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Abstract: The bio-based solvent dihydrolevoglucosenone (Cyrene) is a green and sustainable alterna-
tive to petroleum-based dipolar aprotic solvents. Cyrene can be prepared from cellulose in a simple
two-step process and can be produced in a variety of yields. Cyrene is compatible with a large number
of reactions in the chemical industry and can be applied in organic chemistry, biocatalysis, materials
chemistry, graphene and lignin processing, etc. It is also green, non-mutagenic and non-toxic, which
makes it very promising for applications. In this paper, we have also screened all articles related to
Cyrene on the Web of Science and visualised them through Cite Space.

Keywords: Cyrene; levoglucosanone; green chemistry

1. Introduction

Solvents are ubiquitous throughout the chemical industry, but traditional dipolar
aprotic solvents are still dominated by petroleum-based solvents, the feedstock of which
is a non-renewable resource, and the use of petroleum-based solvents can cause harm to
human and environmental health. Today, environmental health and safety issues are in
the spotlight. Green chemistry, as a scientific and technological approach to sustainable
development, is rapidly gaining wide attention and recognition. With the increasing
awareness of environmental protection and sustainable development, the principles and
methods of green chemistry have been widely used in various fields [1].

Bioethanol and glycerol can be used as alternative bio-based solvents for plasmonic
compounds, 2-methyltetrahydrofuran as an alternative to medium-polar solvents and
v-Valerolactone as a biologically derived green solvent can be an alternative to polar aprotic
solvents, but few bio-based solvents can be used as alternatives to dipolar aprotic solvents.
Many of the traditional dipolar aprotic solvents, including sulpholane and amides such as N-
methyl-2-pyrrolidone (NMP) and N, N-dimethylformamide (DMF), have been added to the
REACH Restricted Substances List due to their toxicity, which severely limits their ability
to be used as industrial solvents. Although Dimethyl sulfoxide (DMSO) is superior to DMF
and NMP in applications, it still has potential safety hazards. Dihydrolevoglucosenone
(Cyrene) is the best alternative to dipolar aprotic solvents [1-3]. This review focuses on
Cyrene, with an emphasis on the preparation of Cyrene from cellulose as a feedstock and
its application as a dipolar aprotic solvent to replace DMF and NMP in particular.
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2. Literature Analysis Report

The topic Cyrene was searched in the Web of Science core database, after which 150
documents related to the green solvent dihydro levoglucosanone were manually screened
and visualised using Citespace, analysing the cited documents, keywords, countries and
journals [4-6].

Firstly, the temporal distribution of all the literature (Figure 1) was analysed through
the Web of Science, and it was found that research on Cyrene started following Sherwood’s
original paper in 2014 [1] and increased year by year to reach its peak in 2022. Sherwood’s
article was the most cited, with 274 citations.
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Figure 1. The temporal distribution of all the literature.

The co-citation of literature was first analysed by investigating the frequency of
citations in order to identify the core literature that has a significant impact on the field
of study. As shown in Figure 2, a node represents a document, and larger nodes indicate
a higher citation frequency. Different colours indicate citations in different years. The
most cited in the field of Cyrene is Zhang JF 2016, focusing on the application of Cyrene
to the synthesis of metal-organic frameworks (MOFs) [7]. The second most cited article is
Sherwood ] 2014 which was also the first article on Cyrene [1]. These two articles have a
key role to play in Cyrene’s field.

If an article has a citation burst, this means that it has attracted scholarly attention at
some point in time [5]. As shown in Table 1, the article with the strongest bursts was that
of Zhang JF 2016, proving that the application of Cyrene in the preparation of MOFs was
widely followed from 2017 to 2021 [7].

Keywords are important indicators for identifying hotspots in the research field [5].
Citespace employs algorithmic techniques for the purpose of clustering proximate key-
words, each associated with a singular numerical value, wherein the maximal value within
a cluster coincides with the designated label for a said cluster. In the network modularity,
Q and Silhouette S denote the clustered module value and the clustered mean profile value,
respectively; Q > 0.3 implies a significant clustering structure, S > 0.5 implies a reasonable
clustering and S > 0.7 implies a convincing clustering [8]. In Figure 3, Q = 0.7671 and
S =0.9081, which indicates that the clustering structure is significant and the clustering
is convincing. Figure 3 represents the main clusters of Cyrene, the largest of which is
Sonogashira cross-coupling. Other major clusters are aza-Michael isomerisation, MOF
synthesis, butyl acetate, serendipitous formation and surface interactions studies.
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Table 1. Top 10 References with the strongest citation bursts.

References Year Strength Begin End 2014-2023
Sherwood J, 2014, CHEM COMMUN, V50, P9650, DOI
10.1039 / c4cc04133j, DOI 2014 594 2016 2017 B
Alder CM, 2016, GREEN CHEM, V18, P3879, DOI
10.1039/c6gc00611f, DOI 2016 26 2016 2019
Zhang JF, 2016, ACS SUSTAIN CHEM ENG, V4, P7186, DOI
10.1021/acssuschemeng.6b02115, DOI 2016 664 2017 22t
Cao F, 2015, ENERG ENVIRON SCI, V8, P1808, DOI
10.1039/ c5ee00353a, DOI 2015 585 2017 2018 B
Wilson KL, 2016, BEILSTEIN ] ORG CHEM, V12, P2005,
DOI 10.3762 /bjoc.12.187, DOI 2016 43 2017 2020
Prat D, 2016, GREEN CHEM, V18, P288, DOI
10.1039/c5gc01008j, DOI 2016 3.08 2017 2021
De Bruyn M, 2016, ENERG ENVIRON SCI, V9, P2571, DOI
10.1039/ c6ee01352j, DOI 2016 231 2017 2019
Byrne F, 2017, GREEN CHEM, V19, P3671, DOI
10.1039/c7gc01392b, DOI 2017 2.32 2018 2020
Sherwood J, 2016, GREEN CHEM, V18, P3990, DOI
10.1039/c6gc00932h, DOI 2016 271 2019 2020
Marino T, 2019, ] MEMBRANE SCI, V580, P224, DOI
10.1016/j.memsci.2019.03.034, DOI 2019 234 2020 2021 B
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Figure 2. Co-citation network of articles [1,3,7].
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3. Preparation of Cyrene

The preparation of Cyrene is carried out in two steps (Figure 4): the first step is the
catalytic pyrolysis of cellulose or cellulose-containing substances (e.g., pine, poplar, kraft
pulp, newspaper, sawdust, etc.) to generate levoglucosanone (LGO), and in the second step,
the catalytic hydrogenation of levoglucosanone to obtain Cyrene. Because the catalytic
pyrolysis of cellulose is a very complicated reaction process, and the yield of the second
step of catalytic hydrogenation of pure LGO is generally higher and can reach more than
90%, the main limitation of the preparation is the first step.

OH Catalytic pyrolysis OO Catalytic hydrogenation OO
2 \
O  Acid soluti
e} cid solution Pd
Acid solid O Rh o)
OH | Zr
Levoglucosenone Cyrene

Figure 4. The process of preparing Cyrene with cellulose.

3.1. Preparation of LGO

The preparation process for the catalytic pyrolysis of cellulose is divided into two
main categories depending on the type of catalyst used: one is catalytic pyrolysis using an
acid solution as the catalyst, and the other is pyrolysis using an acidic solid catalyst. The
main product of cellulose pyrolysis without a catalyst is levoglucosan (LGA) with a yield of
around 70%. The yield of LGO can be increased in the presence of an acid catalyst. Pyrolysis
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using an acid solution as a catalyst is subdivided into two types: one in which the cellulose
is pretreated by impregnation in an acid solution and then pyrolysed at atmospheric
pressure, and the other in which the cellulose is pyrolysed in a solvent under high pressure.
Kudo, through a comprehensive investigation of LGO preparation methods, classified
LGO production strategies into three categories based on the catalytic technique employed
(Figure 5): direct LGO production from cellulose pyrolysis after catalyst impregnation,
catalytic pyrolysis in the gas phase using solid catalysts and catalytic pyrolysis in the liquid
phase using liquid catalysts [9]. This is due to the fact that Lu et al. computed potential
reaction pathways from 3-D-glucopyranose and cellobiose to LGO using density functional
theory (DFT) to derive the fact that LGA cannot be the essential intermediate of LGO [10].
Assary and Curtiss considered low yields or difficulties in the formation of LGO from LGA
by quantitatively calculating the reaction energies and barriers [11]. They concluded that
the reaction using catalyst impregnation followed by direct pyrolysis is a complex process
for making LGO.

Indirect pathway

OH
O
Pyrolysis 0 : ;
yroly Catalytic pyrolysis
/ oH OH \
) LGA
OH
o HO O _ Direct pathway of
O o) > \
OH © )
OH |
Cellulose LGO

Figure 5. Cellulose conversion pathway to LGO.

3.1.1. Acid Impregnation Followed by Pyrolysis to Produce LGO Directly

As early as 1972, Halpern et al. obtained LGO by mixing cellulose with acidic additives
and then pyrolysing it, isolating LGO in the product and determining its structure for the
first time [12]. In 1998, Dobele et al. impregnated cellulose with phosphoric acid at different
concentrations and then pyrolysed it, finding that depolymerisation began to take place in
the amorphous region of the cellulose at 250-300 °C, and depolymerisation also began to
take place in the crystalline region at 325 °C [13]. The presence of phosphoric acid inhibits
the formation of LGA and facilitates the conversion of cellulose to glucopyranose, the
precursor of LGO, at 200-250 °C. The presence of sulfuric acid also acts as a catalyst for
the formation of LGO, but phosphoric acid is more effective in catalysing the pyrolysis of
cellulose. It was found that 5 wt% phosphoric acid was the optimal concentration, although
the higher the concentration of phosphoric acid, the better the dehydration effect, but
with more than 5% phosphoric acid, impregnation of cellulose condensed structures are
formed, which can no longer be degraded to volatile monomers. By comparing the yields
of different reaction feedstocks, it was found that the crystallinity of cellulose affects the
accessibility of phosphoric acid, which indirectly affects the yield of LGO: a more ordered
supramolecular structure of cellulose should be chosen as the feedstock if a high LGO
yield is to be pursued [14—-16]. Pyrolysis of cellulose using microwave radiation can also
generate LGO, but the yield of 7.5% is lower than the traditional pyrolysis method [17].
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It was previously found that the addition of iron to the pretreatment would lead to ions
entering the cellulose by ion exchange or adsorption, thus promoting depolymerisation
and dehydration reactions [15], leading to a further increase in the yield of LGO. Kudo et al.
pretreated the cellulose in this way and reacted it using 1-butyl-2,3-dimethylimidazolium
triflate ionic liquid, which is thermally stable and strongly catalytic obtaining a yield of
22 wt%, which is higher than that obtained by using pyrolysis after conventional acid
impregnation [18]. Zandersons et al. used birch and pine as pyrolysis feedstocks for
LGO production and found that elevated lignin content and total or partial elimination
of hemicellulose contributed to the selective generation of LGO using phosphoric acid
catalysis at 375 °C [19]. Pyrolysis of birch and pine wood using aqueous phosphoric acid at
concentrations of 3.7 wt% and 3 wt%, respectively, as a catalyst yielded the highest LGO
yields of 21.8% and 29%, which, when converted to cellulose as a feedstock, was found
to be more than 55% using pine as a feedstock. Hydrothermal treatment of the feedstock
followed by impregnation can increase the yield of LGO. Analytical pyrolysis of birch
wood impregnated with 5 per cent phosphoric acid after hydrothermal treatment at 180 °C
at 350 °C resulted in an LGO yield of 21.08% [20]. A lignin-rich biorefinery waste stream
can also be used as a feedstock for the production of LGO. Selectivity to LGO is over 90%.
Microwave-assisted pyrolysis using sulphuric acid as a catalyst at 180 °C only gave LGO
yields up to 8 wt% [21]. The hemicellulose of barley straw was removed using microwave-
assisted acid hydrolysis, followed by a combination of microwave-assisted pyrolysis and
steam distillation of the wet samples to obtain the LGO [22]. Acid concentration was
the most important factor affecting the distribution of the products, with LGO and LGA
being the main products at low acid concentrations and furfural and levulinic acid being
the main products at high acid concentrations. In situ vaporisation of water produces
a microwave-transparent vapour environment that prevents further degradation of the
distillation products.

3.1.2. Indirect Generation of LGO Using Solid Catalysts

In catalytic pyrolysis using solid catalysts, the solid catalysts do not act directly on
the cellulose feedstock but further the catalytic pyrolysis of the initial pyrolysis products,
such as LGA [9]. The advantage of using solid catalysts compared with acid impregnation
methods lies in the fact that yields are much higher, and also the catalysts can be recovered
for reuse. In the process of selective generation of LGO, two indicators of the solid catalyst
have the greatest influence on the yield, the acidity and the porosity [23]. In 2011, Wang et al.
used sulfated zirconia as a catalyst for the rapid pyrolysis of cellulose for the preparation
of LGO, and the highest yield of 8.14% was attained at 335 °C with a ratio of 5042 /ZrO,
of 3:3 [24]. The recycled catalyst still maintained the parent structure after recovery, but
the activity decreased due to the leaching of SO4%~. Wei et al. similarly used SO4%~ /ZrO,
and obtained a 7.25% yield of LGO: the pore size of the prepared catalysts was 10/40 nm.
They also compared the effect of HZSM-5, ZrO,, TiO; and Al,O3 as catalysts for the rapid
pyrolysis of cellulose to generate LGO. The calcined sulphuric acid catalysts compared with
uncalcined catalysts impregnated with sulphuric acid activity increased significantly [25].
Lu et al. prepared magnetic super acid (SO42~ /TiO,-Fe30y) for the catalytic fast pyrolysis
of cellulose and poplar wood. The LGO yields of cellulose and poplar wood as feedstock
were 15.43 wt% and 7.06 wt% at 300 °C with a 1:1 catalyst feedstock, respectively. Compared
with the non-magnetic solid catalysts and phosphoric acid and sulphuric acid, the selective
catalytic effect on LGO was better. And it was also found that the LGO yield from poplar
wood was comparable to that from direct cellulose as feedstock, which indicated that other
components in poplar wood (hemicellulose, lignin, etc.) had little effect on the inhibition of
LGO pyrolysis formation [26]. Zhang et al. prepared solid phosphoric acid (SPA) catalysts
with different carriers for the catalytic fast pyrolysis of poplar wood for the production of
LGO. The highest LGO yield of 8.2 wt% (16.1 wt% when cellulose was used as a feedstock)
was obtained at 300 °C with a biomass-to-catalyst ratio of 1 for the catalysts prepared
based on SBA-15, which was higher than that when using phosphoric acid [27]. When
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Al was loaded on the ordered mesoporous catalyst MCM-41 by Casoni et al., the LGO
yield reached 53 wt% using cellulose as the feedstock at 400 °C [23]. Characterisation of
different catalysts in the literature and comparison in combination with yields revealed
that mesoporous catalysts enable free diffusion of cellulose primary pyrolysis molecules
compared with catalysts with larger pore volumes and pore sizes, resulting in higher
bio-oil yield. Catalysts with smaller pore sizes slowed down the diffusion of the generated
anhydrous sugars into the gas phase, leading to re-polymerisation and accompanying
char formation, so the 3.8 nm pore size Al- MCM-41 presented the best selectivity. Li et al.
prepared the Ni-P-MCM-41 catalysts at 350 °C with Ni/P at 5 and catalyst/feedstock at
3 [28]. The yield reached 27.34 wt% for cellulose as feedstock and up to 14.30 wt% when
pine wood was used as feedstock. Although MCM-41 catalysts have shown excellent
yields in laboratory-scale processes, it is difficult to achieve mass production due to their
instability. The advantage of phosphorus-molybdenum-tin mixed metal oxide (P-Mo/SnO,)
as a catalyst for the selective generation of LGO lies in its reusability, with a maximum
LGO yield of 17.98% using P-Mo/SnO; as a catalyst, and the yield of LGO remained above
10 wt% after five regenerations [29].

3.1.3. Indirect Generation of LGO by Pyrolysis in Liquid Phase

When cellulose is reacted in the liquid phase of aprotic solvent at high pressure, there
are two main paths: one is in the presence of water in the system, where cellulose undergoes
hydrolysis, with 5-HMF being the main product, and the second is in the absence of water,
where cellulose undergoes pyrolysis to produce LGA, which is then converted to LGO [30].
Cellulose in sulfuric acid or phosphoric acid within a cyclic sulfone solution can also be
used to obtain LGO. The further conversion of LGO to furfural requires water, so the
removal of water generated under mild vacuum conditions can significantly improve LGO
yield. Further conversion of LGO to furfural requires water, so removal of the resulting
water under mild vacuum conditions can significantly increase the yield of LGO, which
reached 38% using phosphoric acid as a catalyst for 2.5 min at 280 °C [31]. The use of GVL
and THF as solvents also produced LGO selectively, but GVL promoted the conversion
of LGO to HMF and LGO was degraded in GVL. LGO is stable in THF. The pyrolysis
pathway of cellulose in THF is shown in Figure 6. A 51% yield of LGO was achieved
after 30 min at 210 °C using THF sulphate solution as a catalyst [30]. Using high voltage
alternating current (HVAC) as a plasma source in a polar aprotic solvent without external
heating, in situ-generated hydrogen radicals contribute to cellulose depolymerisation and
intermediate dehydration to form LGO. A 43% yield of levoglucosanone was obtained
in GVL after 15 min of conversion using a voltage of 6 kV and a frequency of 6 kHz and
in sulfone after 7 min using a voltage of 3.5 kV 40% yield. This method can be carried
out at lower energy consumption compared with previous methods [32]. The preparation
methods and associated yields of LGO are shown in Table 2.

Table 2. Methods for the preparation of LGO.

Entry Materials Catalyst Conditions Reactor Yield Ref
1 Cellulose NaHSO4 Slow pyrolysis at 300 °C Horlrzeoarl’izlrtube 6.9% [12]
2 Cellulose 5.4 wt% HzPOy Slow pyrolysis at 350 °C vertical flow reactor 22.3% [13]
3 Cellulose 2 wt% H3POy4 Fast pyrolysis at 500 °C CDS Pyroprobe 100 34% [15]
4 Newsprint 1 wt% H3POy Fast pyrolysis at 500 °C CDS Pyroprobe 100 21% [15]
5 Kraft pulp 2 wt% H3POy Fast pyrolysis at 500 °C CDS Pyroprobe 100 19% [15]
6 Birchwood 2.5 wt% H3 POy Fast pyrolysis at 500 °C CDS Pyroprobe 100 17% [15]
7 Cellulose Ionic liquids Slow pyrolysis at 300 °C Horizontal reactor 38.2% [18]
8 Cellulose S04%~ /ZrO, Fast pyrolysis at 335 °C Vertical reactor 8.14% [24]
9 Cellulose HZSM-5 Fast pyrolysis at 335 °C Vertical reactor 1.7% [24]
10 Cellulose TiO; Fast pyrolysis at 335 °C Vertical reactor 5% [24]
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Table 2. Cont.

Entry Materials Catalyst Conditions Reactor Yield Ref
CDS Pyroprobe
2=y ey : o yrop %
11 Cellulose S04~ /TiOy-Fe304 Fast pyrolysis at 300 °C 5200HP pyrolyser 15.43% [26]
. CDS Pyroprobe
2= /T50)a o yrop o,
12 Poplar wood 5047~ /TiOy-Fe304 Fast pyrolysis at 300 °C 5200HP pyrolyser 7.06% [26]
. o CDS Pyroprobe o
13 Cellulose SPA Fast pyrolysis at 280 °C 5200HP pyrolyser 16.1% [27]
14 Cellulose Al-MCM-41 Fast pyrolysis at 400 °C Vertical reactor 53% [23]
15 Cellulose Ni-P-MCM-41 Fast pyrolysis at 350 °C Vertical reactor 21.4% [28]
16 Pine wood Ni-P-MCM-41 Fast pyrolysis at 350 °C Vertical reactor 10.7% [28]
17 Cellulose P-Mo/SnO; Fast pyrolysis at 300 °C Micropyrolyser 18% [29]
18 Cellulose P-Mo/SnO, Fast pyrolysis at 300 °C Vertical reactor 12.7% [29]
19 Cellulose 1 wt% H3POy In sulfolane at 200-280 °C Round flask 38% [31]
20 Cellulose 20 mM H,SO,4 In THF at 210 °C Hastelloy autoclave 51% [30]
21 Cellulose 7 mM H,SOy4 Plasma e{l;citgc())lziéls in GVL Round-bottom flask 43% [32]
. Analytical pyrolysis at Micro Double-shot
0, (o)
22 Brichwood 5 wt% H3POy4 350 °C Pyrolyser 21.08% [20]
Crude waste
softwood Microwave-assisted CEM ‘Discover’ MW o
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Figure 6. Cellulose pyrolysis pathway in THF [30].



Chemistry 2023, 5

2330

3.2. Catalytic Hydrogenation of LGO to Produce Cyrene

Table 3 shows the method and yield for the preparation of Cyrene from LGO. In 2014,
the Green Chemistry Centre of Excellence produced and named Cyrene as a solvent, and
their catalytic hydrogenation of LGO was achieved under both low- and high-pressure
conditions [1]. Atlow pressure, LGO is dissolved in ethyl acetate with 10 wt% Pd/C catalyst,
and hydrogen is applied with a special Sigma Aldrich balloon for 96 h (8 days without
solvent) to obtain Cyrene. At high pressure, the same solvent and catalyst are used to obtain
Cyrene at room temperature for 2—48 h at pressures ranging from 3-80 bar. The reaction
can be similarly completed in 2 h at 80 bar pressure without the addition of solvent [1].
Formic acid is a promising material for hydrogen storage and can be used as a substitute for
hydrogen as a hydrogen source in the catalytic hydrogenation reaction of LGO [33]. In the
paper, different catalysts (Ru/C, Rh/C, Pt/C, Pd/C, Ni) were also compared with different
solvents (formic acid, cyclohexane, dimethylacetamide (DMA), 1,4-dioxane, 2-propanol
and tetrahydrofuran), and it was finally found that the combination of THF and Pd/C
showed the best performance in LGO hydrogenation, which could produce more than 99%
yield at 66 °C. Pd/t-ZrO, (tetragonal ZrO;) has also been shown to have good catalytic
performance, with a very low catalyst loading (~3 wt%) and the use of water as a solvent,
achieving 95% yields of Cyrene. Reusability is also a key feature, with 90% Cyrene yield
being achieved after a single use and thorough washing [34]. The conversion of LGO to
Cyrene using wild-type Old Yellow Enzyme 2.6 (OYE 2.6 Tyr’8Tt) from Pichia yeast and its
mutant (OYE 2.6 Tyr’8Trp) was 99%, and the biocatalysis through the enzymatic process
of enzyme olefin reductase is low-toxicity, environmentally friendly and green [35]. In
the conversion process of LGO to Cyrene, taken together, the yields can basically reach
more than 99%. In summary, when using chemical catalysis, Pd/C as a catalyst and THF
as a solvent = more than 99% = Cyrene can be achieved. For the hydrogen source, it is
recommended to choose the more promising and greener formic acid, taking into account
the toxicity of THF. We can also use non-toxic TMO as a solvent to replace THF [36].

Table 3. Methods for the preparation of Cyrene.

Entry Catalyst Solvent Conditions Reactor Yield Ref
1 10% Pd/C / 1.1 atm Hy, 8 days / >90% [1]
2 10% Pd/C EtOAc 1.1atm Hy, 96 h / >90% [1]
3 10% Pd/C EtOACc 3to80bar,2to48 h High-pressure reactor >90% [1]
4 10% Pd/C / 80 bar, less than 2 h High-pressure reactor >90% [1]
5 5% Pd/C THF Stirring at 66 °C, 2 h Autoclave >99% [33]
6 Pd/t-ZrO, Water 10 bar H,, 80 °C Batch glass micro-reactor >99% [34]
7 OYE 2.6 Tyr78Trp EtOH Room temperature / >99% [37]

3.3. Furacell Process

Circa Group has achieved the large-scale mass production of Cyrene using the Furacell
process. In this process (Figure 7) [37-39], the raw material is pine sawdust, the solvent
is sulfone, and the catalyst is phosphoric acid. The pine sawdust was impregnated with
a solution of sulfone containing phosphoric acid, and after mixing, it was put into a
pyrolyser and heated rapidly to 330-350 °C under reduced pressure to separate the volatile
products from the solid products and then separated the high purity LGO by several steps
of distillation. Subsequently, compressed hydrogen is added to hydrogenate the LGO with
a solid catalyst to obtain Cyrene. The purity of Cyrene generally depends on the purity of
the separated LGO due to the 99% selectivity of the hydrogenation process. In this process,
the separated biochar can be used as a fuel to provide energy for the pyrolysis process and
can likewise be recycled as a by-product or sold as a fuel. Sulfone separated from LGO can
be recycled many times, and the wastewater contains only water, acetic acid and furfural.
Sulpholane can swell the cellulose so that the phosphoric acid can better penetrate into the
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cellulose, improving the process, although the recent classification by the EU of sulpholane
as a suspected reproductive toxin makes its continued use problematic.

Furacell process
.

-

Pine sawdust

Phosphoric
acid

v

Pretreatment

T

Sulfolane

—>

Compressed
hydrogen gas
Pyrolysis ——> Biochar separation ——> Purification of LGO ——> Hyrogenation —— Purification of Cyrene
I v 2 v
Energy Biochar (@¥aiseiacetio ——Waste water Cyrene

acid, furfural,

Recycled sulfolane

Figure 7. Potential pathways from LGA to LGO when pyrolysis in solvent.

4. Applications of Cyrene

The application of Cyrene as a solvent was first reported less than 10 years ago [1]. This
bio-based green solvent has been proposed as a bio-available replacement for N-methyl-2-
pyrrolidone (NMP), dimethylformamide (DMF) and dimethylacetamide (DMAc), which
are considered toxic organic solvents for the environment and human health [7]. Cyrene
is becoming a more and more popular green and non-toxic reaction medium due to its
compatibility as a solvent with plenty of reactions of great significance for the chemical
industry. Indeed, Cyrene has enormous potential in traditional reactions in materials
chemistry, organic chemistry, bio-catalysis and lignin manipulation [2,3].

4.1. Cyrene for the Synthesis of Materials
4.1.1. Cyrene in MOFs Synthesis

Katz et al. utilised Cyrene as a green solvent in comparison with DMF for the synthesis
of metal-organic frameworks (MOFs) [7,40]. They synthesised five MOFs in Cyrene and
compared their BET surface with MOF synthesised in DMF (Figure 8). They found that MOF
synthesised in DMF had higher surface areas (SA), and the BET SA was about 1400 m? g~ !,
while the MOF’s BET SA was 600 m? g~ ! in the mixture of Cyrene and EtOH. They figured
out that the BET SA was 1400 m? g~! when dry ethanol was used as the additive with
Cyrene. So, the authors examined various ratios of Cyrene/EtOH and the synthesis of
other MOFs using Cyrene (Table 4). The authors pointed out that keeping the water content
low and the short heating times are essential to synthesise Cyrene-based MOFs. Worrall
et al. demonstrate the feasibility of replacing the traditional, toxic, fossil fuel-derived
solvents in electrochemical MOF synthesis with safer, greener and cleaner alternatives. The
use of bioderived solvents also provides a facile method for MOF phase selection during
synthesis, with both more desirable higher porosity phases and, importantly, control over
which phase is formed readily achieved [41]. Cyrene proved to successfully replace DMF
in the synthesis of zeolitic imidazolate framework-90 (ZIF-90) [42].

Table 4. Obtained BET SA for MOFs [7].

Expected Observed in DMF Observed in Cyrene

Entry MOFs (ng_l) (ng—l) (ng—l)
1 HKUST-1 1740 1400 1500
2 UiO-66 1700 1300 500
3 Co-MOF-74 1572 800 200
4 ZIF-8 1950 1700 600
5 Zn,(BDC),(DABCO) 1750 1950 1300




Chemistry 2023, 5

2332

DMF
0
”J\T/
* Bio-based
dipolar aprotic
solvent.
Cyrene Replacement
o for DMF in
(o] MOF synthesis.
(0]

Figure 8. The replacement solvent strategy for MOF synthesis using Cyrene instead of DMF [7].

4.1.2. Cyrene for the Fabrication of Membranes

The application of Cyrene for the fabrication of membranes is shown in Table 5.
Figoli and coworkers developed a new sustainable approach for producing membranes
by use of Cyrene [43]. Cyrene was proposed for the first time as a valuable bio-based
solvent for the preparation of polyethersulfone(PES) and poly(vinylidene fluoride) (PVDE),
which represent an excellent polymer for membrane preparation with well-established
applications in micro-filtration (MF) and ultra-filtration (UF) membrane preparation. Clark
et al. developed a more sustainable dialysis and water filtration membrane by using
Cyrene in place of N-methyl pyrrolidinone (NMP), opening new perspectives for a more
sustainable membrane fabrication [44]. They demonstrated that membranes fabricated
with Cyrene showed higher overall porosity, bigger pore diameters and higher thermal
stability compared with the PES membranes produced with NMP. In 2021, they explored
a binary solvent system composed of biobased Cyrene and its derivative Cygnet 0.0 for
application in membrane technology. Their mixture seemed to be more efficient as the
solvent for the PES polymer. They pointed out that the temperature and the Cygnet—Cyrene
analogy can determine the morphologies of the membranes, and different membranes
could be formed with various properties and numerous applications [45]. Cyrene can also
be used as a green solvent to test the separation performance and long-term stability of
membranes [46,47]. Carner et al. first assessed the suitability of Cyrene for the fabrication
of polymer inclusion membranes (PIMs) composed of the most commonly used polymers
(poly(vinyl chloride) (PVC), cellulose triacetate and extractants. Because of this solvent’s
low volatility, the phase inversion technique was used for the casting of the corresponding
PIMs. The PVC- and CTA-based PIMs cast with Cyrene were in homogeneous and opaque,
but demonstrating the potential of Cyrene as a green solvent for the preparation of CTA-
based PIMs [48]. Chai et al. investigated the feasibility and compatibility of fabricating
membrane sheets with various green solvents (TEP, DMSO, Cyrene) and a conventional
solvent (NMP), as a reference membrane. They conducted a comparison of membranes in
the form of appearance, energy consumption and homogeneity of the dope solution [49]. In
2022, Gorgojo et al. first used Cyrene as a solvent for the fabrication of PES/GO membranes.
The binodal lines, viscosity and final morphology of PES membranes prepared with NMP,
DMAc, DMSO, DMF and Cyrene were studied [50]. During the same year, Paugam et al.
developed a more sustainable and innovative method for the fabrication of polymeric
membranes by a phase-inversion technique, Poly (hydroxybutyrate-cohydroxyvalerate)
(PHBHYV) as the polymeric matrix and Cyrene as a green solvent [51].
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Table 5. Cyrene for the fabrication of membranes.

Entry Membranes Conditions Conclusions Ref
13 wtve Oof PES/PVDE, Without pore former agent,
1 PES, 87 wt% Cyrene, C b d for th i ¢ [43]
PVDF exposure time to RH 0-5 min, yrene can be usec [or the preparation o
P ! PES and PVDF membranes.
NIPS and VIPS-NIPS.
20 wt% PES, 0-7.6 wt% PVP With PVP and PEG, membranes produced
2 PES, 80 wt% Cyrene or NMP, with Cyrene are more sustainable, with [44]
PVP 70°C,4h, less of both polymers’ loss and tunable
NIPS pore size and contact angles.
s PVC/PIMs, 2 ¢ CTA in 30 mL Cyrene, Pve dlg;"gf‘i (fltvi?lt C with 8]
PVDF-HFP/PIM 50°C, 3-4days, PVDF-HFP not dissolved.
PES concentration 9%, The highest porosity and pure water flux
4 PES/GO GO concentration in the (PWF) occurs at a loading of 0.3 wt% GO [50]
dope solution: 0.1, 0.3, 0.5 for systems PES/GO/Cyrene.

4.1.3. Cyrene for the Dispersion of Graphene and Carbon Nanotube

Clark et al. found that graphene dispersions in Cyrene were an order of magnitude
higher than those achieved in NMP. Stable, high-concentration graphene dispersions in
Cyrene mean shorter sonication times are possible, and less solvent is required. This could
also improve conductivities and reduce process costs whilst maintaining the product’s envi-
ronmental credentials [52]. In 2018, Pan et al. reported the use of Cyrene to provide higher
concentrations of graphene ink. In this work, highly conductive graphene ink (10 mg mL 1)
has been developed and was further concentrated to 70 mg mL~! for screen printing [53].
Costa et al. developed environmentally friendly conductive polymer-based conductive inks
reinforced with graphene-based polyvinylpyrrolidone (PVP) as the polymer binder and
Cyrene as the solvent. Screen-printable inks are optimised in terms of viscosity and adhe-
sion properties, leading to printed films with sheet resistance close to Rs = 1 kQ sq~! [54].
Yang et al. reported a simple and environmentally friendly high-performance strain sensor
based on a graphene/thermoplastic polyurethane (TPU) composite. The Cyrene was used
to dissolve and disperse TPU and graphene to make conductive ink, and the graphene/TPU
composite film was embedded in the polydimethylsiloxane (PDMS) matrix by stencil print-
ing and transfer process [55]. Tkachev et al. proposed the preparation of graphene-based
inks in Cyrene by a combination of two LPE methods. They produced highly concentrated
dispersions (up to 3.70 gL ') of few-layer graphene flakes (three to five layers) with a
mean lateral size of ~200 nm [56]. Among the possible options, Cyrene appears as the most
promising green solvent for LPE techniques [57]. Poon and Zhitomirsky revealed a strong
dispersion power of Cyrene and used Cyrene for the development of MnzO4-multiwalled
carbon nanotube (MWCNT) cathodes for supercapacitors [58]. Density functional theory
was also used to investigate the microstructure formed by Cyrene on the surface of a Single-
walled carbon nanotube (SWCNT). The orbital energy and influence of interaction energy
on the van der Waals (vdW) interactions of Cyrene and ethylene glycol with SWCNT were
examined and correlated with the dispersive forces within the fluid [59]. Exfoliation of
graphene in Cyrene is shown in Table 6.
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Table 6. Exfoliation of graphene in Cyrene.

Entry Conditions Conclusions Ref
~4.5 mg of graphite, 92.5% of the flakes < 10,
3 mL Cyrene, 75% of the flakes < 5%,
1 ultrasonic mixed 15 min, 7.5% are monolayer, [52]
exfoliation at <10 layer flakes: 0.725 £ 0.406 um in width,
7000 rpm for 10 min 1.323 £+ 0.647 pum in length.
1 g TPU powder,
10 mL Cyrene,
0.2 wt% fluorosurfactant The graphene/TPU/PDMS wide tensile
3000 rpm for 10 min, range (~80%),
2 1 g graphene was added, excellent sensitivity (GF > 3905), [55]
3000 rpm for 10 min. extremely low sensing limit (~0.1 %.) and good
For comparison, durability over 5000 cycles.
weight ratio of graphene to TPU at 1:2
and 2:1.
Cyrene had the highest graphene flake
concentration, smallest flake sizes and a
30 g of natural graphite powder, generally narrower flake size distribution. Touch
3 600 mL Cyrene, sensor prototype: optical transmittance [56]
9000 rpm for 40 min. of 78%, sheet resistance of 290 Q! and no

significant change in sheet resistance when bent
to a curvature radius of 28 mm.

4.2. Cyrene for Extraction and Separation

In the past few years, researchers focused their research on the solubility of Cyrene.
Clark et al. used Cyrene to extract hesperidin and rutin in a single-stage solid-liquid
extraction. They found that the Cyrene is very effective when mildly heated to 65 °C (up to
91%) or mixed with water. Adding water to Cyrene forms its geminal diol hydrate, and this
enhances the solubility and extraction of hesperidin and rutin up to ten times compared
with the original pure ketone form [37]. Meng et al. used a renewable cosolvent system,
including Cyrene and water, to simultaneously achieve a good quality of carbohydrates and
lignin. A near 100% cellulose conversion could be achieved for the enzymatic hydrolysis
of Cyrene pretreated Populus. They also demonstrated that Cyrene pretreatment could
be performed at a mild temperature (120 °C) to reduce the lignin condensation and avoid
significant cleavage of (3-O-4 linkages without compromising the lignin removal and
solubility in the cosolvent system [60]. Coutinho et al. used COSMO-RS to rationalise the
cosolvency effect of water on Cyrene. The study shows that water, when added in small
quantities to Cyrene, acts as a cosolvent by preferentially interacting with the solute as a
hydrogen bond acceptor, effectively doubling the hydrogen bond donating ability of the
solute and thus maximising the interactions with Cyrene. In turn, this leads to a solubility
increase of hydrophobic substances in wet Cyrene [61]. Mohan et al. employed multiscale
molecular simulation approaches to understand the dissolution of lignin in Cyrene and
Cyrene—cosolvent systems. They used the COSMO-RS model to assess the thermodynamic
properties of lignin in Cyrene and Cyrene—cosolvent systems. From the COSMO-RS
calculations, the correlation between the predicted activity coefficient and the experimental
lignin solubility was excellent [62]. In 2022, Averous et al. evaluated the potential of Cyrene
as an alternative polar aprotic solvent for lignins. They examined Cyrene’s efficiency as a
lignin solvent for lignins Kraft (KL), soda (SL) and organosolv (OSL). Cyrene is a promising
and versatile green solvent for lignin fractionation, processing and chemistry [63]. Schuur
et al. studied the extraction of low molecular weight polyhydroxyalkanoates from mixed
microbial cultures using Cyrene. Cyrene-based extractions resulted in the highest yield
of 57 &+ 2% with a purity of >99% at 120 °C in 2 h with a 5% (g/mL) biomass-to-solvent
ratio. The mass balance closure over the extraction process indicated that about 10% of the
polymer remained in the residual biomass after extraction Cyrene [64]. Wang et al. studied
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the effects of pretreatment with y-valerolactone/p-toluenesulfonic acid aqueous solution
coupling system (GVL/TsOHaq) and Cyrene/p-toluenesulfonic acid aqueous solution
coupling system (Cyrene/TsOH aq) on the chemical composition and enzymatic hydrolysis
of maso bamboo [65,66]. Phaosiri et al. first used Cyrene and TMO for curcuminoid
extraction. Cyrene provided a highly effective extraction yield among those tested [67].
Nejad et al. utilised Cyrene to dissolve the acetone insoluble lignin fraction to synthesize
lignin-based polyurethane resin [68].

Thomas Brouwer and Boelo Schuur investigated the application of Cyrene in liquid —liquid
extractions. The studies showed that there are certainly application windows for Cyrene
in the case of oxygenate extraction. A process with Cyrene appears energy-saving [69].
They also compared the solvent-based affinity separation processes using Cyrene and
sulfolane for aromatic/aliphatic separations [70]. Mumford et al. found that Cyrene is
not a suitable solvent for liquid-liquid extraction for natural alkaloid extraction [71]. As a
novel biosolvent, Cyrene shows more than promising features useful for designing greener
and more sustainable methods for crystallisation, purification, extraction and formulation
of bioactive compounds from natural sources. Extraction of hesperidin and rutin using
Cyrene is shown in Table 7.

Table 7. Extraction of hesperidin and rutin using Cyrene.

Yield of Yield of

Entry Conditions Solvent Hesperidin Solvent Hesperidin Ref
Orange peel: 250 mg RT Hot RT Hot
black tea: 500 mg Cyrene 323 6.18 Cyrene + EtOH (43/57) 0.09 0.92
1 solvent: 5 mL Cyrene + EtOH (30/70) 11.61 / Cyrene + MeOH (51/49) 0.34 1.54 137]
stirred 2 min Cyrene + H;O (70/30) 20.71 23.43 Cyrene + HO (70/30) 1.53 1.68 ’
14,450 rpm Cyrene + Acetic add + H,O
RT or 65 °C for 2 h (49/22/29) 21.43 30.46 Cyrene + H,O (30/70) 1.52 117

4.3. Cyrene in Chemical Synthesis
4.3.1. Cyrene as a Reactant in Reactions

Wilson et al. described the scope and limitations of an alternative to DMF derived from
renewable sources (Cyrene™) in Sonogashira cross-coupling and Cacchi-type annulations
(Figure 9) [72]. Alhifthi et al. investigated the reaction coordinate for the Beckmann reaction
(normal Beckmann) and Beckmann fragmentation (abnormal Beckmann) manifest in the
ground state. Uniquely, the Cyrene oximes show a lengthening of the C1-C2 bond upon
increased leaving group ability and a greater magnitude of one-bond 3C-13C coupling
constants, supporting the divergence of mechanism for the normal and abnormal Beck-
mann reactions [73]. Hunt and coworkers reported Cyrene being successfully utilised as a
bio-based platform molecule for the synthesis of pharmaceutically relevant intermediates
through aldol condensation reactions and Claisen-Schmidt reactions (Figure 10) [74]. Allais
et al. employed Cyrene® as a starting material for Bayer-Villiger oxidation to synthesise
chemicals, such as drugs, pheromones, flavours and fragrances [75]. De Bruyn et al. have
demonstrated that Cu and other metals supported on hydrotalcite can attain a high and
stable catalytic activity for the hydrogenation of Cyrene, and this behaviour is independent
of the exact pretreatment conditions [76]. Cyrene’s chiral chemical structure displays ex-
cellent selectivity in Diels—Alder reactions, sulfa-Michael reactions or diastereoselective
Passerini reactions [77-80]. Mencer and coworkers prepared a library of exo-cyclic carbohy-
drate enones 2-13 via a base-catalysed, highly stereoselective aldol condensation of Cyrene
with various aromatic aldehydes [81]. Cyrene has been transformed into its methacrylic
derivative (m-Cyrene) for the first time, aiming at bio-based polymers [82,83]. Allais et al.
first explored Cyrene as a green bio-alternative organic solvent for polymerisation (ROMP)
reactions. The activity of the metathesis catalysts was finely tuned in Cyrene™ versus
common and toxic solvents such as dichloromethane, resulting in highly thermostable
functional polymers with a Tgs9, up to 401 °C and a Tg of —16.8 °C (Figure 11) [84]. Koko-
tos et al. described a new, greener and more economical protocol for the Mizoroki-Heck
reaction by using Cyrene as the green solvent and Pd/C as the palladium catalyst source.
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A wide substrate scope for the coupling of aryl iodides with acrylamides, acrylates, acrylic
acid, acrylonitrile and styrene was demonstrated. The recyclability of Cyrene and the
leaching of palladium in the final product were examined in order to enhance the industrial
applicability of this protocol [85].

ZZ Pd(Phy),CLy(2 mol %), Cul (4 mol %) R!

1 2 y =
R'-X + R Et;N(1.1 equiv), Cyrene, 30 °C, 1 h RZ/

1 2 ) 3a-ah
(1.05 equiv.)

Figure 9. Cyrene-based Sonogashira cross-coupling [72].
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\ EtOH, 120 °C, O \
18 Hours

Figure 10. Claisen-Schmidt reaction between Cyrene and substrate [74].
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Figure 11. ROMP of N-HBO-MA in Cyrene™ [84].

4.3.2. Cyrene as Replacement of Dipolar Aprotic Solvents in Reactions

Watson et al. were the first to use Cyrene to replace DMF as the solvent in a Pd-
catalysed cross-coupling reaction [72]. Then, other researchers observed that Cyrene could
be an excellent alternative medium for the Sonogashira cross-coupling reaction [86,87]. A
greener alternative for the synthesis of ureas was proposed, and it was proven that Cyrene
could possibly be used industrially as a solvent [88]. Watson and coworkers described the
scope and utility of Cyrene in Suzuki-Miyaura cross-couplings and evaluated its suitability
as a reaction medium for this benchmark transformation from discovery to gram scale
in 2018 [89]. In 2020, James Sherwood evaluated the suitability of the Suzuki-Miyaura
reaction to demonstrate the usefulness of new solvents, including Cyrene. He found that
the cross-coupling is often unaffected by the choice of solvent, and therefore, the Suzuki-
Miyaura reaction provides limited information regarding the usefulness of any particular
solvent for organic synthesis [90]. Cyrene was found to be the most efficient solvent for
the preparation of 3-3” dimers of sinapic acid derivatives. It also decreases the amount
of pyridine used because it was used only as the oxidising agent [91,92]. Quero et al.
studied the difluoromethylation of heteroarenes or terminal alkynes with Cyrene, which
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replaced the NMP and DME, leading to short reaction times and greater yields [93]. Meier
et al. established a more sustainable synthesis protocol for the sulfurisation of isocyanides
towards isothiocyanates using DBU as a greener catalyst in low loading down to 2 mol%
and the green solvents Cyrene and GBL [94]. Hunt et al. studied the effectiveness of the
green solvents N-butylpyrrolidinone (NBP),y-valerolactone (GVL), propylene carbonate
(PC) and dihydrolevoglucosenone (Cyrene) in Heck and Baylis-Hillman reactions. Cyrene
exhibited high initial rates of reaction and high yields in the Baylis—-Hillman reaction. This
showed Cyrene to be a promising alternative polar aprotic solvent for this reaction [95].

4.3.3. Cyrene Application in the Biomedical Field

Amide synthesis: amide bonds are one of the underpinning linkages in all living
systems and are fundamental within drug discovery. Watson et al. evaluated the application
of the bio-based solvent Cyrene™ in the HATU-mediated synthesis of amides and peptides
(Figure 12). They found that Cyrene functioned as a competent replacement for DMF
in the synthesis of a series of lead-like compounds and dipeptides [96]. In 2019, Camp
et al. disclosed a waste-minimising and molar-efficient protocol for the synthesis of amides
from acid chlorides and primary amines in Cyrene [97]. And the investigation into the
hydration of Cyrene found that it readily hydrates to form a geminal diol in the presence of
water with highly unusual properties and the ability to solubilize a wide range of organic
compounds specifically and efficiently, notably, aspirin, ibuprofen, salicylic acid, ferulic
acid, caffeine and mandelic acid (Figure 13). The possibility to tune the polarity of the
solvent mixture through the addition of water and the subsequent generation of variable
amounts of Cyrene’s geminal diol creates a continuum of green solvents with controllable
solubilisation properties [98,99]. Brook et al. reported a process to efficiently create a Ce6
dianhydride by the simple expedient usage of acetic anhydride as both a dehydrating agent
and reagent. It was optimised for use with the greener solvent Cyrene, avoiding many
difficulties and challenges [100].

(0] 0
HATU (1.2 equiv.)

OH H,N-Ph DIPEA (X equiv.) _-Ph

Cyrene, rT, t (h), x rpm
Me Me

Figure 12. HATU mediated amide reaction [96].

In 2019, Cabri et al. attempted the solid-phase peptide synthesis with Cyrene and other
green solvent binary mixtures. They found Cyrene was more efficient than the often-used
solvents for peptide synthesis and proved that Cyrene might be a valuable green alternative
for solid peptide synthesis (SPPS) [101,102].

Cyrene has been found to be slightly more toxic to bacteria of the ESKAPE pathogen
set than DMSO. Scott et al. demonstrated the suitability of Cyrene as a replacement sol-
vent for DMSO in antibacterial susceptibility testing. The MICs are shown in Table 8.
They have also demonstrated, both qualitatively and quantitatively, that Cyrene and
DMSO have comparable solubilising powers when used to prepare stock solutions of
common antibacterial drugs [103]. The applications of Cyrene into a key precursor (S)-y-
hydroxymethylbutyrolactone also be studied [104]. Biobased solvent Cyrene can substitute
the reprotoxic NMP and potentially carcinogenic DCM solvents to synthesise the antide-
pressant and smoking cessation aid, bupropion hydrochloride [105].
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Figure 13. (A) Linearisation of the Cyrene—H,O solution compositional data based on the natural

Cyrene—geminal diol equilibrium involving one water molecule; (B) linearisation of the Cyrene—H,O
solution compositional data based on the involvement of two water molecules in the equilibrium [98].

Table 8. MIC80 values of a panel of antibacterial drugs measured in either DMSO or Cyrene™ against
the ESKAPE pathogens [103].

MICgo (M)
aureus E. faecalis E. coli
Compound DMSO Cyrene DMSO Cyrene DMSO Cyrene
Tetracycline 0.78 0.78 NA NA 3.13 3.13
Vancomycin
hydrochloride 0.39 0.39 13 13 NA NA
Ciprofloxacin
hydrochloride 1.6 1.6 0.39 0.39 0.019 0.019
Colistin sulfate NA NA NA NA 0.78 0.78
Penicillin G sodium 34 34 NA NA NA NA
Polymixin B sulfate NA NA NA NA 1.6 1.6
Tobramycin NA NA NA NA 0.78 0.78
Levofloxacin 0.78 0.78 0.19 0.39 0.019 0.019
MICgp (uM)
P. aeruginosa A. baumanii K. pneumoniae
Compound DMSO Cyrene DMSO DMSO Cyrene DMSO
Tetracycline 25 25 25 25 25 25
Vancomycin
hydrochloride NA NA NA NA NA NA
Ciprofloxacin
hydrochloride 0.39 0.39 1.6 0.39 0.39 1.6
Colistin sulfate 3.1 3.1 1.6 3.1 3.1 1.6
Penicillin G sodium NA NA NA NA NA NA
Polymixin B sulfate 3.1 31 1.6 3.1 3.1 1.6
Tobramycin 1.6 1.6 3.1 1.6 1.6 3.1
Levofloxacin 1.6 1.6 0.39 1.6 1.6 0.39

4.3.4. Cyrene Application in Biocatalysis

Cyrene has presented excellent results in biocatalysis, playing the role of the solvent
and the catalyst simultaneously [106]. Witczak teams described the tereoselective synthesis
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of exocyclic enones via a base-catalysed direct aldol condensation between Cyrene and
heterocyclic aldehydes. The reaction is performed under mild conditions and is applicable
to a variety of heterocyclic aldehydes [107]. In the next year, they prepared a library of
exo-cyclic carbohydrate enones via a base-catalysed, highly stereoselective aldol conden-
sation of Cyrene with various aromatic aldehydes [81]. Cellulose-derived was employed
as a renewable catalytic solvent to convert CO,, and Yu teams found that Cyrene was
highly efficient for reductive conversion of CO, with amines using PhSiHj as the reductant
(Figure 14), and various corresponding formamides could be selectively synthesised [108].
Gonzalo employed Cyrene in biocatalysed reductions, employing purified alcohol dehydro-
genase for the first time. A set of a-ketoesters has been reduced to the corresponding chiral
a-hydroxyesters with high conversions and optical purities, making it possible to obtain
good results at Cyrene contents of 30% v/v and working at substrate concentrations of
1.0 M in the presence of 2.5% v/v of this solvent [109]. Guajardo and Mariavvexplores used
Cyrene in lipase-catalysed biotransformations, both in aqueous solutions, as a cosolvent,
as well as non-conventional media for synthesis (Figure 15) [110]. Kuhl et al. describe
the development of a protecting group-free, two-step synthesis of 1la from Cyrene™, a
biorenewable feedstock. The streamlined synthesis of 1a from Cyrene™ reduced the step
count from nine to two synthetic steps, which resulted in a >27% yield improvement and a
significant reduction in the environmental impact of the synthesis [111].

H

| + OS'/HH + o In Cyrene ?HO

N N, 2 N
Ry TR, H RZR,

Figure 14. The N-formylation of amines with CO, in DLGO [108].

(0]
OH HO/\/\OH Novozym 435 O/w/\OH
OH CyreneTM OH

Figure 15. Lipase-catalysed esterification of benzoic acid and glycerol to obtain «-MBG in
Cyrene [110].

Under catalyst-free conditions, Lee and coworkers suggested the formation of bipyri-
dine derivatives through a multicomponent reaction under microwave irradiation (Table 9).
They use of Cyrene as the solvent enabled the researchers to attain an even higher yield
than what was previously documented using DMF, as the temperature could be elevated
without further problems [112].

Table 9. 2,3'-Bipyridine derivatives were formed with the initial reaction of aniline la with
3-formylchromone 2a and 2-pyridylacetonitrile (3a) under catalyst-free conditions and microwave
irradiation [112].

Entry Solvent TI[°C] t [h] Yield [ [%]
1 - 90 2 40
2 H,0 90 1 -
3 EtOH 90 1 48
4 DMF 90 1 66
5 Cyrene™ 90 1 76
6 Cyrene™ 110 1 83
7 Cyrene™ 130 1 94
8 Cyrene™ 150 1 91

9 [bl Cyrene™ 130 24 35
10 DMF 130 1 85
11 - 130 1 32

[al Tsolated yields. [’ Reaction under traditional heating.
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4.4. Cyrene for Non-Materials and Lithium-lon Batteries Materials

In 2020, Szekely’s group engineered nanocomposite hydrogels based on sustainable
cellulose acetate for water treatment. They prepared the hydrogels using Cyrene via simple
dropwise phase inversion. And they demonstrated the robustness and practicality of the
nanocomposites in continuous environmental remediation by using the hydrogels to treat
contaminated groundwater from the Adyar river in India [113]. To overcome the disadvan-
tages like high viscosity and plasticising effects, Fischer et al. used Cyrene™ as a solvent,
offering a simple, fast and non-toxic procedure to formulate poly(lactic-co-glycolicacid)
(PLGA)-based nanoparticles (Table 10) [114,115]. Aqueous polymeric nanodispersions
are suitable alternatives to reduce the use of organic solvents. German et al. reported
that Cyrene demonstrates comparable performance to that of NMP as a cosolvent in the
synthesis and the film-forming process of PUD [116]. Adam et al. calculated the interaction
distances at equilibrium for different bacterial species and hydrophobic nanomaterials
such as MoS; in two environmentally friendly solvents, water and Cyrene, and extended
the Derjaguin, Landau, Verwey and Overbeek theory (DLVO theory) that describes the
properties of nano-objects in solutions to the case of two-dimensional nanoflakes interacting
with bacteria cell membranes, both for Gram-positive and Gram-negative bacteria [117].
Itawi et al. demonstrated the importance of Cyrene™ as a potential bio-based molecule to
produce sustainable porous microparticles [118].

Table 10. Preparation of PLGA nanoparticles.

Entry Conditions Solvent Yield Ref
10 mg Resomer® RG 502,
1 mg atorvastatin
1 Stirfed 3 h, RT or 37 OC. . Cyrene 60%
Homogenisation vs. ultrasonication [114]
(30s, 1 and 2 min, 50% and
100% cycle)
50 mg PLGA, 4.5 mL ethyl acetate + atorvastatin (5 mg)
2 Stirred 3 h, RT dissolved in poly(ethylene glycol) 40%
Homogenised at 24,000 rpm for 15 min 400 g/mol as cosolvent

Belharouak et al. investigated a closed-loop recovery process to reclaim cathode
materials, Al foils, and PVDF binder from cathode scraps using Cyrene. The Cyrene-based
separation process embraces a sustainable electrode recovery and reuse platform and paves
the way for battery recycling [119]. Whittingham et al. studied the possibility of using
Cyrene to replace NMP for NMC 811 cathode fabrication. They found that although PVDF
binder has very poor solubility in Cyrene at room temperature, increasing temperature
can significantly change this. High-temperature (above 80 °C) electrode processing with
Cyrene gives a promising performance, which is comparable to the conventional NMP
fabricated electrode (Figure 16) [120].
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Figure 16. NMC 811 electrode fabricated with Cyrene as solvent of the electrode. First cycle and
cyclability of the electrode compared with the conventional NMP fabricated electrode (black) [120].

5. Conclusions

The toxicity of the traditional dipolar aprotic solvents such as DMF and NMP has
prompted the urgent need for safer solvents to replace them. Cyrene, which has similar
properties, is an excellent alternative. Cyrene is sustainable when produced from biomass
via LGO. In the production of LGO, the use of the acid impregnation and pyrolysis method
is low-cost and has been industrialised, and the use of solid catalyst pyrolysis can give
good yields, and the catalyst can be recycled. The catalytic hydrogenation of LGO gives
a high conversion and can be stable and give high purity Cyrene. So, for the industrial
production of Cyrene, prospects are very optimistic. Cyrene is becoming a more and more
popular green, non-mutagenic and non-toxic reaction medium due to its compatibility as a
solvent with many reactions of great significance for the chemical industry. Cyrene can be
employed in everyday and traditional reactions in organic chemistry, biocatalysis, materials
chemistry, graphene and lignin manipulation. We believe that further research can help
solve any existing difficulties and give new data to develop significant new applications
for this promising green solvent.
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