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Levulinic acid (LA) is derived from lignocellulosic biomass and can undergo various chemical transform-
ations to produce high-value chemicals. However, there are limited studies on C—-C bond cleavage in LA.
Methyl ethyl ketone (MEK) is a high-quality solvent with a wide range of industrial applications, traditionally
produced from petroleum-derived n-butene. Here, we report a method for the production of MEK from
LA using a metal-free photocatalytic system. Using acridine compounds as photosensitizers and thiophe-
nols as hydrogen transfer reagents, high selectivity and yield of MEK are achieved under mild reaction
conditions, and the reaction time is significantly shortened using a microchannel continuous flow photo-
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reactor. Additionally, life cycle assessment indicates that this method has lower carbon emissions than
other MEK production methods from LA. This catalytic system provides a green and efficient method to
produce MEK from bio-based platform molecule LA, which meets the requirements of sustainable
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Introduction

With the increasing consumption of petrochemical resources,
environmental pollution and the greenhouse effect have
become very serious." It is necessary to develop substitutes for
fossil resources to achieve sustainable development.*™
Biomass, as a clean and renewable energy source, has been
considered the only source of organic carbon that can substi-
tute petroleum resources.>® The main components of ligno-
cellulosic biomass are lignin, cellulose, and hemicellulose.”
Among these, cellulose (e.g., hexose-derived 5-hydroxymethyl-
furfural) and hemicellulose (e.g., pentosan-derived furfuryl
alcohol) can be catalytically hydrolyzed to produce levulinic
acid (LA).>° LA contains carbonyl and carboxyl groups, which
are prone to esterification, halogenation, hydrogenation, oxi-
dative, and condensation.'” It can synthesize high-value-added
chemicals such as y-valerolactone (GVL),"* valeric acid
(VA),"*' and 2-methyltetrahydrofuran (MTHF)."> Currently,
there is much research on the cleavage of the C-O bond of LA;
however, there are relatively fewer studies on the cleavage of
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the C-C bond of LA. This is because the cleavage of the C-C
bond in LA is more difficult than the C-O bond.

Methyl ethyl ketone (MEK) is a high-quality oxygen-contain-
ing low-boiling point solvent, which is widely used in indus-
tries such as medicine, coatings, dyestuffs, detergents,
fragrances, and electronics.'® Its molecule contains carbonyl
group, which can be converted into ethyl acetate through
Baeyer-Villiger oxidation,'” and ethyl acetate can be further
hydrolyzed to produce widely used ethanol. At the same time,
MEK can also be reduced to butanol,'® which is a cleaner and
better fuel than ethanol.'® In addition, MEK is an essential
organic chemical raw material for producing chemical pro-
ducts such as methyl propenyl ketone, 2-heptanone, 2-buta-
none oxime, and 2,3-butandione.?®

At present, the industrial production of MEK is mainly
based on the hydration of n-butene to prepare sec-butanol and
then the dehydrogenation of sec-butanol, while the production
of n-butene primarily relies on petroleum cracking and pyrol-
ysis.?! Therefore, to reduce the dependence on fossil resources
and meet the requirements of green chemistry, it is essential
to use the biomass-based platform compound LA to prepare
MEK. To date, several strategies for the decarboxylation of LA
to prepare MEK have been reported. In 1983, Chum and co-
workers®” used Pt-TiO, as a photocatalyst to catalyze the decar-
boxylative protonation of LA under xenon lamp irradiation,
which prepared MEK, acetic acid, acetone, and acetaldehyde in
one-pot method (Scheme 1A). Unfortunately, the yield and
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Scheme 1 Reaction development of decarboxylative protonation of LA.

selectivity of MEK in this reaction were both low. Similarly,
Wang and co-workers®® reported that MEK could be obtained
by photocatalytic decarboxylative protonation of LA with
heterogeneous photocatalyst Pd-TiO, (Scheme 1A). Although
the selectivity of MEK was increased, it also required precious
metal catalyst. Moreover, this reaction required hydrogen as a
source of hydrogen. Lin and co-workers>*® reported copper or
silver mediated decarboxylative protonation of LA to afford
MEK (Scheme 1B). Although the methods of Lin’s co-workers
were able to increase the yield of MEK, it required a stoichio-
metric catalyst and harsh reaction conditions.

Given the problems in the previous work and the acridine
thiophenol synergistic catalytic system reported by our
group,®® we reported the efficient decarboxylative protonation
of LA through a visible light-mediated proton-coupled electron
transfer (PCET) process using acridine compounds and thio-
phenol as catalysts under mild reaction conditions

This journal is © The Royal Society of Chemistry 2024

O High yield and selectivity

( ' o
gk SH — > J
e\ ¥ / ci '

Yield >99%

Selectivity >99%

O Flow chemistry synthesis

(Scheme 1C). Noteworthy features of this solution include (1)
no need for any transition metal, (2) quantitative MEK yield,
and (3) shortened reaction time and improved reaction
efficiency through the continuous flow reactor. In addition, we
also evaluated the impact of this reaction system on global
warming potential (GWP) through life cycle assessment. We
compared it with the carbon emissions of other methods for
producing MEK from LA. The result showed that the carbon
emissions of this method were relatively low.

Results and discussion

Initially, our study selected 4-Me-PhSH (5 mol%) as the hydro-
gen transfer reagent with dichloromethane (DCM) as the
solvent under the irradiation of 400 nm LEDs for 20 h at room
temperature in N, atmosphere (Table 1). A series of acridine
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Table 1 Optimization of reaction conditions

A5 (10 mol%)

(o]
4-Me-PhSH (5 mol%) o
MOH > )j\/\ + CO, T
o DCM (0.25 M), Ar, r.t.,, 20 h H
400 nm LEDs
Yield  Selectivity
Entry Variation from the standard conditions (%) (%)
1 None 93 >99
2 Al instead of A5 27 41
3 A2 instead of A5 62 80
4 A3 instead of A5 7 88
5 A4 instead of A5 69 93
6 Eosin Y instead of A5 0 —
7 4CzIPN instead of A5 —
8 Mes-Acr-MeClO, instead of A5 —

10 Ir[dF(CF3)ppy].(dtbbpy)PF, instead of A5

0
0

9 Mes-Acr-PhBF, instead of A5 0 —
0

11 Without A5 or 400 nm LEDs 0

12 Without 4-Me-PhSH <5 —
13 Without Ar 13 41
X Me
O O A2, X=Me  BY Me O
\ \ Me A3 X = OMe J\_ Me
Al A4 X=F as N Bu

Reaction conditions: 0.5 mmol LA, 0.05 mmol photocatalyst
(10 mol%), 0.025 mmol 4-Me-PhSH (5 mol%), 2.0 mL DCM (0.25 M),
400 nm LEDs (20 W), Ar, room temperature (RT), 20 h. Yield and
selectivity were determined by GC with n-dodecane as the internal
standard.

photocatalysts (10 mol%) were screened. After optimization of
the conditions, the direct decarboxylative hydrogenation of LA
could be effectively catalyzed utilizing photocatalyst A5 to
afford MEK in 93% yield (Table 1, entry 1). The reaction pro-
vided only 27% yield of the target product when 9-phenylacri-
dine (A1) was used as the photocatalyst (Table 1, entry 2).
When the 9-phenyl of acridine was substituted with 2,4,6-tri-
methylphenyl (A2), the product yield increased to 62% (Table 1,
entry 3). However, the addition of an electron-donating group
in 9-phenyl (A3) resulted in a lower reaction yield (7% yield,
Table 1, entry 4). In contrast, 9-phenyl with an electron-with-
drawing group (A4) afforded the product in 69% yield (Table 1,
entry 5). Additionally, when iridium-based photocatalysts such
as Ir(dF(CFs)ppy).(dtbbpy)PFs or conventional N-substituted
acridinium-based photocatalysts such as Mes-Acr-PhBF, and
Mes-Acr-MeClO, were combined with 4-Me-PhSH, the reaction
failed to afford the desired product (Table 1, entries 6-10).
These results indicated that conventional photocatalysts could
not directly oxidize LA without bases to produce MEK. In
addition, controlled experiments demonstrated that acridine
photocatalyst, light source, and hydrogen atom transfer catalyst
were all necessary for decarboxylative protonation of LA
(Table 1, entries 11 and 12), and the yield of MEK in air was sig-
nificantly reduced (13% yield, Table 1, entry 13).

After research on photocatalysts, we tested several hydrogen
atom transfer catalysts to further improve reaction efficiency
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(Fig. 1). The results showed that thiophenols with electron-
withdrawing groups provided higher yields than 4-methyl thio-
phenol which bore electron-donating groups. Thiophenols
bearing bulky steric hindrance groups, diphenyl sulphide, and
thiol afforded lower yields in this reaction.

Based on the above research results, we screened various
solvents to determine the most suitable reaction solvent. Fig. 2
showed the distribution of product in six different solvents of
methanol (MeOH), N,N-dimethylformamide (DMF), diethyl
carbonate (DEC), acetone, MEK, and dichloromethane (DCM).
Only trace amounts of MEK were produced using the polar
protic solvent MeOH. Similarly, when using the highly polar
solvent DMF, the yield of MEK was only 16%. When the weakly
polar solvent DEC was used, the yield of MEK increased to
54%. The yield and selectivity of MEK were relatively high
when using the medium polar solvents DCM and acetone.
Specifically, when DCM was used as the solvent, a quantitative
yield of MEK was obtained with a TON (turnover number) of
10 and a TOF (turnover frequency) of 0.5 h™". Considering that
the yield of MEK exceeded 90% when acetone was used as the
solvent, to facilitate the separation of the product from the
reaction system and use a greener solvent than DCM, we tried
to use MEK as the solvent. Fortunately, we also obtained a
quantitative yield of MEK. However, in the subsequent optim-
ization experiments, we chose to use DCM as the solvent to
facilitate the calculation of MEK yield.

Next, we examined the effect of substrate concentration on
the reaction results. It could be seen from the data in Fig. 3
that quantitative MEK could be obtained when the concen-
tration of LA was lower than 0.25 mol L™". As the concentration
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Fig. 1 Effects of hydrogen atom transfer catalysts for decarboxylative
protonation of LA. Reaction conditions: 0.5 mmol LA, 0.05 mmol
9-mesityl-2,7-di-tert-butyl-10-acridine (A5) (10 mol%), 0.025 mmol
thiophenol or thiol (5 mol%), 2.0 mL DCM (0.25 M), 400 nm LEDs (20
W), Ar, room temperature (RT), 20 h. Yield and selectivity were deter-
mined by GC with n-dodecane as the internal standard.
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Fig. 2 Effects of solvents for decarboxylative protonation of LA.
Reaction conditions: 0.5 mmol LA, 0.05 mmol 9-mesityl-2,7-di-tert-
butyl-10-acridine (A5) (10 mol%), 0.025 mmol 4-Cl-PhSH (5 mol%),
2.0 mL solvent (0.25 M), 400 nm LEDs (20 W), Ar, room temperature
(RT), 20 h. Yield and selectivity were determined by GC with n-dodecane
as the internal standard.
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Fig. 3 Effects of LA concentration for decarboxylative protonation of
LA. Reaction conditions: 0.5 mmol LA, 0.05 mmol 9-mesityl-2,7-di-tert-
butyl-10-acridine (A5) (10 mol%), 0.025 mmol 4-Cl-PhSH (5 mol%), x mL
DCM (0.25 M), 400 nm LEDs (20 W), Ar, room temperature (RT), 20 h.
Yield and selectivity were determined by GC with n-dodecane as the
internal standard.

of LA was higher than 0.25 mol L™, the reaction efficiency
would decrease with the increase of LA concentration. This
decline could be attributed to both a reduced conversion of LA
and a lower selectivity for MEK. The diminished MEK selecti-
vity was likely due to high LA concentration, where alkyl
radical from LA decarboxylation combined with acridine
radical, leading to the formation of byproducts.>”

This journal is © The Royal Society of Chemistry 2024
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Then, to obtain the optimum amount of photocatalyst and
hydrogen atom transfer reagent, we attempted to reduce the
amount of catalyst based on the previously optimized con-
ditions (Fig. 4). The results demonstrated that when the
amount of photocatalyst was reduced, the yield and selectivity
of the product were significantly decreased. The reduction of
the amount of hydrogen atom transfer reagent had relatively
less effect on the yield and selectivity of MEK. However,
5 mol% p-chlorothiophenol (4-Cl-PhSH) was required to obtain
a quantitative yield of MEK.

To investigate the mechanism of photocatalytic reaction
further, we conducted the radical trapping experiment. Only a
trace amount of MEK was obtained with the addition of 3.0
equiv. 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) as a free
radical trap, and the decarboxylative protonation of LA was
almost completely inhibited (Fig. 5A). Meanwhile the TEMPO
adduct was detected by GC-MS (Fig. S21). These results indi-
cated that the reaction may be a free radical process.

Based on the previously reported work on photocatalytic de-
carboxylation of carboxylic acid,”®' we proposed a possible
catalytic cycle as illustrated in Fig. 5B. Firstly, LA interacted
with acridine to form a hydrogen-bonding complex, and this
complex was irradiated by visible light to generate the excited
state, which followed by a PCET process to produce acridine
radical and carboxyl radical. Next, the carboxyl radical quickly
released a molecule of carbon dioxide to form alkyl radical.
Subsequently, the alkyl radical captured the hydrogen atom of
4-Cl-PhSH to afford the product MEK and thiyl radical through
a hydrogen atom transfer process. Finally, both catalysts regen-
erated via the SET process from acridine radical and thiyl
radical.

Continuous flow reactors have attracted much attention in
the past decade due to their high mass and heat transfer
efficiency, lack of amplification effects, and safer chemical pro-
cesses.>” Therefore, to further improve the reaction efficiency,
we performed a scale-up reaction of 50 mmol using a micro-
channel continuous flow photoreactor (see ESIf for more
details). As mentioned in the previous solvent screening
section, considering the separation problem of the product, we
chose MEK as the solvent in large-scale experiments. When
MEK was used as the solvent, the quantitative conversion of
LA into MEK allowed for the separation and purification of
MEK by distilling the reaction mixture. As shown in Fig. 6, LA
and catalysts were dissolved in MEK and then entered into the
3 ml microchannel reaction plate at a 10.0 mL min™~" flow rate
through a peristaltic pump. Under the irradiation of 400 nm
LEDs (600 mW cm™?), the reaction mixture retained 5 min in
the microchannel reaction plate with the conversion of LA at
27%. The residence time was further extended (Table 2). When
the residence time was 45 min, MEK was obtained in quanti-
tative yield with a TON of 10 and a TOF of 13.3 h™', which sig-
nificantly shortened the reaction time compared with the
batch reaction, which required 20 h of reaction to afford a
quantitative yield of MEK. This was due to using a flow reactor
device, which allowed for a larger illumination area and
liquid-liquid interfacial area.??
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Fig. 6 Continuous synthesis of MEK from the decarboxylative protona-
tion of LA.

Table 2 Effects of residence time on continuous flow reactions

Entry Residence time (min) Conversion (%)
1 5 27

2 15 61

3 30 93

4 45 >99

Reaction conditions: 50 mmol LA, 5 mmol 9-mesityl-2,7-di-tert-butyl-
10-acridine (A5) (10 mol%), 2.5 mmol 4-CI-PhSH (5 mol%), 200.0 mL
MEK (0.25 M), 400 nm LEDs, Ar, room temperature (RT). Conversion
was determined by GC with n-dodecane as the internal standard.
There were only MEK peak, internal standard peak, and LA peak in the
gas chromatogram.

Life cycle assessment

With complete and optimized experimental data, a life cycle
assessment (LCA) was conducted to evaluate the impact of
various MEK production approaches via LA on the GWP.

LCA is an analytical tool in the ISO 14040 and ISO 14044
series of standards for assessing the environmental impact of
a product or service. An accurate assessment should be as
comprehensive as possible, including the sum of all material
inputs and outputs, energy consumption, and other process
attributes such as reprocessing, transportation, and waste
management procedures.**>

In recent years, several life cycle assessments have emerged
in the field of chemistry, with a focus on demonstrating the
benefits of applying biobased feedstocks,*®*” alternative syn-
thetic methods,*®?*° and innovative processes.’® Nevertheless,
many of these new researches have been conducted only at an
early stage of development, for example, at the laboratory scale
or during process simulations. The purpose is to identify criti-
cal aspects of improved upscaling or to illustrate the justifica-
tion for selecting one of several approaches.*"*?

This LCA model aimed to compare the GWP data of
different methods of producing MEK from LA. The functional
unit of the study was the production of 1 kg of MEK. The
system boundary of this LCA was “gate-to-gate,” including all
processes from the factory receiving LA to the factory gate

This journal is © The Royal Society of Chemistry 2024
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where MEK was synthesized (Fig. S5f). In this case, the
applied catalysts were modelled from cradle to gate to demon-
strate the impact of their use in this reaction on GWP.

The life cycle inventory (LCI) included four different
methods for the decarboxylation of LA to MEK, which were
Scenario (1) copper mediated decarboxylative protonation of
LA,** Scenario (2) silver mediated decarboxylative protonation
of LA,*® Scenario (3) Pd-TiO, catalyzed decarboxylative proto-
nation of LA,>® Scenario (4) photoinduced metal-free catalyzed
proto-decarboxylation of LA (Scheme 2). Herein, detailed
inventory data came from experimental data (foreground
system), the Ecoinvent v3.8 database (background system), and
some published literature.** The entire procedure of the de-
carboxylation reaction and catalyst synthesis route was mod-
elled in openLCA software, and the GWP was calculated using
the CML-IA baseline method.

The process of converting LA to MEK was accomplished by
heating or lighting, thus, LA, catalyst, and heat or light were all
inputs. Among them, the GWP values of the catalysts used in
Scenarios (1-3) were from the Ecoinvent v3.8 database. To
evaluate the carbon footprint of the catalysts used in Scenario
(4), a reasonable retrosynthetic route was designed based on
reports in the literature to find simpler precursor compounds
that might be available in the database (Scheme 2).>¢**™*”
Firstly, 2,7-di-tert-butyl-9-mesitylacridine (A5) was synthesized
from  2,7-di-tert-butyl-10-((2-methoxyethoxy)methyl)acridin-9
(10H)-one and mesitylmagnesium bromide, as illustrated in
Scheme 2.2° Subsequently, further retrosynthetic analysis was
carried out according to the synthesis methods in the litera-
ture, which were finally derived from 2-chlorobenzoic acid,
aniline, and 1,3,5-trimethyl-benzene respectively.

Fig. 7 presented the GWP results for different scenarios of
MEK production from LA. The data showed that our method
had the lowest GWP value over the “gate-to-gate” life cycle of
producing 1 kg MEK. The GWP value of Scenario (2) was
744.9 kg CO, eq., which was significantly higher than the
other three scenarios. This was attributed to the use of the
equivalent precious metal silver and lower MEK yield in this
method. Although Scenario (3) also utilized the precious metal
Pd, its quantity was at catalytic levels (approximately
0.3 mol%), resulting in a lower GWP value compared to
Scenario (2). Scenario (1) showed a GWP value of 72.16 kg CO,
eq. Despite employing the equivalent catalyst CuO, its lower
carbon emissions during CuO production lead to a consider-
ably lower GWP value than Scenario (2). In our method
(Scenario (4)), catalytic amounts of metal-free catalyst were uti-
lized, and LA was converted entirely into MEK. Thus, our pro-
posed method of producing MEK from LA had the least
carbon footprint.

It was worth noting that the GWP value over the “cradle-to-
gate” life cycle of producing 1 kg MEK from fossil resources
was only 1.88 kg CO, eq. (data comes from Ecoinvent v3.8 data-
base, evaluation method was CML-IA baseline, Table S17).
Assuming that MEK was ultimately burned to produce CO,,
the total carbon emissions from “cradle-to-grave” for pet-
roleum-based MEK was 4.32 kg CO, eq. For “cradle-to-gate”

Green Chem., 2024, 26,10290-10298 | 10295
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Fig. 7 Global Warming Potential (GWP) results for four different scen-
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life cycle of producing 1 kg bio-based LA, the lowest GWP
value was 2.40 kg CO, eq.,”® and making 1 kg MEK from bio-
based LA resulted in a minimum “gate-to-gate” GWP value of
15.44 kg CO, eq. Therefore, the lowest total “cradle-to-grave”
carbon emissions for bio-based MEK were 17.84 kg CO, eq.,
higher than that for petroleum-based MEK. These results indi-
cated that bio-based products did not always have the expected
positive environmental impact. Furthermore, the high mole-
cular weight and substantial dosage of acridine photocatalysts,
coupled with the cost of hydrogen transfer agents, resulted in
significant economic expenses for this process. Therefore, to
lower the carbon emissions and economic costs of bio-based
MEK production, it is essential to develop more sustainable
catalyst synthesis methods and implement catalyst recycling.

Conclusions

This study described a synergistic catalytic system of acridine
and thiophenol for the photocatalytic decarboxylation of LA to
produce MEK using metal-free catalysts. The process achieved
high selectivity and yield under mild conditions by employing

This journal is © The Royal Society of Chemistry 2024
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acridine derivatives as the photosensitizer and thiophenol as
the hydrogen transfer agent. Using a microchannel continuous
flow photoreactor significantly shortened the reaction time
and improved the reaction efficiency. Life cycle assessment
showed that this method had a lower carbon footprint than
other methods of producing MEK from LA. This work provided
a promising approach for producing MEK from biomass-
derived LA, contributing to reducing dependence on fossil
resources and supporting green chemistry initiatives. Further
research could focus on improving the scalability and reducing
the carbon footprint to make the process more competitive
with traditional MEK production methods.
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