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Abstract: A tremendous number of solvents, either as liquids or vapors, contaminate the environ-
ment on a daily basis worldwide. Olefin metathesis, which has been widely used as high-yielding
protocols for ring-opening metathesis polymerization (ROMP), ring-closing metathesis (RCM), and
isomerization reactions, is typically performed in toxic and volatile solvents such as dichloromethane.
In this study, the results of our systematic experiments with the Grubbs G1, G2, and Hoveyda-Grubbs
HG2 catalysts proved that benzotrifluoride (BTF) can replace dichloromethane (DCM) in these reac-
tions, providing high yields and similar or even higher reaction rates in certain cases. The ROMP
of norbornene resulted not only in high yields but also in polynorbornenes with a high molecular
weight at low catalyst loadings. Ring-closing metathesis (RCM) experiments proved that, with the
exception of the G1 catalyst, RCM occurs with similar high efficiencies in BTF as in DCM. It was
found that isomerization of (Z)-but-2-ene-1,4-diyl diacetate with the G2 and HG2 catalysts proceeds at
significantly higher initial rates in BTF than in DCM, leading to rapid isomerization with high yields
in a short time. Overall, BTF is a suitable solvent for olefin metathesis, such as polymer syntheses by
ROMP and the ring-closing and isomerization reactions.

Keywords: olefin metathesis; ring-opening metathesis polymerization (ROMP); norbornene;
ring-closing metathesis (RCM); isomerization; homogenous catalysis; benzotrifluoride; green solvent

1. Introduction

Olefin metathesis, developed more than three decades ago, is a widely used reaction
for the formation of carbon-carbon double bonds [1–3]. Although this process has been
utilized for the preparation of a large variety of polymers and low molecular weight
substances since its inception (see, e.g., references [3–21] and references therein), metathesis
reactions still belong to an extensively investigated research field. This is mainly due to the
high efficiency of this reaction under relatively mild conditions. Therefore, olefin metathesis
is a real research and development challenge in both academia and the chemical industry,
especially for the preparation of polymers and large cyclic compounds by ring-opening
metathesis polymerization (ROMP) and ring-closing metathesis (RCM), respectively. Ring-
opening, in addition to cross metathesis resulting in unsaturated compounds, is also a
highly relevant tool for the production of pharmaceuticals [18–20]. The first catalysts were
very sensitive to air and moisture and required non-coordinating, special, and extra-pure
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solvents without nitrogen moiety and hydroxyl groups. Therefore, mostly dichloromethane,
aromatic solvents, and tetrahydrofuran have been applied as reaction media for metathesis
transformations [3–21], even in the case of ROMP of fluorous monomers [7].

Over the last twenty years, olefin metathesis research has been mostly focused on
the design of more efficient, robust, less sensitive, and selective catalysts, as well as on
the synthesis of a variety of special macromolecular materials and active pharmaceutical
ingredients. Despite being a selective and intrinsically “green” catalytic process by using
small amounts of catalysts, much less attention has been paid to finding environmentally
more advantageous solvents as reaction media [22–45].

Some green solvents, such as glycerol [39], poly(ethylene glycol) [40,41], acetic acid [22],
non-conventional ethyl lactate [42], dialkyl carbonates [43–45], D-lymonene [24], and super-
critical carbon dioxide [25–31], were successfully applied as reaction media in certain olefin
metathesis reactions. In some special cases, using mostly novel, non-commercially avail-
able catalysts, higher conversion can be achieved in solvents like ethyl acetate [37,38,43],
2-methyltetrahydrofuran [32,33,35,43], and 4-methyltetrahydropyran [36] than that in the
commonly used dichloromethane, THF, or toluene.

It has been found by us that one of the possible replacements of the environmentally
harmful widely used solvents such as dichloromethane, tetrahydrofuran, and toluene,
is benzotrifluoride (BTF), trifluoromethylbenzene, and α,α,α-trifluorotoluene) which has
not been reported as a reaction medium for olefin metathesis yet. BTF is a solvent that is
considered to be less harmful to the environment than many conventional reaction me-
dia [46–48]. It is a relatively inert compound and is suitable for a wide range of chemical
transformations, including very sensitive thermal, ionic, and radical reactions that involve
transition metal catalysts [46–51]. BTF has several advantageous properties compared to
more toxic halogenated solvents such as dichloromethane, chloroform, dichloroethane, or
to the aromatic solvents such as benzene, toluene, xylene, or even the peroxide-forming
THF [46–50]. The polarity of BTF is similar to that of dichloromethane, but BTF has a
significantly higher boiling point and a lower vapor pressure. Due to its commercial
availability, low volatility, and low toxicity, BTF can be considered an environmentally
advantageous replacement for the more widely used and more environmentally hazardous
solvents mentioned above. It has already been applied in various organic synthetic reac-
tions that were previously conducted in dichloromethane, toluene, or nitrobenzene [46–53].
Benzotrifluoride has also been used as a solvent for a variety of polymerization reactions,
not only for the polymerization of various fluorous monomers [54], but also for the cationic
polymerization of β-pinene [55], isoprene [56], styrene [57,58], isobutylene [57], and 2-ethyl-
2-oxazoline [59]. The quasiliving atom transfer radical polymerization (ATRP) of styrene
and n-butyl acrylate [57] in BTF has also been carried out successfully. However, to the best
of our knowledge, there are no studies that have investigated the use of benzotrifluoride as
a medium for olefin metathesis reactions. Herein, we report on the suitability of benzotri-
fluoride as a potential environmentally advantageous solvent for olefin metathesis. This is
tested in three types of metathesis reactions: the ring-opening metathesis polymerization of
norbornene, the ring-closing metathesis of diethyl diallyl malonate, and the isomerization
of (Z)-but-2-ene-1,4-diyl diacetate (Scheme 1). The reaction kinetics and turnover number
of these reactions in benzotrifluoride are compared to those carried out in dichloromethane,
currently the most popular but toxic and environmentally hazardous solvent used for
olefin metathesis.
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Scheme 1. Ring-opening metathesis polymerization (ROMP) of norbornene (top), ring-closing 
metathesis (RCM) of diethyl 2,2-diallylmalonate (middle), and the isomerization reaction of 
(Z)-but-2-ene-1,4-diyl diacetate (bottom) by using ruthenium catalysts. 

2. Results and Discussion 
As shown in Scheme 1, three different kinds of olefin metathesis reactions—that is, 

the ring-opening metathesis polymerization (ROMP), the ring-closing metathesis (RCM), 
and the isomerization—were selected to be investigated by using benzotrifluoride (BTF) 
and dichloromethane (DCM) for comparison as reaction media for these reactions. The 
applied catalysts are displayed in Scheme 2. These include the 1st generation Grubbs 
(G1), 2nd generation Grubbs (G2), and the 2nd generation Hoveyda–Grubbs (HG2) cat-
alysts. 

 
Scheme 2. The olefin metathesis catalysts used in this study (Cy: cyclohexyl and Mes: mesityl, 
2,4,6-trimethylphenyl group). 

2.1. Ring-Opening Metathesis Polymerization of Norbornene in Benzotrifluoride 
For investigating the effect of BTF in comparison with DCM in ROMP, the highly 

strained bridged cyclic hydrocarbon norbornene was chosen as a monomer (Scheme 1, 
top). These polymerization reactions, catalyzed by 0.05 mol% G1, 0.01 mol% G2, and 
0.003 mol% HG2 ruthenium-based catalysts, were carried out at 25 °C. The monomer 
consumption versus time curves were recorded for each catalyst in both solvents (Figure 
1). 1H NMR spectroscopy was used to monitor the monomer consumption by following 
the decrease of the vinylic hydrogen signal of norbornene in each reaction over time [60]. 
As shown in Figure 1 and Table 1, the monomer consumption versus time curves and the 
rate constants (k1) and half-lives (t1/2) for the ROMP reaction in benzotrifluoride are 
nearly identical to those accomplished in dichloromethane. For easy comparison, the 

Scheme 1. Ring-opening metathesis polymerization (ROMP) of norbornene (top), ring-closing
metathesis (RCM) of diethyl 2,2-diallylmalonate (middle), and the isomerization reaction of (Z)-but-
2-ene-1,4-diyl diacetate (bottom) by using ruthenium catalysts.

2. Results and Discussion

As shown in Scheme 1, three different kinds of olefin metathesis reactions—that is, the
ring-opening metathesis polymerization (ROMP), the ring-closing metathesis (RCM), and
the isomerization—were selected to be investigated by using benzotrifluoride (BTF) and
dichloromethane (DCM) for comparison as reaction media for these reactions. The applied
catalysts are displayed in Scheme 2. These include the 1st generation Grubbs (G1), 2nd
generation Grubbs (G2), and the 2nd generation Hoveyda–Grubbs (HG2) catalysts.
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Scheme 2. The olefin metathesis catalysts used in this study (Cy: cyclohexyl and Mes: mesityl,
2,4,6-trimethylphenyl group).

2.1. Ring-Opening Metathesis Polymerization of Norbornene in Benzotrifluoride

For investigating the effect of BTF in comparison with DCM in ROMP, the highly
strained bridged cyclic hydrocarbon norbornene was chosen as a monomer (Scheme 1, top).
These polymerization reactions, catalyzed by 0.05 mol% G1, 0.01 mol% G2, and 0.003 mol%
HG2 ruthenium-based catalysts, were carried out at 25 ◦C. The monomer consumption
versus time curves were recorded for each catalyst in both solvents (Figure 1). 1H NMR
spectroscopy was used to monitor the monomer consumption by following the decrease
of the vinylic hydrogen signal of norbornene in each reaction over time [60]. As shown in
Figure 1 and Table 1, the monomer consumption versus time curves and the rate constants
(k1) and half-lives (t1/2) for the ROMP reaction in benzotrifluoride are nearly identical to
those accomplished in dichloromethane. For easy comparison, the first-order plots of the
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monomer consumption were also depicted, and the data from the first three minutes were
used to determine the k1 rate constant. The monomer conversions were greater than 99%
within ten minutes in all the cases (Figure 1). The rates of polymerization are comparable
in the cases of the G1 and G2 catalysts in both solvents. In the case of the HG2 catalyst,
the rate of the polymerization and thus the rate constant of the ring-opening metathesis
polymerization of norbornene in BTF is smaller than that measured in DCM, as shown in
Figure 1 and Table 1.

 
Figure 1. The monomer consumption (A/A0) as a function of time and its first order plots for the
ring-opening metathesis polymerization of norbornene (c0 = 106 mM) in benzotrifluoride and in
dichloromethane in the presence of 1st generation Grubbs (G1, 0.05 mol%), 2nd generation Grubbs
(G2, 0.01 mol%), and 2nd generation Hoveyda-Grubbs (HG2 0.003 mol%) catalysts at 25 ◦C (A: 1H
NMR signal integral of the vinylic hydrogen signal of norbornene; A0: initial 1H NMR signal integral
of the vinylic hydrogen signal of norbornene; see Figures S2 and S3).
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Table 1. The catalyst contents, rate constant (k1), and half-life (t1/2), determined by fitting the data of
monomer consumption in the first 3 min, and the average molecular weight (Mn) of the polymers
obtained in the ring-opening metathesis polymerization of norbornene in benzotrifluoride (BTF) and
dichloromethane (DCM) solvents at 25 ◦C.

Solvent Catalyst
(mol%)

k1
(min−1)

t1/2
(min)

Mn·10−3

(g/mol) *

BTF G1 (0.050) 0.82 0.85 138.7

DCM G1 (0.050) 0.79 0.88 157.0

BTF G2 (0.010) 0.72 0.96 106.0

DCM G2 (0.010) 0.91 0.76 245.1

BTF HG2 (0.003) 0.66 1.05 175.8

DCM HG2 (0.003) 1.26 0.55 363.5
* Determined using GPC (samples were prepared with a 0.05 mol% catalyst).

High molecular weight polynorbornenes are formed by ROMP in both benzotrifluoride
and dichloromethane, as shown in Table 1 and Figure S1. The average molecular weights
(Mn) of the resulting polynorbornenes depend on both the solvents and the catalysts. On
the one hand, polymers with higher Mn content are obtained in DCM than in BTF. On
the other hand, polynorbornenes with the highest molecular weights are formed with the
highly active HG2 catalyst in both solvents.

The performance of the catalysts was also compared by the turnover number. As
shown in Table 2, the turnover numbers of the ring-opening metathesis polymerization of
norbornene are greater than 480,000 when the G2 or HG2 catalysts are used in both BTF and
DCM, whereas they are 385,100 when the less reactive G1 catalyst [61] is used in BTF. This
turnover number with the G1 catalyst in BTF can still be considered high; however, in the
rare cases when an even higher turnover number is needed, the more effective G2 or HG2
catalysts can be used instead. In conclusion, there is no significant difference in turnover
numbers, which proves that benzotrifluoride is an alternative solvent for the hazardous
dichloromethane for the ring-opening metathesis polymerizations with all the investigated
catalysts applied at very low loadings.

Table 2. The solvent, the catalyst type, the conversion, and the turnover number for the ring-
opening metathesis polymerization of norbornene (c0 = 106 mM) conducted in benzotrifluoride and
dichloromethane under a nitrogen atmosphere for 78 h.

Solvent Catalyst Conversion * Turnover Number *

BTF G1 0.77 385,100

DCM G1 0.95 477,100

BTF G2 >0.99 499,900

DCM G2 >0.99 499,500

BTF HG2 0.96 481,200

DCM HG2 >0.99 499,800

* Determined by 1H NMR measurements using anisole as an internal standard.

The excellent performance of BTF compared to the environmentally hazardous DCM
was achieved under the standardized olefin metathesis conditions, which include using
an inert nitrogen atmosphere and freshly distilled solvents for each reaction. In order to
reveal the effect of the purification (distillation) of BTF and the atmosphere, i.e., nitrogen or
air, polymerizations were carried out in unpurified crude BTF as well as in air. As shown
in Table S1, there is no significant difference in the effectiveness of the G2 catalyst when
the reactions are performed in either distilled or crude BTF. However, the G1 and HG2
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catalysts are somewhat more sensitive to the impurities, such as moisture, which may be
present in the crude BTF.

The impact of oxygen on the emerging Ru-carbene catalysts for olefin metathesis was
reviewed in recent years [62–64]. Not surprisingly, if the experiments involving BTF are
carried out in air, the performance of catalysts is poorer than under nitrogen in all cases
(Table S1). Therefore, a dry nitrogen atmosphere is preferred to carry ROMP with high
catalyst efficiency in BTF.

2.2. Ring-Closing Metathesis

Ring-closing metathesis (RCM) transformation is also a common reaction, especially
for various special ring-forming reactions in the pharmaceutical industry [65]. In order to
test the suitability of BTF for this reaction, experiments were also carried out with diethyl
diallylmalonate, a typical model substrate for RCM (Scheme 1, middle), in both BTF and
DCM. As shown in Table 3, the rate constant in benzotrifluoride is five times higher than in
dichloromethane using the G2 catalyst. The conversion is also significantly higher after
20 min; however, there is no considerable difference in the final conversion data after 24 h
of reaction time. In the case of the G1 and HG2 catalysts, benzotrifluoride also proved to be
a useful medium for the ring-closing metathesis, although the data in Figure 2 and Table 3
indicate that the process is somewhat slower with these catalysts in BTF than in DCM.

Table 3. The solvent, the catalyst, rate constant, and the conversions after 20 min and 24 h in the
ring-closing metathesis reactions of diethyl 2,2-diallylmalonate (c0 = 35.6 mM) in benzotrifluoride
(BTF) and dichloromethane (DCM) using 1 mol% G1, G2, or HG2 as catalysts.

Solvent Catalyst k1
(min−1)

Conversion at
20 min (%)

Conversion at
24 h (%)

BTF G1 0.019 21 55

DCM G1 0.202 47 >99

BTF G2 0.024 34 96

DCM G2 0.005 7 >99

BTF HG2 0.033 43 80

DCM HG2 0.075 78 >99
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Figure 2. The consumption (A/A0) of diethyl 2,2-diallylmalonate (c0 = 35.6 mM) as a function of
time in the ring-closing metathesis reaction in the presence of 1 mol% of ruthenium catalysts, G1, G2,
and HG2 in benzotrifluoride and dichloromethane solvents at 25 ◦C (A: 1H NMR signal integral of
the vinylic hydrogen signal of diethyl 2,2-diallylmalonate; and A0: initial 1H NMR signal integral of
the vinylic hydrogen of diethyl 2,2-diallylmalonate; see Figure S4).
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2.3. Isomerization Reaction

The olefin metathesis reactions produce mixtures of geometric isomers of alkenes,
where the ratio of the E/Z isomers is highly dependent on the catalyst and solvent [65].
Stereoselective reactions are highly sought in fine chemical and pharmaceutical industrial
research and development. Taking this into consideration, the effect of benzotrifluoride
on the isomerization reaction was investigated using (Z)-but-2-ene-1,4-diyl diacetate as a
model compound (Scheme 1, bottom). In the case of the G1, G2, and HG2 catalysts, E is the
preferred isomer (Figure S5).

In the case of the reactions using G2 and HG2 as catalysts, the isomerization is much
faster in BTF than in DCM in the initial period, and the rate constants of the isomerization
reaction are 3.5 and 10 times higher in benzotrifluoride than in dichloromethane. However,
after 72 h, the equilibrium ratios of the E/Z isomers are almost the same in both solvents.
The reaction rates are very low in both solvents when the G1 catalyst is used (Figure 3
and Table 4). When the reaction is solvated with benzotrifluoride, the induction period is
relatively short, while when dichloromethane is used with either the G2 or HG2 catalysts, a
long induction period is observed. Nevertheless, both catalysts exhibited high conversion
and were highly selective for the E isomer after 72 h of reaction time, as shown in Table 4.
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vinylic hydrogen signal of (Z)-but-2-ene-1,4-diyl diacetate; and A0: initial 1H NMR signal integral of
the vinylic hydrogen of (Z)-but-2-ene-1,4-diyl diacetate; see Figure S5).

Table 4. The solvent, the catalyst, rate constant, and the conversions after 20 min and 24 h of
the isomerization of (Z)-but-2-ene-1,4-diyl diacetate (c0 = 55.2 mM) in benzotrifluoride (BTF) and
dichloromethane (DCM) using 0.1 mol% G1, G2, and HG2 as catalysts.

Solvent Catalyst k1
(min−1)

Conversion at
20 min (%)

Conversion at
72 h (%)

BTF G1 <0.001 4 19

DCM G1 <0.001 4 20

BTF G2 0.070 70 89

DCM G2 0.021 5 93

BTF HG2 0.092 77 88

DCM HG2 0.009 2 93
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3. Materials and Methods
3.1. Materials

Ruthenium catalysts, G1, G2, HG2, norbornene, diethyl 2,2-diallylmalonate (Sigma-
Aldrich), and dry solvents (VWR Hungary) were used as received. Deuterated solvents
were purchased from Eurisotop. Benzotrifluoride (anhydrous, ≥99%, Sigma-Aldrich) was
purified as described previously [59]. Briefly, BTF was refluxed for 48 h, distilled over CaH2,
and stored under a dry nitrogen atmosphere until used. (Z)-but-2-ene-1,4-diyl diacetate
was prepared according to standard literature procedures [66].

3.2. Kinetic Investigations

In a nitrogen-filled glovebox, norbornene (20.0 mg, 212.8µmol), diethyl 2,2-diallylmalonate
(68.4 µL, 71.2 µmol), or (Z)-but-2-ene-1,4-diyl diacetate (82 µL, 110.3 µmol) were dissolved
in 2.00 mL of dry DCM or BTF solvent. A quantity of 0.5 mL of the stock solution was
transferred to a screw-capped NMR tube, whereas a deuterated water-filled capillary was
inserted into the NMR tube if the solvent was not deuterated. The NMR tube was removed
from the glovebox. A calculated volume of the catalyst solution (10 mg of catalyst dis-
solved in 0.5 mL THF previously prepared in a glovebox) was added. The in situ 1H NMR
spectrum was obtained from the sample every 30 or 60 s.

3.3. Synthesis of Polynorbornene for Turnover Number Determination in BTF and DCM

The turnover number was determined using a standard protocol. A quantity of 50 mg
norbornene was dissolved in 5 mL of solvent and stirred intensively in a glovebox. An
amount of 2 × 10−6 equivalents (2 ppm) of catalyst in 5 µL THF were added. The reaction
mixture was stirred for 76 h, then 122 µL of anisole was added as an internal standard. The
reaction mixture was analyzed by 1H NMR measurements using a D2O-filled capillary.

3.4. Characterization Methods

The 1H NMR spectra were obtained by a Varian NMR System spectrometer operating
at the 1H frequency of 400 MHz with a 5 mm inverse detection tunable dual-broadband
{1H–19F}/{31P–15N} probe equipped with a Z-gradient. The solvent signal of CD2Cl2
(5.35 ppm on the 1H scale) was used as a reference for the chemical shift. In cases of
non-deuterated solvents, a capillary filled with deuterated water (D2O) was inserted into
the NMR tube as a reference (4.80 ppm on the 1H scale). The following parameters were
used for each 1H measurement: number of transients = 4, recycle delay = 12.0 s, acquisition
time = 3.0 s, and temperature = 25.0 ◦C. Each spectrum was recorded for 30 or 60 s. The
spectra of the kinetic measurements were recorded in arrays of either 30 or 60 s.

The molecular weight of the polymers was determined by Gel Permeation Chro-
matography (GPC). The GPC system was equipped with a WatersTM 515 HPLC pump,
a WatersTM in-line degasser, and a WatersTM 717 Plus Autosampler. The columns were
WatersTM Styragel HR1 and HR4 in a Jetstream column thermostat, and an Agilent Infinity
390 differential refractive index detector was used. The flow rate was 0.3 mL/min at 35 ◦C.
The evaluation was based on a calibration curve made with narrow distribution polystyrene
standards. This column system is capable of separating molecular weights of up to 600,000
g/mol, but we concluded that the molecular weight of our products was above this region,
and we therefore could not achieve a full separation during the measurements. For this
reason, we feel that the data in Table 1 underestimates the real results. It has also been
previously shown that the polystyrene calibration yields molecular weights that are two
times higher than the actual ones [67], but as we could not fully separate the molecules, we
set this aside for further calculation.

4. Conclusions

Systematic comparative experiments were carried out to determine whether the envi-
ronmentally friendly benzotrifluoride (BTF) can be used as a solvent in olefin metathesis
reactions such as ring-opening metathesis polymerization (ROMP), ring-closing metathesis
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polymerization (RCM), and isomerization, rather than the hazardous, commonly used
dichloromethane (DCM). Benzotrifluoride gave excellent results for the ring-opening
metathesis polymerization, resulting in polynorbornene with high yields and high molecu-
lar weights (Mn > 100,000 g/mol). The kinetic parameters of BTF are similar to those of
the more frequently used DCM. The ROMP of norbornene in BTF had excellent turnover
numbers, i.e., in the range of 380,000–490,000 using only 2 ppm of catalysts. This clearly
indicates that BTF, as an environmentally advantageous solvent, is an outstanding and
suitable replacement for the environmentally dangerous DCM in ring-opening metathesis
polymerization reactions.

High conversions were achieved in the ring-closing metathesis (RCM) reaction of
diethyl 2,2-diallylmalonate in benzotrifluoride, which proved that this solvent is also a
suitable medium for RCM reactions. In addition, in the case of the isomerization reaction
of (Z)-but-2-ene-1,4-diyl diacetate using the G2 and HG2 catalysts, much faster initial
isomerization occurs in BTF than in DCM, and significantly shorter induction periods are
observed in BTF than in DCM.

Based on our results, it can be concluded that benzotrifluoride can find numerous
applications as an alternative, affordable, and sustainable solvent for olefin metathesis
processes with high efficiency, not only in academic research but in industrial applications
as well, where the use of a non-toxic and less volatile solvent is highly recommended.

Supplementary Materials: The following supporting information can be downloaded at: https:
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16. Nadirova, M.; Zieliński, A.; Malinska, M.; Kajetanowicz, A. Fast Initiating Furan-Containing Hoveyda-Type Complexes: Synthesis
and Applications in Metathesis Reactions. Chemistry 2022, 4, 786–795. [CrossRef]

17. Roenko, A.V.; Nikiforov, R.Y.; Gringolts, M.L.; Belov, N.A.; Denisova, Y.I.; Shandryuk, G.A.; Bondarenko, G.N.; Kudryavtsev, Y.V.;
Finkelshtein, E.S. Olefin-Metathesis-Derived Norbornene-Ethylene-Vinyl Acetate/Vinyl Alcohol Multiblock Copolymers: Impact
of the Copolymer Structure on the Gas Permeation Properties. Polymers 2022, 14, 444. [CrossRef]

18. Mol, J.C. Industrial applications of olefin metathesis. J. Mol. Catal. A Chem. 2004, 213, 39–45. [CrossRef]
19. Busacca, C.A.; Fandrick, D.R.; Song, J.J.; Senanayake, C.H. The growing impact of catalysis in the pharmaceutical industry. Adv.

Synth. Catal. 2011, 353, 1825–1864. [CrossRef]
20. Magano, J.; Dunetz, J.R. Large-scale applications of transition metal-catalyzed couplings for the synthesis of pharmaceuticals.

Chem. Rev. 2011, 111, 2177–2250. [CrossRef]
21. Mandal, A.; Mandal, I.; Kilbinger, A.F.M. Catalytic Syntheses of Degradable Polymers via Ring-Opening Metathesis Copolymer-

ization Using Vinyl Ethers as Chain Transfer Agents. Macromolecules 2022, 55, 7827–7833. [CrossRef]
22. Adjiman, C.S.; Clarke, A.J.; Cooper, G.; Taylor, P.C. Solvents for ring-closing metathesis reactions. Chem. Commun. 2008, 2806–2808.

[CrossRef] [PubMed]
23. Patra, S.G.; Das, N.K. Recent advancement on the mechanism of olefin metathesis by Grubbs catalysts: A computational

perspective. Polyhedron 2021, 200, 115096. [CrossRef]
24. Mathers, R.T.; McMahon, K.C.; Damodaran, K.; Retarides, C.J.; Kelley, D.J. Ring-Opening Metathesis Polymerizations in d-

Limonene: A Renewable Polymerization Solvent and Chain Transfer Agent for the Synthesis of Alkene Macromonomers.
Macromolecules 2006, 39, 8982–8986. [CrossRef]

25. Song, J.; Hou, M.; Liu, G.; Zhang, J.; Han, B.; Yang, G. Effect of Phase Behavior on the Ethenolysis of Ethyl Oleate in Compressed
CO2. J. Phys. Chem. B 2009, 113, 2810–2814. [CrossRef]

26. Fürstner, A.; Koch, D.; Langemann, K.; Leitner, W.; Six, C. Olefin Metathesis in Compressed Carbon Dioxide. Angew. Chemie Int.
Ed. 1997, 36, 2466–2469. [CrossRef]

27. Michalek, F.; Mädge, D.; Rühe, J.; Bannwarth, W. Ring-Closure Metathesis in Supercritical Carbon Dioxide as Sole Solvent with
Use of Covalently Immobilized Ruthenium Catalysts. Eur. J. Org. Chem. 2006, 2006, 577–581. [CrossRef]

28. Fürstner, A.; Ackermann, L.; Beck, K.; Hori, H.; Koch, D.; Langemann, K.; Liebl, M.; Six, C.; Leitner, W. Olefin Metathesis in
Supercritical Carbon Dioxide. J. Am. Chem. Soc. 2001, 123, 9000–9006. [CrossRef]

29. Hu, X.; Blanda, M.T.; Venumbaka, S.R.; Cassidy, P.E. Ring-opening metathesis polymerization (ROMP) of norbornene in
supercritical carbon dioxide using well-defined metal carbene catalysts. Polym. Adv. Technol. 2005, 16, 146–149. [CrossRef]

30. Hamilton, J.G.; Rooney, J.J.; DeSimone, J.M.; Mistele, C. Stereochemistry of Ring-Opened Metathesis Polymers Prepared in Liquid
CO2 at High Pressure Using Ru(H2O)6(Tos)2 as Catalyst. Macromolecules 1998, 31, 4387–4389. [CrossRef]

31. Mistele, C.D.; Thorp, H.H.; Desimone, J.M. Ring-Opening Metathesis Polymerizations in Carbon Dioxide. J. Macromol. Sci. Part A
1996, 33, 953–960. [CrossRef]
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