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A B S T R A C T

Boron trioxide (B2O3), a common and easily available boron oxide, was first reported as an effective metal-free
heterogeneous catalyst for the chemical fixation of CO2 with epoxides to produce cyclic organic carbonates
(COCs). The ball-milling treatment of B2O3 significantly enhanced the catalytic activity by increasing the ad-
sorption capacity to propylene oxide substrate. In situ DRIFTS characterization indicated there was a ring
opening process of epoxides on the surface of B2O3, which was induced by the boron sites from B2O3. The
recovery test of B2O3 showed that it could be easily recycled and reused for 5 runs without a loss of activity. This
kind of Lewis acid catalytic property of B2O3 marks a rare case of a metal-free heterogeneous catalyst mimicking
the metal-based catalysts for the COCs production.

1. Introduction

Carbon dioxide (CO2) is now considered as an abundant, renewable
and nontoxic C1 feedstock, and its conversion into high-value products
becomes significant in mitigating greenhouse effect and recycling
carbon resource [1]. The cycloaddition of CO2 and epoxides to produce
cyclic organic carbonates (COCs) is one of the promising routes for CO2

utilization, which has attracted much attention due to the wide appli-
cations of COCs, such as the useful intermediates for various products
(e.g., carbamates, polymers, heterocyclic compound) [2] and solvents
both in chemical processes and lithium-ion batteries [3]. Recent re-
search demonstrates that cyclic carbonates can be further hydrogenated
to methanol and diols, and this transformation might be a new feasible
pathway to produce methanol from CO2 (Fig. 1) [4]. However, to en-
sure the successful production of COCs, an efficient catalyst as a key
enabler must be used to release the ring-strain energy contained in
epoxides and subsequently activate CO2.

Over the past decades, Lewis acids, in combination with a halide
nucleophile, were proved to be powerful catalytic systems in the cy-
cloaddition of CO2 to epoxides, which were through the mechanism of
promoting the ring opening process of epoxides (Fig. 2). A great
number of metal-based coordination complexes containing Lewis acidic
metal centers (such as magnesium, aluminum, iron, cobalt and zinc,
etc.) were developed [5]. For example, Zhou et al. developed a phos-
phorane-(salen)Co complex that could conduct the cycloaddition of CO2

to epoxides under ambient conditions [5d]. Ema’s group reported a type

of functional metalloporphyrins for the formation of COCs. The meta-
substituted zinc(II) porphyrin could even provide the reaction with
TON up to 240,000 at 120 °C and CO2 pressure of 17 bar [5f]. Despite
the advances of these metal-based catalysts, their low recycling rates as
well as the complicated synthesis of their organic ligands impede their
industrial process [6]. In this regard, the development of metal-free
catalysts as alternatives of expensive metal-based ones is highly desir-
able toward sustainable production of COCs.

With regard to metal-free catalytic systems, hydrogen-bond donors
(HBDs, containing eOH, eCOOH group, etc.) and organic bases as well
as the functional carbon materials are exploited for COCs synthesis [7].
Generally, these developed catalysts activate the reaction via hydrogen-
bond interaction with epoxides or weakly chemical adsorption of CO2,
but to our best knowledge, nonmetallic catalysts with Lewis acidity,
which present metal-like catalytic performance in this hot area, remain
scarce up to now.

Boron, which is the only nonmetallic element in main group III of
the periodic table, has one electron less than valence orbitals and thus
presents strong electron-withdrawing capability [8]. In most cases,
borides exhibit Lewis acid property [9]. Quite recently, we reported the
highly selective oxidative dehydrogenation of propane on the edge
hydroxylated boron nitride [10]. Boroxol groups at the edge of boron
nitride were identified as the dominated active sites to selectively ac-
tivate electron-rich C–H bond of propane. Inspired by this interesting
work, we conjecture that boron oxides with Lewis acidic boron sites
could drive the ring opening process of epoxides through electrophilic
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attack toward the oxygen atom of cyclic ether, and promote the for-
mation of COCs efficiently. Therefore, in this work, B2O3 as the most
common form of boron oxides is first applied as a nonmetallic Lewis
acid catalyst to explore its potential in synthesis of COCs from CO2 and
epoxides. To our knowledge, this marks a rare case for the metal-free
B2O3 possessing Lewis-acid catalytic behavior in the coupling reaction
of CO2 and epoxides.

2. Experimental section

2.1. Materials and methods

Unless otherwise noted, materials were purchased from commercial
suppliers. For the ball-milling sample, B2O3 was mixed with grinding
balls and processed through vigorously shaking at a rate of 400 rpm for
2 h using a planetary ball mill. The yields of products were quantified
by a gas chromatograph (GC 7890F) equipped with a packed column
(OV-1701 column, 50m×0.5 μm diameter) and a flame ionization
detector (FID). 1H NMR spectra of all the COCs products were recorded
on a Bruker Avance II 500MHz with chemical shifts reported as ppm (in
CDCl3, TMS as internal standard). Powder X-ray diffraction (XRD)
measurements were carried out with PANalytical X’Pert3 Powder dif-
fractometer using Cu Kα radiation (λ=0.15406 nm). Propylene ep-
oxide (PO) vapor sorption isotherms were detected at 25 °C by using an
intelligent gravimetric analyzer (IGA) (Hiden Isochema, UK). The ab-
sorbents (B2O3 and its ball-milling sample) were degassed at 40 °C for
24 h before being put into gas sorption measurements. The IR spectra
were collected on a Nicolet 6700 FTIR spectrometer using an in-situ IR
cell with ZnSe windows. The samples were pretreated with helium
(10mL/min) at 298 K for 3 h beforehand. In the infrared study of
pyridine adsorption, 20mg B2O3 mixed with 2 μL pyridine contained in
a small crucible was evacuated for 20min, and then was record the
signals of absorbed pyridine accompanied with helium flushing (10mL/
min). Temperature was elevated from 25 °C to 100 °C, each stage of
which was kept for 10min. For the in-situ DRIFT study of PO adsorption
at 22 °C, PO was purged into the in-situ cell by helium flushing (5mL/
min) for 5 s. Desorption of PO was conducted by helium flushing
(10mL/min). For the in situ DRIFT study of PO adsorption on B2O3 at
100 °C, B2O3 was pretreated with helium at 100 °C for 3 h and then PO
was purged into the in situ cell by helium flushing (5mL/min). For the
in situ DRIFT study of PO adsorption on B2O3 at 100 °C under CO2 at-
mosphere (30% CO2 in helium), B2O3 was pretreated with CO2/helium
at 100 °C for 3 h, and then PO was purged into the in situ cell by CO2/
helium flushing. All the spectra were recorded against a background of
the sample at 4 cm−1 resolution over 254 scans. Before the detection of
ring-opening species derived from PO by 1H NMR, PO (50mmol) was
pretreated with B2O3 (2.5 mol %) at 100 °C and under 2MPa pressure of

Ar for 30min.

2.2. General procedure for catalytic conversion of CO2 and epoxides

Typically, 50 mmol of PO and a certain amount of B2O3/n-NBu4Br
were put in a 100mL stainless steel reactor. Then the reactor was filled
with CO2 to 2.0MPa pressure and heated to the target temperature in
the oil bath. After the reaction, the reactor was cooled down to room
temperature and slowly released residual CO2. The product separated
from the catalyst via centrifugation was mixed with mesitylene as an
internal standard and then analyzed on GC 7890F to determine the
reaction yield and selectivity. Products were purificated via silica gel
chromatography with Ethyl acetate/cyclohexane (volume ratio: 3:7).
The scope of other substrates and the control tests over other catalysts
were examined following the same procedures. For the recyclability
test, the recycled B2O3 was separated by centrifugation and directly
used with newly added n-Bu4NBr in the next run.

The control experiment to identify whether B2O3 performed in
homogenous or heterogeneous catalysis contained two steps. Firstly,
the mixture of PO, n-Bu4NBr and ball-milling B2O3 was treated in Ar
(2MPa) at 100 °C for 2 h. Then, the supernatant separated from the
above mixture by centrifugation was transferred to the stainless steel
reactor with CO2 (2MPa) at 100 °C for 2 h.

3. Results and discussion

Initially, the catalytic efficiency of B2O3 was tested by using B2O3/n-
Bu4NBr as a binary catalytic system in the cycloaddition of propylene
oxide (PO) with CO2 (summarized in Table 1). After optimizing the
dosage of B2O3 in the reaction (Fig. 3a), to our delight, an amount of
B2O3 (2.5 mol %) afforded 91% yield of propylene carbonate (PC) at
100 °C (Table 1, entry 3). The exclusive use of n-NBu4Br only afforded
23% yield of PC (Table 1, entry 1), thus clearly manifested the very
important catalytic effect of B2O3. The kinetics of cycloaddition of CO2

with PO was then studied under the identical reaction conditions with
B2O3/n-Bu4NBr (Table 1, entry 3–6). The results showed that the re-
action almost accomplished after 2 h and the yield of PC increased

Fig. 1. The transformation of CO2 to cyclic carbonates and subsequent catalytic
hydrogenation reaction.

Fig. 2. The dual activation mode of epoxide.

Table 1
Cyclic carbonate reaction conducted by B2O3/n-NBu4Br as the binary catalyst.a

Entry B2O3 (mol %) Temperature (oC) Time (h) Yield (%)b

1 — 100 4 23
2d 2.5 100 4 n.d.
3 2.5 100 4 91 (87)c

4 2.5 100 2 90 (85)c

5 2.5 100 1 53
6 2.5 100 0.5 22
7 2.5 120 2 91
8 2.5 80 2 34
9 2.5 60 2 12
10 0.5 100 2 40
11e 0.5 100 2 95 (89)c

12e 0.5 60 9 69
13e 2.5 60 9 93 (88)c

a Reaction conditions unless specified otherwise: propylene oxide (2.9 g,
50.0 mmol), n-Bu4NBr (1mol %), an initial pressure of CO2 is 2 MPa, B2O3

(amount indicated), temperature and time indicated.
b Yields determined by GC analysis. The selectivity of PC was> 99%.
c Isolated yield.
d Without n-Bu4NBr.
e B2O3 treated by ball milling for 2 h.
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slowly in additional time periods. As expected, increasing temperature
could significantly enhance the reaction rate (Table 1, entry 4, 7, 8 and
9). The reaction at 100 °C was finished within 2 h with almost full
conversion of PO, and there was no obvious increase of conversion by
further raising temperature to 120 °C (Table 1, entry 7). The above
results indicated that the most appropriate condition for the coupling of
PO and CO2 was at 100 °C for 2 h by using the binary catalytic system of
B2O3 (2.5 mol %)/n-Bu4NBr (1mol %). Additionally, n-Bu4NCl and n-
Bu4NI were also used as the halide nucleophiles to examine their per-
formance in the cycloaddition of PO with CO2. As the results showed,
the exclusive use of n-Bu4NCl exhibited comparable catalytic perfor-
mance to that of n-Bu4NBr (Table S1, entry 1), however, the binary
catalytic system of B2O3/n-Bu4NCl showed moderate activity, only
providing 60% yield of PC (Table S1, entry 3). We rationalize this re-
latively low activity of B2O3/n-Bu4NCl system to the strong hygro-
scopicity of n-Bu4NCl, for H2O could erode catalytic activity of B2O3,
which will be discussed in the later section. Moreover, n-Bu4NI dis-
played the lowest activity (Table S1, entry 2), and this poor activity
could probably be attributed to the inferior leaving ability of the nu-
cleophilic I− anion [4b]. Given the above, n-Bu4NBr was chosen as a
nucleophile component in the binary catalytic system for further in-
vestigations.

In order to endow B2O3 with higher catalytic activity, ball-milling
method was adopted in anticipation of increasing the exposure of its
active sites. The structural change of B2O3 after ball milling for 2 h was
clearly observed in the XRD results (Fig. 3b). The XRD pattern of ori-
ginal B2O3 showed poor crystal structure with the characteristic

diffraction peaks at 2θ=14.6, 27.7 and 39.9° (JCPDS No. 00-006-
0297). In contrast, these three peaks disappeared in the pattern of the
ball-milling sample, indicating that the high-intensity mechanical pro-
cessing (ball milling) may increase the defects of B2O3 structure and
make more exposure of the active sites. This hypothesis was subse-
quently verified by the adsorption behaviors of PO vapor on B2O3 and
its ball-milling sample. The faster adsorption rate of PO was carried out
with ball-milling B2O3 under the conditions of 25 °C and PO pressure
from 0 to 3mbar. The adsorption capacity of PO on the ball-milling
sample kept higher than that on ordinary B2O3 at the same pressure
(Fig. 3c). The results of PO adsorption isotherms implied that ball-
milling technique led to the increase of active sites on B2O3. Expectedly,
coincided with the structural improvement, B2O3 processed by ball-
milling technique for 2 h outperformed its original sample under the
same reaction conditions. A 0.5 mol% loading of ball-milling B2O3 gave
rise to 95% yield of PC, higher than that achieved with the untreated
B2O3 (Table 1, entry 11 vs 10). The kinetic profiles for PC production
catalyzed by B2O3 and its ball-milling sample clearly displayed different
catalytic activity, which demonstrated the higher activity of ball-mil-
ling B2O3 (Fig. 3d). Furthermore, the excellent activity of the ball-
milling B2O3 encouraged us to evaluate its ability in the conversion of
PO and CO2 at a mild temperature of 60 °C. Encouragingly, a 69% yield
of PC was obtained with ball-milling B2O3 (0.5 mol %) at 60 °C for 9 h
(Table 1, entry 12) and it further reached 93% when increasing the
dosage of ball-milling B2O3 to 2.5 mol % (Table 1, entry 13), which
indicated that ball-milling B2O3 could retain high activity under rela-
tively mild conditions.

Fig. 3. (a) Effect of the B2O3 loading on the yield of PC in the cycloaddition of CO2 and PO. Reaction conditions: PO (50mmol), n-Bu4NBr (1mol %), at 100 °C and
under 2MPa of CO2 for 4 h. (b) XRD patterns of B2O3, ball-milling B2O3 and cubic B2O3 crystal (JCPDS No. 00-006-0297). (c) PO vapor adsorption isotherms for B2O3

and ball-milling B2O3 at 25 °C. (d) The kinetic profiles for the formation of PC using original and ball-milling B2O3 as catalysts at 100 °C and under 2MPa of CO2 for
2 h.
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Given the possible dissolution of B2O3 in the reaction medium, a
control experiment was designed to identify whether B2O3 performed in
a real heterogeneous way. A mixture of PO, n-Bu4NBr and ball-milling
B2O3 was stirred at 100 °C under an Ar pressure of 2MPa for 2 h
(Fig. 4a), followed by centrifugation to obtain the supernatant as an
initial reaction system with CO2 for producing PC. As a result, this su-
pernatant (Fig. 4b) only provided PC with 28% yield which resulted
from the soluble n-Bu4NBr, demonstrating the heterogeneous nature of
B2O3. To further explore the heterogeneous catalytic nature of B2O3, its
reutilization was subsequently examined with the cycloaddition of PO
and CO2. B2O3 could be easily recovered by centrifugation and reused
for five runs without loss of activity (Fig. 4c). The recovered B2O3

catalyst was also analyzed by FT-IR (Fig. 4d). With essentially similar
spectrum information of fresh B2O3, the recycled B2O3 possessed three
main characteristic signals at 1420 cm−1, 720 cm−1 and 3228 cm−1,
which were assigned to BeO stretching vibration, out-of-plane bending
of BeOeB and BeOH stretching vibration derived from absorbed water
on B2O3, respectively [11]. The above FT-IR result implied the good
stability of B2O3, and no structural conversion from B2O3 to H3BO3 was
observed. Encouragingly, B2O3, an ordinary heterogeneous nonmetallic
Lewis acidic catalyst, accompanied with n-Bu4NBr, could afford high PC
production (up to 133mmol PC gcat.−1 h−1, Table S2), outperforming
many other reported nonmetallic catalysts for the coupling of CO2 and
PO.

Next, the scope in other epoxide substrates was examined to further
evaluate the versatility of the B2O3/n-Bu4NBr binary catalytic system.
As shown in Fig. 6, the terminal epoxides with chloromethyl, phenyl

and phenoxymethyl substituents could be converted into their COCs in
high yields (Fig. 6, 1, 2 and 3). Furthermore, epoxides functionalized
with alkyl and alkene chains were also well-tolerated substrates, of
which COCs products could be obtained with the yields of 83%, 94%
and 98%, respectively (Fig. 6, 5, 6, 7). In spite of steric hindrance and
electronic effect possibly, cyclohexene oxide and isobutylene oxide can
be converted to their products with yields up to 50% and 63%, re-
spectively (Fig. 6, 4, 8). The scope investigation demonstrated the po-
tential of B2O3 as an effective nonmetallic catalyst for synthesizing
COCs.

Lastly, B2O3 involved catalytic mechanism was investigated.
Considering its hygroscopicity, inevitably, B2O3 holds partial BeOH
structure (Fig. 4d) which may form hydrogen bonds with epoxide and
thus probably promote its ring-opening process [7e-h]. Therefore,
firstly, boric acid (H3BO3) was used as a control catalyst for the cy-
cloaddition of CO2 and PO to examine the contributions of the BeOH
structure to this reaction. Unexpectedly, H3BO3 afforded only 51% yield
of PC, which was inferior to that derived from B2O3 under the same
reaction conditions (Fig. 5a). The catalyst system of B2O3 and stoi-
chiometric H2O, which probably generated H3BO3 in situ, also exhibited
a medium activity, providing 56% yield of PC. Conversely, by using
sub-stoichiometric amounts of water, the yields of PC increased up to
85% (Fig. S1). The results of the control tests indicated that high ac-
tivity of B2O3 was primarily derived from its Lewis acidic boron sites (or
BeO structures) rather than BeOH structures. Increasing the surface
BeOH groups of B2O3 could erode its catalytic performance. The Lewis
acidic property of B2O3 was further investigated by means of the FT-IR

Fig. 4. (a) The solution involving PO (50mmol), n-Bu4NBr (1mol%) and B2O3 (2.5 mol %), which was pretreated at 100 °C and 2MPa Ar for 2 h; For this solution
Tyndall effect was observed because of B2O3 particles. (b) The supernatant obtained from the above pretreated solution via centrifugation; Tyndall effect was hardly
observed, which implied absence of B2O3 particles in the liquid phase. (c) Recovery test of B2O3. Reaction conditions: propylene oxide (500mmol), 0.5 mol % of
B2O3, 1mol % n-Bu4NBr, 100 °C, 2MPa, 1 h. (d) FT-IR spectra of fresh B2O3, used B2O3 and H3BO3.
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spectroscopy of pyridine adsorption (Fig. 5b). After the adsorption of
pyridine on B2O3 at 25 °C, the bands at 1455 cm−1, 1490 cm−1,
1580 cm-1 and 1627 cm−1, were observed in the spectra (Fig. 5b). The
signals at 1455 cm−1 and 1627 cm-1 attributed to the pyridine-ring
vibration modes of 19b and 8a, respectively, implied the coordinative
bonding of pyridine to Lewis acidic boron sites from B2O3 [12]. After
elevating temperature from 25 °C to 100 °C accompanied with He
flushing (10mL/min), the aforementioned signals of absorbed pyridine
still remained, which demonstrated the strong Lewis acidity of B2O3.

We also found some interesting phenomena concerning the che-
mical adsorption of epoxides on the surface of B2O3, and in situ DRIFT
technology was employed to study the adsorption behaviors of PO on
B2O3. First, when PO gas was introduced into the cell loaded with B2O3

sample at 22 °C, the characteristic bands of PO were clearly observed at
∼3000, ∼1400, 1267, 1020, 956, and 840 cm−1, which could be as-
signed to CeH stretching vibration (∼3000), C–H deformation vibra-
tion (∼1400) and CeOeC skeletal vibrations (1267, 1020, 956, and
840 cm−1), respectively (Fig. 5c) [13]. When switching to He purging,

Fig. 5. (a) The yields of PC afforded by H3BO3 (5mol %), B2O3 (2.5mol %) and B2O3 (2.5 mol %) with water (7.5 mol %) at 100 °C and 2MPa of CO2 for 2 h. (b)
DRIFT spectra for pyridine adsorption on B2O3. (c) Evolution of DRIFT spectrum for PO adsorption and desorption on B2O3 at 22 °C (d) at 100 °C and (e) under CO2

atmosphere at 100 °C. (f) Evolution of DRIFT spectrum for PO adsorption and desorption on H3BO3 at 22 °C.

Fig. 6. Scope investigation using B2O3/n-Bu4NBr (0.5/1.0 mol %) as a binary catalyst at 100 °C or 120 °C, 2MPa initial pressure, and 50.0mmol substrate; The
amount of cyclohexene oxide is 25.0 mmol. Product yields determined by GC analysis; Isolated yield in brackets. The selectivity of all the products were> 99%.
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obvious signal changes were observed. Apparently, the peaks relevant
to gaseous PO at 3050, 1267, 1020, 956 and 840 cm−1 disappeared
after He purging for 10min, whereas the peaks of 2976 and 2934 cm−1

with shoulder signals at 2900 and 2877 cm−1 still existed after He
purging for 80min (Fig. 5c). Importantly, the signal of CeO stretching
vibration appeared red shift to lower wavenumber at ∼1099 cm−1,
implying the formation of BeOeC structure derived from the chemi-
sorbed PO on the surface of B2O3 (Fig. 5c). We suggested that some of
the adsorbed PO moieties converted into bidentate propoxy species
through ring opening process, which could be inferred from the absence
of signals (3050, 1267, 1020, 956 and 840 cm−1) relevant to the
CeOeC vibrations of PO, and the presence of signals that were ascribed
to the CeH and CeO stretching vibrations of the propoxy species [14].
To simulate more realistic reaction conditions, PO adsorption on B2O3

at reaction temperature (100 °C) was further performed to detect the
propoxy species. Similarly, in the DRIFT spectrum of PO adsorption on
B2O3 at 100 °C, the characteristic bands of PO can be observed when
introducing PO into the cell (Fig. 5d). With the signal intensity of
gaseous PO increasing in 20min, new peaks appeared at 2806, 2722,
∼1750, ∼1600 cm−1. The two signals of 2806 and 2722 cm−1 can be
assigned to the CeH stretching vibration of aldehyde group according
to the literature [13], and the weak band around 1750 cm−1 was at-
tributed to the C]O stretching vibration that derived from the alde-
hyde species. The detected propyl aldehyde species, though only trace
amount, indicated there was a ring opening process of PO on the surface
of B2O3. As time went on, the bands around 3533 and 1600 cm−1

generated clearly, which can be attributed to OeH stretching vibration
and ]CeH non-planar deformation vibration of allyl alcohol that was
probably isomerized from propyl aldehyde. The similar phenomena
were also observed by 1H NMR in PO that was pretreated with B2O3.
Weak signals at 6.0, 4.5, 4.2 ppm, can be attributed to allylic hydrogen
(]CH−, ]CH2) and methylene hydrogen (eCH2−) from allyl alcohol
(Fig. S2). Signals at 1.1 ppm and 3.4 ppm are assigned to methyl hy-
drogen (eCH3) and etheric hydrogen (eOCH2−). These two peaks
were supposedly related to ring-opening species of PO, which was not
identified by the in situ DRIFT. The signal of aldehyde hydrogen

(eCHO) was observed at 9.8 ppm, implying the existence of traces of
propanal. The above interesting results indicated that B2O3 as the key
enabler could release the ring-strain energy of PO and accelerate its ring
opening.

To further get insight into the mechanism, a parallel experiment of
in situ DRIFT was carried out. PO gas and CO2 were simultaneously
introduced into the cell loaded with B2O3 sample, in which we expected
to detect the coupling intermediates of CO2 and the ring-opening pro-
poxy species. But unfortunately, no carbonyl signal of carbonate around
1800 cm−1 was found except the signals generated from propyl alde-
hyde and allyl alcohol species (as shown in Fig. 5e), which meant the
ring-opening propoxy species cannot react with CO2 directly without
the co-catalyst of n-Bu4NBr. Nevertheless, the activation of PO driven
by B2O3 is highly effective in cylcoaddition of PO to CO2, as demon-
strated by the results in Table 1, entry 4 (vs enrty 1).

In addition, another in situ DRIFT test was carried out with H3BO3 to
understand the boron active sites. In the spectrum of PO adsorption on
H3BO3, the typical bands of PO arose at first (Fig. 5f). However, the
chemical adsorbed species were not observed, for the signals associated
with PO disappeared rapidly without other new peaks arising after He
flushing for 10min, which implied the weak interaction between BeOH
and PO. This may be the reason that the catalytic performance of H3BO3

is inferior to that of B2O3. All the above results of DRIFT study sug-
gested that Lewis acidic boron sites of B2O3 with the BeO structure
played a key role in activating epoxide substrates, thereby efficiently
accelerating the cycloaddition of CO2 and epoxides. In the basis of our
observations, an activation mechanism conducted by B2O3/n-NBu4Br is
proposed for the catalytic conversion of CO2 and epoxide to cyclic
carbonates (Fig. 7). Initially, the oxygen atom of epoxide is bonded with
the Lewis acidic boron site to form a BeO coordination bond to activate
the epoxide (I). Then, the bromide anion from n-NBu4Br attacks the less
hindered carbon atom of epoxide to form the bromo-alkoxide inter-
mediate (II). Next, CO2 is inserted into BeO bond due to the electro-
philicity of CO2 to form an acycliccarbonate (III). Finally, the CO2 ad-
duct converts into the corresponding cyclic carbonate through an
intramolecular ring closure step with the regeneration of catalyst (IV).

Fig. 7. Proposed mechanism of B2O3/n-NBu4Br binary catalytic system for the cycloaddition of CO2 and epoxides.
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4. Conclusions

In this contribution, B2O3, an easily available metal-free boron
oxide was first employed as a highly active catalyst for the cycloaddi-
tion of CO2 and epoxides. The catalytic activity of B2O3 could be further
greatly enhanced through ball milling technique. Distinct from many
other metal-free catalysts which activated epoxides by hydrogen
bonding or Lewis base effect, the Lewis acidic B2O3 opens a new gate to
induce the ring opening process of epoxides and outperformed many
other reported heterogeneous metal-free catalysts and even some
homogeneous ones in this regard. On account of the high activity and
easy availability, B2O3 holds great potential in the sustainable pro-
duction of cyclic organic carbonates. The study toward designing a
bifunctional catalyst integrating Lewis acidic boron sites and nucleo-
philes for the synthesis of COCs are currently underway in our la-
boratory, and the results will be reported in due course.
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