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Summary

Continuous-flow manufacturing is an innovative approach that involves
conducting reactions in a continuously flowing stream, using microreactors or
microfabricated systems instead of traditional batch reactors. Here, reactants are
continuously pumped into the microreactor, where they mix and react, and the
product is continuously collected. This technology is radically changing the way
to approach pharmaceutical and industrial organic chemistry. On one hand, the
optimal performance of these kind of reactors paves the way for new possibilities
from a chemical viewpoint (i.e., reactions that were not even considered as
possible become now feasible); on the other hand, there is an indissoluble bond
between this new technology and current themes related to process sustainability
and circularity. In fact, flow processing improves mass and heat transfer and
enhances mixing conditions, resulting in an increased reaction yield and
productivity, with lower waste generation and cost consumption.

From a closer look at the scientific literature, it is possible to appreciate that in
the past decades most continuous-flow methods have been developed for reactions
in the liquid phase, often using homogeneous catalysts. Taking the steps from the
gram-scale multistep synthesis of small molecules under flow conditions, the aim
of this PhD thesis was to expand this technology further, developing the full

potential of microreactor engineering in new and unprecedented directions. In this
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context, this research has integrated multiple reaction steps for the synthesis of
small molecules (i.e., azetidines, glycidyl derivatives, and trifluoromethylated
pyrroles). Moreover, given the need to develop greener continuous methods that
replace century-old, toxic, and expensive homogeneous catalysts, the thesis has
also paid attention to the design of superior continuous-flow methods exploiting
heterogeneous photocatalysts. In particular, we have studied the use of carbon
nitride-based photocatalyst for organic transformations, focusing on the effect of
catalyst nanostructuring on the reaction progress. These innovative heterogeneous
catalysts are prepared from low-cost precursors, and have visible-light absorbing
capabilities, excellent photostability, and tunable surface area.

The main limitation of traditional photocatalytic reactions is often the scale-up,
mainly due to the less efficient light transmission in large batch reactors and the
requirement of considerable amount of expensive metal-based photocatalysts. To
bypass this challenge, we have investigated the design of novel polymeric
photoreactor, functionalized with carbon nitride nanocatalyst ensures a uniform
light distribution inside the reactor and ease process scale up.

All chemical reactions often require a purification step, which is often
conducted using batch vessels. For this reason, the final purpose of this PhD thesis
was to develop a flexible protocol for the in-line integration of flow synthesis and
flow purification for applications in the end-to-end preparation of
pharmaceutically-relevant small molecules.

The goal was achieved using continuous countercurrent chromatography
simulating a “moving bed”, involving the combination of sequential microreactors
and twin-column system. The column loading method ensures that the product
breaking through a fully loaded first column is loaded onto the second one,
avoiding waste of precious material and technological complexity associated with
the use of four-to-six columns typical of simulated moving bed chromatography.
Compared to the discontinuous and other traditional approaches, our method leads
to higher isolated yields (ca. +60%), higher productivity (ca. +30%), and reduced
solvent consumption (ca. —80%). A circularity and life-cycle analysis (LCA) was
also conducted to demonstrate the environmental benefits of the flow process.

Overall, the protocol led to easier scalability and better suitability for industrial
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applications, providing an additional tool for the design of sustainable

manufacturing processes.
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Sommario

La “chimica in flusso” € un approccio innovativo in cui le reazioni vengono
condotte in un flusso continuo, utilizzando microreattori o sistemi in scala ridotta
invece dei tradizionali reattori batch. Qui, i reagenti vengono pompati in modo
continuo nel microreattore, dove si mescolano e reagiscono, e il prodotto viene
raccolto in modo costante. Questa tecnologia sta cambiando radicalmente il modo
di affrontare la sintesi farmaceutica e industriale. Da un lato, le prestazioni ottimali
di questo tipo di reattori aprono nuove possibilita da un punto di vista chimico (ad
esempio, reazioni che prima erano considerate impossibili diventano ora fattibili);
dall'altro lato, c'¢ un legame indissolubile tra questa nuova tecnologia e i temi
attuali legati alla sostenibilita e alla circolarita dei processi. Infatti, la chimica in
flusso migliora sia il trasferimento di massa e calore, sia le condizioni di
mescolamento, con conseguente aumento della resa e della produttivita delle
reazioni, riduzione della generazione di rifiuti e dei costi.

Da un'analisi approfondita della letteratura, € possibile apprezzare che, negli
ultimi decenni, la maggior parte dei metodi a flusso continuo é stata sviluppata per
reazioni in fase liquida, spesso utilizzando catalizzatori omogenei. Prendendo
spunto dalla sintesi multistep su grande scala di piccole molecole, I'obiettivo di
questa tesi di dottorato € stato quello di approfondire ulteriormente le applicazioni
di questa tecnologia, sviluppando il pieno potenziale dei microreattori in nuove e
inaspettate direzioni. In questo contesto, la ricerca ha integrato diversi step di
reazione per la sintesi di piccole molecole (ad esempio, azetidine, derivati

glicidilici e pirroli trifluorometilati). Inoltre, data la necessita di sviluppare metodi
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in continuo piu ecocompatibili, che sostituiscano i tradizionali sistemi catalitici
omogenei, tossici e costosi, la tesi ha prestato attenzione alla progettazione di
metodi in continuo che sfruttino fotocatalizzatori eterogenei di maggiore
efficienza. In particolare, e stato studiato l'uso di fotocatalizzatori a base di nitruro
di carbonio per trasformazioni organiche, concentrandosi sull'effetto che il design
nanostrutturale del catalizzatore ha sull'andamento della reazione. Questi
innovativi catalizzatori eterogenei, preparati a partire da precursori a basso costo,
presentano capacita di assorbimento della luce visibile ottimali, eccellente
fotostabilita e superficie regolabile.

La principale limitazione delle reazioni fotocatalitiche tradizionali & spesso la
scalabilita, principalmente a causa della minore efficienza di trasmissione della
luce nei grandi reattori batch, e della necessita di una considerevole quantita di
costosi fotocatalizzatori a base di metalli. Per ridurre questo problema é stata
studiata la progettazione di un nuovo reattore polimerico, funzionalizzato con
nanocatalizzatori di nitruro di carbonio, che assicura una distribuzione uniforme
della luce all'interno del reattore e facilita la scalabilita del processo.

Tutte le reazioni chimiche spesso richiedono una fase di purificazione, che
spesso viene effettuata in batch. Per questo motivo, lo scopo finale di questa tesi
di dottorato e stato quello di sviluppare un protocollo flessibile per I'integrazione
degli step di sintesi e purificazione in continuo per applicazioni nella preparazione
di molecole di interesse farmaceutico.

L'obiettivo e stato raggiunto utilizzando la cromatografia controcorrente in
continuo che simula un "letto mobile™, basato sulla combinazione di microreattori
sequenziali e un sistema a doppia colonna. Il metodo di caricamento della colonna
garantisce che il prodotto che attraversa completamente la prima colonna caricata
venga caricato sulla seconda, evitando sprechi di materiale prezioso e la
complessita tecnologica spesso associata all'uso di quattro o sei colonne, tipici
della cromatografia a “letto mobile”. Rispetto agli approcci discontinui e ad altri
approcci tradizionali, il nostro metodo consente di ottenere rese isolate piu elevate
(circa +60%), maggiore produttivita (circa +30%) e minor consumo di solvente
(circa -80%). E stata anche condotta un‘analisi di circolarita e di valutazione del

ciclo di vita (comunemente noto come LCA) per dimostrare i benefici ambientali
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del processo in flusso. Complessivamente, il protocollo ha permesso di ottenere
una maggiore scalabilita e una maggiore idoneita per applicazioni industriali,
fornendo uno strumento aggiuntivo per la progettazione di processi di produzione

sostenibili.
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Chapter

Introduction

Sivo, A.; Galaverna, R. de S.; Gomes, G. R.; Pastre, J. C.; Vilé, G. React. Chem.
Eng. 2021, 6 (5), 756-786.

1.1. The Continuous-Flow Technology

Chemists and chemical engineers have seen over and over the emergence of
technologies that promised to modernize materials and process development (e.g.,
parallel and combinatorial chemistry, microwave synthesis, computational
methods). These technologies have often failed in the transition from the research
lab to the industrial world, as they did not provide significant improvements in the
way we perform chemistry. On the other hand, over the past 15 years, chemists
around the world have demonstrated remarkable potential in the use of continuous-
flow reactors for chemical synthesis and in the transition from batch to flow
processes in manufacturing.X* Even though fine chemical processes are often
carried out in batch pilot plants (particularly when the production volumes are
small, as in the case of pharmaceuticals and agrochemicals), flow chemistry has
forced the industries to rethink their processes and consider this technology as a

real and meaningful alternative to standard practices. As a result, pharmaceutical
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Figure 1.1. General scheme of a flow chemistry setup.

companies have been the first to take steps towards the implementation of flow
chemistry, also driven by the need to reduce their environmental impacts, increase
process safety, and modernize their facilities. Flow chemistry is the technique that
enables carrying out standard reactions in continuous-flow mode (Figure 1.1),
using microreactors (such as a coil or a chip reactor).® These are small-volume
flow cells that are optimized for the continuous and consistent production of a
target compound.

Their volumes and channels can range from microliter to mesoliter scale and
are thus optimal for pharmaceutical and biomedical manufacturing. More
specifically, in a flow reactor, the components are pumped together in a mixing
junction and flow through a temperature-controlled unit where the reaction takes
place.® Compared to batch processing, continuous-flow systems offer several
advantages such as more efficient mixing schemes, rapid heat and mass transfer,
and increased safety.”® Moreover, a temperature range between —80 °C and 250
°C and a pressure range of 1-10 bar represent the conventional limits in traditional
synthetic chemistry.®*2 In flow mode, significantly higher temperatures (up to 500
°C) and pressures (100 bar) are possible, and alternative heating methods (such as
inductive, microwave, and flash heating) have been developed to attenuate the
sensitivity of molecules at severe reaction conditions. This permits the use of
solvents above their boiling points, at supercritical conditions. It also allows
process intensification, which leads to lower operation, maintenance, and capital

expenditures as well as increased modularity and minimized physical footprints.!3
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Flow chemistry represents one of the key enabling technologies that have brought
sustainability into drug discovery and drug manufacturing. Within the past ten
years, this technology has found applications in the whole pharmaceutical value
chain, from compound libraries in drug discovery** to chemical development and
drug delivery.®® One of the most exciting ways in which flow chemistry has
positively impacted drug discovery is through the exploitation of new and
previously unexplored chemical space. This includes chemical reactions that were
previously considered out-of-scope in organic synthesis laboratories due to safety
concerns (e.g., carbonylation or halogenation).”® In addition, flow chemistry has
simplified the scalability of scaffolds and building blocks and improved reaction
yields, significantly supporting medicinal chemistry programs during initial hit-
to-lead phases.’®2° At process scale, flow chemistry has enabled the rapid
synthesis of active pharmaceutical ingredients (APIs) by the integration of
multiple reaction and purification steps into one single cascade. The entire
synthesis of drugs could be automatized, and multicomponent reactions could be
performed by introducing reactants at any point in the flow path.2%?? More
recently, the possibility to synergistically combine reaction, purification (for
example, through a series of immobilized scavengers and crystallization units),
and formulation steps has assisted in the generation of integrated refrigerator-sized
platforms capable of producing hundreds of individual doses of APIs within 24
h.2 1t has been proposed that such compact chemical miniplants will provide
opportunities for the regional synthesis of pharmaceuticals and agrochemicals in
developing economies based on the needs and demands of each country, opening
unforeseen avenues for drastic changes in local commercial manufacturing.
Finally, due to the possibility to quickly implement in-line spectroscopic process
analytical technology (PAT) tools to monitor continuous campaigns, it has been
shown that chemical runs often exceed standard quality assurance specifications,
providing a proof that the technology is eminently suitable for the efficient
manufacturing of pharmaceutical products.?* It is not surprising that in February
2019, the US Food and Drug Administration (FDA) has released a new Good
Manufacturing Practice draft guideline,?® encouraging and fostering the use of

flow chemistry to modernize and accelerate manufacturing lines, reducing
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material handling, allowing better process control, and building quality-bydesign
(QbD) into the complete product life cycle. Finally, for clinical phase I, I, and 111,
the excellent mixing and heat transfer of microreactors have allowed the
production of kilogram-quantities of the material in a very straightforward
manner. Based on the multiple advantages above, pharmaceutical giants have
readily adopted this technology. GSK, for example, has invested over 95 million
USD to build two continuous manufacturing facilities in Singapore. The hypoxia-
inducible factor (HIF) prolyl-hydroxylase inhibitor daprodustat (GSK1278863)
will be the first drug to be manufactured under a continuous-flow regime.?® The
company has also an ambitious target of one third of its APl portfolio being
produced in flow regime within 2030.2” Eli Lilly was the first to synthetize
kilograms of a cancer drug candidate (prexasertib) under continuous-flow
conditions in 2017.%8 Later on, in 2019, the company was awarded for their small-
volume continuous facility located in Kinsale, Ireland.?® Companies such as
Syngenta, Novartis,®® Sanofi 332 AstraZeneca,® and Johnson & Johnson® are
also incorporating continuous manufacturing strategies at various stages.

There are, however, sectors other than pharmaceutical, which can benefit from
continuous manufacturing, and where the advantages of flow chemistry and
microreaction engineering have not yet deeply infiltered. Smart and functional
materials such as biomedical nanoparticles, electronic nanostructures, and
heterogeneous catalysts (even those used for pharmaceutical manufacturing) are
often prepared in batch mode, using deposition—precipitation, impregnation,
colloidal, or hydrothermal methods. This leads to broad particle size distributions,
which affect the possibility to discriminate the intrinsic material behavior due to
the lack of structural uniformity. The adoption of flow chemistry in the synthesis
of nanoparticles and catalysts allows a novel process control window.**2¢ Circular
chemistry is another sector which could benefit from the progress made in the flow
processing arena. For example, we envision the use of carbon dioxide and other
‘waste’ molecules as an alternative feedstock for chemical processes. From these
‘waste’ materials, useful products can be made under flow conditions, including
plastics and pharmaceutical building blocks. In this subfield, we can consider as

well the efforts of those developing continuous-flow processes that make use of
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bio-based starting materials.3"3 For example, the Australian Licella Pty Ltd has
devoted the equivalent of 75 million USD for the development of a circular
continuous-flow platform (Cat-HTR™) to convert non-food biomass residues into
biocrude 0il.>** The Norwegian Steeper Energy named their continuous
hydrothermal liquefaction plant as Hydrofaction™ and a project worth 59 million
USD was recently announced.**** A continuous pilot plant to convert municipal
waste into oil with a productivity of 700 kg per day has been announced by the
Italian oil-and-gas multinational ENI. The bio-oil can be obtained in a range of 3—
16% depending on its constituents.**“> Further to the hydrothermal liquefaction
process, commercial continuous pilot plants for pyrolysis can also be found.*¢4?
Most of these industrial studies are, however, still at the infancy stage.*®4° Bearing
this in mind, this review analyses the key achievements to date in adopting
continuous-flow technologies in new, key research areas, including circular
synthesis and material manufacturing, critically highlighting current challenges
and future directions. We devote a significant emphasis to demonstrate the
enhanced characteristics of products prepared under continuous-flow mode
(compared to standard batch technologies). Moreover, we discuss the novel
opportunities given by automation and 3D printing in translating traditional

methods into flow mode.

1.2. Continuous Synthesis for Circular Chemistry

A circular economy is a systemic approach to development designed to benefit
society, companies, and the environment. In contrast to the linear ‘take-make-
waste’ model, a circular economy aims at gradually decoupling growth from the
consumption of finite resources. Circular chemistry goes hand in hand with
circular economy, as it focuses on the sustainability and life cycle of chemical
processes. Similar to green chemistry, twelve principles have been coined to
define circular processes, and these are detailed in Table 1.1.5%°! It is immediate
that flow chemistry, as an enabling tool with unprecedented potential, can meet all
of the goals of circularity. For this reason, this section reviews recent literature
examples where continuous processes have been employed to recover chemicals,

convert ‘waste’ materials, and use ‘biobased’ reactants. Vanraes and co-workers
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Table 1.1. The 12 principles of circular chemistry.

Principle  Definition Application to flow chemistry

i Collect and use waste.  Develop continuous processes that employ ‘waste’
materials as reagents.

ii Maximize atom Recover precious compounds (i.e., C, N, Cl, I, Br,

circulation. transition metals) from the ‘waste’ and recycle
them.

iii Optimize resource Maximize use of raw materials in flow-mode,

efficiency. reducing costs.

iv Strive for energy Develop continuous processes with low energy

persistence. requests and use, if possible, renewable energy
sources.

Y Enhance process Enhance reaction yield by developing optimal

efficiency. reactor geometries.

Vi No out-of-plant Ensure no generation of toxic compounds after

toxicity. reaction. Minimize byproduct formation. Prepare
and use in-situ toxic compounds.

vii Target optimal design.  Optimize flow processes.

viii Assess sustainability. Design continuous processes in which the
reduction of pollutants, solvents, and energy
consumption leads to environmental and economic
benefits.

ix Apply ladder of Reuse reactor and reaction components which are

circularity. still in good condition and fulfils their original
functions, avoiding discharging.

X Sell services, not Support the process industry developing flow

products. chemistry roundtable and services to expand the
adoption of these technologies.

Xi Reject lock-in models.  Ensure machine integration and exploit systems
capable of standardization.

xii Unify industry and Exploit potential of integrating several concepts

provide coherent
policy framework.

together, for example preparing catalysts and
polymers for synthesis and manufacturing also in
continuous mode.

recently reported a new process for the removal of alachlor in water by non-
thermal plasma, making a comparison between the removal efficiency and reactor
performance for the recirculation method and single pass mode (referring to the
ozonation process).’> Oehlmann and co-workers studied the enzymatic
degradation of hormones and endocrine disrupting compounds (EDCs) in
wastewater using fungal-derived laccases.®® In their study, immobilized laccase
was stacked in a column and subjected to a continuous flow of wastewater. The

system was able to remove EDCs impurities with high leaching resistance and the
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activity and mechanical stability of the immobilized laccase was better compared
to the ‘free” enzyme. The exploitation of CO2 as a reactant is also important for
circular flow applications. Carbon dioxide may be used as C1 feedstock for both
organic synthesis and fuel engineering, resulting in several important products
such as CO, CHa, methanol, olefins, hydrocarbons, higher alcohols and others.>
CO2 hydrogenation is currently a major topic of research, with the aim of
generating syngas (CO/Hz) for organic synthesis or C2H4 for polymer and fuel
production.>® Ren et al. reported a selective electrochemical method for CO:
reduction to CO mediated by cobalt phthalocyanine in a flow electrolyzer,
achieving > 95% CO selectivity.>® Jeng and Jiao developed a single-pass CO:
conversion in a flow electrolyzer, composed of silver nanoparticles as cathode and
iridium oxide as anode. The authors attained a gas steam from the cathode
containing approximately 80% CO, 15% Hz and 5% unreacted COz2; the product
steam was then used as syngas for organic synthesis.>” Another example is the
upgrade of epoxides to carbonates in the presence of CO.. Bui et al. prepared a
novel mesoporous melamine formaldehyde resin as heterogeneous catalyst for
cyclic carbonate synthesis in flow regime. The authors obtained carbonates in
yields that varied from 76% to 100% at 120 °C and 13 bar, under solvent-free and
catalyst-free conditions. The flow method demonstrated as well excellent
recyclability and stability for more than 13 days of continuous run.>® The above-
mentioned examples highlight the practicality of taking advantage of waste
chemicals and converting them into new marketable products. Along these lines,
Browne and co-workers demonstrated the valorization of food waste by the
metathesis reaction of cocoa butter triglyceride under a flow regime.®® The
targeted compound, 1-decene, is a widely used intermediate in the manufacture of
surfactants. A tube-in-tube gas—liquid flow reactor was employed to deliver
ethylene for the ethenolysis reaction of triglycerides containing mainly the alkene
oleic acid. Yields up to 41% for 1-decene were reported. One of the major
drawbacks in carbohydrate chemistry is the formation of humins, an alternative
‘waste’ compound. These species are commonly formed during the acid-catalyzed
hydrolysis of C5-C6 sugars and result in a lower process efficiency. In a

pioneering contribution, Luque and co-workers demonstrated that humins could
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be valorized in flow mode by extraction of its components, such as 5-
methoxymethylfurfural (MMF).8° MMF was first obtained from humin by column
chromatography and was subsequently hydrogenated to produce tetrahydrofuran
derivatives in continuous mode using a packed-bed reactor containing 5% Ru/C
and 5% Pd/C as catalysts. Biomass research fits nicely with several principles of
circular chemistry. For example, biomass is an unlimited source of organic carbon
due to its renewable character (principle iii). Carbon dioxide released by its
combustion is balanced by the amount of CO2 consumed during biomass growth
(principles i and ii), meeting the United Nations Sustainability Goal of zero waste.
Thus, biomass conversion can play a central role in the development of a circular
flow platform. From a chemical perspective, lignocellulosic biomass is a
polymeric material mostly composed of three primary units: (i) cellulose (a
crystalline polymer made up of glucose units; (ii) hemicelluloses (amorphous
polysaccharides composed of C5 and C6 units); and (iii) lignin (a three-
dimensional polymer made up of coumaryl, coniferyl, and synapyl alcohols).
From these compounds, a series of valuable chemicals can be obtained by
physical, chemical, or biological transformations.®52 While biomass can be
directly converted into a mixture of pyrolysis oil or syngas through high-
temperature, unselective thermochemical processes, their components (i.e., lignin,
cellulose/hemicellulose, proteins, and salts) can be separated only via physical,
chemical, and biological treatment. Physical delignification produces aromatic
compounds from lignin, hydrolysis converts cellulose/hemicellulose into C5-C6
sugars, and protease enzymes degrade proteins into amino acids. Finally, the
obtained aromatic rings, C5-C6 sugars, and amino acids can be chemically or
biologically transformed into a diversity of chemicals.%% In this perspective,
syngas was used by Kappe and coworkers for the synthesis of aryl aldehydes by
formylation of C6 sugars under a flow regime.®® The process was run in a gas—
liquid segmented flow regime and 17 examples were demonstrated using
(hetero)aryl bromides as starting materials. The optimized condition required 1
mol% PdClz, CO/H2 in a ratio of 1:3, a reaction temperature of 120 °C, and a
residence time of 45 min. One of our groups recently demonstrated the synthesis

of monomers from biomass derivatives under a flow regime.”® Using terpenes as
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staring materials, a small library of saturated and unsaturated monomers was
produced in excellent yields (up to 96% for two steps). The process was composed
of two steps and started with a Diels—Alder reaction followed by catalytic
hydrogenation using a tube-in-tube reactor in a recycling system. Scale up was
also demonstrated and, using a-terpinene as starting material, 10.6 g of terpene
were prepared over 3 h (3.53 g h™?) in the first step and 10.15 g over 16 h (0.634
g h™) in the second step. Many other strategies have been developed in flow for
the synthesis of fine chemicals from biomass or its derivatives.”* For example,
lactic acid can be converted into a series of compounds including 2,3-
pentanedione, propanoic acid, lactamide, and acrylic acid. Glycerol can be
transformed into glycolic acid, nitroglycerine, dihydroxyacetone, acetol, propene,
and epichlorohydrin. Glucose into gluconic acid, 5-HMF, and sorbitol. Furfural
into N-heterocycles. Several other bio-based starting materials can be precisely
converted into valuable chemicals.”>7® Several organic transformations can be
mediated as well by biotechnological tools, such as biocatalysts. Biocatalysis is
considered a green technology for organic synthesis due to its high activity and
selectivity under mild conditions.””~® For this reason, flow biocatalysis has been
growing as a trend over the years and, probably, flow chemistry will help in the
wider adoption of biocatalysis by the synthetic organic chemistry community. The
implementation of enzymes and/or whole cells in flow regimes relies on their
immobilization, regardless of whether the method to do so is based on physical
adsorption or chemical binding.* Weiser et al. reported an advanced sol-gel
system for the immobilization of lipases, the most used enzyme in organic
synthesis due to its ability to catalyze a wide range of reactions, such as
esterification, transesterification, hydrolysis, aminolysis, and polymerization.?
Remarkably, using just 1 g of native Candida antarctica lipase entrapped on a
silica-based resin, 2.2 kg of product in the alcohol kinetic resolution with high
enantiomeric purity (99.4% ee) and 3.3 kg of product in the amine kinetic
resolution, also with high enantiomeric purity (99.8% ee), were successfully
obtained. Similarly, Britton and co-workers reported a vortex fluid device to drive
formation of thin films that can be applied in multi-step transformations, such as

biocatalysis and protein purification, in a single reactor.® The authors used a fused
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histidine tag for purification through complexation with an immobilized metal
affinity chromatography bed. Firstly, the reactor was eluted with Ni?* to charge
the resin. Next, the protein solution entered the flow system for purification. After
that, residual Ni?* was washed out with a phosphate-buffered saline solution. The
reactor was eluted with imidazole for protein recovery or used directly for the
biocatalytic transformation. To demonstrate the ability of multi-step biocatalysis,
the authors reported a two-step production of p-nitrophenoxide from bis(p-
nitrophenol)phosphate mediated by phosphodiesterase and alkaline phosphatase.
The reactor division into stripes allows rapid substrate transformation with less
product inhibition due to the proximity of the different sections. Cofactors play an
important role in enzymatic bioreactions; however, the recycling of cofactors is
often a drawback, making bioredox reactions difficult for industrial operation.
Velasco-Lozano et al. developed a methodology for cofactor and enzyme
immobilization for a self-sufficient heterogeneous biocatalysis.2* The main
enzyme was immobilized on agarose microbeads activated with aldehydes
followed by polyethyleneimine (PEI) coating (step 1). The recycled enzyme was
co-immobilized by ionic adsorption on PEI and cross-linked with 1,4-butanediol
diglycidyl ether for irreversible attachment (step 2); the cofactor was then
adsorbed to the cationic bed (step 3). Under an optimal asymmetric reduction flow
rate (50 uL min?), the reactor worked for 92 h with a ketone conversion higher
than 90% and the corresponding alcohol was obtained with high enantiomeric
excess (>99% ee) without lixiviation of the cofactors. The examples prove that by
carrying out enzymatic reaction on a fixed-bed system, several advantages are
possible, including avoidance of toxic and rare/abundant transition metal catalysts
and easier separation of the reagents/products from the biocatalyst. However, there
are also some unsolved challenges. For example, the enzyme often loses
considerable activity after immobilization. Complications with enzyme leaching
and denaturation in organic solvents also pose some limitations in some
transformations. Another challenge is their specificity, making them unsuitable for
broad substrate scope screenings. Despite these challenges, flow biocatalytic
methods will continue to play an important role in increasing process efficiency

and reducing carbon dioxide emissions into the environment, and we expect that
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these tools will be complementary to more traditional synthetic methods to recover
materials from water and valorize CO2 and waste chemicals in order to obtain

value-added compounds for a fully circular economy.

1.3. Lessons Learned

Now that we enter into a new decade of research needs, new (old) technical
challenges might come back: how to we translate batch methods into flow mode
to meet the standards of circular chemistry? How do we perform nanomaterial
manufacturing avoiding channel blockage? Is there a general method to select
optimal reactor and pumping systems? To address these questions, it is important
to review what a decade of flow chemistry research has taught us. Hence, this
section summarizes the key lessons and main technological solutions to the

different problems encountered over the years.

The importance of kinetics. Understanding the kinetics of a reaction (this
being the circular synthesis of chemicals, a polymerization step, or the
manufacture of NPs) is critical for the determination of the reaction mechanism
and for the subsequent optimization process. Based on kinetics, reactions that
would benefit from continuous conditions can be classified into three categories:
flash reactions (where the kinetics is in the order of a few fractions of seconds),
fast reactions (where the Kkinetics requires between 1 and 15 min), and slow
reactions (taking longer than 15 min but suffering from dangerous conditions).
Within the first group (flash reactions), we have learned that we can carry out
ultrafast methods with reaction time of less than one minute due to the possibility
of controlling in a very precise manner the reaction time. Such reactions are
typically difficult (or even impossible) to conduct in batch mode. For example,
Vilé and coworkers reported a continuous-flow synthesis of 2-methylproline and
derivative using a substituted D-alaninate as a starting material and LIHMDS as a
base.®® Both reagents were pumped at a flow rate of 1 mL min~tinto a cryogenic
unit kept at —10 °C, with a total residence time of 30 s. Luisi and Nagaki provided

another proof of flash technology and, by control of the residence time in a
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microflow reactor, they generated reactive intermediates and quickly used them
before their natural decomposition.®® Fluoroiodomethane, in this case, reacted with
MeLi in the first mixer, generating fluoromethyllithium, whose lifetime is
typically within the order of a few milliseconds. This highly unstable intermediate
reacted with an electrophile in a setup featuring a total residence time of 13
milliseconds and very low temperature (—60 °C). Finally, Takeda Pharmaceuticals
developed a process for the synthesis of TAK-117, a selective PI3Ka isoform
inhibitor.®” In this case, both the lithiation and the borylation are ultra-fast steps
and were conducted in microreactors with a yield of more than 85%. Within the
second group, we have rapid reactions whose residence time is between 1 and 15
min. Here, flow chemistry can be applied due to the better control of the mass and
heat transfer. In this regard, we want to highlight the example from Mitsuda and
co-workers, who developed a continuous-flow synthesis protocol for a N-carboxy
anhydride, a key intermediate for the synthesis of the antihypertensive drug
imidapril, using phosgene as a building block, with a residence time T = 3 min.%
This procedure not only allows an optimal reaction yield but also prevents safety
issues bound to phosgene toxicity. Continuous-flow approaches could also be
useful to carry out slow or very slow reactions, with T >15 min, when the reaction
involves hazardous reagents or dangerous gases (e.g., Hz, CO, phosgene, etc.).
These gases could be safely prepared and consumed in situ under flow conditions.
Examples of transformative flow applications of hazardous reactions include high-
pressure hydrogenations,®-° fluorinations,3% carbonylations,®® syntheses of

unstable azides® and their exploitation in heterocycle synthesis.*®

The importance of pressure. Differently from batch reactors, flow systems
can be easily pressurized, working at supercritical solvent conditions. This is
possible using a back-pressure regulator typically applied near the exit of the
stream. In 2016, Monteiro et al. developed a continuous-flow synthesis of the
hydantoin scaffold, whose major challenge was the solubility of the starting
materials and the formation of explosive gaseous bubbles as a result of reagent
evaporation.®® These issues were solved in flow mode by using back-pressure
regulators of 20 bar total pressure to avoid evaporation and keep the reagents in

solution.

32



Introduction

The importance of ‘solution—diffusion’. Reactions involving heterogeneous
gas—liquid mixtures (such as those employing ‘waste” CO2 as a reactant) could be
conveniently carried out in tube-in-tube reactors. These peculiar reactors are made
of two tubular channels, one inside the other, separated by a polymeric membrane.
Common membrane polymers are cellulose triacetate, polyisoprene,
polycarbonate, polystyrene, polysulfone, and polytetrafluoroethylene (Teflon). In
tube-in-tube reactors, the gas phase can thus flow in the external tube
(conventional tube-in-tube configuration, Figure 1.2 a) or in the gas-permeable
internal tube (reverse tube-in-tube reactors, Fig. 1.2 b).°”°° In both cases, the
working principle of these membranes is called ‘solution—diffusion’, since the
solute (the gas) dissolves in the polymer (solution) and moves then through the
polymer chain gaps (diffusion). Kappe and co-workers used a tube-in-tube reactor
for the generation, separation, and usage of anhydrous diazomethane in a
continuous-flow process.'® The gaseous diazomethane was generated in the inner
gas-permeable tube, permeated outside through the membrane, and reacted with
the other substrates in the liquid phase. Similarly, O'Brien, Ley, and Polyzos
developed a continuous-flow process for the CO-mediated methoxycarbonylation
reactions, using a tube-in-tube reactor with Teflon AF-2400 tubing.®* The utility
of this reactor configuration was proven by the possibility to safely handle
hazardous gases like CO, making it an ideal carbonyl source in C-C bond

formation reactions.

The importance of mixing. Many important reactions within the field of
circular chemistry and material manufacturing are affected by mixing. Typically,
the fluid dynamics in microreactors is laminar, with a Reynolds number of less
than 2300; hence, mixing occurs by diffusion. In the case of biphasic reactions,
when the reagents are immiscible liquids or we have a suspension, mixing can be
improved, creating local turbulent conditions using micromixers. Static
micromixing structures increase mass transfer, allowing turbulent flow conditions.
Multilamination of streams in a channel with corrugated walls increases the
contact surface of lamellar streams and leads to fast mixing. There are a lot of
configurations for static micromixing structures, like tangential, SZ shaped, and

caterpillar (Figure 1.3). Reactors with static mixers can also be 3D-printed with
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the possibility to obtain intricate details in mm-sized channels. Blacker and Jolley
reported a continuous-flow synthesis of N-chloro-N,N-dialkylamine solutions in
a nylon—PTFE tubular reactor, presenting static mixers that improved phase
transfer between biphasic solutions.!%? Both organic and aqueous phases were

pumped simultaneously with equal flow rates into a T-mixer, forming a well-
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Figure 1.3. Details and 3D-models of conventional static micromixing
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mixed emulsion as long as solutions flow into the static mixers and rapidly
separate shortly after emerging from the mixing region. Such configurations could

find useful applications in polymerizations.

The importance of selecting the right pump. The assembly of a flow process
for a specific reaction is strongly affected by the choice of the pumping system,
which provides a continuous stream of reagents and avoids clogging of the system.

The choice of the pump depends not only on the operating pressure, temperature,

34



Introduction

and flow rates but also on the volumes that must be injected and the features of the
substances that must be pumped (i.e., viscosity and chemical compatibility among
others). There are several types of pumps, and these are typically classified into
three macrogroups: reciprocating pumps, rotary-type pumps, and pneumatic
pumps. Among reciprocating pumps, there are piston (syringe) pumps that have
been widely used in the past and are still used in more than 90% of all chemical
processes. They consist of a small chamber in which substances are pumped by
the back/forth motion of a motor-driven piston made of inert material like ceramics
or stainless steel. These types of pumps can operate at high output pressures (up
to 10 000 psi) and ensure constant flow rates, but they are not suitable for
emulsions and slurries. Among the rotary types, we have peristaltic pumps. These
units are suitable for a broad range of fluids, including viscous materials that
cannot be pumped by common pumps; they also enable contamination-free fluid
transfer. Peristaltic pumps are positive displacement pumps in which the fluid
passes through a flexible tube fitted inside a circular cavity. In this chamber, rollers
rotated by suitable motors push the fluids through the tube by physically
compressing it. Differently from every other system, these pumps can be used for
slurries, but the common issues are pulsations and limitations with reaching flow
rates over 10 mL min~1.1% Pneumatic pumps, which use compressed air to create
force that is used to move fluids through a piping system, are not often used to

process fluids in flow microreactors.

The importance of novel process windows. The use of flow technologies has
provided a platform for the resurgence of interest in photochemistry and
electrochemistry due to a more efficient energy transfer within the narrow reaction
channels.%41% This is allowed by the easy modularity and the possibility to obtain
customized reactors for every kind of reaction, solving the low homogeneity of
reaction conditions, and opening up a whole range of novel and scalable
transformations for the bench chemist. Examples include, among others,
cycloadditions, C—C couplings and alkylations via photoredox catalysis in flow
regime, and the electrochemically driven formation of sulfonyl fluorides,
sulfoxides, and sulfones.105106.110-112 \we expect that in the near future such

methods can also be implemented to recover waste chemicals (such as H2S) and
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obtain polymers and new nanocatalysts via photochemical and electrochemical

routes.

1.4. Current Challenges in Continuous-Flow Chemistry

Despite all the above-mentioned advantages resulting from the use of flow
technology, there are still some limitations that restrict its widespread industrial
utilization, mostly related to the processes scale-up and lack of availability of flow
equipment. Firstly, the introduction of new methodologies in manufacturing plants
has always been difficult, due to the batch mind set, still tied to the conventional
established batch protocols. Despite this attitude, the use of flow technology has
been strongly supported by several international agencies (like the United States
Food and Drug Administration and the European Medicines Agencies), as well as
from the evident economic benefits. Life cycle assessment (LCA)® studies
conducted by comparing batch and flow conditions for the same process show that,
besides the traditional advantages deriving from the transition to a flow protocol,
the implementation of this new methodology can positively affect the throughput
of a single process, e.g. by increasing the catalyst recyclability or by reducing the
required amount of the same.!**1" Also, in some multistep synthesis, the no
longer needed intermediate isolation resulting from the increased selectivity for
the target products, prevent time and solvent consuming purifications, as well as
the storage of large amount of toxic or hazardous intermediates, with consequent
benefits in terms of safety, sustainability, and costs.!8

The expensive commercial flow equipment forced chemists and chemical
engineers all over the world to fabricate their own chip homemade set ups, with
tailored features for each process, leading to a lack in availability of commercial
devices for specific applications.!'®* 2! Among these applications, it’s worth to cite
the scale up under flow conditions, particularly in photocatalytic processes, in
which the reactor parameters need to ensure equal flow distribution, mixing
efficiency, and uniform light penetration.'?? The failure to improve commercially
available devices for a largest number of applications limits the integration of flow
technology with several other chemical fields, such as heterogeneous catalysis,

whose benefits are well-established in the entire scientific community.123124
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Besides the use of static micromixing structures, already discussed in the previous
paragraph, the main strategies rely on the increase of channels diameter!? and the
use of continuous stirred-tank reactors (CSTRs),*26-128 that negatively affect heat
and photon transfer. A different innovative approach consists in fixing the catalyst
on a surface, as for packed-bed configurations,'?>1% coated microchannels,?1131
and structured reactors.*321% Beyond the classical drawbacks, such as scalability,
(homemade) reactor assembly, and efficient catalyst use, the main advantages of
this approach are the increased heat transfer, the optimal light distribution, and the
easy catalyst recovery and recyclability, leading to an improvement of the process
sustainability.

Finally, the flow integration of all the downstream operations is still a crucial
challenge to be faced. Some examples of sequential flow work up steps have been
reported, in which the potential decrease of required time and optimal product
recovery have been demonstrated.'®*'% Nevertheless, the incorporation of these
purification units in manufacturing plants is still not widespread, due to the limited

number of investigations conducted so far.

1.5. Aim of the Thesis

The general goal of this work is to address these challenges and develop new
methods for the flow synthesis of organic scaffolds. The integration of continuous-
flow chemistry with several other techniques, namely photocatalysis,
nanostructured reactor design, and downstream purification has expanded the
scope of this thesis, paving the way for more efficient applications in thermo- and

light-driven chemical processes under flow conditions.

1.6. Outline of the Thesis

The scientific results of this thesis are presented in six scientific chapters
(Chapters 2-7), followed by the Conclusions and Outlook (Chapter 8).

The thesis starts with the investigation of multistep non-catalytic processes,
with the goal of identifying a general strategy for the development of efficient flow
conditions. The key role of continuous-flow technologies to affect the kinetics of

a reaction and make synthetic protocols ultrarapid and more efficient was
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demonstrated in Chapter 2, where a rapid flow process for the on-demand
synthesis of azetidinium salts is described. These compounds are important motifs
in organic synthesis but are difficult to obtain in large scale due to extremely long
synthetic protocols. A systematic comparison between batch and flow conditions
enabled us to verify that the use of a flow reactor leads to a better control of mass
and heat transfer during reaction.

A similar approach was used in Chapter 3, in which the telescoped and gram-
scale flow synthesis of gycidol is presented. The study was then extended to
producing further functionalized derivatives, with potential applications in the
field of medicinal chemistry and polymer science. This work highlights once again
the potentiality of continuous-flow chemistry to revolutionize organic synthesis.

Since the integration of continuous-flow technology with heterogeneous
photocatalysis has emerged as one of the most promising strategies to develop
sustainable processes, the next part of this thesis focuses on the design of visible
light-driven catalytic processes. A rapid and simplified continuous-flow method
for the trifluoromethylation of a variety of functionalized heteroaromatics, which
have numerous applications in the pharmaceutical and fine chemical industries, is
presented (Chapter 4). In this chapter, the role of carbon nitride nanostructuring
on the catalytic performance was elucidated, unlocking the interplay between
physicochemical features of photocatalysts used in this process and the
corresponding effects on the reaction, and using it to design a continuous-flow
process that maximizes catalyst—light interaction, facilitates catalyst reusability,
and enables intensified reaction scale-up.

Chapter 5 reports the outstanding performance of an innovative catalytic
formulation, known as “single-atom catalysts”, with a superior metal utilization
compared to conventional metal-based catalysis. In this study, the effectiveness of
an Ag-based single-atom catalyst in promoting the direct photocatalytic oxidation
to benzoic acids, using visible light and in the absence of ligands or organic
additives, was shown. The results demonstrate promising potential for the
continuous-flow synthesis of the target benzaldehyde, which is also a building
block for biomass valorization.

In the search for less conventional reactor design, Chapter 6 discusses the
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design and preparation of a new class of solid polymeric material, by combining
structured carbon nitride with a polymeric material. The fabricated catalytic
material has been extensively characterized with physico-chemical methods to
obtain important information on its structure and properties and has shown
outstanding performance towards several flow photocatalytic processes.

Chapter 7 extends the acquired knowledge to the integration of flow chemistry
with in line chromatography. It involves the integration of sequential
microreactors with a twin-column counter-current chromatography system that
utilizes commonly employed C18 columns. The loading technique employed in
the columns ensures that the product, after saturating the first column, is
subsequently introduced into the second column. Thus, this strategy prevents the
wastage of valuable materials and mitigates the technical complexity typicallt
associated with the usage of a larger columns number. The system was employed
to synthesize biphenyl via Suzuki—Miyaura reaction and was also demonstrated
for other structurally-different compounds. An improved approach for
applications in the end-to-end preparation of pharmaceutically relevant small
molecules was finally reported.

Chapter 8 summarizes the key results of the research introduced though the
thesis, elaborates on the strategies for the design of optimized flow protocols

integrated with several technology, and identifies the lessons for future works.

Each chapter of this thesis was written based on one or more separate publications
and can be read independently. Accordingly, some overlap between the chapter

introductions may occur.
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Chapter

Gram-Scale Domino Synthesis In
Batch and Flow Mode of
Azetidinium Salts

Sivo, A.; Ruta, V.; Vile, G. J. Org. Chem. 2021, 86 (20), 14113-14120.

2.1. Introduction

Fragment-based drug design is becoming a paradigm for pharmaceutical
synthesis.®*” However, the lack of molecular rigidity intrinsic to a majority of
small molecules appears to be critical for the implementation of this approach.
One of the most popular ways to limit molecular conformational flexibility relies
on the introduction of saturated three- or four-membered nitrogen heterocycles. In
this context, azetidinium salts are widely known for their versatility and peculiar
reactivity: because of the ring strain, they are commonly used for alkylation via
ring opening reactions with C, N, S, and O nucleophiles, and are also employed in
the generation of substituted pyrrolidines via ring expansion reaction.**®14° The

usefulness of azetidinium salts has been proven in several fields, from
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pharmaceutical synthesis to polymer branching.'*! In particular, they have been
employed in the synthesis of 3-aryloxy-3-aryl-1-propanamines, key intermediates
to make selective serotonin reuptake inhibitors such as fluoxetine.*? Several
studies have examined the development of synthetic protocols for the production
of azetidiniums, following principally three pathways: the first via amide
formation and subsequent reduction forming an amine that undergoes a ring-
closing rearrangement,**® the second via a ring-closure reaction to give the
azetidine, which is then treated with methylating agents (MeOTf,**! LiHDMS, or
CH3I) to give the corresponding azetidinium salt,}* and the last via epoxide
aminolysis using secondary amines.®*® In particular, epoxide aminolysis has been
extensively studied and various conditions have been developed, including those
based on microwave- and ultrasound-assisted methods, on the use of lanthanide or
aluminum triflates and Lewis acids reagents, and on solid acid supports.14>-1°1
Among epoxides, epichlorohydrin presents a chlorine atom as a substituent of the
epoxy motif and is an essential building block for pharmaceutical and fine
chemical synthesis, due to its peculiar reactivity toward nucleophiles. The
possibility of easily obtaining from it B-aminoalcohols as key intermediates for -
blockers, like atenolol and propranolol, is one of the most attractive applications
of this compound, which today is used also in polymer synthesis to prepare
cellulose-based materials.'>>1>* The principal issues for all of these synthetical
pathways are the need for harsh conditions (cryogenic and/or reflux), hazardous
reagents as starting materials (i.e., SOCl2 or DIBAL-H), long and expensive
purifications, and potential exothermic steps. In this direction, it is well established
that continuous-flow chemistry, in which common batch reactors are replaced by
microreactors with tailored geometry, materials, and dimensions, enables better
control of the reaction parameters and driving forces, such as temperature,
pressure, heat, and mass transfer.2%1%51%8 |n the case of the highly exothermic
epichlorohydrin aminolysis, the better control of temperature operated by
microreactors allows one to carry out the reaction in a safer way, with important
consequences for the reaction yield. Finally, the use of a flow reactor meets the
need for a safer, environmentally sustainable, and circular chemistry.

By exploiting this technology, we have developed a flow route to synthesize
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azetidinium salts, elucidating the kinetics of the reaction and optimizing the
process to understand the reaction mechanism and the effect of solvation and
temperature.!®® We have also compared batch and flow data under optimized
conditions to study the effect of the reactor geometry on the kinetics of the process.
Finally, we have tested the flexibility of the protocol using different amines, from
primary to secondary, evaluating the generality of the method with reactants
having steric and electronic substitutions. Overall, the route presented herein is
facile and rapid, and enables the synthesis of azetidiniums in gram quantities,
making it possible to further explore the chemical space around them for
pharmaceutical and fine chemical applications.

2.2. Experimental

Characterizations. Various amines and epichlorohydrin were purchased from
Sigma-Aldrich. *H and *C NMR spectra were recorded on a Bruker 400 MHz
spectrometer. *H and *C NMR chemical shifts are reported in parts per million

downfield from tetramethylsilane in the Appendix A.

Batch Synthesis of 3-Hydroxyazetidinium Chloride. Epichlorohydrin (1
equiv, 28 mmol, 2.6 g, 2.8 M) was added dropwise to a stirred solution of amine
(1 equiv, 28 mmol) in the appropriate solvent (5 mL), shown in Table 2.1, stirring
at the desired temperature for 1 h. The crude mixture obtained was concentrated
under vacuum and analyzed by NMR, using dibromomethane as an internal

standard. No further purification was needed.

Continuous-Flow Synthesis of 3-Hydroxyazetidinium Chloride. A solution
of epichlorohydrin (2.8 M in EtOH, flow rate of 0.5 mL min™') and a solution of
amine (2.8 M in EtOH, flow rate of 0.5 mL min~1) were introduced into the reactor
by HPLC pumps, with a residence time of 60 min. The crude mixture obtained is
concentrated under vacuum and analyzed by NMR, using dibromomethane as the
internal standard. No further purification is needed.

Continuous-flow reactions were conducted in a UNIQSIS FlowLab unit,
consisting of two HPLC pumps, a stainless-steel T-mixer, a HotCoil heater reactor

station, and a back-pressure valve regulator of 10 bar. All of the reactions were
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carried out in a 60 mL stainless steel coil reactor, with an internal diameter of 1

mm.

Kinetic Study. Epichlorohydrin (1 equiv, 28 mmol, 2.6 g, 2.8 M) was added
dropwise to a stirred solution of diethylamine (1 equiv, 28 mmol, 2 g) in D20 (5
mL), stirring at 25 °C for 48 h. Aliquots of the reaction mixture were withdrawn
at the indicated time and immediately analyzed by *H NMR, using MeCN as the

internal standard.

Reactor Modeling. The reactor simulation was performed using the COMSOL
Multiphysics (version 6.3) suite, employing the Chemical Reaction Engineering,
the Heat Transfer modules, and the physics-based meshing algorithm with a
triangular mesh element size set to extremely fine to discretize the reactor. The
Kinetic parameters were determined by interpolating the experimental batch and
flow data. A sinusoidal tube was constructed in lieu of a coil to reduce the
computational complexity, given that the effects of the curvature of the coil on
velocity, concentration, and temperature are minimal. The equations were solved
numerically using Newton’s method, and convergence was ensured by achieving

an absolute error estimate of <5 x 10,

2.3. Results and Discussion

Batch Optimization. We have initiated the work by conducting preliminary
tests in batch mode, carrying out the aminolysis of epichlorohydrin using
diethylamine, at room temperature, for 48 h in water. After dropwise addition of
epichlorohydrin 1 to a stirred solution of diethylamine, the obtained 1-chloro-N,N-
(diethylamino)propan-2-ol  intermediate 2 spontaneously undergoes an
intramolecular cyclization via bimolecular nucleophilic substitution (SN2) at C1,
giving the corresponding N,N-(diethyl)-3-hydroxyazetidinium salt 3 in 75% yield.
The formation and subsequent disappearance of the intermediate have been
elucidated by 'H NMR analysis, through the determination of the intensity of the
characteristic peaks assigned to this product (dd, 6 3.64-3.70). This approach was

the only one that could monitor the reaction, because the degree of conversion of
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the two reactants could not be calculated given that both epichlorohydrin and
diethylamine are volatile species and evaporate during concentration of the
samples. The effects of the solvent (acetonitrile, hexane, ethanol, and water) and
temperature (25, 60, and 80 °C in H20) are listed in Table 2.1. In particular, the
yield of 3 increases with temperature from 2% at 25 °C to 51% at 80 °C in EtOH.
The effect demonstrates that higher temperatures are needed to activate the
nucleophilic addition and the subsequent intramolecular N-cyclization. The
solvent can also make a major contribution to the reactivity. In fact, at 60 °C and
60 min, the reaction in EtOH gives a 30% yield and the reaction in H20 gives an
71% yield. However, at 60 °C and 60 min, the reaction in acetonitrile gives a 11%

yield and the reaction in hexane gives an 19% yield. These results confirm that,

Table 2.1. Solvent and temperature screening for azetidinium synthesis under

batch conditions?

Entry solvent T (°C) t (min) yield® (%)
1 MeCN 60 60 11
2 hexane 60 60 19
3 EtOH 25 60 2
4 EtOH 60 60 30
5 EtOH 80 60 51
6 H,0 25 5 3
7 H,0 25 30 7
8 H.0 25 60 11
9 H.0 60 5 42
10 H,0 60 30 55
11 H,0 60 60 71
12 H,0 80 5 69
13 H.0 80 30 78
14 H,0 80 60 84

aConditions: 28 mmol of epichlorohydrin, 28 mmol of diethylamine, and 5 mL of solvent.

®Determined by NMR, using dibromomethane as the internal standard.
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differently from the classical solvent effect on SN2 reactions, polar protic solvents
are the most appropriate choice for the synthesis of azetidinium salts. This can be
justified considering the increased level of activation of the epichlorohydrin and
stabilization of the obtained aminolysis intermediate, involving pseudocyclic
structures that are more stable in polar solvents.'®® Finally, longer reaction times
are also beneficial for the reaction. On the basis of these results, it was possible to
identify H20 and EtOH as the best solvents and high temperature as a driving force
for the reaction, which provided 3 in 83% and 51% overall yields, respectively, at
80 °C in 60 min. Both solvents have peculiar advantages. If water enhances the
reaction yield, ethanol provides a better solubilization of the reactants, effectively

improving mass transfer and being easier to remove from the reaction mixture.

Development of a Continuous-Flow Process. After this preliminary batch
optimization, we have considered developing a flow route for the reaction. The
choice of a flow reactor is justified on the basis of two main aspects: (i) safety

concerns due to the reaction exothermicity (in the batch protocol, epichlorohydrin
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Figure 2.1. Flow setup for azetidinium synthesis under continuous-flow
conditions (a). Temperature screening under continuous-flow conditions and
comparison with batch data (b and c).
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had to be added dropwise at 0 °C), addressed by the better containment upon
operating microreactors as closed systems, and (ii) a more appropriate control of
the reaction parameters, particularly heat transfer effects, due to the reactor
geometry (Figure 2.1 a). For this reason, we have used a commercial UNIQSIS
continuous-flow automated platform featuring two HPLC pumps that inject
reagent solutions into the flow setup. After passing a T-mixer, reagents flow in a
stainless-steel coil reactor (with an internal volume of 60 mL) under strictly
controlled temperature and pressure conditions regulated by a heating module and
a back-pressure regulator valve (10 bar), respectively. This intrinsic automation of
the setup simplifies the synthetic protocol, avoiding the tedious and potentially
harmful dropwise addition of epichlorohydrin to the amine-stirred solution. To
investigate the reaction performance under flow conditions, we have decided to
study the effect of temperature on the synthesis of 3, evaluating the reaction in
water and EtOH as solvents, and keeping 60 min as the residence time. Preliminary
tests conducted in water led in all cases to the clogging of the reactor, mainly
because of the low solubility of epichlorohydrin in water. To avoid these issues,
EtOH was chosen as a solvent. This has enabled us to obtain comparative data
between the batch and flow process, showing the increased yields under flow
conditions (Figure 2.1 b). The enhancement of the reaction rate is corroborated by
the vis-a-vis comparison of batch and flow data in Appendix A (Table A.2.1) and
by the values of the activation energy determined by the Arrhenius analysis under
Kinetic conditions. In fact, the reaction under batch conditions requires an
activation energy of 49 kJ mol2, while the same reaction under flow mode needs

only 4 kJ mol™ (Figure 2.1 c).

Substrate Scope and Scale-up Analysis. Finally, the influence of the
reactivity of secondary amines with respect to azetidinium formation has been
evaluated using different substrates (Figure 2.2 a). Aliphatic amines appear to be
more suitable for azetidinium formation, due to the increased electron availability
on the N atom given by the inductive effect of substituents. Product formation with
noncyclic amines, like diethylamine 4 and dibutylamine 5 (66% and 29% yields,
respectively), is particularly favoured, due to the absence of negative inductive

effects. Moreover, steric hindrance does not appear to be prominent with alkylic
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amines, as shown by product 6 (66%). Also, the ring strain of the amine appears
to be a critical factor in the reactivity of the system. More constrained amines, like
pyrrolidine, are suitable for the formation of the azetidinium 7, observed in 49%
yield, but unfavored if compared to azetidinium 8, observed in a 75% yield. This
kind of reactivity is probably due to the formation of an azaspirocyclic motif
positively charged on the N atom, whose instability is a function of ring strain.
Even if morpholine is a non-constrained cyclic amine, the low yield of 9 (28%)
highlights a correlation between the basicity of amines and their reactivity: in fact,
amines that furnished products from 4 to 8 have a pKa of ~11, whereas morpholine
is slightly more acidic (pKa ~ 8). This trend can also be observed in 10-12, where
reactivity is heavily influenced by electronic factors. A negative inductive effect
is prominent in the aminolysis mediated by diphenylamine, in which product 10 is
not observed (0%); this effect is less accentuated with N-methylaniline, in which
the positive inductive effect of the alkylic substituent is balanced by the negative

one of the phenyl moiety, leading to the formation of open chain intermediate 11
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Figure 2.2. Continuous-flow screening of substrates (a and b). CFD simulation
for the continuous-flow synthesis of azetidinium salt from epichlorohydrin with
diethylamine, showing the laminar flow rate and good fitting between the
modeling and the experimental data (c). 2As discussed in the text, the aminolysis
is affected by the steric hindrance and negative inductive effect of diphenylamine,
resulting in the absence of product formation. PThe reaction stops at the formation

of the open chain intermediate.
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(55% yield). Also using sterically hindered amines, but with favourable electronic
effects and appropriate basicity, the formation of the azetidinium product is
inhibited, stopping the reaction at the formation of intermediate 12 (51% vyield). It
has to be remarked that all of the yields reported in Figure 2.2 b refer to the
compounds after flow synthesis and concentration in vacuum. In the case of
incomplete conversion, the unconverted epichlorohydrin and the amine evaporate
during concentration, leading to a clean product. To study the scalability of our
process, all of the reactions have been carried out from 1 to 4 g scale; thus, all
yields presented in this work can be considered as those for a scale-up process.
This points to the efficiency of the method, which can generate azetidiniums
quickly, in large amounts, and in very high purity: in fact, in all cases, only the
product remains in the crude after rotatory evaporation, pointing to the high
selectivity of the route. We have developed a computational fluid dynamic (CFD)
model to describe this effect, as well as the fluid patterns and interfacial mass
transfer in our flow reactor (Figure 2.2 ¢). The CFD simulation is in good
guantitative agreement with the experiments, showing an ~70% vyield of 3 at the
outlet of the reactor, in line with the experimentally observed 66% yield. The
model indicates that the dominant transport mechanism is a laminar flow pattern,

in line with previous literature data.’

Mechanistic and Kinetic Studies. We have finally conducted kinetic studies,
carrying out the reaction in deuterium oxide as the solvent. This is possible by
withdrawing and immediately analyzing the solution at 25 °C. Monitoring the
reaction in time, we have observed an increase in the level of product formation,
which is initially slower, due to intermediate formation, whose rearrangement to
the product makes the azetidinium formation more visible at longer reaction times
(Figures 2.3 a). In particular, product selectivity data confirm this hypothesis, as
this parameter also decreases with time at higher temperatures; this trend can be
justified considering polymerization side reactions. The high conversion data
obtained from the beginning of the reaction at all temperatures demonstrate the
high reaction rate of intermediate formation; moreover, the low yield and
selectivity for the intermediate show the high rate of the N-cyclization reaction,

for an overall fast process. This hypothesis is confirmed by following
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Figure 2.3. Variation of the concentrations of species during the reaction (a).

NMR analysis in operando (b) and proposed mechanism for the reaction (c).

characteristic peaks of the reagents, product, and intermediate in NMR spectra
(Figure 2.3 b), revealing a decrease in the intensity in time of the diethylamine
peak (t, 8 1.00), contextual to an increase in the height of azetidinium peaks (dd, 6
4.49-4.58) and to an earlier increase and successive decrease in intensity for the
intermediate signal (dd, & 3.64-3.70). The concentrations of species have been
calculated by integrating these peaks, and the variation of the concentration with
time is shown in Figure 2.3 a. On the basis of these results, we can state that the
reaction mechanism in batch and flow mode involves the fast formation of the 1-
chloro-N,N-(diethylamino)propan-2-ol intermediate, which rearranges quickly,
giving the final azetidinium product. In the reaction mechanism, an important role
is played by the presence of a polar solvent (such as water or EtOH), which
activates the epichlorohydrin and initiates the nucleophilic addition, stabilizing
both the intermediate and the product as illustrated in Figure 2.3 c. However, for
the case of a flow reaction, this mechanistic effect must be combined with practical
aspects, and thus, EtOH has been selected as a solvent to avoid clogging issues in

the microreactor and solubilize completely the reagents.
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2.4. Conclusions

In summary, we have reported the aminolysis of epichlorohydrin with
diethylamine, elucidating the role of solvation, reaction time, and temperature on
the reaction yield. The flow method has proved to be highly efficient, giving the
corresponding azetidinium salt 3 in higher yields compared to the batch method.
In addition to that, we have shown that the continuous process is faster than the
batch reaction. Moreover, the intrinsic automation of the flow setup plays a key
role in the simplification of the process, avoiding time-consuming and potentially
harmful operations, such as adding dropwise epichlorohydrin. The proposed
continuous-flow protocol appears to be suitable for a scaled-up synthesis and for

different kinds of secondary amines, showing the good flexibility of the procedure.
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Chapter

Telescoped Flow Production of
Glycidyl Derivatives Starting from
Sunflower Ol

3.1. Introduction

Circularity of processes plays a pivotal role in all chemical-related areas.
Recycling waste materials and recovering valuable elements from waste are
fundamental aspects of contemporary industrial processes, aligning with the basic
principles of green chemistry.>1%* From this perspective, significant attention has
been devoted to the valorization glycerol and glycidol (2,3-epoxy-1-propanol).
These compounds are extensively examined due to their widespread presence as
byproducts in processes connected to oils and fatty acid production, as well as in
alimentary industrial field.’62163  Additionally, glycidol holds exceptional
importance as a building block in fine chemical and pharmaceutical synthesis,
owing to its unique dual reactivity as both an alcohol and an epoxide towards
nucleophilic and electrophilic species. %1% Therefore, several products of interest
are synthesized using glycerol and glycidol as starting materials. These encompass

glycerol carbonate, glycerophosphocholine, surfactants, dyes, and even drugs with
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pharmaceutical applications, possessing antiarrhythmic and antiviral
properties.t®5-173 From a synthetic point of view, glycerol is usually recovered as
byproduct from the transesterification of fats and oils via triglycerides hydrolysis
in the production of biodiesel.*6217417® On the other hand, glycidol can be obtained
from several reaction pathways, using glycerol or allyl alcohol as starting
materials. However, in all these cases, the described methods necessitate
prolonged reaction times, the use of potentially harmful reagents, high
temperatures (up to 350 °C), and elevated pressure. These processes also involve
the creation of unstable intermediate substances, such as 2-chloropropanediol, and
require expensive catalysts and additives (notably titanium silicates).}’®8! To
address the increasing demand for environmentally friendly processes, the
emergence of continuous-flow chemistry is a significant advancement. This
technology represents a breakthrough for developing circular processes, mainly
due to its ability to finely control the parameters of chemical reactions.

Within this study, the advanced capabilities of this enabling technology were
highlighted, including improved heat and mass transfer, enhanced selectivity, and
the potential for consecutive reactions without the need to store unstable and
hazardous intermediate compounds.t*3182183  Additionally, the superior
containment afforded by microreactors operating as closed systems leads to
heightened safety levels in reactions, a pivotal factor in scaling up processes,
making them suitable for industrial applications.*®® In this research work, a
telescoped flow process was investigated for the production of glycidol. This
process utilized cost-effective and commonly available reagents, such as hydrogen
chloride, acetic acid, and self-produced glycerol. The containment feature of
microreactors was harnessed to mitigate the toxicity and hazards associated with
these substances. The study also outlines the optimized production of glycerol at
a gram-scale under flow conditions. Notably, the upscaled synthesis of glycidol
was also utilized in the creation of several value-added products arising from
tosylation. These products represent essential components for applications in

pharmaceuticals and polymer science.
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3.2. Experimental

Batch synthesis of glycerol. 10 mL of a saturated solution of KOH in MeOH
were added dropwise to a stirred solution of sunflower oil (10 mL). After 2 h, the
obtained crude mixture was quenched, adding an aqueous solution of HCI 2M up
to complete neutralization, and 10 mL of EtOAc to get rid of the triglycerides
produced during the reaction. The aqueous phase was collected, concentrated
under vacuum, and analyzed by NMR, using MeCN as an internal standard. No
further purification was needed.

Flow synthesis of glycerol. A saturated solution of KOH in MeOH and
sunflower oil (10 mL) were introduced separately into a stainless-steel coil reactor
by a syringe pump, at different residence times. The obtained crude mixture was
quenched, adding an aqueous solution of HCI 2M up to complete neutralization,
and 10 mL of EtOAc to get rid of the triglycerides produced during the reaction.
The aqueous phase was collected, concentrated under vacuum, and analyzed by

NMR, using MeCN as an internal standard. No further purification was needed.

Batch synthesis of glycidol. HCI 13M (24 mmols, 4 equiv) was added
dropwise to a stirred solution of glycerol (6 mmols, 1 equiv) and acetic acid (2
mmols, 0.33 equiv) at 120 °C. After 2 h, the obtained crude mixture was quenched,
adding an aqueous solution of NaOH 9.5M up to complete neutralization, and
stirred for 0.33 h. The analysis was conducted after functionalization using tosyl
chloride (TsCl), following the procedure described in the following section (Batch

synthesis of glycidyl tosylate).

Flow synthesis of glycidol. HCI 13M (24 mmols, 4 equiv) was added dropwise
to a stirred solution of glycerol (6 mmols, 1 equiv) and acetic acid (2 mmols, 0.33
equiv). The resulting solution was introduced in a PFA coil reactor by a syringe
pump, using different residence times and temperatures. The obtained crude
mixture was quenched, injecting an aqueous solution of the indicated base up to
complete neutralization, using 0.33 h as residence time. The analysis was

conducted on the collected solution after functionalization using tosyl chloride
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(TsClI), following the procedure described in the following section (Batch
synthesis of glycidyl tosylate).

Batch synthesis of glycidyl tosylate. Tosyl chloride (20 mmols, 1 equiv) was
added to a stirred solution of glycidol (20 mmols, 1 equiv) and triethylamine (60
mmols, 3 equiv) in the indicated solvent mixture (32 mL), at 0 °C. After 1 h, an
aliquot was withdrawn from the obtained crude mixture and analyzed by HPLC.

Flow synthesis of glycidyl tosylate. A solution of glycidol (20 mmols, 1 equiv) in
H20 (16 mL) and a solution of TsCI (mmols, 1 equiv) and triethylamine (60 mmols,
3 equiv) in the indicated solvent (16 mL) were introduced separately into a PFA coil
reactor by a syringe pump, at different residence times. An aliquot was withdrawn

from the collected crude mixture and analyzed by HPLC.

3.3. Results and Discussion

Our investigation into glycidol production began with the optimization of glycerol
synthesis under flow conditions, using sunflower oil as starting material. As shown
in Figure 3.1, the reaction was performed in a stainless-steel coil reactor, injecting
the oil phase and a saturated solution of KOH in methanol. To investigate the
reaction progress in continuous-flow mode, we evaluated the formation of glycerol
1 screening different residence time conditions (Figure 3.1 b). From 30 to 60 min
a reasonable yield increase, from 49 to 78%, was observed. The subsequent
increase of reaction time up to 180 min (75% and 76%), results in no further rise
in reaction yield, related to the achievement of the optimal reaction conditions.
Choosing 120 min as residence time, comparative data between the batch and flow
process with this reaction time show a substantial difference between the two
conditions, obtaining only 48% of 1 in the batch case, with respect to the 75%
achievable in flow. The significative improvement is attributed to the enhanced
mass transfer, resulting from the higher contact between the two phases enable by
the small-volume flow cells.

The study continued with the investigation on the glycidol preparation, starting
from glycerol obtained using the abovementioned protocol, starting form a

preliminary batch screening. Then, the reaction was conducted using a
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Figure 3.1. Schematic representation of the glycerol synthesis.

commercially available Carousel 12 Plus Reaction Station™. The standard
conditions involved the use of an aqueous solution of hydrochloric acid (HCI), as
chlorine source, and acetic acid (AcOH), as catalyst, at 120 °C, affording the target
product 3a in 31% and 79% vyield using 0.15 equiv and 0.33 equiv respectively,
after 2 h (Table 3.1, Entries 1 and 2). These results reflect the relevant effect of
the catalyst amount on the reaction progress. Increasing the equivalents up to 0.66,
aslight decrease in the glycidol yield occurs (Table 3.1, Entry 3), due to the further
chlorination taking places, affording product 2b. The complete reaction profile
over 24 h using different equivalents of AcCOH was investigated. Moreover,
different organic acidic catalysts were tested. Compared to acetic acid, citric acid
gave lower conversion and lower yield for 3a (Table 3.1, Entry 4), associated with
the increased formation of 2a (15%) resulting from the poor catalytic efficiency
of this catalyst, presumably further affected by its thermal instability. Adipic acid
(Table 3.1, Entry 5) gave good conversion and yield for the target product 3a
(91%), and very low selectivity for all the other byproducts. These results clearly

show the negative effect that steric hindrance plays on the catalytic performance.
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Table 3.1. Screening of different catalysts in batch.

HO cl NaOH o oH
OH 0.33 h, 25 °C L
monochlorohydrin glycidol
HCI, Cat. (MCH, 2a) (GLY, 3a)
HO/\OfOH .
2h,120°C NaOH
oY el o. f
I I - =
’ y(cfiro OH 0.33 h, 25 °C >
dichlorohydrin epichlorohydrin
(DCH, 2b) (EPI, 3b)
) Conversion® Yield® (%)
Entry? Catalyst Catalyst equiv
(%) 2a 3a
1 AcOH 0.15 34 2 31
2 AcOH 0.33 94 5 79
Influence 3 AcOH 0.66 >99 5 65
of catalyst 4 Citric Acid 0.33 >99 15 44
5 Adipic Acid  0.33 >99 6 91
6 none - 27 1 26

2f not indicated otherwise, the reactions were conducted in a batch reactor, using 1 (6 mmol), HCI
13 M (24 mmol), catalyst, NaOH (24 mmol), temperature 120 °C, and reaction time 2 h;
Determined by 'H-NMR.

Table 3.2. Screening of different catalyst amount in flow.

HO™ o U @ HO™ Y el @ CI)>_/OH

OH HCI, AcOH OH NaOH
glycerol 2h,120°C monochlorohydrin 0.33h,25°C glycidol
1) (MCH, 2a) (GLY, 3a)
) Conversion® Yield® (%)
Entry? Catalystequiv HCI conc.
(%) 2a 3a
Influence of 1 0.15 13 M >99 5 63
catalyst 2 0.33 13 M >99 - >99
amount and 3 0.66 13M >09 - >99
acid
0.33 6.5 M >99 1 4

concentration

aThe reactions were conducted in a flow reactor, using 1 (72.6 mmol), HCI 13 M (290.4 mmol),
AcOH (24.0 mmol), base (290.4 mmol), and pressure 4 bar. ®Determined by *H-NMR.
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Moreover, the uncomplete solubility and the formation of a significant amount of
solid precipitate was observed in both these cases, affecting the possibility to use
them in the flow reaction. Also, the poor conversion achieved in absence of any
catalyst is illustrated in Table 3.1 (Entry 6), confirming the requirement for the use
of an acidic catalyst to perform the reaction.

With the optimal conditions in hand, we decided to switch to the flow
conditions, conducting the reaction in a commercial Unigsis™ reactor. We began
our flow investigation by using different amounts of acetic acid. Comparing the
results with the one obtained in the previous batch screening, it’s clear that
improved heat and mass transfer phenomena are enabled by flow conditions,
affording the target product 3a in all cases (Table 3.2, Entries 1-3). Moreover,
increasing the amount of catalyst over 0.33 equiv, appeared to be ineffective on
the reaction progress. Different concentrations of HCI were also tested, clearly
indicating the importance of this parameter on the process. Since the very low
yield of 2a (1%) and 3a (4%) achieved in these conditions, further investigation
on the products generated will be performed (Table 3.2, Entry 4).

Several experiments were performed, varying both temperature and residence
time for the first reaction step, and collecting data in the contour map reported in
Figure 3.2. The plot clearly illustrates a linear trend, mainly related to the
temperature: 100°C appears to be a cut-off value required for the chemical
transformation to take place. Accordingly, 100 °C and 2 h were chosen as optimal
conditions to continue our investigation.

The subsequent step cyclization step was then investigated, starting from the
screening of different bases (Table 3.3, Entries 1-5). The absence of base appeared
to totally prevent the product formation, since no conversion occurred.

The effect of pKb on the reaction progress was then evaluated, using CaCOs
(pKb = 3), KOH (pKb = 0.5) and NaOH (pKb = 0.2), as listed in Table 3.3 (Entries
2-4). Increasing the pKp values, the positive effect on the selectivity for product
3a was evident, as highlighted from the complete conversion of 1 in 3a achieved
using NaOH. Interestingly, the weakest base used (Table 3.3, Entry 2) pushed the
selectivity for product 2a, strongly restricting the formation of 3a. Since NaOH

was selected as best base, the role of the solution concentration was screened,
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Figure 3.2. 3D contour map of temperature vs residence time. The reactions were
conducted in a flow reactor, using 1 (72.6 mmol), HCI 13 M (290.4 mmol), AcOH
(24.0 mmol), base (290.4 mmol), and pressure 4 bar.

comparing results obtained using solutions 9.6M, 5M, and 2.5M (Table 3.3,
Entries 4, 5, and 6). A slight decrease in 3a yield (72% and 64%, respectively) was
noticed, confirming the necessity to use more concentrated basic solutions.
Finally, a comparison between different residence times was conducted (Table 3.3,
Entries 4, 7, and 8): increasing the time from 0.03 to 0.33 h no effect was detected.
In contrast, a further increase up to 1.67 h appeared to be deterrent for the product
formation, since the hydrolysis of 3a takes places over this time.

Our investigation continued with the functionalization of glycidol 3a using
tosyl chloride 4, obtaining glycidyl tosylate 5, focusing on the optimization of the
reaction protocol in both batch and flow conditions. The influence of solvent the
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reaction progress was investigated, using mixtures of organic solvents and water
(Table 3.4, Entries 1-4), and obtaining the target product 5 in low yields with a
slight increase when only water was used (53%, Table 3.4, Entry 4). Also, the
influence of pH on the process was confirmed by conducting the reaction at
different pH values, namely 14, 7, and 0 (Table 3.4, Entries 4-6), confirming the
need for a strong basic environment. Due to the suboptimal solubility of TsCl 4 in
all the solvent mixture tested, except for the mixture H2O/CHCIs (1:1), the latter
was chosen as solvent for the following flow study.

Different residence times were screened, but no relevant differences between 0.5,
1, and 2 h were detected 0 (Table 3.5, Entries 1-3). In contrast, it’s possible to
appreciate a significant improvement, from 35% to 51% yield of 5, between batch and
flow conditions (Table 3.4 Entry 1, Table 3.5 Entry 2). Using 1 h as reaction time, we
decided to investigate different reaction parameters, namely concentration of TsCI 4

and solvent. The first approach resulted to be successful, prompting the product yield

Table 3.3. Reaction optimization under flow conditions.

HO™ > oH U @ HO™ Y el @ (I)>_/OH

OH HCI, AcOH OH base
glycerol 2h,100°C monochlorohydrin t(h). 25°C glycidol
() (MCH, 2a) (GLY, 3a)
o Conversion® Yield® (%)
Entry? Base Variation
(%) 2a 3a
1 none None - - -
2 CaCOs3 [20wt%]  0.33h >99 63 6
Influence of 3 KOH [9.6 M] 0.33h >09 5 85
base 4 NaOH [9.6 M] 0.33h >99 - >99
5 NaOH [5.0 M] 0.33h >99 4 72
6 NaOH [2.5 M] 0.33h >99 7 64
Influence of 7 NaOH [9.6 M] 0.03h >99 - >09
time (Il step) 8 NaOH [9.6 M] 1.67h >99 5 73

aThe reactions were conducted in a flow reactor, using 1 (72.6 mmol), HCI 13 M (290.4 mmol),
AcOH (24.0 mmol), base (290.4 mmol), and pressure 4 bar. "Determined by *H-NMR.
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Table 3.4. Solvent and pH screening on glycidol tosylation in batch conditions.

O
+ % - —< >—
>— (e}
0 \©\ Et;N, solvent |)—/ 5

1h,25°C
glycidol tosyl chloride glycidyl tosylate
(GLY, 3a) (TsCl, 4) (5)
Entry Solvent pH Yield (%)
1 H,O/CHCl; (1:1) 14 35
Influence of 2 H,O/DMF (1:1) 14 35
solvent 3 H,O/Et,0 (1:1) 14 43
4 H20 14 53
Influence of 5 H.O 7 3
pH 6 H20 0 -

Table 3.5. Reaction optimization under flow conditions.

O
5 -5— —
>— (@]
o \©\ Et;N, solvent |)—/ 5
t (h), 25 °C

glycidol tosyl chloride glycidyl tosylate
(GLY, 3a) (TsCl, 4) (5)

Residence  Concentration )
Entry Solvent Yield (%)
time (h) TsCI [mmol mL1]

0.5 11 H,O/CHCI; (1:1) 46
Influence of
] 1 1.1 H,O/CHCI; (1:1) 51
time
3 2 1.1 H,O/CHCI; (1:1) 50
Influence of
) 1 1.4 H,O/CHCI; (1:1) 58
concentration
Influence of
1 1.4 H,O/CH,Cl, (11) 50
solvent

up to 58% (Table 3.5, Entry 4); on the other hand, the use of dichloromethane instead
of chloroform in these conditions led to a slight decrease of the reaction yield, due to
the formation of a solid precipitate, insoluble in this solvent mixture, in the

microreactor.
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3.4. Conclusions

Sustainable development goal has raised increasing attentions in the production
and management of waste, trying to convert it in a value-added element. In this
study, we highlighted the benefits of microreactor technology in the development
of circular processes, by promoting the valorization of byproducts generated
during the biofuel production. Therefore, the telescoped synthesis of gycidol was
presented, starting from the triglycerides hydrolysis under flow conditions. The
optimized biphasic oil/water reaction, producing glycerol as intermediate, was in-
depth investigated, affording promising outcomes. The subsequent intramolecular
cyclization to produce glycidol was then performed, followed by the optimization
of the reaction conditions to obtain the desired product in gram-scale and high-
selectivity. The study was extended by producing further functionalized
derivatives, with potential applications in the field of medicinal chemistry and
polymer science. This work highlights once again the potentiality of continuous-
flow chemistry to revolutionize the organic synthesis approach, finding his
strength in crucial aspects for its industrial applications, such as safety and

circularity.
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Chapter

Nanostructured Carbon Nitride
for Continuous-Flow
Trifluoromethylation of
(Hetero)arenes

Sivo, A.; Ruta, V.; Granata, V.; Savateev, O.; Bajada, M. A.; Vilé, G. ACS
Sustain. Chem. Eng. 2023, 11 (13), 5284-5292.

4.1. Introduction

Trifluoromethyl groups are recognized as important substituents in drug
candidates, owing to their ability to enhance lipophilicity.18-1% Therefore, the
implementation of efficient and sustainable methods for the late-stage
incorporation of trifluoromethyl groups has garnered considerable attention in the
field of organic and pharmaceutical synthesis.’®-*8 Conventional protocols for
the thermo-catalyzed trifluoromethylation of aromatics require harsh
conditions.?®®1% In this regard, photocatalysis is an attractive technology to

develop energy-saving processes that leverage light to stir chemical
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transformations.?®>% Such techniques offer numerous benefits, which include
milder operational conditions (e.g., generally photochemical reactions are carried
out at room temperature and atmospheric pressures),'*® replacement of transition
metals and toxic reagents with greener photoactive analogues,?°2%2 and shorter
reaction times.? To date, the light-driven introduction of CFs to (hetero)aromatics
has predominantly been achieved through metal-based homogeneous and
heterogeneous photocatalysts.?%42% Metal-free methodologies have been
suggested in the scientific literature, but their industrial implementation has been
limited. This limitation has been attributed to insufficient understanding of the
catalytic mechanism and difficulties associated with scaling up the methods.
Carbon nitride (CNx) is one of the potential catalysts for metal-free
trifluoromethylation.?°”2%®  This non-toxic material is prepared from cheap
precursors (e.g., urea, thiourea, cyanamide, dicyanamide, or melamine) via simple
synthetic routes including thermal or photochemical polymerization.?® Properties
of this class of materials include visible-light absorbing capabilities due to their
semiconducting nature and corresponding band gap energy of ca. 2.7 eV, excellent
thermo- and photostability, and tunable surface area achievable through different
synthetic methods that lead to the formation of allotropes. These allotropes include
graphitic carbon nitride (JCNx), exfoliated nanosheets of graphitic carbon nitride
(nCNx), and mesoporous graphitic carbon nitride (mpgCNx).210211

In this work, we investigate the nanostructuring of carbon nitride for the
trifluoromethylation reaction of heteroaromatics, elucidating the effect of
structural properties, surface area, and band gap modulation on the reaction
progression.'® This enabled us to derive structure—property relationships that were
exploited to design a continuous-flow process for the green and upscaled
production of trifluoromethylated (hetero)aromatics. The flow protocol was then

adopted for the synthesis of a variety of functionalized heteroaromatics.

4.2. Experimental

Catalyst Synthesis. To prepare graphitic carbon nitride, cyanamide (10 g;
Sigma Aldrich, 99%) was heated for 3 h at 550 °C (heating ramp: 10 °C min?) in
an alumina crucible. To prepare nanosheet carbon nitride, the as-obtained gCNx
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was exposed to further thermal exfoliation at 550 °C for 3 h (heating ramp: 2 °C
min1). To prepare mesoporous graphitic carbon nitride, cyanamide (3 g; Sigma
Aldrich, 99%) was added to SiO2 Ludox HS40 with 12 nm particles (7.5 g; Sigma
Aldrich, 40% aqueous dispersion) and heated under stirring at 70 °C for 16 h. The
resulting white solid was heated for 8 h at 550 °C in an alumina crucible (heating
ramp: 2.2 °C min1). The obtained material was then added to a 4.2 M solution of
NHzHF2 (12 g in 50 mL of water; Sigma-Aldrich, 95%), kept under stirring for 24
h, and then centrifuged to obtain the product after three washes with water and

ethanol.

Catalyst Characterization. The specific surface areas of the prepared
materials were obtained via N2 physisorption experiments, degassing the samples
at 150 °C for 20 h and then measuring the isotherms on a Micromeritics 3Flex
porosimeter at 77 K. Data were analyzed using a QuadraWin 5.05 software
package applying the Brunauer—Emmett—Teller (BET) model to the adsorption
isotherms for 0.05 < p/po < 0.3. The porosity and pore distribution were calculated
by using the model of quenched solid density functional theory (QSDFT) for N2
adsorbed on carbon (assuming cylindrical pore shape) at 77 K. A Philips model
PW3040/60 X-ray diffractometer was used for powder X-ray diffraction (XRD),
applying Cu Ka radiation (A = 0.15418 nm). Elemental analysis (CHNS) was

performed on a Vario Micro device by combustion.

Trifluoromethylation Reactions. The reactions were conducted on a
commercial PhotoCube apparatus, consisting of an irradiated chamber versatile
enough to account both reaction flasks and flow reactors. The apparatus is
equipped with multicolor and UV LEDs (at eight different wavelengths) with an
input power of up to 128 W. Magnetic stirrers inside the chamber enable proper
mixing in batch conditions. For the batch experiments, the catalyst (100 mg) and
the base (3 mmol) were added to a test tube, which was degassed for 15 min under
a N2 flow. Then, trifluoromethanesulfonyl chloride (herein indicated as TfCl, 1.3
mmol), the (hetero)aryl compound (1 mmol), and the solvent (8 mL) were added.
The reaction mixture was closed, placed in the PhotoCube apparatus, kept under

magnetic stirring, and irradiated with blue light (A = 457 nm) for 60 min. At the
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end of the reaction, the suspension was filtered to remove the catalyst.

For continuous-flow experiments, a physical mix of mpgCNx (50 mg), base
(276 mg), and 50 um of glass beads (2 g) was grinded in a mortar and blended in
a vortex generator for 2 min. A transparent and flexible fluorinated ethylene-
propylene (FEP) tube (500 mm long, 3.2 mm o.d., and 2.1 mm i.d.) was filled with
the heterogeneous solid mixture and plugged with a quartz wool filter. The reactor
was connected via 1/8" o.d. 1/4” 28 flat bottom flangeless fittings to the other
1/16" o.d. tubing. The reactor volume was calculated as dead volume using the
difference between the dry packed-reactor mass and the mass of the packed reactor
filled with the reaction solvent. A solution of the (hetero)aryl reagent (0.25 M in
acetonitrile, MeCN, flow rate: 0.03 mL min™t) and a solution of TfCl (0.25 M in
MeCN, flow rate: 0.03 mL min~t) were introduced by syringe pumps (NE-1000,
New Era Pump Systems, Inc.) operating at quasi-ambient pressure into the
assembled packed-bed photoreactor. The reaction mixture was irradiated with blue
light.

For both batch and flow experiments, an aliquot of the reaction mixture was
withdrawn, and the product formation and starting material conversion were
calculated using an Agilent 1200 high-performance liquid chromatography
(HPLC) instrument, equipped with a UV detector G1315D working at A =210 nm,
and a C18 HypersilGOLD 5 pm 175 A column (Thermo-Fisher). Samples were
analyzed using MeCN/H20 60:40 as a mobile phase with a total flow rate of 0.7
mL mint at 40 °C. *H and ®F-NMR spectra were recorded with a Bruker 400

MHz Nuclear Magnetic Resonance spectrometer.

4.3. Results and Discussion

Characterization of the Carbon Nitride Catalysts. Metal-free carbon nitride
materials, namely, graphitic (JCNx), nanosheet (nCNx), and mesoporous graphitic
(mpgCNx) carbon nitrides, possessed different surface area and porosity
features.?*2 Porosity, pore distribution, and surface area data of the prepared
materials were deduced via N2 physisorption experiments. Brunauer—-Emmett—
Teller (BET) adsorption isotherms demonstrated the non-porous nature of gCNx

and nCNx materials juxtaposed with that of mpgCNx (Figure A.4.1 a), which bore
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a high surface area (157 m? g1). The material phase purity and crystallinity were
evaluated through X-ray powder diffraction (XRD) studies. XRD diffractograms
showed two characteristic diffraction peaks at 26 = 13 and 28°, which, in
accordance with the literature, correspond to the (100) and (002) planes,
respectively. The former denotes the trigonal N-linkage of the triazine moiety,
while the latter represents the stacking of aromatic rings. No other peaks were
observed, confirming the absence of other crystalline impurities (Figure A.4.1 b).
Elemental analysis of the prepared samples was carried out via CHNS analysis.
The C/N values were found to lie in the range of 0.61-0.67 (Table A.4.1), close to
the ideal value of 0.7 for the basic heptazine structure of CNx. Discrepancies from
the ideal value are typically ascribed to defects originating from the thermal
polymerization process.?® Nevertheless, the low H content values confirmed a
high extent of polymerization of the cyanamide precursor, with only a low
percentage of non-polymerized units carrying residual protons.?'?

Reaction Optimization in Batch and Role of the Surface Area. These
materials were first evaluated under batch conditions using the PhotoCube setup
as well as pyrrole 1 and trifluoromethanesulfonyl chloride (TfCl) 2 as starting
materials, K:HPO4 as base, blue light, acetonitrile (MeCN) as solvent, and
carrying out the reaction for 60 min. Preliminary investigation on the effect of
catalyst surface area was conducted using the gCNx and nCNx samples, which
afforded the desired product in yields below 10% due to the characteristic low
surface area of this kind of nanostructuring. Indeed, compound 3a was obtained
with 80% vyield when mpgCNx was used as catalyst, in accordance with the
increased surface area features of mesoporous graphitic materials. The effect of
the base and reactant stoichiometry are listed in Table 4.1. In particular, base
screening experiments show that there is a direct correlation between the base
strength and the selectivity for the product obtained: with a strong base such as
K2HPOq4 (Table 4.1, entry 4; pKp = 1.3), conversion and yield of 96 and 80% were
obtained, respectively, along with a high selectivity for the monotrifluomethylated
product 3a of 84%. Conversely, employing weaker bases, namely, KH2PO4 (Table
4.1, entry 3; pKp = 7.2), and KF (Table 4.1, entry 2; pKy = 10.83), leads to only
minor yields for the desired product 3. Moreover, the reaction process appears to
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Table 4.1. Optimization studies for the photocatalytic trifluoromethylation of
pyrrole using mesoporous carbon nitride catalyst. The optimal conditions are

highlighted in orange.

o) ! !
m + CI—%—CF LCNX, @ CF; b D*CFg + @*OH + \ A\ C|3
T | N N N ;

N base, MeCN N 'F.C

H 0 457 nm, 60 min H ! ® H H H

1 2 3a o ‘} 777777777777777 5 777777777777 § o
target product unselective products

Conversion® Selectivity® (%)

Entry Base Variation
(%) 3a others (4+5+6)
1 none None 91 42 44
Influence of 2 KF None 99 71 23
base 3 KH:PO; None 95 75 17
4 K:HPO, None 96 84 13
TfCI
5 K2HPO, 97 72 16
Influence of (2.2 mmol)
TfCl content K;HPO, TfCI
6 100 53 29
(1.5 mmol)
7 K:HPOs no N, 73 22 75
Influence of
! 8 KoHPO4  no catalyst 82 7 75
reaction
. KoHPO4  no light 17 - 81
conditions
10 K;HPO, LED strip 64 6 75

2]f not indicated otherwise, the reactions were conducted under inert conditions in a batch reactor,
using 1 (2 mmol), 2 (1.3 mmol), base (3 mmol), mpgCNy as catalyst (100 mg), MeCN as solvent
(8 mL), light wavelength A = 457 nm (128 W), temperature 45 °C, pressure 1 atm, and reaction
time 60 min; ®Determined by HPLC.

be uninfluenced by the Lewis base feature of KF, whose driving force seems to be
limited by the base strength. The higher yield achieved with the stronger base is
probably related to the increased re-aromatization rate in presence of these if
compared to weaker base condition or no base condition. A study concerning the
amount of TfCl was also conducted, with the best result being given by 1.3
equivalents (Table 4.1, entries 4, 5, and 6). This improved selectivity for the
double alkylation product 4 in the presence of an enhanced amount of the

trifluoromethylating agent (Table 4.1, entry 6) can be rationalized on the basis of

70



Chapter 4

the enhanced formation and availability of CFs radicals. Thus, this parameter
appears to be fundamental in discriminating between the mono- and di-
trifluoromethylation products, heavily influencing the selectivity of the process.
Additional control experiments were conducted in the absence of (i) light, (ii) an
inert atmosphere, and (iii) catalyst in order to determine the importance of each
parameter on the model reaction (Table 4.1, entries 7-10). Despite the relatively
high conversions obtained in the absence of an inert atmosphere and without
catalyst (Table 4.1, entries 7 and 8), the selectivity for the desired product 3a
dropped dramatically to less than 22%. Under these two conditions, selectivity for
the undesired side product 5 increased drastically (> 65%). The decreased
selectivity for the trifluoromethylation product 3a in the absence of an inert
atmosphere can be accounted for through consideration of a CFs radical quenching
mechanism mediated by atmospheric water.?'* Indeed, the same effect, observed
when the reaction was conducted in absence of catalyst, confirms the key role of
CNx to specifically catalyze the trifluoromethylation reaction. The importance of
the irradiation conditions was confirmed by conducting the reaction in the dark
(Table 4.1, entry 9), where it was found that a conversion of only 17% was
recorded. Further studies highlighted the importance of the power of the irradiation
source on the trifluoromethylation reaction: using a traditional batch setup
comprised of a LED strip (18 W) wrapped around a reaction flask (see Appendix
A for details), the conversion only reached 64%, while the selectivity for product
3a was equal to 6% (Table 4.1, entry 10). The employment of the more powerful
reactor (128 W) led to a beneficial outcome on the reaction performance (Table
4.1, entry 4), comparatively higher than the one obtained using the home-made
LED setup.

A trifluoromethylation reaction mechanism has been proposed involving the
generation of the radical intermediate 7 (Figure 4.1), in line with the literature.?®
When the carbon nitride photocatalyst is irradiated with a photon source that
exceeds the bandgap energy, the generation via single-electron transfer (SET) of
a trifluoromethyl radical takes place, which selectively combines with pyrrole 1.
The catalyst-promoted oxidation of the radical intermediate 7 affords a 2-

trifluoromethyl-2,3-dihydro-1H-pyrrolylium species 8, which easily undergoes
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Figure 4.1. Radical mechanism for the photocatalytic trifluoromethylation of

pyrrole using mesoporous carbon nitride.

deprotonation in presence of the base, affording the desired trifluoromethylated
arene 3a. This elucidates the central role of the base in the reaction. In order to
obtain a more detailed understanding of the reaction mechanism, we conducted a
Kinetic study on the model compound (pyrrole).

The different carbon nitride analogues introduced in the previous section were
thus tested, and the optimal reaction conditions in Table 4.1 were applied (vis-a-
vis base, reactant equivalents, etc.). One of the key parameters differentiating the
carbon nitrides from one another is their respective specific surface areas. Data
collected from the kinetic study, conducted using the different carbon nitride
catalysts with different surface areas, show a correlation between this intrinsic
material property and the reaction progress (Figure 4.2 a,b). Particularly, gCNx
and nCNx appear to have a similar behavior, providing low conversion and very
low yield for the desired product 3 by promoting the formation of side product 5
(cf. Table 4.1). A different behavior is observed for the mpgCNx material, which

provides the desired product in high yield. An overview of the species formation
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trend during the kinetic study using the optimal catalyst is shown in Figure 4.2 c.
The slight decrease in selectivity for the target product is due to the slow formation
of the di-alkylated side product 4, which becomes relevant only after the first hour.
The improved conversion of pyrrole and the subsequent enhanced yield for the
catalytic product provided by the mpgCNx catalyst could be easily justified with
the increase of the surface area in this material, a key parameter in the light-
catalyzed heterogeneous reaction, and considering that the optical properties in the
three metal-free materials, i.e., band gap and charge separation, are unaffected by
the change of the tridimensional structure. Particularly, the mesopores present in
the mpgCNix structures generates a tridimensional structure with enhanced surface
area (>140 m? g%) if compared with the 2D graphitic (5 m? g™*) and nanosheet (72
m? g1) samples; this structural effect leads to an increased contact between light,
catalyst, and reactant, which is beneficial for the reaction outcome.?® More
detailed information regarding the formation of each side product in time is
provided in the Appendix A.

Effect of the Catalyst Band Gap on the Trifluoromethylation Reaction.
Given the excellent performance of mpgCNyx, we decided to use this photocatalyst
to study the effect of band gap modulation on the catalytic activity, through the
introduction of isolated metal centers.?!” In the literature, these metal-doped
materials have shown enhanced catalytic properties for a number of energy-related
reactions®'® and are starting to find applications in organic synthesis.?'® Metal
insertion into the CNx framework leads to the creation of a joint electronic
structure, which can in turn modify the band gap energy values, correlated also to
the optical properties of the material.??° By fine-tuning this property using metal
atoms with different electronic properties, it is possible to precisely engineer the
band gap value, which, for mpgCNy, is around 2.7 eV (CB=-1.3¢V; VB=1.4
eV). The presence of metal single atoms (specifically Zn, Cu, and Ag; metal-doped
catalyst characterization is reported in Appendix A) appeared to have a detrimental
effect on the yield of the desired product 3 (Figure 4.2 d). Specifically, a similar
reaction progress was observed with the Zn- and Cu-based carbon nitrides,
wherein a first predominant selectivity for the side product 5 was observed

followed by a slow increase for the product 3 (steeper gradient with the Cu-based
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material), which reached a value of 34% within 120 min. This led to overall yields
of the desired product 3 that were far less superior to the undoped carbon nitride
(42 and 34% for Zn- and Cu-based catalysts, respectively, versus 68% for
mpgCNyx; Figure 4.2 d). On the other hand, the Ag-doped material displays a trend
in both the conversion and yield that is quite similar to that of mpgCNx. The
following observations, when considered cumulatively, could explain the poorer
performance of the Zn- and Cu- doped materials to yield the desired
trifluoromethylated product 3 versus the bare mpgCNx support. First, the
quenching of the photoluminescence (PL) spectra indicates the transfer of excited
electrons to the single-atom sites (Figure 4.2 d and Figure A.4.3 c¢), in which the
quenching follows the trend Zn@mpgCNx > Cu@mpgCNx > Ag@mpgCNyx >
mpgCNx. Second, although the reaction vial is degassed prior to sample

irradiation, a large quantity of the respective photocatalyst is employed (100 mg).
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Figure 4.2. Conversion (a), product selectivity (b), and yield of target product 3a
(c, d) over various CNx catalysts for the trifluoromethylation of pyrrole. Reaction
conditions: 1 (1 mmol), 2 (1.3 mmol), catalyst (100 mg), K2HPO4 (3 mmol), MeCN
as solvent (8 mL), light wavelength A = 457 nm (128 W), temperature = 45 °C,
and pressure = 1 atm. All data are determined by HPLC. The exact distribution

of the (by)products is provided in the Appendix A.
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It has been discussed on several counts in the literature that the trapping of O2
molecules within the mesoporous network of mpgCNx, due to its incomplete
elimination via simple N2 degassing techniques, is indeed quite likely.??! This
residual presence of Oz adsorbed by the mesoporous structure, coupled with the
improved activation of molecular O2 by metal single-atoms, could yield a higher
concentration of reactive oxygen species (ROS) within the local environment.??2
Thus, the formation of this intermediate could in turn explain the increased
selectivity for the hydroxylation of pyrrole (generating side product 5) when
Zn@mpgCNx and Cu@mpgCNx are employed in accordance with the enhanced
electron transfer to the respective metal site in these materials.

Development and Optimization of a Scalable Continuous-Flow Process.
Succeeding the batch investigations that provide novel detailed information about
the structure—performance relationship, the design of a sustainable processes was
performed, developing a continuous-flow route for the trifluoromethylation
process (Figure 4.3) in which the photocatalyst was housed within a fixed-bed
reactor. The photoreactor setup was assembled using a transparent FEP tube
(length =500 mm, i.d. = 2.1 mm), which was packed with mpgCNyx, K2HPO4, and
glass beads (2.5 wt %). The use of the latter as a co-packing material in the bed
reactor facilitated catalyst particle separation and dilution, which was necessary to
reduce the competition for the absorption of visible-light photons. Evidence
supporting this positive effect can be found by conducting the reaction in absence
of glass beads and using sand to dilute the catalyst in the reactor. The unfavorable
contact with light provided in these conditions led us to obtain product 3a in only
58% vyield. At first, we decided to optimize the reaction protocol starting from the
evaluation of the light wavelength effect on the model reaction (Figure 4.3 a). The
better performance of the catalyst in the presence of blue light (457 nm) is due to
the proximity of the onset of absorption band of CNx with this wavelength. To
investigate the reaction progress in continuous-flow mode, we evaluated the
formation of trifluoromethylpyrrole 3a screening different residence time
conditions (Figure 4.3 b). From 10 to 20 min, a reasonable yield increase was
observed (respectively 23, 45, and 77%), followed by a subsequent decrease of up
to 30 min (67 and 64%) related to the enhanced formation of the di-
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trifluoromethylated pyrrole 4 at longer reaction times. Choosing 20 min as the
optimal residence time, comparative data between the batch and flow process with
this reaction time show a similar yield between the two approaches (Table A.4.3);
the real advantages related to the continuous-flow protocol are the easier
recyclability of the catalyst and the productivity enhancement. The stability of the
heterogeneous photocatalyst was evaluated by running the continuous-flow
reaction over 5 h on stream (Figure 4.3 c). This has been carried out under Kinetic
conditions, prolonging the injection time of the solutions and evaluating the yield
variation in time. The result demonstrates the excellent stability of mpgCNx with
no activity loss, also confirmed by further characterization of the material after use
(see the Appendix A). It must be remarked that, given that the residence time of
the fluid flowing through the reactor is 20 min, the steady-state operation for 5 h
is equivalent to 15 catalytic cycles in a batch reactor. With the optimized

conditions in hand, a continuous-flow scaled-up experiment was performed for a
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Figure 4.3. General scheme for the continuous-flow trifluoromethylation of
pyrrole (a), effect of light source wavelength (b), effect of residence time (c), and
catalyst stability study (d). Reaction conditions for the flow reaction: 1 (1 mmol,
0.25 M in MeCN), TfCl (1.3 mmol, 0.25 M in MeCN), various light wavelengths
(blue . = 457 nm, green A = 550 nm, or white 400—700 nm), temperature =45 °C,
pressure = 1 atm. All data are determined by HPLC.
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prolonged time (5 mmol), obtaining the target product 3a in 62% yield and with a
production rate of 0.62 mmol h~, doubling the batch performance (production rate
in batch = 0.32 mmol h™'). The enhancement in the productivity under flow
conditions is justified by the high light intensity in the microreactors and
irradiation condition uniformity provided by this configuration compared to the
poorly designed batch conditions for conducting a heterogeneous photocatalytic
reaction.108.124

Finally, the influence of heteroaromatic reactivity and the substitution pattern

toward the trifluoromethylation reaction has been evaluated using different
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Scheme 4.1. Substrate Scope for the Continuous-Flow Trifluoromethylation of
(Hetero)arenes.?Reaction conditions: (hetero)arene (1 mmol, 0.25 M in MeCN),
TfCl (1.3 mmol, 0.25 M in MeCN), temperature 45 °C, pressure 1 atm, residence
time t = 20 min. The packed-bed reactor was filled with a mix of mpgCNx (50 mg),
K2HPO4 (3 mmol), and glass beads (2 g) to better spread the light irradiation
through the catalyst bed. The vyields are calculated via NMR using

dibromomethane as an internal standard.
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substrates (Scheme 4.1). All pyrrole-based substrates performed with moderate to
good yield. 2-Methyl 3b (20% yield) and methyl-3-carboxylate 3c (42% yield)
exhibited lower reactivity, slightly offset by the electron-withdrawing effect of the
ester group in the latter. The fluoroalkylation of nitrogen-substituted pyrroles
occurred with good yield (compounds 3d-3h, 30-68% yield) with a particular
preference for substrates bearing weak electron-donating groups due to the
mesomeric stabilization of the heteroaryl radical. This is further supported by
compound 3i, in which the withdrawing effect of the protecting group led to a
decrease of the reaction performance (16% vyield), related to the negative impact
on the heteroaryl radical stability. The protocol has been also tested on different
N-bearing heterocycles, namely, indole 31 (40% yield) and indazole 3m (46%).
However, in the latter cases, the reaction suffered from the possibility of multiple
alkylation positions with the formation of regioisomers, with 12% yield for the
alkylation in C3 of the indole, and 23% yield for the C4 alkylation of the indazole.

4.4. Conclusions

In conclusion, we have studied the effect of carbon nitride structuring on the
visible light-photocatalyzed introduction of trifluoromethyl moieties. A direct
correlation between the product yield and surface area has been demonstrated. The
material with the highest surface area (i.e., mpgCNx) has been further fine-tuned,
introducing several isolated metals within the carbon nitride lattice to modulate
the catalyst bandgap. The photoluminescence characterization of the samples has
shown that electron transfer from the metal site favors the generation of reactive
oxygen species, resulting in competing side-reactions involving the hydroxylation
of pyrrole. These insights were exploited for the development of a continuous-
flow process that remains selective and stable over long reaction times. Overall,
the work demonstrates the advantages of metal-free catalysis and flow reactor
technology for the synthesis of pharmaceutical intermediates in an on-demand,

high-throughput fashion.
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Chapter

Ag single atoms on carbon nitride
enabling ligand-free photocatalytic
oxidations

5.1. Introduction

The development of selective catalytic methods for pharmaceutically relevant
transformations is essential for advancing a green economy but represents a major
challenge in the field of chemistry. This challenge is due to the requirements of
high selectivity, minimal utilization of expensive and toxic reagents, and the need
to reduce energy consumption and pollution.??3?24 The selective oxidation of
benzyl alcohol to benzaldehyde is one of the important chemical processes widely
used to produce intermediates for fragrances, perfumes, and dyes 2222
Unfortunately, traditional methods for achieving this transformation, including
liquid-phase chlorination and hydrolysis of toluene, or direct oxidation of alcohols
using toxic oxidants such as MnQO4-, Cr207%", and Clz, require high temperatures
and pressures, and produce toxic byproducts that are harmful to the
environment.??” The photocatalytic oxidation of benzyl alcohol to benzaldehyde

using Oz or air as oxidants at room temperature has attracted much attention
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recently.?>228-230 \/arious photocatalysts have been studied, showing nearly full
selectivity to the formation of benzaldehyde.?*! However, surface recombination
of photo-induced charge carriers may slow down the reaction kinetics. To address
this, metal nanoparticles have been added to these oxides as co-catalysts, with Pt-
group noble metals playing a prime role.?®? Recently, the attention has shifted to
using atomically-dispersed metals, leading to the creation of single-atom
catalysts.?332% These new catalysts, consisting of isolated metal atoms supported
on various substrates, exhibit unique electronic properties and high surface area,
resulting in enhanced catalytic performance.'?313221° They also offer tunable
degrees of selectivity for specific reactions by adjustment of the type,
concentration, and speciation of metal sites. Nevertheless, to maintain a stable
catalytic performance, it is often essential to load over 1% weighted Pt-group
single atoms on Ti02.2° Besides, the limited photoactivation of TiO2-based
photocatalysts outside the UV region restricts their versatility.*® The development
of photocatalysts that are sensitive to visible light is a necessity for the design of
energy-efficient processes able to utilize solar energy. Many efforts have been
devoted in this direction: Bi2WOs with the octahedral structure layer and a narrow
band gap of 2.8 eV has shown promising applications in the oxidation of alcohols
to aldehydes, but the complex procedures and high costs involved in preparing
(modified or bare) Bi2WOs make it inappropriate for large-scale applications.?*’
Conjugated polymers are another class of visible-light-driven organic
semiconductor photocatalyst that shows promise due to their photoactive n-
conjugation structure and high specific surface area nanopores.?®%° Their
semiconductors bandgap structure is determined by the intrinsic attributes of
polymerized monomers, which allows for the design of polymer photocatalysts
with visible-light response. Recent studies show that combining certain donor and
acceptor units can result in polymers with high photocatalytic activity due to the
reasonable design of the bandgap structure and boosted separation of
photogenerated electron-hole pairs.?® Among those, carbon nitrides are a class of
stable polymers where the immobilization of isolated metals can enhance the

photocatalytic activity under visible light illumination.?*®2¥ However, such
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catalyst was never used for the photocatalytic oxidation of benzyl alcohol to
benzaldehyde.

In this work, we report an Ag-based single-atom catalyst for the oxidation of
benzyl alcohol to benzaldehyde. Kinetic tests and density functional theory (DFT)
calculations were employed to rationalize the catalyst structure and confirm the
proposed reaction mechanism. Continuous-flow conditions were finally used to

assess the scalability potential of the method.

5.2. Experimental

Catalyst Synthesis. All chemicals in this study were purchased from Sigma-
Aldrich and used as such, without any further purification. The Ag-based single-
atom catalyst was prepared via copolymerization. An aqueous solution of AgNOs
(1.70 g, 10 mmol; in 10 mL of deionized water) and an aqueous solution of sodium
tricyanomethanide (1.13 g, 10 mmol; in 10 mL of deionized water) were mixed
and stirred for 3 h at room temperature. The mixture was then filtered to recover
the solid silver(l) tricyanomethanide salt, washed with water (3 x 10 mL), and
subsequently dried in vacuum (7 mbar, 50 °C). The obtained salt (37 mg, 0.015
mmol) was mixed with a 40% aqueous dispersion of 12 nm SiO2 particles (7.5 g,
Ludox HS40) and cyanamide (3.0 g, 70 mmol). The mixture was stirred at 70 °C
for 16 h until complete water evaporation. The obtained solids were calcined to
550 °C for 4 h, using a heating ramp of 2.2 °C min*. Silica template etching was
performed washing the solid with an aqueous NH4HF2 solution (12 g in 50 mL of
deionized water) at room temperature for 24 h. The resulting suspension was
filtered, and the powder was washed three times with water and ethanol. Finally,
the product was dried under vacuum at 60 °C overnight.

Catalyst Characterization. Powder X-ray diffraction (XRD) was performed
on a Philips model PW3040/60 X-ray diffractometer using Cu Ka radiation (A =
0.15418 nm). Nitrogen physisorption measurements were performed after
degassing the samples at 150 °C for 20 h using a Micromeritics 3Flex porosimeter
at 77 K. The specific surface areas were calculated by applying the Brunauer—

Emmett—Teller (BET) model to adsorption isotherms for 0.05 < p/po < 0.3 using
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the QuadraWin 5.05 software package. The pore size distribution was obtained by
applying the quenched solid density functional theory model for N2 adsorbed on
carbon with a cylindrical pore shape at 77 K. Elemental analysis (CHNS) was
accomplished by combustion analysis using a Vario Micro device. An inductively
coupled plasma optical emission spectroscopy (ICP-OES) study was performed
using a HORIBA Ultra 2 setup equipped with photomultiplier tube detection. X-
ray photoelectron spectroscopy (XPS) was conducted using a Physical Electronics
Instruments Quantum 2000 spectrometer with monochromatic Al Ka radiation
generated from an electron beam operated at 15 kV and 32.3 W. All spectra were
referenced to the C 1s peak of adventitious carbon at 284.8 eV. High-resolution
transmission electron microscopy (HRTEM) analysis was performed over a Titan

G2 60-300 microscope (FEI), using an X-FEG-type emission gun at 300 kV.

Catalytic Tests. The photocatalytic oxidation of benzyl alcohols was
performed using the Illumin8 parallel photoreactor purchased from Asynt (UK),
equipped with DrySyn OCTO MINI 8-position reaction station, standard hotplate
magnetic stirring, and a cooling system to control reaction temperature. In a typical
procedure, benzyl alcohol (19.5 mg, 0.18 mmol) was mixed with 5 ml of solvent
and 5 mg of catalyst. The reaction flask was irradiated with blue light (A =450 nm,
with 10 W LED COB chips) under continuous stirring (400 rpm) for the whole
reaction time. All reactions were performed at 30 °C, varying the reaction time
between 5- and 240-min. Control experiments with and without catalyst were
performed in dark under similar experimental conditions. Reaction products were
analyzed via gas chromatography (GC) equipped with a flame ionization-mass
spectroscopy detector and *H NMR. The detection was done using two columns,
HP- INNOWAX (5 m x 0.250 mm x 0.15 um) and DB-5MS (20 m x 0.180 mm x
0.18 um), connected in series. Quantification was performed after the calibration
of the GC with the commercial standards. Products characterization is included in

Appendix A.

Computational Details. Spin-polarized DFT calculations were performed with
the VASP?4 code using the generalized gradient approximation, as implemented

in the Perdew—Burke—Ernzerhof (PBE) functional.?*! Dispersion forces have been
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included according to the Grimme’s D3 parametrization.?*? The valence electrons
have been expanded on a set of plane waves with a kinetic energy cutoff of 400
eV, whereas the core electrons were treated with the projector augmented wave
approach (PAW).2*3 The threshold criteria for electronic and ionic loops were set
to 10 eV and 102 eV AL, respectively. The sampling of the reciprocal space
was reduced to the gamma point because of the cell size. We considered a
corrugated CNx layer characterized by heptazine pores and we optimized the
lattice parameters (a = 13.846 A, b = 13.846 A, y = 120°).2** We also modelled
another possible coordination of the silver atom, a nitrogen-doped graphene
model, obtained by creating a carbon divacancy of a 4x4 graphene supercell (a =
9.872 A, b =9.872 A, y = 120°), and replacing 4 carbon atoms with nitrogen
ones.?® The binding energies (AE) of each intermediate were calculated with
respect to the free molecular species and catalyst. The Gibbs energies (AG) were
evaluated by adopting the thermochemistry approach of Ngrskov and co-workers
including zero-point energy correction and entropy terms.?*6247 The first were
calculated within the harmonic approximation. Entropies of gases were taken from
the international tables, and the entropy of solid-state species were considered

equal to zero.?*’

AG=AE+AEzpe-TAS (Eq. 1)

5.3. Results and Discussion

The Ag-doped carbon nitride (Ag@mpgCNx) was characterized to determine its
structural properties. Crystallinity and purity of the prepared catalyst were
evaluated through XRD analysis (Figure 5.1 a).2*® Two typical diffraction peaks
at 20 = 13° and 28° were found, corresponding to the N-linkage of the tri-s-triazine
motif and to the m—x stacking of aromatic structures in the support, respectively.
Porosity, pore volume, and surface area of the material were determined by N2
physisorption experiments (Figure 5.1 b, Table 5.1). In particular, the analysis
evidenced the relatively high Brunauer—Emmett—Teller (BET) surface area of

Ag@mpgCNx (174 m? g1), consistently with previous reports,?? and the
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mesoporous nature of the fabricated material. The elemental composition of the
catalyst was elucidated by CHNS and ICP-OES experiments (Table 5.1). The C/N
ratio, resulting from the CHNS elemental analysis, was close to 0.65, which is the
reference value for tri-s-triazine-derived mpgCNx carriers.?*® The ICP-OES
analysis, instead, proved the effective incorporation of the metal on the support,
with a total metal loading of 0.3 wt.%. High-resolution transmission electron
microscopy (HRTEM) micrograph of Ag@mpgCNyx, at a magnification of 5 nm
further demonstrated the absence of any large metal aggregation and the high

dispersion of the metal phase (Figure A.5.1 a and b). Moreover, the bright-field
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Figure 5.1. Characterization of Ag@mpgCNx: X-ray diffraction pattern (a), N2
physisorption isotherm with the corresponding pore size distribution as an inset

(b), C 1s, N 1s, and Ag 3d X-ray photoelectron spectroscopy (c).

Table 5.1. Elemental composition and textural properties of Ag@mpgCNx.

Catalvst ca N2 Ha CIN Metal® SgeT® Vpored
Y Wt%) (Wt%) Wt%) ()  wt%) (m?gh) (cm’gh)
Ag@mpgCN, 3101 4743 240 065  0.30 174 0.53

3CHNS. PICP-OES °N, isotherm collected at 77 K. “Quenched solid density functional theory

model assuming cylindrical-shaped pores.
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HRTEM analysis corroborated the effective presence of mesopores in the sample.
X-ray photoelectron spectroscopy (XPS) was employed to evaluate the oxidation
state of the elements (C, N, and Ag) constituting our catalyst (Figure 5.1 c). In the
N 1s spectra, three peaks are derived from the deconvolution of the experimental
signal. The peak at 398.4 eV is related to the C=N—C nitrogen in the pyridinic
structure of mpgCNyx; the one at 399.4 eV is assigned to the presence of tertiary
C=N-Cs nitrogen. The peak at 401.4 eV corresponds instead to primary amine
groups coming from polymerization defects in the carrier. The XPS Ag 3d spectra
shows two main peaks at 368.4 (Ag") and 367.2 eV (Ag®), confirming the
coexistence of these two oxidation states for the metal. The XPS C 1s spectra
presents three peaks: the first (284.8 eV) is assigned to both adventitious carbons
and energy calibration sp? carbon; the second (285.9 eV) is related to sp® C—C
bonds; the last one (288.4 eV) corresponds to N-C=N carbons in the aromatic
structure of the carbon nitride.?

The Ag@mpgCNx catalyst was exploited in the photocatalytic conversion of
benzyl alcohol into benzaldehyde. We started our investigation by conducting

control experiments in the absence of any light and catalyst, as shown by the

Table 5.2. Reaction scheme: standard conditions and control experiments.

\.\l'//
Ag@mpgCN,
1 MeCN, 30 °C, 240 min 2a

Entry? Control experiment Yield! (%)
1 No light? -

2 No photocatalyst® -

3 No air (inert atmosphere)© 29

4 As shownP¢ 67

aConditions: benzyl alcohol concentration = 37 mM. PAg@mpgCNy used as photocatalyst.
°Photoreactor set to blue light irradiation. Conversion and yield were computed via GC,

with a calibration curve.
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results in Table 5.2 (Entries 1 and 2). In both cases, no reaction was observed.
Then, the role of air in driving the benzyl alcohol oxidation, providing reactive

oxygen species, was confirmed by performing the reaction in the absence of the

LED
lamp

Heating
system

Thermo
couple

PhCH,OH \ | f PhCHO

Figure 5.2. DrySyn OCTO MINI 8-position reaction station (a) and conditions
(b) used in this study. General conditions: benzyl alcohol (0.19 mmol), catalyst (5
mg), solvent (5 mL), light wavelength A = 457 nm, temperature 30 °C, reaction

time 30 min (unless expressly specified). All data are determined by GC.

88



Chapter 5

same, under N2 atmosphere (Entry 3). The yield dropped to 29%, and the minimal
formation of product was likely due to the presence of residual oxygen in the
solvent. Only when blue light, the Ag@mpgCNx, and air were added to the
reaction vessel, the reaction gave benzaldehyde with 67% vyield.

To probe the effect of the solvent properties on the reaction progress, several
solvents were then examined using visible-light irradiation (450 nm) for 30 min.
Notably, acetonitrile, cyrene, and water were selected as benchmarks for this
investigation, being greener alternatives to commonly used organic solvents
(Figure 5.3 a).2*° The experiment produced comparable yields using acetonitrile
and cyrene, which were 53% and 49%, respectively. This result can be attributed
to the comparable polarity of the solvents (relative polarity accounting to 0.46 and
0.33 for acetonitrile and cyrene respectively).?® However, the water showed a
slightly lower yield of 40%, which can be well explained by the moderate
solubility of the product in water.?®! In addition to these steady-state catalytic tests,
we performed a transient analysis to monitor the product formation over time. For
this purpose, we employed the same batch reactor that allowed us to track the
evolution of the products without altering the irradiation of the reaction vessel.
This approach provided us with valuable insights into the reaction kinetics and
allowed us to identify the optimal reaction conditions for maximizing the product
yield. Upon increasing the reaction time from 5 min to 60 min, the benzyl alcohol
conversion increased from 18% to 100% and the benzaldehyde yield reached 85%
(Figure 5.3 b). After this time, the competitive formation of benzoic acid takes
place, leading to a decrease of selectivity for the benzaldehyde. Such transient
analysis complemented the steady-state experiments and provided a more
comprehensive understanding of the catalytic system. Finally, the optimal stability
of the Ag-based material was assessed by means of a recyclability test, composed
by three reaction cycle. After each oxidative experiment (30 min), the catalyst was
filtrated, washed, dried, and reused. As depicted in Figure 5.3 ¢, no significant
decrease of the benzyl alcohol conversion and benzaldehyde yield were observed
during several reaction cycles, suggesting that the chemical and structural

properties of the material were retained during the photooxidation of benzyl
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Figure 5.2. Solvent screening for the reaction in the presence of blue light
irradiation (a); time-dependent rate for the oxidation reaction (b); recycling
experiment performed under standard conditions for 3 catalytic cycles (c);
comparison of different catalytic systems (d). Comparison between batch and flow

oxidation of benzyl alcohol (e) and continuous-flow time-on-stream experiments

(f).

alcohol. This was further confirmed by the full characterization of the used catalyst
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provided in the Appendix A. We also investigated other catalytic systems to
remark the optimal performance of our photocatalyst, and demonstrate the
advantages from the use of a fully integrated Ag-doped single-atom system
(Figure 5.3 d). First of all, the metal-free carbon nitride was tested on the reaction
at the optimal reaction conditions identified above, to understand the effect of the
metal doping of the material. The decreased photocatalytic performances of the
mpgCNx highlights the role of silver in the catalysis, promoting and enhancing the
oxidation reactions.?®>25 The superior photocatalytic performances showcased by
the single Ag atom-doped material, when compared with the bare mpgCNx
support, are related to ligand-to-metal charge transfer (LMCT) phenomena, that
lead to enhanced electron transfer from the support to the metal surface, thus
increasing the electron flux from the catalyst to the substrate.?!> The CN-based
support was then substituted with TiO2, a benchmark photoactive support, and
doped with several metals, namely Au, Pd/Au, Pt/Au, and Pt. In all cases,
benzaldehyde was obtained in lower yields, even in the presence of Au-doped
material, where it is accepted that plasmonic effect are present, resulting in light
absorption and hole carrier quenching from the nanoparticles, with potential
higher energy transfer from the catalyst to the substrate.?*

These outstanding results of Ag@mpgCNx were explained via DFT
calculations. In particular, given the presence of possible defects in carbon nitride-
based materials, the metal atom was studied in different sites of CNx, in particular
coordinated with the N atoms of a triazine pore (Figure 5.4 a), and in a N-doped
defect cavity (Figure 5.4 b). In both configurations the metal atom assumes a
formal Ag" state, as can be evinced from the analysis of the density of states and
spin density, and in agreement with our XPS characterizations. From these
structures, it is possible to appreciate that the electronic metal configuration is
compatible with a 4d°5s?, and the latter indicates that the charge donated by the
metal is delocalized over the conduction band of the support. The calculated
adhesion energies are -1.66 eV and -2.40 eV for CNx and 4N-Gr respectively,
showing that Ag is more strongly bounded to the support in the second case.?** In
CNy, another possible minimum is represented by the metal atom on top of a

nitrogen atom. In this case, the metal is weaklier bounded to the support (Ead = -
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0.67 eV). In terms of local structures, Ag in the pore is coordinated by 5 N atoms,
with Ag-N distances in the range 2.40-2.60 A. Ag in 4N-Gr is coordinated by 4 N
atoms, with dag-n = 2.00 A. On these two structures representing the coordination
of the single metal atom within the mpgCNx carrier, we modelled the oxidation of
benzyl alcohol to benzaldehyde. The reaction is formally an oxidation involving
two monoelectronic reaction steps, each releasing a proton and an electron. We
considered the following reaction path, taken from previous DFT studies of the

oxidation of alcohols to aldehydes on metal-based catalysts.?>®

PRCH,OH +%— PhCH,0H" (Eq. 2)
PhCH,0H* - PhCH,0* + H* + e~ (Eq. 3)
PhCH,0* » PRCHO* + H* + e~ (Eq. 4)
APRCHO* - PhCHO + * (Eq. 5)

The first step is the adsorption of the reactant on the single metal site,
PhCH20H*. Then, the first proton and electrons are released, giving PhCH20%*.
Next, a second proton and electron release take place, yielding PhACHO*. Finally,
the product is desorbed from the single-atom catalyst. Figure 5.4 ¢ shows the Gibbs
free energy profile calculated at T = 298 K. The reaction is nearly isoergonic since
the process PhCH20H — PhCHO + 2H" + 2e” gives AG =-0.02 eV. Starting from
the case of Ag coordinated to CNx, the benzyl alcohol is weakly physisorbed (AG
= -0.07 eV), and the first hydrogen release requires a barrier of 0.75 eV. The
subsequent step is favourable, leading to an adsorbed benzaldehyde nearly as
stable as the separated product and single-atom catalyst. The profile is similar
when considering Ag@4N-Gr but with an higher reaction barrier (1.07 eV) due to
the stronger coordination of the single-atom catalyst to the support and
consequently lower reactivity.?'® Interestingly, the reaction is expected to be
extremely unfavourable without the catalytic action. Indeed, the barrier to form
the same reaction intermediate increases to 1.75 eV, suggesting the important role

played by the light and Ag@mpgCNx catalyst.
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Figure 5.4. Atomistic structure of the Ag-based catalysts (a and b). Calculated
Gibbs free energy profile of the oxidation of PhCH20H to PhCHO (c).

With the optimal conditions in hand, and after the in-depth investigation on
reaction mechanism, we decided to prove the flexibility of the protocol for the
oxidation of several primary and secondary alcohols, reported in the Appendix A.

Finally, we focused on the scale-up of the process. In particular, the continuous-
flow technology was adopted in order to provide a uniform radiation distribution
inside the reactor, and satisfy the constraints imposed by the Beer-Lambert Law
for photoinduced chemical transformations. The packed-bed reactor design and
the porous framework of the mesoporous graphitic photocatalyst offered a unique
environment to meet these requirements and scale-up the process, minimizing the
mass transfer limitation of the multicomponent reaction. Also, the use of glass
beads as a co-packing material in the bed reactor facilitated catalyst particle
separation and dilution, which was necessary to reduce the competition for the
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absorption of visible-light photons. Kinetic studies conducted under such flow
conditions showed an increase in the production rate of the desired model
compound, compared to the batch method (Figure 5.3 €). This improvement,
coupled with both the stability of the catalyst (as verified by time-on-stream
analysis, Figure 5.3 f) and the facile recyclability of the photocatalytic system
highlighted the importance of continuous-flow reactor design for the scale-up of

the SACs-based photocatalyzed process.

5.4. Conclusions

This study has explored the use of single-atom silver catalysts for photocatalytic
oxidation of benzoic acids without ligands or organic additives, and using visible
blue light. The high surface area of mesoporous graphitic carbon nitride allowed
for the stabilization of a high density of single-atom reaction sites, leading to a 2-
fold enhancement in catalytic activity compared to metal-based commercial TiO2
photocatalysts. The mechanism of the reaction was rationalized by density
functional theory calculations and operando nuclear magnetic resonance
spectroscopy supported the theoretical predictions. The study was also extended
to continuous-flow conditions, showing potential for industrial implementation in

the synthesis of other aldehyde intermediates.
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A Bijel-Based Microreactor
Confining Carbon Nitride for
Continuous Photocatalytic
Applications

Sivo, A.; Allasia, N.; Nevskyi, O.; Marelli, M.; Vanoli, V.; Fusi, N. C.; Jody
Albertazzi, J.; Busini, V.; Castiglione, F.; Savateev, O.; Rossi, F.; Vilé, G. Nat.
Chem. Eng. 2023, Submitted.

6.1. Introduction

Heterogeneous photocatalysis has emerged as a powerful tool in contemporary
chemistry, offering transformative prospects for sustainable chemical processes
and environmental remediation.?®-28 The versatility of this approach stems from
its capability to exploit light to induce chemical reactions using solid-state
catalysts. These materials not only manifest superior photostability but also
demonstrate reduced usage of transition metals when compared to their

homogeneous (organometallic) counterparts.?2125%260 \ithin the domain of
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traditional chemical engineering, packed beds are the preferred choice for
implementing solid-state catalysts within industrial reactors.?®! The rationale
behind this preference lies in the ability to accommodate catalysts in granular
form, overcoming the challenges posed by finely dispersed powdered catalysts
commonly utilized in slurry reactors.?62-264 Granular catalysts within packed beds
circumvent issues related to catalyst separation and recovery, while
simultaneously reducing pressure drops within the reactor. These attributes
collectively contribute to a higher reactor performance and better operational
stability. Nevertheless, when considering heterogeneous photocatalysis, the
adoption of packed-bed reactors introduces a distinctive challenge centred on
energy transfer limitations. The confined energy transfer inherent within packed
beds can hinder the propagation of photogenerated energy to the catalyst, and this
can compromise the overall efficiency and effectiveness of the photocatalytic
process.?®>2% Several strategies have emerged to overcome this challenge. For
instance, depositing catalysts within micromixer frameworks, nanofibers, or
membranes enhances mass transfer and facilitates effective light interaction. 133267
However, this approach may result in the catalyst layer detaching during extended
reaction times. Another method involves reducing the diameter of the packed bed
to create a microthin reactor, thereby improving light transfer efficiency.?%82% As
an alternative, dispersing glass beads among catalyst particles can help diffuse
light within the internal sections of the packed bed, mitigating irradiation
limitations.'?! Nevertheless, controlling the precise placement of these glass beads
is often challenging and can lead to less predictable processes. Despite their
inherent limitations, these solutions have collectively paved the way for enhanced
photocatalytic performance in the realm of heterogeneous catalysis. However, the
incorporation of heterogeneous photocatalysis within a structural (foam-based)
configuration remains unexplored, and the utilization of polymer conjugation and
catalyst integration through in situ copolymerization presents a promising
approach to address these challenges, leading to the creation of novel types of
packed bed photoreactors and allowing precise tuning of the absorption properties

of the photocatalytic material.
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In particular, bicontinuous interfacially jammed emulsion gels, referred to as
bijels, are emerging as a transformative material with extensive implications
across diverse domains including separation membranes, drug delivery, and
energy-storage technologies.?’°2’2 These materials boast a distinctive 3D
architecture, comprising interpenetrating domains enriched with nanosized
particles that harmonize at the interface. The resultant stabilization mechanism
effectively reduces interfacial tension at the liquid-liquid junction.?’®2’* The
porous morphology, resulting from the immiscible phase interpenetration, can be
finely tailored by manipulating nanoparticle size and concentration during
synthesis. Although these materials have never been applied in photocatalysis, we
envisioned that by incorporating an array of photoactive particles, including
graphitic and mesoporous carbon nitride and the respective single-atom
photocatalysts, customized matrices could be attainable, underlining their promise
for multifunctional roles in catalysis.®°

In this study, we thus unveil an innovative paradigm by introducing a bijel-
based reactor prepared in situ using carbon nitride. This novel hybridization
seamlessly integrates polymer science advancements with the classical virtues of
heterogeneous catalysts. The catalytic composite was synthesized by employing
polypentadecalactone (PPDL) and nanostructured carbon nitride as immiscible
phases. We have elucidated the intricate material structure and its physico-
chemical properties. Remarkably, our reactor construct exhibits remarkable
capabilities, as exemplified by its application for methylene blue photodegradation
under flow conditions. Furthermore, the system potential was vividly

demonstrated across diverse photocatalytic reactions.

6.2. Experimental

Catalyst Synthesis. The metal-based catalysts were prepared via
copolymerization. An aqueous solution of corresponding chlorinated salt (10
mmol; Sigma-Aldrich, 99%) in water (10 mL) and of sodium tricyanomethanide
(10 mmol; Sigma-Aldrich, 99%), in water (10 mL), were stirred at room
temperature (3 h). The resulting mixture was filtered to recover the solid metal

tricyanomethanide, washed with water (30 mL), and dried in vacuum. The salt (37
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mg, 0.015 mmol) was added to a 40% aqueous dispersion of 12 nm SiO: particles
(7.5 g, Ludox HS40; Sigma-Aldrich) and solid cyanamide (70 mmol; Sigma
Aldrich, 99%), and stirred at 70 °C (16 h). The obtained white solid was then
heated at 550 °C (4 h, heating ramp: 2.2 °C min™). The resulting yellow solid was
washed with a NHsHF2 solution (12 g in 50 mL of water; Sigma-Aldrich, 95%),
at room temperature (24 h) and filtered, affording the product after drying under

vacuum.

Bijel Preparation. To a mixture of pentadecalactone (PDL) (7 mmol, 1 equiv.;
Sigma-Aldrich, 99%) and ethanol (1.4 mmol, 0.2 equiv.; Sigma-Aldrich, 99%),
triazabicyclodecene (TBD) (0.28 mmol, 0.04 equiv.; Sigma-Aldrich, 99%) was
added. The solution was mixed at 80 °C for 1.5 h to reach the desired degree of
polymerization. Then, 60 mg of photocatalyst were dispersed in 3 mL of deionized
water (20 mg mL™) at room temperature. The mixture was sonicated using an
ultrasonic probe (Fisherbrand™ 120) at 30 W for 15 min, to obtain a homogeneous
dispersion, added to the polymeric mixture, and stirred at 90 °C until completion
of the biphasic porous structure formation. Finally, the obtained polymer was dried

under vacuum at 60 °C for 5 h to obtain the photocatalytic material.

Photocatalytic Experiments. All substrates were purchased by Sigma-Aldrich
and used without any further purification. Product characterization was performed
using several techniques, depending on the reaction. Absorption spectroscopy was
performed using a Thermo  Scientific ~GENESYS™  Vis/UV-Vis
spectrophotometer at 664 nm. High-performance liquid chromatography (HPLC)
was conducted with the Agilent™ 1260 Infinity II system, equipped with a
variable wavelength detector G7114A working at A = 210 nm, and a C18
HypersilGOLD 5 um 175 A column (Thermo-Fisher). Samples were analyzed
using MeCN/H20 60:40 as a mobile phase with a total flow rate of 0.7 mL min*
at 40 °C. 'H NMR spectra were recorded on a Bruker 400 MHz spectrometer.

Chemical shifts are reported in parts per million downfield from tetramethylsilane.

Preparation of photocatalytic reactor. 500 mg of photocatalytic material,
containing 20 mg of photocatalytic material, were prepared following the

previously reported procedure and melted at 90 °C. The obtained liquid mixture
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was loaded into a transparent fluorinated ethylene-propylene (FEP) tube (25 mm
long, 3.2 mm o.d., and 2.1 mm i.d.), plugged with a quartz wool filter and
connected via 1/8” o.d. 1/4”-28 flat bottom flangeless fittings to a 1/16 o0.d. PTFE
tube. The reactor volume was calculated using the difference in mass between the
dry photoreactor and the mass of the filled reactor washed the reaction solvent,
dividing the difference by the solvent density. The reagent solution was pumped
into the prepared reactor using a syringe pump (Harvard PHD ULTRA™),
equipped with a 25 mL gastight syringe (Hamilton™), and irradiated at different
light wavelengths using a commercial PhotoCube™ (ThalesNano) apparatus (128
W).

General Procedure A: Photodegradation of methylene blue (MB)
MB was dissolved in deionized water to reach the desired final concentration. 20
mL of solution were pumped into the photocatalytic reactor under 457 nm LED
irradiation at 43 °C, using different flow rates. 2 mL of solution were collected

and analyzed by absorption spectroscopy.

General Procedure B: Photooxidation of benzyl alcohol (BnOH)
BnOH (0.19 mmols) was dissolved in deionized water (5 mL) and pumped in the
photocatalytic reactor under 457 nm LED irradiation at 38 °C, using a flow rate of
0.006 mL mint. A volume of 0.3 mL of solution was withdrawn, diluted with 1.5
mL of pure acetonitrile, and analyzed by HPLC. *H NMR was performed to
characterize the final product.

General Procedure C: Photocatalytic amination
4-Bromobenzonitrile (0.16 mmols, 1 equiv.) was added to a solution containing
sodium azide (0.8 mmols, 5 equiv.) and triethylamine (0.32 mmols, 2 equiv.),
dispersed in a mixture EtOH/H20 1:1 (2 mL). The reaction solution was purged
with N2 for 10 min and pumped into the tubular system under white-LED
irradiation at 35 °C, using a flow rate of 0.003 mL min™. The collected solution
was diluted with water (3 mL) and extracted with ethyl acetate (5 mL x 2). The
combined organic layers were dried over sodium sulfate, filtrated, and
concentrated under vacuum. *H NMR was performed to characterize the final

product.
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General Procedure D: Photocatalyzed C-N homocoupling
Benzylamine (0.08 mmols) was dissolved in a mixture MeCN/H20 1:1 (2 mL).
The reaction solution was pumped into the photocatalytic reactor under 457 nm
LED irradiation at 38 °C, using a flow rate of 0.003 mL min. The collected
solution was diluted with water (3 mL) and extracted with ethyl acetate (5 mL x
2). The combined organic layers were dried over sodium sulfate, filtrated, and
concentrated under vacuum. *H NMR was performed to characterize the final

product.

Characterization techniques. Porosity, pore distribution, and surface area
were deduced via nitrogen physisorption measurements, degassing the sample
(150 °C, 20 h) using a Micromeritics 3Flex porosimeter. The size distribution of
pores was evaluated using the quenched solid density functional theory model for
nitrogen adsorbed on carbon, assuming pores with a cylindrical shape. The
Brunauer—Emmett—Teller (BET) model to adsorption isotherms for 0.05 < p/po <
0.3 was used to calculate specific surface area with QuadraWin 5.05. The material
crystallinity was evaluated through X-ray powder diffraction (XRD) studies, using
Philips model PW3040/60 as X-ray diffractometer and Cu Ka radiation with A =
0.15418 nm. The oxidation state of both the metal atoms and the support in the
fabricated catalyst was determined by X-ray photoelectron spectroscopy (XPS)
with a Physical Electronics Instruments Quantum 2000 spectrometer, using an
electron beam (at 15 kV and 32.3 W) to generate a monochromatic Al Ka
radiation. CHNS elemental analysis was performed using a Vario Micro device,
after combustion. The inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis was conducted in a HORIBA Ultra 2, using a photomultiplier
tube detector. Dynamic light scattering (DLS) measurements were conducted
using a Malvern Zetasizer Nano ZS (scattering angle=173°) at 25 °C, after an
equilibration time of 60 seconds. Solid state cross polarization/magic angle
spinning nuclear magnetic resonance (CP-MAS NMR) was used to acquire 3C
and >N NMR spectra on a Bruker NEO 500 MHz spectrometer equipped with a
commercial 4 mm MAS iProbe to provide a more complete characterization of the
polymeric material. Samples were packed into 4 mm ZrO: rotor and spun at the

magic angle. Infrared spectra were collected with a Nicolet™ iS20 spectrometer

102



Chapter 6

using the corresponding Smart iTX setup for ATR measurements; 128 scans
recorded with a 2 cm* resolution were typically averaged for each of the acquired
spectra. Scanning electron microscopy (SEM) and SEM-EDS analysis were
performed by a Philips XL30 instrument in low vacuum mode -0.8 torr. SEM is
equipped with a EDAX Element probe for elemental mapping and analysis.
Samples were fixed onto a standard SEM pin with carbon tape and analyzed
without further treatment. Confocal laser scanning microscopy measurements
were performed on a custom-built confocal setup. For the excitation 405/488 nm
40 MHz pulsed diode lasers (PDL 800-B driver with LDH-D-C-405/LDH-P-C-
485B diodes, PicoQuant) were utilised. A quarter-wave-plate was used in the
excitation path to convert linear to circular polarisation. The laser beam was
coupled into a single-mode fiber (PMC-460Si-3.0-NA012-3APC-150-P, Schafter
+ Kirchhoff) with a fiber-coupler (60SMS-1-4-RGBV-11-47, Schafter +
Kirchhoff). After the fiber, the output beam was collimated by an air objective
(UPlanSApo 10x /0.40 NA, Olympus). After passing thought a corresponding
clean-up filter (MaxDiode 405/10, Semrock or ZET 488/10, Chroma), an ultra-flat
quad-band dichroic mirror (ZT405/488/561/640rpc, Chroma) was used to direct
the excitation light into the microscope. The excitation beam was directed into a
laser scanning system (FLIMbee, PicoQuant) and then into a custom side port of
the microscope (1X73, Olympus). The three galvo mirrors in the scanning system
are deflecting the beam while preserving the beam position in the backfocal plane
of the objective (UPlanSApo 60x% /1.2 NA water, Olympus). The sample position
can be adjusted a using manual XY stage (Olympus) and a z-piezo stage (Nano-
Z1.100, MadCityLabs). Emission fluorescence light was collected by the same
objective and de-scanned in the scanning system. Afterwards, the achromatic lens
(TTL180-A, Thorlabs) was used to focus the beam onto the pinhole (100 um
P100S, Thorlabs). The excitation laser light was blocked in the emission path by
a band-pass filter (BrightLine HC 460/60, Semrock) or by a long-pass filter (561
LP Edge Basic, Semrock). Then, the emission light was collimated by a 100 mm
lens. Finally, the emission light was focused onto a SPAD-detector (SPCM-
AQRH, Excelitas) with an achromatic lens (AC254-030-A-ML, Thorlabs). The
output signal of the photon detector was recorded by a TCSPC system (HydraHarp
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400, PicoQuant) which was synchronized with the triggering signal from the
excitation laser. Measurements were acquired with the software (SymPhoTime 64,
PicoQuant), which controlled both the TCSPC system and the scanner system.
Typically, sample scan with a virtual pixel size of 100 nm, a dwell time of 2.5
ps/pixel and a TCSPC time resolution of 16 ps were chosen. The polymer sample
was labeled with Nile Red dye according to the following procedure. First, a small
piece of the material was cut with a sharp scalpel and immersed ina 1 uM solution
of Nile Red (in distilled water) for 30 minutes. Then, the corresponding piece of
the material was transferred to the microscope and placed between two coverslips
in the water medium. During the measurements, the beam was focused
approximately 10 pum inside the material. Nano computed tomography scanning
was performed by using an industrial micro CT system (BIR Actis 130/150,
upgraded). Scanning plane is horizontal and perpendicular to the axis of the
cylindrical sample. Based on geometry and dimensions of the specimen, a cubic
voxel of 0.012 mm was obtained. Segmentation and binarization of 2D slices
obtained from microCT technique was carried out by means of Avizo (Mercury)®
software in order to detect pores. The thermal stability of the synthesized bijels
was evaluated by thermogravimetic analysis (TGA) using a simultaneous thermal
analyzer (STA) 6000 (PerkinElmer). Absorbance was measured by Thermo
Scientific GENESYS™ Vis/UV-Vis spectrophotometer. The *H HR-MAS spectra
were recorded using a Bruker NEO spectrometer operating at 500 MHz proton
frequency, equipped with a dual *H/**C high-resolution magic angle spinning
(HR-MAS) probehead. The samples were transferred in a 4 mm ZrO:2 rotor
containing a volume of about 12 pL. All data were acquired at 305 K with a
spinning rate of 4 kHz. The diffusion measurements were performed using
diffusion ordered spectroscopy (DOSY) methods with a bipolar pulse longitudinal
eddy current delay (BPPLED) pulse sequence.?” The duration of the magnetic-
field pulse gradients (6) and the diffusion times (td) were optimized for each
sample to obtain complete dephasing of the signals with the maximum gradient
strength. For the investigated samples, t=20 ms and 6=3 ms. The pulse gradients

were increased linearly from 2 to 95% of the maximum gradient strength. In each
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experiment, a series of 32 spectra with 32K points was collected with a relaxation
delay of 10 s. The DOSY experiment was repeated in triplicate.

6.3. Results and Discussion

The powdered graphitic and mesoporous carbon nitride (QCNx and mpgCNx,
respectively) samples, and the materials featuring atomically-dispersed transition
metals on mesoporous carbon nitride (Mn@mpgCNx, Zn@mpgCNyx, and
Ni@mpgCNx) were synthesized as detailed in Appendix A, and the obtained
material chemical and structural characteristics (Table A.6.1) were in accordance
with previous results.'®32® The powdered photocatalysts were used to prepare in
situ a polymeric microphotoreactors with functionalized (photo)catalysts. Here, -
pentadecalactone (PDL) underwent  thermal-induced ring-opening
polymerization, generating the hydrophobic phase of the Pickering emulsion. The
aqueous phase was obtained by suspending the carbon nitride powders in water,
with a 1:1 volume ratio compared to the polymer. The phases combination,
resulting from the entrapment of water in the polymeric network, in the absence
of coalescence phenomena, generated a bicontinuous nanoarchitecture (Figure 6.1
a). In the experimental campaign, we prepared, characterized, and evaluated a
series of polymeric functionalized microphotoreactors with the powders indicated
above, but for the sake of conciseness only the microphotoreactor containing
mpgCNx is discussed below in terms of advanced materials characterization.

The microphotoreactor obtained following the aforementioned procedure was
characterized by solid state cross polarization magic angle spinning nuclear
magnetic resonance spectroscopy (ssSCP-MAS NMR). The analysis was performed
in comparison with the spectrum of the powdered mpgCNx and the pure
polypentadecalactone (PPDL) used as skeleton for the microphotoreactor,
confirming the nature of the obtained bicontinuous phase (Figure 6.1 b). In
particular, the 3C ssCP-MAS spectrum of mpgCNx showed two sharp signals
localized at 156.7 and 164.5 ppm, in agreement with data reported in the
literature.?’” Instead, the spectrum of PPDL featured a plethora of signals localized
in three main regions, corresponding to methylene groups (20 and 40 ppm), a-

methoxy carbons (60 and 70 ppm), and carbonyl moiety (169 and 177 ppm).2’
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Finally, the solid-state *C NMR spectrum of the prepared microphotoreactor
showed characteristic signals of both the polymer and the photocatalyst, thus
confirming the presence of both the components in the obtained structure. The
zoomed region (180-140 ppm) has been included in Appendix A (Figure A.6.2 a)
to highlight the two signals related to the presence of carbon nitride within the
composite. Obviously, the low intensity of the carbon nitride signal was justified
by the substantial presence of a transparent polymeric phase within the
microphotoreactors, wherein the catalyst found its confinement. Fourier-transform
infrared (FTIR) spectroscopy of mpgCNx, PPDL, and the functionalized
microphotoreactor biphasic porous structure are shown in Figure 6.1 c. The
mpgCNx spectrum (in blue) showed a broad absorption band between 1700 and
1150 cm™, corresponding to the stretching modes of the heteroaromatic rings, and
a sharp characteristic peak at 810 cm™, attributed to the breathing mode of triazine
units.?’® PPDL (in red) and the functionalized microphotoreactor (in black)
featured an absorption band at 1730 cm™, which corresponded to the characteristic
-C=0 stretching vibrations of the carbonyl group. Several strong bands in the
1250-1100 cm™ region were assigned to the symmetric and asymmetric C-O-C
stretching vibrations. The majority of such peaks in the microphotoreactor
absorption profile highlighted the confinement of the carbon nitride photocatalyst
within the bicontinuous polymeric architecture. Thermogravimetric analysis
(TGA) was also performed to verify the thermal stability of the prepared materials.
Figure 6.1 d depicts the TGA of the microphotoreactor composite, recorded from
100 °C to 900 °C at 10 °C mint. Here, the polymer underwent irreversible
pyrolysis between 350 and 550 °C, resulting from the single-step thermal
degradation of C-O-C groups characterizing the polyester skeleton of the
microphotoreactor. Nevertheless, the relatively high thermal stability of the
microphotoreactor, up to 200-250 °C, could ensure long-term stability of the
composite matrix for most fine chemical synthetic processes, and even during low-
temperature light irradiation. The UVvis absorption spectra of mpgCNx, PPDL,

and the microphotoreactor are then shown in Figure 6.1 e.
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Figure 6.1. Integrated materials analysis of a microphotoreactor confining
mpgCNx and of reference powdered samples. Schematic representation of the
microphotoreactor preparation process (a), along with 3C solid-state cross-
polarization magic-angle-spinning nuclear magnetic resonance spectroscopy (b),
Fourier-transform infrared spectroscopy (c), thermogravimetric analysis (solid
line) and corresponding weight derivative (dotted line) (d), and UV-Vis
absorption spectra (e) of selected materials. Specifically, the figure showcases
properties of mpgCNx (in blue), PPDL (in red), and of the microphotoreactor
confining mpgCNx (in black).
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The similar absorption profile of both the powdered catalyst and the
microphotoreactor demonstrated the efficient mpgCNx incorporation in the
biphasic porous structure, with retention of its photon absorption capacity, while
the transparency of PPDL, unable to absorb photons above 200 nm, demonstrated
its potential inactive behavior in any photocatalytic process.

Scanning electron microscopy (SEM) of the biphasic porous microphotoreactor
and the respective elemental maps obtained through energy dispersive X-ray
spectroscopy (EDS) are shown in Figure 6.2 b and c. The presence of spherical
structured aggregates with a diameter of 10 um (inset Figure 6.2 b) was attributed
to the mpgCNx phase, in line with the confocal laser scanning microscopy (CLSM)
observations (vide infra). EDS confirmed the incorporation of carbon nitride in the
polymeric matrix and its uniform distribution. The microreactor systems showed
a strong fiber-like, porous morphology diffused homogenously through the
material (Figure 6.2 d). For the investigation of the internal structure of the
material, the polymer was labelled with Nile Red dye (for the detailed labelling
procedure, refer to Appendix A) and submitted for CLSM analysis. Nile Red is
widely used for visualizing various polymer structures due to its photophysical
and spectroscopic properties.?’® Specifically, it is nearly nonfluorescent in water
or other polar environments but undergoes fluorescence enhancement when non-
covalently attached to the polymer structure of interest. In our case, we observed
and confirmed the fiber-like polymeric porous structure of the microphotoreactor,
and the aggregates of mpgCNx nanoparticles because their emission band was
significantly blue shifted compared to Nile Red. Thus, by utilizing a 405 nm
excitation wavelength, we selectively imaged the morphology of the incorporated
mpgCNx nanoparticles while the polymer matrix remained unobserved. Here, the
presence of spherical structured aggregates with a diameter of 10 um (inset Figure
6.2 b and Figure 6.2 d) was attributed to mpgCNx nanoparticles. To confirm our
observations, we finally performed control CLSM experiments, imaging non-

labeled mpgCNx -doped material and pure PPDL polymer.
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Figure 6.2. Advanced visual inspection of the microphotoreactor confining
mpgCNx. 3D representation showcasing the porous structure of the composite (a);
scanning electron microscopy capturing the cross-sectional view of the sample
(b), along with the corresponding energy-dispersive X-ray spectroscopy image
(c). Confocal laser scanning microscopy (d) revealing mpgCNx confined within
the microreactor porous structure. Front view of the bijel-based
microphotoreactor by tomography (e), where the dark areas represent the free
volume available for the catalysis, and a 3D reconstruction of the whole
microphotoreactor predicted via tomographic technique (f).

The internal morphology of the material was investigated through
microcomputed tomography (microCT, Figure 6.2 e). The spherical shape and the
homogeneous distribution of the pores, with a modal diameter of 0.20 mm,
featured the whole volume of the prepared material, with an average pore diameter
of 527.0 A detected by porosimetry test (Appendix A, Figure A.6.3). The pores
were mainly concentrated along a central vertical axis originating from a larger
pore at the base of the sample and presenting three branches pointing to the outer
edge of the specimen with an angle of 120° (Figure 6.2 f). Rounded vesicles of the
same dimensions of the pores and filled by a denser material (light grey, Figure
6.2 be) were widespread throughout the sample. Also, the presence of some
isolated pores at the border of the sample was detected during the microCT
analysis. The 3D reconstruction enabled by this technique, provided a complete

microstructural representation of the main features of the bijel, including tight
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distributions of domain sizes, high connectivity between channels, controlled
tortuosity, and structural self-similarity (Figure 6.2 f). Given the high porosity of
the sample, we attempted to measure the diffusivity of potential reactive molecules
passing through the microphotoreactor. In particular, in order to measure the
molecular diffusion motion over a known observation time ta, *H high resolution
magic angle spinning (HR-MAS NMR) of the microreactor samples were recorded
using diffusion ordered spectroscopy (DOSY) NMR technique with pulse field
gradients (PFG) of increasing intensity along a defined axis (usually, z-axis). A
conventional analysis of the 2D experiment yielded a 2D map encoding for each
observed species, with the chemical shift in the horizontal axis versus their
diffusion coefficient, D, in the vertical dimension.?® Figure 6.3 a shows the 'H
DOSY map. The data confirm the bicontinuous structure of the material with two
separate domains (water-PCL highlighted in the map). Following a different
processing of the experimental data, the molecular mean square displacement
(z%(ty)) could be calculated by fitting the gradient dependent signal intensities

1(q, t;) according to the following equation:
1 2(,2
1@ to) = Toexp (5422 )) (Eq. 1

where q = %, and in particular y is the gyromagnetic ratio of the observed

nucleus, ¢ is the gradient pulse duration, and g is the intensity. For isotropic
solutions, the mean square displacement scales linearly with the observation time

ta according to the equation:
(z%(tq)) = 2Dty (Eq. 2)

where D is the diffusion coefficient. The normalized experimental signal decays,
1(q,t4)! 1(0,ty), versus g? is reported in Figure 6.3 b and c. The diffusion
coefficient within the bijel structure was D =4.4x1071° m?s™, a lower value than
the bulk water solution Do = 2.7x10~° m? s, indicating the presence of tortuous
interconnected domains.?! The ratio of D over Do (r = 0.16) reflected the

tortuosity of the diffusion motion through a microphotoreactor structure.
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Figure 6.3. Diffusivity and proof of light penetration within the microphotoreactor
structure. Mapping through high-resolution *H magic angle spinning diffusion-ordered
spectroscopy of the microphotoreactor composite (a), with the decay of the NMR signal
intensity illustrated in (b) and (c). Additionally, a visual of the microphotoreactor packed
in a polymer tube and used for catalytic applications (d). Light distribution within the
photocatalytic microphotoreactor via computational fluid dynamics (e), and analogous

distribution within a packed-bed reactor (f).

The catalytic properties of the microphotoreactor were investigated on several
light-driven reactions under flow conditions. The fabricated materials, loaded with
several types of gCNx and mpgCNx, were packed in a transparent fluorinated
ethylene propylene copolymer tube (Figure 6.3 d, for more details see the
Appendix A), and firstly tested on the visible-light driven degradation of
methylene blue (MB). The selected model reaction was performed using a 44 uM
aqueous solution of the dye, based on the preliminary concentration screening
(Table A.6.2, Entry 1). Also, we examined our reaction in the absence of catalyst,
as shown in Table A.6.2, Entry 2, and no reaction was observed. Only when the

reaction was performed in the presence of mpgCNx irradiated under blue light
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Figure 6.4. Photocatalytic degradation of MB. Effect of residence time on the MB
degradation rate using a microphotoreactor confining mpgCsNa4 (a), evaluation of
the photocatalytic activity of several microphotoreactor confining several metal-
free and metal-based materials (b), and investigation of the microphotoreactor
stability over three reaction cycles (c). Reaction conditions: MB concentration =

44 uM, v =5 min, A = 457 nm, T = 40 °C, and water as solvent.

conditions, the degradation was completed within 5 min (Table A.6.2, Entry 3).
To optimize the reaction conditions in a continuous-flow mode, we investigated
the degradation of MB at different residence times (Figure 6.4 a). Between 5 and
15 min, a quasi-linear increase of the process efficiency was observed (from 49%
to 85%), followed by a plateau, with a final degradation of MB of 99% with 60
min residence time. Comparative data between metal-free and metal-based
mpgCNx are shown in Figure 6.4 b, with a 5 min residence time to better appreciate
the differences between the screened photocatalytic systems. The two metal-free
photocatalysts, namely gCNx and mpgCNx, bearing a different surface area (Table
A.6.1 in Appendix A), showed similar photocatalytic degradations at fixed
conditions. In contrast, the use of metal-based mpgCNx lead to better degradation
rates, with no relevant differences based on the metal type (i.e., Mn, Zn, and Ni).
The stability of the prepared photocatalytic materials was also evaluated

performing the continuous-flow reaction over three reaction cycles, with an
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excellent photostability and recyclability of the produced biphasic porous structure
and no activity losses when mpgCNx-based materials were used (Figure 6.4 c). In
contrast, the use of the gCNx led to a decrease in the MB degradation rate due to
the partial deactivation of the used photocatalyst.

Computational fluid dynamics (CFD) simulations were performed to study the
radiation field inside the reactor. The simulation results are shown in in Figure 6.4
e and f (and also in Figure A.6.4 in Appendix A), with the light distribution shown
in blue as the light was assumed to be in the blue visible spectrum, to replicate the
conditions of experiments. In these conditions, we considered as negligible the
optical thickness (defined as (k + o) - Lg, where k and o are the absorption and
scattering coefficient of the species, respectively, and Ls is the optical path of the
reactor.?®2 The results corroborate that the open and porous structure of the
microphotoreactor, bearing the assembly of a sponge, allows the light to enter the
channels; this ensures higher irradiation in the reactor than conventional systems
such as packed bed reactors, in which the layers of catalyst spheres can
considerably hinder light penetration.?82

The scope of this work was finally expanded to include industrially-relevant
synthetic processes, and proving the different potential applications of our
photocatalytic system. The reaction, in particular, were conducted without any
optimization of the reaction conditions (Scheme 6.1). Notably, the porous
microphotoreactor structure, loaded with photoactive single-atom catalysts based
on mpgCNx, provided the desired products in good yields. The photooxidation of
benzyl alcohol gave in one pass the desired benzaldehyde with a 27% yield after
1 h, using air as oxidizing agent and water as solvent (Scheme 6.1 a). The
photocatalytic amination of aryl bromides was performed in presence of sodium
azide and triethylamine, with the corresponding p-aminobenzonitrile (24%) in
presence of white light irradiation (Scheme 6.1 b). A 30% yield of product was
obtained when the microphotoreactor was used in the C-N homocoupling of

benzylamine (Scheme 6.1 c).
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Scheme 6.1. Photocatalytic scope. Photooxidation of benzyl alcohol (a),
photocatalytic amination of p-bromobenzonitrile (b), and photocatalyzed C-N

homocoupling (c) over a microphotoreactor confining metal-based materials.

6.4. Conclusions

In this study, we successfully developed a novel paradigm for heterogeneous
photocatalysis by confining powdered photocatalysis into a gel-based
microreactor. This innovative approach combines polymer science with classical
heterogeneous catalysis. The resulting catalytic composite, synthesized in situ
with polypentadecalactone and nanostructured carbon nitride, displayed a
distinctive bicontinuous porous nanoarchitecture. Our microphotoreactor
exhibited remarkable capabilities, exemplified by its effective performance in
methylene blue photodegradation under flow conditions. Furthermore, the system

demonstrated potential across diverse reactions. This research opens new avenues

114



Chapter 6

for multifunctional catalysis, leveraging the benefits of both polymer matrices and
solid-state catalysis for sustainable chemical transformations.
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Enhanced flow synthesis by in-line
Integration of catalysis and
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Sivo, A.; Kim, T. K.; Ruta, V.; Luisi, R.; O.-Tejada, J.; E.-Gelonch, M.; Hessel,
V.; Sponchioni, M.; Vilé, G. React. Chem. Eng. 2022, 7 (12), 2650-2658.

7.1. Introduction

Automatized and smart pharmaceutical processes are necessary to realize iterative
design—-synthesis—testing platforms that can provide chemical probes and leads for
druggable targets.®32* QOver the past decades, microreactor technology has
offered a way to perform chemical reactions with milder, faster, and safer
protocols.?®>28¢ This has been ascribed to the high surface-to-volume ratio of those
small-scale reactors, that lead to improved mass and heat transfer.?* The
integration of microreactors with in-line process analytical systems and artificial
intelligence algorithms has further developed the field, enabling quicker

optimization protocols, with several advantages for pharmaceutical and chemical
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manufacturing.1%®287.28  Ag these benchtop reactors become even more
indispensable as a result of their modularity, it is of paramount importance to be
able to connect upstream and downstream methods to realize an integrated
process. One of the most challenging (and less developed) aspects of microsystem
engineering remains the design and in-line integration of benchtop purification
processes, which are always needed after a synthetic step. Most chemical
processes involve multistep reactions, and almost each step needs a downstream
purification, that can go from the easy workup to a demanding crystallization and
chromatography.®*>® These downstream steps consume energy, reactants,
solvents, and time, with a considerable impact on the environmental footprint and
overall efficiency of the process. Despite the high number of downstream unit
operations, there are only a few devices which have been suitably designed for
integration with microreactors.??® These examples mainly relate to liquid—liquid
and liquid—gas extractions used for solvent switch, which are based on Zaiput
membranes.?%2% Technologies such as continuous benchtop crystallizations have
not yet provided a method for easy and in-line integration with continuous-flow
reactors.?%%:2%2

Significant efforts to integrate in-line purification by column chromatography
with continuous-flow synthesis have been undertaken in recent years. The first
method has been developed by Seeberger and co-workers, by coupling simulated
moving-bed (SMB) chromatography with flow synthesis.?®® Here, a highly
complex system has been used, consisting of a six-column configuration and 48-
port valves. The use of multiple dual-mode centrifugal partition chromatography
(MDM-CPC) has been also reported.?®* This kind of chromatography relies on the
use of two non-miscible phases, instead of using a solid stationary phase. Selecting
the two phases, or biphasic liquid system (BLS), is elaborate and time-consuming
for benchtop application, as it needs to consider various operating parameters,
such as the partition coefficients of product in the BLS and the settling time of the
phases, which can determine the resolution of the separation. Two studies have
been reported based on the use of multiple columns in parallel as a substitute of
the countercurrent chromatography for the in-line purification. A supercritical

fluid chromatography (SCFC) coupled with a multistep flow synthetic process has
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been reported by Ley and co-workers.?® Despite the high overall yield of the
process, this four-column system of 21 independent items of equipment with
additional programming for automatic sampling require many specialists to
operate. Vilela and co-workers investigated the wuse of in-line flash
chromatography purification through a two-column configuration with a 10-port
valve.?® All in-line purification technologies mentioned before provided
significant advancements to this field, but their system complexity and low
injection volumes per cycle (maximum 10 mL) clearly require further
improvements.

In this work, we propose the capture-SMB technology as a new in-line
purification approach, that offers high resolution, yield, and productivity, as well
as low solvent consumption.?” This is achieved by utilizing only two twin
columns and a new loading method, in which the product breaking through the
outlet of a fully loaded first column is loaded onto the second column, thereby

avoiding wasting precious material as well as increasing the process productivity.
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Figure 7.1. State-of-the-art showing challenges in terms of in-line integration of
continuous purification systems with flow platforms (a). Sketch for the integrated
and continuous synthesis—purification process reported in this work, for the

example of a Suzuki—Miyaura cross coupling reaction (b).
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To integrate synthesis and purification, and build the end-to-end continuous
process, a surge tank can be introduced to compensate the different flowrates of
the synthesis and purification steps.?®®?® As the mass transfer is improved
between the liquid and the resin by the realization of a countercurrent movement
between the stationary phase and the mobile phase, a higher resolution, or higher
purity, is expected by the application of this technology. Moreover, a built-in
software of the capture-SMB technology allows for fully automated operation and

the minimum number of multi-port valves minimize the hold-up volume.

7.2. Experimental

General information. All reactants were purchased from Sigma-Aldrich and
used as such. Product characterization after reaction was done collecting an aliquot
of the reaction product and analyzing it by high-performance liquid
chromatography (HPLC). This was carried out on an Agilent 1100 series
chromatograph equipped with a Thermo Scientific C18 Hypersil GOLD™ column
(4.2 mL) and diode array detector (DAD) set at A = 210 nm. In addition, *H and
13C nuclear magnetic resonance (NMR) spectra of the products were recorded on
a Bruker 400 mHz spectrometer. Batch reactions were performed using 20 mL
round-bottom flasks. Flow reactions were conducted on a commercial Unigsis™
flow microreactor, consisting of an HPLC pump, a T-shaped micromixer, a
packed-bed reactor (diameter 1 cm, length 12 cm), a heating module, and a back-

pressure regulator of 10 bar.

Synthesis of phenylboronic acid (2). The synthesis of phenylboronic acid was
performed either in a batch reactor or under continuous-flow conditions. For the
batch experiments, to a stirred solution of bromobenzene 1 (1 mmol, 1 equiv.) in
ethanol (5 mL, 0.2 M), dibenzylideneacetone palladium(0) phosphaadamantane
ethyl silica (1% mol) and KOAc (3 mmol, 3 equiv.) were added at room
temperature. After stirring the mixture for 5 minutes, the heating was set to 80 °C,
and the B2(OH)4 (1 mmol, 1 equiv.) was added. The mixture was kept under
stirring for another 2 h. After this step, the mixture was cooled down to room

temperature, and an aliquot of the reaction mixture was withdrawn for HPLC
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analysis. For the flow experiments, a solution of bromobenzene 1 (1 mmol, 1
equiv.), B2(OH)4 (1 mmol, 1 equiv.), and KOAc (3 mmol, 3 equiv.) in ethanol (5
mL) was pumped on the commercial Uniqsis™ flow microreactor. The solution
passed through a column reactor, packed with dibenzylideneacetone palladium(0)
phosphaadamantane ethyl silica (1% mol), kept at fixed temperature. The product
outlet was cooled down to room temperature, and an aliquot of the product mixture

was withdrawn for HPLC analysis.

Synthesis of biphenyl (3). The synthesis of biphenyl was performed either in
a batch reactor or under continuous-flow conditions. For the batch experiments,
dibenzylideneacetone palladium(0) phosphaadamantane ethyl silica (1% mol) and
KOAc (3 mmol, 3 equiv.) were added at room temperature to a solution of
bromobenzene 1 (1 mmol, 1 equiv.) in ethanol (5 mL, 0.2 M). After stirring the
mixture for 5 minutes, the heating was set to 150 °C, and phenylboronic acid 2 (1
mmol, 1 equiv.) was added to the reaction flask, and stirred for 1 h. After this step,
the mixture was cooled down to room temperature, and an aliquot of the reaction
mixture was withdrawn for HPLC analysis. For the flow experiments, a solution
of bromobenzene 1 (1 mmol, 1 equiv.), phenylboronic acid 2 (1 mmol, 1 equiv.),
and KOAc (3 mmol, 3 equiv.) in ethanol (5 mL) were pumped through a
commercial Unigsis™ flow microreactor. The solution passed through a column
reactor, packed with dibenzylideneacetone palladium(0) phosphaadamantane
ethyl silica (1% mol), kept at fixed temperature. The product outlet was cooled
down to room temperature, and an aliquot of the product mixture was withdrawn

for HPLC analysis.

Synthesis of 1,3-bis[methyl(phenyl)amino]propan-2-ol (4). A 2.8 M solution
of epichlorohydrin (28 mmol, 1 equiv.) in EtOH and a 2.8 M solution of N-
methylaniline (28 mmol, 1 equiv.) in EtOH were mixed and pumped through a
stainless-steel coil reactor (internal volume = 60 mL) at 80 °C and 60 min. The
product outlet was cooled down to room temperature, and an aliquot of the product

mixture was withdrawn for HPLC analysis.

Synthesis of diphenyl ether (5). Bromobenzene 1 (0.75 mmol, 1.5 equiv.),

CuCl2 (1% mol), and K2COs (1 mmol, 2 equiv.) were solubilized in a round-
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bottom flask using DMF (2 mL) as a solvent. The mixture was heated to 150 °C.
At this temperature, phenol (0.5 mmol, 1 equiv.) was added. The mixture was kept
under stirring for 24 h. After this step, the mixture was cooled down to room
temperature, and an aliquot of the reaction mixture was withdrawn for HPLC

analysis.

Purifications and capture-SMB technology. The purifications were
conducted on a system comprising two long lifetime LED UV detectors (280 and
300 nm recorded simultaneously), and four high-precision double-piston pumps
with active seal wash and one fraction collector. The system was equipped with
two twin HPLC columns YMC-Triart Prep C18-S20 pum, each with a volume of
1.66 mL. The system was also supported by MControl, a dynamic software which
keeps the process at the optimum. Breakthrough curves were collected using a
solution composed by 25 mol% of phenylboronic acid and 75 mol% of biphenyl
with a concentration of 3.5 mg mL ™. Both batch chromatography and flow multi-
column chromatography were performed using the same solution and a linear
velocity of 300 cm h™t,

The operating conditions of the capture-SMB technology were optimized using
the results obtained from the breakthrough (BT) curves. As this twin-column
technology uses an interconnected mode, in which the outlet of the upstream
column is connected to the inlet of the downstream one, and a batch mode, in
which the two columns are disconnected and operate in parallel, timings to switch
from the batch to the interconnected mode and vice versa are essential in
optimizing the operation of the technology. This process optimization can be
easily achieved by inserting the BT points of the product (ranging from 1% to 10%
of the product BT), and the desired loading volume (ranging from 65% to 85% of
the product BT) obtained from the BT curves. These two experimental points
determine the start and the end of the interconnected mode, respectively. After the
first step of the process, in which the upstream column undergoes loading and the
downstream column undergoes elution, cleaning and equilibration, the two
columns are interconnected at the BT point defined for the process, which in this
case is equal to 1%. Then, the two columns are disconnected when the desired BT

of the upstream column is reached, in this case equal to 70%. The upstream column
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undergoes the same phases of the downstream column in the first step (i.e., elution,
cleaning, and equilibration) while the downstream column continues the loading.
In this way, using the twin-column technology efficiently loads the columns to
maximize their resin utilization and thus allows for improving its productivity and

solvent consumption.

Life cycle assessment. Given that the main reagent utilized (bromobenzene) is
derived from fossil resources, the reduction of halobenzene usage would
significantly improve the environmental performance of the product life cycle. In
this sense, to evaluate the environmental profiles of the analyzed processes, we
applied a life cycle assessment (LCA) methodology.>® The LCA focused on the
impacts associated with the production of the quantity of bromobenzene utilized
per mg of final product. A cradle-to-gate scope and a cut-off system model based
on mass allocation was defined. The environmental impact categories of global
warming, fine particulate matter formation, and fossil resource scarcity were
selected because, among the different 18 categories assessed in the ReCiPe
midpoints impacts assessment method,>*3% the impacts of bromobenzene
production on these three categories contribute to over 90% of the aggregated
environmental impacts on human health, ecosystems, and resources scarcity. Life
cycle inventory for the production of bromobenzene was based on experimental
data,3** and the datasets for energy and materials flows based on European market
from the life cycle inventory database (Ecoinvent 3.8).3% The heating energy
required in the bromobenzene preparation was thermodynamically estimated and
adjusted by assuming an efficiency of 60% of the electric heating device.>® The
stirring energy was calculated based on a required power of 3.2 W at 700 rpm for
stirring a 10 g of mixture and extrapolated to the specific quantity in the
bromobenzene experiment. Regarding facilities and transport, a chemicals plant
of 50 000 ton yearly production with a 50 year lifespan and transport by lorry and
train for distances of 100 km and 600 km were considered.3%-3% Emissions to air
during the process were assumed to be 0.2% of volatile input materials.3% A 90%
organic matter removal efficiency was assumed in the wastewater treatment,
whose carbon is subsequently released into the air in the form of C0O2.3% Finally,

the impacts assessment results were obtained using the SimaPro 9.2 software.3%’
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Circularity assessment. Different from the above LCA study, the circularity
study investigated the formation of biphenyl, starting from three different
halobenzene (chloro, bromo, and iodobenzene). The circularity methodology
proposed by the Ellen MacArthur (EMA) foundation was applied, taking the
material circular indicator (MCI) with values between 0 (linear) and 1 (circular).3®
A production of 100 mg of pure biphenyl was assumed as functional unit. The
processes considered were batch and continuous-flow synthesis and included the
corresponding batch and continuous purification. To determine the impact of mass
recycling, two scenarios were considered: (1) not considering reactant recycling
and (2) considering reactant recycling. To this aim, the following hypotheses were
taken: (i) all mass flows of the process were calculated according to the functional
unit, so the material loads are different between process layouts, but the same
between scenarios; (ii) the same reaction yields were taken for the different
halogen-based derivatives; (iii) when a reactant was not recycled, it was
considered as wasted; (iv) secondary wastes were not considered and, thus, the
extraction efficiency (EF) of a recycled reactant was assumed as 100% in all cases;
(v) the utility factor F(X), which includes the product intensity and lifetime, was
considered invariant in this study. All parameters used were defined according to
the definitions and equations given by the Ellen MacArthur (EMA) foundation.3®

7.3. Results and Discussion

We initiated the work by optimizing the Suzuki—Miyaura reaction, a classical
reaction applied in drug discovery and development, to prepare a biphenyl
compound. The reaction is made of two steps: a Miyaura borylation where
bromobenzene reacts with tetrahydroxydiboron to obtain phenylboronic acid, and
a Suzuki C-C cross-coupling where the boronic acid obtained from the previous
step reacts with bromobenzene to form biphenyl. The reactions were optimized on
the commercial continuous-flow unit described before, equipped with a packed
bed filled with Pd-based silica-supported heterogeneous catalyst
(dibenzylideneacetone palladium(0) phosphaadamantane ethyl silica). Using a
‘design of experiments’ (DoE) approach, the borylation step was conducted in a

systematic manner varying the temperature between 60 and 100 °C, and the
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residence time between 30 and 120 min. The two reactants were injected together,
and the product yield was calculated by HPLC. At the optimized 80 °C and 120
min conditions, the compound 2 was obtained with 86% yield. To highlight the
advantage of the continuous-flow synthesis, we performed at comparative
experimental conditions (i.e., 80 °C and 120 min) the same reaction in a standard
round-bottom flask, obtaining compound 2 with only a 67% total yield under batch
mode. As discussed elsewhere, the higher yield in flow conditions can be ascribed
to the improved contact of the liquid phase with the catalytic sites in flow.310-312
The second step was performed by using the same continuous set-up described
above. The formation of biphenyl was performed by injecting an ethanolic solution
of bromobenzene and phenylboronic acid in the packed-bed reactor. Following the
DoE approach, the reaction was conducted at different temperatures (from 100 to
150 °C) and residence times (from 30 to 120 min). The maximum yield of
compound 3 (58%) was achieved at 150 °C and 60 min. Under batch conditions,
compound 3 was achieved with only 45% yield, thus testifying the improvement
brought by flow conditions. Having optimized the synthesis, we integrated the two
continuous steps together to prepare biphenyl in one pot. We then moved to the
development of a suitable purification process. We started from the traditional
batch chromatography, in which the crude mixture is discontinuously loaded into
a column, packed with a C18 resin, until its capacity is approached. The biphenyl
compound obtained from the Suzuki—Miyaura reaction served as model species to
demonstrate the effectiveness of this multidisciplinary approach. A breakthrough
test was preliminarily carried out on the reaction product in order to determine the
dynamic binding capacity of the resin, which is pivotal for establishing the
conditions for its optimal utilization (Figure 7.2 a). The crude, at 2.37 mg mL ™ of
product 3, was loaded onto 1.66 mL of C18 resin and the product concentration in
the eluate of the column was measured through a calibrated in-line UV-vis
detector. The 1% breakthrough (BT), i.e., 1% of the product concentration in the
feed, was measured in the eluate after having loaded 34 mL of crude. Considering
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Figure 7.2. Breakthrough curve for biphenyl product during batch and continuous

chromatographic purification (a), showing improved performance over a multi-
column continuous setup; photograph of the modified continuous moving bed
chromatography setup (b); schematic representation of a half-cycle of the
continuous operation, for the loading, washing, elution, and cleaning steps (c);
schematic flow diagram of the continuous chromatography setup (d); UV traces

of the five performed cycles during continuous synthesis and product purification

).

the operating linear velocity of 300 cm h™%, the saturation time corresponding to
the 1% BT was 61.5 min.3*3!® This means that, reached this loading volume, the

product starts being lost in the eluate, with no more adsorption on the resin,
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compromising the yield of the process. This was then considered as the reference
loading for a batch single-column chromatography in order to avoid sacrificing
the yield of the product. In this condition, a resin loading of 48.5 mg mMLresin * was
achieved. Using this parameter, the initial separations were performed in batch.
The crude, with an overall concentration of 3.5 mg mL ™, was loaded up to the 1%
BT estimated previously. After the loading, a washing step with 14 mM Na2COs
was performed to desorb the impurities. Finally, the elution was operated with a
step gradient to 100% acetonitrile and 1 mL fractions were collected during this
phase to characterize the process. In particular, the yield and the biphenyl
concentration in each fraction were determined by at-line HPLC analysis. The
overall purity of the biphenyl collected from the batch process was about 86%.
The yield, defined as the ratio between collected and injected product, was 51%
for the batch process, while the productivity is 17 g h™ Lresin * (Table 7.1). This
poor yield was ascribed to the breakthrough of some product in the loading phase
as well as in the washing step, required to desorb the impurities and reach
acceptable standards of purity. In order to improve the downstream processing
performances, we moved to a continuous countercurrent chromatography process
based on two twin columns, directly applying it to our small molecules®®*3% |n
this approach, the crude is partialized into multiple columns, which undergo
consecutive interconnected (series) and disconnected (parallel) operations

ensuring the periodic continuity of the feeding and the necessary steps of cleaning-

Table 7.1. Comparison between batch and continuous-flow purification processes

in the purification of biphenyl.

Solvent_ Iso.lated Productivity Purity

consumption yield (gh* LY (%)
(Lg?) (%) J ’

Batch? 14 51.3 17.2 86.3
Continuous?® 0.3 81.3 22.7 >99

Process gain®
(batch vs 79.6% 58.5% 31.6% 15.9%
continuous)

aSynthesis and purification conditions in Figure 7.2 b and in the Appendix A.°Process

improvement between continuous-flow and batch experiments.
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in-place and regeneration. This leads to higher resin utilization and process
efficiency, due to the maximized driving force for mass transfer, ensured by the
simulated countercurrent movement between the solid and liquid phases, and
therefore an easier scalability for industrial processes. The set-up was composed
by two supports for columns, two long lifetime LED UV detectors (280 and 300
nm recorded simultaneously), four high precision double-piston-pumps with
active seal wash and one pump for feed supply. The chromatograph was equipped
with two HPLC columns YMC-Triart Prep C18-S20 um, each with a volume of
1.66 mL (Figure 7.2 b).

The purification cycle involved two phases (Figure 7.2 ¢c and d): in the first one,
the columns are interconnected and are employed in series to ensure that the
product breaking through the upstream column during the loading is re-adsorbed
in the downstream one. This allowed to push the loading phase to higher values of
breakthrough. In this work, 70% BT, corresponding to a loaded volume of 54 mL,
was applied. This enabled a higher loading of the resin, up to 77 mg mLresin 2,
which in turns grants a better column utilization compared to the single-column
configuration. In the second stage, the columns are employed in parallel,
performing the washing, elution and regeneration of the upstream column while
completing the loading of the downstream one. These two phases constitute a
switch, after which the two columns reach the same initial conditions but with
exchanged positions (i.e., the upstream column becomes the downstream one and
vice versa). Then, a full cycle comprises two symmetrical switches.

In our work, with only five cycles, we were able to purify the compounds. The
UV traces recorded at the outlet of one of the two columns for these five cycles
are shown in Figure 7.2 e, confirming the periodicity of the process, with good
reproducibility of the chromatogram cycle after cycle. The peak corresponding to
biphenyl can be appreciated at 130 min. From in-line HPLC analysis, we
demonstrated that this product could be collected with high purity (>99%) in each
cycle. The overall process performances of this continuous operation were
evaluated by averaging the parameters obtained for the cycles that have reached
the steady state (cycles 2, 3, and 4) and are reported in Table 7.1. In particular,
biphenyl can be recovered, through this continuous chromatographic approach,
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Table 7.2. Continuous synthesis of other small molecules.?

Solvent. Iso-lated Productivity Purity
consumption yield (g ht LY (%)
(Lo %) ’ :

‘ OH
A 2.4 68 75 93
oM
0 2.4 71 7.1 92
5

aSynthesis and purification conditions in the Appendix A.

with 81% yield and productivity of 22.7 g h™* Lresin  at a purity of >99%. Thus,
the continuous purification process provides increased yield and productivity,
respectively by 59% and 32%, compared to the batch process. As shown in Table
1, the batch produced 80.5 mg of the product per run using 57.8 mL of the solvent
while the continuous purification was able to produce 127.8 mg of the product per
switch using 31.2 mL. This clear advantage could be summarized as the solvent
utilized per purified product, or solvent consumption, which was 1.4 L g™* for the
batch and 0.3 L g* for the continuous purification. This remarkable reduction in
the solvent consumption makes the continuous purification more attractive from
an industrial and environmental viewpoint.

The broad applicability of our flow synthesis—purification method was
demonstrated testing the protocol on different reaction mixtures. Among this, the
symmetric aminoalcohol 4 and the diphenylether 5 were isolated using the same
protocols validated above. As reported in Table 7.2, the separation provided
products 4 and 5 in high purity (>90%), and with an overall yield of 68% and 71%
respectively. Further information and comparative data with batch methods are
reported in the Appendix A. The environmental impact as given by the LCA is
assumed to be largely dependent on the reactant mass used to achieve the same
quantity of product. This paper reported advances in the reduction of reactant mass
by flow chemistry, over batch synthesis, and continuous-flow purification, over
batch purification.

129



Enhanced flow synthesis by in-line integration of catalysis and continuous chromatography

60 0.08 20

Il Batch synthesis +
504 0.07+ batch purification
0,06 154 [ Flow synt?esi§ +
S 404 =) - batch purification
E E 0.054 2 [ ] Flow synthesis +
o 304 & 0.044 104 flow purification
(0] @ g
N o
.03 1 =
3 20 =00 5
0.02 - 5
101 0.014
0- 0.00- 0-
Global warming Fine particulate matter Fossil resource scarcity
formation

Figure 7.3. Environmental impacts of bromobenzene used to obtain 1 mg of
biphenyl by batch and flow processes.

Table 7.3. Circularity analysis per 100 mg of purified biphenyl obtained from
bromobenzene reagent. The process is studied for the three cases, which include
both synthesis and purification in batch and/or flow. For each design, two

scenarios are proposed, namely without (A) and with (B) reactant recycling.

Using bromide derivatives

Layout — Batch + Batch Conti + Batch Conti + Conti

Indicator A B A B A B

M (mg)? 3326 3326 1661 1661 1447 1447
Fr 0.00 0.18 0.46 0.68 0.62 0.75
V (mg) ¢ 3326 2733 895 526 550 355
Cy® 0.00 0.18 0.46 0.68 0.62 0.75
EF® 1.00 1.00 1.00 1.00 1.00 1.00
W (mg)f 3226 2633 795 425 450 255
LFI¢ 0.98 0.81 0.51 0.29 0.35 0.21
F(X)n 0.9 0.9 0.9 0.9 0.9 0.9
MCI! 0.114 0.274 0.542 0.742 0.689 0.810

aMass load entering the process (M); Precycled fraction (FR); Cuse of virgin materials (V); “reuse
fraction (CU); eextraction efficiency (EF); funrecoverable waste (W); 9linear flow indicator (LFI);
hutility factor F(X); ‘material circular indicator (MCI).
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The LCA results show that, indeed, this process intensification is translated into
environmental benefits (Figure 7.3). As expected, the reduction of the quantity of
reagent used per mg of product generates proportionally reductions in the pollutant
emissions and fossil resources scarcity. Hence, the total 56.1 mg CO:2 eq. emitted
due to bromobenzene consumption in the batch synthesis to produce 1 mg of
biphenyl are reduced by 51% in the flow synthesis process, i.e., emitting only 27.3
mg COz eq. per mg of product. Similarly, air pollutant emissions and the impacts
on fossil resources scarcity are halved by switching the production process from
batch to flow systems. A similar positive outcome was determined for the
environmental impact categories fine particulate matter formation and fossil
resource scarcity.

Together with the global warming, this provides a forecast both for most urgent
global issues (warming, resources) and human health (particulate matter). The
circularity assessment goes one step further in scope than the LCA, by considering
the route to generate biphenyl. As the focus is on recycling, the lost and recovered
mass loads determine the degree of circularity. The mass loads are reduced when
switching from batch to continuous-flow, both for the synthesis and purification
(Table 7.3).3% In this sequence, the demand of virgin materials (V) decreases when
the process is carried out continuously. Additionally, the recycled fraction (FR) is
increased to a maximum value of 0.81, for a continuous synthesis and purification
with reactants recycled and assuming synthesis using chlorobenzenes (Appendix
A). Waste generation is also positively impacted, reaching a 95% reduction when
using chloro-benzenes. The MCI metrics scores largest (0.859) for the best
scenario. To summarize, the two-fold continuous process, continuous in synthesis
and purification, is considerably better in the environmental performance, as
evidenced by the LCA study. The circularity study confirmed this outcome, and
outlined that the results would be significantly better when considering recycling
of reactant waste and replacing the bromohalogens of the study with

chlorohalogens.

7.4. Conclusions

In conclusion, we have presented an improved protocol for the end-to-end
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synthesis and multi-column preparative purification of small molecules, in an
integrated manner and under continuous conditions. The approach was
demonstrated for the synthesis of structurally-different organic compounds. In all
cases, the flow method demonstrated higher product yields, quick product
isolation, and reduced solvent consumption compared to traditional batch-type
chromatography. Circularity and life cycle analyses further highlighted the
environmental benefits for the integrated flow process. The approach may find
applications in the design of new synthesis—purification—analysis platforms

applied in drug discovery.
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Chapter

Conclusions and Outlook

Sustainable development goals have garnered increasing attentions with regard to
the circularity of manufacturing processes. In the last decade, the role of
continuous-flow chemistry as green enabling technology has emerged as a focal
point for circularity, finding widespread applications in organic, pharmaceutical,
and fine chemical synthesis. This technology has demonstrated notable advantages
in terms of safety, efficiency, and sustainability. My PhD thesis has aimed to make
a substantial contribution to the advancement of flow chemistry by providing a
comprehensive understanding of the underlying principles and offering practical
guidelines for designing highly effective and efficient synthetic procedures.

8.1. Better Control of Hazardous and Multistep Reactions

The work presented in this PhD thesis has highlighted the role of flow chemistry
in various processes, as this technology improves the efficiency of the reaction,
enabling a better control of the temperature in hazardous conditions, and
facilitating the reactions scale-up. This has been demonstrated in the exothermic
production of azetidinium salts, in which the flow technology allowed safer and
faster reaction conditions, due to the high surface-to-volume ratio of the

microreactors. The advantages of flow chemistry were also demonstrated in the
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highly hazardous synthesis of glycidol and glycidyl derivatives, by employing
biphasic mixtures and integrating work-up steps under optimized conditions. The
telescoped protocol allowed for the sequential execution of multiple steps without
the need for intermediate isolation and purification, reducing the overall time and

effort required for the synthesis.

8.2.  Novel Photocatalytic Methods

Emphasis has been also placed in the development of novel, light-driven methods
for the synthesis of pharmaceuticals. In particular, for the fabrication of carbon
nitride-based materials with applications in visible light-driven processes, the
ability to customize catalyst features was crucial for achieving improved catalytic
performance. The possibility to finely tune the catalyst's surface area played a
significant role in optimizing the trifluoromethylation process, which is a key
transformation in pharmaceutical synthesis. Furthermore, the modulation of the
bandgap by introducing different types of metals into the carbon nitride-based
materials was investigated. This exploration provided valuable insights into the
theorized reaction mechanism, shedding light on the factors influencing the
catalytic performance. In addition, the utilization of single atom catalysts, a novel
class of materials with properties intermediate between homogeneous and
heterogeneous catalysts, was employed to improve catalytic performance in the
benzyl alcohol oxidation process. This approach also offered valuable information
regarding the role of the photoactive support in the oxidation reaction.

These strategies allowed to establish structure-performance relationships for
each process by conducting comprehensive characterization of the prepared
nanocatalysts. This provided in-depth insights into the catalyst's properties and
their influence on catalytic performance. Moving forward, the integration of
photocatalytic heterogeneous catalysis and flow chemistry presented a significant
challenge, primarily related to suboptimal light penetration throughout the reactor
volume, limiting the interaction between light and the catalyst. To address this
challenge, the development of nanostructured reactors for flow applications has
emerged as a promising solution in this PhD thesis. In particular, the fabrication
of a new polymer-based material was investigated, focusing on its enhanced light

136



Chapter 8

penetration capabilities due to the presence of carbon nitride as a photoactive
component supported by a polymeric matrix. Extensive characterization of this
highly photo-stable and recyclable material demonstrated the critical role of the
material's structure and porosity in several photocatalytic processes.

Overall, the thesis further proves that photocatalysis remains a transformative
cornerstone for harnessing solar irradiation to develop sustainable and
environmentally friendly processes. This paradigm-shifting approach holds
immense promise for revolutionizing the landscape of sustainable technologies

and ushering in a brighter future for chemistry.

8.3. Technologies Integration

The final purpose of this PhD project was the development of flexible protocols
for the preparation of pharmaceutical intermediates under continuous conditions,
from the synthesis to the almost always required purification step. Particularly, we
have investigated one application of the continuous chromatography approach
particularly useful to separate binary mixtures, called simulating moving bed
(SMB), in which a countercurrent flow between particles and fluids is simulated
with a particular arrangement of columns. This step was integrated after the
sequential catalysis step. The higher columns capacity and process efficiency was
due to the maximized driving force for heat and mass transfer, and provided easier
scalability and greener conditions.

8.4. Outlook

Continuous-flow chemistry, as showcased in this thesis, is poised to become an
indispensable tool for organic synthesis and industrial manufacturing, offering a
multitude of advantages in terms of sustainability, safety, and efficiency. The
challenges and opportunities presented by flow chemistry are driving researchers
to explore and advance the field. One key area of focus is the integration of flow
chemistry with automation, which has the potential to revolutionize chemical
manufacturing processes. Through this combination, it becomes possible to create
fully continuous, digital, and environmentally friendly plants that eliminate waste

generation and improve process efficiency. The automation of flow chemistry
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systems enables precise control over reaction parameters, real-time monitoring,
and rapid optimization, leading to enhanced productivity and reduced resource
consumption. Additionally, the application of flow chemistry in novel research
areas, such as circular processing and nanomaterial synthesis, holds great promise.
Flow chemistry can contribute to improving the conversion of waste materials into
value-added products through efficient and controlled reactions. This approach
aligns with the principles of sustainable chemistry and circular economy, offering
opportunities for the development of more environmentally friendly processes,
also for what concerns greener pharmaceutical synthesis. Moreover, integrating
downstream purification methods with upstream reaction systems remains a
challenge. The availability of miniaturized work-up and purification setups that
can seamlessly integrate with flow reactors is limited. Developing standardized
and compatible systems for integrated purification and reaction setups is crucial to
overcome this challenge and enable the seamless flow of reactions and purification
steps.

Overall, the relevance and impact of flow chemistry will continue to expand in
the coming years. Its advantages, such as improved efficiency, enhanced control,
and reduced waste generation, will extend to various fields of research and
industry. The examples highlighted in this PhD thesis confirm that some of the
technical features necessary to address these challenges are already available and

can be applied to existing and new processes.
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Appendix

Annexes

Chapter 2

Table A.2.1. Vis-a-vis comparison between batch and flow data.

Entry Solvent T (°C) t (min) Batch yield (%0)*®*  Flow yield (%0)2¢

1 EtOH 25 60 2 0
2 EtOH 60 60 30 63
3 EtOH 80 60 51 66

Calculated by NMR, using dibromomethane as internal standard. "Carried out following the
‘General procedure for batch synthesis of 3-hydroxyazetidinium chloride’ detailed in the
experimental section of the manuscript. °Carried out following the ‘General procedure for the
continuous-flow synthesis of 3-hydroxyazetidinium chloride’ detailed in the experimental section

of the manuscript.
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A.2.2. Compounds Characterization

1,1-Diethyl-3-hydroxyazetidin-1-ium (4)

Colorless oil (66%, 3.0 g); *H NMR (400 MHz, DMSO-ds) § 6.65 (d, J = 7.0 Hz,
1H), 4.66-4.57 (m, 1H), 4.44 (dd, J = 12.0, 7.2 Hz, 2H), 4.12 (dd, J = 12.0, 7.2
Hz, 2H), 3.52-3.47 (q, J = 7.2 Hz, 2H), 3.38-3.33 (q, J = 7.2 Hz, 3H), 1.12 (t, J =
7.2 Hz, 6H); *C NMR (101 MHz, DMSO-ds) § 70.3, 56.0, 55.8, 53.9, 23.6, 8.3,
7.9; HRMS (ESI-QIT) m/z calcd for C7H1sNO™* [M]* 130.1226, found 130.2485.
1,1-Dibutyl-3-hydroxyazetidin-1-ium (5)

Colorless oil (29%, 0.7 g); *H NMR (400 MHz, CDCls3) § 6.85 (s, 1H), 4.89-4.86
(m, 1H), 4.59 (dd, J = 11.6, 7.1 Hz, 2H), 4.39 (dd, J = 11.6, 7.1 Hz, 2H), 2.52-2.34
(m, 4H), 1.28-1.10 (m, 8H), 0.85 (t, J = 7.2 Hz, 6H); 3C NMR (101 MHz, CDCls)
8 70.6, 54.1, 29.3, 20.5, 14.0; HRMS (ESI-QIT) m/z calcd for C1iH2sNO* [M]*
186.1852, found 186.2336.

3-Hydroxy-1,1-diisopropylazetidin-1-ium (6)

Colorless oil (66%, 2.5 g); *H NMR (400 MHz, D20) § 4.64 (dd, J = 13.5, 6.4 Hz,
1H), 4.35 (dd, J = 13.9, 7.5 Hz, 2H), 4.15 (dd, J = 13.9, 6.0 Hz, 2H), 3.80 (dtt, J =
12.9, 6.5, 3.1 Hz, 2H), 1.38 (t, J = 6.6 Hz, 12H); 3C NMR (101 MHz, D20) §
61.14, 60.93, 60.08, 57.43, 16.24; HRMS (ESI-QIT) m/z calcd for CoH20NO* [M]*
158.1539, found 158.2225.

2-Hydroxy-4-azaspiro[3.4]octan-4-ium (7)

Colorless oil (49%, 3.5 g); *H NMR (400 MHz, DMSO-ds) & 6.62 (s, 1H), 4.65—
4.6 (m, 1H), 4.50 (dd, J = 11.6, 6.9 Hz, 2H), 4.24 (dd, J = 11.6, 5.7 Hz, 2H), 3.68—
3.64 (m, 2H), 3.61-3.55 (m, 2H), 1.97-1.93 (m, 4H); *C NMR (101 MHz,
DMSO-ds) & 71.27, 64.41, 62.98, 21.51, 21.29; HRMS (ESI-QIT) m/z calcd for
C7H14NO™ [M]" 128.1070, found 128.2299.
2-Hydroxy-4-azaspiro[3.5]nonan-4-ium (8)

Yellow oil (75%, 3.0 g); *H NMR (400 MHz, DMSO-ds) § 6.61 (d, J = 6.7 Hz,
1H), 4.69-4.57 (m, 1H), 4.50-4.38 (m, 2H), 4.10 (dd, J = 11.9, 5.5 Hz, 2H), 3.54
(dd,J=11.2,5.7 Hz, 3H), 3.39 (dd, J = 17.9, 12.2 Hz, 3H), 2.67-2.33 (m, J = 45.7,
25.3,21.0 Hz, 6H), 1.72-1.63 (m, J = 9.9, 5.1 Hz, 4H), 1.59-1.51 (m, 3H), 1.46—
1.32 (m, 4H); 3C NMR (101 MHz, DMSO-ds) § 70.98, 62.16, 60.40, 58.25, 54.65,
25.19; HRMS (ESI-QIT) m/z calcd for CsHisNO* [M]* 142.1226, found 142.2198.
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2-Hydroxy-7-oxa-4-azaspiro[3.5]nonan-4-ium (9)

Orange oil (28%, 1.4 g); *H NMR (400 MHz, DMSO-ds) & 6.65 (s, 1H), 4.70—4.63
(m, 1H), 4.58 (dd, J=11.9, 6.6 Hz, 2H), 4.24 (dd, J = 11.6, 5.2 Hz, 2H), 3.93-3.85
(m, 2H), 3.79 (dd, J = 9.2, 3.6 Hz, 4H), 3.64 (dd, J = 9.3, 4.5 Hz, 13H), 3.58 (dd,
J=17.7,3.2 Hz, 8H), 3.54 (t, J = 4.8 Hz, 3H), 2.79-2.54 (m, 12H), 2.44 (ddd, J =
19.1, 9.9, 4.0 Hz, 13H); 3C NMR (101 MHz, DMSO-ds) & 61.85, 60.82, 58.29,
54.24, 53.76; HRMS (ESI-QIT) m/z calcd for C7H14aNO2" [M]* 144.1019, found
144.1926.

1-Chloro-3-[methyl(phenyl)amino]propan-2-ol (11)

Dark green oil (55%, 3.0 g); *H NMR (400 MHz, DMSO-ds) & 7.18 (t, J = 7.8 Hz,
1H), 6.74 (d, J = 8.1 Hz, 1H), 6.63 (t, J = 7.1 Hz, 1H), 3.97-3.91 (m, 1H), 3.65
(dd, J=11.1, 45 Hz, 1H), 3.59 (dd, J = 11.2, 5.4 Hz, 1H), 3.49 (dd, J = 14.9,5.2
Hz, 1H), 3.29 (dd, J = 14.9, 7.1 Hz, 1H); *C NMR (101 MHz, DMSO-ds) &
149.34, 129.43, 116.32, 112.40, 68.67, 56.19, 48.60; HRMS (ESI-QIT) m/z calcd
for C10H15sCINO™ [M+H™]* 200.0837, found 200.1086; HRMS (ESI-QIT) m/z
calcd for C10H14CINNaO™* [M+Na*]*" 222.0656, found 222.0811.
1-[(3-Bromobenzyl)(methyl)amino]-3-chloropropan-2-ol (12)

Colorless oil (51%, 3.9 g); *H NMR (400 MHz, CDCls) § 7.39 (s, 1H), 7.37-7.31
(m, 1H), 7.21-7.09 (m, 1H), 3.95-3.89 (m, 1H), 3.62 (d, J = 5.5 Hz, 1H), 3.58 (s,
1H), 3.50 (d, J = 4.6 Hz, 2H), 2.56-2.47 (m, 3H), 2.22 (s, 3H); 3C NMR (101
MHz, CDCls) & 139.99, 132.02, 130.69, 130.08, 127.71, 122.49, 67.39, 61.88,
60.22, 47.18, 42.20; HRMS (ESI-QIT) m/z calcd for C11H16BrCINO [M+H*]*
292.0098, found 292.0002.

A.2.2. Determination of the activation energy

According to Arrhenius’ equation, the activation energy has been calculated
plotting the natural logarithm of the azetidinium salt formation as a function of
1/T. The slope of the obtained line, interpolated in Excel, represents the -Ea/R
value, where R is the universal gas constant and Ea is the activation energy.
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Chapter 3

A.3.1. Compounds Characterization

Glycerol (1)
'H NMR (400 MHz, D20) & 3.73 (tt, J = 6.4, 4.4 Hz, 1H), 3.60 (dd, J = 11.8, 4.4
Hz, 2H), 3.51 (dd, J = 11.7, 6.5 Hz, 2H).

Glycidol (3a)

'H NMR (400 MHz, D20) 6 3.90 (dd, J = 12.8, 2.7 Hz, 1H), 3.49 (dd, ] = 12.9, 5.8
Hz, 1H), 3.25 (ddt, J = 5.7, 4.3, 2.9 Hz, 1H), 2.91 (t, J = 4.4 Hz, 1H), 2.76 (dd, J =
4.3, 3.0 Hz, 1H).

Glycidyl tosylate (5)

'H NMR (400 MHz, CDCl3) § 7.82 (d, J = 8.3 Hz, 2H), 7.43 — 7.34 (m, 2H), 4.95
(s, 3H), 4.27 (dd, J = 11.4, 3.5 Hz, 1H), 3.98 (dd, J = 11.4, 6.0 Hz, 1H), 3.29 —
3.16 (m, 1H), 2.86 — 2.80 (m, 1H), 2.61 (dd, J = 4.8, 2.6 Hz, 1H).

178



Annexes

Chapter 4

A.4.1. Characterization of metal-free CNy
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Figure A.4.1. N2 physisorption (a) and X-ray diffraction (b) analysis of CNx-based

catalysts.

Figure A.4.2. HRTEM analysis of gCNx (a), nCNx (b), and mpgCNx (c).

Table A.4.1. Elemental composition and textural properties of CNx-based

catalysts.
Catalyst c? N2 Ha CIN SBET_b vporef
(Wt %) (Wt %) (wt %) () (m?g™) (cm*g?)
gCN 34.84 56.65 1.10 0.61 5 0
NCNx 32.15 47.92 2.12 0.67 72 0.21
mpgCNy 31.90 48.75 2.43 0.65 157 0.46

3CHNS. PN, isotherm collected at 77 K. ‘Quenched solid density functional theory model assuming
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cylindrical-shaped pores.

A.4.2. Synthesis and characterization of metal-doped CNx

Ag, Zn, and Cu-based mpgCNjx preparation

To prepare Zn@mpgCNx, Cu@mpgCNx and Ag@mpgCNx materials, a solution
of the corresponding chlorinated salt (0.01 mol) in 10 mL of water was stirred with
a solution 1 M of sodium tricyanomethanide (1.13 g, 0.01 mol; Sigma-Aldrich,
99%) in water (10 mL) for 3 h. The resulting mixture was centrifuged to obtain
the metal tricyanomethanide as white solid after three washes with water. Solid
cyanamide (3 g; Sigma Aldrich, 99%) and metal tricyanomethanide (0.15 mol)
were added to SiO2 Ludox HS40 with 12 nm particles (7.5 g; Sigma Aldrich, 40%
aqueous dispersion) and heated under stirring for 16 h. The resulting white solid
was heated for 8 h at 550 °C into an alumina crucible (heating ramp: 2.2 °C min°
1. The resulting yellow solid was added to a solution of NH4sHF2 4.2 M (12 g in
50 mL of water; Sigma-Aldrich, 95%), mixed for 24 h, and centrifuged to obtain

the product after three washes with water and ethanol.

Catalysts characterization

Porosity, pore distribution, and surface area data of the metal-doped materials
were deduced via N2 physisorption experiments (Figure A.4.3 a). The material
crystallinity was evaluated through X-ray powder diffraction (XRD) studies. XRD
spectra showed two characteristic diffraction peaks at 26 = 13° and 28°, which, in
accordance with the literature, correspond to the (100) and (002) planes,
respectively (Figure A.4.3 b). The photoluminescence (PL) spectra (Figure A.4.3
c) were recorded using an FP-8300 fluorescence spectrometer, setting the

excitation wavelength to 365 nm.
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Figure A.4.3. N2 physisorption (a), X-ray diffraction (b), and photoluminescence

(c) analysis of metal-doped CNx catalysts.

(b)

Figure A.4.4. HRTEM analysis of Cu@mpgCNx (a) and Ag@mpgCNx (b).

Table A.4.2. Elemental composition and textural properties of metal-based CNx

catalysts.
ca N2 H2 C/N Metal® SgeT® Vporet
Catalyst WEo%)  (Wt%) (Wt%) () (wt%) (m’gl)  (cmig)
Zn@mpgCNy 28.38 28.38 2.75 0.54 0.65 87 0.26
Cu@mpgCNy 31.37 48.78 2.20 0.64 0.50 241 0.69
Ag@mpgCN, 3101  47.43  2.40 065  0.30 174 0.53

3CHNS. °ICP-OES °Nj; isotherm collected at 77 K. YQuenched solid density functional theory
model assuming cylindrical-shaped pores.

A.4.3. Traditional photocatalytic set-up with LED stripes

A traditional photocatalytic set-up was assembled to operate the
trifluoromethylation process. A LED stripe (length =5 m) was wrapped around a
transparent bottle (i.d. =5 cm, length = 18 cm) and the blue light (457 nm, 18 W)
irradiates the reaction flask placed inside the bottle.
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A.4.4. Photocatalytic tests
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Figure A.4.5. Synthesis of trifluoromethylpyrrole using different CNx-based
catalysts, showing conversion (a) and selectivity (b) trends over time. The color
codes in (a) apply to (b). Reaction conditions: 1 (1 mmol), 2 (1.3 mmol), catalyst
(100 mg), K2HPOQOu4 (3 mmol), MeCN (8 mL), light source (PhotoCube™, blue light,
A =457 nm), 45 °C, 1 atm.
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Figure A.4.6. Synthesis of trifluoromethylpyrrole using different CNx-based
catalysts. Above, conversion and selectivity trends for metal-free catalysts, namely

gCNx (@), nCNx (b), mpgCNx (c); below, conversion and selectivity trends for
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metal-doped catalysts, namely Ag@mpgCNx (d), Cu@mpgCNx (e), Zn@mpgCNx
(f). Reaction conditions: 1 (1 mmol), 2 (1.3 mmol), catalyst (100 mg), K2HPOx4 (3
mmol), MeCN (8 mL), light source (PhotoCube™, blue light, /. = 457 nm), 45 °C,

1 atm.

A.4.5. Comparison between batch and flow data

Table A.4.3. Vis-a-vis comparison between batch and flow synthesis of

trifluoromethylpyrrole.

Entry t (min) Batch yield (%0)? Flow yield (%)°

1 10 23 72
2 20 77 77
3 30 64 78

aCarried out following the general procedure for batch synthesis: 1 (1 mmol), 2 (1.3 mmol), catalyst
(100 mg), KoHPO4 (3 mmol), MeCN (8 mL), light source (PhotoCube™, blue light, A = 457 nm),
45 °C. "Carried out following the general procedure for flow synthesis: 1 (1 mmol, 0.25 M in
MeCN), TfCl (1,3 mmol, 0.25 M in MeCN), light source (PhotoCube™, blue light, A = 457 nm),
45 °C, 1 bar, packed-bed reactor filled with mpgCNy (50 mg), K;HPO, (3 mmol), and glass beads

(29).

A.4.6. Catalyst characterization after usage
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Figure A.4.7. Nz physisorption (a) and X-ray diffraction (b) analysis of CNx-

based catalysts.
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A.4.7. Compounds Characterization

2-(trifluoromethyl)-1H-pyrrole (or “trifluoromethylpyrrole”, 3a)

'H NMR (400 MHz, CD3CN): 6 9.80 (s, 1H), 6.97 (dd, J = 4.0, 2.5 Hz, 1H), 6.61
(dd, J=2.2, 1.1 Hz, 1H), 6.21 (t, J = 10.2 Hz, 1H). °F NMR (376 MHz, CD3CN):
3 -59.51 (s).

2-methyl-5-(trifluoromethyl)-1H-pyrrole (3b)

'H NMR (400 MHz, CD3CN): 6 5.85 — 5.81 (m, 1H), 5.78 — 5.73 (m, 1H), 2.19 —
2.17 (s, 3H). °F NMR (376 MHz, CDsCN): § -59.32 (s, J = 4.1 Hz).

methyl 2-(trifluoromethyl)-1H-pyrrole-3-carboxylate (3c)

'H NMR (400 MHz, CD3sCN): § 10.92 — 10.25 (m, 1H), 6.92 (t, J = 2.9 Hz, 1H),
6.69 (t, J = 3.0 Hz, 1H), 3.81 (s, 3H). *F NMR (376 MHz, CD3CN): § -60.48.
1-methyl-2-(trifluoromethyl)-1H-pyrrole (3d)

'H NMR (400 MHz, CD3CN): 6 6.88 (t, J = 2.0 Hz, 1H), 6.60 (dd, J = 2.0, 1.0 Hz,
1H), 6.14 — 6.10 (m, 1H), 3.74 (s, 3H). ®F NMR (376 MHz, CD3sCN): & -59.21
(s).

1-(methoxymethyl)-2-(trifluoromethyl)-1H-pyrrole (3e)

IH NMR (400 MHz, CDsCN): § 7.12 — 7.06 (m, 1H), 6.70 (dt, J = 10.0, 5.1 Hz,
1H), 6.21 (dd, J=7.5, 4.3 Hz, 1H), 5.31 (s, 2H), 3.26 (s, 3H). 1°F NMR (376 MHz,
CDs3CN): 6 -58.23 (s).

1-benzyl-2-(trifluoromethyl)-1H-pyrrole (3f)

IH NMR (400 MHz, CD3sCN): & 7.42 — 7.28 (m, 3H), 7.15 — 7.09 (m, 2H), 6.97 (t,
J =23 Hz, 1H), 6.71 — 6.65 (m, 1H), 6.22 (t, J = 3.3 Hz, 1H), 5.26 (s, 2H). *F
NMR (376 MHz, CD3CN): 6 -59.52 (s).
1-phenyl-2-(trifluoromethyl)-1H-pyrrole (3g)

IH NMR (400 MHz, CD3CN): & 7.47 — 7.42 (m, 4H), 7.41 — 7.33 (m, 1H), 7.04
(dd, J=2.8, 1.9 Hz, 1H), 6.83 — 6.80 (m, 1H), 6.37 — 6.34 (m, 1H). °F NMR (376
MHz, CD3CN): 8 -59.52 (s).

2-(trifluoromethyl)-1H-pyrrol-1-amine (3h)

'H NMR (400 MHz, CD3CN): 6 6.93 — 6.86 (m, 1H), 6.49 — 6.43 (m, 1H), 6.06 —
6.00 (m, 1H). °F NMR (376 MHz, CD3CN): § -59.20.

tert-butyl 2-(trifluoromethyl)-1H-pyrrole-1-carboxylate (3i)
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'H NMR (400 MHz, CD3CN): § 7.52 (dd, J = 3.3, 1.9 Hz, 1H), 6.91 — 6.79 (m,
1H), 6.29 (t, J = 3.5 Hz, 1H), 1.62 (s, 9H). *°F NMR (376 MHz, CD3CN): § -58.77.
2-(trifluoromethyl)-1H-indole (3I)

'H NMR (400 MHz, CD3CN): § 7.63 — 7.58 (m, 1H), 7.54 (dd, J = 8.4, 0.7 Hz,
1H), 7.30 — 7.27 (m, 1H), 7.19 — 7.13 (m, 1H), 6.99 (dd, J = 5.8, 4.8 Hz, 1H). °F
NMR (376 MHz, CD3sCN): 6 -57.39 (5).
4-methyl-2-(trifluoromethyl)-1H-imidazole (3m)

'H NMR (400 MHz, CD3CN): § 8.06 (s, 1H), 7.71 (s, 1H), 7.27 (s, 1H), 2.35 (d, J
= 1.0 Hz, 9H). °F NMR (376 MHz, CD3CN): & -60.53 (s).
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Chapter 5

A.5.1. Catalyst Characterization

Figure A.5.1. High-resolution transmission electron micrograph (HR-TEM).

A.5.2. Compounds Characterization

Benzaldehyde (2a)

Prepared according to the general procedure, using benzyl alcohol (19.5 mg, 0.18
mmol). The reaction was carried out for 4 h, affording the product in 69% yield
and 100% conversion. *H NMR (400 MHz, CDsCN): & 10.04 (s, 1H), 7.95 — 7.90
(m, 2H), 7.74 — 7.68 (m, 1H), 7.64 — 7.58 (m, 2H).

4-nitrobenzaldehyde (2b)

Prepared according to the general procedure, using (4-nitrophenyl)methanol (27.6
mg, 0.18 mmol). The reaction was carried out for 6 h, affording the product in
20% yield and 89% conversion. *H NMR (400 MHz, CD3CN): § 10.10 (s, 1H),
8.34 (d, J = 8.7 Hz, 2H), 8.07 (d, J = 8.8 Hz, 2H).
benzo[d][1,3]dioxole-5-carbaldehyde (2c)

Prepared according to the general procedure, using benzo[d][1,3]dioxol-5-
ylmethanol (27.4 mg, 0.18 mmol). The reaction was carried out for 6 h, affording
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the product in 13% yield and 88% conversion. *H NMR (400 MHz, CD3CN): §
9.82 (s, 1H), 7.49 (dd, J = 8.0, 1.6 Hz, 1H), 7.32 (d, J = 1.6 Hz, 1H), 7.02 (d, J =
7.9 Hz, 1H), 6.11 (s, 2H).

4-methylbenzaldehyde (2d)

Prepared according to the general procedure, using p-tolylmethanol (22.0 mg, 0.18
mmol). The reaction was carried out for 6 h, affording the product in 37% yield
and 90% conversion. *H NMR (400 MHz, CD3CN): § 9.97 (s, 1H), 7.81 (d, J =
8.1 Hz, 2H), 7.42 (d, J = 7.8 Hz, 2H), 2.46 (s, 3H).
3-(dimethylamino)benzaldehyde (2e)

Prepared according to the general procedure, using 3-
(dimethylamino)phenylmethanol (27.2 mg, 0.18 mmol). The reaction was carried
out for 6 h, affording the product in 13% yield and 69% conversion. *H NMR (400
MHz, CD3CN): 6 8.50 (s, 1H), 7.41 (t, J = 7.7 Hz, 1H), 6.61 (d, J = 7.3 Hz, 2H),
6.53 — 6.47 (m, 1H), 3.08 (s, 6H).

2-phenylacetaldehyde (2f)

Prepared according to the general procedure, using 2-phenylethan-1-ol (22.0 mg,
0.18 mmol). The reaction was carried out for 14 h, affording the product in 13%
yield and 31% conversion. *H NMR (400 MHz, CD3CN): § 10.04 (s, 1H), 7.76 —
7.69 (m, 1H), 7.64 — 7.59 (m, 2H), 7.43 — 7.35 (m, 2H), 3.71 (s, 2H).
thiophene-2-carbaldehyde (29)

Prepared according to the general procedure, using thiophen-2-ylmethanol (20.5
mg, 0.18 mmol). The reaction was carried out for 6 h, affording the product in
40% yield and 85% conversion. *H NMR (400 MHz, CD3CN): § 9.96 (d, J = 1.3
Hz, 1H), 8.12 - 7.83 (m, 1H), 7.46 — 7.19 (m, 1H), 7.00 (s, 1H).
furan-2-carbaldehyde (2h)

Prepared according to the general procedure, using furan-2-ylmethanol (16.6 mg,
0.18 mmol). The reaction was carried out for 12 h, affording the product in 40%
yield and 85% conversion. *H NMR (400 MHz, CD3CN): § 9.63 (d, J = 0.8 Hz,
1H), 7.87 — 7.81 (m, 1H), 7.38 (dd, J = 3.6, 0.8 Hz, 1H), 6.70 (dd, J = 3.6, 1.7 Hz,
1H).

Picolinaldehyde (2i)

Prepared according to the general procedure, using pyridin-2-ylmethanol (19.6
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mg, 0.18 mmol). The reaction was carried out for 6 h, affording the product in
26% yield and 89% conversion. *H NMR (400 MHz, CD3CN): § 10.04 (d, J = 0.8
Hz, 1H), 8.82 (d, J = 4.8 Hz, 1H), 8.03 — 7.92 (m, 2H), 7.68 — 7.59 (m, 1H).
Acetophenone (2I)

Prepared according to the general procedure, using 1-phenylethan-1-ol (22.0 mg,
0.18 mmol). The reaction was carried out for 6 h, affording the product in 33%
yield and 93% conversion. *H NMR (400 MHz, CD3CN): § 8.04 — 7.95 (m, 2H),
7.69 —7.58 (m, 1H), 7.58 — 7.50 (m, 2H), 2.60 (s, 3H).
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A.6.1. Preparation of photocatalytic reactor

CN,-loaded bijel
Solvent
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40 °C, time

Annexes

Products

Figure A.6.1. Schematic representation (a) and picture (b) of the photocatalytic

flow set-up.

A.6.2. Materials characterization

Table A.6.1. Elemental composition and textural properties of CNx-based

catalysts.
a a a b c d
Catalyst C N H CIN Metal SBZET_l Vpgre_l
Wt%) (Wt%) (wt %) () (wt%) (m°g’) (cm°gr)
gCNy 34.84 56.65 1.10 0.61 - 5 0
mpgCNy 31.90 48.75 2.43 0.65 - 157 0.46
Mn@mpgCNy 30.99 53.59 3.11 0.58 0.18 - -
Zn@mpgCNx 28.38 28.38 2.75 0.54 0.65 87 0.26
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Ni@mpgCNy 32.77 53.84 1.69 0.61 1.08
3CHNS. PICP-OES °N, isotherm collected at 77 K. “Quenched solid density functional theory

model assuming cylindrical-shaped pores.

180 170 160 150 140
F1 (ppm)

—CN,
— Bijel

A Y o A

400 I 360 ‘ 260 I 160 ‘ 0 I -100
F1 (ppm)

Figure A.6.2. Zoomed region (180 — 140 ppm) of the 3C CP-MAS NMR spectrum
of bijel, highlighting the presence of carbon nitride within the bijel structure (a).
Solid-state >N CP-MAS NMR spectra of CNx (in blue) and bijel structure (in

black) (b).

190



Annexes

_1)

g
o
=
o

1

n

o

o

©
1

Log Differential Intrusion (mL
o o o
o o o
N EN (o2}

v‘"‘""'ym

10° 10
Pore diameter (um)

o
o
e

Figure A.6.3. Porosimetry test on the prepared polymeric material.

A.6.3. Control experiments

Table A.6.2. Reaction scheme: standard conditions and control experiments.

Degradation products
| cl® | 457 nm = quf=
Methylene blue (MB) 40°C, 7 =5min
Entry Control experiment Degradation (%)
1. 100 pM2P 50
2. No photocatalyst© -
3. As shown?2b: 85

3Photoreactor set to blue light irradiation. "mpgCNy used as photocatalyst. °MB
concentration = 44 pM. Conversion and yield were computed via GC, with a calibration

curve.

191



Appendix A

A.6.4. Control experiments

CFD simulations were carried out by means of the Ansys Fluent 19.1 suite of
programs. The geometry is shown in Figure S6 and it consists of a cylindrical
reactor with a diameter equal to D=0.5 cm and a height equal to H=8 cm; to
reproduce the disordered geometry of the sponge, starting from the TEM images
of Figure 6.3 b, the geometry was reproduced by a series of channels of various

shape and diameters.
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Figure A. 6.4. Schematic representation of the reactor geometry (a) and light

distribution inside the reactor (b).
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To study the light distribution inside the photoreactor it is necessary to solve the
radiant transfer equation (RTE):
dI(%, 3) oT* o

41T
+ (k+ 09I, 3) = kn? — + —f I(r,s") @(5 - s")dQ’
ds T 4m),

where ¢ and T are the position vectors, ¢’ is the scattering direction vector, s is
the path length, n is the refracting index, o, is the scattering coefficient, k is the
absorption coefficient, o is the Stefan-Boltzmann constant, 1 is the radiation
intensity, T is the local temperature, @ is the phase function and Q’ is the solid
angle. Among the various methods available to solve the RTE, the Discrete
Ordinate Model (DOM) was chosen because of its enhanced accuracy. This
method solves the RTE dividing by a finite number of discrete solid angles, each
associated with a vector direction fixed in the global Cartesian system (X,y, Z). To
avoid undesired phenomena such as the ray effect and angle overhanging, a
sufficiently high value of angular discretization and pixelization must be chosen;
from previous works, it was found that a value of angular discretization equal to
8x8 and pixelization equal to 3x3 suffices to ensure reliable results. The external

walls of the domain are modelled as semi-transparent and with an incoming

diffusive irradiation equal to I = 100 %

A.6.5. Compounds Characterization

Benzaldehyde

Prepared according to the General Procedure B, affording the product in 27%
yield. 'H NMR (400 MHz, CDsCN): & 10.04 (s, 1H), 7.95 — 7.90 (m, 2H), 7.74 —
7.68 (m, 1H), 7.64 — 7.58 (m, 2H).

p-aminobenzonitrile

Prepared according to the General Procedure C, affording the product in 24%
yield. 'H NMR (400 MHz, CDCls): § 7.67 — 7.58 (m, 2H), 6.62 — 6.55 (m, 2H).
N-benzyl-1-phenylmethanimine

Prepared according to the General Procedure D, affording the product in 30%
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yield. *H NMR (400 MHz, CD3CN): § 8.50 (s, 1H), 7.88 — 7.49 (m, 2H), 7.40 —
7.33 (M, 8H), 4.80 (s, 2H).
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Chapter 7

A.7.1. Purification process parameters

Table A.7.1. Buffer concentration for purification process.

Phase Buffer

Equilibration 40% CH3CN, 60% 14 mM Na,CO3
Loading 40% CH3CN, 60% 14 mM Na,CO3
Washing 100% 14 mM Na2COs

Elution 100% CHsCN

Storage 40% CH3CN, 60% 14 mM Na,COs3

A.7.2. Reaction oprimization

(a) Yield (%) (b) Yield (%)
100 90 150 0
81 V 53
140
o0 73 15
O (@)
= 80 55 i 30
— —
46 120 -
70 38 15
110
20 8
60 20 100 0
40 60 80 100 120 40 60 80 100 120
T (min) T(min)

Figure A.7.1. Contour plot showing the influence of temperature (T) and
residence time (t) on the yield of phenylboronic acid (a) and biphenyl (b). As
shown in this contour plot, several experiments were performed to optimize the
two reactions under flow conditions. Analysis of the collected data allowed us to
generate the contour map reported in this figure. In particular, the highest yields
of phenylboronic acid 2 (a) could be obtained at longer residence times (120 min)

and at relatively low temperature (80 °C). In fact, increasing the temperature
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above this value, and reaching 100 °C, competitive formation of side products
could be observed. The optimization of the Suzuki cross-coupling reaction has
been conducted between 100 and 150 °C (b), finding the optimum with a
temperature of 150 °C and a residence time of 60 min. Lowering temperatures
resulted in a substantial decrease of product yield. Moreover, increasing the
residence time above 80 min provided biphenyl 3 in remarkable lower vyield,

probably due to concurrent degradation mechanisms.

A.7.3. Continuous purification process

(@ (b)

50 55 60 6 70 50 55 60 65 70
time (min) time (min)
Figure A.7.2. Superimposed wash and elution phases of the chromatograms
obtained from the continuous chromatography for aminoalcohol (a) and
diphenylether (b). To show the broad applicability of the integrated synthesis-
purification method, two additional small molecules, aminoalcohol and
diphenylether, were synthesized and purified. In each batch purification, the
breakthrough of the product was not observed during the load phase, which
indicated the complete adsorption of the product. The wash phase was then
operated with a step gradient of 50% acetonitrile to remove weakly bound
impurities. Lastly, the elution phase with a step gradient of 100% acetonitrile
desorbed the product completely, which was then analyzed with at-line HPLC on
a C18 column (see Experimental section) to determine the purity and
concentration. To assess the benefits introduced by a continuous process, the

continuous chromatographic process was applied to the two molecules. The
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process parameters implemented in the continuous process are reported above.
Since, after completion, the columns are brought back to their initial states,
multiple cycles can be performed consecutively to realize a periodically
continuous process. The superimposed UV traces of the first column for three
cycles in the wash and elution phases are shown here. Despite differences in the
crude loaded, the elution profiles of the two molecules resembled each other in
terms of the desorption of the weakly bound impurity at 54 min and that of the
product at 70 min. Such good overlay of the product elution profile indicates that

the continuous operation reached a steady state.

Table A.7.2. Comparison between batgh and) continuous purification processes

(Product 4).
Solvent Yield Productivity Purity
consumption (%) (ghtL?Y (%)
(Lg?
Batch 3.1 64 5.6 92
Continuous 2.4 68 7.5 92

Table A.7.3. Comparison between batch and continuous purification processes

(Product 5).
Solvent Yield Productivity Purity
consumption (%) (ghtL?Y (%)
(Lg?
Batch 3.4 77 6.0 97
Continuous 2.4 71 7.1 92

A.7.4. Circularity analysis

Table A.7.4. Circularity summary per 100 mg of purified biphenyl. The process is
analysed for three designs, including both synthesis and purification in batch
(Batch+Batch), continuous synthesis followed by a batch purification
(Conti+Batch), and continuous synthesis and purification (Conti+Conti). For
each design two scenarios are proposed: (A) not considering reactant recycling;

(B) considering reactant recycling.
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3Mass load entering the process (M); Precycled fraction (FR); ‘use of virgin materials (V); “reuse

fraction (CU); ®extraction efficiency (EF); funrecoverable waste (W); Slinear flow indicator (LFI);

hutility factor F(X); ‘material circular indicator (MCI).
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A.7.1. Compounds Characterization

Phenylboronic acid (2)

'H NMR (400 MHz, CDCl3) § 8.19 — 8.12 (d, 2H), 7.55 — 7.45 (t, 1H), 7.45 - 7.37
(t, 2H).; 3C NMR (101 MHz, CDCls) 6 135.66, 133.48, 132.71, 131.23, 128.03.
Biphenyl (3)

IH NMR (400 MHz, CDCls) & 7.56 — 7.47 (d, 2H), 7.37 (t, 2H), 7.32 — 7.22 (t,
1H); *C NMR (101 MHz, CDCls) & 141.31, 128.81, 127.30, 127.22.
1,3-bis[methyl(phenyl)amino]propan-2-ol (4)

'H NMR (400 MHz, DMSO-ds) § 7.16 — 7.05 (t, 4H), 6.69 — 6.62 (d, 4H), 6.57 (t,
2H), 4.93 (d, 1H), 4.01 (m, 1H), 3.41 (dd, J = 14.8, 4.7 Hz, 2H), 3.22 (dd, J = 14.8,
7.5 Hz, 2H), 2.96 (s, 6H); 3C NMR (101 MHz, DMSO-ds) & 149.33, 129.42,
129.40; 116.35, 112.41, 68.68, 65.19, 48.60.

Diphenyl ether (5)

'H NMR (400 MHz, CDCl3) 6 7.30 — 7.22 (t, 4H), 7.06 — 6.99 (t, 2H), 6.97 — 6.91
(d, 4H); 13C NMR (101 MHz, CDCl3) § 157.01, 128.40, 121.82, 118.81.
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