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A direct and practical method for photocatalyzed hydrodecarboxylation of fatty acids is reported herein.
The catalytic system consists of a commercially available acridinium salt as the photocatalyst and
thiophenol as the Hydrogen Atom Transfer (HAT) co-catalyst. Results evidenced that C,,_; alkanes were

obtained in yields up to 77%. Furthermore, the protocol was employed for a complex mixture of fatty
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Accepted 27th March 2024 acids bio-derived from a real sample of licuri oil to obtain hydrocarbons in the range of C9—C;7 with high
selectivity and excellent conversion (>90%). This work provides a powerful strategy for producing drop-

DOI: 10.1039/d4ra01166] in biofuels under mild conditions. Finally, an energetic assessment of our proposed protocol (~22.9 kW
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Introduction

The excessive use of fossil fuels, driven by the growing global
energy demand, has significantly contributed to the increase in
greenhouse gas emissions, mainly CO,, in the atmosphere. This
scenario plays a crucial role in the increase of global warming
and the occurrence of some climate changes.' Specifically, the
transportation sector still heavily relies on petroleum deriva-
tives, being responsible for 23% of global CO, emissions related
to energy in 2019.* In this regard, the deployment of low-carbon
fuels that support the decarbonization of this sector, to meet
the climate mitigation goals established in the Paris Agreement
of 2015, depends on the change of alternative fuels instead of
petroleum-derived.>”

In this transition context, conventional biofuels, such as
biodiesel, for instance, play a significant role.*® However, their
oxygenated composition results in significant undesirable
properties, such as low thermal and oxidative stability. These
characteristics lead to compatibility issues in current engines,
limiting their use to blending with fossil diesel.’**> Therefore,
the pursuit of oxygen-free fuels is currently desirable, such as
drop-in biofuels, composed of a mixture of renewable hydro-
carbons, which are fully compatible with the current vehicle
infrastructure.”¢

These fuels can be obtained by deoxygenation of vegetable
oils and other biomass via thermochemical routes, such as
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h) reveals the benefit of a sustainable production of renewable hydrocarbons.

hydrotreatment and thermocatalytic pyrolysis. Despite the effi-
ciency of these processes, the necessity for high temperatures
(up to 500 °C), elevated hydrogen gas pressures (>10 bar), and
the use of metallic catalysts represent considerable disadvan-
tages of the procedures.””> Hence, there is a strong motivation
to investigate efficient deoxygenation methods to circumvent
these harsh conditions.

Among the approaches that use less severe operating
conditions, photocatalytic processes have emerged as an alter-
native to traditional protocols.>*® In this sense, photocatalysis
has been demonstrating significant advancements in the
synthesis of value-added chemical products.** Specifically, it
has increased the interest in investigating these processes
aiming at deoxygenation reactions of carboxylic acids to
generate alkanes, including instances involving bioderived fatty
acids that produce hydrocarbons chemically identical to drop-
in biofuels.

For instance, alkanes have been obtained with high yields
and remarkable selectivity through the photocatalytic hydro-
decarboxylation of fatty acids using Pt/TiO, and Ni/TiO, as
photocatalysts under H, pressure and UV light irradiation.****
Although these systems are comparable in efficiency to
conventional methods, the requirement of a H, atmosphere to
promote rapid termination of alkyl radicals reduces the proc-
ess's sustainability, as this gas is primarily derived from non-
renewable sources.**

To steer clear of using hydrogen gas and simultaneously
prevent secondary reactions arising from the instability of the
primary radicals formed, several protocols use more easy-to-
handle hydrogen atom transfer (HAT) co-catalyst, like thiols
and disulfides.”®** In this context, Nicewicz and colleagues
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reported a direct photocatalytic system using an acridinium salt
as a photocatalyst (Mes-Acr-Ph), diphenyl disulfide as HAT co-
catalyst, and N,N-diisopropylethylamine (DIPEA) for the
hydrodecarboxylation of various aliphatic carboxylic acids into
alkanes” in high yields. However, the reaction scope was
limited to only one fatty acid (tridecanoic acid). It is also
important to indicate that the yield of dodecane was increased
up to 49%, after adjusting the optimized condition by
increasing reaction time and co-catalyst stoichiometry. Addi-
tionally, the use of a very expensive solvent, trifluoroethanol
(TFE), was required to guarantee the success of the reaction for
transforming primary carboxylic acids (Scheme 1a).

Within this framework, Li*® and colleagues recently adapted
Nicewicz's method” developing a visible light photocatalyzed
decarboxylation strategy to favor the fatty acids transformation
to alkanes,*® optimizing the reaction for bioderived fatty acids
and avoiding the use of TFE as solvent. This system consisted of
combining a methoxy-substituted acridinium compound as
a photocatalyst (Mes-1,3,6,8-tetramethoxy-Acr-3”,5”-dimethoxy-
Ph), 4',4’-dimethyl diphenyldisulfane as a HAT catalyst, and n-
BuN,OAc in EtOAc to provide the production of alkanes (Co—Cy7)
in high yields. Nevertheless, the method also proved to be effi-
cient in the hydrodecarboxylation of a mixture of tridecanoic
acid and dodecanoic acid in a 1:1 molar ratio under standard
conditions (Scheme 1b).

Although the protocols of Nicewicz and Li have demon-
strated impressive outcomes, a method for the direct catalytic
hydrodecarboxylation of fatty acids using a commercial acridi-
nium salt remained undefined. Moreover, it is highly desirable
to extend this transformation to more complex fatty acid
mixtures to those previously examined to confirm the method's
robustness and reliability.

(a) Nicewicz's work (2015)
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Scheme 1 Pathways for hydrodecarboxylation of fatty acids.
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Herein we describe a sustainable photocatalytic decarboxyl-
ation route for conversion of bio-derived fatty acids into alkanes
(Co-Cy7) using a commercial acridinium salt (Mes-Acr-Me) as
the photocatalyst, thiophenol as a HAT co-catalyst, and an
inexpensive inorganic base (NaHCO;) in toluene/H,O (9:1)
under blue LED irradiation (Scheme 1c).

To the best of our knowledge and based on the existing
literature, this is the first photocatalytic hydrodecarboxylation
method for bio-derived fatty acids obtained from the hydrolysis
of vegetable oils to produce aviation biofuel-range hydrocar-
bons using a commercially available acridinium salt as photo-
catalyst in a metal and hydrogen gas-free protocol. Also, this
approach was electrically-economically evaluated to demon-
strate the advantage of achieving sustainable production of
renewable hydrocarbons.

Results and discussion

We began the optimization process with similar conditions to
those previously reported by Nicewicz's lab and Li's group.
Thus, using a commercially available acridinium salt (Mes-Acr-
Me) as photocatalyst, thiophenol (PhSH) as HAT co-catalyst and
N,N-diisopropylethylamine (DIPEA) in CHCI, under blue LED
irradiation (Apax = ~450 nm, 7 W) over 24 h at room tempera-
ture under N, atmosphere conditions. Lauric acid (1a) was
chosen as a model substrate because it is the major component
in some vegetable oils, such as licuri, babassu, and coconut,
which are promising feedstocks to produce biofuels.**** Under
these initial conditions, only a trace of n-undecane (2a) was
assessed (Table 1, entry 1).

Subsequently, a solvent screening was performed (see ESL,
Section 5.1). The solvents were chosen based on the existing

Table 1 Optimization of reaction conditions®

Mes-Acr-Me (5 mol %)
° PhSH (10 mol %)

N DIPEA (20 mol %)
s OH

lauric acid

S e
8

DCM, Ny, 1t., 24h n-undecane
blue LEDs (~450 nm)

1a 2

Entry Deviation from above Yield” (%)
1 None <5
2 Toluene/H,O (9: 1) as solvent 44
3 10 mol% of DIPEA 59
4 5 mol% of thiophenol 40
5 20 mol% of thiophenol 60
6 NaHCO; instead of DIPEA 57
7 Two blue LEDs (~450 nm, 7 W) 61
8 No photocatalyst 0
9 No base 0
10 No thiophenol 11
11 Open atmosphere 34
12 Argon atmosphere 77
13 Oxygen atmosphere® 12

¢ Reactions carried out on a 0.2 mmol scale in N,-sparged solvents [0.1
M] at ambient temperature for 24 h. ” Yields determined by GC-MS
using hexadecane as internal standard. ¢ The yield of oxygenated by-
products was 60%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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literature.>*>**° Reactions were carried out on a 0.2 mmol scale
in N,-sparged solvents, considering a concentration of about
0.1 mol L™, at ambient temperature for 24 h, and the yield was
determined from GC-MS data by using hexadecane as an
internal standard. According to the data the mixture toluene/
H,O (9: 1) was considered the ideal solvent system providing 2a
in 44% (Table 1, entry 2). The result agrees with the findings
from Nicewicz's group® evidencing that the water-solvent
proportion-system significantly improved the yield. This may be
related to the increase of the equilibrium concentration of
carboxylate compared to carboxylic acid, caused by the addition
of a more polar solvent, such as water, which facilitates proton
dissociation and promotes the stabilization of carboxylate ions
through ion-dipole interaction.**

Next, the stoichiometry of the reagents was examined.
Decreasing the load of Mes-Acr-Mes harms the reaction
outcome (see ESL,{ Section 5.2). As observed in Table 1 (entry 3),
the yield of 2a increased by reducing the base stoichiometry to
10 mol%. The thiophenol stoichiometry can be maintained at
10 mol%, which is considered the ideal conversion condition,
because the product yield was not improved independently of
a decrease/increase in the load of this reagent (Table 1, entries 4
and 5).

It is important to consider that the base plays a crucial role in
the photocatalyzed transformations. In fact, it generates the
carboxylate anion and drives the reaction, therefore, various
organic and inorganic bases were tested (see ESI,T Section 5.4).
Notably, to our delight, we managed to use NaHCO3, a low-cost
and readily accessible base without any losses in product
formation (see Table 1, entry 6). As a subsequent step in the
screening study, the influence of irradiation on the process was
investigated (Table 1, entry 7). As can be observed in Table 1, the
use of two LED lamps (Apax = ~450 nm, 7 W) promotes an
increase in the yield of product 2a (entry 7). Finally, control
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experiments show the importance of combining photocatalyst,
base, and HAT cocatalyst to efficiently promote the reaction
(Table 1, entries 8-10).

Another factor that has been identified as a key operating
condition, is the reaction atmosphere. The presence of oxygen
in the reaction medium allowed side oxidation reactions that
limited the efficiency of the photocatalyzed hydro-
decarboxylation of fatty acids.*” Therefore, different atmosphere
conditions were also examined. On the one hand, a decrease in
the product's yield of 2a is achieved (Table 1, entry 11) when
open atmosphere conditions were used. On the other hand, the
use of argon led to an increase in the yield of product 2a (Table
1, entry 12). Thus, the optimization studies indicated that the
hydrodecarboxylation of lauric acid (1a) using Mes-Acr-Me
(5 mol%), thiophenol (10 mol%), and NaHCO; (10 mol%)
under two blue LEDs irradiation (Amax = ~450 nm, 7 W) over
24 h at room temperature under argon atmosphere are the most
suitable conditions to promote the significant yield achieve-
ment of undecane (2a) at 77% and a conversion of lauric acid
(1a) at 82%. During the optimization process, we observed the
formation of oxygenated by-products in trace amounts. Because
of that, we conducted a control experiment in an oxygen
atmosphere (Table 1, entry 13) to elucidate the formation of
these derivatives, which increased in this atmosphere. The
presence of oxygen in decarboxylation has been mentioned in
previous studies.*”** Hence, it can be inferred that the
composition of the reaction atmosphere impacts the preference
for the formation of these products.

Furthermore, we calculated the turnover number (TON) and
the turnover frequency (TOF) to evaluate our catalytic system's
effectiveness (refer to ESI,T Section 6). In optimized conditions,
the TON was 15.4 and the TOF was 1.78 x 10~ * Hz. These data
are crucial for understanding our system's catalytic activity and
for comparing catalysts in similar studies. Comparison with

Mes-Acr-Me (5 mol %)

o PhSH (10 mol %)
NaHCO; (10 mol %) H
\MnAS)I\OH S e
Toluene/H,0 (9:1), Ar, rt., 24h
1a-g blue LEDs (~450 nm) 2a-g

H
(W\Av /\/M H
2a 2b

77% yield®, 82% conversion® 57% yield?, 88% conversion®

from lauric acid (C12:0) from capric acid (C10:0)

C\AW H m H
2c 2d
41% yield®, 68% conversion®
from mirist acid (C14:0)

48% yield?, 50% conversion®
from palmitic acid (C16:0)

H H
| 4 )
NS
2e 2f 2g

40% yield®, 76% conversion®
from stearic acid (C18:0)

27% yield?, 35% conversion®
from oleic acid (C18:1)

25% yield?, 30% conversion®
from linoleic acid (C18:2)

Chart1 Photocatalytic hydrodecarboxylation reaction scope.? Reactions conditions: 1a-g (0.2 mmol), Mes-Acr-Me (5 mol%), PhSH (10 mol%),
NaHCOs (10 mol%), toluene/H,O (9 : 1), 2 mL), 7 W blue LEDs (~450 nm), argon atmosphere, rt, 24 h.° Yields were determined by GC-FID using
a calibration curve. Conversions were determined by GC-FID using a calibration curve.
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Table 2 Fatty acids composition of licuri oil

Fatty acids Experimental results® [%]  Literature®” [%]
Caprylic acid (C8:0) 5.0 9.0
Capric acid (C10:0) 6.0 6.0
Lauric acid (C12:0) 49.0 42.0
Myristic acid (C14:0)  17.0 16.0
Palmitic acid (C16:0) 8.0 8.0
Stearic acid (C18:0) 2.0 4.0
Oleic acid (C18:1) 13.0 12.0
Linoleic acid (C18:2) — 3.0

% Values determined by GC-MS using relative distribution.

literature values for the same photocatalyst revealed a signifi-
cant TON variation (typically 2 to 8), depending on the photo-
catalyst's stoichiometry.**** Our protocol demonstrated notably
higher efficiency, indicating greater catalyst effectiveness and
promising practical application potential.

With these optimized conditions, the next step was to study
the scope of the reaction (Chart 1). Fatty acids with different
carbon chains were evaluated (C,9-Cys). The yields were deter-
mined using a GC-FID calibration curve (see ESI,T Section 4).
According to the results, the developed protocol demonstrated
high selectivity to produce hydrocarbons (2a-g) in moderate
yields, ranging from 77 to 25%, and conversion ranging from 88
to 30%, depending on the starting material (Chart 1).

Finally, we evaluated the robustness of the developed
method in the application of a complex mixture of bio-derived
fatty acids obtained by hydrolysis of vegetable oil (see ESLt
Section 7). The chosen biomass was licuri oil because it
contains fatty acids with carbon chain lengths ranging from Cg
to Cyg (Table 2), which had been previously identified as
a promising feedstock to produce sustainable biojet fuel
through catalytic deoxygenation processes.*® Additionally, it can
be used in the production of green diesel, providing n-alkanes
with carbon chains ranging from C,,4 to Cy5.

1x10°

before hydrodecarboxylati
9x10* N

after hydrodecarboxylatior
8x10°* |
7x10°
6x10*
5x10°

4x10°* -

3x10° d

FID response (mV)

2x10°

1x10* PhSH r

6 8 10 12 14 16 18 20 22 24 26 28

Fig.1 Chromatograms of bio-derived fatty acids from licuri oil before
(black) and after photocatalytic hydrodecarboxylation (blue). (a) Cap-
rylic acid, (b) capric acid, (c) lauric acid, (d) myristic acid, (e) palmitic
acid, (f) oleic acid, (g) stearic acid, (b’) n-nonane, (c’) n-undecane, (d’)
n-tridecane, (¢') n-pentadecane, (f') heptadec-8-ene, (g') n-hepta-
decane, (PhSH) thiophenol.
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Encouraging results were found when a complex mixture of
fatty acids of licuri oil was submitted to the optimized protocol
conditions, resulting in a variety of n-alkanes in the range of Co—
C,5, with remarkable selectivity and a substrate conversion of
over 90%. All n-alkanes were detected by GC-FID (Fig. 1), except
n-heptane, which was not detected using the analysis method
employed. The products obtained demonstrated that this pho-
tocatalytic method is an elegant wat to produce hydrocarbons
compatible with drop-in biofuels via vegetable oil
deoxygenation.

Given that this study's approach aims at producing
sustainable biofuels, it is crucial to continuously enhance the
process by reducing energy consumption and carbon emis-
sions. As far as we know, previously reported works do not
calculate the energy expenditures associated with their photo-
catalysis methodologies in organic synthesis. However, elec-
trical energy consumption (EEC), referred to as electrical energy
per order (Ego) in cases of low pollutant concentrations, is the
major figure-of-merit for comparing operational costs in
advanced oxidative processes, such as heterogeneous photo-
catalysis.**** According to IUPAC, Ego is the number of kilowatt
hour of electrical energy required to reduce the concentration of
a pollutant by 1 order of magnitude (90%) in a unit volume of
contaminated water.>*>* In this context, an adjustment was
made to this concept to assess the process's electrical energy
consumption by calculating the kilowatt hour (kW h) needed to
carry out a reaction according to the methodology presented in
this study, as per the equation below.

P(W) x t(h)
1000 )

where E is the electrical energy consumption, P is the equipment
power and ¢ is the usage time. For this, the parameters of eqn (1)
were considered for the three electrical devices involved: the two
LED lamps, the magnetic stirrer, and the fan. As shown in Table 3,
it can be observed that the energy consumption was 22.9 kW h for
one reaction. As organic synthesis methodologies do not conduct
this kind of techno-economic study, it was not possible to
compare it with other photocatalytic methods published in the
existing literature. However, this simple techno-energetic
requirement assessment shows that such selectivity allows to
evaluate the photocatalytic hydrodecarboxylation protocol to be
economically profitable and generate drop-in biofuels at a cost
that is competitive with other methodologies.

E(kW h) =

Table 3 Energy consumption of the electrical devices used in the
photocatalytic process

Equipment Electrical energy
Electrical appliance power (W) consumption® (kW h)
Two LED lamps 7 (each lamp) 0.336
Magnetic stirrer 800 19.2
Fan 140 3.36
Total 954 22.9

¢ Calculated consumption for 24 hours of use (time for one reaction).

© 2024 The Author(s). Published by the Royal Society of Chemistry



Scheme 2 Proposed mechanism for hydrodecarboxylation.

Based on previous works presented in Scheme 1, we propose
the mechanism illustrated in Scheme 2. Firstly, the carboxylic
acid (1) is deprotonated to afford the carboxylate anion (2).
Meanwhile, Mes-Acr-Me" (3) is excited under visible light irra-
diation and converted to the long-lived electron transfer state
(4). Next, a single electron transfer occurs between the carbox-
ylate anion (2) and the excited photocatalyst (4) to generate the
acridine radical (6) and the carboxyl radical (5). Subsequently,
decarboxylation of the carboxyl radical affords the carbon-
centered alkyl radical (11), which, after undergoing atomic
hydrogen transfer with thiophenol (7), forms the alkane (12)
and the thiyl radical (8). The latter acts as a one-electron oxidant
for the acridine radical (6) in the other concomitant catalytic
cycle and, therefore, regenerates the photocatalyst in its ground
state (3) and produces the thiolate (9). Protonation of PhS™ (9)
with H' from (1) can regenerate the thiophenol (7). Phenyl
disulfide (10) can be formed in the reaction by radical S-S
coupling and exists in equilibrium with (8)."** From this, the
synergy between the catalytic cycles indicates the sustainability
of the process by allowing the renewal of species in the medium
through redox processes.

Conclusions

In summary, we have described a direct photocatalytic protocol
using a commercial acridinium salt for hydrodecarboxylation of
a variety of fatty acids to afford n-alkanes. We also extended this
method to bioderived fatty acids from licuri oil and concluded
that it provides an efficient route for hydrocarbon production,
especially in the jet fuel range. According to the results, fatty
acids were converted into alkanes with high selectivity and
moderate yields. Scope investigation revealed that chain length
and unsaturated substrates led to a decrease in yield. The
method is well-established at room temperature and pressure,
without the need for hydrogen gas or metallic catalysts, which
are milder conditions compared to conventionally used ther-
mocatalytic techniques. The estimation of electrical require-
ments for the system showed a total expenditure of 22.9 kW h
per reaction, which could be significantly enhanced when the
photocatalyzed hydrodecarboxylation of fatty acids protocol is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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coupled with renewable energies,* revealing the benefit of zero-
carbon emissions and positive carbon credits.
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