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The mechanochemistry of small molecules is an exponentially growing area of investigation relevant to
developing sustainable synthesis to reduce waste and energy consumption, with great potential in large-
scale chemical manufacturing. Occasionally, mechanochemical processes exhibit different reactivities,
resulting in varying product selectivity compared to solution processes. In this study, we investigate the
catalytic mechanism of a solvent-free one-pot acylation reaction of dimedone and 3-phenylpropanoic
acid using a solvent-free ball-mill approach. The mechanochemical procedure afforded complete
chemoselectivity towards a single acylation product after short milling, contrary to solution studies that
previously reported product mixtures. Selectivity towards a single acylation product is controlled by the
choice of the catalytic base. Under these mechanical process conditions, 4-dimethylaminopyridine
(DMAP) is the only base that promotes the formation of the more desirable C-acylation product,
whereas other bases exclusively afford the O-acylation product. Based on experimental findings,
supported by theoretical modeling, we provide a mechanistic understanding of the base-dependent
chemoselectivity, which leads to an enolate esterification that, in the case of DMAP, is converted to the
thermodynamic product via Fries rearrangement. Finally, we explore the reaction scope with additional
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Introduction

Carbonyls are among the most useful functional groups for
creating new C-C and C-O bonds. Due to their high polariza-
tion, different sites with partial charges are available to undergo
reactions with carbon nucleophiles and electrophiles. An
increasing number of reactive sites naturally raises the question
of selectivity, which is further heightened in the case of diones.
For example, the acylation of 1,3-diones using activated esters
has been extensively investigated in solution,"* typically
providing mixtures of dicarbonyl compounds obtained through
C- and O-acylation pathways to form a B-diketone or an enol
ester. Occasional selectivity towards one product or the other
has been observed, but the reaction is quite sensitive to the
nature of the catalytic base and the reaction conditions (e.g.,
temperature and solvent). The underlying reasons for the
irregular selectivity observed and how to achieve better selec-
tivity remain unclear. Importantly, these acylation pathways are
vital preliminary steps in the synthesis of several natural
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dicarbonyl compounds and carboxylic acids.

products and drug compounds.®>* Moreover, this process is not
atom-economical, and the use of heat and solvent further
increases its negative environmental impact.®

Recently, the wuse of solventfree mechanochemical
approaches has garnered considerable attention from both
academic and industrial research,’ as it can potentially reduce
the environmental cost of chemical processes,*'*'* while
enabling new selective chemical transformations.”*** In mech-
anochemistry, a solid mixture of reactants is ground together
under ambient conditions using diverse milling devices, each
providing different types of mechanical stress that can be
adjusted/modulated by changing technical and process
parameters. If adequately designed, the output of the reaction
(product) requires no further purification. Given the success of
mechanochemistry in making chemical processes more effi-
cient, green, and selective,*** and the importance of the acyla-
tion of dicarbonyl compounds in the preparation of drug-like
molecules,” ™" we report the solid-state acylation of dimedone
with 3-phenylpropanoic acid as a model in the presence of
various catalytic bases, using a time-efficient solvent-free ball-
milling procedure. By using solvent-free conditions, we ob-
tained distinct selectivities depending on the base used in the
milling process (selectivity switch),™* allowing us to study the
mechanistic pathways leading to the two dominant products in
the solid state and support such studies with in silico modeling.
The formation of the C-acylated product proceeds through
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a Fries rearrangement'®'® vig a base-mediated acyl transfer from
the O-acylated product. The scope of the target reaction under
mechanochemical conditions is also explored.

Results and discussion

The acylation reactions of dimedone with 3-phenylpropanoic
acid were carried out in the presence of different bases in
catalytic amounts (10 mol%) and N,N-dicyclohex-
ylcarbodiimide (DCC) as the coupling agent (Fig. 1). The reac-
tion was investigated using a home-made ball-mill vortex
mixer.” The solid mixture and 25 stainless-steel 3/16-inch
diameter balls were placed in a 50 mL stainless steel cylin-
drical jar, kept under air, and milled at 1470 rpm (24.5 Hz) for
1 h.

The base-catalysed acylation was evaluated using a variety of
organic and inorganic bases while maintaining other parame-
ters (e.g., vibration frequency and atmosphere) constant.
Product formation was monitored vie 'H and *C NMR in
DMSO-dg. Several distinguishable peaks enabled us to differ-
entiate between the two dominant products: the aryl ketone
product 1 resulting from the C-acylation and the O-acylated
product enol ester 2 (Fig. 1). As seen in Fig. 1, both 1 and 2
present similar aromatic peaks at 7.2 ppm (blue) and the two
methyl group signals at 0.9 ppm (violet). These peaks are also
present in the reactant phenyl propionic acid and dimedone,
respectively. However, the methylene groups present in dime-
done (green) and the aliphatic chain of the phenyl propionate
(vellow) are shifted after the reaction, making them distinct for
each product in both chemical shift and splitting. Moreover,
a characteristic singlet peak resulting from a vinylic proton in
the O-acylation product 2 appears at 5.7 ppm (red). The *C
NMR further supports these significant differences in chemical
shifts (see the ESIt).

C-acylation O-acylation
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Fig. 1 H-NMR (DMSO-dg, 400 MHz) spectra of the reactants (a)
dimedone and (b) 3-phenylpropanoic acid compared to the main
products (c) C-acylation product (1) and (d) O-acylation product (2).
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Table 1 One-pot mechanochemical acylation of dimedone with 3-
phenylpropanoic acid®

Entry Base pK.’ Conversion® (%) 0:C
1 K,CO; 6.3 92.1 1:0
2 NaOH 13.9 84.7 1:0
3 DBU 11.5 89.8 1:0
4 Et;N 10.7 86.9 1:0
5 ‘BuOK 20.0 70.6 1:0
6 Aniline 4.6 78.7 1:0
7 Pyridine 5.3 91.7 1:0
8 DMA 5.1 90.9 1:0
9 2,2/-bipy 4.3 99.07 1:0
10 EtNH, 10.7 99.0¢ 1:0
11 DMAP 9.6 88.5 0:1
12 None — 81.9 1:0

¢ Acylation conditions: base (0.1 equiv.) and DCC (1 equiv.) were added
and milled together with the reactants using a ball-mill vortex for 1 h at
r.t under air. ” pka values of the corresponding conjugated acids in
aqueous solution.'>* ° Conversion was determined via 'H NMR
integrals for the O-acylated product (singlet at 5.75 ppm) or the C-
acylated product (triplet at 3.2 ppm) relative to the residual dimedone
(singlet at 5.19 ppm). ¢ 1 equiv. of the base was used.

Products 1 and 2 were obtained with high conversions after
less than 1 h of milling and with complete selectivity depending
on the added base (Table 1). Full conversion (reactant peaks not
visible in NMR) was obtained with 1 equivalent of 2,2'-bipyr-
idine (2,2'-bipy) and ethylamine (EtNH,) (entries 9, 10).
Importantly, good conversion was achieved even in the absence
of a base (entry 12). These conversions are higher than previ-
ously reported solution experiments, which yielded 62-88%
after 14-16 h,"* highlighting the efficiency of this mechano-
chemical, solvent-free procedure. Interestingly, contrary to the
reactions in solution, clear chemoselectivity is observed under
mechanochemical conditions (Table 1).**
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Scheme 1 Two possible DMAP-catalysed acylation pathways: nucle-
ophilic attack of a carbanion on the activated ester leads to direct
formation of the C-acylation product 1 (red), while nucleophilic attack
through the enolate forms the O-acylation product 2, which can be
followed by acyl group transfer leading to the indirect formation of
product 1 (blue).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Two-step mechanochemical acylation of dimedone with 3-
phenylpropanoic acid

View Article Online
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Table 3 Conversion and selectivity of mechanically activated acyla-
tion reactions of dimedone with various acids

Entry Step  Additive” Conversion‘ (%) 0:C Entry Acid Base Conversion” (%) 0:C
1 1.1 DCC 81.9 1:0 1 )OJ\/\/\/\/\W DMAP 96.3 0.58:0.42
1.2 DMAP 86.7 0:1 2 HO NaOH 94.3 1:0
2 2.1 DMAP 0.0 — 3 0 DMAP  100.0 1:0
22 DCC 69.6 0:1 4 HOM DMAP’  89.9 0.25:0.75
3 3.1 DMAP +NaOH? +DCC ~ 72.1 0.44:0.56 5 o) oH NaOH 85.8 1:0
4 4.1 NaOH + DCC 81.3 1:0
42  DMAP 79.9 0.12:0.88 °© HO DMAP = 89.1 0.33:0.67
5 51 DMAP + DCC 59.5 S m DMAP™ 76.4 0.07:0.93
52  NaOH 62.0 0:1 8 ¢  NaOH 851 L:0
“ Additives amount: DCC (1.0 equiv.), and base (0.1 equiv.). ” 0.05 equiv. 9 o} DMAP 751 0.42:0.58
of each base. ¢ Conversion was determined via '"H NMR integrals of the 10 M NaOH 89.5 1:0
O-acylated product (singlet at 5.75 ppm) and C-acylated product (triplet HO
at 3.2 ppm) relative to residual dimedone (singlet at 5.19 ppm). 11 o) DMAP 42.4 0.1:0.9
12 )J\/Y NaOH  56.2 1:0
HO
o
" 13 0 DMAP 70.9 1:0
[reuft ol 14 )b NaOH  69.4 1:0
° + o e HO
? N A(;f:“ﬂ j
NP o R

PP
e U o
7y

9.4719.0

36.8/33.2

Relative Calc. Potential Energy [Kcal/mol]

2741142 {
______________ (12)°

L4 -39.1/-23.4

“ Conversions were determined via "H NMR. ? 0.5 equiv. of adipic acid
was used. ¢ The mixture was milled for an additional hour.

Table 4 Conversion and selectivity of mechanically activated acyla-
tion of phenyl propanoic acid with various diketones

Reaction Coordinate

Scheme 2 Enthalpy/free energy profiles for the acylation of dimedone
with acetic acid towards direct C-acylation reaction to product 1a and
O-acylation reaction to product 2a.
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Scheme 3 Enthalpy/free energy profiles for the DMAP/pyridine-cat-
alysed conversion of O-acylated product 2 into C-acylated product 1
through three different transition states [TS,.sp]*. Top right inset:
[TS1l* for DMAP (left) and pyridine (right).

The C-acylation aryl ketone product 1 is obtained with
complete selectivity only when utilizing N,N-dimethylamino
pyridine (DMAP) as a base (Table 1, entry 1), while the O-acyl-
ation enol ester product 2 is formed with complete selectivity
when using any other base (or no base), regardless of its pK.,.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Entry Ketone Base Conversion” (%) 0:C
1 HO o DMAP 43.2 0:1
2 \@ NaOH 5.6 1:0
3 o o DMAP 14.6 1:0
4 PPN NaOH 10.4 1:0
5 o o DMAP 85.4 1:0
6 M NaOH 78.9 1:0
7 0o o DMAP 60.9 0:1
8 A~ NaOH 22.5 0:1°
9 ) DMAP 0.0 —
10 )b NaOH 0.0 —

“ Conversions were calculated via 'H-NMR. ® A mixture of constitutional
isomers was formed when using each base.

For comparison, in previous solution studies," DMAP was
also selective towards the C-selective product, although other
bases, such as Et;N, N-methyl-2-pyrrolidone (NMP), and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), were also able to produce
such a compound but resulted in mixtures of C- and O-acylated
products. However, the one-pot DMAP-catalyzed acylation
mechanistic studies have not reached a consensus regarding
the role of the catalytic base. Xu et al demonstrated the

RSC Mechanochem., 2025, 2, 419-425 | 421
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Table 5 Mechanically induced acylation of dimedone and 3-phenylpropanoic acid using scalable mills®

Mill type Jar (composite, volume, frequency) Balls (weight, composite, diameter) 0:C Conversion” (%)
Attritor Teflon, 0.5 L, 1400 rpm 600 g zirconia 1 mm 0:1 22.8
Planetary mill Alumina, 0.3 L, 400 rpm 50 g alumina 1 cm 0:1 65.3
Hammer mill Alumina, 12 L, 140 rpm None 0:1 34.6

“ Conditions: dimedone (30 g) was loaded in each reaction and milled for up to 30 min with all other components at stoichiometric conditions.

b Conversion was calculated via 'H-NMR.

nucleophilic attack of DMAP at the carbonyl group, resulting in
an acetylpyridinium-acetate ion pair, which, after the acyl
transfer step required an auxiliary base (NH;) to regenerate
DMAP from the subsequent DMAP-acid complex.”> Kohout
et al. showed that in the case of cyclic 1,3-diones, the base plays
a crucial role only in forming a dimedone enolate, which then
attacks the activated acid in a direct C-acylation pathway."
However, neither of the suggested mechanisms explains why
such chemoselectivity is not observed with other bases, or why
some bases produce mixtures of products.

Given that our results provided full chemoselectivity, we
recognize the opportunity to use this experimental protocol to
further investigate the role of the base in defining the reaction
chemoselectivity by combining experimental results and in sil-
ico modelling. Clearly, the electronic structure of DMAP is
suitable for the C-acylation selectivity, as other bases containing
similar amine functionalities and the same steric conditions
(pyridine and N,N-dimethylaniline, DMA), as well as bases with
a variety of electronic properties, produced product 2 exclu-
sively. Scheme 1 presents plausible base-catalyzed pathways for
the C- and O-acylation processes of dimedone, starting from
deprotonated dimedone and a DCC-activated ester of the
phenyl propionic acid. The path marked in red (path 1) is based
on the nucleophilic attack of a carbanion species on the acti-
vated ester, leading to the direct formation of the C-acylation
product 1, as proposed by Kohout et al' Alternatively, the
second path marked in blue starts with a nucleophilic attack by
the enolate anion to form the O-acylation product 2, which may
then undergo DMAP-promoted acyl transfer (Fries rearrange-
ment)*®* to yield the C-acylated product 1.

DMAP presents a unique combination of basicity and
nucleophilicity centered on endocyclic nitrogen, imparted by
the lone pair donation from the exo-nitrogen into the pyridine
ring,>*** and has found numerous applications in group-
transfer reactions, especially acylation reactions.”***** To
investigate the role of DMAP within these possible mechano-
chemical pathways, the acylation was examined as a two-step
process: deprotonation of dimedone and the subsequent
nucleophilic attack. We conducted two solid-state reactions in
which these steps were performed separately (Table 2). In the
first experiment, dimedone and 3-phenylpropionic acid were
milled with DCC in the absence of a base, followed by milling
with DMAP (entry 1). In the second, the reactants were milled
with DMAP, without DCC, followed by the addition of DCC and
further milling (entry 2).

422 | RSC Mechanochem., 2025, 2, 419-425

As described above, the first step does not require a base
(entry 1, step 1.1) when the reaction is carried out in a solvent-
free grinding protocol, producing the enol ester 2. Upon the
addition of DMAP and further milling (entry 1, step 1.2), all of 2
was converted into 1, supporting DMAP's role as an acyl-transfer
agent in a Fries rearrangement reaction rather than as a base
catalyst for the C-acylation reaction. Conversely, in the absence
of DCC (entry 2, step 2.1), DMAP simply neutralizes the prop-
anoic acid, and no acylation occurs. However, the addition of
DCC to the pre-milled mixture leads to the direct formation of
product 1 (entry 2, step 2.2). DCC is clearly necessary for the
activation of the acid as an electrophile; without it, only an acid-
base reaction occurs.

Further experiments were conducted to probe the chemo-
selectivity, using NaOH as an O-selective base (the strongest
base and nucleophile in aqueous conditions) in competition
with DMAP. As shown in Table 2, when NaOH and DMAP are
used together at equal loadings in the presence of DCC (entry 3),
a mixture of 1 and 2 was obtained after 1 h, with a slight pref-
erence for product 1. Next, in the presence of DCC, we per-
formed an experiment using NaOH as a base but added DMAP
after the initial hour of milling with NaOH and continued
milling for an additional hour (entry 4). As expected, after the
first step, the O-acylated product 2 was obtained with full
selectivity. However, after milling for another hour with DMAP,
most of compound 2 was converted into the C-acylated product
1, supporting DMAP's capability to induce the Fries
rearrangement.

The reaction was repeated inverting the order of the bases
(entry 5, step 5.1). After milling with DMAP for 1 h, the C-acyl-
ation product 1 was obtained with complete selectivity. The
addition of NaOH and milling for an additional hour (entry 5,
step 5.2) slightly increased the conversion but did not change
the reaction selectivity, confirming the irreversibility of the acyl
transfer reaction.

Similarly, the 2 to 1 conversion could not be achieved with
NaOH, with or without surplus DCC. While these experiments
support that 2 can be converted into 1 in the presence of DMAP,
they do not rule out the direct formation of 1 when DMAP is
used (red path).! Therefore, to gain further insights into the
reaction mechanism, computational studies were conducted to
estimate the energetic aspects of the different pathways.

The transition state Gibbs free energy (AG*) and enthalpy
change (AHY) for the two possible direct acylation pathways
towards products 1a and 2a (using acetic acid as a model
reactant to reduce the number of possible conformers) were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculated at the wB97M-V/def2-TZVP(cpcm[hexane])//BP86-
D3bj/def2 SVP(cpcm[hexane]) level of theory. All key interme-
diates and transition states were thoroughly investigated by
CREST® to find the lowest energy conformers. Many possible
pathways were examined (see the ESIT), but the lowest energy
pathways towards each product are shown in Scheme 2. Starting
from 3a (representing the individually optimized reactants), in
which dimedone is in its enol form (lower in energy according
to calculations), the O-acylated product 2a can be obtained
through a lower activation barrier (19.0 keal mol™") than the C-
acylated product 1a (24.4 kcal mol ') in the absence of any base,
although it is less thermodynamically favourable
(—14.2 kcal mol™! vs. —23.4 kcal mol™"). Indeed, C-acylated
product 1a is the thermodynamic product, while O-acylated
product 2a is kinetically preferred. The energy gap between the
two suggested transition states is likely due to the higher ring
strain of the cyclooctene-like transition state obtained for the C-
acylation reaction.

Additional calculations were performed to study the Fries
rearrangement from the kinetic product 2a into the thermody-
namic product 1a using DMAP and pyridine (Scheme 3). First,
the O-acylation product 2a undergoes a nucleophilic attack by
the base on the ester carbonyl. The activation barrier for DMAP
is 24.6 kcal mol ", which makes this reaction plausible even at
room temperature, whereas the same step using pyridine has
a higher transition state of 29.8 kcal mol~'. These results
indicate that the reaction catalysed by pyridine is three orders of
magnitude slower at room temperature, although it might occur
at higher temperatures, explaining the loss of selectivity in
reactions conducted while heating in solution. According to the
transition state geometric models (see the ESIT), the different
behaviour of the two bases may be explained by the electron
donation from the exocyclic nitrogen atom, which makes DMAP
more nucleophilic,® and also allows it to bend towards the
dimedone ring through the deplanarization of the nitrogen
from the aromatic plane.

This spatial phenomenon is not observed in the case of
pyridine (see the ESI{), as a change in nitrogen hybridization is
required. The subsequent carbanion attack occurs through
transition state [TS,p,]*, which is 25.8 kcal mol* relative to the
starting reactant 2a, but remains reachable at room tempera-
ture. Finally, exothermic reactivation of DMAP and tautomeri-
zation lead to the production of 1a. The computational studies
show that the overall reaction is exergonic for the direct
production of either product (AG(1a) = —23.4 kcal mol ™" for the
thermodynamic process and AG(2a) = —14.2 kcal mol ™" for the
kinetic reaction). Moreover, the conversion of the kinetic
product 2a to the stable product 1a is also exergonic (AG(1a) =
—9.2 kcal mol™ ') through multiple stable intermediates,
whereas the reverse reaction is virtually impossible at r.t
(35.0 keal mol ™), as observed experimentally (Table 2, entry 5).

To extend the scope and relevance of this mechanochemical
process, additional mechanically induced acylation reactions
were tested under the same reaction conditions using a broad
set of carbonyl compounds and carboxylic acids. Each pair of
reactants was tested using DMAP or NaOH as catalysts. The
ratio between the final C- and O-acylated products was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determined using '"H-NMR spectroscopy and GC-MS (see ESIT).
Interestingly, full selectivity towards the O-acylated products
was again achieved when using NaOH as the catalyst (Table 3).
However, when DMAP was used, the Fries rearrangement was
less efficient, with only a few cases leading to significant
amounts of C-acylated products (entries 4, 7, and 11). No
significant optimization was conducted towards these specific
products. Notably, no rearrangement was observed with ben-
zoic acid (entry 13).

Different carbonyl reagents were also exploited in the reac-
tion with phenyl propionic acid (Table 4). Apart from aceto-
phenone (entries 9 and 10), which has a single carbonyl and did
not react at all, all dicarbonyl compounds tested progressed
selectively toward one of the acylation products using NaOH or
DMAP as a base. 1,3-Cyclohexanedione, which is similar in
structure to dimedone, led to the expected selectivity for both
NaOH and DMAP (entries 1 and 2). In the case of ethyl acetoa-
cetate (entries 7 and 8), the only unsymmetric dicarbonyl used,
a mixture of constitutional isomers formed due to the O-acyla-
tion reaction through different sites of the dicarbonyl molecule
when using NaOH, while DMAP promoted only the reaction and
Fries rearrangement to the C-acylated product (see Fig. S48 and
S49 in the ESIt). Conversely, both acetylacetone (entries 3 and 4)
and 2,2,6,6-tetramethylheptane-3,5-dione (entries 5 and 6)
promoted the selective formation of the corresponding O-acyl-
ated product, regardless of the base employed (i.e., in this case,
DMAP was unable to catalyze the Fries rearrangement).

Given the importance of this reaction for the preparation of
pharmaceutical products, we decided to scale up the mecha-
nochemical acylation process (30 g dimedone loading in the
presence of DMAP) using different types of mills typically found
in sustainable chemical synthesis in the industry:*»*>*¢ attritor,
planetary, and hammer mill. The three techniques differ in the
type of mechanical force delivered, milling media, and grinding
frequencies (see details in Table 5). The experiment with the
attritor mill was stopped after 10 min as the material became
too viscous and did not allow the continuous movement of the
small balls (1 mm diameter), resulting in a mere 23% conver-
sion. The planetary mill, on the other hand, provided 65%
conversion in only 30 min. Finally, the hammer mill was less
effective, yielding only 35% conversion in the same processing
time. Importantly, all test reactions resulted in the C-acylation
exclusively, regardless of the milling technique and apparatus.
Therefore, these larger mills, which are more common on
a larger scale than vibrational mills, while less efficient than the
lab-scale mill, clearly maintain chemical selectivity, and given
enough time, can achieve full conversion.

Conclusions

We investigated the chemoselectivity of the one-pot mechano-
chemical acylation of dimedone using ball-milling devices. The
solid-state reactions, catalyzed by a base, demonstrated
a complete chemoselectivity switch after short milling
processes, outperforming solution-based processes, which
require longer times and heating. When DMAP was used as
a catalyst, there was complete selectivity towards the

RSC Mechanochem., 2025, 2, 419-425 | 423
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thermodynamic C-acylated product, while the kinetic enol ester
selectively produced the O-acylated product in the presence of
all other tested base catalysts. Experimental and theoretical
mechanistic studies suggest that the unique chemoselectivity
with DMAP occurs through a two-step mechanism: first
producing the kinetic O-acylated intermediate, similar to all
other bases, followed by a Fries rearrangement leading to the
thermodynamic C-acylated product. It is essential to consider,
however, that the entire study, particularly the computational
modelling, was conducted presuming a classical view of ions
and their solvating molecules.’” This interaction and the
dynamics of ions might be entirely different in a solid-state
reaction, where ions coordinate reactants/products. This key
point remains an open question in the field of mechanochem-
ical synthesis. Moreover, the water content in these reactions
might affect reactivity as well. Once the selectivity of the reac-
tion was explained, the scope of the reaction and its selectivity
were further explored. Variations of the carboxylic acid yielded
Fries rearrangement reactions with lower chemoselectivity;
however, this can be improved through reaction optimization.
Changes to the dicarbonyl nucleophile proved to be chemo-
selective in the presence of NaOH or DMAP, but again, Fries
rearrangement was not always accessible under room-
temperature milling. As the reaction time, selectivity, effi-
ciency, and possibly environmental impact improve over the
same reaction in solution, this study highlights the advantages
of mechanochemistry in providing a sustainable solvent-free
protocol, enabling experimental exploration of reaction mech-
anisms, and supplying evidence for pathways that lead to
chemoselectivity.
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