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ic carbonates via silver-catalysed
fixation of CO2 to propargyl alcohols under
mechanochemical conditions

Naohito Tomita,a Hironao Sajiki *ab and Takashi Ikawa *a

This paper describes the development of a mechanochemical method for the synthesis of cyclic carbonate

esters via CO2 fixation on propargyl alcohols. This solvent-free process is rapid and occurs under ambient

conditions, thus offering a sustainable and efficient alternative to conventional solvent-based protocols.

The mechanochemistry, which utilises the energy generated from milling, has the advantage of

minimising waste, reducing reaction times, and simplifying work-up. The developed protocol

demonstrates broad functional group tolerance, high yields, and the elimination of complex setups, thus

highlighting its potential for application in organic and pharmaceutical synthesis.
Scheme 1 Previously reported mechanochemical reactions with CO2

and silver-catalyzed synthesis of cyclic carbonate derivatives.
Introduction

The introduction of CO2 as a valuable C1 building block within
the domain of organic synthesis has led to the emergence of
a rapidly growing eld of research. Signicant research has been
conducted with the aim of developing synthetic strategies for the
incorporation of CO2 into high-value ne chemicals.1–4 One of the
most promising reactions is the carboxylation of propargyl
alcohol, which facilitates the synthesis of a-alkylidene cyclic
carbonates. This process has become a crucial step in the phar-
maceutical industry and is a fundamental step in the synthesis of
polycarbonates and polyurethanes.5–7 A variety of catalytic systems
have been developed for the synthesis of cyclic carbonates,8

although most of them require high CO2 pressure and elevated
temperatures. It would be highly benecial to explore the possi-
bility of developing processes that operate without solvents and at
ambient temperature.9 However, it should be noted that all of the
aforementioned systems still required a relatively long reaction
time and large amounts of CO2. Consequently, there is a necessity
for further research to develop processes that operate without
solvents and at ambient temperature.

Mechanochemistry denotes chemical transformations, typi-
cally conducted on solid-phase substrates, that are activated
through the application of mechanical energy, most notably via
grinding in ball mills.10a Well established in the elds of crystal
engineering and polymorphism, mechanochemistry has
recently attracted renewed attention as a method for organic
synthesis.10h To further clarify, mechanochemistry, dened as
the utilisation of grinding jars or balls to induce chemical
reactions, is gaining increasing attention as a promising
solvent-free synthesis technique.10 It is anticipated that this
rmaceutical University, Daigaku-Nishi,

u.ac.jp; ikawa-ta@gifu-pu.ac.jp

the Royal Society of Chemistry
method could provide practical solutions to a number of issues
associated with conventional solvent-based protocols. Recent
examples of mechanochemically induced Suzuki-coupling,11

Birch reductions12 and Grignard reactions13 have demonstrated
key advantages of mechanochemistry, such as the reduction or
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elimination of solvents, shorter reaction times, cleaner reaction
mixtures, and simpler work-up procedures. These approaches
have been shown to signicantly reduce the generation of
waste, particularly from solvents used in reactions or during the
purication of intermediates. The integration of organic reac-
tions with mechanochemical methods thus represents a major
step forward in developing environmentally friendly synthetic
strategies. To date, only three studies have reported mechano-
chemical CO2 insertions: (i) the transformation of aziridine into
oxazolidinone using dry ice, (ii) the addition of gaseous CO2 to L-
lysine, resulting in the formation of its 3-carbamate, and (iii) the
Grignard reaction with CO2 (Scheme 1a–c).13a,14,15 Utilization of
solid CO2 surrogates, such as NaHCO3, was also explored.16

This communication delineates the development of a mech-
anochemical method for synthesising cyclic carbonate esters via
CO2 xation on various propargyl alcohols. Compared to
conventional methods that typically require solvents, long
reaction times, and high CO2 pressure (Scheme 1d),8c our
solvent-free process proceeds rapidly under ambient conditions
with minimal CO2 input. Furthermore, this study was extended
to bioactive substances, thereby demonstrating the efficacy of
a simple mechanochemical protocol.
Results and discussion

In order to optimise CO2 xation under ball-milling conditions,
reaction parameters were extensively investigated using 2-
phenyl-3-butyn-2-ol (1a) as a model substrate (see: Tables 1 and
S1 in SI). Following the optimisation process, a maximum iso-
lated yield of 96% (99% GC yield) was achieved for the targeted
carbonate 2a under a 1 atm of CO2 atmosphere. The reaction
was carried out utilising Ag2CO3 (2 mol%) as the catalyst for
Table 1 Optimisation of reaction conditions for the synthesis of 2aa

Entry Difference from standard conditions

1 None
2c Planetary mill instead of mixer 3 × 15 mm mill fo
3 7 × 10 mm instead of 3 × 15 mm balls for 30 min
4 5 × 15 mm instead of 3 × 15 mm balls for 30 min
5 30 min instead of 60 min
6 1 × 25 mm instead of 3 × 15 mm balls for 30 min
7 20 Hz instead of 15 Hz milling frequency for 30 m
8 25 Hz instead of 15 Hz milling frequency for 30 m
9 AgOAc instead of Ag2CO3 for 30 min
10 (p-tol)3P instead of PPh3 for 30 min
11 Without Ag2CO3 for 30 min
12 Without PPh3 for 30 min
13 Without DCE for 30 min
14 Stir bar mixing in recovery ask for 30 min

a Unless otherwise specied, all reactions were performed with 1a (0.5 mm
atm) at ambient conditions. b Determined by GC analysis with decane as th
c Reaction carried out in a 20 mL ZrO2 bowl with 50 × 5 mm ZrO2 balls m

810 | RSC Mechanochem., 2025, 2, 809–812
alkyne activation, PPh3 (6 mol%) as the ligand for the silver
catalyst,9a and dichloroethane (DCE, 5.0 equiv.) as a liquid-
assisted grinding (LAG) agent to enhance mixing and reaction
efficiency under mechanochemical conditions.10t The reaction
was carried out in a 50 mL stainless-steel jar equipped with
three 15 mmmilling balls, operating at a frequency of 15 Hz for
60 min using a mixer mill (Entry 1). Transpositioning to
a planetary mill operating at 800 rpm, as was employed in our
previous ball-milling investigations,17 resulted in a marked
reduction in the mass balance, yielding only 48% of 2a despite
an almost complete conversion of 1a (96%) within 30min (Entry
2). This result is attributed to decomposition of the product
caused by the excessive mechanical energy.18 The size of the
milling balls signicantly impacted both the mass balance and
substrate conversion. The utilisation of 15 mm balls resulted in
a close correlation between the conversion of 1a (98% with ve
balls; 78% with three balls) and the yields of 2a (95% with ve
balls; 77% with three balls). However, notable discrepancies
were observed when employing 10 mm balls (seven balls) or
a single 25 mm ball (Entries 3–6). Furthermore, increasing the
milling frequency from 15 Hz to 20 or 25 Hz resulted in
diminished recovery yields, indicating that high-energy inputs
promoted decompositions of the product (Entries 7 and 8).
Attempts to replace Ag2CO3 and PPh3 with alternative silver
catalysts and phosphine ligands did not improve the yields
(Entries 9 and 10). Control experiments, excluding Ag2CO3,
PPh3, or DCE, demonstrated the indispensability of all three
components, as no product formation was observed in their
absence (Entries 11–13). Conventional stirring conditions in
a recovery ask yielded a mere 7% of the desired product 2a
(Entry 14).
Conv.b (%) Yield of 2ab (%)

100 99 (96)
r 30 min 96 48

97 89
98 95
78 77
71 58

in 93 80
in 84 43

9 1
82 31
31 0
10 0
1 0

18 7

ol), Ag2CO3 (0.02 mmol), PPh3 (0.06 mmol), DCE (2.5 mmol) and CO2 (1
e internal standard. Yields of isolated products are given in parentheses.
ixing at 800 rpm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 One-pot transformation to carbamates.
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Propargyl alcohols 1b–v were subjected to the reaction under
the optimised conditions (Scheme 2). The reaction yielded
cyclic carbonates 2b–l in isolated yields ranging from 57% to
95%, irrespective of the position or nature of the substituents
(methyl, methoxy, uorine, chlorine, bromine, nitro, methoxy-
carbonyl, and triuoromethyl groups) on the benzene rings.
These functional groups did not adversely impact the reaction
outcome. The presence of a pyridyl group at the propargyl
position in 1m had no detrimental effect, and resulted in an
excellent 98% isolated yield of 2m. Sterically more hindered
propargylic alcohols such as 1n, were also efficiently converted
into their corresponding cyclic carbonates (2n) in yields of 87%.
The reaction of gem-diphenyl propargyl alcohol 1o yielded the
desired product 2o in an 86% yield, while gem-dimethyl prop-
argylic alcohol 1p produced 2p in an isolated yield of 37%,
which was comparatively lower. Conversely, internal propargyl
alcohols (1q and 1r) were effectively transformed into Z-vinyli-
dene cyclic carbonates, yielding 2q and 2r in 58% and 76%
isolated yields, respectively. Spirocyclic compounds 2s–v were
obtained in moderate to good yields (70–93%) when cyclic
propargylic alcohols 1s–v were employed. Importantly, this
methodology was effective when applied to the estrogenic active
pharmaceutical ingredient, ethinylestradiol (1v), bearing both
a phenolic hydroxyl group and a steroid skeleton. The reaction
proceeded efficiently, furnishing the corresponding cyclic
carbonate 2v in a commendable 70% isolated yield.

In this study, a novel one-pot process combining the
synthesis of cyclic carbonates and subsequent transformation
utilising a ball-milling apparatus was explored (Scheme 3).
Following the xation of CO2 to propargyl alcohol 1a under
optimised ball-milling conditions, pyrrolidine was introduced
directly into the reaction mixture within the milling jar, and
Scheme 2 Substrate scope.

© 2025 The Author(s). Published by the Royal Society of Chemistry
additional milling at 15 Hz was conducted for 30 min. This
integrated procedure efficiently yielded b-oxopropylcarbamates
3a19 in 86%, without requiring any intermediate operation
steps.
Conclusions

A novel mechanochemical strategy for the synthesis of cyclic
carbonate esters via the xation of CO2 onto propargylic alco-
hols has been developed. This protocol facilitates the rapid
production of cyclic carbonates without the need for complex
reaction setups or sophisticated synthetic techniques, thus
offering a more streamlined and efficient alternative to
conventional methods. The process is highly effective in
producing a wide range of cyclic carbonate derivatives,
demonstrating excellent functional group tolerance, short
reaction times, and high yields. This streamlined approach is
expected to hold signicant relevance in the domains of organic
synthesis and pharmaceutical development. We further antici-
pate that the mechanochemical processes could be adapted for
large-scale chemical production in the near future.
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X. Companyó, ChemSusChem, 2018, 11, 3056.

4 J. Artz, T. E. Müller, K. Thenert, J. Kleinekorte, R. Meys,
A. Sternberg, A. Bardow and W. Leitner, Chem. Rev., 2018,
118, 434.

5 R. R. Shaikh, S. Pornpraprom and V. D'Elia, ACS Catal., 2018,
8, 419.

6 A. J. Kamphuis, F. Picchioni and P. P. Pescarmona, Green
Chem., 2019, 21, 406.

7 B. Grignard, S. Gennen, C. Jérôme, A. W. Kleij and
C. Detrembleur, Chem. Soc. Rev., 2019, 48, 4466.

8 (a) Y. Sugawara, W. Yamada, S. Yoshida, T. Ikeno and
T. Yamada, J. Am. Chem. Soc., 2007, 129, 12902; (b)
W. Yamada, Y. Sugawara, H. M. Cheng, T. Ikeno and
T. Yamada, Eur. J. Org Chem., 2007, 2604; (c) Z. Z. Yang,
Y. F. Zhao, H. Y. Zhang, B. Yu, Z. S. Ma, G. P. Ji and
Z. M. Liu, Chem. Commun., 2014, 50, 13910; (d) Y. L. Gu,
F. Shi and Y. Q. Deng, J. Org. Chem., 2004, 69, 391; (e)
Y. Kayaki, M. Yamamoto and T. Ikariya, Angew. Chem., Int.
Ed., 2009, 48, 4194; (f) Y. B. Wang, Y. M. Wang, W. Z. Zhang
and X. B. Lu, J. Am. Chem. Soc., 2013, 135, 11996; (g)
Y. B. Wang, D. S. Sun, H. Zhou, W. Z. Zhang and X. B. Lu,
Green Chem., 2014, 16, 2266; (h) Y. Kayaki, M. Yamamoto and
T. Ikariya, J. Org. Chem., 2007, 72, 647; (i) T. Kimura,
K. Kamata and N. Mizuno, Angew. Chem., Int. Ed., 2012, 51,
6700; (j) Q.-W. Song, B. Yu, X.-D. Li, R. Ma, Z.-F. Diao,
R.-G. Li, W. Li and L.-N. He, Green Chem., 2014, 16, 1633; (k)
Q.-W. Song and L.-N. He, Adv. Synth. Catal., 2016, 358, 1251;
(l) M. Li, S. Abdolmohammadi, M. S. Hoseininezhad-Namin,
F. Behmagham and E. Vessally, J. CO2 Util., 2020, 38, 220; (m)
B. Grignard, C. Ngassamtounzoua, S. Gennen, B. Gilbert,
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