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C-Acylation of Guaiacol with Acetic Acid Over Solid Acid
Catalysts Under Mild Reaction Conditions

Nicola Schiaroli,*® P Francesca Foschi,!2] Massimo Mella,*® and Carlo Lucarellit: P!

The direct acylation of substituted arenes by carboxylic acids
offers a sustainable route to valorize biomass-derived aromatics,
avoiding the use of more hazardous and high-impact reagents
such as anhydrides or acyl chlorides. In this work, we study
the liquid phase acylation of guaiacol (G) with acetic acid (AA)
at 120 °C and atmospheric pressure, catalyzed by commercial
Aquivion PW87 resin. This system yields 2-metoxyphenyl acetate
(MPA) and 4-hydroxy-3-methoxyacetophenone (p-HMAP), valu-
able intermediates to produce fine chemicals. MPA is the primary
kinetic product, but it is progressively consumed with simultane-
ous formation of HMAPs and G, indicating a sequential reaction
pathway that favors the formation of p-HMAP with high regiose-

1. Introduction

Lignin, a major component of lignocellulosic biomass, repre-
sents a promising renewable source of aromatic compounds
for the synthesis of fuels, polymers, and fine chemicals.
Recent advances in lignin depolymerization include pyrolysis,
hydrogenolysis, and oxidative cleavage. % These approaches,
allows for selective f—0O—4 bond cleavage via thermochem-
ical or catalytic route to obtain bio-oils containing a vari-
ety of monomeric phenolic such as guaiacol, syringol, and
vanillin together with other oxygenated compounds such as
aldehydes, carboxylic acids, and ketones.!”") Among them, 2-
methoxyphenol (Guaiacol, G) is of particular interest due to its
abundance, chemical versatility, and broad range of applica-
tions. ™ Techniques such as solvent extraction ' and staged
condensation ™! allow for its selective recovery from bio-oils,
4l enhancing its purity and enabling its use in the synthe-
sis of fragrances,!™ pesticides,"! and drugs.!"”! In this regard,
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lectivity (para/ortho-HMAP molar ratio of 26). Interestingly, from
the mechanistic viewpoint and given the similar energetics of
the two isomers, this finding can only be rationalized by invok-
ing an intermolecular mechanism, rather than an intramolecular
(or Fries) rearrangement. Electronic structure calculations were
used to investigate pathways involving either MPA reacting with
G to form HMAPs, or two MPAs yielding G and O-acylated ace-
tophenones (minor products). The results suggest that the latter
governs the acylation regioselectivity, with the key step being
the acid-activated attack of the MPA ester on an aromatic ring,
energetically favoring p-HMAP formation.

the acylation of G for the production of 2-methoxyphenyl
acetate (MPA, used in the fragrance industry) and 4-hydroxy-3-
methoxyacetophenone (HMAP, an hydroxy-aryl ketone), which
is an active ingredient for many drugs with anti-asthma, anti-
arthritis, and anti-atherosclerosis properties,!'®"! represents a
desirable way to obtain high added value chemicals starting
from abundant and cheap renewable sources (Scheme 1).

Catalytic acylations are traditionally carried out with highly
reactive molecules such as anhydrides or acyl halides using
Lewis acids (AICl; and ZnCly), or strong Brgnsted acids like H,SOy,,
posing significant issues related to their disposal and the high
consumption of resources. Therefore, the substitution of these
compounds with active and recyclable heterogeneous catalysts
able to promote the reaction in mild reaction conditions is of
paramount importance. Although different works have reported
on the acylation of anisole, phenol, and toluene using acetic
anhydride over different zeolites,'*! very few works regarding
G acylation can be found in the literature.

The liquid phase acylation of G over a supported heteropoly-
acid catalyst was studied by Yadav et al.**! using 1,4 dioxane as
a solvent. By investigating different acylating agents they found
that, using vinyl acetate, it was possible to gain high G con-
version (97%) at 170 °C, but no data regarding the products
distribution were reported. Moreover, it was found that in these
conditions, acetic acid (AA) was an ineffective acylating agent,
leading to no G conversion when employed. In this respect, how-
ever, an efficient use of AA in the reaction would lead to highly
desirable environmental benefits. In fact, AA can be produced via
different green routes such as pyrolysis,>?! biogas, or methanol
upgrading,/#*! or biomass fermentation,*”! and, being widely
employed in acetic anhydride manufacture, its direct use in
organic syntheses would remove a rather energy-demanding
step from the production chain. Nevertheless, the AA intrinsic
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Scheme 1. Guaiacol acylation with acetic acid and possible products of reaction.

inefficiency in forming acylium ions, commonly believed to be
involved in C-acylations, causes its activation to occur mainly
in the gas phase, using acid catalysts at high temperature.5™-33!
In this context, only a few recent works in the literature deal
with G acylation using AA. HZSM-5 was found to efficiently cat-
alyzed the gas phase reaction hitting a G conversion of 26.7% at
250 °C.13% Regardless of the reaction conditions, the O-acylation
was favored with MPA as the main product. Although HMAPs
(different isomers of HMAP) were formed with yields of ~ 7%,
significant amounts of by-products such as catechol and its
derivatives were formed (yields of 5% and 4%, respectively)
through G demethylation and/or disproportion. In a later work,
Gutiérrez-Rubio et al.**! studied the gas phase reaction (270 °C)
over different micro-, nanocrystalline and hierarchical ZSM-5 and
Beta zeolites finding that, depending on the accessibility and
the nature of the active sites (Lewis or Bregnsted), it is possible
to tune the selectivity of the reaction toward HMAPs forma-
tion. In this context, nano and -hierarchical ZSM-5 was able to
better catalyze HMAPs production together with a significant
presence of catechol and its acetates, which decreased dur-
ing the time-on-stream due to catalyst deactivation. According
to our best knowledge, studies concerning the catalytic acy-
lation of G with AA under mild reaction conditions have not
previously been reported in literature. Therefore, in this work,
the liquid phase acetylation of G for the synthesis of MPA and
HMAPs was investigating over an acidic Aquivion PW87 cata-
lyst. The performance of this commercial perfluorosulfonic resin,
classified as a superacid solid with high chemical and thermal
resistance,*! were studied in detail posing particular attention
on the effects of the main reaction parameters on the reac-
tion output. Motivated by the high regioselectivity toward the
para isomer afforded by the ring-acylation process, electronic
structure methods were employed to investigate possible reac-
tive channels to find a mechanistic rationalization. Considering
that the synthesis of hydroxy-aryl ketones is generally carried
out in two steps involving the synthesis of the aryl ester fol-
lowed by the Fries rearrangement of the substrate, the proposed
one-step process represents a desirable and alternative synthetic
approach to reduce the impacts associated with the traditional
process.

2. Results and Discussion
2.1. Catalytic Activity-Effect of Water on Catalytic Performance

The catalytic activity of Aquivion PW87 at 120 °C as a function
of the reaction time is shown in Figure 1. The conversion of G
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increased in the first 4 h of reaction, reaching a value of 13%,
which remains constant with time. In these conditions, the for-
mation of HMAP is highly unfavorable, and only a low yield of
3% is obtained after 6 h (Figure 1a). The main product of the
reaction is MPA, which is produced with a selectivity of 86 %
after 2 h (Figure 1b). Notably, this value decreased with reac-
tion time (Smpa = 56% after 6 h), whereas the HMAP selectivity
increased, suggesting, in accordance with the constant G con-
version, the occurrence of consecutive MPA reactions that led to
HMAP formation.

At the same time, a notable formation of by-products
(reported as “others”) was observed (Sothers = 18%). These com-
pounds derived mainly from the hydrolysis of G and its sub-
sequent O-acylation with AA to give mono- and poly-acylated
compounds (Scheme 2 and Figure S1) whose overall yield was
comparable to that of HMAP regardless of the reaction time.
All in all, the presence of water, formed during acylation, led to
the production of catechol (and “others” compounds) and shifted
the reaction equilibrium toward the reagents, limiting both the
conversion of G and the production of the desired compounds.

To improve catalyst efficiency and overcome the limitations
imposed by the chemical equilibrium, a reaction vessel con-
sisting of a separate dehydrating section, which continuously
removes water vapor from the reaction environment, was imple-
mented. In this section, water is adsorbed in the gas phase over a
fixed bed composed of molecular sieve 3 A pellets, while excess
AA is refluxed back into solution (Figure S2). The same system
can be successfully used to remove methanol from a dimethyl
carbonate solution in a process called reactive vapor absorption
(RVA).71

2.2. Catalyst Performance with Water Removal

The catalytic performance of the new reaction system as a func-
tion of the reaction temperature are reported in Figure 2a,b
(reaction time of 6 h, AA/G molar ratio of 10). The removal of
formed water from the reaction environment sensibly boosted
the catalyst activity even in mild reaction conditions. G conver-
sion at 100 °C reached a value of ~ 13%, comparable to that
obtained at 120 °C using the standard reactor configuration. In
this test, MPA formation was favored (Sypa = 89%) and a low
production of HMAP was observed. At increasing reaction tem-
perature, G conversion was enhanced up to a value of 27%
at 120 °C together with HMAP and MPA yields (6% and 20%,
respectively, after 6 h), whose selectivity values remained nearly
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Figure 1. Catalytic activity of Aquivion PW87 at 120 °C without water removal as a function of the reaction time in terms of a) conversion and product

yields, and b) selectivity. (AA/G: 10 mol/mol, 0.2 g of catalyst).
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Scheme 2. Plausible reaction mechanism for the formation of the main by-products via G hydrolysis and O-acylation.

constant beyond 110 °C. The total selectivity toward by-products
formation was low and almost stable regardless to the reaction
time, with overall yields comparable to those observed without
water removal (Table S1). In this case, however, these by-products
are not associated to G hydrolysis and catechol formation but, in
accordance with the reduced presence of water in the reaction
environment, they arise mainly from consecutive O-acylation
reactions on the formed HMAPs (Figures S3 and S4). Consider-
ing that the process reached maximum efficiency at 120 °C, this
temperature was chosen as the optimal one to investigate the
catalytic system deeper. By halving the amount of catalyst, and
therefore that of the acidic sites in the reaction environment, it
was possible to significantly favor the O-acylation (esterification)
reaction toward the production of MPA, formed with a selectiv-
ity of 91% after 6 h (Figure 2¢,d). In this condition, G conversion
was slightly decreased to a value of 22%, while HMAP and by-
products formation was almost negligible. Interestingly, the yield
of MPA was almost independent from the amount of catalyst
used (Ywpa & 20%), suggesting the achievement of the chemi-
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cal equilibrium for the ester formation from G. The influence of
the AA/G molar ratio on the catalytic performances is depicted
in Figure 2ef. The products distribution was mostly unaffected
by an increase of the reagent molar ratio from 10 to 15. In this
condition, in fact, an appreciable improvement of G conversion
was not observed, while a slight increase of HMAP yield (from 6%
to 7%) was detected. On the contrary, decreasing the amount of
AA led to appreciable differences in the catalyst activity. While
G conversion was lightly increased to a value of 29%, an evi-
dent reduction of MPA yield was observed (Yypa = 14%) together
with a lower HMAP production. A considerable carbon loss of
9% was detected which, considering the higher molar concentra-
tion of G and MPA in this condition, is likely due to an enhanced
interaction between these molecules and catalyst active sites.

The FT-ATR analyses reported in Figure 3 show the spectra of
the catalyst after 6 h as a function of the different AA/G molar
ratio employed.

Regarding the pristine structure of the resin, the bands at
628, 968 and 1054 cm™ are ascribable to the stretching of C—S
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Figure 2. Catalytic activity of Aquivion PW87 at different operating conditions: a) and b) as a function of the reaction temperature (AA/G: 10 mol/mol, 0.2 g
of catalyst, 6 h); ¢) and d) as a function of catalyst loading (120 °C, AA/G: 10 mol/mol, 6 h); e) and f) as a function of AA/G (120 °C, 0.2 g of catalyst, 6 h).

and both —SO3H and C—O—C groups, respectively. The two
peaks at 1150 and 1206 cm~' are assigned to C—F stretching (sym-
metric and asymmetric) while the small bands between 1280
and 1320 cm™" are due to asymmetrical S=0 stretching. 3% At
decreasing AA/G ratio, a series of additional bands appeared
showing the formation of a carbonaceous layer over the catalyst
surface. When the AA/G molar ratio was 10, it was possible to
observe the presence of two main broad peaks centered at 1630
and 1559 cm™ that can also be found even when the AA/G ratio
was 5 and new bands around 1500 cm~, ascribable to C=0 and-

ChemCatChem 2025, 0, e01112 (4 of 15)

C=C- skeletal stretches,®°! were formed. In addition to these
peaks, in the latter sample, bands at 1363, 1025 and 870 cm™
appeared, ascribable to phenolic —OH stretching,!*®! C—O vibra-
tional stretching " and =C—H bending modes, respectively,
suggesting a strong adsorption of G (or MPA and its derivatives)
over the catalyst acidic sites.

The results reported in Figure 4a,b show the catalyst perfor-
mance at 120 °C as a function of reaction time. G conversion
increased only in the first 6 h, reaching a constant value of 27%,
while HMAP was formed with a yield of 8% after 8 h of reac-
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Figure 3. FT-ATR spectra of the catalysts after 6 h of reaction at 120 °C as a
function of AA/G molar ratio.

tion. As the reaction time increased, a simultaneous decrease in
MPA selectivity and a constant increase of HMAP production was
observed. In details, after 6 h of reaction an intense decrease in
MPA yield was observed which, in agreement with the constant
conversion of G between 6 and 8 h, can be plausibly attributed
to its consumption (MPA conversion of ~ 34%) in favor of the
formation of additional HMAP and heavy products, which led to
a significant carbon loss after 8 h. Considering the MPA conver-
sion in these last 2 h, a selectivity toward HMAP of 30% and to
poly-acylated compounds (others) of 15% can be calculated. In
agreement with the catalytic results, the FT-ATR spectra of the
catalyst collected at different reaction times showed the progres-
sive formation of a carbonaceous deposit on the surface of the
resin (that turned from white to black during reaction), especially
after 8 h (Figure 5).

At increasing reaction time, a series of broad additional
bands in the 1350-1700 cm~' region appeared. These peaks are
similar to those previously observed for an AA/G ratio of 5
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(Figure 3), suggesting a common coking mechanism between
the different conditions tested. The possible deactivation of the
catalyst was evaluated by reusing the Aquivion PW87 sample,
after 6 h of reaction, in a second batch. After the washing of
the resin with acetone and its further drying (at 120 °C for 12 h),
the catalyst performances were evaluated after 6 h of reaction.
The results depicted in Figure 6a show a sensible decrease in
catalyst activity, which can be attributed to the presence of deac-
tivating organic compounds over the surface of the resin. In
detail, during the second reaction cycle, a G conversion of 20%
and an MPA yield of 14% were observed, corresponding to a
loss of activity of ~ 30% compared to the first batch. Moreover,
HMAP was produced in negligible amount while a carbon loss
of 5% was detected, evidencing a further deactivation of the
catalyst. As demonstrated in our previous work, ¥ this resin
can be easily and efficiently regenerated by treating the cata-
lyst with a diluted nitric acid solution at 100 °C (20% in water,
for 1 h) which, by oxidizing the carbonaceous deposit, restores
the acidic active sites and thus the catalyst activity in further
reaction cycles (Yymap = 6% after regeneration, stable for three
reaction/regeneration cycles).

The acylation of G with AA can be carried out over other
acidic resins such as sulfonated polystyrene-divinylbenzene
(SDVB) catalysts. This class of polymers can be used for catalyzing
a wide range of organic reactions [“2#! but their activity depends
on many factors such as the crosslinking degree (which deter-
mines their ability to swell and the specific surface area), the
concentration of the acidic sites (typically expressed as mmol
H*/g), and the reaction environment. Figure 6b illustrates the
performance obtained using Amberlyst-15 (a commercial resin,
crosslinking degree of 20%, 470 mmol H*/g) and a home-
made 2%-SDVB catalyst (crosslinking degree of 2%, 5.00 mmol
H*/g). These solids, although being characterized by a higher
concentration of acidic sites, showed results similar to those
attained with Aquivion PW87 only in terms of HMAP yield.
Though the highest G conversion was obtained with 2%-SDVB
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Figure 4. Aquivion PW87 activity as a function of reaction time in terms of a) Conversion and yield; b) Selectivity of the products (120 °C, AA/G:

10 mol/mol, 0.2 g of catalyst).
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catalyst (X = 36%), this was associated with an extensive
carbon loss of ~ 15% which seems to be related to the con-
sumption of MPA, produced with an extremely low selectivity
(Smpa = 39%). Similarly, Amberlyst-15 showed a significant carbon
loss after 6 h of reaction together with a greater G conversion,
but a yield in MPA lower than those obtainable with Aquiv-
ion PW87 which, combining a higher chemical inertness and
a lower concentration of acidic sites (115 mmol H*/g), seems
to disfavor the formation of heavier compounds. It is notewor-
thy that the same catalytic system (and reaction setup) can be
effectively applied to the C-acylation of 1,2-dimethoxybenzene
(Figure 6c), a model compound in lignin valorization, under the
optimized conditions identified for G acylation. In this case, a
substrate conversion of 23% is associated with the formation
of G (via hydrolysis) with a yield of 12% and the formation of
1-(3,4-dimethoxyphenyl)ethanone (yield of 7%), resulting from
(para-)C-acylation of the substrate. Following G formation during
the reaction, the presence of MPA and HMAP was also detected
with yields of 2% and 1%, respectively. Conversely, performing
the reaction with 1,2-dihydroxybenzene does not appear to favor
C-acylation of the substrate, instead leading predominantly to
the formation of 2-hydroxyphenil acetate (via O-acylation), with
yields of only ~1% for all the other acylation products (see Figure
S5 for further details).

2.3. Mechanistic Insights

The direct aromatic ring acylation with AA to form hydroxy-
acetophenones (HAPs) is generally carried out at temperatures
higher than 200-250 °C. 313234441 |n fact, only in these harsh
conditions AA can act as a direct acylating agent, overcom-
ing its low tendency to form acylium ions (or ketenes) noto-
riously involved in acylations. Conversely, the production of
HAPs at mild reaction conditions can be achieved through
the acid catalyzed rearrangement of phenolic esters (such as
phenylacetate) in the liquid phase.[*#¢! The two HAPs isomers
(ortho- and para-HAP, namely o-HAP and p-HAP) are gener-
ally formed at the same time but they are assumed to derive
from two different reaction pathways. The production of o-
HAP is associated with an intramolecular rearrangement (Fries
rearrangement) of the phenolic ester while the generation of
p-HAP occurs via an intermolecular reaction.'¥-*°! In this con-
text, from the analyses of the reaction mixture, by combining 'H
NMR and GC-MS techniques, it was possible to determine the
regioselectivity of the reaction in HMAPs production in terms
of 4-hydroxy-3-methoxyacetophenone (Apocynin, para-isomer,
p-HMAP) and 2-hydroxy-3-methoxyacetophenone (ortho-isomer,
0-HMAP). It was found that, in the tested conditions (120 °C,
AA/G: 10 mol/mol) and independently from the reaction time, a
nearly constant p-HMAP/o-HMAP molar ratio of 26 was obtained,
corresponding to a p-HMAP purity of ~ 96% of the HMAPs
formed and to a selectivity value of 29% (Spnmar) after 8 h
of reaction (Figure S4). These values are far superior to those
obtained in the literature (Table 1) regarding the acylation or
the rearrangement of various aromatic compounds over acidic
catalysts conducted in both gas or liquid phase (GP and LP,
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respectively). These results, together with the trends observed
in the different catalytic tests, suggest that the formation of
HMAP occurs predominantly through an intermolecular mech-
anism, which, together with the low temperature of reaction,
favors the prevalent formation of the p-HMAP product over the
0-HMAP isomer.

To further investigate the plausible reaction mechanism, an
additional catalytic test was performed on Aquivion PW87 at
120 °C using MPA as a reagent with AA (AA/MPA: 10 mol/mol).
As highlighted in Figure 7, MPA was found to be very reactive
in these conditions, reaching a conversion value of 80% after
6 h. Interestingly, in this case, a remarkable yield in HMAP of 15%
was observed together with the simultaneous formation of G in
large quantities (Y = 51%), suggesting an intermolecular rear-
rangement in which the ester group of MPA acts as the effective
(C-)acylating agent while G is the leaving group of the reaction
intermediate.

As expected, a high p-HMAP/o-HMAP molar ratio of 20 was
detected, which, besides being very close to that observed
in the other catalytic tests, further corroborates the hypothe-
sis of a mechanism involving an intermolecular rearrangement
between the aromatic substrates. Moreover, although the reac-
tion led to the production of a limited amounts of by-products
(Yothers = 2%), a high carbon loss of 13% was detected, confirm-
ing the prevalent role of MPA in catalyst coking and deactivation.
Based on these results it is possible to propose a plausible
reaction mechanism involving the formation of all main prod-
ucts of reaction (Scheme 3). After the esterification reaction
between G and AA (Reaction 1), the formed MPA can act as
a C-acylating agent for both an activated G (producing HMAP,
Reaction 2) and/or for another MPA molecule, generating G and
4-acetyl-2-methoxyphenyl acetate (AMPA, also detected in “oth-
ers” products, Reaction 3 and Figure S3). Similarly to MPA, an
acylium ion can be formed from AMPA activation, likely forming
HMAP and MPA through its interaction with G (Reaction 4). In
accordance with the catalytic results, the coking of the catalyst
(and the detected carbon loss) is linked to the presence of MPA
and/or to the enhanced production of HMAP (or AMPA), suggest-
ing the occurrence of Reaction 5, responsible for the formation
of highly reactive acylium ions (or ketene) able to interact with
reaction environment and the catalyst surface forming heavier
and deactivating compounds over the active sites of the resin.

2.4. Theoretical Modelling of Acylation Processes Mediated by
MPA

2.4.1. General Energetic Considerations and Discussion on
Explored Mechanistic Pathways

The large differences in the HMAP regio-isomer populations
highlighted in Table 1, which also provides one with an appro-
priate literature comparison, and Figure 7 appear as the most
interesting finding in needs of a complete mechanistic rational-
ization. For this reason, and for the sake of limiting the presenta-
tion of results with a somewhat lower interest, we discuss in this
section of the main article the relevant energy profiles leading
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Table 1. Literature review regarding the activity of different solid acid catalysts in the acylation or in the Fries rearrangement of aromatics in terms of
hydroxy-aryl phenones yields (HAPs) and reaction stereoselectivity expressed as p-HAP/o-HAP molar ratio. “GP” and “LP” stand for gas phase and liquid
phase, respectively.
Substate T(°C) p-HAP/o-HAP Y HAPs (%) Catalyst Reference
Guaiacol and acetic acid 250 (GP) 22 58 HZSM-5 34
Guaiacol and acetic acid 270 (GP) n.d. 9.0 HZSM-5 35
Phenyl acetate 250 (LP) 13 n.d. H-Beta 49
Phenyl acetate 120 (LP) 23 1.5 Sulfated-SBA-15 45
Phenyl acetate 130 (LP) 0.8 13 H3PW;5040/Si0, 46
Phenyl acetate 150 (LP) 2.6 4.0 H3PW;,049 50
Phenyl benzoate 130 (LP) 37 45 H3PW;,049 50
Phenol and benzoic acid 200 (LP) 55 6.0 Sulfated Zirconia 51
Guaiacol and acetic acid 120 (LP) 26.0 6.0 Aquivion PW87 This work
a0~ .. - . XMPA .
o] — Me ]
1 j Y p-HVAP -
o] [_]Y o-HVAP
2 ] . I Y others
5 50 Il C loss
g1 v
c 40
S ] 2
% 30 4
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Figure 7. Catalytic results of MPA acylation with AA using Aquivion PW87 (200 mg). Reaction conditions: 120 °C, MPA = 5 mmol, AA = 50 mmol, 6 h of

reaction.

from MPA to the two HMAP regio-isomers and confine the dis-

cussion of all other results in the Supporting Information. This

notwithstanding, it is worth mentioning that:

1. other reaction paths have been explored to support the idea
that the “MPA plus MPA to HMAP” channel is, de facto, the one
correctly justifying the experimental outcomes (Figures S6-8).

2. The studied transformation is, substantially, under thermody-
namic control, as ALL principal species involved (i.e, MPA,
HMAPs, and AMPAs) lie above the reactants (AA and G),
the sum of their energy being taken to define the zero of
the energy scale. This finding itself already rationalizes the
increase in G conversion and MPA/HMAP/AMPA production
shown in Figure 2a upon increasing the temperature follow-
ing 6 h of reaction. Albeit some extent of kinetic control may
be present, at least on the relative product selectivity (e.g.,
vide Figure 4), the investigated transformation should, there-
fore, not be expected to reach complete G conversion unless
parasitic reactions or products decomposition took place (vide
infra for more discussion).

3. The esterification of G was found to be quite fast (21.2 kcal/mol
of activation energy from the resin-adsorbed reactants, the TS
being located at —4.1 kcal/mol below the energy zero due
to the interaction between reactants and resin) compared
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to the subsequent transformations involving MPA (vide infra
Figure 9). This characteristic may be used to rationalize the
limited impact observed when lowering the catalyst amount
on MPA production (Figure 2c) after 6 h of reaction as due to
having reached a substantial thermodynamic equilibrium in
both cases. Conversely, the slower kinetics of the MPA trans-
formation leading to HMAP and AMPA is much facilitated by
the higher quantity of acid sites (Figure 4a).

Apart from the experimental evidence involving the direct
production of HMAP from MPA presented in the previous sec-
tion (see Figure 7), additional indications that the transfer of the
acetyl moiety may take place from the ester group to the aro-
matic ring are obtained comparing the relative energetics of the
three AMPA regio-isomers obtained acylating MPA (4-acetyl-, 5-
acetyl-, and 6-acetyl-2-methoxyphenyl acetate, respectively 4-,
5-, and 6-AMPA), and considering the energy changes associ-
ated to reaction 3 in Scheme 3. All these thermodynamic results
are shown in Figure 8 together with the equilibrium structures
of the AMPA compounds. From the latter, it is clearly appar-
ent that 4-AMPA and 5-AMPA are substantially more stable (at
least by 4.2 kcal/mol at the ZPE-corrected energy level) than 6-
AMPA, the species from which o-HMAP would derive following
de-esterification. Translating such energy differences in relative
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Scheme 3. Proposed reaction pathways involved in G acylation with AA in the tested conditions with relative ZPE corrected reaction energies. (H) G, (H)
MPA, (H) HMAP, () AMPA. The plausible reaction mechanism of reaction 1 is also presented.

regioisomer population by assuming thermodynamic equilib-
rium suggests that a two hundredfold higher concentration of 4-
and 5-AMPA should be present compared to the one of 6-AMPA.
In principle, such a relative molar fraction may be sufficient to
rationalize the experimental outcome of a preferential produc-
tion of p-HMAP compared to o-HMAP. This result needs also to
be contrasted with the relative stability of the o- and p-HMAP,
which, in principle, favors the latter by 0.8 kcal/mol; such results
would suggest only a threefold higher p-HMAP concentration
(vide Figure 8 for the energetics and structural details). Indeed,
the latter result seems to agree well with the outcome of the gas
phase transformation reported in Table 1.

ChemCatChem 2025, 0, e01112 (9 of 15)

2.4.2. Energy Profile of the Electrophilic Attack by MPA onto the
MPA Aromatic Ring

To simulate the reactive systems as close as possible, we have
included in our atomistic model also the terminal sulfonic por-
tion of the acidic resin, as indicated in the Experimental section.
Apart from providing the system with a Brensted acid group (i.e.,
capable of transferring a proton to catalyze the chemical trans-
formations), it would also maintain it overall electroneutral, and
it may act as proton acceptor (i.e., a Brensted base) favoring
the re-aromatization of the Wheland-like species if present in its
anionic form.
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Figure 8. (Top) Relative energetics at the ZPE-corrected B3LYP/6-31++G(d,p) level for o- and p-HMAP (2-methoxy 6-acetyl and 2-methoxy 4-acetyl phenol).
(Bottom) Relative energetics at the ZPE-corrected B3LYP/6-31++G(d,p) level for 5-AMPA, 4-AMPA, and 6-AMPA (2-methoxy 5-acetyl, 2-methoxy 4-acetyl

phenyl, and 2-methoxy 6-acetyl acetate).

For each one of the two experimentally obtained regio-
isomers, we have investigated two possible paths potentially
leading to each of them (Figure 9), assuming that the processes
do not retrocede once either 4- or 6-AMPA are formed. Indeed,
we found (vide infra Figure 10) that the overall process is ther-
modynamically spontaneous thanks to a sufficiently negative
energy (or enthalpy) change, and that the paths differ only in
the relative conformation/orientation of the two MPA molecules,
as it can be appreciated in Figure 9. Interestingly, we have
found that the most easily accessible transition state geometries
display, invariably, a direct interaction between the sulfonate
moiety and the hydrogen atom bound to the ring carbon
receiving the electrophilic attack from the acid-activated phenyl
acetate.

Apart from the obvious stabilization due to the electrostatic
interaction between the anion and the Wheland-like species,
the indicated structures also may have an unencumbered access
to a direct path allowing the shift of the excess proton on
the ring onto the sulfonate moiety with the simultaneous re-
aromatization of the acylated ester. Indeed, the minimum energy
path (MEP) from the shown TSs to the associated products has
been found to lead, without barriers, to aromatic species follow-
ing the spontaneous transfer of the proton to regenerate the
sulfonic group. Besides, this idea also rationalizes the unsuccess-
ful search for the TS of one of the conformers that may have led
to the p-AMPA species, as the latter featured the excess proton
on the ring pointing away from the sulfonate moiety; the lack of
the electrostatic stabilization led, in fact, to putative structures, at
least, 8 kcal/mol above the TS presenting the charged hydrogen
bond.
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As for the quantitative aspects of the ZPE-corrected energy
profiles, we start mentioning that we defined as zero of the
scale the energy of two isolated MPA species plus the fragment
bearing the sulfonic moiety. From Figure 9, it is clear that the
interaction between the latter and the two MPA molecules is,
indeed, quite stabilizing (—18.4 and —21.3 kcal/mol for the path
leading, respectively, to the o- and p-AMPA), and it is mediated
by the formation of a hydrogen bond with the carbonylic group
of a MPA, which consequently acts as the electrophilic reagent.
The geometries in Figure 9 show that all ensuing TSs are, indeed,
characterized by the sulfonic proton having been transferred to
the electrophilic reagent, the bond between the latter and the
phenyl ring of the second MPA being nearly formed.

As mentioned above, a hydrogen bond donated by the
attacked phenyl ring to the sulfonate moiety by means of the
hydrogen atom directly linked to the attacked carbon atom
partially compensates for the charge separation in the TS and
provides a substantial stabilization of the positive charge that
may be borne by the ring itself. Importantly, the TS leading to
p-AMPA appears to lie, at least, 6 kcal/mol below the most sta-
ble TS leading to the 0-AMPA isomer. Given the similar relative
disposition of the electrophilic reagent, of the attacked ring, and
of the sulfonic moiety (i.e., of the hydrogen bonds stabilizing
the structures), such a substantial difference ought to be related
to the distance between the ester group on the attacked MPA
and the resin fragment, their vicinity somewhat distorting the
optimal structure that allows the TS leading toward p-HMAP to
be better stabilized. In principle, such energy difference would
already be sufficient to rationalize the experimental outcome
for the larger amount of p-HMAP; a TS theory-based estimate,

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

85U8D| 7 SUOWWIOD 3A1eR.D 3|ded|jdde ayp Aq peusenob are ssjoiie VO ‘SN o Sa|n1 10} Afeiq18UIUQ /8|1 UO (SUORIPUCD-pUe-SULBH LD A8 | AReIq 1 Ul UO//Sd1Y) SUORIPUOD PUe swiie | 8Ly 89S *[6Z02/TT/Se] uo Areiqiauliuo A8|iM elignsul A N Ag ZTTTOSZ0Z 190/200T OT/I0p/W0o A3 | 1w Areaq i puljuo-adoune-Als ey sdny woi pepeojumod ‘0 ‘668€298T



Chemistry

Research Article Europe
doi.org/10.1002/cctc.202501112

European Chemical
Societies Publishing

ChemCatChem

ads R

-18.4

+32.6 +2.6
+51.0 -30.0

+34.6
+53.0

b) g 7

+26.5 Y -10.8
+47.8 -37.3

Figure 9. Attack of the acyl group on MPA on the phenolic ring of another ester. a) Path leading to the o-acylated ester; b) path leading to the p-acylated
species. The energy profile, assuming as ZPE-corrected energy zero two isolated MPA and the resin model fragment, is indicated in kcal/mol using black
colors; the difference in energy between a species and the following one along the path is, instead, indicated in red. Resin-adsorbed reactants (R) and
products (P), as obtained following the minimum energy path, are indicated with the prefix “ads” The two TSs obtained for the o-acylation differ, primarily,
due to the relative orientation of the phenyl ring of the attacking MPA; this explains the limited difference in energy.

1521 in fact, suggests that the discussed step alone may lead
to a para/ortho ratio of, roughly, 2500. Indeed, the latter value
appears to be quite high compared to the experimental out-
come (26, see Table 1), or with the estimates based on relative
energetics of the HMAP/AMPA isomers, and it may be due to the
gas phase nature of the electronic structure calculations, which
may exacerbate the impact of electrostatics compared to similar
results for solubilized species.

To verify whether the absence of solvation effects may
indeed have an impact, we recomputed TS barriers for the
acylation process employing the PCM implicit solvent model,
the energy difference between the TSs decreasing from 6.1
to 57 kcal/mol; the latter would suggest a lowering of the
para/ortho ratio to a factor of 1500, roughly. In term of the barrier
heights for the regioselective processes, these became 44.0 and
421 kcal/mol, respectively, for the o- and p-attack. In other words,
the gas phase approximation appears to estimate barrier heights
a few kcal/mol above what obtained when including solvation
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energetics by an implicit solvent model, a result suggesting that
a change in the molecular charge distributions take place during
the MPA attack to the ring so to make the TS more polar than
the reactants. Even so, the relative energetics estimated in the
gas phase appears sufficiently robust to draw useful conclusions
on the mechanism albeit the absolute reactivity is somewhat
depressed by using our chosen theory level. Obviously, the latter
has its own implicit limitations due to the chosen DFT functional
and basis set, which, unfortunately, cannot be easily improved
due to the system size and large number of conformational iso-
mers that must be explored to find a putative lowest energy
path.

Apart from the computation difficulties just mentioned,
endeavouring in such exercise may turn out to be unfruitful, as
the overall experimental selectivity is likely to be influenced by
other reactive processes involving subsequent reactivity of the
products; these would preferentially consume the most rapidly
produced regioisomer lowering the effective selectivity. This can
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Figure 10. Elimination of G from the hemiketal obtained from the acylation of MPA due to the electrophilic attack of another ester. a) Path leading to the
o-acylated ester; b) path leading to the p-acylated species. The energy profile, assuming as ZPE-corrected energy zero two isolated MPA and the resin
model fragment, is indicated in kcal/mol using black colors; the difference in energy between a species and the following one along the path is, instead,
indicated in red. Resin-adsorbed reactants (R) and products (P), as obtained following the minimum energy path, are indicated with the prefix “ads” The
picture represents the TS resulting from the hemiketal obtained via o-acylation and following the conformational change leading to the formation of a
direct hydrogen bond between the sulfonic group and phenolic oxygen atom.

happen, for instance, via carbon-loss processes, one of which
is discussed in the following as a natural consequence of the
mechanism we have proposed, and it involves the hemiketals
produced by the first step in the ring acylation. In conclu-
sion, the estimated selectivity ought to be considered simply
representative of a relative kinetic preference toward p- AMPA
and, consequently, p-HMAP due to the energy profile of the
electrophilic acylation.

As a final comment on the first reactive step, we notice
that the results just discussed make evident that, instead of
a Wheland-like intermediate, the acylation reaction proceeds
directly to form a hemiketal involving the o-methoxyphenate
moiety in lieu of the more common alcoholic residue, in this way
directly exploiting the possibility of an opposite charge recom-
bination upon proton shift from the benzenium cation to the
sulfonate anion. Consequently, the step just discusses qualita-
tively deviates from what commonly expected from electrophilic
substitution on aromatic species.

2.4.3. Hemiketal Decomposition and AMPA Formation

As logical subsequent step in the investigated process, we turn
to the elimination of o-methoxyphenol from the hemiketals,
which may also require the involvement of the sulfonic group
to activate the former as leaving group. For this, we could
exploit the fact that the kinetic product obtained relaxing the
TS structure leading to p-acylated MPA already presents the pro-
ton on the sulfonic group hydrogen bonded to the phenolic
oxygen. Conversely, the o-acylated counterpart requires, in prin-

ChemCatChem 2025, 0, 01112 (12 of 15)

ciple, an additional step involving a conformational change to
properly orient for the activation of the leaving group, as it
has the acidic proton interacting directly with the aromatic p-
system. A set of constrained optimizations leading toward the
o-substituted conformer with a hydrogen bond between the sul-
fonic group and the phenolic oxygen led to an energy lowering
of —4.8 kcal/mol and suggested, also, that only a very low bar-
rier (around 0.5 kcal/mol) should be present between the two
species. Thus, reaching the required conformation appears to be
controlled more by entropic factors than by energetic ones.

Figure 10 provides a pictorial representation of the species
and energetics involved in the phenol elimination from the
hemiketal species. As often, putative TS structures were obtained
via constrained optimization while shortening the sulfonic
proton-phenolic oxygen distance. Importantly, the energetic
location of the elimination TSs is much lower than the one for
the electrophilic substitution in all cases, so that the latter is
clearly the kinetic bottleneck of the overall process. This notwith-
standing, it is apparent that the pathway leading to the p-AMPA
remains more facile also for the elimination step, the TS for the
latter being 7.4 kcal/mol lower than the one leading to the o-
AMPA product. This notwithstanding, the overall process leading
to AMPA isomers appears thermodynamically favorable, at least
when considering the latter and the produced G still interacting
with the resin fragment.

In order to allow the sulfonic moiety in the latter to exert
its catalytic activity, AMPA isomers should desorb; this process
is predicted to require 6.3 and 10.6 kcal/mol for the ortho and
para species and would leave, guaiacol bonded to the sulfonic
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group via a donated hydrogen bond. The acidic proton would,
therefore, remain available to interact either with the carbonyl
of AA activating it for the esterification of guaiacol (vide Figure
S7 and associated discussion in the Supporting Information), or
with a MPA molecule reinitiating the catalytic process producing
AMPAs. The latter could also be produced via the reaction:

AMPA + MPA — HMAP + AMPA

which would convert into the desired product with the same
associated energy change as the one for Reaction 2 in Scheme 3.
Importantly, the abovementioned process is likely to maintain a
high selectivity toward the para isomer of AMPA for the same set
of reasons provided for Reaction 3 in Scheme 3. A similar out-
come is also reached via Reaction 4, which would regenerate a
HMAP molecule from AMPA and G.

2.4.4. Interpretation of Additional Experimental Outcomes

With a putative mechanism qualitatively rationalizing the p-
AMPA/o-AMPA (or p-HMAP/o-HMAP) selectivity, we are well
equipped to discuss additional experimental observations of
general relevance. In this respect, we notice that both hemike-
tal species may produce substituted benzyl-type carbocations
following acid-catalyzed loss of water, which may lead to the for-
mation of a sulfonic ester (de facto, a ketal involving guaiacol,
the sulfonic resin, and the ketonic group of 2-methoxy 6-acetyl
phenyl acetate), or of an olefin (a styrene derivate) following the
transfer of a proton from the methyl group to the sulfonate. Both
these heavier compounds may act as alkylating agents for the
aromatic MPA, HMAPs, and AMPA, eventually leading to carbon
loss and deactivation of the resin catalytic properties indicated
in the experimental section. In this respect, the coking mecha-
nism just presented fits remarkably well with the experimental
evidence provided in Figures 2, 4, and 6. In fact,

1. The decrease in carbon loss upon increasing the AA/G ratio
shown in panel e and f of Figure 2 could easily be ascribed
to both a dilution effect and the possibility that AA, acting as
nucleophile, may limit the formation of either the benzylic car-
bocation or the substituted styrene, thus hurdling their attack
to other aromatic species.

2. The increase in carbon loss upon increasing the reaction time
after having reached maximum conversion (see Figure 4) may
be easily interpreted as due to the production of secondary
kinetic compounds, more strongly adsorbing onto the resin
due to their multi-functional nature and higher mass, subse-
quently activated toward the attack on G, MPA, and HMAP. As
for this, it is important to notice that our computational results
suggest a near degeneracy between the adsorbed hemike-
tal formed following a para substitution of MPA and the final
p-HMAP and G product, thus indicating only a limited ther-
modynamic driving force for this latter step. In other words,
the hemiketal species may be able to remain adsorbed on
the resin for a sufficiently long time to be activated toward
the production of polyaromatic compounds. Obviously, this
idea also rationalizes the increased carbon loss obtained upon
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reusing the resin without regenerating it with diluted nitric
acid.

3. The higher carbon loss recorded while using
styrene/divinylbenzene based resins compared to Aquiv-
ion PW87 is easily ascribed to the aromatic nature of the
former matrices, which are naturally prone to be electrophili-
cally substituted despite their conceivable deactivation due
to the inductive -l effect of the sulfonic group. Whether due
to their direct acylation by MPA, or because attacked by the
abovementioned carbocation species, the net effect would
be to consume part of the reactants for side processes likely
to produce heavier polyaromatic compounds.

3. Conclusions

This study provides a few insights into the regioselective C-
acylation of guaiacol with acetic acid under mild conditions,
enabled by the use of a reusable Aquivion PW87 as solid acid
catalyst. The high para-selectivity observed in optimized con-
ditions, reaching a para/ortho ratio up to 26 mol/mol and a
p-HMAP purity of 96%, substantially exceeds values reported for
both gas- and liquid-phase systems in the literature. Importantly,
this behavior is shown to stem not from classical intramolecular
Fries-type rearrangements, but from an intermolecular mech-
anism involving MPA as effective acylating agent. Experimen-
tal and theoretical analyses converge in identifying key fea-
tures responsible for this selectivity. DFT modelling reveals that
sulfonate-mediated transition states stabilize the pathway asso-
ciated with p-HMAP formation significantly more than the ortho-
alternative, leading to a predicted selectivity that, besides being
fully consistent with experimental data, is much higher than
expected from thermodynamic considerations alone. These find-
ings not only demonstrate how regioselectivity can be controlled
at low temperature through intermolecular ester chemistry but
also shed light on the deactivation phenomena observed. In
fact, in this context, the formation of hemiketals and benzyl-type
cations from AMPAs and HMAPs intermediates provides a plau-
sible explanation for carbon loss and catalyst fouling observed
with increasing reaction time and under conditions favoring
HMAPs formation.

4. Experimental Section

4.1. Catalytic Tests

Aquivion PW87 (115 mmol H*/g), Amberlyst-15 (470 mmolH"/g),
guaiacol, acetic acid, 2-methoxyphenyl acetate and 4-hydroxy-3-
methoxyacetophenone were purchased from Sigma Aldrich, Poly-
styrene-divinylbenzene 2% crosslinked (2%-SDVB) 200-400 mesh
was purchased from Alfa Aesar. While PW87 were used without any
other treatment, Amberlyst particles were first crushed using an
agata mortar prior to the tests. The sulfonation of 2%-SDVB resin
was carried out according to our previous work. ¢! The acylation
of guaiacol with acetic acid was carried out in a 10 mL two-neck
round flask reactor equipped with a reflux system (condenser) and
a thermometer, the tests were performed at atmospheric pressure.
When the dehydrating section was used, it consisted of a porous
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quartz septum filled with 0.75 g of molecular sieve 3 A in the form
of pellets. This section was placed between the top of the reactor
and the neck of the condenser. In a typical experiment, 5 mmol
of guaiacol, the desired amount of acetic acid (25, 50 or 75 mmol)
and catalyst (100 or 200 mg) were placed into the reaction system.
The mixture was then stirred at 600 rpm and heated up to the
desired temperature (100, 110 or 120 °C) in an oil bath. Then, the
mixture was maintained at the set temperature for the desired reac-
tion time (from 2-8 h). At the end of the experiment, the reaction
system was quenched using an ice-bath and the reaction mixture
analyzed using a GC (Autosystem XL, Perkin Elmer) equipped with
a DB-5 column and a FID detector. The sample was prepared by
diluting 200 pL of the reaction mixture with acetone and using
octane as internal standard. The G conversion and MPA, HMAP and
“others” selectivity and yields were calculated through the following
equations:

Conversion : Xg = [(molG;y — molG1)/molGty]x100 M
Yield : Yipa HMAP, others = (MOlnpa HMAP. others/MOIGo)x 100 @

Selectivity : Smpa HMAP, others = [mOIMPA,HMAP,others

/(molGyg — molGy;)] x100 (3)

Carbonloss :  100-[100x(molypa + Molymap + MOlothers + MOIG)

/molGyo] 4)

where 10 is “before reaction” and t1 is “after reaction”.

4.2, Characterization Techniques

The IR spectra of the catalysts before and after reaction were carried
out in attenuated total reflectance (ATR) over the 4000-600 cm™'
range using a Thermo Scientific Nicolet iS10 Smart iTR equipped
with a Smart OMNI Transmission instrument, interfaced with a
Omnic 9.2.98 software. GC-MS analyses were performed in a Finni-
gan Trace GC-MS equipped with a DB-5 column and a quadrupole
analyzer and electronic impact source. 'H spectra were recorded on
a Bruker Avance 400 (400 and 101 MHz, respectively); chemical shifts
are indicated in parts per million downfield from SiMe,, using the
residual proton (CHCl; = 7.26 ppm) solvent resonances as internal
reference. Coupling constants values J are given in Hz. The sample
was about 8-10 mg.

4.3. Electronic Structure Modelling of the Catalytic Mechanism

Putative reaction paths for the formation of o- and p-HMAP from the
reaction mixture have been explored employing electronic structure
calculations at the B3LYP/6-314-+g(d,p) level of theory 13! as imple-
mented in the Gaussian09 suite of codes.**! The level chosen for
the purpose has been previously demonstrated to be valid in dif-
ferent circumstances involving the reactivity of organic compounds,
even when the latter is acid/base catalyzed. Given the relatively low
value of the electric permittivity of liquid acetic acid (AA, e, = 6.17),
we have chosen to explore all paths as if the reactions took place in
vacuum; we have verified the validity of such approach occasionally
testing for changes in the relative energetics obtaining uninfluen-
tial modifications of barrier heights and thermodynamics. As for the
atomistic representation of the reactive systems, we have chosen to
model the active functional groups in Aquivion PW87 as a freely
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moving fragment, namely 2-methoxy 1,1-2,2-tetrafluoro ethyl sul-
phonic acid. All the remaining species potentially involved in HMAP
production have, instead, been modelled including all atomistic
details. Putative structures for both energy minima and transition
states (TSs) have been fully optimized and characterized computing
the full hessian matrix of the potential energy surface (PES) followed
by its diagonalization. Normal modes associated to negative curva-
tures of the PES at stationary points have been used to verify the
atomistic details of the processes involved in the reactive steps.
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