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Selective hydrodeoxygenation of acetophenone
derivatives using a Fe,sRu;5@SILP catalyst:

a practical approach to the synthesis of alkyl
phenols and anilines+
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A versatile synthetic pathway for the production of valuable alkyl phenols and anilines has been developed
based on the selective hydrodeoxygenation of a wide range of hydroxy-, amino-, and nitro-acetophe-
none derivatives as readily available substrates. Bimetallic iron ruthenium nanoparticles immobilized on an
imidazolium-based supported ionic liquid phase (Fe,sRu7s@SILP) act as highly active and selective cata-
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lysts for the deoxygenation of the side-chain without hydrogenation of the aromatic ring. The catalytic
system allows operation under continuous flow conditions with high robustness and flexibility as demon-
strated for the alternating conversion of 3',5'-dimethoxy-4'-hydroxyacetophenone and 4’'-hydroxynona-
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Introduction

The development of synthetic pathways for the efficient access
to alkyl phenols and anilines is attracting a lot of attention
owing to the importance of these motifs as building blocks for
the production of fine chemicals," polymers,” and pharmaceu-
ticals.” Long chain alkyl phenols play a key role in the indus-
trial production of non-ionic surfactants (e.g. alkyl phenol
ethoxylates).” Nowadays, long chain alkyl phenols are typically
synthesized by direct alkylation of phenols with alkenes.*
However, the selectivity of this method is poor due to various
side-reactions, including for example over-alkylation and iso-
merisation.? Alkylated anilines, and in particular ethyl ani-
lines, represent important building blocks for the production
of agrochemicals’ and pharmaceuticals.>® While the
Buchwald-Hartwig amination is generally the method of
choice for the preparation of aromatic amine derivatives,’ it
presents severe limitations including low tolerance toward
functional groups (especially halides) and poor efficiency of
the amination using NHj; in the case of primary amines.”® As
a result, multistep approaches involving stoichiometric
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amounts of toxic reagents and waste are still commonly
used.”?

Thus, the development of alternative methods providing
easy access to these key motifs while being at the same time
potentially more sustainable and respectful of the green chem-
istry principles® is important. In this context, we propose to
access alkyl phenols and anilines through the selective hydro-
deoxygenation of hydroxy-, amino-, and nitro-acetophenone
derivatives (Fig. 1). These substrates are in many cases com-
mercially available at low to moderate costs. They can be pro-
duced via Friedel-Crafts (FC) acylation and Fries rearrange-
ment of phenols,'® FC acylation of nitrobenzene and aniline
derivatives,"" or nitration of acetophenones (Fig. 1).">

Unlocking the potential of this pathway requires a catalyst
capable of effectively hydrodeoxygenating ketones, while
leaving the aromatic ring and other functionalities untouched.
Recently, promising catalysts have been reported for the selec-
tive hydrodeoxygenation of aromatic ketones to aromatic
alkanes.”® However, catalytic systems capable of selectively
hydrodeoxygenating hydroxy-, amino-, or nitro-acetophenones
with H, are scarce due to the tendency of these substrates to
undergo various competing side reactions especially when acid
sites are present in the catalyst materials."* Consequently, the
development of a catalytic system possessing excellent activity,
selectivity, stability, and versatility for the production of alkyl
phenols and anilines from acetophenone derivatives is highly
desirable, but remains a challenge.

The immobilization of metal nanoparticles on molecularly
modified surfaces, and in particular supported ionic liquid
phases, is attracting increasing attention to generate catalytic
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Fig. 1 Production of alkyl anilines and alkyl phenols through Fe,sRu;s@SILP-catalyzed hydrodeoxygenation of acetophenone derivatives. (a)
Synthetic pathway; (b) examples of potential applications;*®7¢ (c) comparison with conventional approach*’ for two selected examples.

systems with tailor-made reactivity.">'® Careful tuning of

the NPs composition and molecular modifier structure
enables a large degree of control over H, activation
(homolytic versus heterolytic) providing hydrogenation®®*™
and hydrodeoxygenation'*”**"™™ catalysts with tunable activity
and selectivity. Recently, we have shown that bimetallic Fe-Ru
nanoparticles immobilized on an imidazolium-based SILP
possess excellent activity and selectivity for the hydrodeoxy-
genation of substituted hydroxyacetophenones to ethyl phenol
derivatives without hydrogenation of the aromatic ring."®” The
acid-free Fe,sRu,s@SILP catalyst prevented the acid-catalysed
side-reactions typically observed when using conventional
hydrodeoxygenation catalysts. Mesomeric stabilization of the
intermediates was found essential to observe high hydrodeoxy-
genation activity in the absence of an acidic co-catalyst.

Based on these initial findings, we decided to explore the
potential of the Fe,sRu,s@SILP catalytic system for the conver-
sion of a broad scope of long chain hydroxy-acetophenones as
well as substituted amino- and nitro-acetophenones. For the
first time, we report herein the remarkable versatility of the
Fe,sRu,s@SILP catalyst for their selective hydrodeoxygenation
and demonstrate its robustness and flexibility under continu-
ous flow conditions.

Results and discussion
Catalyst synthesis and characterization

The Fe,sRu,s@SILP catalyst (Fig. 2) was synthesized following
a recently reported procedure.'®” In brief, the preparation of
the SILP involved the condensation of [1-butyl-3-(3-triethoxy-
silylpropyl)-imidazolium]|NTf, with dehydroxylated SiO,. The
NPs were prepared through an organometallic approach, with
the in situ reduction of a mesitylene solution of {Fe[N(Si
(CH3)3)2]2}» and [Ru(cod)(cot)] (cod = cyclooctadiene; cot =
cyclooctatriene) in the presence of the SILP material under an
atmosphere of H, (3 bar) at 150 °C (for detailed procedure see
ESIT). Scanning transmission electron microscopy with high
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Fig. 2 (a) Schematic illustration and
FeosRuzs@SILP catalyst.

(b) STEM-HAADF image of the

angle annular dark field (STEM-HAADF) analysis confirmed
the formation of small and well-dispersed nanoparticles with
an average size of 3.3 nm (Fig. 2b). The BET surface area of
240.7 m> g~ is significantly lower than for the starting SiO,
(342.3 m? g™ due to the chemisorption of the ionic liquid. A
metal loading of 0.4 mmol g~ and a Fe:Ru ratio of 25:75
were determined by scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX), well in agreement
with the theoretical values (Table S1f). The bimetallic struc-
ture of the Fe,sRu,s; nanoparticles as well as the zerovalent
state of Fe and Ru atoms were previously confirmed by XANES
and EXAFS characterization."®

Catalytic study

Catalyst  evaluation. The catalytic  properties of
Fe,sRu,s@SILP were first explored for the conversion of
4-nitroacetophenone (1), and compared to the performances
of reference catalysts including Fe;oo@SILP, Ru;o0@SILP and
Fe,sRu,s@Si0, (Table 1). While the use of monometallic
Fe;00@SILP resulted in no conversion (entry 1), Ru;oo@SILP
lead to the hydrodeoxygenation of 1 with hydrogenation of the
aromatic ring, giving 1le in quantitative yield (entry 2).
Satisfyingly, 1 was selectively hydrodeoxygenated to 4-ethylani-
line (1d) when using bimetallic Fe,sRu,;@SILP catalyst (entry
3). The suppression of aromatic ring hydrogenation on bi-

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc04189d

Open Access Article. Published on 11 March 2022. Downloaded on 1/17/2026 5:40:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

Table 1 Hydrodeoxygenation of 1 with various catalysts

o
x
i HaN HN HN
/@)K Catalyst
N 175°C, 50 bar Hp, 16 h,
1 solvent /@A
HN

X Y(1a) Y(d) Y(1le)
Entry Catalyst Solvent [%]  [%] [%] [%]
1 Fe00@SILP Mesitylene 0 0 0 0
2 Ru,oo@SILP Heptane >99 0 0 >99
3 Fe,sRu,s@SILP  Mesitylene  >99 0 >99 0
4 Fe,sRu,s@Si0, Mesitylene >99 0 0 >99
5 Fe,oRugo@SILP  Mesitylene  >99 85 15 0
6 FegoRu ;o@SILP  Mesitylene  >99  >99 0 0

Reaction conditions: Catalyst (10 mg, metal content: 0.004 mmol),
substrate (25 eq.), solvent (0.5 mL), 175 °C, H, (50 bar), 16 h, 500 rpm.
Conversion and product yields determined by GD-FID using decane as
internal standard. X = conversion, Y = yield.

metallic Fe,5sRu;5 alloy NPs is consistent with previous reports,
and is presumably due to the disruption of the arrangement of
3-4 adjacent Ru atoms necessary to hydrogenate 6-membered
aromatic rings.'®>” Interestingly, attempts to prepare Fe,sRu.g
NPs on non-modified silica resulted in Fe,sRu,;@SiO,
materials with a reactivity typical of monometallic Ru NPs
(entry 4), evidencing the importance of the SILP support as a
matrix to produce small and alloyed bimetallic NPs. Gradually
increasing the Fe content in FeyoRug@SILP and
FegoRu,@SILP led to a sharp decrease and ultimately a sup-
pression of the C=0O hydrodeoxygenation activity, conserving
only activity for the hydrogenation of the nitro functionality
(entries 5 and 6).

Long chain hydroxyacetophenones

The activity of the Fe,sRu,s@SILP catalyst was investigated for
a scope of hydroxyacetophenones with various alkyl chain
lengths (Table 2).

Potential main products for this transformation include the
aromatic alcohols arising from the hydrogenation of the sub-
strates, styrene derivatives resulting from alcohol dehydration,
and the desired alkyl phenols obtained after hydrogenation of
the styrene-type intermediates. Standard conditions for these
reactions were set to 175 °C, 50 bar and 16 h reaction time.
Substrates 2-8 with increasing side chain length (from R = Me
to Oct) were readily hydrodeoxygenated under these con-
ditions, giving the corresponding alkyl phenols 2¢c-8c in excel-
lent yields and selectivities. No aromatic ring hydrogenation
was observed with the bimetallic Fe,sRu,5s NPs, in agreement
with previous reports."*”'®" A reaction time of 24 h was
necessary to fully convert substrate 6, presumably due to the
presence of some impurities in the starting substrate. Isolation
of the resulting alkyl phenols was readily accomplished by fil-
tration of the reaction mixtures and evaporation of the solvent,
providing the isolated compounds 2c-6¢ and 8c in excellent
yields (80-94%). To the best of our knowledge, this is the first
time that products 4c-8c are obtained through this pathway

This journal is © The Royal Society of Chemistry 2022
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using molecular hydrogen. Interestingly, 4'-nonyl phenol (8c)
is used industrially in combination with ethane or ethylene
oxide to produce surfactants, technical non-ionic surfactants,
wetting agents, emulsifiers and foam-stabilizers.*'”

Amino- and nitro-acetophenones

The versatility of the Fe,s;Ru,s;@SILP catalyst was then explored
for a wide range of substituted amino- and nitroacetophenones
(Table 3). Under standard conditions, aminoacetophenone (9)
and 1-(4-aminophenyl)-ethanone (10) were hydrodeoxygenated
to the corresponding 4'-ethylaniline (1c¢) and 4'-propylaniline
(10c) in excellent yields (92% and 97%, respectively).
Interestingly, 1c and 10c are important building blocks for the
synthesis of fungicides and bactericides.” Significant amounts
of 3-methoxyanilin were observed when using 2'-methoxy-4'-
aminoacetophenone (11) as substrate (entry 3). Increasing the
reaction temperature to 200 °C and using dioxane as solvent
was beneficial to avoid deacylation, and the desired product
11c could be obtained in high yield (85%, entry 4). 2'-Hydroxy-
4’-aminoacetophenone (12) was hydrodeoxygenated with excel-
lent selectivity and yield (both >99%, entry 5), producing
5-amino-2-ethyl-phenol (12c¢), a building block entering in the
preparation of promising anti-cancer agents.* The production
of 2-bromo-4-ethyl-benzenamine (13c) and 2-fluoro-4-ethyl-
benzenamine (14c) in fair to high yields under optimized con-
ditions (57% and 89%, respectively) is particularly interesting
since these products are valuable building blocks'® that
cannot be obtained via Buchwald-Hartwig amination” and
that typically require multistep synthetic approaches with
limited selectivity."®

A similar approach was adopted for the conversion of
various nitro-acetophenones. First, a time profile was recorded
using 4'-nitroacetophenone (1) as model substrate (Fig. 3). The
conditions were adapted (120 °C, 50 bar H,) to slow down the
reaction and allow observing intermediates.

1 was very quickly (~1 h) converted to the 4’-amino-aceto-
phenone (1c), which was then hydrodeoxygenated to give 4
vinylaniline (1b). 1b was then consumed over time to give a
quantitative yield of 1c after 12 h in a typical kinetic profile for
sequential reaction steps. These results suggest that the
Fe,sRu,s@SILP catalyst can be used to perform HDO reactions
at relatively mild temperature. The observation of 1b as major
intermediate indicates that the deoxygenation proceeds
through the cleavage of the C-O bond and alcohol elimination
via a E2-type mechanism resulting in an olefin intermediate.
In addition, neither the alcohol 1a nor its nitro-analogue
could be observed, suggesting that this elimination step is con-
siderably faster than the hydrogenation of 9 to 1a (C=0 hydro-
genation) and of 1b to 1c¢ (C=C hydrogenation).

Starting from substituted nitroacetophenones (1, 15-17)
was similarly successful, leading to the corresponding alkyl
aniline derivatives in excellent yields (>99%). Notably, the con-
version of 1-(3-fluoro-4-nitrophenyl)-ethanone (16) allowed
obtaining 14c in higher yield and milder conditions (entry 9)
that when starting directly from 1. Having the nitro functional-
ity in ortho position (17) did not affect the catalyst’s perform-

Green Chem., 2022, 24, 2937-2945 | 2939
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Table 2 Hydrodeoxygenation of hydroxyacetophenones with various alkyl chain length using Fe,sRu,s@SILP
o OH
‘ v R FeosRu75@SILP N R i NN ‘ R
A~ 175 °C, 50 bar Hp, 16 h = + = oA
HO mesitylene2 HO HO HO
X xa xb Xc
R = Me, Prop, Bu, Pent, Hex, Hept, Oct
Entry Substrate Product X [%] S [%] Y [%]
1 o /©/\ >99 >99 >99 (88)
/©)K HO
HO 2c
2
2 o DN\ >99 >99 >99 (91)
o o
HO 3c
3
3 9 /@/\/v >99 99 99 (90)
o o
HO 4c
4
4 o /©/\/\/\ >99 >99 >99 (80)
/@)\AA Ho
HO 5c
5
5 Q @AN\/ >99 >99 >99 (82)
/@)JM HO
HO 6c
6
6% o @AW\ 51 76 39
@)M\ Ho
HO 7c
7
92? 91 84
7 0 /©/\AM/ >99 >99 >99 (94)
o .
HO 8c
8

Reaction conditions: Catalyst (37.5 mg, metal content: 0.015 mmol), substrate (0.375 mmol, 25 eq.), solvent (0.5 mL), 175 °C, H, (50 bar), 16 h,
500 rpm. “ By-product: 4"-octenylphenol. 24 h. Conversion and product yields determined by GD-FID using decane as internal standard. X = con-

version, S = selectivity, Y = yield. Isolated yields in brackets.

ances and gave quantitative yield of 2-ethylanilin (17¢) which
can be used for the synthesis of enzyme inhibitors.'® To
finish, two dialkylaminoacetophenones were investigated (1-[4-
(dimethylamino)phenyl]-ethanone (18) and 1-[4-(diethylamino)
phenyl]-ethanone (19). 18 and 19 were readily hydrodeoxyge-
nated to the corresponding ethyl dialkylbenzeneamines 18c
and 19¢ (>99% yield for both), highlighting the versatility of
the Fe,sRu,s@SILP catalysts as well as it tolerance toward
various functional groups. In addition, product isolation was
performed for several of the entries presented, giving 1c, 10c,
12¢, 15¢, 18c and 19c in good to excellent yields (79-94%) and
thus confirming the good practicability of Fe,sRu,s@SILP. To
the best of our knowledge, this is also the first time that pro-
ducts 10c-14c¢ and 15¢-16c are accessed via the selective hydro-
deoxygenation of substrates 10-14 and 15-16.

Satisfyingly, replacing mesitylene by anisole - a solvent rec-
ommended by the CHEM21 green chemistry selection guide>’

2940 | Green Chem., 2022, 24, 2937-2945

- resulted also in excellent yields and selectivities, as evi-
denced for some selected examples (Table S27).

Continuous flow operation

The performance of the Fe,sRu,s@SILP catalyst was further
investigated under continuous flow conditions. A solution of
4'-hydroxyacetophenone (2) (0.025 mol L' in anisole) was
passed over a cartridge packed with the Fe,sRu,s@SILP catalyst
(433.5 mg, 0.173 mmol metal) at a flow rate of 0.6 mL min™"
under standard conditions (175 °C, 50 bar H,) using an
H-Cube Pro reactor system from ThalesNano (Fig. S17). Anisole
was chosen as solvent for the continuous flow experiments to
ensure good solubility of 2 at room temperature. The reaction
conditions were selected to allow the observation of intermedi-
ates, evidencing any potential changes in the catalyst reactivity
over time. The evolution of the substrate conversion and pro-
ducts yields is given in Fig. 4. Full conversion of 2 to a mixture

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc04189d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 March 2022. Downloaded on 1/17/2026 5:40:36 PM.

(cc)

View Article Online

Green Chemistry Paper

Table 3 Substrate scope of amino- and nitro-acetophenone derivatives in hydrodeoxygenation using Fe,sRu,s@SILP

OH

o
R FemfunaSt R, W R
175 °C, 50 bar Hy, 16 h, HoN HoN 2 HoN
HoN 2 bar H, 2 R2 R 2 R2
BN R mesitylene 3R,N 3R,N 3R,N
RN X A4 xb xe

R'= Me, Et / R?=F, Br, OH, H, OMe, Me / R®= Me, Et

Entry Substrate T[°C] Product X [%] S [%] Y [%]
14 o 175 B 92 >99 92
o w2
HoN 1c
9
2 0 175 /@N >99 97° 97 (94)
HaN 10c
10
3 Q 175 @\/\ >99 55¢ 55
o pee
H N o~ 11c
11
200 >99 85¢ 85
4 0 175 J@(\ >99 >99 >99 (79)
/@f‘\ HoN oH
HoN OH 12¢
12
59 o 150 86 66° 57
H,N
H,N Br
Br 13c
13 )
6¢ o 200 >99 89/ 89
H,N
HoN F
F 14c
14
7 o 175 @A >99 >99 >99 (93)
O,N 1c
1
8 o 175 J@(\ >99 >99 >99 (94)
O,N
15¢
15
o¢ 0 150 >99 >99 >99
HoN
O,N F
F 14c
16
10 o 175 (:(\ >99 >99 >99
Cﬁ\ NH;
NO,
17c¢
17
11 /@jk 175 J@/\ >99 >99 >99 (80)
~N
N
18c
12¢ 175 >99 >99 >99 (87)

2.
ZE%

2

.

19c

[y
©o

Conditions: Fe,sRu;s@SILP (10 mg catalyst containing 0.004 mmol total metal), 0.1 mmol substrate (25 equivalents), 0.5 mL mesitylene, 50 bar
H,, 16 h, 500 rpm. “24 h. ?By-product: propylbenzene. ¢ By-product: 3'-methoxyanilin. Solvent: dioxane. ®By-product: 2'-bromoanilin. /By-
product: 4-ethylanilin. X = conversion, S = selectivity, Y = yield, determined by GD-FID using decane as internal standard. Isolated yields in
parentheses.
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Fig. 3 Reaction/time-profile for the hydrodeoxygenation of 4'-nitro-
acetophenone (1) using Fe,sRu;s@SILP. Reaction conditions:
FeosRu7s@SILP (10 mg catalyst containing 0.004 mmol total metal),
0.1 mmol 1 (25 eq.), 120 °C, 0.5 mL mesitylene, 50 bar H,, 500 rpm. Y =
yield.

o OH
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Fig. 4 Stability test of Fe,sRu,s5@SILP under continuous flow conditions.
Conditions: 175 °C, 50 bar H,, 60 NmL min™ H, flow, 0.6 mL min™* sub-
strate flow, substrate solution: 0.025 mol L™* in anisole, residence time: 17 s,
Fe,sRu7s@SILP (433.5 mg, 0.173 mmol metal). Product yields determined by
GD-FID using decane as internal standard. Y = yield.

of 4-ethenylphenol (2b) and 4'-ethylphenol (2¢) was observed
for the complete duration of the experiment, i.e. 6 hours time-
on-stream. After a short equilibration period (0-60 min), excel-
lent yields of the hydrodeoxygenated product 4-ethylphenol
(2¢, 90-95%) were maintained over the remaining 5 hours
without any noticeable decay. TEM characterization of the
Fe,sRu,;@SILP material after 6 hours on stream did not show
any change in the size and dispersion of the FeRu NPs (3.1 nm
+ 0.6 nm) (Fig. S2 and Table S17). In addition, slight variations
in metal loading and Fe:Ru ratio evidenced by SEM-EDX
mapping were within the measurement error and thus insig-
nificant (Table S1t). BET analysis showed a minor decrease in
surface area after catalysis (from 240.7 to 232.1 m” g~') again
within measurement error (Table S1%). These results demon-
strate that Fe,sRu,s@SILP is active, selective, and stable for the
hydrodeoxygenation of 2 under continuous flow operation.

2942 | Green Chem., 2022, 24, 2937-2945
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Fig. 5 Substrate switch under continuous flow conditions. Conditions:
175 °C, 50 bar Hz, 60 NmL min™ H; flow, 0.5 mL min~* substrate flow,
substrate solutions: 0.015 mol L™* 3',5'-dimethoxy-4'-hydroxyacetophe-
none (20) in anisole and 0.015 mol L™ 4'-hydroxynonanophenone (8) in
mesitylene, residence time: 18 s, Fe;sRuzs@SILP (455.9 mg, 0.182 mmol
metal). Between each substrate switch, the system was washed with
anisole, mesitylene or heptane (for details see ESI{). Product yields
determined by GD-FID using decane as internal standard.

Based on these encouraging results, the versatility of
Fe,sRu,s@SILP was further explored under continuous flow
conditions. Solutions containing biomass-derived 3',5-
dimethoxy-4'-hydroxyaceto-phenone (20)*' in anisole and 4'-
hydroxynonanophenone (8) in mesitylene were alternatingly
passed over the catalyst bed using the continuous flow set-up
described previously. Each substrate solution was applied with
a flow rate of 0.5 mL min~' under 50 bar H, at 175 °C for
45 minutes without any catalyst make-up or changes in the
set-up between the reactions. The substrate switch was per-
formed three times in a row to study the impact of real-time
repeated substrate changes on the catalyst’s performances
(Fig. 5). Under optimized reaction conditions (Table S37), the
substrate feed could be switched back and forth between sub-
strate 20 and 8 to alternatively produce 20c and 8c in more
than 90% yield. For both substrates, the styrene-type com-
pounds 20b and 8b were observed as only intermediates, out-
lining once again that the deoxygenation step (C-O bond clea-
vage) is significantly faster than hydrogenation of the C=0O
and C=C bonds.

The experiment represents a total of 4.5 h time-on-stream
without any change in activity, selectivity, or stability of the
catalytic system for either of the substrates, highlighting its
robustness and versatility in the selective hydrodeoxygenation
of hydroxy-acetophenone derivatives.

Synthetic approach evaluation

To finish, the synthetic approach we propose here (FC acyla-
tion + hydrodeoxygenation) was systematically compared to
conventional methods for the preparation of 2'-hydroxy-4-ethy-
laniline (12) and 4'-nonylphenol (8), the two products high-
lighted in Fig. 1b and c. Five parameters related to the green
chemistry principles were taken into consideration to rank the
pathways, i.e. the overall reaction yield (Y), the atom economy
(AE), the number of steps (steps), the hazardous nature of the
reagents (safety), and the economical aspect (difference of

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Comparison between our approach and conventional synthetic
pathways for the production of (a) 2'-hydroxy-4-ethylaniline (12), and (b)
4'-nonylphenol (8). Area proportional to the green chemistry metrics
(large area = good metrics). Details concerning the different synthetic
pathways and corresponding rankings are available in the ESI.}

value between the product and the starting substrate, eco),
giving the spider web-type graphs shown in Fig. 6 (details con-
cerning the different synthetic pathways and corresponding
rankings are available in the ESI, Fig. S3-S6 and Table S47).
While the hydrodeoxygenation-based approach necessitates in
both cases an additional step as compared to the conventional
pathways, the other parameters are either equal (AE), or clearly
in favour (Y, eco, safety) of the alternative we propose, high-
lighting the potential benefits associated to the production of
alkyl phenols and anilines via selective hydrodeoxygenation of
acetophenone derivatives.

Conclusion

In conclusion, the catalytic hydrodeoxygenation of hydroxy-,
amino-, and nitro-acetophenone derivatives was established as
a broadly applicable synthetic pathway for the synthesis of
alkyl phenols and anilines. The bimetallic Fe,sRu,s;@SILP
catalytic system proved highly effective for the selective hydro-
deoxygenation of a broad range of substrates comprising
various functionalities while conserving the aromaticity in the
products. The activity, selectivity and stability of
Fe,sRu,;@SILP were demonstrated for the continuous flow
hydrodeoxygenation of 4-hydroxyacetophenone (1) for over 6 h
time-on-stream. In addition, the alternating hydrodeoxygena-
tion of 3',5'-dimethoxy-4"-hydroxyacetophenone (20) and 4-
hydroxynonanophenone (7) under continuous flow conditions
was achieved in real-time over a single catalyst cartridge, pro-
ducing the corresponding phenols alternatively in excellent
yield and outlining the versatility of the Fe,sRu,s@SILP cata-
lytic system. The potential benefits of the proposed pathway
with regards to sustainability were evidenced for two selected
examples. This approach provides a promising alternative
strategy for the effective synthesis of long chain alkyl phenols
and ethyl anilines that are key building blocks for the pro-
duction of important fine chemicals, agrochemicals, and
pharmaceuticals.
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Experimental section
Synthesis of Fe,s;Ru;;@SILP

A solution of {Fe[N(Si(CHj3)3),]»}> (18.0 mg, 0.05 mmol Fe) in
mesitylene (2 mL) was combined with a solution of [Ru(cod)
(cot)] (47.0 mg, 0.15 mmol Ru) in mesitylene (2 mL) in a
Fischer-Porter bottle (70 mL). The SILP (500 mg) was added to
the solution of the metal precursors along with mesitylene
(1 mL) and the reaction mixture was stirred under argon at
room temperature for 30 min. The Fischer-Porter bottle was
evacuated and backfilled with H, and the suspension was
stirred under H, (3 bar) at 150 °C for 18 h. Under this reducing
environment a black powder was obtained indicating the
immobilization of the NPs onto the SILP. Mesitylene was dec-
anted and Fe,sRu,;@SILP were washed with fresh toluene (3 x
3 mL) and dried in vacuo at rt for 1 h.

Autoclave reactions

The substrate (25 eq., 0.1 mmol), catalyst (10 mg, containing
0.004 mmol metal) and solvent (mesitylene, 0.5 mL) were
weighed inside of a glovebox into the autoclave. The autoclave
was closed, transferred out of the glovebox and pressurized
with 50 bar hydrogen. After heating the autoclave under stir-
ring (500 rpm) to 175 °C for 16 h, it was cooled down in a
water bath and depressurized. The GC samples were prepared
by adding acetone (250 mg) to the reaction mixture and taking
a sample through a syringe with a filter. To the sample, decane
(internal standard, 20 mg) and acetone (200 mg) were added.
For all amines, methanol/dioxane (1/1) was used as solvent for
the GC samples.
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