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Abstract
Bio-derived cyclic carbonates are of significant research interest as building blocks for nonisocyanate polyurethanes (NIPUs). Cyclic carbonates from limonene are bio-renewable
monomers for the production of fully bio-based polymers from citrus waste; however, there are
currently very few reports on their synthesis. This work reports the synthesis of five-membered
cyclic carbonates from bio-based limonene oxide (LO) and CO2 catalysed by commercially
available inexpensive, tetrabutylammonium halides (TBAX). The cycloaddition of CO2 with
commercial LO mixture of cis/trans-isomers (40:60) is highly stereoselective and the transisomer exhibits considerably higher conversion than the cis-isomer. Therefore, a stereoselective
method of (R)-(+)-limonene epoxidation was performed to achieve a significantly higher yield of
the trans-isomer (87 ± 2%) than cis-isomer, which leads to high conversion and yield to the
corresponding cyclic carbonates. The catalytic effect of halide anions (X¯) and the influence of
operational reaction parameters such as temperature, pressure, and catalyst amount were studied.
High conversion (87%) was obtained after 20 h at 120 °C, 40 bar CO2 using 6 mol%
tetrabutylammonium chloride (TBAC) catalyst. A detailed study of the reaction kinetics revealed
1

the reaction to be first-order in epoxide (LO), CO2 and catalyst (TBAC) concentrations. Moreover,
the temperature dependence of the reaction was studied using Arrhenius and Eyring equations.
The activation energy (Ea) of the reaction was calculated to be 64 kJ mol–1. The high positive
value of Gibbs free energy (ΔG‡ = 102.6 kJ mol–1) and negative value of activation entropy (ΔS‡
= –103.6 J mol–1) obtained as result of the thermodynamic study, indicate that the reaction was
endergonic and kinetically controlled in nature.

Keywords: Limonene oxide, cyclic carbonates, stereoselective epoxidation, tetrabutylammonium
halide, kinetic study, activation energy

1. Introduction
Global concerns about high CO2 levels in atmospheric concentration and dwindling supplies of
fossil resources are increasing [1]. As a consequence, the utilization of CO2 and waste biomass as
renewable resources into valuable products is highly desirable as part of a sustainable future
chemical process industry [2, 3]. Naturally occurring terpenes have been identified as key starting
materials for the production of bio-based epoxides [4]. Limonene is a monocyclic unsaturated
terpene, mainly extracted from the peel of citrus fruits (90 wt %) [5-7]. It is a principal component
of many essential oils and obtained as a waste product during harvesting and orange juice
production [8, 9]. Due to its abundance as a waste by-product and its suitability for organic
synthesis in the presence of two double bonds, it can be used as a sustainable replacement for
petrol-based epoxides without competing with food crops [10, 11]. In 2013 the global production
of limonene was approximately 70,000 tonnes, which is gradually increasing every year [12, 13].
CO2 is inexpensive, non-toxic and non-flammable; it can be potentially used as an
environmentally friendly renewable source of C1 building blocks for organic synthesis. Among
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various methods of CO2 utilization, cycloaddition of epoxides and CO2 is highly promising in
terms of “green chemistry” due to its 100% atom-economical conversion [14, 15]. Five-membered
cyclic carbonates have a diverse range of applications such as polar aprotic solvents [16, 17],
electrolytes in Li-ion batteries [18, 19], the monomers for polycarbonates and polyurethanes
synthesis [20-22], intermediates for the manufacturing of pharmaceuticals [23-25] and many other
fine chemicals [26-28]. The formation of cyclic carbonates from epoxides and CO2 involves fewer
hazardous species, as it incorporates CO2 as a C1 feedstock source rather than the conventional
highly toxic and corrosive phosgene route [29, 30]. The synthesis of cyclic carbonates from
limonene, in particular, is of significant interest as it is bio-renewable monomer for the production
of fully bio-based polymers such as non-isocyanate polyurethanes (NIPUs), which have potential
applications as thermoset materials, elastomers, or thermoplastics [11].

However, due to the high kinetic and thermodynamic stability of CO2 (i.e. ΔHf = −394 kJ mol−1),
the effective utilization of CO2 as a C1 building block is challenging [31, 32]. Therefore,
significant research has been conducted to develop homogeneous and heterogeneous catalysts to
overcome this kinetic barrier. Catalysts for cyclic carbonisation of epoxides include transition
metal complexes [33-36], non-metallic organic bases such as quaternary ammonium and
phosphonium salts [37-39],

alkali metal salts [40-42] and ionic liquids [43-47] to achieve high

yield (%) of the cyclic carbonates at mild reaction conditions. However, most of these catalyst
systems have a high activity for petroleum-based terminal epoxides, but little or none towards diand tri-substituted epoxides. Bio-based limonene oxide (LO) is a tri-substituted epoxide
containing an internal epoxide attached to the highly substituted, bulky structure of limonene. Due
to the high steric hindrance on the internal epoxide, LO is a challenging substrate for CO 2
cycloaddition [48, 49]. Kleij and co-workers reported amino triphenolate based aluminium
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complexes in combination with bis(triphenylphosphine)iminium chloride as a nucleophilic
additive having activity towards di- and tri-substituted epoxides [49-51]. However, preparation of
these catalysts involves several steps [52]. Alternatively, tetrabutylammonium halides (TABX)
have been extensively studied as nucleophile additives for the cycloaddition of CO2 to epoxides
due to their strong nucleophilicity and commercial availability [53, 54]. Particularly, for internal
epoxides where the steric hindrance plays an important to decide the activity of the catalyst, the
use of small nucleophiles is highly advantageous compared to bulky catalyst system [55, 56].

Recently, Hiroshi et al., (2018) reported CO2 cycloaddition to LO catalyse by commercially
available inexpensive tetrabutylammonium chloride (TBAC). The formation of cyclic carbonates
was reported to be highly stereoselective, suggesting high reactivity of trans-isomer than cisisomer [55]. Therefore, commercial LO which is a mixture of cis and trans-LO (40:60), is not
economically feasible for this reaction as it contains approximately 40% less reactive cis-isomer.
In this study, a stereoselective method of (R)-(+)-limonene epoxidation was carried out with the
aim to get a higher yield of trans-LO. The trans-enriched LO was further used as a substrate for
the bio-based cyclic carbonates synthesis using TBAC as a homogeneous catalyst. A detailed
kinetic study of cycloaddition reaction was performed to investigate the kinetic parameters and to
understand the operating mechanism. Moreover, the temperature dependence of reaction was
studied to determine the activation energy (Ea) and thermodynamic activation parameters (ΔH‡,
ΔS‡ and ΔG‡). As a result of the kinetic analysis, a reaction mechanism was proposed which is in
agreement with the generally accepted mechanism for cyclic carbonate synthesis and highlight
the importance of small nucleophiles when such reactions are performed with highly substituted
epoxides.
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2. Experimental
2.1 Material and methods
The chemicals required for cyclic carbonate synthesis and study of the reaction kinetics were
purchased from Sigma Aldrich. The following reagents were used: (R)-(+)-limonene (97%), (+)limonene oxide (a mixture of cis and trans) (≥97.0%), N-bromosuccinimide (NBS) (99%),
acetone anhydrous HPLC grade (≥99.9%), sodium hydroxide, diethyl ether anhydrous (≥97.0%),
tetrabutylammonium bromide (TBAB) (≥98%), tetrabutylammonium chloride (TBAC) (≥97.0%),
tetrabutylammonium iodide (TBAI) (98%), tetrabutylammonium fluoride trihydrate (TBAF.
3H2O) (≥97.0%), propylene carbonate anhydrous (99.7%), toluene anhydrous (99.8%), N,Ndimethylformamide anhydrous (99.8%), and CO2 gas (99.9%) was supplied by BOC Gases.

2.2 Stereoselective epoxidation of limonene
Briefly, the method involves bromination of (R)-(+)-limonene with N-bromosuccinimide (NBS)
as a source of bromine. The reaction was performed in an aqueous solution of acetone at 0–25 °C
for 1 h. This results in the formation of endo-cyclic trans-bromohydrin which was readily
epoxidised into subsequent trans-LO using aqueous sodium hydroxide solution at 60 °C for 2 h
(Scheme 1). The conversions and yields of (R)-(+)-limonene into cis and trans-LO were obtained
using gas chromatography (GC), with naphthalene as an internal standard (Fig. S1).

Scheme 1 Stereoselective epoxidation of (R)-(+)-limonene using NBS as bromination source[57].
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2.3 Cyclic carbonate formation
Cyclic carbonates synthesis (LC) from CO2 and LO was performed in a 100 ml high-pressure
stainless steel Parr reactor (Model 4750) in semi-batch operation. In a typical experiment for
cyclic carbonate synthesis, the desired amounts of LO (44 mmol) and homogeneous TBAC
catalyst (6 mol%) were charged into the reactor. The reactor was heated to the required
temperature set point (100–140 °C). The temperature inside the reactor was controlled by an
automatic control system (Elmatic heating controller). After achieving the desired temperature,
the reactor was pressurised to the required pressure (10–40 bar) with CO2 from a gas cylinder.
The flow rate to and pressure inside the reactor were controlled by a high-pressure (70 bar) CO2
gas regulator connected to the outlet of the CO2 gas cylinder. A pressure gauge was installed on
the top of the reactor to measure the pressure inside. The reaction mixture was agitated by a
magnetic stirrer. After the completion of the reaction, the reactor was allowed to cool down to
room temperature and slowly depressurized to atmospheric pressure. The product of the reaction
was analysed by FTIR and 1H-NMR spectroscopy. For kinetic study experiments, the progress of
the reaction was monitored by taking aliquots from the reaction mixture at regular intervals with
immediate FTIR analysis, by following the decrease in the intensity of the epoxide peak (C–O
stretch) at 841 cm–1. The reduction in this absorbance is consistent with an increase in the intensity
of the peak at 1800 cm–1 (carbonyl stretch vibration) corresponds to cyclic carbonate formation
(Fig. S2). Similarly, the increase in the intensity of the peak at 1065 cm–1 (asymmetrical C–O
vibration) also relates to the formation of cyclic carbonate. To determine the conversion of LO to
LC, a calibration curve was drawn by collecting the FTIR epoxide peak area at 841 cm–1 for
known concentrations of LO (Table S1, Fig. S6). The conversion and yield of the product can also
be determined using 1H-NMR spectroscopy (Fig. S3). As a result of cyclic carbonate formation,
new signals at 4.4 ppm start appearing and the intensity of signals at 2.9 ppm which relate to the

6

epoxide group starts decreasing [11, 55]. The signals between 0.9 and 2.5 ppm correspond to
methyl and methylene protons of LO and LC. The triplet at 3.4 ppm is because of the methylene
protons of tetrabutylammonium halide used as a catalyst. The purification of the crude LC was
carried out by silica column chromatography using a mixture of ethyl acetate and n-hexane to
determine the isolated yield (~ 54%).

3. Results and Discussion
The direct epoxidation of (R)-(+)-limonene in the presence of a diverse range of oxidants results
in the formation of two diastereomers (a mixture of cis and trans-LO nearly 1:1) [58]. This
stereochemical information obtained from epoxidation was retained in the CO2 cycloaddition step
with formal retention of configuration i.e. cis and trans-LC (Scheme 2 ) [49]. The cycloaddition
of CO2 to commercially available LO, which is a mixture of the cis and trans-isomers (40:60),
exhibits a significantly higher conversion of the trans-isomer than the cis-isomer (Fig. S4), as
reported previously [55]. The low reactivity of cis-LO versus trans-LO was due to its higher
energy transition state, owing to its ‘boat-like’ structure [59].

Scheme 2 Epoxidation of (R)-(+)-limonene and cyclic carbonate synthesis via CO2 cycloaddition.

Therefore, previously reported stereoselective method of (R)-(+)-limonene epoxidation was
performed to gain an advantageous high yield of reactive trans-isomer (87 ± 2%) [57, 60]. To
investigate the catalytic effect of halide anions (X¯) on LC synthesis, experiments were carried
7

out using commercial LO in the presence of different tetrabutylammonium halides (Table 1). The
catalytic activity of the halide anions was found to be TBAC > TBAB > TBAI, similar to the
previous report [55]. The literature precedent shows the order of catalytic activity of halide anions
for CO2 cycloaddition to terminal epoxides is I¯ > Br¯ > Cl¯ > F¯, which is in agreement with the
nucleophilicity and leaving group ability of halide anions [61-63]. However, LO is an internal
epoxide causing a high degree of a steric hindrance due to the presence of two rings in its
molecular structure [64]. The steric hindrance of the molecule should obstruct and retard
nucleophilic attack of halide anions to ring-open the epoxide. Therefore, in the case of CO2
cycloaddition to LO, the steric hindrance seems to be a more important factor than the
nucleophilicity of the halide anions [34]. Therefore, Cl‾, having a smaller size than Br‾ and I‾ and
as a better leaving group than F‾ exhibits greater catalytic activity. Moreover, the experiments
were also performed using both commercial and trans-enriched LO to compare the observed rate
(kobs) for cyclic carbonate synthesis at different reaction temperatures (i.e. 120 °C and 140 °C),
whilst keeping the other reaction parameters constant (Fig. 1 a, b). From the results obtained, the
rate of reaction was found to be significantly higher (more than 3-fold) using trans-enriched LO.
The metallic halide salts (e.g. LiBr, LiCl, ZnBr2, and ZnCl2) acting as Lewis acids are commonly
used as cocatalysts with alkyl ammonium halides to increase the rate by the activation of the
epoxides [61, 65]. However, in the case of LO, no increase in rate was observed due to the metallic
salts used in combination with tetrabutylammonium salts. This is was probably due to poor
solubility of the metallic salts in the solvent-free reaction mixture [55].
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Table 1 Catalytic effect of quaternary alkyl ammonium salts on limonene carbonate synthesis
from commercially available LO and CO2 (Reaction condition: 6 mol% TBAX, 120 °C, p (CO2)
= 40 bar, 10 h).

Entry

Catalyst

Conversion
LO (cis + trans)

trans-LO

cis-LO

1

TBAC

71

55.4

15.6

2

TBAB

55

40.2

14.8

3

TBAI

18

13.7

4.3

4

TBAF

18

14.9

3.1

Fig. 1 Comparison of the rate constants for limonene cyclic carbonate synthesis using commercial
and trans-enriched limonene oxide determined at (a) 120 °C and (b) 140 °C, Reaction conditions:
solvent-free LO, 6 mol % TBAC and 40 bar p(CO2).
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3.1 Kinetic Study
A detailed study of reaction kinetics was performed to investigate the mechanism involved and to
establish a general rate law equation for cyclic carbonate synthesis from LO and CO2 in the
presence of homogeneous TBAC catalyst. Only the initial experiments for catalyst screening were
performed using commercial LO (40:60 mixture of cis/trans-isomers) which demonstrated the
higher reactivity of trans-isomer. Based on these results, trans-enriched LO obtained from our
stereoselective epoxidation of limonene was used for the further kinetic studies. A series of
experiments were performed to determine the order of the reaction with respect to epoxide (LO),
catalyst (TBAC) and CO2 in the presence of a reaction solvent. To find a suitable solvent, the
experiments were performed in the presence of commonly used solvents for cycloaddition
reactions, such as toluene, N, N-dimethylformamide (DMF), acetonitrile (CH3CN) and propylene
carbonate (PC) [66-68]. The reaction rate of LC formation was determined in the presence of these
solvents (Fig. 2a). The results indicate that the reaction rate is higher (0.1769 h–1) in the presence
of DMF as a solvent than toluene, CH3CN, and PC (Table 2). The enhanced reaction rate in the
presence of DMF solvent was probably due to nucleophilic activation of the CO2 by an amide.
This catalytic role of DMF in cycloaddition reaction was reported previously [69-72]. Moreover,
the yield (%) of LC has been also plotted against the reaction time (Fig. 2b). The results indicate
the higher yield of LC was obtained using polar aprotic solvents such as DMF, PC, and CH3CN
compared to a non-polar solvent such as toluene. Due to their high dielectric constants (>20) and
large dipole moments, polar aprotic solvents have a high affinity for dissolution of charged species
such as various anions used as nucleophiles (catalyst) compared to other non-polar solvents such
as toluene [73]. However, PC is being increasingly used as ‘greener’ alternative to traditionally
used toxic, polar aprotic solvents such as DMF, dimethyl sulfoxide (DMSO), and acetonitrile,
which are likely to be banned due to their associated SOx and NOx emission [74, 75]. PC has low
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toxicity, is biodegradable and economical, allowing its large-scale use [76]. Therefore, the PC
was chosen as the most advantageous ‘green’ reaction solvent to study the reaction kinetics.

Fig. 2 (a) Plot of ln ([LOO]/ [LO] against time showing the change in the rate of reaction using
different reaction solvents, (b) Plot of NMR yield (%) against the reaction time using different
reaction solvents (Reaction conditions: 4.5 M LO, 120 °C, p (CO2) = 40 bar, 6 mol% TBAC
catalyst).

Table 2 Rate constants of limonene carbonate synthesis in the presence of different solvents.
Solvent

Rate constant (h-1)

DMF

0.1769

Propylene carbonate

0.1312

Acetonitrile

0.1157

Toluene

0.0753

The general form of the rate equation for LO/CO2 cycloaddition catalyzed by TBAC can be shown
as:
𝑟𝑎𝑡𝑒 =

−𝑑[𝐿𝑂]
= 𝑘 [𝐿𝑂]𝑎 [𝐶𝑂2 ]𝑏 [𝑇𝐵𝐴𝐶]𝑐
𝑑𝑡

(1)

Where [LO], [CO2], and [TBAC] are limonene oxide, carbon dioxide, and tetrabutylammonium
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chloride concentrations, respectively. As CO2 was present in large excess due to the semi-batch
operation, we assume that the concentration of CO2 remains unchanged throughout the reaction.
Similarly, (TBAC) acts as a catalyst; therefore its concentration can be assumed to be constant
during the reaction. Therefore Eq. (1) can be simplified as (Eq.2):

−𝑑[𝐿𝑂]
= 𝑘𝑜𝑏𝑠 [𝐿𝑂]𝑎
𝑑𝑡

(2)

Where
𝑘𝑜𝑏𝑠 = 𝑘 [𝐶𝑂2 ]𝑏 [𝑇𝐵𝐴𝐶]𝑐

Here, kobs is the pseudo-first-order observed rate constant for LO concentration and a, b and c are
the order of the reactions with respect to epoxide [LO], catalyst [TBAC] and [CO2] concentrations.
Assuming the first-order reaction and by integration of both sides, Equation 2 can be written as
(Eq. 3):
− ln [𝐿𝑂] = 𝑘𝑜𝑏𝑠 . 𝑡

(3)

3.1.1 Reaction order in [LO]
To find the reaction order with respect to epoxide, experiments were performed by changing the
initial concentration of LO from 1.5–5.5 M using PC as a reaction solvent at 120 °C and 40 bar
CO2 pressure in the presence of 6 mol% TBAC catalyst. The decrease in the epoxide concentration
[LO] was monitored by following the decrease in the intensity of epoxide peak area (C–O stretch
i.e. 841 cm–1) using ATR-IR spectroscopy. The graph of experimentally determined values of ln
[LO] against time shows a linear-correlation as all the data points obtained were found to fit firstorder kinetic plots (Fig. 3a), Eq. 3. Moreover, the order of the reaction was determined from the
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slope of the double logarithmic plot of observed reaction rates (kobs) against [LO] i.e. 0.81~ 1,
suggesting a first-order reaction in LO concentration (a = 1), (Fig. 3b). This was further confirmed
from by the plot of kobs against the initial concentration of epoxide [LO] showing a good fit to the
straight line (R2 = 0.99), (Fig. S8). This result was found to be consistent with previously reported
studies for CO2 cycloaddition to terminal epoxides [68, 77, 78].

Fig. 3 a) Plot of ln [LO] against reaction time (h) showing all the data points fits into first-order
kinetics for five different LO initial concentrations (1.5–5.5 M) b) Plot of ln (kobs) against ln (LO)
showing the first-order dependence of the reaction rate with respect to LO (Reaction conditions:
120 °C, p (CO2) = 40 bar and 6 mol% TBAC catalyst).

3.1.2 Reaction order in [CO2]
The order of the reaction with respect to CO2 concentration was investigated by changing the CO2
pressure from 10–40 bar whilst keeping all other reaction parameters constant (i.e. 4.5 M LO,
120 °C and 6 mol% TBAC). The rate of CO2 dissolution in the reaction solvent (PC) is well known
and is considerably higher than the rate of the cycloaddition reaction [79]. Hence, the CO2 in the
gas and liquid phases will quickly reach equilibrium. The data obtained from the kinetic
experiments were found to be fit in first-order kinetics (Fig. 4a). The order of the reaction was
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determined from the slope of the double logarithmic graph of kobs vs. CO2 pressure i.e. 0.86 (Fig.
4b) indicating a first-order dependence of reaction in CO2 concentration (b=1) over the range of
10–40 bar CO2 pressure. These results were consistent with the previously reported study of CO2
cycloaddition to LO where the conversion of both cis and trans-isomers increased with the
increase in CO2 pressure up to 50 bar. However, a slight decrease in conversion was reported
when the pressure was further increased to > 50 bar [55]. The first-order dependence of the
reaction with respect to CO2 concentration suggests the involvement of one molecule of CO2 in
the catalytic cycle [80, 81].

Fig. 4 a) Plot showing the decrease in LO concentration [M] against time at different CO2
pressures ranging from 10–40 bar b) The fitting curve of ln (kobs) against the ln p (CO2) showing
linear dependence of reaction rate (Reaction condition: 4.5 M LO in PC 120 °C and p (CO2) =
10–40 bar).

3.1.3 Reaction order in [TBAC]
The order of the reaction with respect to catalyst (TBAC) was determined using five different
concentrations of TBAC from 1.5–7.5 mol%, whilst keeping other reaction parameters constant.
The results indicate that the rate of the reaction increases with the catalyst amount, and a linear
14

relation between ln [LO] and time (hr) was obtained (Fig. 5a), which is in agreement with the
previous report where a gradual increase in conversion was reported over the range of 1–40 mol%
TBAC [55]. The double logarithmic graph between kobs and [TBAC] had a slope of 1.07 clearly
indicating first-order dependence with respect to catalyst concentration (c=1), (Fig. 5b). This was
further confirmed by the plot of kobs against [TBAC] showing a good fit to the straight line (R2 =
0.99) (Fig. S10). Recently, a similar order of the reaction has been reported for epoxide/CO2
cycloaddition reaction in the presence of tetrabutylammonium halide as a monofunctional
caltalyst [82]. The role of the halide anion (X¯) in the catalytic cycle of cyclic carbonate formation
has been well-established and is determined by the balance of its nucleophilicity and leaving group
ability [83-86]. Here, the chloride anion (Cl¯) of the TBAC catalyst opens the ring of epoxide by
the nucleophilic attack to form a chloro-alkoxide intermediate. This chloro-alkoxide further
incorporates CO2 to form carbonate anion, which then undergoes intramolecular formation of the
five-membered cyclic carbonate by the elimination of Cl¯ ion acting as a leaving group.

Fig. 5 a) Plot of ln [LO] vs. time (h) for five concentrations of TBAC (1.5–7.5 mol%) indicating
first-order kinetics b) Plot of ln (kobs) vs. ln [TBAC] showing a linear correlation having slope=
1.07 (Reaction condition: 4.5 M LO in PC 120 °C and p(CO2) = 40 bar).
15

In summary, on the basis of the experimental results of the kinetic study, the orders of reaction
with respect to [LO], [TBAC] and [CO2] were determined. The rate law of LC synthesis from LO
and CO2 in the presence of TBAC as a catalyst can be written as (Eq. 4):

𝑟𝑎𝑡𝑒 = 𝑘 [𝐿𝑂]1 [𝑇𝐵𝐴𝐶]1 [𝐶𝑂2 ]1

(4)

Where k is the rate constant and the reaction is first-order in [LO] and [TBAC] and [CO2] over
the range of pressure from 10–40 bar.
3.1.4 Activation Energy
To calculate the activation energy (Ea) for LC formation, the dependence of the reaction rate was
studied over a temperature range of 100–140 °C at 40 bar CO2 pressure using 6 mol% of TBAC
catalyst (Fig. 6a). As expected, the reaction rate increased with the increase in temperature due to
increased catalytic activity at higher temperatures. The activation energy (Ea) can be calculated
from the plot of (ln kobs) against the reciprocal of the absolute reaction temperature (1/T) using the
Arrhenius equation i.e. kobs = A. exp(−Ea/RT), (Fig. 6b). As a result, the activation energy was
calculated to be 63.90 kJ mol−1 over a temperature range of 100–140 °C. The activation energy
for cyclic carbonate synthesis from internal epoxides such as cyclohexene oxide catalyzed by
dizinc and trizinc complexes was determined as 137.5 and 83.1 kJ mol–1 respectively [87, 88].
These high values of a kinetic barrier for cyclic carbonate synthesis from internal epoxides show
the challenging nature of internal epoxides. Moreover, the activation parameters of the reaction
were also determined using the Eyring equation (Eq. 5–6, Fig. 7) [89]. This involves calculations
of activation enthalpy (ΔH‡), activation entropy (ΔS‡) and Gibbs free activation energy (ΔG‡) as
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listed in Table 3. The value of activation energy (Ea) obtained from the Eyring plot (i.e. 63.74 kJ
mol−1) was found to be in close agreement with the value obtained from the Arrhenius plot.
𝑘=

𝑘𝐵 𝑇
ℎ
𝑘

𝑒𝑥𝑝 (−

𝑙𝑛 ( 𝑇) = −

𝛥𝐻 ‡
𝑅𝑇

𝛥𝐺 ‡

)=
𝑅𝑇

+(

𝛥𝑆 ‡
𝑅

𝑘𝐵 𝑇
ℎ

+ 𝑙𝑛

𝑒𝑥𝑝(−
𝑘𝐵
ℎ

)

𝛥𝐻 ‡
𝑅𝑇

+

𝛥𝑆 ‡
𝑅

)

(5)
(6)

Where h is Planck constant (6.6261 x 10–34 Js) and kB is Boltzmann constant (1.3807 x 10–23 J K–
1

).

Fig. 6 a) Decrease in LO mole concentration ([LO] = 4.5 M) with time over the temperature range
of 100–140 °C b) Curve fitting of ln kobs against the reciprocal absolute temperature (Reaction
conditions: 4.5 M LO in PC at p (CO2) = 40 bar and 6 mol% TBAC catalyst).
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Fig. 7 Eyring plot of ln (kobs) / T against the reciprocal of absolute reaction temperatures (1/T)
over a temperature range of 100–140 °C.
Table 3 Activation parameters for LC synthesis calculated using Eyring equation.

a

Activation enthalpy

Activation entropy

Gibbs free energy

Activation energy

ΔΗ‡

ΔS‡

ΔG‡

Ea

kJ mol–1

J mol–1K–1

kJ mol–1

kJ mol–1

60.64a

–103.59a

102.55b

63.74c

According to Eq. 6, bΔG‡ = ΔH–T.ΔS at 373 K, c Ea = ΔH + RT

3.1.5 Proposed reaction mechanism
On the basis of the detailed kinetic study, a reaction mechanism for cyclic carbonate from trisubstituted epoxide has been proposed (Scheme 3) that is consistent with the observations here.
In the first step, the halide anion (Cl¯) of tetrabutylammonium chloride (TBAC) undergoes a
nucleophilic attack on the least hindered carbon atom to ring-open the epoxide. In the absence of
Lewis acid catalyst, there was no partial positive charge on any carbon atom and the 2 C atoms in
the epoxide ring have the same electrophilicity. Therefore, the nucleophilic attack takes place on
the least sterically hindered carbon atom due to its higher accessibility. This results in the
formation of a highly reactive chloro-alkoxide intermediate which is stabilized by the counter
cations (TBA+) (step 2). This ring-opened epoxide further coordinates with a carbon atom of CO2
to give carbonate anion (step 3). Finally, the carbonate anion goes through intramolecular cyclic
elimination to give a five-membered cyclic carbonate (cis and trans-isomer) and the catalyst is
regenerated (step 4). The reported observations are in agreement with the accepted mechanism
for cyclic carbonate formation and highlight the importance of small nucleophiles like chloride
when such reactions are performed with highly substituted epoxides. Moreover, the overall
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stereochemical information was retained due to two consecutive SN2 reactions at the same carbon
center as shown in ring opening and ring closure steps of the mechanism. This retention in the
overall configuration was suggested for cyclic carbonate synthesis from internal epoxide using a
relatively high concentration of halide anion in the reaction mixture [90].

Scheme 3 Proposed reaction mechanism of cyclic carbonate synthesis from tri-substituted
epoxide and CO2.

4. Conclusions
In conclusion, a 100% selective synthesis of sustainable cyclic carbonates from bio-based LO and
CO2 was carried out using a commercially available, inexpensive TBAC as an effective
homogeneous catalyst. The initial studies of cycloaddition from a commercially available LO (a
mixture of cis and trans-LO) revealed that the reaction was stereoselective and the trans-isomer
was found to be more reactive than the cis-isomer similar to the previous report. A stereoselective
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method of (R)-(+)-limonene epoxidation was carried out following the reported protocols to
achieve a high yield of the more reactive trans-isomer (87 ± 2%). Moreover, a detailed kinetic
study of CO2 cycloaddition to LO was carried out in the presence of propylene carbonate as a
greener polar aprotic solvent. The results indicate a first-order dependence of the reaction with
respect to LO, TBAC and CO2 concentrations. The temperature dependence of the reaction rate
was also studied over a range of 100–140 °C to determine the activation parameters, via Arrhenius
and Eyring plots. The activation energy (Ea) calculated for LC synthesis was found to be 64 kJ
mol–1. The high positive value of free energy (ΔG‡ = 102.55 kJ mol–1) and negative value of
activation entropy (ΔS‡ = –103.59 J mol–1) obtained from Eyring plot, indicate that the reaction
was endergonic and kinetically controlled. Furthermore, a general reaction mechanism of cyclic
carbonate synthesis from tri-substituted epoxides and carbon dioxide (CO2) in the presence of
TBAC catalyst was proposed.
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