building blocks
toward high added-value. Ketals have also a promising future in the polymer industry as
biodegradable smart polymers.['® The formation of ketals typically involves toxic solvents
and is catalyzed by homogeneous acids such as HCI, H,SO4, CF3;CO:H or p-toluenesulfonic
acid, which require specific equipment and are harmful and difficult to recycle.['?%2%"]
Furthermore, they often require complex and expensive purification steps.*’!l Given these
numerous drawbacks, heterogeneous catalysts were often seen as potential alternatives for
improving the global efficiency, through easier catalyst recovery and the absence of
neutralization step. Nevertheless, up to now, the use of heterogeneous catalysts did not reach
comparable performances compared to sulfuric acid, underlying the challenging features of
this reaction.[202:203]

Considering EG, its condensation with ketones leads to a 1,3-dioxolane backbone such as
EG acetone ketal 70 (Figure 2.11) which finds various applications in the preparation of
pharmaceuticals, polymers or even fragrance formulations. It has a versatile backbone, the
substitution of which offers a versatile pool of chiral derivatives associated with large array
of biological activities.?*!! 2 2-Dimethyl-1,3-dioxolane-4-methanol (aka solketal, 71) is a
well-known upgraded polyol synthesized from the reaction between GL and acetone 35
(Figure 2.11). Its preparation comes with an appealing atom economy and has a current
market value estimated to 22 billion US$ per year.[?>2%) Solketal 71 is primarily used as a
fuel additive. The incorporation of 71 in fuel enables to minimize the formation of small
particles upon combustion in engines; it also enhances the viscosity and the cold flow
properties of the resulting fuel blend. However, it increases the fuel density, which in turn
has a negative impact on the engine operation.[>>371 Solketal 71 is considered as non-toxic for
mammals, and is therefore also used as a suspending agent or as precursor in pharmaceutical
preparations.2°]
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Glycerol levulinate ketal (72) is a novel bio-based compound arising from the ketalization of
GL with methyl levulinate (73; Figure 2.11). Owing to its unique molecular structure, it is
expected to develop several applications in the field of biodegradable surfactants, polymers,
additives or as green solvent due to its broad solubility, as well as in plasticizers and
coatings.?72% Given the promising wide spectrum of applications of this compound, the
development of commercial scale production facilities is undergoing, such as with Segetis
Inc.?%1 Globally, this growing interest is not only limited to glycerol levulinate ketal 72 but
is extended to all levulinic acid derived ketals, such as glycerol levulinic acid ketal (74).207]
(4R ,4'S)-2,2,2' 2'-tetramethyl-4,4'-bis(1,3-dioxolane) (aka erythritol bisacetone ketal, 75),
which is synthesized through a double condensation of acetone on ERY, offers an attractive
symmetrical 1,3-dioxolane structure system with lots of potential for the design of innovative
biodegradable polymers (Figure 2.11).1% Similarly, (1S,25)-1,2-bis(2,2-dimethyl-1,3-
dioxolan-4-yl)ethane-1,2-diol (aka sorbitol bisketal, 76) is also reachable through a double
ketalization of the two apical pairs of vicinal diols on SO. Recently, Xu and co-workers
reported the preparation of sorbitol bisketal 75 in the frame of a strategy to specifically
control internal OH groups etherification toward isosorbide 57, which is typically
manufactured from a poorly selective double dehydration of SO (Figure 2.11).21%
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Figure 2.11 Overview of most common -based ketals. The parent bio-based vicinal polyol is indicated above the
structures.

2.4.5.2 KETALIZATION OF BIO-BASED VICINAL DIOLS WITH ACETONE

A typical ketalization reaction is catalyzed either by Brensted or Lewis acids. A classical
reaction outcome starting with GL is composed of two ketals: a 5S-membered ring ketal 71
and a 6-membered ring ketal 77, the former being predominant. The favored formation of the
5-membered ketal is typically explained by steric hindrance in the 6-membered ketals caused
by one of the methyl group at the axial position (Scheme 2.44).[23]

OH O o o 0O
HOLA_OH * )J\ N P H) * Hz0
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Scheme 2.44 5-membered and 6-membered ketals generated from the reaction between glycerol and acetone
25.131
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The formation of a ketal is an equilibrium that cogenerates water, which means that without
actions to remove water, the formation of a ketal will be limited by the equilibrium
thermodynamic constant.?*>] Consequently, dehydration additives are often required, as well
as the use of one of the reagents in excess. At the lab scale, a Dean-Stark apparatus is often
relied on in conjunction with solvents such as cyclohexane, benzene or toluene. Similar to
glycerol carbonate 38, solketal 71 has received a significant attention over the last decades
due to its promising future as fuel additive. Its preparation and use have already been covered
by recent and thorough reviews in the presence of homogeneous and heterogeneous catalysts
in both batch and continuous flow conditions.[?>2>37-2062111 Therefore, the preparation of 71
from GL will not be detailed here. The next paragraphs will be devoted to the ketalization
bio-based vicinal diols and are organized according to the nature of the catalyst.

Homogeneous acidic catalysts. As an illustration of homogeneous acidic catalysis for the
ketalization of EG, Xie and co-workers reported a ketalization process with HCI as a catalyst
in the presence of trimethyl orthoformate 78 as a dehydration additive (Table 2.3, entry 1).
With orthoformate 78, reaction completion was observed within 12 h, whereas in the absence
of 78, a very low conversion (7%) was observed even after 24 h. In presence of 1.2
equivalents of 78, the reaction with EG as substrate, and for some examples as solvent, gave
91% with pentane-3-one (ketal 79) and 94% with cyclopentanone (ketal 80) after 24 h at
room temperature (Scheme 2.45). Other examples are ketals 81 and 82.11°7]

2
\o O/
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HO/\/OH + —_— > e}
EG t,24 h
(0]
0 0" o
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91% yield 94% vyield
40 °C solvent EG
(0]
O
(0]
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80 82
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solvent MeOH solvent EG

Scheme 2.45 Scope of Xie’s work on ketalization of various diols substrates.!'”!

Xu and co-workers reported a protocol toward glycerol levulinate ketal 72 based on methyl
levulinate and sulfuric acid. Upon optimization, 1 equivalent of methyl levulinate 73 was
reacted with 4.4 equivalents of GL and 0.27 mmol of catalyst, yielding 72 in 97.2% at 123
°C (under 90 kPa) in 30 min reaction time with a Dean-Stark apparatus (Table 2.3, entry 2
and Scheme 2.46). When the optimized conditions were transposed to crude 73, the yield
decreased to 85%.12%)
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Scheme 2.46 Preparation of glycerol levulinate ketal 72.2%!

Heterogeneous metal-based catalysts. Yang and co-workers described a cobalt-based
catalyst with dimethylglyoxime (DH>) as a ligand for the ketalization of vicinal diols under
neat conditions. Several cobalt-based salts were assessed with CoCl,, Co(NO3),, CoSO4 and
Co(OAc), as catalysts for the ketalization of 1,2-propanediol (23) in the presence of
cyclohexanone (Table 2.3, entry 3). CoCl, gave the highest conversion (95%, > 99%
selectivity) followed by Co(NO3), and CoSO4 with 90 and 49%, respectively. These results
were explained by the axial unoccupied sites of the intermediate cobaloxime species (Scheme
2.47a). In the case of CoCl,, the formation of the active catalytic species led to the generation
of 2 equivalents of HCI, which could easily be removed from the reaction medium at 70 °C
under 0.05 bar, hence, creating 2 catalytic sites (Scheme 2.47b). Similarly, the reaction with
Co(NOs3), produced HNOs, that was removed from the reaction mixture through its
degradation in NO». The authors stated that, in contrast with the previous cobalt salts, the use
of CoSO4 would generate HSOs, which is more difficult to remove from the reaction medium
hence resulting in a lower activity. Co(OAc), did not give any conversion. Based on this
process, various carbonyl compounds were assessed to obtain ketal and acetal derivatives of
vicinal diols such as EG, giving yields ranging from 79 to 99%.121?!
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Scheme 2.47 (a) Formation of catalytic species using cobalt based salt and diglyoxime as well as (b) mechanism
of ketal formation from EG.*'?

Su and co-workers studied Cul metal-organic frameworks with phosphine ligands in presence
of diverse counterions such as Br, Cl and PF6". Among the various candidates, samples with
PF6™ (CuL-PF6) exhibited the higher activity, indicating that catalytic performances depend
on the nature of the anion (Table 2.3, entry 4). Owing to the low coordination of PF6", the
metal center was largely available for the substrate. The authors also assessed the impact of
the bulkiness of the ketone substrates on reaction outcome, showing that compounds with
increasing steric hindrance led to decreasing yields of the respective ketal (2-
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butanone>cyclohexanone>1-phenylethan-1-one>diphenylmethanone). This phenomenon
was also attributed to lower accessibility of metal center and thus, demonstrating the size
dependency of the reaction. Furthermore, the weak Lewis acidity of Cul was expected to
have a stronger impact on the reactivity of electron rich substrates such as 2-butanone and
cyclohexanone than on electron deficient compounds. Nevertheless, the catalytic stability
was only ensured for three cycles.?!3]

Under similar reactional conditions, Oliver and co-workers developed an alternative process
relying on MOF constituted of barium centers organized in layers and covalently linked by
ethanedisulfonate bridges (Ba:F,[OSC,H4SO3]) that remained less active (37% yield) than
CuL-PFé6 for the reaction of EG with 2-butanone (Table 2.3, entry 5).2!4

Shao, Ou, and Zhong described a process using a phosphorous incorporated solid SO4>/TiO;
catalyst while ensuring similar performances for the ketalization of EG with cyclohexanone
(99% yield) over 6 successive batch experiments (Table 2.3, entry 6).1203]

In 2016, Nascimento and co-workers studied several heterogeneous catalysts including
niobium phosphate, sulfonic resin and zeolite aimed at the ketalization of ethylene glycol
with ethyl 4-oxopentanoate. Among catalytic samples, NbP was the only candidate able to
selectively form the ketal derivative (conv. 54%, sel. 100%) without side reactions arising
from diol transesterification (Table 2.3, entry 7). These results were attributed to the lower
acidity of the catalyst upon the other samples.?!”!

Heterogeneous metal-free catalysts. A series of reports concerned the development and use
of silica-based heterogeneous catalysts. Cejka and co-workers investigated the catalytic
performances of weak acidic germanosilicate zeolites with the large pores IWW (Si/Ge=4.2)
and extra-large-pores UTL (Si/Ge=7.2) over commercial aluminosilicates zeolites f (BEA)
and mordenites (MOR), both depicting strong Brensted and Lewis acidic properties. Under
solvent-free conditions, comparative experiments using GL demonstrated the superior
catalytic efficiency of IWW in comparison to UTL, whereas the latter was characterized by
a higher content of Ge and a larger crystal size and volume of micropores. Thus, textural
features seemed to suggest that UTL were associated with higher mass transfer limitation
than IWW. Moreover, UTL only displayed Lewis acidic centers whereas IWW also
possessed water induced Brensted acid sites, which appeared to be more active for diol
ketalization. Increasing the activation temperature up to 300 °C had a positive impact on
IWW activity, which was correlated to an increased Lewis acidity and a decrease of Brensted
acidity. When used for the ketalization of GL toward solketal 71, IWW exhibited similar
performance (55% yield of solketal) over commercial catalyst BEA while outperforming
MOR (14%). Since the formation of ketal 71 is an equilibrium, increasing the excess of
acetone 35 to 25 equivalents had a positive impact on the production of 71 (>99%) at room
temperature within 3 h. Catalyst stability was ensured for 3 reactions cycles with no leaching
of Ge. This process was then successfully extended to the ketalization of EG with 35 (>99%)
or with methyl ethyl ketone (95%; Table 2.3, entry 8). By contrast, more complex polyols
such as butane-1,4-diol (6) gave much lower yields (18-68%).2'¢]
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Duan and co-workers proposed HsSiWMo0sO40/SiO; as catalytic system for ketalization of
EG with cyclohexanone, offering 80% yield of 1,4-dioxaspiro[4.5]decane in 50 min of
reaction time whereas maintaining similar activity over 4 reaction runs (Table 2.3, entry
9).l01

In 2014, Song reported a heterogeneous catalyst Ha[SiW1,040] supported on SiO; to prevent
an important leaching of H-SiW 1, in the reaction medium. Under solvent-free conditions, the
ketalization of EG proceeded well with 83% yield in 6 h (Table 2.3, entry 10); comparable
results were ensured over 10 cycles.[?!”]

Tang and co-workers studied catalyst efficiency of zeolite nanofiber assemblies (NB-MOR),
its H-form analog produced from NH*" ion exchange (HNB-MOR) and mesoporous
aluminosilicate (Al-MCH-41). From preliminary tests involving the ketalization of alcohols,
mordenite composites depicted superior activities over Al-MCH-41, caused by
aluminosilicate weaker acidic properties. The authors also compared a series of alcohols of
different bulkiness and showed that the conversion of smaller alcohols was similar for both
MOR samples, whereas reactions involving bulkier alcohols led to low catalytic activity for
NB-MOR, owing to mass-transfer limitation. Assessment of a library of ketones highlighted
the higher performance of HNB-MOR, for example the ketalization of EG with
cyclohexanone that gave 91% (50 °C, 12 h 0.2:0.6 cyclohexanone/EG; Table 2.3, entry 11).
The catalyst remained active for 10 cycles with similar performance.?'%!
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Table 2.3 Overview of reactions performed on ethylene glycol, glycerol or meso-erythritol ketalization with

diverse ketones.

Entry Ketone agent (equivalents) Conditions Ketal Ref.
(%)
12 Cyclopentone (0.8) rt, 1.2 equiv. 78, MeOH, HCI1 94 11971
2abe Methyl levulinate (0.2) 123 °C, 90 kPa, 0.5 h, H2SO4 97.2 1209]
3de Cyclohexanone (0.7) 70 °C, 1 h, 0.05 bar, CoCl/DH, 99 [212]
404 Cyclohexanone (1) 110 °C, toluene, 12 h, CUL-PFs 93 [213]
5bd 2-Butanone (1) 110 °C, toluene, 12 h, Ba;F2[OSC2H4S03] 37 [214]
604 Cyclohexanone (0.8) 80 °C, cyclohexane, 2 h, SO4>/TiO>-P cat. 99 1203]
754 Ethyl levulinate (0.5) 110 °C, toluene, 4 h, NbP 54 [213]
gde Acetone (0.5) 80°C, 3 h, UTL 99 [216]
gbd Cyclohexanone (0.7) 80 °C, cyclohexane, 50 min, 80 [201]
HaSiWsM06040/SiO2
10%  Cyclohexanone (0.7) 60 °C, 6 h, Ha[SiW 120 40]/SiOs 83 217)
114 Cyclohexanone (0.33) 50 °C, acetonitrile, 12 h, HNB-MOR 91 [218]
12bde Cyclohexanone (0.83) 90°C, 1 h, cyclohexane, SC-34-SO;H 98 [202]
134 Cyclohexanone (1) 50 °C, 2 h, BAL-MOR 70 [219]
144 2-Butanone (6) 25 °C, 2.5 h, ethanol, H-Sulfo-POSS ~80% [220]
15%¢f 0.15 levulinic acid 190 °C, 1.5 h, D-HB 34 [221]
16%¢ Cyclohexanone (0.55) 85°C, 3 h, SWIL/B-SBA-16 83 1222]
1704 Cyclohexanone (0.66) 120-125 °C, 1.25 h, cyclohexane, SBA-15/Al- 85 [223]
IL
18%¢ Acetophenone 80 °C, 12 h, Clay H* 66 1223]
19%  Acetone (0.5) 40 °C, 24 h, PILCs-Al-Zr 19 [199]
2004 Cyclohexanone (0.76) 120 °C, 2 h, cyclohexane, M-ZrPO 98 [226]
21%  2-Butanone (0.5) 90 °C, 14 h, [Sb202(OH)]" 55 [227)
224¢ Isopropenyl acetate (1) 30 °C, THF, Amberlyst-15 23 1228]
23%42  Isopropenyl acetate (3) 30 °C, 16 h, Acetic acid, 5 equiv., Amberlyst- 91 1229]
15
2454 Levulinic acid (0.1) 80 °C, 20 min, benzene, Amberlyst-15 88 1207]
25bdh Acetone (3) 80 °C, 24 h, Amberlyst-15, benzene 53 [198]

89



Peng, Kun, Lin designed a strong acidic catalyst based on a mesoporous silica SBA-15
composite coated with polycyclic carbon layer using furfuryl alcohol and following
functionalization with sulfonic acid (SC-34-SO3H). The use of furfuryl alcohol rather than
sucrose as a carbon source provided a uniform coating onto silica that prevented pore
blockage and an improved substitution of SOsH, therefore leading to superior acidic
properties of SC-34-SOsH (Table 2.3, entry 12).[20%

Yang’s team reported a Brensted acidic ionic liquid (SOsH) catalyst supported on mordenite
(BAL@MOR). In stoichiometric amount, EG reacted with cyclohexanone to yield the
respective cyclic ketal around 70% after 2 h of reaction time at 50 °C (Table 2.3, entry 13).12!")

Vogt, Esteban, and Soderholm synthesized polystyrene-based sulfonate-octaphenyl POSS
(polyhedral oligomeric silsesquioxanes) compounds (H-Sulfo-POSS) to catalyze the
ketalization of GL reaction with 2-butanone at 25 °C (Table 2.3, entry 14). Three candidates
of different sulfonation degrees were prepared and compared to commercial references such
as para-toluenesulfonic acid (PTSA) and its heterogencous analog Amberlyst-36. Ethanol
was used as solvent to solubilize all partners. Higher catalytic performance was correlated
with an increasing degree of sulfonation with TOS of 2601 h!, 1844 h'! and 1587 h,
respectively, whereas PTSA reached 2256 h™! and 213 h"! Amberlyst-36. The assessment of
the recyclability of the catalyst showed that the efficiency of H-Sulfo-POSS-3 progressively
decreased over 10 runs to yield a mere 3% for the ketalization of GL with 2-butanone. The
authors argued that the high solubility of the catalyst in the reaction medium was the primary
case leading to poor recyclability.?2%

Parikh, Chakraborty and Umrigar reported a ketalization/esterification process on various
vicinal diols with levulinic acid (83) under continuous-flow and microwave irradiated
conditions catalyzed by a desilicated zeolite. The desilication technique enabled the selective
extraction of silicon to increase Si/Al ratio, hence increasing the intrinsic acidic properties of
the material, as well as improving molecular transport toward actives sites. Implementing a
tubular reactor at 190 °C, reaction with levulinic acid 83 in presence of 8 equivalents of EG
afforded 42% yield of 2-hydroxyethyl-4-oxopentanoate (84), 26% yield of ketone 3-(2-
methyl-1,3-dioxolan-2-yl)propanoic acid (85) and 31% yield of keto-ester 2-hydroxyethyl-
(2-methyl-1,3-dioxolan-2-yl)propanoate (86; Scheme 2.48 and Table 2.3, entry 15). For the
same substrate under microwave irradiation, quantitative conversion was reached, yet the
selectivity toward the three identified products was lower compared to the continuous-flow
experiments: 24% for ester 112, 34% for ketal 85, 14% for ester ketal 86, as well other
products.[22!]

a (0]
EG 8 equiv. — O 86
83 1 equiv. RSl 0 31% yield
Tot. flow rate = 190 °C
-1 HO.
0.1 mL min Hy = 10 mL min-! \/\OJJ\/\H/ o) o

o 85

42% vyield 26% yield

Scheme 2.48 Reaction output arising from the reaction of ethylene glycol with levulinic acid 83 under
continuous flow conditions.?"!
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Jiang and co-workers designed a heterogeneous catalyst based on boron modified SBA-16
nano-cages (large pore mesoporous silica) functionalized with tungstosilicic ionic liquid
(SWIL/B-SBA-16) to both increase the number of acidic sites and enhance the acidity of the
support. Boron content was determinant for the reaction outcome with an optimum Si/B=15;
higher concentration of boron was detrimental due to occurrence of mass limitation caused
by partial destruction of nano-cages. In the absence of both solvent and dehydrating agent,
1.8 equivalents of EG reacted with 1 equivalent of cyclohexanone to give the corresponding
ketal derivative in 83% yield at 85 °C for 3 h (Table 2.3, entry 16). Interestingly, the use of
a dehydrating agent did not improve the yield and required the addition of toluene. The
catalyst could be reutilized for 8 cycles, with a moderate drop of activity, eventually yielding
the corresponding ketal in 69.5%.[222]

Alternatively, Jiang and co-workers developed an immobilized chlorine-aluminate catalyst
supported on SBA-15 aimed at EG ketalization with cyclohexanone (Table 2.3, entry 17).[2%%)

Xu and co-workers developed a novel process toward highly selective synthesis of isosorbide
57 via the ketalization of the apical vicinal diols of SO catalyzed by a H-beta zeolite, yielding
sorbitol bisketal derivatives (Scheme 2.49). This strategy enabled an accurate control of the
selective intramolecular etherification of internal OH groups to yield the targeted
tetrahydrofuran derivatives. Using methyl isobutyl ketone as both reagent and solvent, SO
gave 93% yield of isosorbide 57 underlying the efficiency of polyol ketalization in these
conditions (170 °C, 2 h). This protocol was also extended to ERY and XY, giving 90% and

71%, respectively, of the corresponding tetrahydrofuran derivatives (Table 2.3, entry 18).[224]
OH OH o o) OH
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OH OH OH g
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Scheme 2.49 Ketalization of the two apical pairs of sorbitol’s vicinal pairs with a ketone agent.[??%
Miscellaneous. Besbes and co-workers developed an acid-activated clay (clay-HO.5) for the
ketalization of EG (1 equiv.) and acetophenone 87 toward dioxolane 88.7225) Compared to an
inactivated catalyst that gave 29% yield of EG ketalization product 88, the acid-activated
clay gave 66% yield under the same reaction conditions (Scheme 2.50 and Table 2.3, entry
19), which was correlated to superior acidic sites density. Though, the catalytic activity
gradually decreased over 6 successive runs, to afford a 61% yield of ketal 88.
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Scheme 2.50 Ketalization of EG with acetophenone toward 2,2-diphenyl-1,3-dioxolane (119).!'")

Another example was reported by Srasra and Ghnimi: the authors prepared sodium pillared
interlayered clays (PILCs) modified by zirconium and alumina via cation exchange reaction,
achieving = 19% yield of 2,2-dimethyl-1,3-dioxolane (70) through the ketalization of EG
and acetone 25 (0.5 equiv.) in 24 h reaction time at 40 °C.1!%!

Chou and co-workers developed a ketalization process using a mesoporous zirconium
oxophosphate (M-ZrPO) catalyst. Among the various ratio of P/Zr assessed, M-ZrPO-0.75-
500 depicted the higher mesostructured uniformity as well as larger specific surface and pore
volume, overall offering an enhanced accessibility of reactive sites. The determination of
catalytic acidic properties by NH3-TPD showed the occurrence of both Brensted and Lewis
acid sites, with the latter displaying stronger acidity. Under optimized conditions, the
ketalization of EG was performed on a series of ketones, yielding the corresponding ketal
product in 81 to 98% (Table 2.3, entry 20). The catalyst was reused up to 5 times without
significant activity drop.!??!

Fei and Yin designed a process based on an inorganic two-dimensional network of antimony
oxide hydroxide under solvent-free conditions. After 14 h of reaction time at 90 °C, up to
55% yield was obtained for the ketalization of EG with methyl ethyl ketone (Table 2.3, entry
21).227

Selva and co-workers reported a tandem reaction based on the conversion of vicinal diols
with isopropenyl esters catalyzed by a heterogeneous acid Amberlyst-15 in a fixed-bed
reactor (Scheme 2.51). Using prop-1-en-2-yl acetate (89) as reagent and THF as solvent, the
transesterification with EG led to the generation of 2-hydroxyethyl acetate (90; conv. 94%,
sel. 67%) and prop-l-ene-2-ol (91) in stoichiometric amount. Through enol-keto
tautomerization, 91 was converted in the corresponding acetone 25, which subsequently
reacted with EG to yield 70 (sel. 31%), the ketal derivative of EG (Table 2.3, entry 22). In
contrast, under optimized conditions, a reaction cascade with 1,2-propanediol (23) yielded
an approximate 50:50 selectivity distribution toward monoester 2-hydroxypropyl acetate
(92)/ketal 2,2,4-trimethyl-1,3-dioxolane (93) products. EG lower results were attributed to
its faster transesterification, that is, decreased substrate availability for ketalization.??]
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Scheme 2.51 (a) Continuous flow procedure for the reaction between ethylene glycol and isopropenyl
acetate.?® (b) Procedure for the reaction between propylene glycol and isopropenyl acetate. 225

The same team also developed a ketalization/acetylation tandem one-pot sequence using GL,
isopropenyl acetate 89, acetone 25 and acidic Amberlyst-15 in presence of acetic acid 11 as
solvent. Acetone 25, which was produced in situ either from the tautomerization of 91 or the
solvolysis of 89 with AcOH, reacted with GL to form a binary mixture of 5-membered ring
and its 6-membered ring ketal analogs with a 97:3 ratio. The authors evaluated the impact of
various reaction parameters on the reaction outcome and highlighted that the molar ratio and
reaction time were paramount to control the selectivity. Indeed, increasing isopropenyl
acetate 89/GL ratio to 1:10 and extending reaction time to 32 h led to 51% yield of solketal
acetate (94) and 49% yield of triacetin (95). Adjusting the 89/GL ratio to 4 and adding a large
excess of co-ketalizing agent acetone (20 equiv.) led to the complete disappearance of
solketal 71/2,2-dimethyl-1,3-dioxan-5-0l (77) for the benefit of solketal acetate 94/2,2-
dimethyl-1,3-dioxan-5-yl acetate (96; 85%) and the concomitant formation of triacetin 95
(Scheme 2.52 and Table 2.3, entry 23). Further experiments highlighted that modulation of
the AcOH content to 1.5 equivalents in conjunction with an external intake of acetone 25
(tune to 5 equiv.) led to the formation of solketal acetate 94 as the major product (91%) and
only traces of 71/77 (3%), as well as 2% 1,2-diacetin 97/1,3-diacetin (98) and 7% triacetin
95.229]
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Scheme 2.52 Pathways toward the different reactional products formed through the reaction of glycerol and
isopropenyl acetate 121.12%)

Animashaun and Amarasekara described a one-pot ketalization/esterification toward the
manufacturing of ketals derivatives of EG and levulinic acid 83 in presence of either
Amberlyst-15 or homogeneous p-toluenesulfonic acid. The authors relied on benzene as
solvent for assessing both catalysts. Indeed, p-TsOH activity generated predominantly the
corresponding ester in 75% yield, whereas heterogeneous Amberlyst-15 led to 88% yield of
the corresponding ketone 85 after 20 min; for prolonged reaction time (180 min), the ketone
started to be converted into the corresponding ketone ester 86 (ca. 55% 86, ca. 45% 85; see
Scheme 2.48 and Table 2.3, entry 24).[207]

Timofeeva and co-workers studied the influence of homogeneous and heterogencous
Bronsted acids catalysts for the ketalization of ERY with various ketones (Scheme 2.53).
Considering homogeneous catalysts such as p-toluenesulfonic acid (conditions a in Scheme
2.53) and 1-(3-propylsulfonic)-3-methyl-imidazolium chloride (conditions b in Scheme
2.53), total selectivity (conv. 92-95%) was achieved toward bis-ketal 75 with acetone 25
(Table 2.3, entry 25). By contrast, heterogeneous catalysts such as Amberlyst-15 (conditions
¢ in Scheme 2.53) and SiO-SOsH (conditions d in Scheme 2.53) promoted partial or complete
dehydration of ERY toward anhydroerythritol 14 and its subsequent ketalization toward ether
ketal 99 in the presence of acetone 25. Then, similar experiments were also performed with
cyclic ketones. Their results showed complete selectivity toward bis-ketals species for all
catalysts; cyclopentanone on the contrary gave complete selectivity toward the corresponding
ketal ether with the heterogeneous catalysts. Overall, the results indicated that the steric
hindrance of the ketone backbone was a critical parameter driving the selectivity. The authors
also performed computations (HF/3-21G) to further characterize the driving forces
controlling the selectivity; computations showed that the bis-ketal species was always the
most thermodynamically stable compound, whereas ketals formed with acyclic ketones of
increasing bulkiness were increasingly less stable thermodynamically.[!%%]
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Scheme 2.53 Conversion of erythritol into bis-ketal 75 derived and ether ketal 99 with indication of the
computed energies (in kcal mol™).[%!

2.4.6 GENERAL CONSIDERATIONS ON THE GREEN METRICS OF BIO-BASED
PROCESSES

Despite the large variety of successful achievements for the development of process
conditions aimed at the upgrading of bio-based vicinal polyols and the many incentives
advocating a transition from petro-based to bio-based resources, the exploitation of bio-based
platform molecules still stands as a major challenge for chemists and chemical engineers.
Biomass refining toward bio-based platform molecules is currently far from offering similar
performances compared to petro-based platforms and are typically generating a significantly
higher volume of waste products. With respect to the central topic of this Review, the polyol
backbone also imposes the development of new synthetic approaches to access the various
drop-in, smart drop-in and dedicated bio-based platforms discussed in this manuscript. As
detailed in the previous sections, the upgrading of bio-based vicinal polyols relies on the use
of specific additives, appropriate solvents, suitable catalytic systems, unprecedented
operating conditions or innovative technologies. Though, their implementation for the
upgrading of bio-based platforms weighs a lot when it comes to assessing their global
efficiency. The global process efficiency can be assessed through a diversity of metrics (so-
called “green metrics”) to quantify the overall environmental footprint.32331 Among the
various green metrics available, the environmental factor (E-factor) developed by Sheldon in
the 90s is still widely used as pertinent parameter to assess waste generation. It is defined as
the ratio of the total mass of waste on the mass of synthesized product while lower value is
interpreted as a process with a global low environmental footprint.['! The E-factor value is
inherently related to the nature and the context of process: (a) oil refining is usually associated
with a very low E-factor (<1); (b) production roads leading to bulk chemical are usually
characterized with E-factors ranging from 1 to 5; (c) processes toward fine chemicals
procedures have E-factors in the 5-50 range and (d) the production of pharmaceuticals should
not exceed an E-factor of 100.123235 These numbers are correlated with the complexity and
the number of steps. As the upgraded molecules discussed in this work have predominant
applications at the interface between bulk chemicals and fine chemicals, processes with E-
factors ranging from 1 to 50 would be acceptable. Besides the E-factor, the Atom Economy,
introduced by Trost in 1995,2%1 is another very handy metric that enables to quantify both
the effectiveness and the sustainability of a given process (or the compliance with most of 12
principles of Green Chemistry).[2*7 1t is defined as the percentage of atoms from the reagents
that are maintained in the final product. A reaction with 100% atom economy indicates the
complete incorporation of reagents in the targeted product, thus, with no waste atoms. These
metrics should be carefully handled since they exclude important process parameters such as
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the temperature, pressure and specific chemical hazards. They remain, however, good and
reliable indicators of the overall efficiency and suitability of a process within the context of
lowering the overall environmental impact.

We have selected a few representative examples from the above sections and have subjected
them to both E-factor and AE calculations. Table 2.4 summarizes the overall efficiency and
environmental footprints for a selection of representative processes. A first overview of Table
2.4 shows that three selected processes are associated with an AE below 30%; 18 processes
are associated with an AE between 30 and 65% and 9 processes have an AE superior to 65%.
Based on the AE, it can already be stated that two third of alternative processes assessed in
this work only incorporate 30-65% of atoms invested via the reagents and additives, hence
impacting negatively the overall environmental footprint. To have deeper insights into waste
generation, the E-factor is next considered for the same selection of process. It was calculated
to consider solvent and catalyst mass, as well as all products (including by- and side-product),
in contrast to AE. Table 2.4 shows favorable E-factor values comprised between 0.45 and 50
when excluding the example of DODH that relies on a very large excess of isopropyl alcohol
(solvent and reductant), processes using high volumes of solvents intended for Dean-Stark
apparatus and the carbonation protocols with CO,. Although the amount of waste generated
is important to consider, another fundamental aspect relies on the evaluation of the hazards
and environmental impact of the waste products.?*®]

Knowing that solvents represent the largest fraction of waste associated with a given process,
it often becomes a determining factor in the calculation of the E-factor as it can represent up
to half of the material used in a chemical process.[>*® For instance, the use of methanol in the
synthesis of sorbitol bis(cyclo-carbonate) 56 causes a significant increase of E factor value
from 12.48 to 15.14 (Table 2.4, entry 24). It is clear that the selection of a solvent must be
strictly guided to select the most suitable alternatives. Solvent selection guides are available,
and among them, the CHEM21 selection guide is among the most elaborated and used of
solvents as recommended and thus widely promoted as first solvent candidate to
implement.”?3¥ Coming back to the DODH example (Table 2.4, entry 4) that requires a large
excess of isopropyl alcohol (as solvent and reductant), the less favorable E-factor (77.61) is
somehow mitigated with the low toxicity of isopropanol, which is a recommended CHEM21
solvent.

The use of CO; even in large excess, is also highly encouraged to as a potential strategy to
decrease atmospheric levels. Unfortunately, the processes developed so far are usually highly
energy consuming and require additives; overall leading to unfavorable green metrics (Table
2.4, entries 17-20) and a poor global efficiency. Noteworthy, calculation of E-factor (Table
2.4) without considering CO» input enables to reach more acceptable processes.

Given the results of the two common metrics, it is clear that most of the examples presented
in Table 2.4 fulfill neither the atom economy nor the waste prevention principles of Green
Chemistry. It is therefore important to insist on the fact that sustainable processes have to be
distinguished from bio-based processes, defined as chemical procedures exploiting bio-based
molecules. The use of bio-based resources is a necessary condition, but it is not a sufficient
condition to claim sustainability. The road toward sustainable bio-based processes is ahead
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of us but still requires significant contributions from both the chemistry and chemical
engineering communities.

2.4.7 CONCLUSION

As a direct consequence of the growth of the bio-based economy, numerous new alternative
processes and technologies aimed at the upgrading of bio-based polyols are thriving under
the drive of strong EU incentives toward a transition from classical petro-based processes.
Despite many significant advances both from chemical and from process technology
standpoints, bio-based processes are not ready yet to take over the petrochemical industry.
Numerous challenges remain ahead. One of the main hurdles relates to their technology-
readiness levels, which are typically around TRL 4-5 and thus still far from implementation
at industrial scale and further commercialization. These processes rely on novel chemistries
and conditions that are often drastically different from those developed for petro-based
platforms, and usually display lower yields and selectivities than their petro-based analogs.
With the increasing complexity of some higher bio-based polyols, managing
chemoselectivity becomes overwhelming and requires the development of selective catalysts
or process conditions to improve reaction selectivity, stoichiometry and the global reaction
outcome. Much effort has been devoted to the identification of high-performing and benign
catalytic systems with extended stability. However, a non-negligible proportion of catalysts
still rely on low and extremely scarce volume elements such as the DODH reaction and the
preponderant use of rhenium-derived catalysts, sacrificial reagents, and additives, as well as
solvents with significant environmental impact. It is also critical to develop process
conditions, additives, and catalysts that are amenable to low-purity, unrefined bio-based
platforms to increase the cost-effectiveness of such processes. Most of these processes
feeding on bio-based platforms are inherently associated with unfavorable sustainability
metrics, which hence clearly pinpoint the areas of research where improvements and the next
research efforts must be focused, such as solvents, additives, and process technologies with
a lower environmental footprint. These are the mandatory steps to merge bio-based and
sustainable processes toward an effective and radical shift in the current petro-based
industrial paradigm.

From this overview, it can be stated that bio-based processes have the potential to supply
industry with numerous building blocks (drop-in, smart drop-in, and dedicated platforms)
including olefins, oxiranes, cyclic carbonates, and ketals. There is, however, still plenty of
room for improvement in terms of selectivity, performance, and environmental footprint.
Similarly, the organic chemistry dedicated to the exploitation of complex polyols including
erythritol, xylitol, and sorbitol toward high added-value compounds is currently in its
infancy. However, these polyols depict privileged structures for the manufacture of new
chemical motifs, such as conjugated systems and cyclic carbonates, and therefore potentially
stand as starting materials for new technological innovations. This Review was structured as
a reference guide of five staple reactions that exploit vicinal diols and concrete examples of
attainable molecules starting from bio-based polyols. It also aims to provide support for
further advances and stimulate the creativity of chemists and chemical engineers involved in
the development of bio-based processes.
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Table 2.4 Calculation of environmental factor and atom economy for selected reactions of

the five staple reactions discussed in this work.
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3 COMPUTER-AIDED KINETIC NETWORK
MODELING OF COMPLEX ORTHOESTER-
POLYOL DYNAMIC COVALENT EXCHANGES

3.1 PREFACE

Chapter 3 dives into the tedious and cumbersome task of elucidating mechanisms and kinetics
for unknown reactions, echoing to the high complexity of compounds with multiple
functional groups such as polyols. To address this problematic, we aim to develop a new
computational strategy to ease the analysis of complex spectral data and provide a framework
to develop a robust and accurate kinetic model of reaction. We selected dynamic covalent
exchanges toward orthoesters with diols as our model reaction due to the limited mechanistic
and kinetic insights available in literature. This reaction is particularly relevant, as it produces
intermediates that can undergo deoxydehydration to form valuable olefins. Such orthoester
derived scaffolds also have applications in drug delivery and recycling materials.

Our numerical strategy involves decomposing multi-dimensional spectral datasets into
interpretable components (e.g., number of species in the kinetic study) using tensor-based
methods (Figure 3.1). Tensors (X) are defined as mathematical objects that can store data in
any number of dimensions (dimension > 2), making it a powerful tool for the representation
of complex relationships and multi-dimensional data. In our case, 3D tensors are composed
of time, chemical shifts and signal intensities of our kinetic monitoring. To solve such
datasets, implementation Tucker decomposition (TD) allows to reduce the high-dimensional
spectral data into a parsimonious set of components representing the underlying species of
our kinetic study for the three dimensions. TD models the data tensor X as follows:

X~ GxADx AP x A® I
|

A
I 3 c RIZXJ2
AB)
/ X = G cR/3X3 + E
1
1
1, A
c RI 1xJ1

Figure 3.1 Representation of Tucker decomposition of a 3D tensor into the tensor core (G) and the
three factors (A", A® and A®) and, the residual error (E).
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Here, G corresponds to the core tensor, capturing the interactions between factor matrices
AD; A® and A®), each corresponding to a factor (time, chemical shifts or signal intensities)
and E denotes the residual error between the original and reconstructed dataset. Through the
operation of n-mode product, the core tensor is multiplied by each factor matrix to
approximate the original dataset.

A key principle in dataset factorization is parsimony, defined as the ability to represent multi-
dimensional data with the minimal number of significant components without overfitting. In
other words, parsimony is essential to constrain the model to only capture significant
contributions, avoiding the integration of noise or artefacts. Overall, TD provides a
framework to extract latent factors while maintaining physical interpretability. Latent factors
are unobservable variables statistically determined. In our case, their physical interpretation
theoretically corresponds to entities such as the spectrum of individual pure species identified
with TD and the profiles of species concentration over time.

The second script aims to numerically solve differential equation modelling a chemical
reaction (Figure 3.2). This is performed by the implementation of non-linear least squares
optimization. This method allows to find the mathematical model that best explains the
experimental dataset. In our case, this strategy relies on the minimization of the sum of the
squared differences (residuals) between the experimental observations (e.g. species
concentrations) and the values predicted by the model. The overall aim of this method is to
minimize the residuals as much as possible, to achieve the most accurate theoretical
modelling.

1. _ 2. System of differential equations
2| dc
R = fCh
“§ L]
< ®e 3.
Q L[] —
2 ® e , 0 o0 S
o Yi ~
o S
Time (min) ®
c
8
4. Calculation of residuals at each 5
iteration (@]
. A2 Time (min)
residuals = Y (y;-y; )
Optimization by minimizing of 5.
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=
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model S >
o L)
c
o
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Time (min)

Figure 3.2 Stepwise kinetic model refinement: from initial fit to optimized parameter estimation.

By combining these two complementary mathematical approaches, we aim to develop a user-
friendly and open-accessed workflow to facilitate the mechanistic and kinetic understanding
of dynamic covalent exchanges between orthoesters and diols.
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3.2 ABSTRACT

Kinetic modeling is a powerful tool for unraveling complex reaction mechanisms, yet
integrated workflows combining spectral data interpretation and kinetic system modeling
remain scarce. This work addresses this gap by developing a Python workflow that enables
comprehensive analysis of intricate reaction networks, specifically targeting dynamic
covalent exchanges toward orthoesters with diols (DCE). Through rigorous kinetic modeling
and experimental validation, we uncovered DCE’s complex system of interconnected
species, governed by multiple competitive pathways. All pathways featured the same reaction
sequence, involving the formation of a carbocation or carbene intermediate by orthoester
activation, followed by nucleophilic substitution or cyclization with a free alcohol group. Our
multidisciplinary approach quantified how solvent properties and reagent nature (by-product:
MeOH, EtOH, iPrOH) influence reaction kinetics. While solvents and alcohol by-products
with strong hydrogen bonding capacity enhanced transition state stabilization, they also
promoted the formation of energetically favorable complexes with the catalyst. These
resulted in limited catalyst availability and consequently reduced overall reaction rates.
Catalyst screening identified dicarboxylic acids as particularly effective, especially oxalic
acid, which achieved substrate conversion under 30 seconds, contrasting with formic acid
requiring 45 minutes. DFT analysis revealed that enhanced catalytic performance stemmed
from intramolecular hydrogen bonding between active and non-active acid sites, which
lowered activation barriers beyond simple acidity considerations.

3.3 INTRODUCTION

Organic chemistry is a constantly evolving field, where understanding chemical reactions
remains a major challenge. Traditionally, addressing this imperative has required extensive
experimental work, including reaction monitoring, screening of experimental conditions,
catalysts or solvents. These processes generate vast amounts of raw data that require expertise
in systematic processing and modeling. However, the rise of computational science has
revolutionized this approach, offering powerful and user-friendly tools for analyzing
complex datasets. Open-access numerical algorithms now allow chemists to extract
meaningful insights from large reaction datasets, reducing reliance on purely empirical
methods.

One particularly promising application is kinetic modeling, which aims to deconstruct
intricate reaction systems into fundamental interconnections between reagents and products.
By mapping complex reaction networks, researchers strive to simplify system complexity
into elementary reactions, potentially uncovering new mechanisms and enabling efficient
reaction optimization.['!

Python is widely regarded as an essential tool in computational science, thanks to its open-
source nature, ease of use, adaptability, and rich collection of scientific libraries. Leveraging
these advantages, most open-access chemical kinetics packages are now programmed into
Python, enabling the simulation of kinetic chemical systems across various fields, including
metabolic networks, enzyme biotransformation, or physical, inorganic, and analytical
chemistry.[*¢ While simulation packages are widely available, far fewer are specifically
engineered for fitting experimental data in chemical kinetics."~'% Among these, ODEnlls and
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chemical kinetics packages stand out, enabling the adjustment of kinetic models to
experimental data using non-linear least squares to calculate rate constants and
concentrations of the reaction. However, ODEnlls primary focuses on the chemical kinetic
simulations and only facilitates comparison with experimental data. Moreover, neither of
these packages include a systematical statistical analysis of the fitted model or efficient
visualization of the calculated output.[':12]

Such enhancements are crucial for accurately modeling complex reaction networks and
refining their kinetics models. One field that particularly demands such improvements is
system chemistry, where dynamic covalent chemistry (DCC) stands out as a promising area.
DCC is characterized by the formation of reversible covalent bonds, often leading to complex
molecular architectures.!'>%1 DCC has driven significant innovations in various areas,
including drug delivery and bioconjugation,['>'7! the synthesis of recyclable polymers or
adaptative materials,['®2% as well as the construction of discrete complex assemblies'!?! 24
and organic frameworks.>>2"l Among the diverse exchange reactions within the DCC
toolbox,?®2° we are particularly interested in the reactions between simple orthoesters and
alcohols.*” These transformations not only expand the possibilities for dynamic systems and
supramolecular chemistry,*! but also offer alternative pathways for converting biobased
compounds into value-added olefins.3?-3

Little is known about the equilibrium networks underlying DCC systems. Previous study on
the acidic-mediated exchange of alcohols with O,0,0-orthoester between trimethyl
orthoacetate and ethanol (EtOH) consistently reached the thermodynamic minimum (Scheme
3.1). This resulted in the same statistical product distribution regardless of the catalyst or the
solvent used.*'! A computational study also revealed that ammonium orthoesters cryptates
undergo a concerted mechanism involving protonation and C-O bond cleavage.?”! However,
a comprehensive computational and kinetic modeling approach for these systems has yet to
be developed.

Orthoester exchanges of trimethyl orthoacetate with EtOH
O Ol |r o -i
X%Me k“’&?Et s )l\OM |
ome 4 Me”OEt  Me” “OEt | °l
Me cat. acid

K T — | j\ |
Me” ~OMe | |

OE
1 equiv. 3 equiv. )<(5Et MeOH I Me O!Et |
Me”™ TOEt | hydrolysis |
Lproducts _|

Scheme 3.1 Illustration of acid-catalyzed orthoester exchanges between ethanol and trimethyl
orthoacetate and resulting product distribution.[?!!

Herein, we present a comprehensive experimental and computational study of dynamic
covalent exchanges (DCE) involving polyols and orthoesters. This challenging system was
elucidated through the combined use of computer programming, DFT computations, and
experimental data. A custom Python script was developed to estimate the number of
compounds present in complex NMR spectra. It can handle mixtures containing up to 12
different species and facilitates the detailed characterization of the individual products. An
existing kinetic modeling Python script was adapted to organic chemistry systems, and
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supplemented with statistical tools to enable efficient evaluation of model accuracy.!'!'2 The
kinetic model thus derived provided a complete mapping of the DCE network, clearly
identifying the underlying reaction mechanisms. This model was further used to assess the
kinetic differences arising from variations in experimental conditions, solvent choice, and
orthoester reagents. In parallel, a DFT study was performed to identify key factors
influencing the reactivity and the stability of orthoesters under the different experimental
conditions screened.

3.4 RESULTS AND DISCUSSION

3.4.1 COMPUTER-ASSISTED ESTIMATION OF SPECIES IN THE DCE
NETWORK

In-line benchtop NMR (43 MHz) monitoring of solutions containing a 1:1 ratio of ethylene
glycol (1) and triethyl orthoformate (2b) in presence of 10 mol% of formic acid (FA) in
acetonitrile was used to define suitable conditions (temperature, reagent concentration, and
reaction time) that would allow the formation of multiple DCE products in detectable
amounts (Section S5 in the Supporting Information). The reaction was then performed under
the selected conditions and monitored over 3 h using offline high-field NMR (700 MHz)
(Section S3.2 in the Supporting Information). The variety of species present in the NMR
spectra represented a challenge for precise interpretation. We therefore turned to computer
programming and data fitting to estimate the number of distinct species present. Our goal
was to develop a broadly applicable approach capable of determining the number of
components in NMR spectra of DCE crude mixtures acquired during kinetic experiments,
but without requiring prior signal assignment or preliminary data preprocessing.

We explored a wide array of factorization methods to identify the most suitable algorithm
capable of considering the chemical shifts and intensity within a large spectral dataset, as
well as changes over time (Section S6.1 in the Supporting Information). Ultimately, we opted
for a tensor decomposition due to its ability to perform non-negative factorization, and to
handle higher-dimensional data and complex patterns. A Python script based on the Tucker
decomposition algorithm was developed (Figure 3.1), allowing direct upload of unprocessed
NMR spectra files. The program then evaluates the quality of the fit as a function of the
number of species assumed to be present in the mixture (Section S6 in the Supporting
Information).
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Figure 3.3 (a) Evaluation of the computer assisted data fitting to determine the number of compounds
in solution. Comparative analysis of dimensionality reduction performance for ranks 1-12 including
the AIC, the reconstruction error and the explained variance ratio, the reconstruction error box plots,
the first derivative of the reconstruction error and the training error evolution. (b) 'H-NMR kinetic
profile of the reaction between 1 and 2b (1:1 ratio) with 10 mol% of formic acid (FA) as catalyst in
acetonitrile.

To evaluate the accuracy of the data reconstruction per number of species considered, we
employed a statistical tool known as the Akaike Information Criterion (AIC).3¢ AIC is used
to evaluate the optimal trade-off between model fit and complexity. Increasing the number
of presumed compounds improves the fit to the spectra but also introduces the risk of
overfitting by adding unnecessary components or capturing measurement noise. An optimal
model corresponds to the minimum AIC value. Figure 3.3a shows the calculated AIC when
assuming between 1 to 12 ranks (i.e., different compounds populating molecular diversity)
in the mixture, with the AIC minimum obtained at 10 compounds. The accuracy of the model
was confirmed by a rapid improvement of reconstruction error and explained variance,
indicating improved accuracy, as well as a boxplot showing a narrowing error distribution.
The derivative of the error showed abrupt fluctuations between ranks 8 and 10, pointing to a
transition zone between the model best performance and overfitting (Section S6 in the
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Supporting Information). Together, these analyses suggest 10 compounds as the best estimate
of the number of species present throughout the kinetic monitoring of this reaction.

3.4.2 CRUDE CHARACTERIZATION

After gaining insights on the extent of molecular diversity formed through the DCE network
under standardized experimental conditions, we set out to assign the signals in the spectra
based on literature and knowledge of NMR interpretation. Cyclic hybrid orthoester species
such as 6, 7, 9 have been previously reported and could be readily identified by the
characteristic singlet of the orthoformate methine proton (in the 5.75 to 5.90 ppm range).3”
3 In contract, cyclic compound 8 and acyclic orthoesters (e.g. 3, 4, 5) were either never
reported or poorly characterized in the prior literature background. However, a characteristic
singlet in the 5.00 to 5.30 ppm area could be identified, and was attributed to the orthoformate
methine proton of each acyclic orthoesters or cyclic species 8 (Figure 3.3b). These signals
were unambiguously assigned through 2D-HMBC analysis, which allowed to correlate these
orthoformate methine protons to their vicinal methylenoxy neighbors. For example, the
methine proton of parent orthoester 2b showed a single correlation with a vicinal
methylenoxy group from the ethoxy limb, whereas the methine proton of cyclic hybrid
orthoester 3 gave an additional correlation from its ethylene glycol moiety (Section S4 in the
Supporting Information). Structures of acylic 3, 4, and S were later confirmed by preparative
isolation of the compounds. Structural identity was confirmed through NMR and GC-MS
(Section S12 in the Supporting Information).

3.4.3 COMPUTER-ASSISTED KINETIC MODELING

Having identified the diversity of DCE products by high-field 'H-NMR, quantification with
an internal standard was performed, and a speciation curve (i.e., concentration of compounds
over time) was built. A second Python script, based on the chemical kinetic package
developed by Boudoire ef al., was then used to solve the differential equations that describe
the concentration over time of each species in the DCE system.!? The script developed for
our work enables the calculation of the kinetic constant for each compound and offers
quantitative and graphical tools to evaluate the quality of the model.

The overall strategy relied on solving equilibrium expressions involving an increasing
number of species detected by NMR. For each iteration, a kinetic model was constructed to
fit the speciation curves and estimate the forward and reverse rate constants for the proposed
exchange pathways. Reactions with negligible kinetic contributions were excluded from the
model. This model then served as the basis for subsequent iterations, allowing the progressive
incorporation of additional species and/or alternative reversible interconversions. The
process was repeated until all species were incorporated, and a highly accurate fitting of the
data was obtained. Further details on the methodology for model development and iterative
refinement are provided in Section S7 of the Supporting Information. Model I (Figure 3.4a)
considered only the bidirectional steps connecting the starting materials (ethylene glycol 1
and parent triethyl orthoformate 2b) to the primary hybrid orthoester 3, along with its
subsequent interconversion into secondary acyclic hybrid orthoester 5 and cyclic hybrid
orthoester 6 (Section S7.4 of the Supporting Information). The calculated equilibrium
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constants indicated that the formation of 3 is reversible but thermodynamically favored (K =
3), while its conversion to 6 proceeds essentially irreversibly (K = 164.7).

a. Complexification of the kinetic study from Model | to X

OEt idat ineti
HO\/\OH Valldatlonl of MOfiel m 9n kinetic]
Et OEt study with 100:1 equiv. 1/2b
OFEt Identification of 11 £t0
1 2b o OEt )—OEt
OH
J/OH J/OH LR Eto)\o/\/o\roa ot /O
OEt
AN SO ‘ o ot
OH
Eto)\OEt Et0” oY , .
3 5
Model | Model Il Model lll . Model IV

Hypoth.: Reversibility of all steps
Hypoth.: Nucleophilic substitution to 3 and 5  + Control of equilibrium
Hypoth.: Intramolecular cyclization to 6 by 1 and EtOH

- Insignificant variations
of R2, MAE and RMSE
+Introduction of BIC and

+ Alternative path of
nucleophilic substitution
on cyclic species

Tools: R2, MAE, RMSE, Q-Q plots AIC
o > OEt
0 oAy HO 0)\ O._OFEt
<:l/ o ° SN oY \r b. BIC and AIC according to the ber of inter dels V-X)
OE

Values

O 9 10 t o
*—0 0 © - . -0/
Model V. VI Vil Vil IX X
k=24 k=22 k=19 k=23 k=25 k=26 10001
Complexification of model by increasing the =1500-
number of interconnections (k) between species 2000]
+ Identification of the most accurate : model ViiI -
- Limitation of Python script 2 efficiency on trace species _2500!
c. BIC and AIC according to the number of species 3000/
[
~3500+
-500° .
~1000+ 26
Mmmv mum Vi Modal \ Mndal Vil Mndal IX  Model X
_1500] Number of rate constants (k}
d. idation and icati to other experil conditions
-20001
-25001 Validation of model Viil

Values

3000+ +Kinetic study of 1:1 ratio of 1/2b in neat conditions

Different starting reagents
+ 3 using an large excess of EtOH
+4 using an large excess of EtOH

—3500: ==m BIC
_ AIC

5 ] 7
Model | Model Il Model Il Mndsl w Mndsl v
Number of species

Figure 3.4 (a) Strategy toward the complexification of the model according to the number of species
and the number of interconnections. (b) Calculated BIC and AIC for models V to X. (¢) Calculated
BIC and AIC for final models I, II, III, IV and VIII and, (d) Validation (kinetic study under neat
conditions) and applications to other experimental conditions (kinetic studies starting from 3 or 4 in
presence of an excess of EtOH).

This provided the basis for Model II (Figure 3.4a), which integrated the formation of dimeric
species 4. Two alternate paths were considered for its formation: (IIa) the reaction of parent
orthoformate 2b with primary hybrid orthoester 3, releasing ethanol; and/or (IIb) the self-
condensation of 3, releasing ethylene glycol (1). The model fitting obtained by including each
individual equilibrium pair, as well as their combination (Ila+IIb) were evaluated using four
statistical metrics: the coefficient of determination (R?), root mean squared error (RMSE),
mean absolute error (MAE), and quantile-quantile (Q-Q) plots (see Section S7.5 of the
Supporting Information). All tested paths returned high R? values (R? > 0.95) for most species
but 5. Only pathway (IIb) gave a high R? for 5 (R? = 0.98), whereas alternative models
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resulted in significantly lower values (R? < 0.73). Analysis of residuals via MAE and RMSE
further confirmed that pathway (b) substantially reduced the fitting error for compound 5.

Model III (Figure 3.4a) expanded the reaction network to include the formation of species 7
via two alternative dynamic covalent paths: (IIla) the intramolecular cyclization of 5 and/or
(ITIb) reversible exchange between compound 6 and ethylene glycol (1). Kinetic analysis
revealed that the cyclization (path II1a) proceeds irreversibly, whereas path IIIb is reversible
(K = 0.5), and under the strong influence of the relative concentrations of 6 and 1. The
contribution of path IIIb was experimentally validated by increasing the excess of 1 (100:1
1/2b ratio), which shifted the equilibrium in favor of species 7 (Section S7.7 in the Supporting
Information).

Model IV (Figure 3.4a) further elaborated the exchange network by incorporating the
formation of species 8 through three competing dynamic routes: (IVal) the reaction of 7 with
primary hybrid orthoester 3 or (IVa2) the reaction of 7 with parent orthoformate 2b, and
(IVD) the reversible interconversion involving 6 and 3. All possible combinations of these
paths (seven in total) were considered to account for the bidirectional connectivity within the
network. Comparative analysis based on R?, RMSE, and MAE showed minimal statistical
variation across the tested models (Section S7.8 in the Supporting Information). To address
model selection in light of such an increased complexity, both the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC) were used (Section S6.2 in the
Supporting Information).*’ Although a combination of paths IIlal and IIla2 yielded the
lowest penalized fit scores, the differences remained marginal and statistically inconclusive.
The limited discriminative power was attributed to the low steady-state concentration of
species 8, which reduced the sensitivity of model validation (Section S7.8. in the Supporting
Information).

The last products identified by NMR were species 9 and 10, both detected at low
concentrations (> 6 mM). Due to their low abundance and the increasing complexity of the
dynamic network, reliable assessment of the associated exchange pathways became more
challenging. To mitigate such challenge, the possible paths leading to species 8, 9 and 10
were evaluated separately through a new series of Models (V to X). Each of these models
encompassed the full set of species (1 to 10), but they differed in the number and the topology
of dynamic covalent interconnections (k).
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a. Profile of reaction for species 1 to 10 and EtOH (60 °C, acetonitrile)

1.2 . " . . . . . . .
«* 1R?=0.983 « 7R?=0.975
1.0 + 2R?2=0976 + B8R?=0.955
_ « 3R?=0.986 « 9R?=0.988
= « 4R?=0.965 + 10R?=0.984
508 © S5R2=0974  + EtOH R’ =0.970
B < 6R2=0998
0.6 P S S S—
=
[=]
(]
0.4
0.2
0.0
0 25 50 75 100 125 150 175
Time {min)
b. RMSE and MAE for species 1 to 10 and EtOH

7.4

RMSE and MAE (%)
Y w £ w = -

-

Compound
c. Kinetic model VIII from species 1 to 10 and EtOH

8

1+2b <— 5 —>
-+
K=0.2
\\ - 43 K=03 6 ¢+6
+ -3 4
9
+2b

Figure 3.5 (a) Speciation curve for compounds 1 to 10 and EtOH and their corresponding coefficient
of determination (R?) for Model VIII. (b). Calculated root means square error (RMSE) and mean
average error (MAE) for Model VIII (c) Finalized kinetic Model VIII developed through computer-
assisted modeling.
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Model comparison based on AIC and BIC revealed only modest differences among
candidates, with Models V and VIII offering the best statistical fits. Examination of the
RSME and MAE discarded Model VI and VII due significant residual errors, particularly in
the fitting of species 8 (Section S2.7.8 in the Supporting Information) due to the large error
for compound 8. Model VIII was ultimately preferred to Model V for its reduced complexity
while maintaining comparable accuracy (Figure 3.4b). From a mechanistic standpoint, the
choice of Model VIII over Model V implies that the exchange between 6 and 3 leading to 8
contributes negligibly under our conditions, and can be considered non-reversible within the
network. The refinement of the kinetic model resulting in Model VIII was demonstrated to
improve accuracy, as indicated by the decreasing values of BIC and AIC with the inclusion
of additional species, as shown in Figure 3.4c.

3.4.4 VALIDATION AND APPLICATION OF THE MODELS TO OTHER
CONDITIONS

Model VIII provided an excellent fit to the experimental data, with individual species
obtaining coefficients of determination (R?) between 0.95 and 0.99, and most residuals falling
within the 5% of confidence interval (Q-Q plot, Section S7.9.2 in the Supporting
Information). To further test its applicability and robustness, Model VIII was applied to three
additional kinetic data sets: (i) using compound primary hybrid orthoester 3 as the initial
substrate, (ii) using dimeric species 4 as starting material, and (iii) carrying out the reaction
under neat conditions.

The use of alternative starting materials (i.e., 3 and 4) required their preparative isolation,
since no commercial sources or protocols were available. The synthesis of 3 was guided by
prior kinetic insights: a short reaction time (2 min) and a reduced temperature minimized
overreaction and enabled isolation in ca. 70% yield via vacuum distillation (with ~30% of 1
remaining). Compound 4 was selectively prepared with a larger excess of parent
orthoformate 2b, and purified using the same method as 3.

Each of the isolated compounds was subjected to kinetic analysis in the presence of ethanol.
The resulting speciation profiles were input into Model VIII, which reproduced the
experimental data with high accuracy (R? > 0.90) without requiring further parameter
adjustment. This confirms the predictive reliability of Model VIII, and its capacity to
generalize across varying initial experimental conditions.

Performing the reaction under neat conditions enabled the detection of minor species in
higher concentrations. Aside from compounds 8, 9, and 10, which were previously observed
in trace amounts, several unidentified species emerged in the NMR spectra. Distinct singlets
in the 5.00 to 5.30 ppm area suggested the formation of new acyclic orthoester derivatives.
When Model VIII was applied to this dataset, it continued to provide an excellent overall fit
(R?>0.92) for most species. However, the fit for compound 8 remained limited (R? > 0.50),
likely reflecting the increased complexity of the reaction mixture. Models including other
possible exchange paths between compounds 1 to 10 failed to provide gains in accuracy
(Section S7.11 in the Supporting Information). While including the newly observed species
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could further enhance the predictive performance, their structural elucidation and integration
were considered beyond the scope of this study.

3.4.5 ANALYSIS OF KINETIC MODEL VIII

The final kinetic model (Model VIII) emphasizes species 3 and 7 as central intermediates
within the DCE network, due to their high degree of interconnectivity with other network
members. Both compounds bear available hydroxyl moieties that enable multiple exchange
reactions, thus making them central & multidirectional hubs through which reactivity flows.
Overall, the progression of the equilibrium relies on the transient buildup of 3 and 7 before
the system stabilizes toward later downstream products.

The initial reaction between 1 and parent orthoester 2b favors the formation of primary hybrid
orthoester 3 (K = 2.9), which is then rapidly converted to cyclic product 6 through an
intramolecular process. Early in the reaction (~ 3 min), dimer 4 is formed reversibly from 3,
but once 3 is consumed through its irreversible conversion to 5 and 6, 4 undergoes back-
exchange to regenerate 3 and is ultimately depleted. The transformation of 3 to S is also
irreversible, resulting the sustained presence of 5 until it is converted. The conversion of 5 to
7, after approximately 50 min, follows again an irreversible step.

Whereas species 4 and 5 are only transiently present, compound 6 accumulates and becomes
the dominant species in the DCE network. Kinetic modeling shows the major consumption
path for 6 is its conversion to 7. However, this step requires at least one equivalent of 1,
which is largely depleted after the first hour of reaction, thereby limiting the extend of
conversion. When ethylene glycol (1) is supplied in large excess (e.g., 100 equivalents) the
equilibrium shifts significantly toward the formation of 7, confirming that this transformation
depends on substrate availability. Furthermore, the transformation of 6 to 7 is reversible, both
directly and through an intermediate path involving species 8, further contributing to the
persistence of 6 in the system. Compounds 9 and 10 are present in low concentration due to
their reliance on 5 and 7, which are themselves short-lived and subject to reversible
formation.

Computer-assisted solving of the reaction kinetics provides valuable insight into equilibrium
position and the relative importance of competing reactions. However, direct comparison of
rate (k) or equilibrium (K) constants are sometimes limited by differing reaction orders.
Furthermore, predictions for minor species remain uncertain, and the kinetic model does not
capture the forces driving the equilibrium at the molecular level. To address these limitations
and gain a more comprehensive understanding, a computational study using Density
Functional Theory (DFT) was performed.*!
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3.4.6 COMPUTATIONAL INVESTIGATION OF DCE MECHANISM

The mechanism of the DCE system was studied using DFT. It can be categorized into two
main stages: (a) activation of an orthoester to generate a reactive intermediate, either a
carbocation (al) or a carbene (a2), and (b) a subsequent nucleophilic attack by a hydroxyl
group, occurring either intermolecularly or intramolecularly (Figure 6; see Sections S10—
S11 in the Supporting Information).

Step (al) proceeded through a concerted activation of acyclic orthoesters (e.g., compounds
2b, 3, 5) by formic acid (FA), to yield carbocationic intermediate int.1 (Figure 3.6al). The
resulting transition state (TS) involves simultaneous protonation of one ethoxy group by the
acidic proton of FA and cleavage of the corresponding C—O bond. This C—O bond scission
is stabilized via hydrogen bonding between the orthoester proton and the carbonyl oxygen of
FA (TS.1-int.1). When the orthoester bears a free hydroxyl group, such as in compounds 3
and 5, Natural Population Analysis (NPA) indicated that the hydroxyl proton (partial charge
+0.50 ¢") is more acidic than the orthoformate methine proton (+0.26 e7). Consequently, the
geometry of the TS shifts: FA preferentially forms a hydrogen bond with the hydroxyl group,
altering the TS geometry (e.g., TS.2-3) and stabilizing the resulting carbocationic
intermediates int.2 (AG ™* = 12.5 kcal mol!) compared to int.1 (AG "= 13.2 kcal mol™!). This
confirms the influence of the availability of free hydroxyl moieties on reactivity and
intermediate stabilization.

The activation of cyclic orthoester derivatives (e.g., compounds 6, 7, 8, 9) proceeded through
the formation of a carbene intermediate (step a2; Figure 3.6a2). For compound 6, an
asynchronous mechanism was identified, involving an initial carbocation generation
followed by deprotonation of the orthoformate methine proton to yield carbene intermediate
int.6 (Section S11.3 in the Supporting Information). In contrast, the same transformation
computed for species 7 showed a stabilized carbocation intermediate (int.7), that
subsequently formed carbene intermediate int.11. This mechanistic divergence, from
concerted to stepwise mechanism was attributed to the greater stabilization of the carbocation
in 7, arising from an intramolecular hydrogen bonding interaction with its hydroxyl group.
Energetically, int.7 was more stable (AG™* = 16.8 kcal mol™") than carbene int.6 (23.6 kcal
mol™). TS.1-int.7 shows a stereoelectronic interaction (second order stabilization energy of
7.3 kcal mol™") between the hydroxyl group and the departing ethoxide, which contributed to
a lower activation barrier of 4.5 kcal mol™' compared to TS.1-int.6.

Following the activation step, the reactive intermediates formed in step (a), whether
carbocationic (al) or carbonic (a2), undergo a nucleophilic attack by an oxygen atom in step
(b), either inter- or intramolecularly. This nucleophilic attack was consistently found to have
a low activation barrier (AG*< 3 kcal mol™) and a strong thermodynamic driving force (AG™
<-11 kcal mol™). These results indicate that step (b) is both fast and highly favorable under
the reaction conditions.

Computational analysis supported the reversible formation of primary hybrid orthoester 3
from 1 and parent orthoformate 2b, as previously suggested by kinetic modeling. The
activation barrier for the reverse reaction, corresponding to the release of 1 from 3, and the
formation of int.1, was found to differ by less than 1 kcal mol™! from the forward reaction
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(loss of EtOH, TS.1-int.2). This fact supports a near-equilibrium process. The subsequent
reaction of 3 with 1 to form 5 was confirmed as kinetically favored. The reverse reaction
(release of 1 from 5) had an activation barrier (AG”) of 14.9 kcal mol™!, which is slightly
higher than the 13.4 kcal mol! computed for the forward step, confirming a kinetically
favorable progression. Once formed, 5 undergoes rapid intramolecular cyclization to 7 (AG™
=13.5 kcal mol ™).

All three primary forward reactions of 3 leading to compounds 4, 5 and 6 are fast, with AG™
< 2.3 kcal mol!. Thermodynamically, compound 5 was slightly more stable than 4 (of —1.3
kcal mol™) and 6 (of —2.3 kcal mol ™). However, experimental data consistently showed that
compound 6 predominates. This discrepancy was ascribed to the fast depletion of 1 and 2b
at the onset of the reaction, which limits the formation of 4 and 5, while also reducing the
extent of the conversion of 6 into 7. Once formed, the orthoformate methine proton in 6
becomes less acidic, thus decreasing its affinity for FA. Furthermore, the activation of 6
requires the formation of carbene int.6 which has the highest activation barrier among all
intermediates studied (AG” of 23.8 kcal mol!, TS.1-int.6), further hindering its progression.

Interestingly, despite the high activation barrier, kinetic analysis indicated that the net
transformation of 6 towards 7 remains favored. This apparent contradiction can be
rationalized by two factors: first, FA principally interacts with the more acidic hydroxyl
group in 7, rather than with the orthoformate methine proton on 6, thus limiting the backward
step; second, the concentration of 7 remains low compared to 6, due to its ongoing conversion
to downstream products 8 and 9. This shifts the equilibrium toward continued formation of
7. As aresult, compound 6 accumulates as the predominant species within the DCE network,
while 7, 8, and 9 are present in lower amounts.

Elucidation of the pathways leading from 3 to 7 (a1&b) and asynchronous or stepwize formation of carbene intermediate (a2)
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Figure 3.6 (al) Computational investigation of the pathways including transition states structures
and resulting products from 3 to 7. (a2) Stepwise or asynchronous mechanisms leading to the
formation of int.6 or int.7 and int.11 calculated at the B3LYP-GD3BJ/6-31+G* level of theory (SMD
= MeCN).*!" Activation barriers (AG”) and Gibbs energy (AG"“) are given in kcal mol™'.
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3.4.7 TUNING DCE NETWORKS BY CHANGING THE CATALYST, SOLVENT
EFFECTS AND PARENT ORTHOESTER

To complement the kinetic and mechanistic mapping of the DCE system, the influence of
Bransted acid catalysts, solvent effects and the nature of the parent orthoesters on reactivity
was systematically investigated through a combination of experimental screening and DFT
computations (Figures 3.7, 3.8). These parameters were found to exert distinct yet intertwined
effects on both the rate and selectivity of the dynamic covalent exchange, enabling precise
modulation of the reaction network. They further confirmed that the rate-determining steps
(RDS) involves orthoester activation via protonation and C—O bond cleavage, consistent with
the formation of a stabilized carbocation intermediate.

The catalytic performance of a panel of mono- and dicarboxylic acids was evaluated by
monitoring the conversion of compound 2b and the formation of the most abundant products
(3 and 6) over a 45-minute period. Experimental data was collected using various organic
acids (Figure 3.7a) including acetic acid (AA), pimelic acid (PA), benzoic acid (BA), succinic
acid (SA), oxalic acid (OA), trichloro- and trifluoro- acetic acid (TCA and TFA).

The activation (AG”) and reaction (AG"”) parameters for the forward step connecting primary
hybrid orthoester 3 to cationic int.2 decreased linearly with decreasing pK, of the acid (Figure
3.7b) as a result of the greater proton exchange ability between the acid and substrate.
However, the screening of catalysts revealed that acid strength alone was insufficient to
predict reactivity trends. Carboxylic acids of comparable strength, such as AA (pK, = 4.76)
and PA (pK, = 4.71), led to similar activation parameters (AG” (AA) = 17.7 kcal mol!, AG*
(PA) = 17.4 kcal mol™' respectively). A modest conversion of parent orthoester 2b (~41%),
mostly to form primary hybrid orthoester 3 (~30%) and 6 as minor component (~5%), was
experimentally observed (Figure 3.7c). Slightly increasing the acidic strength with BA (pKa
= 4.20) substantially improved the conversion (69%), with the formation of 6 in 21%.
Interestingly, dicarboxylic acids featuring a short carbon backbone (C < 4) such as SA (pKa
=4.16) and OA (pK. = 1.20), exhibited superior catalytic activity. OA, in particular, led to
complete conversion of parent orthoester 2b in less than 30 s and yielded over 85% of 6.
These effects were rationalized by DFT calculations, which showed that intramolecular
hydrogen bonding (HBD) between the two carboxyl groups in dicarboxylic acids
significantly stabilized the transition state. When the second carboxylic acid moiety became
involved in an HBD interaction with the catalytically active one, AG* decreased from 16.5
kcal mol™ to 11.6 kcal mol™ (see TS.OA.H in Figure 3.5b). This stabilization highlights the
critical role of noncovalent interactions in promoting DCE.

In contrast, stronger acids such as TCA or TFA (pKa = 0.77 and 0.33, respectively) led to
extensive degradation of orthoesters, forming hydrolysis products, such as ethyl formate (13)
and 3-hydroxypropyl formate (14), in 65% overall yield (section S11.4 in the Supporting
Information). These observations underscore the need for catalytic activation that is both
potent and selective, avoiding overactivation that diverts the reaction into non-productive or
destructive pathways.
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Figure 3.7 (a) Library of various homogeneous Brensted acids with their pK, [“?! (b) Correlation of
the activation barriers and reaction Gibbs free energies with the pK, of a range of acid catalysts. Free
Gibbs energies (AG"“, in red) and activation barriers (AG*, in blue) plotted as a function of pK, of
the catalysts for the activation of 3 into int.2. (c) Experimental conversion of 2b and resulting
product distribution obtained for each catalyst with a loading at 5 or 10 mol% (marked with *).

We were also interested in understanding better how differences in solvent properties impact
the reaction system. One strong incentive was the natural propensity of the reaction to self-
modify solvent composition. Indeed, as the DCE network expands, ethanol is increasingly
released, with the final solvent composition reaching a 13:1 ratio between acetonitrile and
ethanol. Several metrics were selected to quantify the impact of the solvent: Hansen
parameters for dispersion (dq), polarity (J,) and hydrogen bonding ability (6H), Guttman’s
donor (DN) and acceptor numbers (AN) (Figure 3.8a). Aside from acetonitrile, two additional
solvents were screened: dimethyl sulfoxide (DMSO) and dimethylformamide (DMF). Both
experimental and computational data sets using FA as a catalyst (Section S11.4 in the
Supporting Information) were used to clarify the effect of solvents. Experimental kinetics
(over 45 min) were analyzed using Model VIII to obtain the corresponding rate constants.
The results indicated that solvent modulation clearly introduced an additional layer of
complexity by modulating both TS stabilization and catalyst availability. This phenomenon
was also accounted for in the DFT computations, where both implicit and explicit solvation
(trimers) were considered (Section S11.5 in the Supporting Information).

Among the aprotic solvents tested, DMSO (DN = 29.8), DMF (DN = 26.6), and MeCN (DN
= 14.1) differed substantially in their influence. DFT calculations showed that DMSO
provided the most effective stabilization of the carbocationic transition state (AG*= 9.3 kcal
mol™), followed by MeCN (AG” = 11.6 kcal mol™) and DMF (AG* = 12.8 kcal mol™).
However, this benefit came at a cost: DMSO also formed highly stable solvation complexes
with formic acid (AEgiss = -2.3 kcal mol™), which effectively reduced the free concentration
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of catalyst in solution. In contrast, MeCN, with a positive dissociation energy (AEqgiss = +6.0
kcal mol™), preserved the catalyst availability, while still offering sufficient transition state
stabilization in contrast to DMF (AFEgss = 4.2 kcal mol™). These computational results
matched experimental observations (Figure 3.8a): reactions carried out in MeCN, which is
associated with both lower DN and dy, were consistently associated with higher rates and
yields than those in DMSO or DMF. It is also expected that the reaction is further accelerated
by the consequent release of EtOH. These effects translate through the highest yields of
compound 6 under otherwise identical conditions. Other solvent parameters such as London
dispersion forces (dq) or polarity (J,,) appear to have little influence on reaction kinetics based
on the data in Figure 3.8a. Optimal solvent choice must therefore balance polarity, hydrogen
bonding ability, and catalyst coordination to favor productive exchange over sequestration or
deactivation, hence modulating the entire DCE network.

In addition to catalyst and solvent effects, the structure of the parent orthoester itself was
shown to play a pivotal role in shaping the reaction kinetics (Figure 3.8b). Specifically, the
identity of the alcohol released during exchange, i.e., methanol (MeOH, from 2a), ethanol
(EtOH, from 2b), or isopropanol (iPrOH, from 2¢) had a dual impact on the system. On one
hand, DFT demonstrated that smaller, more polar alcohols provided better TS stabilization:
AG~ of 6.8 kcal mol™, 7.2 kcal mol™ and 8.6 kcal mol™" were computed for MeOH, EtOH
and iPrOH (explicit solvation with a trimer). On the other hand, these same alcohols had
distinct inhibition behavior through catalyst complexation. MeOH, with its high hydrogen-
bond donor ability (5 = 10.9 cal mol'?, DN = 19.0), formed the most stable FA—alcohol
complex (AEss = -6.7 kcal mol™?), significantly reducing the effective catalytic activity and
reducing the rate. In contrast, iPrOH (Jy = 8.0 cal mol'"?, DN = 21.1) exhibited weaker
interactions with FA (AE4ss = +2.4 kcal mol™), allowing for faster turnover despite a lower
TS stabilization. Experimental results corroborated these insights: triisopropyl orthoformate
2c yielded the highest rate constants among the three orthoester derivatives tested, followed
by triethyl (2b) and trimethyl orthoformates (2a).

Figures 3.7 and 3.8 illustrate that optimal performance in DCE networks does not stem from
maximizing any single parameter, such as acidity, solvent polarity, or leaving group ability,
but rather from achieving a finely tuned balance among them. Catalysts featuring cooperative
hydrogen-bonding motifs (e.g., OA), solvents with low catalyst-binding affinity (e.g.,
MeCN), and parent orthoesters that release weakly coordinating alcohols (e.g., 2c¢)
consistently led to the most favorable reactivity profiles. These components collectively
influence not only the rates of individual elementary steps, but also the topology and
directionality of the overall reaction network. Taken together, these results establish a
coherent framework for modulating DCE reactivity through rational design of medium
composition. The combined effects of catalyst structure, solvent environment, and substrate
identity define the accessible kinetic landscape and enable the emergence of fast, selective,
and robust exchange processes. These general principles potentially extend beyond the
present model system and could offer generalizable guidelines for controlling dynamic
behavior in complex molecular assemblies, supramolecular systems, and adaptive materials.
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Figure 3.8 (a) Chart representing the calculated rate constants for the reaction of 1 with 2b (1:1
ratio) using various solvents including acetonitrile (MeCN), dimethyl sulfoxide (DMSO) and
dimethylformamide (DMF) as a function of their Hansen parameters and Guttman numbers
(logarithmic scale). (b) Calculated rate constants for the reaction of 1 with 2 (1:1 ratio) using
trimethyl orthoformate (2a), triethyl orthoformate 2b and triisopropyl orthoformate 2c¢ in
acetonitrile.

3.4.8 CONCLUSION

Kinetic analysis forms the cornerstone of reaction optimization, enabling precise catalyst
selection, scalable processes, and waste reduction through mechanistic understanding. To
empower chemists in this critical task, we developed two complementary Python tools
aiming to assist in the interpretation of complex spectral datasets. The first script automates
signal processing of data before tensorial decomposition to yield statistical metrics to
estimate the number of compounds in spectral kinetic datasets. Predictions made with our
script proved to be accurate, as ten compounds were identified through combination of NMR
and GC-MS. Once the product distribution was identified, an intuitive kinetic modeling script
was developed based on an existing code, which adjusts experimental data with a theoretical
model. This script enables the development of mechanistically grounded models from the
DCE between orthoesters and alcohols while rapidly testing hypotheses. The overall model
elaborated in this work displayed R? values above 0.95 for all the ten species characterized
and demonstrated its successful transposition to other experimental conditions (R? > 0.90).

Kinetic analysis, supported with DFT computations, confirmed the kinetic model developed
using script 2. Both acyclic and cyclic orthoesters were observed to produce carbocations. In
the case of cyclic orthoesters, an additional step involving deprotonation led to the formation
of carbene species. These intermediates could then react further with nucleophiles. The only
exception was compound 6, which followed an asynchronous reaction mechanism, directly
leading to the carbene. A combined experimental and computational screening of catalysts
revealed an enhanced stabilization of dicarboxylic acids compared to monocarboxylic acids.
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This effect was evidenced by comparable activation energy barriers for OA, TCl; and TF3,
despite the lower acidity of the dicarboxylic acid, and similar conversion rates of 2b within
the same timeframe. The nature of the solvent and alcohol by products were also found to be
critical for the reaction kinetic. Aprotic solvent with high DN and Jy efficiently stabilized the
carbocation transition states but also promoted catalyst trapping through favorable formation
of solvent-catalyst complexes. In contrast, systems solvated with alcohols exhibited even
greater stabilization of carbocations although energetically favorable formation of MeOH-
FA reduced catalyst availability. Overall, the highest reaction rates were achieved with
aprotic solvents featuring low Lewis basicity and hydrogen bonding ability, along alcohol
by-products that formed energetically unfavorable complexes with the catalyst.

By integrating computational and experimental tools, this study goes beyond empirical
optimization, offering a generalizable strategy to dissect complex reaction networks while
balancing mechanistic accuracy with experimental feasibility. Moreover, it establishes a solid
foundation for the development of predictive models capable of guiding the design of specific
medium compositions through tailored experimental conditions.
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4 THE DEOXYDEHYDRATION REACTION OF BIO-
BASED ORTHOESTERS

4.1 PREFACE

Olefins are essential industrial building blocks for the petrochemical industry, with
applications spanning nearly every industrial sector. While our society still relies heavily on
fossil resource, the drive toward a green transition is pushing the industry to develop
processes based on renewable feedstocks. One such approach is the deoxydehydration
(DODH) reaction, which converts vicinal diols into olefins. Specifically, in the context of
sourcing abundant bio-based building blocks, polyols, including vicinal polyols, are quite
abundant. The DODH reaction thus bears a significant potential to produce olefins starting
from biobased vicinal diols. This transformation is typically achieved via two main
methodologies: one employing transition metal catalysts derived from rhenium or
molybdenum with sacrificial reducing reagents,! and the other utilizing acidic catalysts.?
Metal-free methods are particularly attractive due to the renewable nature of the reagents and
the reduced safety risks. Several studies have demonstrated the successful conversion of bio-
based molecules comprising glycerol, meso-erythritol, xylitol into their respective olefins.>-
8 Although formic acid-based processes, in which formic acid serves as both reagent and
catalyst, deliver high olefin yields, its thermal instability requires a large excess of the acid.
To address this limitation, two-step strategies were designed, involving the dynamic covalent
exchanges between orthoesters and diols to form dioxolane intermediates, which then
undergo a thermal treatment inducing CO: extrusion and olefins formation. However, the
detailed mechanism underlying olefin formation remains poorly understood, and the presence
of multiple vicinal diols in bio-based molecules further complicates the reaction.
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4.2 INTRODUCTION

The deoxydehydration reaction of dioxolane derivatives has been reported to proceed via the
formation of cyclic dioxocarbenes (1) derived from orthoesters (2) (Figure 4.1a).° These
divalent carbene species undergo thermal two-bond B-cleavages in a highly exothermic
process, yielding CO: and the corresponding olefin (3).!° The extrusion of CO: is generally
proposed to occur through a symmetrical and concerted cleavage of both C—O ¢ bonds in the
ring, a pathway considered energetically favorable.!' However, an alternative mechanism
involving the cleavage of a single C—O bond has been explored, leading first to a diradical
species (4) before molecular fragmentation (Figure 4.1a). Computational analysis of the
associated transition state (TS) reveals a lower activation barrier of 8.8 kcal-mol™ compared
to the concerted fragmentation pathway. This difference is attributed primarily to a reduction
in the O—C-O bond angle, by approximately 2.2°, resulting in a more bent geometry than that
observed in the concerted CO: extrusion.'? Another hypothesis postulates the formation of
an acidic 4,5-dihydro-1,3-dioxol-1-ium cation (5 - Figure 4.1b), commonly observed for N-
heterocyclic carbenes, prior to the formation of dioxolidin-2-ylidene (6). The authors
consider this pathway more favorable than the direct carbene formation. '3 Notably, thermal
fragmentation of acyclic dialkoxycarbene (7) and its corresponding carbene (8) has also been
reported, producing a pair of radicals: a methoxycarbonyl radical (9) and an allylic radical
(10 — Figure 4.1¢)."

Interestingly, other methodologies for producing deoxydehydrated products have been
described, without proceeding by dioxocarbene intermediates. One such method involves a
pinacol rearrangement mediated by trimethyl orthoformate (11), leading to the formation of
the corresponding ketone. In this case, the authors propose a mechanism based on the initial
formation of a dioxolane species from the cis-vicinal diol in the presence of Lewis acid SnCly.
Subsequent C-O cleavage is further mediated by SnCly to form intermediate 12, inducing the
rearrangement leading to the ketone formation (Figure 4.1d)."> Alternatively, Ellman et al.
suggest that the reaction proceeds via the generation of 2-acyloxy-1,3-dioxolane (13) from a
carbocation intermediate, and subsequent hydrogen abstraction and CO; elimination (Figure
4.1e)4
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Figure 4.1 (a) Stepwise versus concerted fragmentation of orthoesters, yielding dioxocarbene (1) or
single C-O bond fragmentation product (4).!'?! (b) Formation of an acidic 4,5-dihydro-1,3-dioxol-1-
ium cation (5) prior to the formation of dioxolidin-2-ylidene (6).['*!
acyclic dialkylcarbene (8) in a methoxycarbonyl radical (9) and an allylic radical (10).l'Y (d)
Alternative methodology based on pinacol rearrangement with trimethyl orthoformate as additive,
with formation of 2-yl-methyl carbonate (12).!"* (¢) Rearrangement of 2-acyloxy-1,3-dioxolane to

induce CO; extrusion and olefin formation.*!

Herein, we present a comprehensive DFT investigation of reaction mechanisms involved in
the conversion of cyclic orthoesters derived from bio-based C, to C4 diols into olefin
derivatives (Figure 4.2). This study systematically examines all potential reaction products,
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including orthoesters formed from apical, internal, and double vicinal diol scaffolds (dashed
boxes in Figure 4.2). Our findings elucidate the mechanism of dioxocarbene formation and
its subsequent transformation into olefins. A detailed analysis of the influence of substrate
structural factors on dioxocarbene formation is also conducted. Furthermore, solvation
effects and intermolecular interactions with key reactive species are thoroughly explored.
Overall, this study offers valuable insights into the interplay of molecular geometry,
electronic effects, and solvent interactions, aiming to provide a rational framework for
understanding such transformations.

Scope of orthoesters derived from bio-based polyols investigated
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Figure 4.2 Scope of substrates potentially accessible through bio-sourced polyols undergoing
dynamic covalent exchanges to form cyclic orthoesters.
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4.3 RESULTS AND DISCUSSION

4.3.1 ASYNCHRONOUS FORMATION OF DIOXOCARBENE INTERMEDIATES

DFT computations were performed using the Gaussian 16 (Revision C.01) software
package.'® All stationary points were optimized and localized at the B3LYP-GD3BJ/6-
31+G*(d) level of theory. The SMD method was used to model solvent effects using the
built-in parameters for acetonitrile (MeCN, ¢ = 38.8) at 273 K. Stationary points were
characterized by frequency calculations (local minima with only real frequencies and
transition states with one imaginary frequency) and a systematic attempt to locate the lowest-
energy conformers. Transition states were further validated by intrinsic reaction coordinate
(IRC) calculations.

Starting with the simplest structure of cyclic orthoesters, e.g., 1, in presence of a Bronsted
acid (formic acid - FA), the formation of 2-acyloxy-1,3-dioxolane carbene (int. 1) was
identified to happen through an asynchronous mechanism (Figure 4.3a). Initially, protonation
and subsequent removal of the ethoxy group occurred, followed by the deprotonation of the
acidic proton of the ring by the conjugated base of FA, led to transition state (TS) TS.1 int.1
and intermediate int. 1.

To explore the influence of polyol derived scaffolds on carbene reactivity, a diverse array of
orthoester derived from bio-sourced polyols was systematically investigated through
computational methods. For molecules bearing two adjacent vicinal diols such as meso-
erythrtiol and mucic acid, various structural combinations including apical, internal and bi-
cyclic orthoesters were examined to provide comprehensive insights onto their electronic
properties.

DFT calculations revealed remarkable consistency in the electronic character of carbenes
derived from unfunctionalized orthoesters containing only vicinal diols, comprising
compounds 1 to 7. These carbene intermediates (int. 1 to 7) showed activation barriers (AG?)
ranging from 22.0 to 24.1 kcal mol!,with natural charges on the carbene atom comprised
between +0.4420 and +0.4453 ¢ (Figure 4.3a). The consistent natural charge values across
the substrate scope indicate that these intermediates share a fundamental similar electronic
structure, characterized by significant polarization of the carbene center. This polarization
appeared to be primarily governed by stereoelectronic interactions between the adjacent
oxygens and the carbene center, complemented by the electro-withdrawing inductive effect
of the dioxolane oxygen atoms. Natural bond orbital (NBO) analysis of int. 2 highlighted
two significant donor-acceptor interactions where electron density from the carbene’s lone
pair delocalizes into the o* antibonding orbitals of the adjacant C-O bonds. Each interaction
provided a second-order pertubative stabilization energy (E?) of 9.80 kcal.

The subtle variations in activation barriers among the various polyol-derived carbenes could
be attributed to secondary inductive effects arising from the backbone of alkyl substitutents.
These effects slightly modulated the stability of the transition states leading to carbene
formation, while preserving the essential electronic nature of the reaction center.
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Figure 4.3 (a) Computational analysis of dioxocarbene intermediates derived from bio-based
substrates (B3LYP-GD3BJ/6-31+G*(d) level of theory, SMD = MeCN at 273 K), including activation
barriers (AG*, in kcal mol™") of their respective transition state (TS) and natural charges at the carbene
center. (b) Electronic density distribution and natural charges for intermediates 9, 11, and 12,
highlighting the carbene center and adjacent oxygen atoms, as well as intramolecular hydrogen
bonding (HBD) occurring in the species (dashed circles). Activation barriers (AG*) and reaction
Gibbs free energies (AG™?) are reported in kcal mol™'.

Our investigation was extended to the transition state analysis of carbene formation from
polyols bearing carboxylic and ester functionalities in close proximity of vicinal diols,
including 8 to 12. Comparison of their AG* with benchmark species 1 clearly established a
reactivity hierarchy with TS.1 int. 1 at 23.8 kcal mol’!, TS.1 int. 9 at 25.2 kcal mol™! and
TS.1 int. 8 at 29.2 kcal mol™!. This ascending sequence of AG” clearly demonstrated the
negative influence on electron withdrawing groups (EWG) on carbene formation (Figure
4.3a). Notably, the TS leading to carbene intermediate 9 came with a significantly lower AG™
compared to its methyl ester counterpart. This likely indicates that electronic effects are not
the sole contributors to carbene reactivity. It was expected that TS.1 int. 9 had a higher AG?,
owing to the stronger electron withdrawing effect of carboxylic acids. Natural population
analysis (NPA) performed on tartaric acid derived carbene int. 9 revealed a slightly uneven
electronic distribution between both adjacent oxygens (q1=-0.5308 and q» =-0.5123 - Figure
4.3b). Structural analysis of int. 9 indicated that the endocyclic oxygen atom (O;) was
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engaged in a intramolecular hydrogen bond with the carboxylic acid group. This resulted in
a partial delocalization of carbene electron density, thereby attenuating the electron
withdrawing influence of the carboxylic acid moiety. Structural analysis of TS.1 int. 11
revealed the presence of intramolecular hydrogen bonding, similar to that observed with TS.1
int. 9. Moreover, a second hydrogen bonding interaction was identified between the
carboxylic groups, further stabilizing the overall transition state. This hydrogen bond network
potentially reduces AG” (23.1 kcal mol!). By contrast, hydrogen bond donor interactions are
absent in TS.1 int. 8, which compromises the additional stabilizing effects provided by the
dioxolane’s oxygens. This electronic perturbation decreases the stabilization of the transition
state and the intermediate, thus translating into activation and reaction parameters above 29
kcal mol”!. TS.1 int. 12 represents an intermediate case before TS.1 int. 8, which can be
attributed to a much lower electron-withdrawing influence resulting from the increased
spatial separation between the carboxylic groups and the carbene center.

4.3.2 STEPWISE FORMATION OF DIOXOCARBENES VIA CARBOCATION
INTERMEDIATES

Interestingly, analysis of carbene intermediate generation from 10 identified an unexpected
mechanistic divergence from previously established pathways.® Rather than proceeding via
a concerted carbene formation, DFT computations highlighted a stepwise mechanism
involving the formation of carbocation followed by subsequent deprotonation to yield the
carbene species. This mechanistic pathway featured more accessible intermediates, with the
formation of the corresponding carbocation associated with a AG* of 17.3 kcal mol™! and a
subsequent low AG” (4.6 kcal mol™") for the generation of the carbene species. The formation
of carbocation int.2 10 proceeded via a concerted mechanism involvong the dissociation of
the most acid proton (e.g. mucic acid’s carboxylic group), the protonation of the catalyst and
the subsequent removal of an ethoxy group (Figure 4.3a — TS.2 10 — dashed box).

To investigate the role of hydrogen bonding in stabilizing carbocationic intermediates,
orthoesters 2 and 9 were used as model subtrates. 9 followed a mechanism similar to 10,
forming the carbocation intermediate int.2 9 (AG* = 18.5 kcal mol!) upon catalyst
protonation by its carboxylic acid group (Figure 4.4a — blue circles). The formation of int.2
9 was also found to be directly autocatalyzed by its own carboxylic group, with the
corresponding transition state TS.2 9-a displaying a comparable activation barrier to this of
TS.2 9 (Figure 4.4a — blue circles).
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Figure 4.4 (a) Intramolecular hydrogen bond stabilization of transition states TS.2 9. and TS.2 9-a
(yellow circles) in the FA-catalyzed formation of intermediates int.2 9, int 2 9-a (proton exchanges
highlighted in blue circles) and int 2 2; (b) OA-catalyzed formation of int 2 2 shown with/without
intramolecular hydrogen bond stabilization between OA’s carboxylic groups (highlighted in a red
circle) Activation barriers (AG”) and reaction Gibbs free energies (AG™*) are presented in kcal mol”
1

Furthermore, intramolecular hydrogen bonding between an adjacent free alcohol or a
carbocylic group and the leaving ethoxy moiety were found to facilitate the generation of the
carbocationic intermediate (Figure 4.4a — yellow circles). This phenomenom was also
observed with the formation of int.2 3 dervied from meso-erythritol (details in the Supporting
Information Section S3.1.2), further supporting the importance of hydrogen bonding
intereactions in these complex reaction networks.

The potential protonation of the endocyclic oxygen atoms was also computationnally
explored, but the results were inconclusive. Instead, the formation of the carbocation was
found to proceed through a classical mechanism involving the protonation of the ethoxy limb
followed with the elimination of ethanol. Subsequent nucleophilic addition by a free alcohol
groups yielded a bicyclic orthoester derivative (details in the Supporting Information Section
S3.1.3).17

Oxalic acid (OA), a stronger Bronsted acid (pK, = 1.2) compared to formic acid (FA, pK, =
3.75),'% was next assessed. We aimed to determine its potential effect on the formation of
carbocation int.2 2. While intramolecular stabilization remained necessary to facilitate the
formation of TS.2 2, the stronger acidity of OA reduced the activation barrier of about 5 kcal
mol"!' compared to TS.2 2 involving FA (TS.2 2-0OA: AG* = 10.7 kcal mol”!, TS.2 2 : AG”
= 15.6 kcal mol™!, Figure 4.4b). Further analysis integrating hydrogen bonding stabilization
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between both catalyst’s carboxylic acid groups resulted in a further decrease in AG” (8.8 kcal
mol’!, TS.2 2-OAH).

The formation of cyclic orthoesters trhough dynamic covalent exchanges generates
significant amounts of alcohol by-products,'® enriching the reaction medium with active
hydrogen bond species. This prompted further analyze of their influence on the reaction
mechanism. Methanol (MeOH), ethanol (EtOH), and isopropanol (iPrOH) by-products
derived from the three most prevalent orthoester reagents (namely, trimethyl, triethyl and
triisopropyl orthoformates) were considered. To asses the impact of intermolecular hydrogen
bonding on carbocation stabilization, a small cluster featuring three molecules of MeOH was
incorporated in TS calculation (TS.2 2).

In the reagent system (Figure 4.5), the two oxygen atoms of 2 formed hydrogen bonds with
two methanol molecules (MeOH'and MeOH?), while a third methanol (MeOH?) bonded to
the catalyst’s carbonyl group (FA). These hydrogen bond interactions were also observed in
the TS.2-2 (Figure 4.5). In contrast, MeOH, from the product system reoriented to stabilize
the conjugate base via hydrogen bonding. Simultaneously, MeOH' positioned symmetrically
between both oxygen atoms of int.2-2, stabilizing its negative charges and the nearby
carbocation.

Evolution of solvation over the course of carbocation formation with three molecules of methanol (MeOH)
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Figure 4.5 Solvation clusters for the reagent (2 and FA), transition state (TS.2-2) and carbocation
systems (int.2-2), highlighting the reorganization of the cluster of methanol (MeOH'?) with the
formation of the carbocation int.2 2 and second order stabilization energy (kcal mol™'). The dashed
lines represent the hydrogen bonds or donor - acceptors interactions between the alcohol molecules
and the structures.

Overal, the formation of the carbocationic intermediate int.2-2 triggered the rearrangement
of the molecules cluster, further enhancing the stability of the carbocation system. This
resulted in lowered activation barrier and the Gibbs free energy of 12.6 and 10.4 kcal mol™
for methanol and of 14.8 and 9.9 kcal mol™ for ethanol, respectively (compared to 15.6 and
14.5 kcal mol™ for TS.2 2 with only implicit solvation). The stronger hydrogen bonding
capability of methanol, due to its higher acidity,?’ provided enhanced stabilization of TS.2-2
relative to the other alcohol.
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Two competitive mechanisms were identified for the generation of a dioxocarbene from
carbocation int.2 2. The first pathway (Path 1 — Figure 4.6a) involves the deprotonation of
int.2 2 by the conjugated base of FA (which is generated from the activation of the cyclic
orthoester 2 in int.2 2). Path 2 proceeds via a stepwise mechanism leading to the formation
of 13, which subsequently induces the extrusion of CO, (Figure 4.6b).
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Figure 4.6 (a) Path 1: formation of dioxocarbene from carbocation intermediate int.2 2 and. (b) Path
2: formation of compound 13, with competing downstream pathways (a and b) leading to either the
dioxocarbene intermediate or epoxide 14. Key transition state structures (TS.4-2, TS.5-2, TS.6-2)
are shown along their computed activation (AG”) and reaction Gibbs free energies (AG™?).

Path 1 is enabled by alcohol-mediated stabilization of the carbocation-carbene reaction
sequence (Figure 4.6a). Computational analysis of TS.3 int. 2 with MeOH, EtOH and ;POH
revealed specific solvation patterns, different from those arising from carbocation species:
two molecules of alcohol participate in hydrogen bonding with the endocyclic oxygens
(MeOH'?), whereas a third molecule (MeOH?) stabilizes the conjugated base of the catalyst.
The transition state TS.3 int. 2, obtained from int.2 2, came with activation and reaction
parameters of 6.1 kcal mol! and 8.3 kcal mol!, respectively, toward the carbene species (in
MeOH). Likewise, a cluster of ethanol led to the same activation barrier, but a lower
stabilization of the reaction intermediate by 1.8 kcal mol-.
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Path 2 was elucidated based on the seminal work of Ellman et al (Figure 4.6b).* The
formation of 13 was computed and indicated a highly endothermic process, along with a high
activation barrier (TS.4 2; 29.1 kcal mol!) (Figure 4.6a). Subsequent mechanistic
investigations on 13 led us to identify two alternative one-step pathways: path (a) the
formation of carbene intermediate int.2 via a concerted elimination of the formate moiety
and proton abstraction (TS.5 2 and int. 2) and, path (b) ring compression through the
concomitant elimination of formic anhydride (TS.6 2 ;decomposition into formic acid and
carbon monoxide) and an intramolecular cyclization to yield glycidol (14). Comparing both
energy profiles led us to conclude that the carbene route (path a) is favored over path b.
Indeed, path a proceeds with a significantly lower activation barrier (17.3 kcal mol™)
compared to 53 kcal mol™! for path b. Although previous literature reports documented the
conversion of diols to epoxides via orthoester intermediates,?' this transformation is unlikely
under our conditions. Similarly, the formation of compound 13 is highly disfavored compared
to the stepwise mechanism leading to carbocation generation described previously.

4.3.3 DEOXYDEHYDRATION OF CARBENE INTERMEDIATES

The final step of the DODH process consists in the extrusion of CO,, concomitant with the
detruction of the dioxocarbene species and the installation of a carbon-carbon insaturation.
This step proceeds via an heterolytic cleavage of the endocyclic C-O bonds, as reported in
2017."* Computations indicated that transition states structures (TS.1 int.9, TS.1 int.8 and
TS.1 int.11) associated with less stabilized carbene intermediates were assoaciated with
lower activation barriers (AG* = 5.4 - 7.9 kcal mol™!; products 22, 23 and 26; Figure 7a) for
the CO, extrusion process. This lowered energetic pathway seems to arise from an enhanced
electronic polarization of the carbene center (quantified by natural population analysis,
exceeding +0.48 ¢°). In contrast, systems with a lower electronic polarization on the carbene
center, potentially due to weaker electron-withdrawing substituents, led to higher activation
barriers for the formation of olefin 15 to 21 and 23 to 26 (AG” = 11.3 kcal mol™' -13.0 kcal
mol'; Figure 7b).
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Figure 4.7 Illustration of CO, extrusion and molecular fragmentation of dioxocarbenes int. 2, 8, 9

and 11; (b) Activation barriers (AG®) and Gibbs free energy of reaction (AG"™") of the scope bio-
based orthoesters (1 to 12) converted in olefins (15 to 26).

150



4.3.4 CONCLUSION

This work aimed to gain deeper insights into the deoxydehydration reaction of bio-based
orthoesters. The formation of dioxocarbene intermediates is rationalized through an
asynchronous mechanism involving initial protonation and elimination of the orthoester
ethoxy group, followed by deprotonation of the acidic proton. Carbene formation is stabilized
by steroelectronic interactions between the carbene lone pair and the adjacent C-O o*
antibonding orbitals. Conversely, carbene stabilization was found rather independent of the
substrate strucutre, except those substituted with electron witdrawing groups, with significant
increase of activation barriers.

Intramolecular hydrogen bonding was shown to play a crucial role in the reaction mechanism,
allowing the stabilization of carbocation intermediates. This stepwise mechanism occurs via
the stabilization of the carbocation through a free adjacent alcohol or carboxylic acid group
that is not constraint by cyclic geometry. The combined effect of intra- and intermolecular
hydrogen bonding were investigated using small cluster of alcohols, with compound 2 as
model subtrate. Activation barriers were observed to decrease with increasing solvent acidity.
Notably, solvation with 3 molecules of methanol reduced the activation barrier from 15.6 to
12.6 kcal mol™ for the TS whithout explicit solvation.

Two mechanisms were identified for dioxocarbene formation: one involving deprotonation
of solvated carbocation intermediates, and the other proceeding via formation of acyloxy-
1,3-dioxolane, followed by fragmentation and CO; extrusion. The former pathway was found
to be kinetically promoted, with a activation barrier of 6.1 kcal mol™! compared to 29.1 kcal
mol! required for the generation of 13. Asynchronous cleavage of both C-O bonds yielded a
variety of potential olefins, with activation barrier ranging between 12 and 13 kcal mol™'. The
only exception was observed for dioxocarbenes substituted with EWG, which exhibited
reduced activation barriers below 6 kcal mol™.

Overall, while this work provides valuable theoritical insights in the reaction of
deoxydehydration, experimental work is strongly needed to confirm these hypotheses
Additionnaly, molecular dynamics simulations would offer unique insights into the evolution
of hydrogen bond formation throughout the reaction and its impact on reaction selectivity.
Nonetheless, this study emphasizes the promising applications of DODH for olefin
production as key buidling block of the industrial sector.
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5 THE CATALYTIC COUPLING OF CO, AND
GLYCIDOL TOWARD GLYCEROL CARBONATE

5.1 PREFACE

This chapter specifically addresses the carbonation of epoxides, e.g. activated analogs of bio-
based polyols, using gaseous carbon dioxide. The first subsection explores catalytic
approaches developed to overcome the high thermodynamic stability of CO,. The second
subsection showcases the intensification of the carbonation of glycidol with CO», including
it scale-up to pilot-scale mesofluidic reactor.

Subsection 1 outlines the two principal synthetic approaches for the preparation of glycerol
carbonate. The first synthetic route utilizes common epoxides and proceeds through a
nucleophile-catalyzed mechanism, while the second path employs B-hydroxylated-epoxides,
which undergo transformation via the proton shuttle mechanism. This work is based on an
exhaustive review published in ACS Catalysis: C. Muzyka, D. Silva-Brenes, B. Grignard, C.
Detrembleur, J.-C. M. Monbaliu, ASC Catalysis, 2024, 14, 12454-12493. These two
pathways differ in their catalytic activation; one targeting the epoxide ring, while the other
involves the activation of B-hydroxylated moiety. Over the past 10 years, a wide variety of
catalysts have been designed to optimize epoxide-CO, cycloadditions, aiming for mild
experimental conditions, minimal waste and excellent productivity. These include metal-
based, organic, and ionic-liquid derived systems, often functionalized with hydrogen bond
donor, Lewis acidic sites or chemisorptive groups. Additional strategies have leveraged
porous materials, porous ionic liquids or dual component catalysts. Despite these
advancements, structure-activity relationships between catalyst design on mechanism
pathways remain elusive, preventing rational optimization of processes. This review
examines the overall catalytic structure, clarify the role of their functional groups within the
respective mechanism, and provides a sustainability assessment of their performances in term
of overall efficiency and glycerol carbonate productivity.

This work highlights that despite the extensive development of catalysts for epoxide
carbonation, very little attention is given to reactor technologies. Among them, continuous
flow reactors inherently feature appealing advantages to efficiently handle gas-liquid
reactions.

Building on the knowledge gained in the catalyst discussion, subsection 2 presents the design
of novel, intensified flow process for the carbonation of glycidol, a B-hydroxylated-epoxide,
catalyzed by a Bronsted base. This experimental work was published in Angewandte Chemie
International Edition: C. Muzyka, S. Renson, B. Grignard, C. Detrembleur, J.-C. M.
Monbaliu, Angew. Chem. Int. Ed., 2024, 63, ¢202319060. Liquid-gas reactions are
notoriously limited by biphasic mass transfer in batch reactors, often resulting in low yields
and poor selectivity. Continuous flow reactors address these issues through their huge surface
to volume ratio, reducing diffusion distances from several centimeters in batch to only a few
micrometers.
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Apart from channel geometry, the volumetric mass transfer coefficient (ki,), which quantifies
the efficiency of gas transfer to a liquid, is significantly impacted by fluid dynamics and the
contact area between liquid and gas (Figure 5.1). In microfluidic reactors (channels diameters
<100 um), laminar flow prevails due to a low Renolds number (typically Re < 1000 in such
systems). While molecular diffusion plays a significant role, mass transfer in Taylor flow
(gas-liquid segmented flow) benefits from two synergetic mechanisms: an enhanced interface
area and improved homogeneity of liquid slugs due to pseudo-convective mixing.

Taylor flow (gas-liquid reaction)

> Diffusion
Flow direction distance

TS ST
2 Gas bubble G(—— KLa —>
> <R

D, D
Liquid
slug

Boundary layer Taylor recirculation
gas-liquid interface

Figure 5.1 Taylor flow and mass transfer in gas-liquid reaction.

Scaling up to mesofluidic reactors (channel diameters <850 pm) enables flow rates exceeding
microfluidic limits, reaching transitional-to-turbulent flow regimes (Re = 2000-5000). This
elevates energy dissipation rates driving two-phase flow advantages: promote bubble
fragmentation and dispersion (smaller, more uniform bubbles), reduce concentration
boundary layers near gas-liquid interfaces and enable continuous homogenization of liquid
slugs via chaotic mixing paths and constant renewal of liquid layers.

Continuous flow reactors also support high operating pressures, which significantly increases
gas solubility and promote the formation of small gas droplets with large interfacial area for
mass transfer. High pressure operation also allows reactions to be performed at superheated
conditions (e.g. above solvent boiling point), thereby accelerating reaction Kkinetics.
Moreover, the high surface-to-volume ratio efficiently ensures heat transfer, yielding an
accurate and homogeneous control of reaction temperature.

Overall, this interplay of parameters outlines continuous flow as a pertinent approach for
developing an efficient and productive process of glycidol carbonation.

155



5.2 THE CATALYTIC COUPLING OF CO2 AND GLYCIDOL TOWARD
GLYCEROL CARBONATE

5.2.1 ABSTRACT

Ambitious environmental objectives have driven research and innovation toward the
production of bio-renewable chemicals, such as glycerol carbonate. In particular, the
production of glycerol carbonate from the coupling of CO, and glycidol has received
considerable attention from the Chemistry and Chemical Engineering communities. This
route became particularly appealing considering that glycidol is an activated derivative of
glycerol, which together with CO,, is an industrial waste. To keep the chain of value toward
high value-added glycerol carbonate as attractive as possible, numerous metal-based and
organo-catalysts have been developed. We provide with this review a pragmatic overview of
the most promising catalytic protocols toward glycerol carbonate reported over the past 8
years. Special attention is given to inherent mechanistic and structure-(re)activity features as
key parameters driving reaction performances. This review also addresses the preparation of
a selection of catalysts, as well as the global efficiency and sustainability of the chain of value
toward glycerol carbonate. Such a holistic review is intended to feed inspiration for future
highly efficient catalytic systems.

5.2.2 INTRODUCTION

The chemical sector is notoriously one of the most energy-, resource- and waste-intensive,
industries. These factors have been a particularly significant challenge to the European
Union’s (EU) Chemical Industry, which despite the reshoring promises of the post-COVID
era, continues to struggle to maintain its manufacturing processes. The fast industrial and
economic rebounds starting in late 2021 led to an extraordinary demand in energy within a
narrow time window. Skyrocketing demand, oil market volatility and progressive depletion,
geopolitical instability and climate change extensively stressed the corresponding markets
and triggered the current energy crisis.l'! Soaring energy bills are choking the EU Industry,
specifically the chemical sector, due to much lower competitiveness on the global market.?!
Reshoring to or developing new chemical production units in the EU also clashes with
increasingly restrictive regulatory policies, echoing widespread public awareness of the
chemical risks for people and the environment.™ This global situation also interferes with the
EU’s ambition to accelerate the green and digital transitions and to strengthen its leadership
in replacing fossil-based feedstocks for bio-based renewable alternatives by the end of
2030.11 A step further was taken to significantly reduce greenhouse gas emissions with the
ban of combustion engines by 2035. This has also contributed both to shake up the global
energy market and to awaken new needs for sustaining the electrification of the transportation
fleet.[>6]

New chemical production processes must incorporate opportune technologies with lower
environmental footprints and high safety.l”) Processes targeting high value-added chemicals
at large scales must ideally feed upon bio-renewable sources and/or waste effluents such as
CO,.121 Over a decade of technology and chemical innovation has established robust
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foundations upon which new industrial processes can thrive within EU’s main environmental
ambition, and strategic directions for R&D and production.[!3-14]

Among bio-renewable chemicals with a potential significant impact on current industrial
processes, glycerol carbonate (GLC) is receiving growing attention from the academic and
industrial communities. GLC has emerged as a versatile chemical with promising
applications in major economic sectors including coatings and adhesives. GLC also emerges
as a promising low volatile organic compound (VOC) solvent that could compete with
solvents currently in use (glycols, ketones or esters). Moreover, GLC is involved as an
intermediate in the production of glycidol (GD), which can be then incorporated into
polyurethanes through its reactions with amines.>*%!51 Lastly, a potentially future growing
application stems from the Li-ion battery industry as an electrolyte carrier due to its low
flammability and boiling point. Although numerous works report an improved conductivity
with GLC over current candidates (ethylene and propylene carbonate)®2!l its hydroxyl
group interferes with Li* transport. This likely points toward acylated or alkylated derivatives
as potential next generation ion carriers. Polymerization of the cyclic carbonate ring with
increasing temperature also contributes to the challenges of using GLC for Li-ion
applications. Some niche markets comprising cosmetics and personal care stand out; yet they
represent minor market shares for highly purified GLC. Implementation of these applications
is, however, hindered due to the high global price of GLC ranging between 3000 and 6000
$ per ton (market volume: 10 million $, selling volumes around 10s of tons)./??) The market
is not expected to grow in the mid-term, particularly due to the lack of a viable, low-cost
production process amenable to commercial scale. The development of a new highly efficient
and productive procedure could provide the impulse needed to bring GLC to the forefront of
the chemical industry.[?*!

5.2.3 PRIOR ART AND SCOPE OF THIS REVIEW

Three distinct synthetic approaches are commonly exploited to access GLC (Figure 5.2). The
direct carbonation involves the reaction between CO or CO; with diols (path a). The second
strategy relies on the coupling of diols with an activated source of CO,, such as the
transesterification of a carbonating agent such as dimethyl carbonate with glycerol (GLY) or
the alcoholysis of urea with GLY (path b).?l An alternative pathway exploits GD, a highly
activated version of GLY that is easily carbonated with CO, (path ¢).>! Path a usually
requires expensive, toxic, and increasingly scarce metal catalysts, as well as a large excess
of additives under harsh conditions, and is often associated with low yields.? Despite its
effectiveness, path b suffers from a poor atom economy and a limiting thermodynamic
control.['11226-281 Path ¢ feeds upon CO, and GD in the presence of various catalysts,?3"
and is usually a highly efficient path to GLC. With proper epoxide and/or CO, activation,
GLC can be produced under relatively mild conditions and short reaction times (i.e.,
compared to path a).3!321 GD’s classification as a toxic chemical is counterbalanced by its
potential production from bio-sourced GLY, making it an attractive sustainable building
block.[ The synthesis proposed in path ¢ can occur according to two main mechanistic
pathways.[?>3% The first one, path ¢!, is the most conventional. It relies on the use of catalytic
systems, usually combining a halide nucleophile with a Lewis acid center (LA) or a hydrogen
bond donor group (HBD). Initial activation of the epoxide via LA or HBD is followed by the
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ring opening of the epoxide by the halide nucleophile. In the subsequent step, CO; is captured
by an intermediate alkoxide species prior to its intramolecular cyclization toward the
corresponding cyclic carbonate.l*? The second alternative pathway (path c?) is often referred
to as the proton shuttle mechanism, and consists of the carbonation of the hydroxylated
epoxide to yield a hemiester of carbonic acid. Next, the intermediate species undergoes an
intramolecular nucleophilic addition to generate the cyclic carbonate.>3] Whereas mechanism
cl can take place with a variety of epoxide substrates, mechanism c? relies upon the
availability of a B-hydroxyl next to the epoxide, limiting its occurrence to GD and other
derivatives possessing a B-hydroxyl group.**

The attractiveness of the coupling of GD with CO; strongly depends on the availability of
highly performant catalytic systems to provide viable procedures toward industrial
production. The design of catalysts endowed with high performance for coupling epoxides
and CO; still represents one of the most challenging and hottest topics of this past decade.*”
Despite the effectiveness of various homogeneous catalysts, they are usually associated with
a very cumbersome downstream separation and purification. In the worst-case scenario, this
would preclude their effective recycling and have a deleterious impact on the overall process
economics.

Syntt pathways toward the production of GLC
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Figure 5.2 Synthetic pathways toward the production of GLC. (a) Direct carbonation with CO or
CO;. (b) Transesterification of dimethyl carbonate and alcoholysis of urea with GLY. (c¢)
Cycloaddition of CO, with GD via the conventional (¢') and the alternative (c?) proton shuttle
mechanisms, respectively.32:33]

Heterogenization has emerged as a potential compromise for maintaining catalytic activity
and easing downstream recycling. Despite the potential for recycling, heterogenized catalysts
often suffer from limited mass transfer and lower catalytic performance due to fewer
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accessible HBD or/and CO; binding sites.[*®! These limiting parameters often legitimize the
implementation of harsh experimental conditions in order to ensure high product output.*”
Finally, regardless of homogeneous or heterogeneous strategies, most of the time the
preparation of the catalysts themselves requires the use of expensive reagents, and time-
consuming, complex protocols with significant environmental footprints. Their exploitation
at large industrial scale is therefore still very limited.?¥1 A compromise between performances
and ease of preparation should therefore always be aimed at.

Therefore, the development of highly effective yet more sustainable catalysts remains a very
timely topic. To ensure convenient recyclability, heterogenized catalysts featuring strongly
active nucleophiles, HBD and CO, binding/adsorption groups with adequate spatial
dispersion within the solid support should be privileged.?”! Furthermore, the porosity of such
materials should be engineered to favor mass transfer and therefore accessibility to catalytic
sites. Finally, the ideal catalyst should also work under mild experimental conditions, i.e.,
ideally room temperature and atmospheric pressure,*®! although this requirement is usually
associated with extended reaction time.37-3

This review aims to provide a pragmatic, detailed, and up-to-date collection of works dealing
with the catalytic coupling of CO, onto epoxides, with a special emphasis on GD and its
transformation toward GLC. The activities and performances of metal-based catalysts are
extensively discussed along with organocatalysts (including ionic liquids), outlining the latest
advances in the catalysis of CO, fixation. The work of Kleij, who first described the peculiar
features of the proton shuttle mechanism, is considered as the starting point of this discussion.
As such, only papers produced thereafter are considered in this review. We aim to provide a
fine understanding of the most recent catalytic systems to either exploit the proton shuttle
mechanism or the conventional pathway. The engineering of catalysts and optimization of
procedures have already been extensively covered in the literature.[343649441 However the
mechanistic and structure-reactivity aspects of these catalytic systems are often only
superficially discussed. We strongly believe that a thorough mechanistic understanding is a
key driver of innovation. Therefore, this work provides in-depth discussions on the specific
inherent reaction features, with emphasis on computational support when available and
relevant. Moreover, this review also addresses the preparation of these catalytic systems to
better evaluate the global efficiency of the processes and their environmental footprint.

To support this sustainability assessment, an Ecoscore scale (Table 5.1) was developed to
evaluate all the processes discussed in this work. The scoring system assigns penalties based
on various experimental parameters, including the catalyst loading, the use of additives and
solvent, reaction temperature, CO; pressure, reaction time, and product yield. Each process
begins with an Ecoscore of 100, from which penalties are subtracted to determine the final
score.
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Table 5.1 Guidelines of penalty points and color code for Ecoscores.

C none <1 mol% 1<5mol% >5mol%
color code
penalty 0 1
low b
solvent none (<10 0°I()3)
color code
penalty 0 1
25°C<
T (°C) 25°C 50°C 50°C< 85°C > 85°C
color code L
penalty 0 1 2 3
P CO:(bar) 1 bar 1 <5 bar 5 <10 bar > 10 bar
color code L
penalty 0 1 2 3
t (h) 0<4h 4 < 10h 10h <24h > 24h
color code I
penalty 0 2 4 8
yield (%) 2 90% 90 = 70% 70 2 50% <50%
color code
penalty (100-yield)/2

5.2.4 METAL-BASED CATALYSTS

This section does not exhaustively cover the state of the art from primary literature on the
metal-catalyzed carbonation of GD. Instead, it gives an overview of the most efficient
catalytic scaffolds and metal catalysts alongside with their operating conditions. It provides
up-to-date and robust foundations for a rational comparison with metal-free, organocatalytic,
and ionic liquid-based processes. The section aims to present broadly available, cheap, and
harmless metals that nearly fulfill the sustainability requirements of an “ideal catalyst” such
as aluminum, iron, zinc, copper, zirconium, and nickel derivatives, as well as some alkaline
earth metals. However, other metal catalysts are mentioned to better map of the potential
metal centers exploited for the cycloaddition of CO..
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5.2.4.1 OVERVIEW OF CATALYTICALLY METAL CENTERS

Figure 5.3 provides a snapshot of the literature data illustrating the use of metal catalysts over
the past 8 years. Figure 5.3 has been designed to distinguish rare, noxious, and/or expensive
metals from more sustainable, abundant alternatives with potent activity in the coupling of
epoxides and CO,. Among transition and post transition metals (Figure 5.3, in blue),
examples with Ti-#346], Cr-l47481 Co-149-51] Ga-[52), y-[53.54 Ry-[55], Rh-1561, pd-57), Cd-[58.59]
and In-based!® catalysts have been documented. Examples of catalysts featuring lanthanides,
such as Lal®1-64, Ce 16567 Nq-[5465] Ey-[68-70 Gd-[6471] Th-[72-741 DyI64751 Hol76) Erl77))
YbP333478 and Lul” have also been reported. Apart from Titanium and Chromium, all these
metals have a low to medium global availability.®” In addition, most of the metals and their
mining are associated with long-term toxicity and deleterious environmental impact. Good
catalytic performance is often outweighed by their low abundance and toxicity,
compromising their industrial applications. Therefore, alternative metals featuring high
sustainability and low toxicity are privileged. Representative examples include magnesium,
calcium, iron, nickel, copper, zinc and aluminum (Figure 5.3, in green).[ Despite the limited
choice of sustainable metal catalysts, numerous reports investigate their reactivity in coupling
GD with COs.

a. Common transition, post-transition and alkaline earth metals for catalyzing the coupling of CO, and GD
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b. Common lanthanides for catalyzing the coupling of CO, and GD
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Figure 5.3 Elements with reported activity towards the cycloaddition of CO,. Elements with low
sustainability are highlighted with a blue box, whereas metals featuring high sustainability are in
green. High toxicity is indicated by the corresponding symbol when applicable. The worldwide
production is indicated with a color dot.!®% (a) Transition, post-transition, alkaline earth metals. (b)
Lanthanides.
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5.2.4.2 AVAILABLE, SUSTAINABLE, AND BENIGN METALS

Aluminum-based catalysts. Lara-Sanchez et al. developed a series of stable bifunctional
aluminum catalysts supported by NNO-scorpionate ligands (Figure 5.4a). The catalyst
incorporated a quaternary amino moiety as counterion to a mechanistically relevant bromide
ion. The bromide served as a transient nucleophile during the catalytic cycle converting
epoxides to carbonates; however, this ligand was easily degraded due to an intramolecular
nucleophilic attack of the bromide on the catalyst, leading to the loss of a benzyl bromide.
To address this issue, a new generation of ligands were prepared by changing the alkyl
moieties used to build the quaternary amine, from a benzyl to a methyl. Synthesis of the
ligand started with deprotonation of bis(pyrazolyl)methane 1 with n-BuLi and addition to 4-
(diethylamino)benzophenone (> 90 % yield), followed by alkylation of the amine with
iodomethane, affording 2 as a salt in 82% vyield. The ligand was reacted with
trialkylaluminum to afford catalyst 3. Bimetallic complexes were also prepared by reacting
with 2 equivalents of the alkylaluminium. However, their performance was not better than
the mononuclear compounds. !

One year later, the same group investigated the influence of the counter-anion on the
performances of mono-and bimetallic bifunctional catalysts. Starting from the precursor 4
derived from 1, the authors prepared a similar ligand by alkylating the amine with methyl
methanesulfonate instead of iodomethane. The methanesulfonate salt obtained was then
transformed to the chloride, bromide or iodide salts through anion exchange with the
appropriate inorganic salts. Further treatment of the resulting salts with 1 equiv. of AlEt; led
to the formation of catalyst 5 (59% yield) (Figure 5.4b).
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a. Preparation of scorpionate ligands 3, 5, 7 and 9 from bis(pyrazolyl)methane (1) and derivatives
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Figure 5.4 (a) Preparation of various scorpionate ligands from bis(pyrazolyl)methane derivatives
and the corresponding Al-catalysts 3, 5, 7 and 9.13'-8%1 (b) Preparation of scorpionate ligand 11.1%¢
(c) Comparison of scorpionates Al-complexes 3, 5, 7, 9 and 11 as catalysts for the coupling of CO,
and GD (See Section 6 and Supporting Information for details).

Among the complexes with different halide counterions, the iodide derivative displayed the
highest efficiency due to the higher nucleophilicity and leaving group ability of iodide.
Furthermore, lower coulombic interactions with the ammonium cation compared to its
chloride and bromide analogs contributed to its availability for nucleophilic addition on the
epoxide. Additional control experiments emphasized the superior efficiency of monometallic
complexes over their bimetallic counterparts.?!

Another family of Al-based scorpionate compounds was formed from the addition a
carbodiimide derivative to bis(pyrazolyl)methane 1. Figure 5.4c shows the synthesis of
ligand 6, which could be synthesized in 76% yield.[*31 Two equivalents of AlMe; were added
to 6 to obtain the dinuclear aluminum complex 7 with an overall yield of 69%. In this case,
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tetrabutylammonium bromide (TBAB) was used as a co-catalyst for the production of GLC
from GD, affording the carbonate with an 89% yield.[¥ The same authors also developed a
series of helical bifunctional heteroscorpionate complexes, such as 9, which was derived from
the reaction between N-naphthyl-2,2-bis(3,5-di-tert-butylpyrazol-1-yl) (8) and 2 equivalents
of AlEt; (82% yield). The use of 9 with TBAB as a co-catalyst quantitatively converted GD
to GLC with 94% selectivity (Figure 5.4d).[%

Another series of scorpionate ligands were developed by Rojas et al. They described the
synthesis of mono-, bi- and trimetallic alkylaluminium complexes prepared from new
amidine ligand precursors. The most efficient of their catalysts began with the preparation of
ligand 10 through the addition of N-(2,6-diisopropylphenyl)acetimidoyl chloride to a solution
of 2-aminopyridine and Et;N, affording 10 in 70% yield after column chromatography
(Figure 5.4e). Reaction of 2.5 equiv. of AlMe; to 10 led to the formation of trimetallic
complex 11, containing one pentacoordinate aluminum and two pyridinic nitrogen adducts
with the Al Lewis acid center. Complex 11 was isolated in 62% yield. GLC could be obtained
in 63% yield over 24 h using 1.7 mol% of 11 and 5 mol% of tetrabutylammonium iodide
(TBAI) at 50 °C and 1 bar of CO,.1%¢

Focusing on another type of ligand, North and Wu reported the design of a homogeneous
bimetallic aluminum(salphen) complex synthesized from commercially available
components and using a co-catalyst (TBAB) as an external nucleophile.

The salphen ligand was prepared from the condensation of 1,2,4,5-benzenetetramine with
3,5-di-tert-butyl-hydroxybenzaldehyde, which was then treated with 2.2 equiv. of
diethylaluminum chloride and filtered to afford complex 12 in 30% cumulated yield (Figure
5.5a). Due to its poor solubility, the use of the catalyst initially resulted in a heterogeneous
medium before complete dissolution of the complex. To determine the cooperative or
individual behavior of the two metal sites into the catalytic mechanism, two different trials
with 0.1 and 0.2 mol% TBAB using a constant amount of 11 were performed.
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a. Preparation of salphen Al-catalyst 12
HN N,  TEEETN
AHCI AIEtZCI
. 1
OHC Bu 0\?|,0 Bu
* (2 2 equiv.) Al
H2N NH, _N/ N=
4 HO ‘Bu
12 2
30% yield
b. Preparation of salen Al-catalyst 14
1. CPTES Et
2. Grafting \ 4
OH 3 Bner Et—NS Bu
OH BF
OH ‘Bu 'Bu 09 Bu
0, NEt, k. ‘\A | °
ol joo A %0
EtN =N N= o (s Br NEt,Bn
- 2
13 14
c. Preparation of ferrocenyl amidine Al-catalyst 17
1. [(CH3)2CHO]3B ;
Q 2. +Buli NHR Pr
3. NaOH Q’ :
Fe — 5 Fe r_rlq 'Pr
@ 4. Copper phthalimide N'-AI\’
5. NoH4.H20 15 (R = H)
EtsN Fe T
C14H20CIN 33% yield
16 (R = -NC14H20) —_— + dimer (18)
AlMe3 32% vyield
d. Al-salphen, salen and ferrocenyl catalysts for the coupling of CO, with GD
e i -GD to GLC - SIIIIIIITIILOILIIIIIIIIITTI Lo
N .
’ loading additive T Pcoz t yield :
E cat (mol%) (mol%) solvent ¢C) (bar) h) (%) score E
.
! H
H TBAB E
P12 04 02) / 50 @ @ s N
H ]
H '
t14 025 / / 50 1 @ @& s i
H ]
H I '
P17 47 m / 80 1 @ a7 84.5 .
leccccoccccccccccccccccccncsncccscsscscsncscsasscsnssssasassasnsessasassasaneal .

Figure 5.5 (a) Synthesis of a salphen ligand and its corresponding Al-catalyst 12.187] (b) Synthesis
of a supported salen ligand and its corresponding Al-catalyst 14.[%8]
amidine ligand and its corresponding Al-catalyst 17.1%%7 (d) Comparison of salphen, salen, ferrocenyl
amidine ligands and their corresponding Al-complexes 12, 14, and 17 as catalysts for the coupling

of CO; and GD (See Section 6 and Supporting Information for details).

The authors rationalized that, in the case of a cooperative behavior, equimolar amounts of
TBAB with respect to 12 would be enough to sustain the catalytic activity, as the two Al sites
have different roles, catalyzing carbonation of a single GD molecule at a time. In the case,
however, of separate catalytic activity of both metals, the reaction would benefit from having
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a 2:1 molar ratio (TBAB:12), as each Al catalytic site would require one equivalent of TBAB.
The results showed only a marginal 9% difference between both modalities (0.2 mol%
TBAB/12- 94% vs 0.1 mol% TBAB/12 — 85% conversion), which the authors hypothesized
is due to sub-stoichiometric amounts of Br when using 0.1 mol%, caused by exchange with
the catalyst’s chloride moieties. The authors concluded that both Al centers in the catalyst
behave cooperatively, with one Al center activating the epoxide while the neighboring Al
traps the CO; to promote its insertion in the opened epoxide, leading to terminal cyclization
(Figure 5.6). Tributylamine was detected by GC-MS, potentially generated from the retro-
Mentschutkin degradation of TBAB. The authors therefore hypothesized that tributylamine
could stabilize the CO, when bound to Al (19).[87]

Catalytic mechanism of bimetallic complex 12
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Figure 5.6 Tentative catalytic mechanism of bimetallic complex 12 depicting a dual role for the Al
center for substrate activation and binding of CO,.["!

Another family of aluminum catalysts was documented by Reiss et al., who prepared
heterogeneous bimetallic aluminum(salen) complexes immobilized within mesoporous silica
(SAB-15). Specifically, SAB-15 was selected as a support material for its attractive
properties including a high surface area and stability, as well as potential tunability of the
porosity. A pore-expanded version of SAB-15 was prepared from the dissolution of
copolymer P-123 (support template) in aqueous HCI, followed by the addition of
trimethylbenzene (micelle expander) and tetraethyl orthosilicate. After 24 h stirring, the
mixture was left to stand at 100 °C for 72 h. A solid was recovered by filtration and calcined
at 550 °C for 5 h. Structural characterization of the support material confirmed that the
treatment with a micelle expander resulted in an increase in open porosity. The mesoporous
silica was functionalized using (3-chloropropyl)triethoxysilane (CPTES) to install reactive
3-chloropropyl moieties on the silica surface, which were then used to anchor
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aluminum(salen) complex 13. Subsequent alkylation of the tertiary amines with benzyl
bromide led to the formation of catalyst 14 (Figure 5.5b). The enlarged pores increased mass
transfer, facilitating access to the active sites, leading to a GD conversion of 53%, compared
to 42% for the control catalyst without enlarged pores. Characterization of the catalysts
obtained without pore expansion showed that the porosity of the silica was lost after
installation of the metal catalyst 13, reducing the accessibility of the catalytic sites. Recycling
of the catalyst was also assessed and showed a progressive loss of performances over 5 runs
on t-butyl glycidyl ether from approximately 53% to 20% conversion, due to dealkylation of
the ammonium group of the catalyst. Catalytic activity could be re-established by treating the
catalyst with benzyl bromide to re-alkylate the amine. [

A third example based on ferrocene comes from Rojas et al., who prepared a set of alkyl
aluminum complexes with non-symmetric ferrocenyl amidine ligands in the presence of
TBALI as cocatalyst. The preparation of ligand aminoferrocene 15 consisted of a cumbersome
multi-step synthesis starting from a commercially available ferrocene precursor to obtain 15
in a 42% cumulated yield. Further nucleophilic substitution of 15 with an imidoyl chloride
derivative gave ligand 16 before its complexation with 0.5 or 1 equiv. AlMes, producing the
tetracoordinate complex 17 (in 33% of cumulated yield) or the pentacoordinate complex 18
(32% yield, Figure 5.5c). Evaluation of their respective performances highlighted 17 as more
efficient than 18. Production of GLC using 17 gave 87% yield. The authors explained this
difference in due to its higher Lewis acidity and the lower steric hindrance of 17 compared
to 18, which facilitates the interaction between the Al center and the epoxide.[®”!

In contrast to the previous works, the next articles illustrate the proton shuttle mechanism
involving the B-hydroxyl activation of epoxides and the peculiar behavior displayed by Al
complexes. In 2016, Kleij and colleagues reported an unprecedented alternative mechanism
toward the activation of CO; through a substrate-mediated approach when in the presence of
a Lewis Acid catalyst (Figure 5.7a). Using GD as a model substrate, they succeeded in
predominantly triggering the conventional mechanism when adding an external nucleophile
(Figure 5.2c") or the alternative proton shuttle mechanism (Figure 5.2¢?) depending on the
catalytic system.”] The aluminum catalyst used for this study, 20 (Figure 7a), resulted from
the reaction of an aminotriphenolate ligand 19 with an excess of AlMes.°!! The ligand (19)
was obtained from a variation of a Mannich reaction involving hexamethylene tetraamine,
formaldehyde and a tert-butyl phenol derivative. Catalyst 20 gave an excellent yield (93%)
of GLC after 2 h at 75 °C under 10 bar of CO; (Figure 5.7b). Using methyl ethyl ketone
(MEK) as a solvent, the combination of the metal catalyst with a halide salt at 25 °C onto
substrate 21 led to a distribution of two cyclic carbonates arising from either the epoxide ring
opening (22) or the activation of the B-OH (23) in a 23/22 of ratio 22:78 (Figure 5.7¢c). In
contrast, when the reaction was carried out in the absence of the halide co-catalyst, product
22 was selectively formed. The authors argued that its formation proceeded through the
formation of carbonic acid hemiester intermediate 24 (Figure 5.7d). The key role played by
the free hydroxyl group on GD was further confirmed by observing that the reaction on
benzyl-protected glycidol gave no conversion.’”
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a. Preparation of Al-complex 20

(o]
l!lTv\l‘ll Jl\ 2 equiv. o
&N | H H _ AMes_ u/©/\/l\l~o
W
gau

Bu
b. Al-complex 20 as catalyst for the CO, coupling with GD
-------------------------------- -GD to GLC - eIl L e Lo et
. L P .
cat. loading additive solvent T co2 t yield score

(mol%)  (mol%) (°C) (bar) (h) (%)

c. The carbonation of 21 gives different products with 20 alone or with 20/TBAB

Jz’ 1 mol% 20 o
(o) o 5mol% TBAB OH 1 mol% 20 OJ(O
25°C1an ! :Me 25°C, 14 h HO\)\(
OH 10 bar CO» 10 bar CO, Me
Me 22
22:78 2223 21 23

d. Proton shuttle mechanism

)
§t i -
o] I:|~~o5 OJ(

Ao —= HJp —» '\C
OH

GD 24 GLC

Figure 5.7 (a) Preparation of the Al complex 20 through coordination of an aminotriphenolate ligand
with AlMejs. (b) Catalytic performance of Al complex 20 for the coupling of CO, et GD (See Section
6 and Supporting Information for details). (¢) The carbonatation of 1-(oxiran-2-yl)ethanol 21 using
solely 20 (1 mol%) gives full conversion to 22, while in combination with TBAB (5 mol%), a 22:78
23/22 mixture is obtained. (d) Overview of the proton shuttle mechanism involving linear carbonate
intermediate 24.1°"

Two years later, the same group rationalized the proton shuttle mechanism through a
multidisciplinary approach.l**! The authors first confirmed that the synthetic path was
inherently substrate-dependent when catalyzed by aluminum complex 20. Accordingly, the
carbonation protocol was implemented on deuterated d-GD, leading exclusively to 25
(Figure 5.8a).
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a. Coupling of CO, and deuterated GD catalyzed by 20
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Figure 5.8 (a) Deuterium labeling of GD to illustrate the triggering of the proton shuttle mechanism.
(b) Detailed mechanism mediated by B-hydroxyl activation of epoxide catalyzed by Al-catalyst 20
and in the presence of H,O as an additive.??

Furthermore, the reaction with (S)-GD resulted in the formation of (R)-GLC, suggesting a
mechanism similar to SN». The kinetics of the reaction featured a first order dependence for
the reagents and for the catalyst. A computational study was next undertaken to further
strengthen the understanding of the mechanism. The first step involved the coordination of
the B hydroxyl group of GD with the Al center to form a stable intermediate, followed by its
subsequent deprotonation toward an alkoxide species 26. The second step, i.e., the
intramolecular cyclization toward GLC, was studied both in the presence and absence of
water as an additive. The intramolecular cyclization was identified as the rate-determining
step with an overall very high activation barrier (AG*) of 46.2 kcal mol™! (double-hybrid DFT
- B2PLYP). The authors, however, found that the addition of water lowered AG* to 24.6 kcal
mol !, Such acceleration was associated with the favorable formation of a stable anion-CO,-
H>,O complex 27. The latter complex facilitates the subsequent formation of hemiester
intermediate 28 and contributes to a hydrogen-bonding activation of the epoxide.
Consequently, the authors concluded that the substrate-activation of CO, and subsequent
intramolecular cyclization proceed through a concerted mechanism, in contrast with the
stepwise process without H,O (Figure 5.8b). The computational insights were confirmed
through additional experiments (50 mol% cat. 20, 50 °C, 10 bar CO3, 4 h), using anhydrous
and normal (wet) conditions, yielding GLC in 32% and 62%, respectively. Additional proof
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of the mechanism was collected through ATR-IR spectroscopy, providing robust structural
evidence on four key intermediates.>*!

Iron-based catalysts. Despite being a less commonly exploited metal, some catalysts with
an iron center have also been developed. Kerton et al. reported the synthesis of a new set of
iron(III) complexes supported by tetradentate amino-bisphenolate ligands. Fe-catalyst 30 was
prepared according to a convenient protocol involving a dropwise addition of a methanolic
solution of FeCl; (or FeBrs) to ligand 29 at room temperature (Figure 5.9a).°*! Ligand 29 was
prepared using a modified Mannich reaction.”3 Catalyst 30 was obtained after a sequence of
evaporation, liquid-liquid extraction and filtration. The structure of the catalyst was studied
by X-ray diffraction, revealing a square pyramidal distribution of ligands around the Fe(III)
center. TBAB was employed as a co-catalyst to trigger the coupling of propylene oxide (PO)
with CO,. The Fe/PO/TBAB ratio was optimized, with an optimum at 1:4000:4. Under these
conditions, the corresponding propylene carbonate (PC) was obtained in 84%. The authors
also studied a small library of catalysts with various ligands. The results emphasized the key
role of ortho- and para- electron-withdrawing group (EWG)-substituted phenolate ligands.
Stronger EWGs seemed to promote the coordination with the epoxide, hence favoring the
reaction. As one of the best catalysts, 30 was then tested on various epoxides. A 78%
conversion of GD was obtained alongside a turnover number (TON) of 3120 molpc mol cat
!, Kinetic data was collected through in situ IR, confirming a classical mechanism mediated
by an external nucleophile. The temperature was identified as a key parameter, with an
experimental AG* of 23.5 kcal mol!.[*4

Kang et al. reported another type of ligands for Fe-based catalysts in the form of bifunctional
homoleptic Fe-iminopyridine and heteroleptic Fe-bisiminopyridine complexes bearing both
a HBD group and an internal nucleophile. The iminopyridine-derived catalyst was
synthesized in a one-pot reaction involving picolinaldehyde, 2-amino-1,3-propanediol and
Fel, to obtain 31 in 76% yield. The bisiminopyridine (BIP)-derived catalyst 33 required a
three-step procedure to synthesize the BIP ligand, before a first addition of iron (II) bromide,
followed by the addition of a second ligand (dihydroxybipyridine — dhbpy) to produce 33 in
51% cumulated yield after recrystallization. Using 0.5 or 0.1 mol% of catalysts 31 and 33
(Figure 5.9b), GLC was obtained in 72% and 78% yield, respectively, under different
experimental conditions. The authors demonstrated that simply adding the components of
catalyst 31 (Fel,, picolinaldehyde, and 2-amino-1,3-propanediol), along with CO, and
styrene oxide (SO) at 80 °C was just as effective in producing styrene carbonate (SC) as
using the pre-synthesized catalyst 31. This efficiency, due to the in-situ generation of the
catalyst, was not observed in the case of catalyst 33. The simple mixing of the building blocks
for 33 gave a mere 11% yield of SC, compared to 94% yield for the pre-synthesized catalyst
(33). Computational insights into the mechanism were obtained using DFT, indicating that,
after the dissociation of an imino ligand (in catalyst 31) or of the axial halide anion (in catalyst
33), the substrate undergoes a dual activation via the Lewis acidic metal and the hydroxyl
group (HBD), strongly promoting the ring opening of the epoxide. !
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Figure 5.9 (a) Synthesis of tetradentate amino-bisphenolate Fe-catalyst 30.1° (b) Synthesis of
bisiminopyridine (BIP)-derived Fe catalysts 31-33.13:96 (¢) Comparison of Fe-based catalysts 30, 31,
32 and 33 for the coupling of CO;, and GD (See Section 6 and Supporting Information for details).

Two years later, the same authors reported the catalytic properties of other Fe(Il)
iminopyridine complexes substituted with imidazole groups in the presence of (1,5,7-
triazabicyclo[4.4.0]dec-5-ene hydroiodic acid) TBD-HI as co-catalyst. Drawing upon their
previous design for 31, the authors slightly modified the synthetic procedure to add 1-(3-
aminopropyl)imidazole to produce the self-assembled catalyst 32 (Figure 5.9b).
Interestingly, when performing the reaction using hydroxymethyl substituted derivative 34,
they found that such Fe(II) catalysts led to two distinct products (Figure 5.10a and 5.10b).
Synthesis of cyclic carbonates from 34 indicated the concomitant formation of both 35,
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through the conventional mechanism, and 36, arising from the proton shuttle mechanism in
aratio 1:2 and 67% conversion. The first mechanism involved the assistance of the external
nucleophile. Accordingly, the mechanism proceeds through substrate activation mediated by
both the metal center and the hydroxyl group of the ligand. Subsequently nucleophilic
addition of iodide generates intermediate 37. Insertion of CO, onto to alkoxy intermediate 38
is facilitated through imidazole-CO, activation. The final step involves intramolecular
cyclization to the desired cyclic carbonate. The second mechanism occurred through
substrate activation, involving the B-hydroxyl of 34 and both the metal Lewis acid and TBD
co-catalyst.%

a. Carbonation of oxirane 34 with catalyst 31
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Figure 5.10 (a) Products obtained from the carbonation of oxirane 34 by catalyst 32. (b)
Conventional mechanism in the presence of an external nucleophile (left) and proton shuttle
mechanism (right), both catalyzed by 32.%¢

Islam et al. prepared an iron-phosphonate nanoparticle catalyst (HPFP-1(NP)) in
combination with a halide salt (TBAB). The protocol of catalyst production simply relied on
the mixing of hexamethylenediamine-N,N,N’,N’'-tetrakis-(methylphosphonic acid)
(HDTMP) with FeCl; and a subsequent hydrothermal treatment at 150 °C during 24 h to yield
the desired compound. The distinctive advantage of this catalytic system was it use under
mild experimental conditions to afford SC in high yield (97%). Upon optimization, 88% yield
of GLC was obtained using 13.5 wt% of catalyst as well as 5 mol% of TBAB and 1 bar CO,
at 25 °C for 12 h.P7)
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Zinc-based catalysts. Islam and colleagues explored the performances of zinc stannate
(ZnSnO3) nanocrystals. The catalyst was produced through the mixing of sodium salicylate
as a template and diethylamine followed by the addition of metal precursors ZnCl, and SnCly
prior to a hydrothermal treatment at 110 °C for 48 h. Analyses of porosity and BET surface
emphasized a homogeneous distribution of mesopores, indicating uniform self-assembly of
the nanocrystals. Using PEG-600 as a solvent, the reaction catalyzed by ZnSnOs nanocrystals
achieved a high isolated yield of 91% toward GLC at 80 °C, over 10 h reaction time (1 bar
of CO») using 1.2 wt% of the catalyst. Recyclability and recoverability of the catalyst ZnSnOs3
were assessed over 5 consecutive runs without significant loss of product yield.%

Later, the same group also reported the use of another zinc complex. Polystyrene-supported
anthranilic acid was prepared by attaching the acid to a Merrifield resin, which was then
complexed with ZnCl, to prepared catalyst 40 (Figure 5.11a). After reaction optimization,
GLC was obtained in 89% yield using TBAB as a cocatalyst, at room temperature and 1 bar
of CO,.

Exploiting another category of ligand, He er al. described the design and assessment of
performances for a Zn salen complex with a multiple HBD scaffold and an internalized halide
moiety. This bifunctional component compound was obtained through a two-step synthesis,
leading to the formation of the ligand. The first reaction consisted of the condensation of
2,3 4-trihydroxybenzylaldhehyde  with ~ N,N’-diethylethylenediamine  hydrobromide,
followed by the addition of Zn(OAc), H,O, leading to the formation of complex 41 (Figure
5.11b). Considering the presence of (charged) quaternary amines, (HBD) phenolic groups,
and Lewis acidic metal, as well as (nucleophilic) bromide anions within 41, the authors
hypothesized that the mechanism proceeds through simultaneous activation of the epoxide
prior to ring opening induced by a bromide anion. %"

An additional example of a porphyrin-Zn ligand was developed by Dela Cruz and Hung. An
N-confused tetraphenylporphyrin (NCTPP) was functionalized with (5-bromopentyl)
trimethylammonium bromide and next treated with ZnCl; to yield 44% of 42 (Figure 5.11c¢).
With a very low loading of 42 (7.5 x 103 mol%) and 0.08 mol% TBAB, the authors achieved
the preparation of GLC in 90% yield. An alternative version of 42 was produced with nickel,
yet it displayed a slightly lower catalytic efficiency with 86% yield of cyclic carbonate
derived from epichlorohydrin ECH.!U

Lara-Sanchez reported the engineering of mononuclear Zn based complexes with various
electronic and steric features. The catalyst was prepared by a three-step protocol starting from
precursor 43, successive transformation into the scorpionate ligand 44, followed by
complexation with ZnMe, to give 45 in 79% (Figure 5.11d).
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a. Polystyrene supported anthranilic acid 40

b. Zn-based bifunctionnal catalyst 41
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Figure 5.11 (a) Preparation of polystyrene-supported anthranilic acid zinc-based catalyst 40.1°%! (b)
Synthesis of Zn-based bifunctional catalyst 41.1'%! (¢) Preparation of N-confused
tetraphenylporphyrin Zn derivative 42.1'°! (d) Preparation of scorpionate Zn-catalyst 45.1'0%) (e)
Synthesis of hexamethylenetetramine Zn complex 46.['3) (f) Comparison of Zn-based catalysts 40,
41, 42, 45 and 46 for the coupling of CO, and GD (See Section 6 and Supporting Information for
details).

Preliminary evaluation of catalyst performance highlighted the beneficial role played by the
double functionalization with 4-(trifluoromethyl)aniline moieties, which served as two
electron-withdrawing groups (EWG) in 45, and resulted in an enhanced Lewis acidity of the
metal site. However, the synthesis of an analog containing four such EWGs on the same
scaffold was shown to be detrimental as the positive effects of EWG were negatively
counterbalanced by the increasing steric hindrance, and therefore decreased accessibility of
the Zn catalytic center. The catalyst reusability was evaluated by performing multi-feed
experiments with substrate removal between runs, which indicated constant performance (80-
83% of PC) over 6 repetitions. Investigation of reaction kinetics with respect to TBAB and
45 both matched an apparent first-order reaction rate with respect to SO consumption.[1%]

Yin and colleagues described a cheap and straightforward approach toward the formation of
Zn metal complex with hexamethylenetetramine (Hatm) at room temperature for 6 h (Figure
5.11e). In order to unveil the synergetic effects of this bifunctional catalyst 46, comparative
experiments with the components individually considered were performed. The results gave
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yields of only 35% and 1% of PC for the metal salt ZnBr; and Hatm, while using a mixture
of the ligand and ZnBr; (i.e., without the pre-formation of complex 46) achieved a yield of
53%. For these mixtures, the Hatm/ZnBr, molar ratio of the mixture was also found to
influence the outcome, as increasing the relative abundance of the amine from 1 to 2 afforded
79% of PC. However, higher catalytic performances were obtained with the synthesized
complex 46, affording PC in 99% yield. This observation was explained by the improved
coordination between the nitrogen atoms from the ligand and the Lewis acidic metal within
the complex. The same procedure was transposed to GD, achieving a 99% yield of GLC.
Interestingly, the additional experiments using PO showed that the addition of water up to
12 wt. % as an additive enabled to reduce the reaction time to 8 h, through the enhancement
of 46 solubility. However, higher moisture content led to both substrate and product
hydrolysis while hampering its recyclability in the medium. %3]

Another straightforward strategy relied on the in-situ generation of a catalyst based on a
mixture of Zn powder, dimethyl formamide, and benzyl bromide. A typical run reached 99%
of GLC under 80 °C and atmospheric pressure of CO, for 12 h with 5 wt% of catalyst.'%

Copper-based catalysts. Exploring copper-based catalysts, Rath et al. prepared a 2D Cu(II)
coordination polymer incorporating high content of nitrogen, aiming to include targeted sites
for both CO; activation and alkoxide stabilization. Specifically, hexamethylenediamine with
CuCN was used as a catalyst. The catalyst was obtained in 50% yield after 6 h at 25 °C.
Investigation of compound performances over a broad range of epoxides demonstrated that
the catalyst is limited to the conversion of small size substrates, with very poor conversions
observed for epoxides such as 1,2-epoxyhexane or 1,2-epoxyoctane. This phenomenon was
correlated to the high steric hindrance of substrate preventing their coordination to the metal
sites located within the 2D network. Under atmospheric pressure of CO; at room temperature,
a yield of 96% toward GLC was achieved with 1 mol% of catalyst and 1.5 mol% of TBAB
over 18 h of reaction.!%

Four years later, Li et al. produced a series of 2D MOF catalysts via a one-pot protocol with
concomitant polycoordination and polycondensation using Cu,0, a nitrogen-rich ligand and
trialdehyde linkers. The best 2D MOF catalyst reported had a CO; absorption capacity of
16.7 cm? g'!, owing to its high copper density. The addition of CO, to ECH in the presence
of 0.2 mol% of the MOF and 15 mol% TBAB was performed with a 94% after 6 h at 55 °C
(2 bar of CO,). Control experiments with only 15 mol% TBAB resulted in a yield of only
64%. On the other hand, the addition of CO, to GD under similar conditions yielded 63% of
GLC. The catalyst could be recycled up to 4 times, maintaining an average production of
GLC around 97%; before a significant decrease of performance (21%) was observed on the
fifth cycle.[1%]

In the field of three-dimensional networks, Sun et al. assembled a heterogeneous protonated
copper-phosphonate MOF bearing both Lewis and Bronsted acids. The preparation of the
MOF catalyst relied on the hydrothermal treatment (180 °C for 3 days) of a mixture of a
tetrahedral cross linker, a nitrogen-containing ancillary ligand and Cu(OAc),, to achieve 40%
yield of the corresponding Cu-derived MOF. In the presence of 0.001 mol% of MOF and 1.5
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mol% of TBAB, GLC was obtained in 99% yield at 100 °C, after for 3 h under 10 bar of
COz.Um]

A second example of a catalytic 3D MOF was reported by Wu ef al., with a Cu-based MOF
constructed from the coordination of 5’-5’-(butanede-1,4-diyl)-bis(oxy)-diisophtalic acid
ligands (H4L) with Cul (0.25 equiv.). The 3D catalyst was an assembly of metal cages
containing 12 Cu (II) centers each obtained in 52% (starting from H4L and Cul) after 48 h at
80 °C. A high uptake of CO; of 94.4 cm?® g'! at 273 K was determined, with a CO» adsorption
heat (Qx) of 8.36 kcal mol''. These results were indicative of a high interaction between the
catalyst and CO,. This was later confirmed through a computational study (DFT), which
proved that CO, adsorption on unsaturated Cu sites was exothermic (AH® = -6.21 kcal mol
1. Electron-rich oxygen atoms of the ligand also participated in the adsorption of CO, (AH
=-2.39 kcal mol™"). Further calculations identified the ring opening of PO as rate-determining
step with a AG* = 14.8 kcal mol™'. After optimization of the procedure, GLC was formed in
70% yield in the presence of 0.4 mol% of catalyst and 0.5 mol% of TBAB after 12 h at 60
°C (atmospheric pressure of CO,). The recyclability of the catalyst was tested using SO and
shown to be recoverable through filtration and used over 10 runs while maintaining a similar
performance (88-97% yield).!%%]

Cheng et al. introduced an alternative catalytic system featuring a heterometallic MOF. It
consisted of the coordination between biphenyl-3,3'-disulfonyl-4,4'-dicarboxylic acid
dipotassium salt as a ligand source with Cu(ClO4),-6H,0O (Figure 5.12.a), yielding 69% of
47 after reaction at 110 °C for 24 h. Analysis of the crystal structure showed that Cu and K
centers were specifically linked to both sulfonate and carboxylate groups and that the
resulting 3D network had an anionic skeleton. A moderate CO; uptake of 49.5 cm? g*!' was
measured at 273 K. Using 5 mol% TBAB and 5 wt% of MOF 47 (relative to GD), GLC was
obtained in 98% yield (60 °C for 18 h). The recoverability of 47 was evaluated over 5 cycles
showing a progressive decrease of performance from 95% to 82% yield of styrene carbonate
(SC). The authors also provided a tentative mechanism proceeding through the initial
activation of CO, with sulfonate groups from the ligand, prior to the formation of the
carbonate intermediate. 1%

Nickel-based catalysts. Liu and coworkers described the preparation and use of a NiOs-
based MOF, assembled from ligand 5,5,5"-(methylsilanetriyl)triisophthalic acid and
Ni(NOs3)2-6H>0 in a mixture of dimethylacetamide and water. This solvothermal reaction
proceeded at 150 °C for 72 h to eventually obtain a 40% yield of Ni-based MOF. The
corresponding catalyst was then used for the fixation of CO; on small terminal epoxides
under 10 bar of CO; at 100 °C. Complete conversion of GD was obtained over 3 h using 1.5
mol% of TBAB combined with 0.025 mol% of the MOF.!?

Three years later, Bao et al. reported the self-assembly of a tetraphosphonic acid ligand
derivative with Ni(NO3), 6H>0. The reaction (72 h at 150 °C) led to the production of 46%
of a Ni-based MOF. Under atmospheric pressure of CO; and at room temperature, almost
quantitative conversion of GD was reached after 48 h (TOF = 41.7 h!) in the presence of
0.05 and 1.5 mol% of the MOF catalyst and TBAB, respectively. Given the occurrence of
both Lewis (P-OH groups) and Bronsted (Ni centers) acids within the catalyst, the authors
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suggested that the mechanism likely proceeds through dual activation of the substrate GD
before the nucleophilic addition of bromide.[!!]

a. Preparation of Cu-organic framework 47
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Figure 5.12 (a) Preparation and coordination mode of mono and heterometallic organic framework
47.11991 (b) Preparation of zirconium metal organic cage 48.[''3 (¢) Comparison of the catalytic
efficiency of Cu and Zr-based catalysts 47 and 48 for the coupling of CO, with GD (See Section 6
and Supporting Information for details).

Zirconium-based catalysts. The incorporation of zirconium as an efficient Lewis acid metal
was also considered by Islam and coworkers. They developed a mesoporous zirconium
oxophosphate catalyst via evaporation-induced self-assembly using Pluronic P-123,
zirconium butoxide and orthophosphoric acid as template, metal source and ligand of the
catalyst respectively. The BET surface area was determined to be 487 cm? g™! while the total
acidity was estimated at 1.05 mmol g”'. A typical run consisted of the conversion of 5 mmol
of GD with CO; (1 bar) at 100 °C for 20 h. In the presence of 10 mol% TBAB and a 6.66
wt% of catalyst, an 80% yield of GLC was obtained. The Zr catalyst was recovered by
centrifugation and recyclability of the catalyst was studied over 5 successive runs and it
maintained similar production of styrene carbonate around 95%!?!
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Alternatively, Wang et al. reported the preparation of a zirconium metal organic cage (MOC)
assembled from Zr30 clusters with squaramide-based organic linkers (Figure 5.12b). Catalyst
48 was produced in a 73% yield starting from the squaramide linker. Previous use of this type
of ligand revealed issues of self-aggregation ascribed to extensive hydrogen bonding
interactions within the MOF skeleton. The authors therefore designed MOC compounds
constituted of squaramide-bearing capping terminal groups to prevent the infinite extension
of the catalytic structure into a 3D network. CO» uptake was measured and determined to be
17.6 cm® g'! at 273 K (Qy = 4.30 kcal mol!), which indicates a fast gas desorption ability.
GD was fully converted into its corresponding carbonate at room temperature after 10 h of
reactions under atmospheric pressure of CO, (TON = 3510 molep molc ). Recyclability and
chemical stability were tested over 5 cycles for the reaction with ECH without significative
change of performance, affording approximatively 97 to 99% of chloropropene
carbonate.[!!?]

Alkaline earth metal-based complexes. This subsection deals with a brief yet representative
collection of catalytic systems involving the use of alkaline earth metals (mostly Ca?" and
Mg?") as widely available and low-toxicity materials. Werner and colleagues described a
system based on Cal, in combination with Et;N 49 (Figure 5.13). Mechanistic insights were
gained via NMR spectroscopy: the authors confirmed the coordination of Et;N with the Ca?*
Lewis acid center through the detection of downfield shifts of methyl and methylene groups
of Et;N. Based on this observation, the authors suggested that the complexation of Ca*? with
Et;N contributes to the suitable tuning of its Lewis acidity to favor the epoxide activation.!''4]

Wu et al. proposed an analogous catalytic system that exploited methyldiethanolamine as
HBD in combination with Cal, (50, Figure 5.13). Interestingly, the in-situ formed complex
and its prepared version gave the same efficiency, yielding 99% of SC. Implementation of
this procedure to GD led to GLC in 83% yield. A multi-gram preparation of SC using 12 g
of SO was attempted with in-situ generated 50 with industrial-grade CO> featuring some
moisture content. The process resulted in a 96% yield of SC after 24 h. The potential role of
water as a reaction additive was then investigated through two additional experiments carried
out with 10 or 100 mol% of H>O (vs the catalyst). SO was converted into SC in 96% yield,
regardless of the amount of water, therefore ruling out a potential involvement of water. After
completion of the reaction, the complex could be precipitated using diethyl ether and
recovered through filtration. Constant catalytic performance was observed over 5 consecutive
runs.[!1]
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a. Representative examples of alkaline earth metal-based complexes
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Figure 5.13 (a) Collection of alkaline earth metals used as Lewis acid in combination with various
ligands, including Et;N (49),!''"*) methyldiethanolamine (50),[''*) Ca®* 18-crown ether complex 51,!''¢!
dimethyl ether polyether ligands (52)!''") and polystyrene-supported magnesium-anthranilic acid
complex (53).U''8] (b) Comparison of alkaline earth metal-based complexes 49, 50, 51, 52 and 53 as
catalysts for the coupling of CO, with GD (See Section 6 and Supporting Information for details).

A third example of in situ generated catalyst was reported by Werner and colleagues with the
formation of a Ca?'-18-crownether complex (18C6). Various calcium salts including
Ca(OAc),, Ca(OTf),, CaCl,, CaBr;, Cal, were assessed in the presence of 18C6 as a ligand.
Salts involving non-nucleophilic anions showed no substrate conversion, as well as in the
case of CaCl,, which was likely associated with the poor leaving group ability of the chloride
counter-anion. The catalytic system constituted of Cal»/18C6 (51, Figure 5.13) provided good
performance, exceeding 60% for the formation of the corresponding cyclic carbonate of #-
butyl glycidyl ether. By contrast, the use of Cal, as the sole catalyst led to a mere 7% of
butylene carbonate (BC). Based on these results, the authors identified two main roles played
by 18C6: (a) the potential enhancement of the catalyst solubility and (b) the improved
dissociation and availability of iodide anions. Next, the catalytic process was successfully

179



applied to various (non)functionalized glycidyl ethers derived from GD, with isolated yields
>88% after 24 h of reaction. However, the conversion of GD only gave 42% of GLC,
presumably due to the polymerization of the epoxide. The reaction mechanism likely
involves oxirane activation, leading to the formation of the nucleophilic alkoxide
intermediate stabilized by Ca®" cations.'!®]

The same group further investigated the potential of cheap and readily available polyethers
as complexing agents and co-catalysts. Screening of a broad variety of linear and branched
ligands was performed in the presence of Cal. Different structure-reactivity relations for the
ligands could be drawn from this extensive screening. Firstly, hydroxyl-terminated polyether
groups improved the catalytic performance of Cal, more readily than the same material
bearing SH-end groups. Butylene oxide (BO) was converted to BC in 64% with the former
versus 32% with the latter under the same process conditions. Secondly, comparative trials
were conducted using mono- or dimethyl ether ligands (52) as well as a ligand substituted
with two OH end groups. Results gave BC in 90%, 60% and 20%, respectively (Figure 5.13)
demonstrating that the absence of the HBD group within the ligand enhanced the reaction
performance. The authors ascribed these results to the reduction of iodide ions nucleophilicity
caused by the occurrence of H-bonding groups. GD was converted to GLC in 75% with 5
mol% of the most efficient catalytic system (1:1 ligand/Cal, 52) (Figure 5.13). The activity
of the complex was evaluated over 11 successive additions of the fresh substrate. After the
seventh run, the catalytic activity started to decrease progressively from 99% to
approximately 82% with BO as a model substrate.[!!”]

Keiski et al. described the use of magnesium as a Lewis acid center for the activation of
epoxides. At 130 °C under 30 bar of CO,, GLC was isolated in 94% yield after 4 h reaction
time in the presence of around 8.5 mol% of nanocrystalline LiMgO catalyst.[!!]

Another example was provided by Islam et al. with a magnesium-anthranilic acid complex
supported by polystyrene (53). Ligand preparation involved grafting anthranilic acid in DMF
on a Merrifield resin over 30 h under reflux, prior to the incorporation of magnesium chloride
hydrate in the heterogeneous material for 9 h at 70 °C (Figure 5.13). A typical carbonation
of GD was performed at room temperature and 1 bar of CO,, reaching 87% yield of GLC.!!!®]
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52.5 ORGANOCATALYSTS

5.2.5.1 ORGANOCATALYSTS AS LEGITIMATE ALTERNATIVES TO METAL-BASED
CATALYSTS

Despite the recent advances toward efficient metal-based catalysts, many remain
cumbersome to prepare. Additionally, their removal from the reaction mixture and potential
recycling is often time- and resource-consuming.['?) Organocatalysts stand as promising
alternatives as they are usually widely available at moderate costs and often come with lower
toxicity and sensitivity to air and moisture.l'?!"122] Their carbon scaffold also offers countless
opportunities for additional functionalization, structural modification, or even
immobilization on heterogeneous supports.['>)l Despite these appealing assets, the
development of organocatalysts remains challenging due to their typically lower reactivity
compared to metal catalysts. Current organocatalyzed procedures still require moderate to
harsh conditions (> 75 °C, > 10 bar CO2, > 5 mol% of catalyst) to achieve comparable
performances. Consequently, organocatalyzed processes are usually energy-demanding,
which can have a negative impact when the greater picture is considered.[??!

This section is divided into subsections dedicated to nitrogen-, phosphorous- and boron-
containing organocatalysts. Each subsection aims to present an overview of the broad
diversity of catalytic designs as well as the advances made over the past 8 years. Apart from
the transpositions of homogeneous to heterogenized versions of some catalysts, their
structure-reactivity features are also reported alongside with their peculiar impact into the
catalytic mechanism. Indeed, depending on the structural skeleton of the catalytic system, the
carbonation reaction can proceed through the activation of either the oxygen from the epoxide
or a hydroxyl group at the B position.

5.2.5.2 COMMON ORGANOCATALYSTS

Most recent advances in organophosphorus catalysts for the carbonation of GD were reported
by Werner et al. In 2016, a library of homogeneous catalysts featuring a J-
hydroxyphosphonium scaffold was investigated under neat and mild conditions. A library of
phosphonium salts was obtained according to a straightforward protocol, i.e. a SN2 reaction
of a phosphine nucleophile with a haloalcohol. The authors prepared a variety of structures
by altering either the electrophile (carbon chain length and nature of the leaving group) or
the phosphine nucleophile. BO was used as a model substrate to investigate the performance
of tetra-n-butylphosphonium scaffolds. As a point of comparison, phosphonium salts not
bearing hydroxyl groups were tested and shown to afford only 36%, 25% and 19% yield (at
90 °C, 10 hunder 10 bar of COy) for the Cl, Br and I salts respectively. Catalysts featuring a
B-hydroxyl group as HBD superior performances, while still exhibiting a significant impact
of the counter-anion: 57%, 86% and 92% yield were achieved with the chloride, bromide and
iodide salts, respectively. Next, the authors investigated variations in the alkyl backbone of
the phosphonium salt. Catalysts substituted with hindered alkyl chains led to the highest
yields in cyclic carbonates. n-Octyl and n-cyclohexyl phosphonium 55 and 56 outperformed
n-butyl derivative 54 (Figure 5.14a). The authors argued that the bulkiness of the alkyl chains
contributed to the formation of weaker ion pairs with the halide counter-anion, hence
enhancing catalytic efficiency. The process was next transposed to terminal epoxides with
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76-98% yield toward the corresponding carbonates. However, when the conditions were
applied to the coupling of GD with CO,, GLC was obtained in only 56% yield due to
polymerization side reactions.

a. Phosphonium salts 54-56 b. B-Hydroxylated phosphonium salt 57
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Figure 5.14 (a) Scaffold of most efficient phosphonium salt catalysts 54-56.['*] (b) Preparation of
an alternative version of B-hydroxylated phosphonium catalyst 57.'*%) (¢) Preparation of a plasma-
assisted immobilized phosphonium salt 60.!'>3) (d) Immobilized phosphonium salt within
polyacrylonitrile fiber 61.['2% (¢) Comparison of various phosphonium catalysts for the coupling of
CO, with GD (See Section 6 and Supporting Information for details).
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The mechanism likely involves a dual activation of the epoxide through both hydrogen
bonding via the hydroxyl group on the catalyst side-chain and electrostatic interaction with
the phosphonium cation, prior to the nucleophilic addition/ring opening of the less hindered
carbon with the external halide (Figure 5.15).1!24

Specific catalytic activation with B-hydroxylated phosphonium catalyst 54
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Figure 5.15 Hypothesized mechanism for the coupling of CO, with GD in the presence of a -
hydroxylated catalyst 54.L!%4

A few years later, the same group reported another generation of hydroxylated phosphonium
catalysts. Their catalytic performances were assessed and (2-hydroxyphenyl)-
diphenyl(propyl)phosphonium iodide 57 emerged as the most efficient candidate (Figure
5.14b). A kinetic study was carried out to gather insights into the catalytic performance. To
this end, catalyst 57 was compared to B-hydroxylated phosphonium iodide 54 as a reference,
for the carbonation of BO. Despite a promising selectivity toward the desired cyclic
carbonate BC, the yield obtained with 57 remained low, arguably due to the poor solubility
of the phenolic catalyst. The limited solubility translated into an extended induction phase.
Consequently, a kinetic experiment was run at 45 °C to speed up the induction phase, with
the data indicating a first order reaction. Product inhibition was observed with 54, hence a
Michaelis-Menten model was utilized to account for reversible product inhibition and fit the
data. Observed rate constants of 0.0605 h™! and 0.197 h'! were obtained for the aliphatic (54)
and phenolic (57) catalysts, respectively. Moreover, an Arrhenius plot (35 — 65 °C) led to an
experimental activation energy (E,) of 9.3 kcal mol™! for 57. An additional experiment at 90
°C led to a decreased reaction rate as a consequence of a lower solubility of CO; at higher
temperatures. When using GD as a substrate, the phenolic catalyst (57), afforded GLC in up
to 82% yield. DFT computations further documented the role of the catalyst. The
computations confirmed that the activation of the substrate’s epoxide proceeds through
hydrogen bonding with the phenol. Computed AG* for the ring opening step emphasized
significant differences between the iodide (AG*=17.2 kcal mol™") and the bromide (AG* =
23.2 kcal mol™) salt versions of 57 ([n-PrP(Ph),PhOH]I and [n-PrP(Ph);PhOH]Br). These
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computational results gave support to the experimental superior catalytic performances of the
iodide. For the ring closure step, AG* values of 20.6 and 17.0 kcal mol! were obtained for the
bromide and the iodide anions, respectively. From these results, the authors concluded that
the ring opening is the rate-determining step (RDS) for the iodide salt, whereas the ring
opening, and closure are kinetically determinant for the bromide catalyst.[?*]

The work of D’Elia provides an explanation for the improved yields obtained with phenolic
derivative 57 compared to the yield obtained from 54. The authors studied the pK,-dependent
activity of HBD groups to determine the most efficient range of pk, to promote the coupling
of CO, with an epoxide. The optimal region was found between a pK, of 9 and 11,
corresponding to the one exhibited by phenolic moieties. These results provide an
explanation for the widespread use of phenolic moieties within organocatalysts for this
reaction.[127]

Werner also described the use of plasma techniques for accessing heterogenized
organophosphorus catalysts on SiO», TiO; and FeO. The preparation of the supported catalyst
was straightforward, consisting of the impregnation of various inorganic supports with the
organocatalyst followed by its immobilization through plasma polymerization. Early design
of the catalyst started with the allylation of 2-(diphenylphosphanyl)phenol (58) using allyl
bromide or iodide to yield the halogenated salt 59 (Figure 5.14¢). Next, various inorganic
supports were impregnated with the salt and then immobilized within a low-pressure plasma.
The catalytic activities for TiO,, FeO and SiO; (60) -supported phosphonium salts were
assessed with BO as a model substrate and gave 93, 72 and 97% yield of BC, respectively,
after 6 h of reaction. Next, the authors assessed catalyst recyclability. They clearly
emphasized the critical role of the plasma treatment to avoid the leaching of the phosphonium
salt. Skipping the plasma treatment with only the impregnation of the phosphonium catalyst
onto the inorganic support led to a significant drop in catalytic performance (0-31% yield)
toward the corresponding cyclic carbonate. Extended plasma treatments from 6.5 to 25 min
gave SiO; heterogenized catalysts that could be reused for 2 consecutive runs with stable and
reproducible outputs (99% yield of BC). The TiO»- and FeO-supported catalysts gave less
favorable perspectives for recycling, with a significant drop in catalytic performances (55%
and 3%, respectively) for a second run. Longer plasma treatment affected the integrity of the
organocatalyst, therefore leading to a loss of catalytic efficiency. The authors demonstrated
recyclability of 60 over 5 consecutive runs, however with only 20% yield of BC obtained
after the fifth run.[23]

Zhang et al. reported another example of an immobilized phosphonium salt 61 prepared in
76% yield through the reaction of triphenylphosphine with 3-bromopropylamine, followed
by immobilization on polyacrylonitrile fibers (Figure 5.14d). The degree of substitution was
estimated at 32% by comparing the weight gain to the initial weight of the support, whereas
the degree of functionality was determined at 0.61 mmolpe, g™!. A typical protocol for CO,
coupling had a reaction time of 24 h at 80 °C under atmospheric pressure of CO; and led to
complete conversion of GD using 0.5 mol% of catalyst 61.[126]

Nitrogen-containing organocatalysts. Nitrogen-containing organocatalysts are the most
studied organocatalysts for the carbonation of GD.
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a. Library of nitrogen-containing organocatalysts for the carbonation of GD
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Figure 5.16 (a) Screening of nitrogen-containing organocatalysts for the carbonation of GD and
resulting yields of GLC.!'?)! (b) Comparison of the catalytic performances of selected N-
organocatalysts for the CO, coupling with GD (See Section 6 and Supporting Information for details).
(c) Continuous flow setup featuring a tube-in-tube configuration and a packed-bed column reactor

with the heterogenized organocatalyst (PS-TBD).!!?%!
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Kleij and coworkers assessed a series of commercially available nitrogen-containing
compounds as homogeneous catalysts for the preparation of GLC under mild conditions
(Figure 5.16a,b). Among the library of N-organocatalysts studied, 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), 7-methyl-1,5,7-triazabicyclo[4,40]dec-5-ene (MTBD)
and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) provided GLC in high yields of 90, 91 and
95%, respectively.!?® Kleij and Pericas then reported a flow process relying on a packed-bed
reactor filled with a heterogenous organocatalyst. The authors heterogenized various
nitrogen-containing organocatalysts through covalent grafting on polymer resins.
Preliminary screening of various bases and supports pointed towards Merrifield resin beads
functionalized with TBD (PS-TBD) as the most promising heterogeneous catalyst for the
preparation of GLC. The PS-TBD was obtained in 88% yield, used as a packing material in
a column and integrated in a microfluidic setup (Figure 5.16¢). GD and CO; were fed in the
microfluidic system through a tube-in-tube (Teflon AF-2400) configuration before reacting
in the packed column. The conditions led to full conversion toward GLC with a productivity
calculated at 3.038 mmol h!. The recycling of the supported catalyst was demonstrated over
8 consecutive runs, though a progressive loss of performance was noticed. The authors
argued that mechanical degradations caused by the high operative pressure were responsible
for the loss of catalytic efficiency. As a corrective countermeasure, the pressure was
decreased to 13.1 bar, resulting in a steady production of GLC over 48 h with a daily
production of 8.65 g. This work pioneered the preparation of GLC under flow conditions
with a heterogenecous organocatalyst, although the use of a tube-in-tube setup prevents any
further transposition toward larger scales.!'>]

Monbaliu et al. developed a continuous flow process toward the large-scale production of
GLC relying on readily available nitrogen-containing bases. An upstream process combining
a chlorination-dehydrochlorination sequence on bio-based glycerol was first developed to
produce GD, further intensifying a previous report from the same team.'3’ Concatenation of
this sequence provided GD in a 75% yield, alongside with 17% of ECH as a side product
within 110 s of total residence time. The carbonation of GD was then investigated under
microfluidic conditions, yielding GLC in 86% yield with a stochiometric amount of CO; and
5 mol% TBD as a model catalyst. Next, a selection of homogeneous organic bases was
screened, including TMG, DBU, Barton’s base (BB), P-#-Oct and Verkade’s base (VB). The
best results were obtained with BB, obtaining 91% with 5 mol%, while a lower catalytic
loading of 1 mol% still provided an 82% yield (Figure 5.17a,b). The mechanism appeared to
be strongly substrate-dependent as no conversion was observed for ECH and #-butyl glycidyl
ether. DFT calculations were used to rationalize the requirement for both a -hydroxyl group
on the substrate and an organocatalyst with a marked Brensted basicity. The DFT results
uncovered two main consecutive steps: (a) deprotonation of the B-hydroxyl group with the
organocatalyst followed by CO, capture to yield linear carbonate 62 and (b) a subsequent
intramolecular cyclization. While step (a) benefited from a general base catalysis, step (b)
was subjected to general acid catalysis. The conjugated acid of the organocatalyst, which is
generated during step (a), acts as the active species for step (b), prior to regenerating the free
base organocatalyst (Figure 5.17c¢).
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a. Library of nitrogen-containing organocatalysts for the carbonation of GD
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Figure 5.17 (a) Selection of a set of N-containing organic bases. (b) Comparison of the catalytic
performances of selected N-organocatalysts for the CO, coupling with GD under microfluidic
conditions and intensified pilot scale mesofluidic conditions (last entry) (See Section 6 and
Supporting Information for details). (c) Illustration of the proton shuttle mechanism for the formation
of GLC (activation barriers were calculated by DFT). (d). Pilot scale process under intensified
conditions with a daily productivity of 3.6 kg of GLC.[!3!]



The authors concluded that increasingly stronger bases, despite being more efficient for step
(a), result in weaker conjugate acids, thereby diminishing their activity as a Brensted acid for
epoxide activation in step (b). In addition, the overall carbonation process is likely limited by
CO; solubility in the reaction medium. This justified their selection of MEK as the reaction
medium and the utilization of a flow system with enhanced mass transfer. As a final
demonstrator of the process robustness, the reaction was implemented under mesofluidic
flow conditions with a commercial pilot reactor (Corning® Advanced-Flow Reactor™ Gl
with 56 mL of total internal volume). The authors reported a daily productivity of 3.6 kg day"
! of GLC, with the reaction taking place with a residence time of 28 s (Figure 5.17c¢.) and an
attractive E-factor of 4.7.1131]

Antifiolo et al. reported the synthesis of aromatic mono- and bis-guanidines as potential
catalysts in combination with external nucleophiles. The preparation of bisguanidines simply
relied on the catalytic addition of amines or diamines to carbodiimides (Figure 5.18a). Under
optimized conditions, bis-guanidines showed superior catalytic performance over their
monoguanidine analogs. The best results were obtained with catalyst 63, affording GLC in
91% yield in 24 h in the presence of 2 mol% of TBAI. The authors argued that a higher
content of N-H bonds groups in the bis-guanidines was likely critical to enhance substrate
activation through multiple HBD. A supporting NMR study demonstrated that the ring-
opening of the substrate is triggered at the most hindered position to yield the iodoalkoxide
intermediate.['?!]

The same year, Dove et al. reported the preparation of alkylated and protonated bicyclic
amidines as potential catalysts for the coupling of CO; and epoxides. The protocol consisted
of the neutralization of DBU with an acid or with an equimolar ammonium halide (catalyst
yield between 83% and 97%). The catalysts were tested for the reaction between CO> and
SO, with the best catalytic performance reported using the DBU-HX series with X =1(96%
conv.) > Br (77% conv.) > Cl (60% conv.). The reaction did not proceed with DBU free base.
Based on this preliminary set of observations, alkylated DBU derivatives (RDBU-HX) were
prepared, however they did not reach the same catalytic efficiency as DBU-HX. The scope
of substrates was then extended to several terminal epoxides including GD, which gave GLC
in 65% yield (Figure 5.18b,c) using DBU-HI. Despite its overall effectiveness, the poor
solubility of DBU-HI in low-polarity substrates drastically limited the scope. The
recyclability of DBU-HI was, however, validated with 5 consecutive runs. The catalyst
recovery step was particularly cumbersome and relied on vacuum distillation of the reaction
medium. The mechanism was rationalized through computations (DFT). The 2 different
synthetic paths envisioned by the authors are shown in Figure 5.18b, following either a
concerted activation of the epoxide and CO; fixation (path 1) or a stepwise activation of the
substrate prior to the capture of CO> (path 2). Computed activation barriers (AG*) were
determined to be 20.9 and 30.9 kcal mol™! for paths 1 and 2, respectively, clearly indicating
that the mechanism associated with path 1 prevailed. Further computations for the epoxide
ring opening (intermediate 64, path 1) as a function of the nucleophilic counter-anion
confirmed the experimental trends with lower activations barriers associated with more
nucleophilic anions, with 4G* = 26.8, 26.2 and 20.9 kcal mol”! for X = CI', Br and I,
respectively. The AG? for the final ring closure toward the cyclic carbonate highlighted the
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first step as rate-determining. Increasing leaving group ability of the anion led to decreasing
AGY, i.e. AG*=19.9, 16.7 and 15.6 kcal mol™! for X = CI, Br and I, respectively.['3?]

a. Preparation of a bisguanidine catalyst 63
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Figure 5.18 (a) Preparation of a bisguanidine catalyst 63 bearing multiple HBD sites. (b) Potential
pathways for the activation of the epoxide by the catalyst DBU-HI and subsequent ring opening of
the substrate.!'3?! (c) Comparison of bisguanidine 63 and DBU-HI as catalysts for the coupling of
CO; and GD (See Section 6 and Supporting Information for details).

Apart from simple amine, amidine and guanidine scaffolds, Kim et al. engineered a catalytic
system based on computations (DFT) to predict structure (re)activity relationships,
eventually leading to novel scorpionate organocatalysts (Figure 5.19a). The design focused
on two axes that were identified as critical for the design of an effective catalyst: (a) insertion
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of an internal nucleophile on the catalyst backbone and (b) modulation of the proximity
between two hydroxyl groups.

a. Selection of scorpionate ligands and preparation of ligand 65
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Figure 5.19 Selection of catalytic systems featuring multiple HBD sites. (a) Relevant examples of
scorpionate ligands and preparation of ligand 65.'>2! (b) Preparation of polymer-supported
resorcinarene derivative 70.!'33) (¢) Structure of cationic triarylmethane dye CVI combined to BINOL
complexing agent, used as a multiple HBD catalyst.['3*] (d) Comparison of scorpionate ligand 65,
polymer-supported resorcinarene derivative 70 and BINOL/CVI as HBD catalysts for the coupling
of CO; and GD (See Section 6 and Supporting Information for details).

The rationale for (a) was to cancel the entropy cost linked to ring opening by an external
nucleophile, which could potentially be a significant asset compared to binary systems.
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Indeed, the use of catalyst 66 with TBALI as a cocatalyst led to 10% yield of PC from PO,
whereas the use of catalyst 67 under the same conditions afforded PC in 29% yield (3-fold
increase). To address point (b) of the catalyst design, the initial alkyl fragments in catalyst
67 were replaced with rigid aryl rings to promote the synergistic activation of the substrate
with the two hydroxyl groups. The authors tested several aryl moieties and arrived at catalyst
65 as the most efficient catalyst (Figure 5.19a). Conformational analysis indicated that the
modification of the alkyl backbone to incorporate aryl groups indeed came with a shortened
0-O distance of 2.93 A (against 6.5 A for the alkyl groups).[1??!

'H-NMR data suggested the occurrence of weak intramolecular hydrogen bonds involving
the hydroxyl groups and the ammonium in catalyst 65. These interactions were highly
desirable as they align the hydroxyl functions and create a binding cavity for the coordination
of the substrate. These synergistic effects were experimentally confirmed by alkylating a
phenolic hydroxyl, which drastically decreased the yield of PC from 99% in the presence of
65, to 11% for 68 (Figure 5.19a). Deeper insights into the catalytic mechanism were then
gained from further computational work. Notably, the lowest energy structure of the linear
carbonate intermediate clearly showed its double stabilization through the hydroxyl groups
(calculated OH-O distance: of 1.73 and 1.92 A). The elimination of iodide was found to be
facilitated by the nitrogen cation with an I-N distance of 4.53 A. Ring closure toward the
cyclic carbonate product was identified as the rate-determining step with AG* = 24.1 kcal
mol!. The beneficial effect of the two hydroxyl groups in 65 was examined by calculating
the transition state for the reaction with one OH group rotated away (conformer 69), which
gave a higher AG?* of 29 kcal mol™'. Finally, analysis of the final cyclization step, consisting
in the breaking of hydrogen bond interactions between the linear hemiester and the catalyst,
was performed. The analysis supported the installation of electron donating groups (EDG) in
the aryl rings to weaken hydrogen bond interactions in the final transition state. For instance,
the predicted AG* for the final cyclization step decreased to 21 kcal mol™! for the catalyst
bearing NMe, substituents. Experimentally, both p-fert-butyl derivative 65 and a p-
dimethylamino analog performed excellently.['??!

Kleij and coworkers developed amine-functionalized resorcinarene compounds supported by
polystyrene as an efficient and cheap catalytic system for the cycloaddition of CO; onto
epoxides. Bifunctional candidates were produced from the functionalization of
resorcin[4]arene precursors with a variety of aliphatic primary amines and subsequent
acidification to generate ammonium moieties (Figure 5.19b). The heterogenized version was
prepared via etherification with a Merrifield resin (degree of functionalization = 1.09 mmol
g"). Heterogenous catalyst 70 showed comparative epoxide conversions to its homogeneous
version. The catalyst could be recycled over 4 cycles while maintaining a similar efficiency.
Further reuse of 70 led to a progressive decrease of yield from 96 to 85% at the twelfth
reutilization for the carbonation of 1,2-epoxyhexane. This reduction of performance was
ascribed to a retro-Menshutkin reaction, resulting in the loss of the nucleophile moieties of
the catalyst.['34]

Wu et al. developed an innovative design of a bifunctional cross-linked epoxy organocatalyst

with a straightforward synthesis. The one-pot preparation involved the polymerization of
polyamines with cross-linker epoxides as well as quaternary ammonium salt-derived
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epoxides. The morphology of the pre-catalyst was characterized by an irregular surface of
agglomerated particles. This feature favored the carbonation of epoxides due to the
enhancement of interaction between CO; and substrate. A uniform distribution of C, N and
Br facilitated both the activation and ring-opening of the substrate due to the physical
proximity between catalytic sites. Tests performed using PO showed that incorporation of an
aromatic structure into the heterogenous skeleton improved the catalytic performance,
increasing the yield of PC from 33% to 43% (3 h at 100 °C, under 20 bar CO; and with 1
mol% of catalyst). The authors argued that such an improvement occurred as a consequence
of an increased porosity promoting the interaction of the catalytic sites. Sequential runs were
performed to assess the catalyst’s recyclability. Comparable yields toward SC were obtained
after 7 runs on a 100 mmol scale of SO over 48 h. Shortening the reaction time to 24 h with
GD as a substrate led to GLC in 74% with a 1 mol% catalytic loading at 100 °C.[!3]

Belokon et al. reported the use of commercial triarylmethane dyes as stable carbocation
catalysts, associated with a halide counter-anion (Figure 5.19c). The authors reasoned that
the carbocation species could activate the epoxide through a Lewis acid-base complex. This
assumption was confirmed by '3C NMR, which presented a downfield shift for the cationic
sp? C signal with increasing concentration of the epoxide substrate. The most efficient cation
(crystal violet, CVI) achieved 32% yield toward SC from SO as a model substrate. The lower
activity of a highly Lewis acidic candidates suggested that low dissociation of the ion pair
was reducing the performances of the catalyst. An anion complexing agent was then
introduced to enhance ion pair separation. Screening of different complexing agents
identified BINOL as the best activator. Using 1 mol% of a 1:1 CVI/BINOL mixture, SC
was obtained in 82% yield after 24 h at 50 °C (50 bar of CO2). Implementation of this
procedure to GD yielded GLC in 61% (see Figure 5.19d for a comparison of selected
multiple HBD catalysts).

The generation of a Lewis acid-base complex resulted from the interaction of CVI with the
phenolic oxygen atoms of BINOL, which in turn increased the acidity of the phenol group.
The mechanism likely involves the activation of the epoxide through strengthened acidity of
BINOL. The authors also postulated that the acidity of BINOL could favor CO»
coordination, therefore, facilitating both the carbonation and ring closure. The catalytic
system was tested over 4 successive additions of fresh PO to assess its recyclability. The
results highlighted a progressive decrease of performances, with a reduction from 100% to
74% conversion to PC.[133]

Another example of a catalyst incorporating multiple H-bonding donor groups was reported
by Quintard et al. The catalytic system was composed of 5 mol% of TBAI and a
perfluorinated triol, which under optimized conditions, afforded GLC in 89% yield after 24
h at 80 °C (under 1 bar of CO,).[13¢

Del Amo et al. reported the catalytic performance of a system based on a cholic acid-base
bis-primary amine catalyst 71. The preparation of this steroid was quite time-intensive (7
days), eventually yielding aminated cholic acid-based candidate 71 in 71% (Figure 5.20a).
Bisamine 71 alone did not show any conversion of SO to SC, however the combination with
TBAI halide salt led to near reaction completion. A much lower conversion of 47% was
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obtained for SO with solely TBAI. The authors found that, in the presence of CO,, the
primary amines of 71 reacted to form a bis-carbamic intermediate 72, which was the
catalytically active species. Isolation of bis-carbamic acid 72 allowed to demonstrate it was
capable of transferring the CO; moieties to SO, to form SC in 30% yield under a regular air
atmosphere (25 mol% of 72, 1 mol% TBAI). Two potential mechanisms were explored
computationally (DFT, B3LYP-6-31+G**) for the reaction between 71 and PO as model
substrate: (1) the conventional path (path 1) with a classical ring opening mediated by an
external nucleophile, and (2) an alternative mechanism (path 2) involving a nucleophilic
addition of the carbamic acid moiety leading to the ring opening of the epoxide and formation
intermediate 73 (Figure 5.20b). Computations of both paths allowed to identify the CO,
insertion within the alkoxide intermediate as the rate-determining step. Calculation of their
respective AG* indicated that the conventional mechanism (1) prevails (21.0 kcal mol™") over
the alternative path (2) hypothesis (26.8 kcal mol!); however, the alternative path could still
be relevant under low concentration of CO,.1'37l When the reaction was applied to GD, GLC
was obtained in 70% after 24 h at 80 °C (Figure 5.20c¢).
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a. Preparation of cholic acid-derivative 71 and the active catalytic species 72
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Figure 5.20 (a) Synthesis of cholic acid-base bis-primary amine precursor 71 and its activated form
with CO,, 72. (b) The two hypothesized mechanisms toward the formation of cyclic carbonates in
the presence of active species 72.'37) (¢) Performance of 71/TBAI for the preparation of GLC (See
Section 6 and Supporting Information for details).

Organoboron catalysts. Wu et al. developed homogeneous bifunctional organoboron
catalysts for the coupling of epoxides and CO; under neat conditions. The catalysts were
prepared according to a high-yielding and scalable (multi-kg) two-step protocol involving an
alkylation to form an allylic quaternary ammonium scaffold (with X = Cl, Br or I as counter-
anions), followed by a subsequent hydroboration (Figure 5.21a). The catalytic efficiency was
first validated on PO (0.0005 mol% of the catalyst, 80 °C, 2 h, 20 bar CO,). With iodide salt
74, 26% conversion of PO (sel. >99%, TOF = 257 h'!) was reported, while the bromide and
the chloride salts gave 19% and 14% conversion, respectively. The higher performance of
the iodide salt likely relates to an enhanced activation of the epoxide since iodide interacts
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poorly with the boron center, while stronger interactions with chloride and bromide ions
would compete and decrease the epoxide activation. When the reaction was carried out using
catalyst 74 at a higher temperature (120 °C), the conversion of PO reached 45% (TOF =446
h!). Alternatively, PC could be obtained in 32% yield at room temperature and atmospheric
pressure within 8 h, with a higher catalyst loading of 1 mol% (TOF =4 h-!). Catalyst 74 could
also be reused for up to 5 consecutive runs without any significant drop in performance. The
authors prepared a series of analogs of 74, including variations to the boron and amine
substituents, as well as to the length of the linker between both centers, to study the structure-
activity relationship (SAR). Sterically hindered substituents on the boron center such as
cyclohexyl groups or low electrophilicity groups (e.g., pinacolborane) were detrimental to
the catalytic efficiency. The incorporation of longer linkers that increased the distance
between the boron center and the ammonium cation also had a negative impact. In contrast,

steric hindrance on the nitrogen center was beneficial as it weakened the ion pair interaction
with the halide.
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b. Tentative mechanism toward the formation of cyclic carbonates with 74
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Figure 5.21 (a) Synthesis of homogeneous bifunctional organoboron catalyst 74. (b) Proposed
mechanism for the coupling of CO, with GD catalyzed by boron derivative 74.1'2°1 (¢) Performance
of organoboron catalyst 74 for the preparation of GLC (See Section 6 and Supporting Information
for details).

The reaction was determined to follow first order kinetics for both PO and the catalyst 74 by
performing tests under pseudo-first order conditions. On the other hand, the reaction rate was
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independent of CO, pressure in the range of 3 to 10 bar, pointing to a zero-order dependence.
Poor conversion was obtained at 1-3 bar, which was ascribed to the poor diffusion of CO; in
neat PO. Finally, an Arrhenius plot was used to experimentally determine the total activation
energy (E, = 12.1 kcal mol!). Complementary studies with IR and '"B-NMR reaction
monitoring gave further insights. From the spectrometric data, the authors established that
the first step consisted of (I) coordination of the Boron center with the epoxide, facilitated by
the weak interactions with the iodide counter-anion, and (II) the subsequent ring-opening.
Then, (III) CO; insertion to form a boron carbonate-species stabilized by the electropositive
quaternary ammonium and followed by (IV) the final ring closure to form a five-membered
cyclic carbonate (Figure 5.21b).12% When applied to GD, GLC was obtained in 95% after 8
h at 120 °C, with only 0.02 mol% of 74 (20 bar of CO>) (Figure 5.21c).

Quaternary ammonium salt-based catalysts. The three examples included in this section
rely on a tetrabutylammonium halide (TBAX) as the main catalyst, in the presence of HBD
cofactors. Milione et al. investigated GD’s dual capacity of being both a substrate and a
cocatalyst in the synthesis of GLC. Under neat conditions, the authors studied the preparation
of GLC through the reaction of GD with CO; (1 h, 80 °C, 10 bar of CO,) in the presence of
1 mol% of TBAB, providing up to 85% yield of GLC. With an extended reaction time of 3
h, full conversion of GD was obtained with 5 mol% TBAB at 60 °C (see also Figure 5.22).

a. Examples of HDB cofactors for the TBAX-catalyzed preparation of GLC
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Figure 5.22 (a) Selection of HDB cofactors for the TBAX-catalyzed preparation of GLC 3% 1401 (p)
Performance of (TBAB and TBALI) in the presence of HBD cofactors for the coupling of CO, and GD
(See Section 6 and Supporting Information for details).

The authors also reported a DFT study of the reaction mechanism considering either GD,
PO, or methyl glycidyl ether (MGE) as model substrates. PO and MGE were considered in
addition to GD to assess the impact of the B-hydroxyl group on the reaction mechanism. The
reaction path involving GD was computed while considering the crucial role of H-binding
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networks for all intermediates and transition states. The results emphasized the critical role
of the hydroxyl groups based on the lower computed AG* of GD’s ring opening. In all cases,
this step appeared as rate-determining with AG* = 12.4, 16 and 17.6 kcal mol”! for GD, PO
and MGE, respectively. Moreover, the values of Gibbs energies computed for the formation
of intermediates derived from PO and MGE were superior compared to those of GD. Next,
the authors focused on the ability of GD to concomitantly form intra- and intermolecular
interactions. At high concentrations of GD, they found that the substrates formed clusters,
later computationally identified as dimeric (10-membered ring 75) and monomeric species
(7-membered ring 76) as the most stable conformers (Figure 5.23). Computed activation
barriers toward 75.A and 75.B pointed out that the ring opening step was impacted by these
clusters with a lowered AG* for the 10- and 7-membered rings. AAG* between the transition
state 75.TSA and the same species in the absence of a cluster gave a value of 2.6 kcal mol™!,
whereas the difference with 76. TSA was about 4.3 kcal mol™'. These decreasing AG* values
are likely caused by the shortening of the distance between the oxy anions and the hydroxyl
groups within the cluster. These hydrogen bond interactions are also further involved in the
stabilization of intermediates 75.A and 76.A.

The following insertion of CO, was reported without an enthalpy barrier as solely limited by
diffusion. Additionally, no significant decrease of AG* was observed for intermediates 75.B
and 76.B when computed in the presence of 7- or 10-membered clusters. Capitalizing on the
beneficial effects of cluster formation through HBD, the authors investigated the
performances of a binary system composed of GD/TBAB. Under these conditions, PC was
obtained in 84% yield with 5 mol% of a 1:1 GD/TBAB mixture. Noteworthy, switching from
GD to GLC as cocatalyst led to similar results, confirming the key role of the B-hydroxyl
function as HBD.[!38]

a. Mechanism involving dimeric species 75
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b. Mechanism involving monomeric species 76
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Figure 5.23 Calculated relative free energy for the coupling of GD with CO, according to two
alternative paths, in the presence of bromide as nucleophile (and main active species). The free
energies are given in kcal mol-'.l3% (a) Path involving a 10-membered dimer species (70). (b) Path
involving a 7-membered dimer species (71).

197



Ascorbic acid (77) was successfully implemented as a HBD catalyst by Crespy ef al. in a
binary catalytic system with TBAI for the preparation of GLC (Figure 5.22a,b). GD and CO,
reacted at room temperature under atmospheric pressure of CO,, giving GLC in 85%
yield.!'* Similarly, Cui et Wu studied a binary catalytic system with rhodamine B as HBD
(10 mol%) and TBAB (10 mol%) as an external nucleophile. Upon optimization, GLC was
obtained in 64% yield after 12 h at 100 °C under 1 bar of CO; (Figure 5.22a,b).[!4]

Bio-based catalyst. D’Elia ef al. investigated the carbonation of neat GD with a broad library
of bio-based organic salts under atmospheric pressure of CO». After an extensive screening
of compounds, including sugars, carboxylic acids, polyols, and ascorbic acid as well as its
derivatives, the authors identified sodium citrate 78 as the candidate with the highest
potential. Complete conversion and high chemoselectivity were achieved toward GLC. The
study also emphasized several critical parameters: (a) the key role played by hydrogen
bonding moieties for substrate activation, (b) the moderate basicity required to prevent the
formation of oligo/polyethers and (c) the nature of the counter-anion to ensure a good
solubility of the catalyst. Increasing the temperature and pressure for the reaction did not
improve the formation of GLC. Additional experiments with SO and ECH left the substrates
unreacted, therefore suggesting the reaction occurred through the proton shuttle mechanism.
The authors suggested that the reaction with sodium citrate 78 features a multi-point
activation of GD prior to the formation of the hemiester intermediate 80 (Figure 5.24a). These
valuable insights led the authors to consider analogs of sodium and calcium citrate, such as
bio-based ionic alginates. The best results were obtained with calcium alginates, yielding
GLC in 93%. However, progressive decarboxylation of calcium alginate resulted in a
significant decrease of performance, hence hampering its recycling. Contrastingly, Na-
alginates (79), which came with slightly lower catalytic efficiency, maintained similar
performances (89-91% yield of GLC) over 3 consecutive runs (Figure 5.24a,b).[141]
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a. Tentative mechanism for the coupling of GD and CO, in the presence of 78 or 79

NaO_ o ONa
SR Qs.
Na ONa
COZN

OH
78

a

78 O~ g 4
* 7y "Na . 0

or79 H CO, o 7
—> o\H o \(:) — @ H““O/L —>» GLC
\*0\7J ‘“\ \7J

b. Comparison of the performances of 78 and 79 for the coupling of GD and CO,

\ \ O--Na
1

Pco2 t yield
(°C) (bar) (h) (%)

78 2 / / 60 1 @ w2 85

loading additive

(mol%)  (mol) Seivent

score

Figure 5.24 (a) Proposed mechanism for the conversion of GD into GLC in the presence of sodium
citrate (78) or alginate (79).'*!!(b) Comparison of the performances of sodium citrate (78) or alginate
(79) for the coupling of CO, and GD (See Section 6 and Supporting Information for details).

5.2.6 IONIC LIQUIDS A VERSATILE AND HIGHLY MODULAR CATALYSTS

5.2.6.1 PRELUDES ON THE DESIGN OF IL-BASED CATALYSTS

The category of ionic liquids (ILs) gathers a plethora of functional materials featuring a broad
diversity of potential scaffolds as well as a high degree of structural modulation, therefore
rendering their exploitation very attractive.[*! Simple, homogeneous IL systems provide an
anionic nucleophile aiming to promote the ring opening of epoxides as the first step of the
conventional path. On the other hand, more elaborated scaffolds, mostly as heterogenized
systems, possess HBD groups and/or metallic centers, both of which promote epoxide
activation.®® These solid materials can also display gas adsorption properties. Additional
functions, such as carboxylates or thiols can also be introduced within the catalytic system to
facilitate the chemisorption of CO,, rendering it more available in the direct vicinity of
catalytic sites.[14?]

This section covers the most significant developments in IL catalysis toward GLC, from
simple ILs used in combination with an external nucleophile toward highly functionalized
catalysts bearing HBD and CO, adsorption groups. Heterogenized versions of ILs are also
discussed with special attention to poorly soluble catalysts,7-3%143-153] enabling the recycling
of the reaction medium.
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5.2.6.2 RECENT ADVANCES ON IL-BASED CATALYSTS

Imidazolium-based catalysts. One of the few examples of homogeneous ionic liquid aiming
at the coupling of CO, with GD was described by Shi et al. Synthesis of catalyst 81 consisted
of the initial preparation of potassium imidazole salt followed by the addition of 1-ethyl-3-
methylimidazolium bromide, yielding 97% of 75 after 24 h at room temperature (Figure
5.25a). Under relatively harsh experimental conditions, the authors obtained GLC in 91%
(Figure 5.25¢).1134

Among the various reports of imidazolium-based heterogencous catalysts, Duguet and
colleagues developed a commercially available IL catalyst immobilized within
thermomorphic polyethylene 82. Its preparation simply relied on the reaction between 1-
methylimidazole and polyethylene iodide at 120 °C for 20 h (Figure 5.25a). This material
was particularly appealing thanks to its ease of recovery. Indeed, this material was endowed
with a temperature-responsive behavior: its physical state changed from solid to liquid above
100 °C. A library of terminal epoxides was converted to the corresponding cyclic carbonates
in satisfying yields ranging between 62 and 92%; however, the carbonation of GD gave
merely 45% of GLC (Figure 5.25c¢) and predominantly led to polyethers due to
polymerization.[>"

Another example of solid catalytic material comes from Zhiani et al., who proposed a N-
dodecyl imidazolium imidazole IL impregnated onto porous dendritic fibrous nanosilica
(DFNS) (Figure 5.25b). The highly branched material enabled high mass transfer and
improved access to the IL catalytic sites. Under optimized conditions, neat GD reached
almost full conversion, offering 94% of GLC (Figure 5.25c). The catalytic mechanism is
triggered through double hydrogen bond activation between the NH groups in 83 and the
epoxide, followed by its ring opening with Cl and CO, capture prior to the cyclization step. '

Covalently linking N-methylimidazole onto Merrifield resin allowed Seo et al. to produce a
heterogenous catalyst capable of producing GLC in 91% yield after 7 h of reaction time at
100 °C and 8 bar of CO», with 10 mol% of catalyst.!>® Similarly, Aprile et al. described a
catalytic system based on Sn-embedded silica nanoparticles functionalized with 1-(2-
hydroxypropyl)imidazole moieties (84, Figure 25b). In the presence of 1.87 mol% of 84,
conversion of 300 mmol of GD reached 27% with a TON of 24 molsgp molsc (Figure
25¢).11%7]

Jiang and Ding elaborated a bifunctional Lewis acid-base poly(ionic liquid) catalyst
(polyIL@MIL-101) by threading an imidazolium-based ionic liquid through a metal organic
framework (MOF - MIL-101). Thermic pretreatment of MIL-101 was performed to expose
the Cr(III) Lewis acidic sites of the MOF. The catalyst was then prepared through a one pot
in situ polymerization of 1-vinyl-3-ethylimidazolium bromide (VEIMBr) in the presence of
a cross-linker (ortho-divinylbenzene, DVB) and azobisisobutyronitrile (AIBN) within the
MOF material.
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a. Preparation of a selection of homogeneous imidazolium-based catalysts
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Figure 5.25 Elaboration of homogeneous and heterogeneous imidazolium-based catalysts 81-84.[!5%
1571 (a) Selection of homogeneous imidazolium-based catalysts. (b) Selection of heterogeneous
imidazolium-based catalysts. (c) Comparison of homogeneous and heterogeneous imidazolium-based
catalysts for the coupling of CO, and GD (See Section 6 and Supporting Information for details).

Complete characterization of the obtained polyIL@MIL-101 highlighted the good retention
of MIL-101 porosity, thus allowing high mass transfer of reagents, as well as efficient
adsorption of CO; onto the acidic metal centers. Despite having a lower surface area due to
its functionalization, polyIL@MIL-101 has a CO, uptake of 103 cm?® g! at 273 K, which is
a superior uptake to the native MIL-101. The authors hypothesized that IL impregnation onto
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MIL-101 led to the unexpected additional formation of small pores, hence favoring CO»
adsorption. Imidazolium VEIMBr and MIL-101 were individually assessed for the
carbonation of ECH with CO; in acetonitrile as a solvent, affording chloropropene carbonate
(CPC) in 42% and 27% yield, respectively. By contrast, poly@MIL-101 gave 94% yield
under the same conditions. These results clearly emphasized the synergy between Lewis
basic sites from ILs and Lewis acidity of Cr(Ill) centers, which contributed to CO>
enrichment in the direct vicinity of IL sites. An additional trial involving a simple physical
mixture of VEIMBr and MIL-101 yielded CPC in 90%. However, this unpolymerized
mixture made the recovery of the IL catalyst very cumbersome and decreased the overall
reaction recyclability. On the other hand, poly@MIL-101 could be successfully recovered by
centrifugation, with its performance remaining constant over 10 consecutive runs. The
versatility of poly@MIL-101 was next assessed on a small library of epoxides. The coupling
reaction with GD and CO; relied on a large excess of the catalyst of 134 wt% with respect to
the substrate, providing GLC in 99% yield after 24 h at 70 °C and under 1 bar of CO,.'>’

Garcia-Verdugo et al. developed a flow process toward GLC with a 3D-printed reactor
grafted with N-alkyl imidazole ILs (Figure 5.26). 3D-printing technology was relied upon to
address the inherent challenges associated with conventional pack-bed reactors, more
specifically the limitations in mass and heat transfer. This was achieved by leveraging the
accessibility to a diverse range of complex geometries and raw materials available through
3D printing. Supported catalyst 85 featured a high mechanical resistance and a low swelling,
which was desired to prevent a significant change in the volume of the catalytic material
within the back-bed column. Its preparation consisted of the polymerization of glycidyl
methacrylate monomers in the presence of 1,4-butanediol diacrylate as a cross-linker. In the
next step, the polymer was further functionalized with several ILs, including butyl-imidazole
chloride. The latter achieved the highest performance with 91% conversion for SO
conversion after 12 h of reaction time at 100 °C under batch conditions. Then, a proper reactor
architecture was designed, incorporating a column composed of a gird with repeated
cylindrical patterns.

Continuous flow setup featuring a supported IL catalyst
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Figure 5.26 Continuous flow set-up equipped with a 3D-printed packed-bed reactor grafted with N-
alkyl imidazole ILs 85 as a heterogenized catalyst for the coupling of CO, and GD.['¢%

Superior catalytic performances were demonstrated by comparison with a pack-bed column
filled with functionalized commercial spherical polymer beads. As a proof of concept,
continuous flow synthesis of over 300 h of run time was shown to sequentially convert a
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variety of terminal epoxides including SO, ECH and GD. The results clearly highlighted that
the reactor maintained both its mechanical and chemical integrity while offering a daily
production of GLC around 7.9 g.l1%%

Tejeda et al. reported the design of a set of homogeneous mono- and dual-component
catalytic systems. This class of catalysts featured an imidazole-based scaffold substituted
with various alkyl and hydroxyl groups.

a. Preparation of a selection of homogeneous imidazolium-based catalysts 86, 87
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Figure 5.27 (a) Preparation of a selection of homogeneous imidazolium-based catalysts 86,¢!)
87.11921(b) Synthesis of heterogeneous bis(trifluoromethylsulfonyl)imide imidazolium catalyst 88.13
(c) Comparison of homogeneous and heterogeneous imidazolium-based catalysts 86, 87 and 88 for
the coupling of CO; and GD (See Section 6 and Supporting Information for details).

Their synthesis started with a base-induced cycloaddition of tosyl methylisocyanide with
imines to form phenyl-substituted imidazoles. Once the catalyst was prepared, the authors
screened several quaternary ammonium halide salts as nucleophilic cocatalysts. TBAI was
identified as the most efficient cocatalyst for the conversion of a large scope of terminal
epoxides obtaining yields in the range of 52 to 96%. Further optimization of the catalyst
arrived at 86 (Figure 5.27a), which exhibited better solubility and performance than its
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predecessors. The use of catalyst 86 boosted the yields up to 82-99% range with low catalytic
loading (0.75-1 mol%), for the same substrate scope, without the need for TBAI co-catalysis
(Figure 5.27c¢). The mechanism was investigated with NMR spectroscopy. The authors
noticed the broadening of the signal arising from the catalyst phenol group. This observation
suggested that the activation of the epoxide proceeds through hydrogen bonding. Moreover,
appearance of a CH signal assigned to the opened epoxide highlighted that the ring opening
takes part at the most hindered electrophilic center. Catalyst reusability was validated for up
to 5 cycles without noticeable loss of performance.!!]

Al-Qaisi et al. synthesized homogeneous bifunctional catalysts in the presence of dimethyl
sulfoxide as a solvent. The most efficient catalyst was constructed from the Sn2 reaction of
N-(3-bromopropyl) phthalimide with 1-methylimidazole to recover 87 (Figure 5.27a),
achieving an almost quantitative conversion of GD (Figure 5.27c).[1¢]

Hu et al. developed a novel heterogeneous dual acid-base bis(trifluoromethylsulfonyl)imide
imidazolium catalyst supported by periodic mesoporous organosilica (PMO) (88, Figure
5.27b). Using optimized conditions, GLC was obtained in 99% yield over 30 min, with a
TOF of 1980 h'! (Figure 5.27¢). Mechanistic studies showed that silanol groups from PMO
enabled both multiple activation of the epoxide and stabilization of alkoxide intermediate 89
(Figure 5.28). The imidazolium amine sites were effective for CO, binding and activation.**
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Figure 5.28 Tentative catalytic mechanism for the coupling of CO, and GD in the presence of dual
acid-base bis(trifluoromethylsulfonyl)imide imidazolium 88.3%!

Another work dealing with a similar catalytic scaffold was described by Chen et al. They
constructed a series of ionic liquid compounds incorporated in oligomeric
octavinylsilsesquioxane. Under optimized conditions, 2 mmol of GD was converted to GLC
over 60 h reaction time, giving 99% of the product at 60 °C under 1 bar of CO; in the presence
of 33 wt% of catalyst.[163]
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A further example of polymer frameworks was reported by Dai and coworkers, who
developed a straightforward one-pot strategy for the synthesis of hydroxyl-incorporated
bifunctional IL networks (Figure 5.29a). The one-pot synthesis consisted of the nucleophilic
substitution of multi-imidazole building blocks (TIPM) with 1,3-dibromo-2-propanol linkers.
The resulting functionalized polymer 90 featured a large content of hydroxyl groups, in
proximity to bromide anions. The catalysts were insoluble in several polar solvents, including
water, alcohols, DMSO, to name a few, therefore ensuring heterogeneous catalysis. FTIR
suggested the presence of adsorbed water at the surface of the catalyst. This was later
supported by a loss of weight (8%) at 150 °C detected through thermogravimetric analysis
(TGA), and further confirmed with X-ray photoelectron spectroscopy (XPS). Additionally,
XPS showed that catalysts bearing a hydroxyl group, such as 83, had lesser electron
delocalization of the imidazolium cation compared to the same catalyst lacking hydroxyl
groups. As a consequence, the electrostatic interaction between the cation and the bromide
anion was weaker for the hydroxylated candidates, resulting in a higher catalytic
performance. The comparison between both samples under very mild experimental
conditions of 40°C and 78 h confirmed the higher efficiency of hydroxyl-bearing catalyst 90,
yielding carbonated ECH in 99%. In contrast, its non-hydroxylated analog afforded around
80% yield. This superior efficiency arguably relates also to its higher content of HBD, arising
from the H-bonded molecules of water, the C, proton of the imidazolium cation and the
hydroxyl groups, hence promoting the CO; cycloaddition (Figure 5.29d).5”

Yang et al. developed a set of crosslinked imidazolium-derived polymers, such as 91,
obtained from the reaction of a tetraphenyladamantane derivative with 4,4'-
bis(bromomethyl)biphenyl to obtain 97% yield of catalyst 91 (Figure 5.29b). Complete
conversion of GD was observed using 0.2 mol% of 91 over 8 h at 130 °C (Figure 5.29d).1'4%]

Implementing a similar approach, Guan et al. designed basic porous ionic polymers (PIL)
relying on a four-step synthetic route. Firstly, 1-vinylimidazole was alkylated with an amino
bromide derivative to obtain an N-alkyl imidazole IL (80 °C, 24 h). Next, this IL underwent
a copolymerization with DVB and AIBN, followed by neutralization to give 92. A further
anion-exchange treatment with a solution of NaOH led to the formation of 93. Finally,
bromide anions were exchanged with imidazolide (94) or triazolide (95) counterions over 72
h (Figure 5.29c¢). The catalytic activities of these PIL were investigated using GD as a model
substrate. Higher performances were achieved for imidazolide 94 > triazolide 95 > hydroxide
93 > bromide 92 with yields of 86%, 78%, 77% and 68% (Figure 5.29d), respectively. The
results showed that the incorporation of basic anions was beneficial for the catalytic
efficiency due to their ability to bind CO, compared to bromide 92. DFT (B3LYP/6-31+G**)
was used to compute the binding energies for CO, with the various anions assessed in this
work. Hydroxyl 93 exhibited a much stronger binding, i.e., formation of stable adducts, with
CO; at 25.1 kcal mol™! than the two others, which were calculated to be 17.4 kcal mol™' (94)
and 15.3 kcal mol™' (95). The authors explained the higher performance of imidazole 94 by
the activation degree of CO» (i.e., the COO bond angle of CO,), which was greater (135.09°)
than that of triazole 95 (136.17°).
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Figure 5.29 (a) Preparation of an imidazolium-bifunctionalized ionic network 90.17! (b) Crosslinked
imidazolium catalyst 91.1'*3 (¢) Porous ionic liquid polymer catalysts with anion counterpart 92-
96.1144143] (d) Comparison of ionic liquid polymer catalysts 90, 91, 94 and 96 for the coupling of CO,
and GD (See Section 6 and Supporting Information for details).

Based on these results, a potential mechanism was proposed (Figure 5.30), with the first step
involving the binding of CO> by both amino and imidazolium groups. In the next step, the
epoxide substrate was activated by the acidic proton from the NH,-CO, adduct, and finally
underwent a ring opening via the imidazolium-CO; adduct. Once the linear intermediate 97
was formed, its intramolecular cyclization leads to GLC.'#
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Mechanism for the coupling of CO, and GD with supported imidazolium catalyst 94
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Figure 5.30 Tentative catalytic mechanism for the coupling of CO, and GD in the presence of
catalyst 94 involving the formation of adducts NH,-CO; and Im-CO,.[!4

One year later, the same group developed a PIL catalyst bearing the pyridin-2-olate anion 96
(Figure 5.29c). DFT (B3LYP/6-31+G**) provided additional support to analyze the
nucleophilicity of this anion. It emphasized the oxyanion as more nucleophilic, followed by
the tertiary amine site of 96. Moreover, their corresponding binding energies were very close
at 14.5 and 13.6 kcal mol!, respectively, indicating a fast release of CO». Based on these
catalytic features, the authors concluded on a similar mechanism than previously reported.!4]

Li et al. reported the preparation of novel conjugated acid-base PIL from the
copolymerization of 1-(2-carboxylic acid-ethyl)-3-vinylimidazolium-chloride (CEImCI, 98)
and cross-linking agent divinylbenzene (DVB) (Figure 5.31). Typical synthesis of 98
consisted of the nucleophilic substitution of vinyl imidazole with chloroacetic acid at 70 °C
for 24 h. Using GD as a model substrate, a comparison of performances between 98 and 1-
butyl-3-vinylimidazolium chloride showed the beneficial effect of the carboxylic group, with
a yield at 79% over 67% for the first. Further introduction of zwitterionic 1-(2-carboxyl-
ethyl)-3-vinylimidazolium (CCIm, 99) to the catalyst formulation provided a higher yield of
GLC at 87%. The reusability of the catalyst was examined over five runs using the optimized
experimental conditions. The different trials gave yields ranging between 92 to 95% of GLC
(1h,90°C, 10 bar CO; and 4.54 wt% of catalyst), demonstrating efficient recovery of catalyst
through filtration and its chemical stability. The authors also computationally studied the
mechanism of CO, chemisorption triggered by 98 and 99 units. The mechanism was initiated
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by the carboxylate-induced deprotonation of the proton at the C, position of the imidazole
ring followed by the covalent bonding of CO», trapping the gas in intermediate 99 (Figure
5.31). Although the same processes could be envisioned for 98, intermediate 99 had a lower
energy of adsorption at -17.9 kcal mol! compared to -13.9 kcal mol! for 98. AG* were
computed for solely 98 and in combination with 99. The concomitant presence of 98 and 99
gave a lower activation barrier of 12.3 kcal mol’!, in contrast to 22.1 kcal mol"!' determined
for the single use of 98.14¢]

a. Preparation of novel conjugated acid-base PIL featuring 3-(carboxymethyl)-1-methylimidazolium units 98 and 99
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c. Preparation of a triazinyl-imidazole polyamide PIL 100 d. Comparison of PIL catalysts 98, 99 and 100 for the coupling of CO, and GD
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Figure 5.31 (a) Preparation of novel conjugated acid-base PIL featuring 3-(carboxymethyl)-1-
methylimidazolium units.['*?) (b) Catalytic mechanism involving 98 and 99 units as well as cycle of
CO; chemisorption proposed for 99.1'¢! (¢) Preparation of a triazinyl-imidazole polyamide PIL and
optimized conditions to produce GLC.!'*"! (d) Comparison of PILs 98, 99 and 100 for the coupling
of CO; and GD (See Section 6 and Supporting Information for details).

Another example of PIL was developed by Zhi et al. with a triazinyl-imidazole polyamide
network. This catalyst resulted from the one-pot polycondensation of 4,5-
imidazoledicarboxylic acid and melamine, in the presence of 4-dimethylaminopyridine
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(DMAP) at 110 °C for 30 h (Figure 5.31c). The mesoporous catalyst 100 gave a 98% yield
of GLC (Figure 5.31d).'¥

Organic Brensted bases as catalysts. This subsection gathers a brief collection of catalytic
systems containing an organic Bronsted base.

a. Preparation of heterogenized bifunctional catalyst 101
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d. Preparation of homogeneous triethylenediamine-based IL polymer 104
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Figure 5.32 (a) Preparation of heterogenized bifunctional catalyst 101.1'% (b) Synthesis of
homogeneous DMAP-based IL catalyst 102.1'3 (¢) Preparation of cysteine-based catalyst 103.[142!
(d) Preparation of homogeneous triethylenediamine-based IL polymer 104.!'*8! (¢) Comparison of
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organic Bronsted base-derivatives 101-104 as catalysts for the coupling of CO, and GD (See Section
6 and Supporting Information for details).

Zhang et al. developed a bifunctional catalyst 101 heterogenized on polystyrene and
incorporating a trimethylguanidinium cationic counterpart (TMGH?"). A multistep approach
was required to produce 101. These steps include the alkylation of the imidazole precursor,
grafting on the polystyrene support (Figure 5.32a), hydrolysis and counterion exchange with
TMGH". The loading of the catalyst was determined to be 0.87 mmol g™!. The low uptake of
CO; was attributed to the inherently non-porous nature of polystyrene. The recyclability of
101 was demonstrated with comparable metrics for up to 7 cycles. Further reuse led to
slightly decreased performances from 97 to 91% of chloropropene carbonate, likely caused
by IL loss. Mechanistic considerations suggested that CO; capture proceeds through the
carboxylate groups of 101.[164

Similarly, Zhang et al. elaborated a homogeneous DMAP-based ionic liquid bearing TMGH™"
counterpart. Preparation of catalyst 102 simply involved the alkylation of DMAP with
bromopropionic acid for 12 h at 80 °C before reaction with TMG (Figure 5.32b). 48% yield
of GLC was obtained after optimization of experimental conditions.!%]

Ahlquist ef al. followed a similar approach relying on the neutralization of 1-carboxylpropyl
imidazolium bromide with tetramethylguanidine. 10 mol% of corresponding binary catalyst
yielded GLC in 80% after 5 h at 50 °C atmospheric pressure of CO,.[1%]

Deng and coworkers designed cysteine-based catalyst 103 prepared from the neutralization
of both the thiol and carboxylic groups of cysteine with two equivalents of DBU (Figure
5.32¢).A similar protocol was expanded to other amino acids lacking a thiol, and the
corresponding catalysts were significantly less performant. This result emphasized the
critical role of the SH group. An alternative candidate derived from cysteine and
trimethylguanidine was also assessed, displaying a lower catalytic efficiency with a 57%
yield for chloropropene carbonate. The authors argued that the lower pKan of
trimethylguanidine accounted for the lower catalytic performance. Further increase of
catalytic loading led to a highly viscous reaction medium, which limited the overall mass
transfer.

Based on these experimental observations, the authors hypothesized that the mechanism
depends on the presence of two nucleophilic groups as well as the protonated base (Figure
5.33). Both COO™ and S groups were assumed to be involved in the activation of two
molecules of CO,. Meanwhile, protonated DBU interacted with the substrate via hydrogen
bonding 103. In the next stage, the activated CO, would react with the most electrophilic
carbon of the epoxide to form a linear carbonated species 105 before the intramolecular
cyclization toward GLC.['*?

Ma et al. described the elaboration of a triethylenediamine-based IL polymer 104 (Figure
5.32d) endowed with a high degree of functionalization (4.10 mmol g™!). The high density of
active sites was obtained due to the preliminary nucleophilic addition of the monomer
precursor 1,4-bis(chloromethyl)benzene with the diamine before the polymerization step. A
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typical run with GD as substrate led to complete conversion to GLC after 4 h at 100 °C under
10 bar of CO, with 4.54 wt% of 104.1143]

Catalytic mechanism for the carbonation of GD with [DBUH],[Cys] 103

[0}

®0
DBUH s/\HLoeG)HDBU
GLC NH; 22(?00
/ 103 \ 2

Figure 5.33 Tentative mechanism for the carbonation of GD catalyzed by [DBUH],[Cys] 103.1142!

Pyridinium-based catalysts. Duan and Wang synthesized a heterogeneous pyridinium
derived ionic polymer (PIP) catalyst incorporating either a urea or thiourea moiety as dual
HBD. The Sonogashira coupling of bispyridinium derivative 106 with 2,4,6-triethynylaniline
yielded 98% of PIP 107. This species 107 was then reacted with 3,5-
bis(trifluoromethyl)phenyl isocyanate over 5 days at room temperature, resulting in the
formation of PIP-urea 108 (Figure 5.34a). A series of experiments evaluating the catalytic
performances of PIP, PIP-urea and its analog PIP-thiourea on the carbonation of ECH gave
the corresponding carbonate in 58, 97 and 86% yield, respectively. The higher efficiency of
PIP-urea was attributed to the enhanced activation of the oxirane, stemming from its higher
acidity compared to PIP-thiourea. Additionally, its greater porosity and higher specific
surface area improved substrate mass transfers along with CO; adsorption.[*”]

Guan et al. designed a set of mesoporous pyridine-functionalized binuclear poly(ionic-

liquid)s generated from the radical polymerization of IL imidazole derivative 109, 4-
vinylpyridine (VP) and DVB at 100 °C for 24 h to yield 80% of 110 (Figure 5.34b).
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a. Preparation of pyridinium-based PIL urea catalyst 108
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Figure 5.34 (a) Preparation of pyridinium-based PIL urea catalyst 108.!'*] (b) Preparation of

mesoporous pyridine PIL 110.1"°% (¢) Preparation of viologen-linked polyacetylene catalyst 111.['51
(d) Preparation of pyridinium-based PIL 113.'32) (¢) Comparison of pyridinium-based PIL catalysts
108, 110, 111 and 113 for the coupling of CO, and GD (See Section 6 and Supporting Information
for details).

The role of VP in the uptake of CO, was thoroughly studied. The results emphasized the
critical role of pyridinium groups in facilitating CO; capture, yielding 11.75 mL g! for 110.
A similar structure lacking VP exhibited a reduced CO; capture 0f 9.69 mL g™'. The activation
degree of the imidazolium and pyridinium moieties to CO, was computed by DFT.
Calculations were based on the postulate that CO, activation occurs through the induction of
a geometrically curved state. CO» bond angles were determined to be 175.57° and 176.35° in
the presence of VP and VIM, whereas their corresponding binding energies were 24.2 kcal
mol-!' and 22.7 kcal mol"!, respectively. DFT calculations thus pointed out VP as the most
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efficient activator of CO,. Reducing the density of catalytic sites from 110 was detrimental,
leading to a decreased performance from 95 to 72% yield of chloropropene carbonate. !>

Chen et al. documented a single-step approach that merged the alkylation of commercially
available 4,4’-bipyridine with propargyl bromide and simultaneous polymerization towards
the production of heterogeneous viologen-linked polyacetylene catalyst 111. A 91% yield of
111 was obtained after 24 h at 100 °C (Figure 5.34c). Under very mild conditions, these
highly crosslinked polymers showed high efficiency for small epoxide substrates such as GD,
with a GLC yield of 85 % after 72 h of reaction at 30 °C. Epoxides with higher steric
congestion required harsher conditions. Typically 72 h of reaction at 80 °C had to be
implemented to achieve similar metrics. The authors ascribed this phenomenon to the lack of
porosity within 111, preventing an efficient mass transfer between the substrate and the
catalytic centers. Catalyst 111 was reused up to 5 times through centrifugation, maintaining
a similar production of chloropropene carbonate.!>!]

The same group published another straightforward strategy for the synthesis of a pyridinium-
based PIL, which involved the simultaneous presence of hydroxide anions and pyridinyl
radicals. Catalyst 113 was prepared through a basic Knoevenagel condensation of acetonitrile
functionalized pyridinium IL 112 and benzene-1,3,5-tricarbaldehyde (Figure 5.34d). The
desired catalyst 113 was recovered in 54% after 72 h at 120 °C by simple filtration. Regarding
the structural features of 113, Fourier transform infrared detected the presence of adsorbed
water, while pyridinyl radicals (Py-N) were detected via electron paramagnetic resonance.
X-ray photoelectron spectroscopy determined the molar ratio of Py-N* to Py-N radicals to
be around 1:1.53 Py-N*/Py-N based on their atomic concentrations.

Catalyst 113 (4 mol%) gave full conversion of GD within 48 h of reaction under atmospheric
pressure of CO,. Next, a tentative mechanism relying on the formation of HCOj3™ species was
proposed. Two different modes of CO, activations were examined, proceeding through either
(a) the basic hydroxide anions or (b) Py-N radical groups. Regarding mode (a), OH" species
could directly react with CO> to yield a bicarbonate (HCOs', see 114, Figure 5.35). In the
case of mode (b), Py-N moieties form carbamate adducts with CO», and further react with
H,O to also generate bicarbonate anions (115). The epoxide substrate undergoes a dual H-
bonding activation through H,O and the polarized a-proton of the pyridinium groups. This is
followed by the rate-determining ring opening by bicarbonate, the final intramolecular
cyclization leads to the desired cyclic carbonate (Figure 5.35).[152
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The i lyti hanism proposed for the carbonation of GD with pyridinium PIL 113 involves the generation of bicarbonate

GLC

H CO,

Figure 5.35 Tentative catalytic mechanism proposed for 113, involving the generation of a
bicarbonate (HCO;") according to two different modes of CO, activation.!!?!

Pyrazolium-based catalyst. In addition to imidazolium and pyridinium-based catalysts,
researchers have recently explored other categories of ionic liquids. For instance, Wang et
al. described a three-component pyrazolium-based IL (Figure 5.36a) on mesoporous
organosilica embedded onto cobalt nanoparticles (Co-PMO-IL) 118.['”) The simple acid-
base reaction of benzyltrimethylammonium hydroxide with carboxylethyl imidazolium
derivative 116 led to catalytic complex 117. Extensive screening of a collection of common
pyrazolium species outlined the importance of the introduction of a CO»-trapping group along
with a strong nucleophile to achieve high catalytic performance. Using 15 mol% of the most
efficient catalyst 117 resulted in the modest formation of GLC (58%), more likely caused by
the limited solubility of 117. Evaluation of 117 recyclability proved to be inconclusive with
decreasing performance from 88 to 80% yield of CPC after the third run. NMR analysis of
the reused catalyst showed the degradation of 117, through the loss of the pyrazolium moiety
to eventually generate benzyltrimethylammonium bromide.

DFT computations indicated that the binding of CO, with the carboxylate group of the
pyrazolium moiety slightly facilitated the epoxide ring opening. A small decrease of the
activation barrier from 24.1 to 23.0 kcal mol™' was observed in the presence of CO within
the complex (Figure 5.36a). The efficiency of the catalyst was also correlated to the multiple
activation of the epoxide via HBD (Figure 5.36a), as well as the subsequent stabilization of
the various intermediates.]
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a. Preparation of pyrazolium catalyst 117
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Figure 5.36 (a) Preparation of pyrazolium catalyst 117 and illustration of the activation of GD via
multiple hydrogen bonding interactions with 117.1391 (b) Elaboration of a grafted benzotriazolium IL
on mesoporous organosilica embedded onto cobalt nanoparticles (Co-PMO-IL) 118.1'°7! (¢) Synthesis
of a hyper-crosslinked polymer derived from bio-based rosin and functionalized with triazole
moieties 119.'33)(d) Comparison of pyrazolium- and triazolium-based catalysts 117, 118 and 119 for
the coupling of CO; and GD (See Section 6 and Supporting Information for details).
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Triazolium-based catalyst. Hu et al. reported a multifunctional catalytic system consisting
of grafted benzotriazolium IL on mesoporous organosilica embedded with cobalt
nanoparticles (118, Figure 5.36b). Complete characterization revealed an expected reduction
of the surface area, pore volume and size due to the functionalization with the ILs. However,
these structural changes still allowed sufficient diffusion of the substrate toward the catalytic
active sites. Various ratios of ILs/PMO were examined to determine the optimal composition,
with a molar ratio of 1.0 producing the most efficient candidate. The reaction catalyzed by
118 yielded GLC in 97% after 3 h at 120 °C (Figure 5.36d). Performances of bulk IL and
PMO alone gave yields around 54% and 30% of PC respectively, highlighting the synergistic
effect of cobalt sites and ILs on the catalytic efficiency. Both moieties contributed to the
enhancement of epoxide activation and alkoxide stabilization. The catalyst’s recyclability
and recoverability were tested over 5 cycles through filtration providing similar results over
the consecutive runs.'®’

Xiong et al. documented the design of a hyper cross-linked porous polymer derived from
bio-based rosin and functionalized with triazole moieties (119). The synthesis of 119 was
cumbersome, requiring a multi-step protocol with the isolation of several intermediates
(Figure 5.36¢). Catalyst recyclability was possible over 10 successive cycles without any loss
of performance.'>3

As an additional example, Gao et al. described a catalytic species from a lignin-modified
deep eutectic solvent in combination with TBAB. Under 10 bar of CO; at 110 °C, GLC was
obtained in 95% yield with 10 mol% of additive and 13.5 wt% of catalyst.®

5.2.7 GLOBAL ASSESSMENT OF PROCESS EFFICIENCY AND E-FACTOR

In this section, we present a global process evaluation for selected examples of metal,
organic, and IL-based catalytic systems for the coupling of GD with CO, (Table 5.1). These
examples were selected for their sustainability regarding the nature of the catalyst, their
attractive yield towards the preparation of GLC from GD and CO,, as well as the use of mild
or moderate experimental conditions. This analysis encompasses two main indicators (See
Supporting Information for details): (a) an evaluation of the burden associated with the
preparation of the catalytic systems and (b) an efficiency assessment of the catalyzed
coupling of GD and CO,. For the evaluation of the preparation of the catalysts, it includes
the cost/time efficiency and intrinsic waste generation linked to their synthesis. The
efficiency of the overall process toward the production of GLC, including the synthesis of
the catalyst, will then be inspected to calculate a fair and representative E-factor alongside
with a discussion feeding upon both aspects.'® Considering GLC as a fine chemical,
benchmark values of E-Factors for its synthetic procedure should range between 1 to 50.19%170
For the efficiency assessment of the catalyzed coupling of GD and CO,, we are introducing
a scoring system inspired by the EcoScale,'”! where penalty points are deducted based on
categories of impactful factors (yield, catalytic loading, use of additive, use of solvents,
pressure of CO,, technical specificities of the setup, process temperature, reaction time; see
Supporting Information for details on the categories of penalties and color codes, which are
used through this manuscript in the table sections giving scores and in Table 5.1). These
scores are indicative only, and do not take the scale (or potential for scalability into account).
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The first consideration is the number of steps required for the preparation of the catalyst and
the cumulated reaction time. Most catalysts were synthesized in a 2- to 4-step strategy (6 to
67 h reaction time). Every intermediate had to be purified prior to its further conversion,
therefore resulting in a significant additional cost that could not be accurately estimated for
the analysis. Two exceptions are entries 3 and 12 (Table 5.2), where straightforward
approaches were implemented with only one final purification toward the catalyst. However,
the efficiency of one stage protocols was found to always be negatively impacted by extended
reaction time at 48 and 24 h (Table 5.2, entries 3 and 12). Alternatively, a one pot carbonation
of GD could be accomplished with an in-situ generation of a homogeneous Cal,/PEG
complex (entry 5). However, the catalyst could not be recovered. Focusing on heterogeneous
catalysts (entries 4 and 11), their preparation was based on the preparation of the active
moiety prior to its incorporation into the material. In both cases, this latter stage was highly
energy consuming with extended reactions time (32-36 h) at high temperatures (110-153 °C).
On the other hand, all homogeneous metal candidates were associated with low cumulated
yields from 38 to 53% (entries 1-3), in contrast, the synthesis of organo- and IL- based
catalysts was more waste efficient, exhibiting cumulated yields between 80 to 99% (entries
6-12). Average prices of homogeneous catalysts were estimated to be approximately 16.98,
2.95 and 2.36 € g"! for metals, organocatalysts and ILs (including PILs), respectively. Ideally,
catalyst preparation should rely on a straightforward or in-situ approach, with high yield,
facile purification, and under mild conditions, while catalyzing the desired reaction with high
efficiency. Furthermore, commercially available chemicals should always be privileged.
While some of the examples discussed above, especially Caly/ligand complex, Barton base,
Boron-based catalyst and pyridinium-based PIL (entries 5, 7, 9, 12), meet several of these
criteria, the engineering of a protocol to fulfill all these criteria at once remains highly
challenging.

Most of the reported catalysts afford GLC under mild experimental conditions. The authors
usually played on the loading of catalysts, the use of potential cocatalysts as external
nucleophiles, as well as extended reaction times to ensure a high yield of GLC (75-99%,
entries 1, 3-6, 8, 11-12). When transposition of these procedures to multi-gram scale is
attempted, similar performances can only be maintained with a drastic increase of reaction
time up to several days. 3% 13152157 Degpite the efficiency of these processes, they suffer from
very low overall productivity when it comes to largescale production of GLC. A potential
solution to increase productivity could lie in flow technology. Indeed, transposition of the
formation of GLC from GD and CO, from microfluidic to pilot scale was successfully
demonstrated with a daily productivity reaching 3.6 kg in a Corning® Advanced-Flow
Reactor™ G1 (Table 5.2, entry 7).

The E-factor is a simple, handy, and relevant green metric to compare waste generation. '8
Determination of the E-factor for the same selection of examples was therefore performed.
Apart from the Aluminum scorpionate complex (entry 1), all the processes assessed exhibited
a favorable E-factor between 0.5 and 15, suggesting their suitability for the preparation of
GLC. Five out of the remaining eleven catalysts contained a heterogeneous support (entries
4 and 6) or a poorly soluble scaffold (entries 10-12), which enables their recycling over
multiple runs through an additional purification step. Although not usually considered in the
calculation of E-factor, their exploitation over successive reaction cycles often leads to
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decreasing performances due to degradation, leaching, or clogging of their intrinsic
porosity.3

The scoring system developed in this work offers a practical and convenient tool for
comparing the experimental conditions of the various examples in Table 5.2. Scoring values
range from 79.5 to 93.5 which indicate good to excellent process efficiency of the synthetic
procedures.!” The use of high loading of catalyst along prolonged reaction times are
identified as the most detrimental parameters for the design of efficient processes of GD
carbonation. Only two reactions require the use of halide salts (entries 3 and 4), highlighting
the overall scientist willingness to switch toward bifunctional candidates with internalized
nucleophiles. Moreover, most entries implemented the combination of a low temperature and
catalytic loading, therefore always requiring a long reaction time above 20 h to exceed 75%
yield of GLC output (entries 1-3, 5,6,12). In contrast, lower reaction time could be achieved
while increasing the reaction time as observed with entries 2,7 and 10, but negatively
impacting the overall process efficiency.

This summary of examples illustrates some of the main considerations to design and engineer
cost/efficient processes toward GLC. The choice of a sustainable catalyst is of paramount
importance, as well as the price of the procedure for the preparation of the catalyst and the
cost of reagents. Moreover, the productivity of GLC directly depends on its performance.
Therefore, the balance between catalyst design and its resulting performance must be
carefully weighed to provide the best financial and environmental compromise between
catalyst preparation and its intrinsic efficiency. Figure 5.37 summarizes the key features
gathered in this work concerning the research and development of efficient and cost effective
GLC production at an industrial scale, as well as a global assessment of the potential
industrialization prospect of GLC as widely applicable value-added molecule.

Strenghts Weaknesses
- Heterogenization of catalysts |- Cumbersome preparation of Opportunities Threats
- Commercial alternatives catalysts - One-pot preparation of - Poor balance cost/efficiency
- Attractive E-factor of overall - Difficult recycling of catalysts catalysts - Development of alternative
process <50 - Waste generation - In situ generation of catalysts  réactions toward the production
- Use of wastes as reagents - Transposition to industrial scale - Availability of a large library of of GLC
(CO, and GLY) - Low catalyst performances supporting materials - Engineering of GLC analogs with
- High potential for catalyst - Harsh and/or long conditions - Continuous flow technology similar properties
functionalization - Cost of reagents for catalyst

synthesis

Figure 5.37 Presentation of current strengths, weaknesses, opportunities, and threats linked to the
preparation of catalysts as well as following carbonation of GD with CO,.

218



5.2.8 PERSPECTIVES TOWARD THE PRODUCTION OF BIO-BASED GLC AT
THE INDUSTRIAL SCALE

Regarding the industrialization potential to produce GLC, two continuous flow pilot-scale
processes implementing either the fixation of CO, onto GD or the transesterification of GLY
with dimethyl carbonate (DMC) are discussed (Figure 5.38).
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Figure 5.38 Preparation of GLC starting from GLY, including the calculation of total cost and E-
factor. (a) Chlorination-dehydrochlorination of GLY to GD under intensified continuous flow
conditions at pilot scale. (b) Intensified continuous flow (pilot scale) coupling of GD with CO, in
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the presence of BB as organocatalyst.['3! (¢) The synthesis of the carbonation agent DMC, followed
by is transesterification with GLY.[28:174-175]

We have previously shown that the preparation of bio-based GD can be achieved according
to an intensified concatenated process.'3! It involves the upgrading of GLY, a widely
available chemical that can be sourced from waste, through (di)chlorination and subsequent
dehydrochlorination to yield the corresponding epoxides (GD and ECH). Despite being
associated with a less favorable E-factor of 7.42, the conversion of GLY towards GD only
relies on widely available and cheap reagents (~0.2 € g for bio-based GD). More
importantly, the overall productivity of the chlorination-dehydrochlorination sequence yields
GD in 75% from bio-based GLY (Figure 5.38) in only 110 s. The application of this
procedure in pilot scale was already successfully demonstrated by Monbaliu and coworkers
with a productivity of 0.717 kg per day for GD.!** These performances can be strengthened
when combined with the downstream module of carbonation (Figure 5.38), achieving a
cumulated E-factor of 12.39 with a total price estimated at 0.52 € g'!. Relying on a similar
flow strategy and 3.5 mol% of TBAB, the transesterification of DMC with neat GLY is also
very appealing, offering a daily productivity of 13.6 kg of GLC.?® The absence of solvent led
to a low E-factor of 4.81, whereas the end-to-end cost, including the preparation of DMC
starting from MeOH, was estimated to be 1.86 € g-!. This latter example features a lower
waste generation and allows the preparation of GLC from GLY in one step by using an
activated carbonate (DMC). However, the preparation of DMC is much more time-
consuming than the activation of GLY to form GD, which in turn allows the use of CO» as a
carbonation agent. Considering the same daily production of GLC, the efficiency/cost
balance of both processes was determined. The transesterification of DMC with GLY has a
slightly more attractive price of 1860€ t!, compared to 1924 € t"! for the carbonation of GD.
However, the use of an excess of DMC combined with the release of MeOH makes the
purification step cumbersome and expensive. To conclude, these examples illustrate the
complex duality of process productivity versus cost efficiency. Furthermore, these
projections are only based on the price of the reagents and do not include key parameters
such as the purification, the energy consumption, as well as the working force, to name of
few.

5.2.9 CONCLUSION

Stimulated by the EU’s impulse to meet ambitious environmental objectives by 2030, new
strategies toward the manufacturing of high value-added bio-based molecules are thriving.
Both the chemical and chemical engineering communities have been very responsive and
creative, triggering a global effort to design innovative processes to access marketable bio-
based products. Among them, GLC is currently under the spotlight, with promising
applications and favorable perspectives toward industrial production. Over the past two
decades, numerous works have been published on the coupling of GD with CO, toward GLC.
The first effort is dedicated to the development of highly performant catalytic systems. Soon
enough, the literature was flooded with a wide range of metal, organic, and ionic liquid-based
catalysts. The fruitfulness of these 20 last years led to the need of understanding the nature
of the interactions between the catalyst and the substrates, and the structural features that
drive the formation of GLC. This understanding is a critical step toward the rational design
of better catalysts. Two main distinct mechanisms for the coupling of GD with CO; have
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been elucidated using multidisciplinary approaches, often with the support of computational
chemistry. The most conventional path requires assistance by a nucleophile, while a second
path involves a proton shuttle mechanism, mediated by substrate activation of CO..
Numerous catalytic cores have been explored for both metal- and organo- catalysts. Multiple
designs for these catalysts have been investigated, focusing on activation of the epoxide,
chemisorption of CO,, activation of CO», as well as catalysts showing synergetic behaviors.

After elucidating the inherent mechanistic features and undergoing several rounds of catalyst
optimization, significant progress has been made in achieving high yields of GLC. Among
the challenges that persist, we highlight the separation and recyclability of catalysts, which
continue to undermine the overall efficiency of the process, even for heterogeneous catalysts.
Significant drops in performance are frequently reported after only a few cycles. Some
seemingly overengineered catalytic systems are time- and resource-intensive to access. In
other cases, unsuccessful downstream recovery of the product closes the door to potential
industrial developments. The investigation of the global efficiency of some representative
examples highlighted the necessity to develop performant, sustainable, and cost-efficient
syntheses of catalysts. Indeed, downstream repercussions on the total price of the carbonation
process are a critical parameter to bear in mind. Apart from very few processes under
continuous conditions, the overall productivity of many of these processes does not seem to
favor transposition to commercial scales.

To sum up, despite significant advances converging toward more efficient production routes
for GLC, the development of economically viable and sustainable large-scale processes for
the coupling of GD and CO, remains a significant challenge for the Chemistry and Chemical
Engineering communities. Several years ago, the industrial forecast for GLC was very
optimistic; however, its anticipated market growth has not been realized. It is evident that
further reductions in overall production costs are vital. Future research efforts should now
focus on (a) developing of the production of GD from waste GLY, (b) developing low-cost,
sustainable, and recyclable catalysts, ideally compatible with low-purity GD and CO, from
waste gaseous effluents, and (c) capitalizing on scalable process technologies from the early
stages of development.
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Table 5.2 Global assessment including the steps for catalyst preparation and for

carbonation of GD, for selected examples discussed in this work.
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5.3 INTENSIFIED CONTINUOUS FLOW PROCESS FOR THE
SCALABLE PRODUCTION OF BIO-BASED GLYCEROL
CARBONATE

5.3.1 ABSTRACT

A subtle combination of fundamental and applied organic chemistry toward process
intensification is demonstrated for the large-scale production of bio-based glycerol carbonate
under flow conditions. The direct carbonation of bio-based glycidol with CO, is successfully
carried out under intensified flow conditions, with Barton’s base as a potent homogeneous
organocatalyst. Process metrics for the CO; coupling step (for the upstream production,
output: 3.6 kg day!, Space Time Yield (STY): 2.7 kg h ! L*!, Environmental factor (E-
factor): 4.7) outclass previous reports. High conversion and selectivity are achieved in less
than 30 s of residence time at pilot scale with a stoichiometric amount of CO,. Supporting
DFT computations reveal the unique features of the mechanism in presence of Brensted
bases.

5.3.2 INTRODUCTION

Ambitious R&D and production directives in Europe now favor the integration of disruptive
technologies for reducing the environmental impact, for enhancing safety measures and for
lifting the extensive reliance on petro-based chains of value.l'! In this context, significant
efforts have been dedicated to the upgrading of glycerol (1) into industrially relevant bio-
based platform compounds, such as glycidol (2) and glycerol carbonate (3).1>¢ In this context,
3 has rapidly accessed the status of rising star. It has several advantages over other petro-
based carbonates such as ethylene and propylene carbonates, which are key electrolyte
carriers in lithium batteries.”) The flammability of 3 is much lower in comparison to
ethylene/propylene carbonates, thus significantly reducing the inherent fire hazards
associated with Li-based batteries.[®) By condensation with dicarboxylic acids or diacyl
chlorides,®! 3 has also served as a building block for the construction of bicyclic carbonates
suitable for non-isocyanate polyurethanes (NIPU) by polyaddition with polyamines.
However, the use of 3 in NIPU chemistry remains marginal.[>#-!51 Carbonate 3 can also be
used as a bio-lubricant, formulating agent or alternative green solvent.[*!

The global production of 3 is still limited, estimated to ca. 3 Mt y™' in 2020,'®) which most
likely relates to the overall inefficiency of current industrial processes.[! There are currently
three main synthetic routes to access 3 (A-C, Figure 5.39a). [6!7-2!] The most economically
viable processes feed on activated glycerol derivatives such as 2 and CO..

However, the alleged inert nature of CO, leads to extended reaction times, hampering the
global process efficiency.?°?°! Various carbonation protocols using CO» on oxiranes with
homogeneous and heterogeneous catalysts have been reported under flow conditions, 3033
among which only two reports specifically disclosed the carbonation of 2 (Figure
5.39b,¢)?2251 with low overall productivities.
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Figure 5.39 (a) Typical preparations of 3 (A: transesterification/alcoholysis of 1; B: direct
carbonation of 1 with CO or CO;; C: coupling of 2 with CO,); (b) Microfluidic preparation of 3 from
2 and CO, with a heterogenized catalyst and featuring a tube-in-tube configuration;?>=24 (c)
Microfluidic preparation of 3 from 2 and CO, with a 3D-printed reactor;!?*) with covalent ionic liquid
functionalization; (d). This work: scalable and intensified flow preparation of 3 from biobased 2 with
a homogeneous catalyst.



5.3.3 RESULTS AND DISCUSSION

Our previous studies established an intensified and scalable flow process to convert bio-based
1 into the corresponding oxiranes, including 2 with high selectivity (Section S5, Supporting
Information).®*! With the invaluable opportunities in terms of scalability, safety and
intensification brought by flow process technology,!'®343% we sought for further downstream
valorization of 2 and for a concrete solution to access 3 at large scale (Figure 5.39d). We
hereby present a DFT-guided homogeneous catalytic process to access carbonate 3.33:401
Structure reactivity relationships were established among a library of nitrogen-containing
homogeneous organocatalysts displaying a range of pK.u to maximize the reaction selectivity,
conversion and output. A DFT study further rationalized the mechanism. The process
conditions relied on a stoichiometric amount of CO,, a low catalyst loading and a short
residence time with very high conversion and selectivity. The scalability and intensification
of the process were validated with favorable metrics (3.6 kg day™").

To ensure seamless scalability, specific technical and chemical options were selected: CO»
was fed into the reactor setup with a mass flow controller and homogenous catalysis in 2-
butanone (methyl ethyl ketone, MEK) was privileged.*! 1,5,7-Triazabicyclo[4.4.0]dec-5-
ene (TBD) was selected as a model catalyst for the direct coupling of gaseous CO; with 2.12%]
The influence of temperature, counter-pressure and CO» flow rate on the reaction outcome
were assessed with 5 mol% of TBD in a microfluidic reactor (Figure 5.40, Section S6.1,
Supporting information). The preliminary scouting of reaction conditions led to conditions
striking a balance between yield and selectivity under intensified conditions. These
conditions involved processing 2 at 140 °C (10 bar) with 2 min of residence time and 10
mLx/min of gaseous CO,.

Next, a library of potential nitrogen-containing homogeneous organocatalysts was
investigated. The series of homogeneous organocatalysts (Figure 5.40b) featured 1,1,3,3-
tetramethylguanidine (TMG),1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 2-tert-butyl-
1,1,3,3-tetra- methylguanidine (Barton’s base, BB), tert-octylimino-
tris(dimethylamino)phosphorane (P1-+-Oct), as well as 2,8,9-trimethyl-2,5,8,9-tetraza-1-
phosphabicyclo-[3.3.3Jundecane (Verkade’s base, VB). All selected bases were evaluated
under standardized process conditions (Section S6, Supporting Information). Starting with
the lowest pKan (e.g., TMG, DBU and TBD), 3 was obtained in up to 86% yield, with the
formation of increasing amounts of 1 (up to 14%). BB afforded the best compromise with a
high yield (91% in 3) with only a minor amount of 1. Stronger bases than BB (P1-#-Oct and
VB) significantly increased the formation of 1. With BB as the most promising catalyst,
further optimization eventually led to 3 in 82% with only 1 mol% of catalyst (Section 6.2,
Supporting Information) and a stoichiometric amount of CO,. Lowering the catalytic loading
to 0.5 and 0.1 mol% drastically decreased the conversion to 53 and 12%, respectively.
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Figure 5.40 (a) Microfluidic prototype for the screening of catalyst. Conditions: 2 (1.8 M in MEK
with 5 mol% cat.) at 0.25 mL min™'; CO, (gas, 1 equiv.) at 10 mLy min', 140 °C, 10 bar, 2 min
estimated residence time. MFC = Mass Flow Controller; (b) Screening of various homogeneous
nitrogen-containing organic bases for the coupling of bio-based 2 with CO, (see a.). [a] Indicative
values for experimental pK,u in MeCN reported in the literature!*>%3. [b] Yield of 3 determined by
'"H NMR. [c] Yield of 1 determined by 'H NMR.

The scalability of the process was next evaluated in commercial mesofluidic glass reactors
(Corning® Advanced-Flow™ Reactors (AFR), Section S6.5, Supporting Information).
Temperatures from 120 to 150 °C (10 bar) were assessed first in a lab scale mesofluidic
system with a feed solution of 2 (1.8 M in MEK) and 1 equiv. of CO; in the presence of 1
mol% of BB (Table 5.3). Comparable trends to the microfluidic experiments were collected:
increasing the temperature had a positive impact on the reaction outcome. At 140 °C and 70
s of residence time, 3 was obtained in 88% yield (1 mol% BB). A further increase of both the
temperature and residence time did not improve the selectivity. At the highest flow rate,
implementing 150 °C led to the clogging of the reactor, most likely due to ring opening
polymerization of 2.4%1 The influence of the residence time independently of the mixing
was also studied (Table 5.3, entries 8-12). A decrease of the residence time had a moderate
impact from 70 to 41 s with a loss of 10% yield for 3, whereas further shortening to 27 s and
13.5 s lowered the yields (63 and 31%, respectively).

Additional data points were considered with DBU and TBD (1 mol%) under similar
conditions. In both cases, clogging of the first fluidic module was observed. DBU is known
to easily form an adduct with CO, 6! which is poorly soluble in most organic solvents. TBD
was unsuccessful as well, since it triggered the polymerization of 2,471 starting at 120 °C.
This clogging issue was also observed for the experiment with 1 mol% of BB at 150 °C,
therefore also underlining the thermal limitation of the reaction with BB.
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Table 5.3 Scalability trials for the carbonation of 2 in a mesofluidic lab scale glass reactor (total
internal volume = 13.5 mL) for various temperature and residence times using 1 mol% of Barton’s

base (BB).
Entry T Residence 2 3 1
(°C) time (5) conv. (%) yield (%) yield (%)
1 120 50 55 52 3
2 120 70 66 62 4
3 120 140 76 66 10
4 130 50 71 66 6
5 130 70 86 80 6
6 130 140 82 76 6
7 140 50 84 77 6
8lal 140 70 95 88 7
ofal 140 54 91 82 8
101 140 41 87 78 9
11 140 27 69 63 6
128 140 13.5 34 31 3
13 140 140 93 85 8
14 150 50 92 85 7
15 150 70 97 88 9
16 150 140 95 88 7

[a] Experiments performed with a liquid flow rate of 1.82 mL min-! and with a gaseous flow rate of 72.9 mLn
1

min™.
The carbonation process was then carried out in a pilot mesofluidic reactor with BB (1 mol%).
A representative flow chart is depicted in Figure 5.41. Further intensification led to
conversions of up to 85% within remarkably short residence times (43 s: 80%, 28 s: 78%, 21
s: 67%) at 140 °C. These results simply outperform all conditions reported in the primary
literature so far. The attractiveness of this process is emphasized by its high throughput and
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low footprint, which translates to a Space Time Yield (STY) of 2.7 kg h™! L! and an E-factor
of 4.7 for the upstream carbonation process (Section S6.5.6, Supporting Information).*3]
Crude carbonate 3 was purified with a simple liquid-liquid extraction with water (1% NaCl)
and methyl isobutyl ketone (MIBK), affording 3 in 71% isolated yield (> 95% purity)
(Section S7, Supporting Information). The end-to-end process comes with an E-factor of 1.99,

Thermoregulated zone

FM 1 FM 2-7
0]
9
16 mL min ] 0,1(0
2{(1.8M) @ HO
BB (1 mol%) _Q—I 56 mL of internal volume BPR 0 3 .
. -l 10 bar 78% vyield
140 °C output: 3.6 kg day
10 bar STY:2.7kgh' L
pre-heating
loap

Figure 5.41 Intensified mesofluidic pilot-scale process (Corning® AFR™ Gl1, 7 glass fluidic
modules in series) for the coupling of 2 and CO,. Conditions: 2 (1.8 M in MEK with 1 mol% BB) at
16.18 mL min™' CO, (gas, 1 equiv.) at 648 mLy min™!, 140 °C, 10 bar, 28 s estimated residence time.
FM = Fluidic Module, MFC = Mass Flow Controller. Up to 4% glycerol (1) was detected in the crude
reactor effluent

provided that MIBK and MEK are recovered through vacuum distillation (Section S6.5.6,
Supporting Information).

Experimental observations highlighted that the p-OH group on 2 plays a critical role, thus
suggesting a direct substrate activation with BB (Section S9.1, Supporting Information).
Indeed, the carbonation of oxiranes lacking a B-OH group, such as epichlorohydrin and ¢-
butyl glycidyl ether, gave no conversion. When a 2.25:1 mixture of 2 and epichlorohydrin
was subjected to the same conditions, selective coupling occurred with 2, leaving
epichlorohydrin unreacted (Section S6.4.2, Supporting Information). However, by contrast
to Kleij’s work, 1 the addition of water did not improve CO, capture: control experiments
under strictly anhydrous conditions gave marginal differences (2-4%) for the conversion to
3. The potential involvement of a CO»-adduct with nitrogen-containing organocatalysts was
also ruled out.[%51]

The mechanism was studied computationally with the Gaussian 16 software packagel
(Section S9, Supporting Information) for a selection of organocatalysts (TMG, DBU, TBD,
BB and P1-#-Oct). The mechanism (Figure 5.42a) features two steps: (a) an intermolecular
CO; capture (step 1) and (b) an intramolecular cyclization toward 3 (step 2).
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Figure 5.42 (a) Mechanism for the organocatalyzed coupling of CO, and 2 toward 3, computed at
the B3LYP-GD3BJ/6-31+G*//M08HX/6-311++G** level of theory (SMD = MEK, 413 K). Activation
barriers (AG*) are given in kcal mol'! and mentioned near the acronyms of the various bases. (b).
Free Gibbs energy of reaction (AG™?), in red) and activation barriers (AG?, in blue) as a function of
pK.u of the catalysts for step 1. (c) Calculated Free Gibbs energy of reaction (AG**) for step 2.
Experimental pK,y were collected from the literature and measured in MeCN. (Section S9,
Supporting Information).
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Step 1, which involves the catalyst, the hydroxyl group of 2 and CO,, leads to int 1. It
proceeds through low activation barriers (AG*) ranging from 0.1 (P1-z-Oct) to 11 kcal mol™!
(TMG) depending on the catalyst, thus indicating a fast CO, capture. AG* can be linearly
correlated with the pKuu of the catalyst (Figure 5.42b, blue): decreasing AG* are associated
with an increasing Brensted basicity. Regarding the thermodynamics (AG™) of the process,
the high stability of CO> is overcome with the favorable acid-base reaction at the hydroxyl
group of 2. This assumption is supported by a negative value of AG** for DBU, TBD, BB
and P1-#-Oct, thus ensuring a favorable CO; capture, which also correlates with the pKan of
the catalyst (Figure 5.42b, red).

Step 2 is promoted through the activation of int 1 by the conjugated acid of the catalyst
(produced in step 1) through another proton shuffle. There are, however, two distinct
mechanisms depending on the steric hinderance of the catalyst. Catalysts with a lower steric
congestion (e.g., TMG and DBU) directly lead to the final products (3 and the regenerated
active catalytic species). It involves an asynchronous concerted TS, where both the
intramolecular cyclization and the proton transfer to the alkoxide occur. Values of AG*range
from 23.2 (DBU) to 24.9 kcal mol! (TMG), depending on the catalyst. A change of the
mechanism from concerted to stepwise is noticed with highly hindered bases (e.g., BB and
P1-t-Oct). The intramolecular cyclization occurs first, where the oxirane ring is activated
through H-bonding with the conjugated acid of the catalyst, yielding int 2. The latter is then
protonated (TS3, diffusion-limited) to give 3 with the concomitant recovery of the catalyst.
For TBD, the stepwise pathway seems to be favored due to the symmetry of its protonated
form. The uncatalyzed intramolecular cyclization appeared uncompetitive with a much
higher AG* (27.4 kcal mol'"). Moreover, the presence of the catalyst shifts the equilibrium
toward the formation of the products by drastically lowering AG™. The thermodynamics of
the second step are again dictated by the acid-base equilibrium (Figure 5.42c).
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5.3.4 CONCLUSION

In summary, a range of nitrogen-containing organocatalysts were assessed experimentally
and computationally. Computations emphasized the unique features of a double H-shuffle
mechanism for the coupling of CO; and glycidol according to a 2-step mechanism. The
catalyst’s basicity is of paramount importance for step 1. Indeed, a high pK.u ensures a fast
and favorable CO; fixation with the formation of a highly stable conjugated acid along with
a linear carbonate intermediate. Step 2 is drastically accelerated in the presence of the
conjugated acid of the catalyst, which acts as a general Breonsted acid catalyst for the
activation of the epoxide, though it remains overall rate-determining. Contrasting trends are
observed in the activation energies of the two steps of carbonation. This observation provides
insight into why Barton’s Base emerged with the most favorable results for the entire
transformation process. When a stronger base is employed, it leads to a weaker conjugate
acid, which in turn acts as a less effective Bronsted acid for the activation of the epoxide.
Given the fast kinetics of both steps, the carbonation is likely limited by the solubility of CO,
in the reaction medium, therefore justifying both the selection of MEK as reaction medium
and flow technology for high mass transfer. The process was validated at the pilot scale in a
commercial mesofluidic reactor, affording high yields and selectivity within 28 s with an
unprecedented productivity at low catalyst loading (1 mol%). This constitutes a significant
improvement of existing conditions toward the intensified and scalable preparation of
glycerol carbonate.
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6 CONCLUSION AND PERSPECTIVES

6.1 CONCLUSION

This thesis explores new perspectives toward the valorization of bio-based polyols through
two complementary, yet distinct strategies: one grounded in computational science and the
other in reactor technologies. Both approaches aim to tackle key challenges, including
selectivity control and the low efficiency of current synthetic processes involving bio-based
polyols. By proposing innovative solutions to these limitations, this work contributes to the
broader effort to integrate bio-based polyols in industrial applications by offering innovative
solutions to their inherent limitations. A consistent methodology is applied to both strategies,
beginning with a comprehensive literature review to precisely define the research problem
prior to addressing its resolution.

In lieu of a conclusion, we present below the main take-home messages arising from the
research findings discussed in Chapters 2 to 5:

e Identification of reactions bearing a huge potential in polyol valorization
(Chapter 2): The research began with a detailed overview of synthetic
methodologies flagged as industrially relevant (olefins, epoxides, chlorinated
species, carbonates and ketals), and an assessment of their sustainability and overall
efficiency. While small polyols such ethylene glycol or glycerol are widely used,
more complex substrates such as meso-erythritol, xylitol or sorbitol are barely
investigated. This strongly highlights the need to develop tools enabling to map
complex reactions with multiple reactive sites to facilitate polyol exploitation.

e Development of a methodology to tackle complex reaction systems relying on
computational science (Chapter 3): This strategy was implemented as a workflow
of two user-friendly Python scripts, using a dynamic covalent exchange toward
orthoesters as the model subject system. The first script performed tensorial
decomposition of raw NMR data obtained from a kinetic study, providing an
estimation of the number of species involved. Building on these findings and
careful characterization of the reaction medium, the second script enables the
numerical resolution of kinetic systems. Model elaboration is assisted by statistical
tools that assess both the model accuracy and the trade-off between complexity and
accuracy. Once a validated and robust model was developed, it was used to
quantitatively evaluate the effect of various experimental parameters on the
reaction network. In parallel, a comprehensive DFT study was conducted to
elucidate the underlying mechanisms, emphasizing the crucial role of inter- and
intramolecular hydrogen bonds in governing the reaction dynamics.

e Elucidation of the acid-catalyzed deoxydehydration mechanism of bio-based
orthoesters (Chapter 4): This work performed DFT calculations to elucidate the
mechanisms leading to the formation of key intermediates next undergoing
deoxydehydration. Dioxocarbene species were found to be generated via an
asynchronous pathway, involving initial protonation and elimination of the
orthoester ethoxy group, and followed by deprotonation of the acidic proton to
yield the dioxocarbene. Conversely, intramolecular stabilization of the ethoxy
group by a free alcohol or carboxylic acid group (unrestrained by ring geometry)
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led to a stepwise mechanism involving carbocation intermediates. A combination
of intra- and intermolecular stabilization was shown to further lower the activation
barrier of carbocation formation, from 15.6 to 12.6 kcal mol!. The final
deoxydehydration of dioxocarbenes exhibited reduced activation barriers for the
intermediates substituted with electron withdrawing groups, decreasing from 12-
13 kcal mol™! for polyol- derived carbenes to less than 6 kcal mol! for diols
substituted with ester or carboxylic acid groups. Overall, this work gave an
overview of potentially reachable olefins from renewable feedstocks.

Design of a high throughput and efficient process toward added value glycerol
carbonate (Chapter 5): This chapter is divided in two subsections. Subsection 1
presents an in-depth review of the literature on epoxide and B-hydroxylated
epoxides carbonatation with gaseous CO, (epoxides accessible from bio-sourced
polyols). The focus is placed on structure activity relationships within catalytic
systems, addressing both mechanistic insights and reaction performance. The
review also includes a combined analysis of sustainability and productivity, with a
thorough examination of experimental conditions, carbonate yields, and E-factors.
Despite the extensive development and screening of catalysts, reactors
technologies have received little attention. Therefore, subsection 2 aims to bridge
this gap, exploring the use of continuous flow technologies for the carbonation of
glycidol using nitrogen based organocatalyst. A straightforward process was
engineered and successfully scaled up from microfluidic conditions to mesofluidic
reactors, achieving a daily productivity of 3.6 kg of glycerol carbonate with a very
attractive E-factor at 4.7 (140 °C, 28 s of residence time, 10 bar and 1 mol% of
catalyst). A supporting DFT study was also conducted to rationalize the
mechanism, validating the choice of Barton’s base as catalyst.

Despite the successful development of these two strategies, a critical assessment is necessary
to both enhance current performances and explore new avenues of research capitalizing on
the chapter 3 (Figure 6.1), chapter 4 and chapter 5 (Figure 6.2).

6.2 PERSPECTIVES OF CHAPTER 3

Strengths: The development of the workflow set a new benchmark in
computational chemistry, offering user-friendly and open access Python scripts.
Designed to minimize manual input, the workflow guides users through intuitive
dialog boxes to ensure smooth execution of both codes. Script 1 effectively
processes and decomposes complex raw NMR data with high accuracy, while script
2 led to the development of kinetic models that strike an optimal balance. Moreover,
the second script demonstrates versatility through its successful application to
various reaction systems. Extensive computations analyses supported and validated
kinetic modeling, enforcing the reliability and robustness of the developed strategy.
Overall, this strategy revisits the empirical classical studies of mechanism
elucidation, leveraging computational science to explore new reaction systems and
offer rapid and in-depth analyses. Considering dynamic covalent chemistry,
elucidation of the mechanisms brings novel insights to control the tailored tuning of
such systems to reach specific 3D architectures.
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e Opportunities: The implementation of this strategy on a set of kinetic studies,
investigating experimental conditions (e.g. temperature, solvents, catalysts,
reagents, to name a few), allows for the rapid mapping of complex reaction
networks. Based on the screening, predictive models can be developed, eventually
leading to precise control of selectivity through the fine tailoring of reaction
parameters. Such models could also provide kinetic and thermodynamic
information by applying Eyring equation, predict reaction time, and identify the
most suitable reactor technology (relying on Levenspiel diagram) for the synthesis
of the target system.

e  Weaknesses: (a) Kinetic monitoring of complex reaction usually requires powerful
analytical techniques able to resolve nearly identical species. In our study, we use
700 MHz NMR for monitoring, which, while effective, remains costly and limits
the broader applicability of this strategy.

(b) For script 1, the non-negative Tucker decomposition (NNT) algorithm was used
to analyze spectral data. However, this algorithm lacks a penalization term to control
model sparsity. In kinetic studies involving several intermediates and products,
integrating sparsity would help by shrinking the contribution of the intermediates to
zero once they are fully consumed. Currently, this is not the case, which hampered
the accuracy of concentration profile predictions and the reconstruction of pure
NMR spectra for each species.

(¢) Regarding script 2, initialization of the rate constants is arbitrary, which slow
down calculations and negatively impact the quality of the adjusted model.

(d) Furthermore, script 2 does not provide an automated workflow to compare
multiple models, hindering the systematic application of this approach.

(e) Finally, although computations gave valuable insights into kinetics and
thermodynamics of the reaction, this approach lacks a comprehensive screening of
functionals and bases, preventing an accurate reflection of reality.

e Threats: The implementation of this workflow is resource-intensive. Script 2
demonstrated limited effectiveness in adjusting for compounds present in trace
amounts. Additionally, elucidation of reaction mechanisms can be very laborious
and time-consuming, which may hinder the theoretical validation of the kinetic
model.

Based on this critical assessment, we propose solutions to address the identified weaknesses
of the strategy and present perspectives of improvements of the overall strategy.

e Experimental set-up and analytics: While a detailed characterization of the
medium was initially required to begin kinetic monitoring, preliminary tests using a
benchtop NMR 43 MHz demonstrated sufficient resolution to track main
intermediates and products. Quantification was possible through integration of
signal from unreacted reagent, though incorporating an internal standard would
enhance reliability. However, this method required supplementary deconvolution
script to ensure accurate quantification. Implementing in-line analytic methods
significantly streamline kinetic monitoring and allow for simultaneous data
treatment.
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If in-line monitoring proves inadequate due to resolution or sensitivity limitations,
alternative approaches like in-line liquid or gas chromatography could be
considered. These would involve periodic sampling via injection loops with
predefined volumes for analysis. However, such set-up configuration presents
greater technical complexity compared to standard in-line analytical systems.
Finally, complete automation of this set-up would significantly increase the
reliability and efficiency of the kinetic study, and prevent any potential human
errors.

Tensorial decomposition algorithm: Sparse non-negative Tucker decomposition
(SN-Tucker) provides a framework for introducing sparsity constraints in the core
tensor. However, balancing sparsity and reconstruction accuracy requires specific
tuning of the regularization parameter A. While Bayesian optimization offers
automated alternative to the manual screening for identifying the optimal value of
the parameter, this approach is data-specific, meaning that re-optimization of
regularization parameters is mandatory for every new dataset.

Tensors often possess modes (= time, chemical shifts and intensities) with intrinsic
dimensional mismatch. Forcing the same rank across all modes usually results in
overfitting. Therefore, the use of adaptative rank strategies such as Bayesian rank
constraints or adaptive tensor networks could upgrade traditional grid optimization.
Such algorithms would enable automated data-driven optimization of the rank
search, finding the best trade-off between complexity and accuracy while reducing
the computational resource requirement.

Kinetic modeling: Although this script delivers accurate statistical evaluation for
individual model, it lacks a systematic framework for comparative analysis across
multiple models” workflow. Incorporating such functionality would significantly
enhance model development efficiency by enabling rapid identification of the
optimal kinetic model.

Computations: Accurate kinetic constants could be efficiently predicted via
preliminary computational screening of functionals and basis sets. This approach
streamlines parameter initialization of script 2, reducing its convergence time while
mitigating local minima traps. Molecular dynamics simulations offer a powerful
approach to investigate hydrogen bond dynamics in orthoester covalent systems. By
monitoring the formation of alcohol by-product over time, these simulations would
allow for visualization of the evolving solvation cages. They would also enable
observation of the motion of reactive species over the course of the reaction,
providing deeper understanding of species reactivity. This approach could also
deepen our understanding of water behavior in such systems, particularly in the
context of hydrophilic and hydrophobic catalyst use.
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Strenghts
- User-friendly and versatile
workflow to handle 3D datasets
- Deconstruction of the
complexity of dynamic systems
- Complementary analyses
of DFT and kinetics

Weaknesses
- Powerful analytics
- Lack of sparsity in NNT and
inefficient selections of ranks
-No comparison between
models (Script 1)
-No benchmarking of DFT

Opportunities
- Rapid and efficient mapping
of complex reactions
- Development of predictive
models to achieve specific
molecular scaffolds

Threats
- Resource-intensive workflow
- Inaccurate modeling of trace
species in Script 2
-Cumbersome mechanism
elucidation

Automated platform
Fast screening
of reagents an conditions

Pool of complex polyols

IKinetic modeling (script 2.2)

Library of
orthoesters

Fast accumation of a
large dataset within small
intervals of time

*Development of predictive

[ 1* Automated treatment of

spectra
* Automated detection of
species (script 1.2)
' Automated quantification of

models to design tailored !
systems_with high selectivity | species

Figure 6.1 (a) SWOT analysis of the computer-aided kinetic network modeling of complex
orthoester-polyol dynamic covalent exchanges and (b) perspectives toward a unify and automated
platform for kinetic elucidation.

Compared to existing literature, the thesis introduces a novel strategy toward the kinetic
modeling of complex dynamic systems. Specifical emphasis was placed on developing
workflows specifically tailored for the organic chemistry community, addressing a gap that
has received limited attention to date. This chapter directly complements the pioneering
contributions of Von Delius, whose research focus on the engineering of self-assembling
orthoester scaffolds with encapsulation capabilities. The combination of meticulous kinetic
modeling and quantum chemical calculations presented in Chapter 3 offer new parameters
and mechanistic insights that can be harnessed to design dynamic systems with tailored
properties.

6.3 PERSPECTIVES OF CHAPTER 4

In contrast to Chapter 3, which developed a strategy to address polyol complexity in DCE,
this chapter proposes mechanistic hypotheses based on a DFT study. The aim is to provide
new insights on dioxocarbene formation and further deoxydehydration reaction, thereby
opening new avenues of research. The following paragraph discusses the broader
perspectives and implications of this work.

e Computations: Molecular dynamics simulations could provide valuable insights
into dioxocarbene formation mechanisms by tracking the evolution of both intra-
and intermolecular hydrogen bond networks surrounding reactive species. This
approach might reveal previously overlooked competitive reaction pathways. To
fully characterize the system, quantum calculations should be performed to establish
the singlet-triplet state energetics of the generated dioxocarbenes, as spin
multiplicity significantly influences carbene reactivity. Additionally, hydrogen
bond networks could modulate spin-state transitions in the system. Comprehensive
benchmarking of DFT methodologies against experimental data remains crucial to
ensure reliable comparison between theoretical predictions and observed reaction
outcomes.

o Experimental work: The hypotheses proposed in Chapter 4 require experimental
validation, starting with the observation and isolation of carbocation and carbene
intermediates. A comprehensive kinetic study is also essential to support the
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computational findings along to explore both elucidated and potentially overlooked
reaction pathways. This study should span a range of temperatures to accurately
assess how reaction selectivity and outcomes vary as a function of temperature.
Based on the insights gained in Chapter 4, substrate selection could be strategically
adapted. For instance, the formation of dioxocarbenes could be attempted using
cyclic substrates such as orthoesters derived from quinic acid, which are expected
to proceed via an asynchronous mechanism. In contrast, simpler substrates derived
from glycerol could be more suitable for kinetic experiments as it features a stepwise
pathway.

6.4 PERSPECTIVES OF CHAPTER 5

Strengths: In contrary to previously reported methods of glycidol carbonation, our
strategy employed the use of an equimolar ratio of CO; (in respect to GD) and
utilized a simple organocatalyst. The straightforward and simple experimental setup
we developed greatly facilitated the transposition from microfluidic to mesofluidic
conditions. This scaling-up, featuring an improved mass transfer inherent to the
reactor scale, resulted in an efficient intensification of the reaction, decreasing the
residence time below 30 seconds. Specifically, we achieved a unprecedent
productivity of 3.6 kg day™! of glycerol carbonate, while minimizing the overall
generation of waste translated by the low E-factor at 4.7.

Opportunities: This process can, in theory, be fully engineered using bio-based
feedstocks and industrial waste streams. Glycidol can be synthetized from glycerol,
a widely recognized by-product from biofuel manufacturing, while industrial
effluents highly concentrated in CO; could serve as a primary carbon source. As
such, this synthetic path holds strong potential for advancing sustainability by
reducing reliance on fossil-derived inputs. By leveraging a dual feedstocks strategy,
it also offers a way to overcome costs barriers associated with glycerol carbonate
production. Moreover, combining a low-cost procedure to the scalability advantages
of continuous flow technologies would make this process highly appealing for
industrials. This strategy could give a second breath to research and development
efforts, aiming to unlock novel applications from glycerol carbonate.

Weaknesses: (a) Main concerns are in regard to the toxic nature of glycidol, which
are red-flagged by the REACH policy, though partially mitigated using flow
technologies.

(b) Sustainability and cost efficiency of the strategy are hampered by the use of
homogeneous base, which is not recyclable.

(c) Similarly, the use of solvent, although primordial for the solubilization of CO»,
requires thermic energy to be recycled.

(d) Fluid dynamics were not quantitively defined and monitored over the course of
the reaction. We only assumed that the use of mesofluidic reactors would enhance
mixing efficiency, thereby closing the door to optimizing the flow regime.
Therefore, a critical gap remains: no robust framework exists to systematically
correlate flow regime (laminar vs. turbulent) with experimental conditions such as
flow rates, reactor geometry and operating conditions.
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Threats: Alternative carbonation pathways demonstrating higher overall
performances than CO; cycloaddition could shift research focus away from CO;
use. Moreover, analogs with comparable physico-chemical properties may lead to
competition with glycerol carbonate in similar application areas.

Similarly to chapter 3 and 4, new perspectives and potential solutions to mitigate weaknesses
of our strategy are now discussed.

Safety considerations: mitigation of glycidol-related hazard could be achieved by
integrating the flow synthesis of the epoxide with its subsequent conversion with
CO,. While the telescoped conversion of bio-sourced glycerol to glycidol in flow
has already been reported, it involves the use of aqueous hydrochloric acid (HCI).
This results in a high excess of water relative to the epoxide, leading to both low
epoxide concentration and significant hydrolysis of glycerol carbonate back to
glycerol. It is anticipated that this issue will be addressed by the use of gaseous HCI
as chlorinating agent, thereby minimizing water content and unlocking the overall
potential of the end-to-end synthesis of glycerol carbonate. Such route is currently
investigated by another PhD student.

Catalyst loss: The heterogenization of Barton’s base could be envisioned to prevent
its loss. Chemically inert solid materials such as polystyrene present a promising
option. Additionally, Lewis acidic supports like mesoporous silica or zeolithes offer
attractive alternatives, as they could theoretically activate the epoxide, further
stabilize the reaction intermediate (e.g hemiester of carbonic acid) and facilitate
intramolecular cyclization of the proton shuttle mechanism; identified as the rate
determining step in chapter 5.

Productivity of glycerol carbonate: A concentration of 1.8 M glycidol was used
as the reaction medium. Further improvement in reaction performance could be
achieved by increasing this concentration and considering a solventless synthesis of
the carbonate.

Fluid dynamics: Gas-liquid reactions are commonly limited by mass transfer at the
gas-liquid interface. Continuous flow systems offer higher mixing efficiency due to
rapid molecular diffusion within narrow channels and the potential for turbulence
regime under specific conditions. In our case, the reaction starts with two low-
viscosity reagents, glycidol (4 mPa s™') and methyl ethyl ketone (0.4 mPa s™'), and
produces highly viscous glycerol carbonate (44 mPa s!). This represents a 10-fold
increase of the viscosity over the course of the reaction, which significantly hinders
performance by reducing mass transfer efficiency. We believe that the future lies in
the development of integrated tools that combine fluid dynamics modelling under
micro- and mesofluidic conditions with predictions of gas solubility (via’s Henry
law and Laplace pressure) and kinetic modelling. Such tools hold great promise in
delivering optimized experimental conditions tailored to maximize mass transfer
and productivity of a library of epoxides. It could also assist in designing
experimental setups by identifying areas with poor mixing efficiency (Figure 6.2b).
Overall, improving the efficiency of reaction mixing could allow for lower
temperature, pressure, and catalyst loading, thereby reducing the process footprint.
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Figure 6.2 (a) SWOT analysis of the catalytic coupling of glycidol with CO, and (b) perspectives
toward the development of predictive model to optimize mass transfer efficiency in gas liquid
reactions.

This chapter introduces a straightforward and effective strategy to address the
thermodynamic stability of CO, through appropriate activation of both the substrate and
carbon dioxide. To date, only two examples of glycidol carbonation in flow have been
reported (e.g. Kleij and Garcia-Verdugo), both demonstrating very low productivity, limited
to gram-scale yields, and highlighted the inability to scale up their experimental set-up.
Conversely, our work offers a new perspective on CO> utilization and establishes a solid
foundation for developing carbonation reactions applicable to a broad library of p-
hydroxylated-epoxides, including di- or tri-substituted carbonates, which are particularly
known for their challenging reactivity.

This research aimed to advance the valorization of bio-based polyols by addressing key
limitations through innovative strategies in vicinal diol chemistry. By developing alternative
pathways and processes that rival petrochemistry in term of efficiency and atom economy,
we position biomass-derived polyols as competitive and sustainable feedstocks for industrial
application. The structural complexity of polyols is overwhelming, yet, offering unique
opportunities for novel valorization strategies, enabling to reach scaffolds with peculiar
functionalities and significant untapped potential. To overcome challenges posed by this
complexity, multidisciplinary approaches that integrate green chemistry principles with
scalable technologies are essential. This PhD work contributes to global efforts to align
economic viability with the development of a circular and climate-neutral chemical industry.
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