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ABSTRACT

Copper halides, CuX, (X=Cl, Br), promote the oxidative carbonylation of vicinal diols [1,2-ethandiol
(1,2-ED), 1,2-propanediol (1,2-PD), 1,2-butanediol (1,2-BD)] into the corresponding 5-membered cyclic
carbonates, under CO/O; (Ptot =3 MPa; Pg2)=0.5MPa), at 373 K, in CH3CN and in the presence of a base as
co-catalyst. Under these conditions, however, copper salts catalysts proved to be unstable (max turnover,
21.1 mol/mol), evolving into a pale green, insoluble and inactive material, by reaction with water, by-
product of the carbonylation process. Contrarily, by carrying out reactions directly in diol, and using
DMF as the base, catalytic systems showed to be stable and efficient. Under these conditions, when
approximately 40% of the diol has been converted into carbonate, CO, begins to be formed, deriving from
the CO oxidation promoted by H, O that accumulates in the system. The extent of this side reaction, which
lowers the yield of CO into cyclic carbonate, increases with the progress of carbonylation. After a diol
conversion of 70%, the oxidation of CO to CO, becomes the main reaction and prevents the complete
carbonylation of the diol. The most probable reaction mechanism is also reported and discussed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Cyclic carbonates are non-toxic, easily biodegradable, high polar

and high boiling liquids, that are used as raw materials for industry
in a wide range of applications: solvents of degreasing, diluents of
epoxy resins and polyurethanes [1,2], additives for fuels, chemical
intermediates for the synthesis of polycarbonates and other poly-
meric substances [1,3] and for dimethyl carbonate synthesis (DMC)
by a trans-esterification process with methanol [4].

The main synthetic methods of access to cyclic carbonates are
based on carbonylation or carboxylation processes. The former are
achieved by reacting diols with toxic phosgene (Eq. (1)) or with less
toxic carbonyl derivates, like dialkyl carbonates or urea (Eq. (2)) [5].

O

O +2HCI

— » O

HO-R-OH + COCl,
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HO-R-OH + COX, —> O O + 2HX

(X: OR‘, NHz) R (2)

Although the phosgene method is simple to be realized and
requires mild temperature conditions, it has the disadvantage of
using a highly toxic and hazardous reagent. In addition, this suf-
fers from two other drawbacks: the low selectivity in the reaction
products and the cost of disposing of HCl, that is formed in stoi-
chiometric amounts. The other two procedures, while being more
eco-friendly routes, show the problems of requiring stoichiomet-
ric amounts of organic carbonates or urea, which have a cost, the
need for high temperatures (T>130°C) and for expensive catalysts
based on metal oxides [6]. Moreover, since the synthetic reactions
are reversible, the conversion is never complete, and tedious sep-
aration steps are necessary. In the case of reactions with urea, the
recycling of ammonia, that is formed in stoichiometric amounts,
is mandatory [7]. With regard to the carboxylation method, it is
mostly accomplished by reacting CO, with olefins and oxygen, or
directly CO, with epoxides or diols. Although these procedures are
preferable to the phosgene route, as they have the advantage of
using a greenhouse gas, they suffer from other problems, which still


dx.doi.org/10.1016/j.molcata.2012.08.026
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:giannoccaro@chimica.uniba.it
dx.doi.org/10.1016/j.molcata.2012.08.026

P. Giannoccaro et al. / Journal of Molecular Catalysis A: Chemical 365 (2012) 162-171 163

remain unsolved. In particular, procedures employing olefin and
oxygen [8], have the disadvantage of requiring drastic reaction tem-
peratures and efficient control systems, being the olefin/oxygen
mixtures potentially explosive. Protocols with epoxides are inter-
esting [9], because they occur under milder conditions, but require
expensive starting materials. Finally, procedures based on CO, and
diols are to be preferred from the economical point of view, but
usually occur at high temperatures and proceed with lower con-
versions [10].

It is noteworthy that many valuable organic compounds, like
linear organic carbonates [11], ureas and carbamates [12], and
oxalates [11a], can be prepared conveniently by oxidative car-
bonylation processes, using dioxygen as an oxidant (Eq. (3)). These
processes should be preferred to the methods described above,
since they do not give by-products.

CO + 2HY + O, — COY, + H,0 (3)

(Y = OR, -NH,, -NHR; -NR;)

Recently, these procedures have been successfully applied to the
carbonylation of bi-functional substrates, such as amino-alcohols
and diamines, which have been converted into cyclic carbamates
[13], N,N-bis(hydroxyalkyl)ureas [14], and cyclic ureas [15].

Little attention has been devoted to the oxidative carbonylation
of diols, which could be conveniently converted into cyclic carbo-
nates (Eq. (4)). In the middle of ‘80. Tam [16] reported that Pd(II)
can promote this reaction, but the method appeared of little syn-
thetic importance, due to both the requirement of stoichiometric
amounts of copper, as an oxidant, and the very poor catalyst stabil-
ity. The formation of ethylene carbonate by oxidative carbonylation
of ethylene glycol, promoted by Co(OAc),, using O, as an oxidant,
has also been reported in a patent [17]. The catalytic system, in this
case, seems to be not efficient due to the very low values of both
yields (2%) and turnover.

Only recently two different research groups have reported their
preliminary results on some palladium-based catalytic systems,
that are able of promoting efficiently the oxidative carbonylation
of diols into cyclic carbonates under both homogeneous [18] and
heterogeneous [19] conditions.

The oxidative carbonylation method has been also extended to
glycerol, a triol, that has been converted into glycerol carbonate as
described in a patent [20] and in a recent study [21,22a].

In this paper we describe the first copper-based catalytic sys-
tems, able to convert diols into the corresponding cyclic carbonates,
using O, as an oxidant.

2. Experimental

Unless otherwise stated, all manipulations were carried
out in air. Solvents, copper halides (CuCl,, CuBry), diols [1,2-
ethandiol (1,2-ED), 1,2-propanediol (1,2-PD), 1,2-butanediol

(1,2-BD)], bases (NapCO3, CgH5COONa, CH3COONa, NEts,
pyridine, N,N-dimethylformamide (DMF), ligands [triph-
enylphosphine (PPhs), triphenylphosphine oxide (OPPhjs),

1,2-bis(diphenylphosphino)ethane (dppe) and 2,2’-bipyridine
(bipy)] were Aldrich or Fluka products and were used as received.
Products were identified by IR, GLC and GLC-MS and by comparison
with the literature data. IR spectra were recorded on a Shimadzu
IR-Prestige-21 spectrophotometer. GLC quantitative analyses and
separations were performed by using a Varian Cromopack CP3800
GLC equipped with a CP Sil 8 CB capillary column (50 m, 0.53 mm
ID), connected to a FID detector. GLC-MS analyses were carried
out with a Shimadzu GLC 17-A linked to a Shimadzu GLC/MS
QP5050A selective mass detector (capillary column: HP-5 MS,
30 m). Analyses of gas mixture: at the end of reaction, the residual

gas mixture was collected at atmospheric pressure in a graduated
cylinder connected to a gas burette and analyzed for CO,. Analyses
were carried out on a Porapak Q (3.5m) column, using a Varian
Cromopack CP3800 GLC equipped with a thermal conductivity
detector.

Catalytic tests were carried out in a 55,6 mL stainless still auto-
clave mounted in an electrical oven having a magnetic stirrer on its
base. Catalyst, co-catalyst, solvent and reagents were introduced in
aglass vial (~12 mL) placed into the autoclave, in order to avoid any
contact with metal walls. Under these conditions, the free volume
for gaseous mixture is in the range 30-35 mL. Activity and selectiv-
ity were obtained by GLC, detecting the reacted diol and the formed
carbonate using toluene or xylene as an external standard.

XPS analyses were carried out using a Thermo Fisher Theta Probe
spectrometer equipped with a monochromatic Al Ka X-ray source
(1486.6 eV) with a spot size of 400 wm, corresponding to a power
of 100 W and at a take- off angle of 53°. Survey spectra (0-1300eV)
were acquired at a pass energy of 200 eV with a resolution of 1eV.
High resolution spectra for C1s, O1s, CI2p and Cu2p were recorded
at a pass energy of 100 eV with a resolution of 0.05 eV. Charge cor-
rection of the spectra was performed by taking the alkyl type carbon
(C—C, C—H) component of the C1s spectrum as internal reference
(binding energy, BE =284.5eV).

Atomic percentages were calculated from the high resolu-
tion spectra using the Scofield sensitivity factors set in the
Thermo Avantage software (Thermo Fisher Corporation) and a non-
linear Shirley background subtraction algorithm. XPS analysis was
repeated on three different spot of the sample.

2.1. CO/0, ratio

Although the CO/O, compressed mixtures are potentially explo-
sive in a wide range (flammability range for CO in O, at room
temperature is 16.7-93.5%) [23], many studies on oxidative car-
bonylation have been conducted and are still carried out with a
2:1 ratio (CO:0,), without the occurrence of incidents [22]. As an
example, DMC synthesis on industrial scale (the EniChem process)
is carried out with this ratio [24]. However, when using mixtures in
the flammability range, it is always advisable using suitable equip-
ment and special care. In this work, we used autoclaves equipped
with appropriate rupture discs (strength 10 MPa). Due to their small
size (see above) and in the absence of a device able to carry the reac-
tions at a constant pressure, we used 5:1 mixtures of CO/O,. In any
way, we found that the reactions take place even using mixture
with 15:1 ratios. In these cases reactions are slower.

2.2. Catalytic tests

2.2.1. Synthesis of 4-methyl-1,3-dioxolan-2-one

In a typical experiment the glass vial was charged with solvent
(CH3CN, 9.0 mL), catalyst (CuCl,, 0.60 mmol), co-catalyst (Na,COs,
0.60 mmol) and 1,2-PD (10 mmol). The vial was introduced into
the autoclave which was sealed and charged with O, (0.5 MPa)
and CO up to a total pressure of 3 MPa. Under these conditions,
also taking into account the free volume of the autoclave and the
stoichiometry of the carbonylation process (Eq. (4)), the diol is the
limiting reagent. The autoclave was heated at 100°C and allowed
to react for 3 h. After this time, it was cooled to room temperature
and the residual gas mixture was analyzed for CO,. The reaction
mixture was analyzed by IR, GLC and GLC-MS for reactants and
products. GLC analyses were performed by adding to the reaction
mixture a weighed amount of toluene as external standard. The
IR spectrum showed the presence of a strong absorptions around
1800cm™! assigned to cyclic carbonates 4-methyl-1,3-dioxolan-2-
one [25], whose presence was confirmed by means of GLC-MS
analysis [m/z (in parenthesis, relative intensity): 102 (M*, 2), 87
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(10),57 (64),43(73),29(100)] [11g]. The IR spectrum also showed
the presence of a medium absorption at 2343 cm~!, assigned to
CO, and broad absorptions in the range 3600-3500cm~! and
1640-1610cm™!, assigned to H,0, co-product of reaction and to
OH group of unreacted diol. GLC quantitative analysis showed the
disappearance of 7.9 mmol of 1,2-PD and the formation of 7.6 mmol
of 4-methyl-1,3-dioxolan-2-one (see Table 2, entry 3).

The carbonylation of 1,2-PD under the other conditions dis-
cussed in the paper were carried out in the same way. Conversions
and the selectivities are reported in Table 2.

2.2.2. Synthesis of 1,3-dioxolan-2-one

The reaction was carried out as described above using 1,2-ED
(10mmol) as diol. The IR spectrum showed the presence of two
strong absorption at 1805 cm~! (vs)and 1774 cm™! (s), assigned to
cyclic carbonate, 1,3-dioxolan-2-one [11g,26], whose presence was
also confirmed by means of GLC-MS analysis. m/z: 88 (M*, 47), 58
(5),43(65),29(100)[11g]. The spectrum also showed the presence
of a medium absorption at 2343 cm~!, assigned to CO, and broad
absorptions in the range 3600-3500cm~! and 1640-1610cm™1,
assigned to H,0, and to OH group of unreacted diol. GLC quan-
titative analysis: reacted 1,2-ED, 8.0 mmol; ethylene carbonate,
7.5 mmol (see Table 2, entry 18).

2.2.3. Synthesis of 4-ethyl-1,3-dioxolan-2-one

The reaction was carried out as described above using 1,2-
BD (10mmol) as diol. The IR spectrum showed absorptions
at 1801 cm~1(s), assigned to 4-ethyl-1,3-dioxolan-2-one [25], at
2343 cm~!(m), assigned to CO,, and in the range 3600-3500 cm ™!
and 1640-1610cm™1, assigned to H,0, and to OH group of unre-
acted diol. The presence of cyclic carbonate was also confirmed
by GLC-MS analysis. m/z: 116 (M*, 1), 87 (22), 71 (2), 44 (19), 43
(100), 42 (54), 29 (30). GLC quantitative analysis: reacted 1,2-BD,
6.5 mmol; butylene carbonate, 6.0 mmol (see Table 2, entry 19).

2.3. Catalyst stability

2.3.1. Reactions in acetonitrile

In a typical experiment the glass vial was charged with solvent
(CH3CN, 9.0 mL), catalyst (CuCl;, 0.60 mmol), co-catalyst (Na;COs,
0.60 mmol), and 1,2-PD (20 mmol). The vial was introduced into
the autoclave which was sealed and charged with O, (0.5 MPa) and
CO up to a total pressure of 3.0 MPa (PO, 0.5). Under these con-
ditions, O, is the limiting reagent. The autoclave was heated at
100°C and allowed to react for 3 h. After this time, it was cooled
to room temperature and the residual gas mixture was evacuated
and optionally analyzed for CO, content. A small aliquot (0.1 mL) of
the reaction mixture was withdrawn and analyzed for diol reacted
and carbonate formed. Then, the autoclave was recharged with a
fresh mixture of CO/O, under the same conditions of pressure and
allowed to react for further 3 h. After reaction, the gas mixture and
the reaction solution were analyzed as above. The recharging of
autoclave and analysis of its contents were repeated every 3 h until
the conversion of the starting diol remained constant, indicative
of the deactivation of the catalyst. Times are reported in Table 3,
column 4. For a better quantification of diol and carbonate, catal-
yses were repeated using the same procedures, but GLC analyses
were made on the entire reaction mixture after the deactivation
time. Considering catalysis in entry 1, Table 3, the GLC analysis
carried out after the addition of 0.875 g of toluene as a standard,
showed the disappearance of 10.6 mmol of 1,2-PD and the forma-
tion of 10.2 mmol of carbonate (96% of selectivity). Data in Table 3,
are reported as turnover number and conversion%. Analyses under
different conditions were carried out in the same way. Selectivities
in all cases were >96%. Results are reported in Table 3. Catalyst sta-
bility under different conditions (base and ligand) was obtained in

the same way, data are report in Table 3. The CO, content in the gas
mixture was low during all cycles.

2.3.2. Solvent free reactions

In a typical experiment the glass vial was charged with ~5 mL
of diol (89.5 mmol for 1,2-ED, 68.1 mmol for 1,2-PD and 56.5 mmol
for 1,2-BD), 0.5 mL of DMF and 0.60 mmol of CuCl,. The vial was
introduced into the autoclave which was sealed and charged with
0, (0.5MPa) and CO up to a total pressure of 3.0 MPa. The autoclave
was heated at 100°C for 2 h. After this time, reactor was cooled to
room temperature, evacuated from the residual gas mixture and
recharged with a fresh mixture of CO/O, at the starting pressure.
Then, the mixture was allowed to react at 100 °C for other 2 h. These
reaction cycles were repeated every 2 h for a total of 4 times per day
and for 5 consecutive days. At the end of each day, both gas and
liquid reaction mixtures were analyzed respectively for CO,, diol
reacted and carbonate formed. Analyses of the liquid mixture were
carried out on a small aliquot, which was appropriately diluted
with acetonitrile. Below, analysis after the first day of reaction is
reported. Analysis was carried out by adding to 0.103 g of reac-
tion solution 5 mL of CH3CN and 0.0312 g of xylene as standard.
The amount of diol and carbonate detected in the analyzed sample
was related to total mass (5.73 g). The data showed that there had
been the disappearance of 15.9 mmol of 1,2-PD and the formation
of 15.3 mmol of carbonate (96% of selectivity). The total amount of
diol reacted at the end of each daily cycle is reported in Table 4 and
plotted in Fig. 3. Selectivities were found to be >96%.

Analysis of gas mixture: CO, began to form at the end of the sec-
ond day. Regarding the carbonylation of 1,2-PD, the amount (mmol)
found at the end of the second, third, fourth and fifth day was 0.6,
1.3, 1.9, 2.4, respectively. The reaction liquid mixture was distilled
under reduced pressure: three fractions were obtained containing
respectively, H,O and DMF, 1,2-PD (0.52 g) and propylene carbon-
ate (2.42 g). The solid obtained after distillation was treated with
3 mL of water and 2 mL of an 1 M HCI solution. The resulting solu-
tion was evaporated to dryness and the solid residue, consisting of
CuCl, was active in catalysis.

2.4. Carbonylation mechanism: reductive step

A glass vial was charged with CH3CN (10 mL) and equimolar
amount of 1,2-PD (0.28 g, 3.7 mmol), CuCl, (0.5g, 3.7 mmol) and
Na;CO3 (0.39 g, 3.7 mmol). The vial was introduced into the auto-
clave, which was sealed, charged with CO up to a total pressure of
2.5 MPa and allowed to react at 100°C for 3 h. After this time, the
autoclave was cooled to room temperature and the reaction mix-
ture was analysed by IR and GLC. IR spectrum showed the presence
a strong absorption at 1800 cm~"! assigned to propylene carbon-
ate and a medium absorption at 2343 cm~1, assigned to CO,. From
GLC analyses 1.8 mmol of unreacted diol and 1.8 mmol of propylene
carbonate were detected.

2.5. XPS characterization of deactivated catalyst

XPS analyses were carried out on the solid sample recovered
from the reaction mixture after deactivation (Table 3, entry 1).

In the survey spectrum, signals attributed to C, O, Cl and Cu were
identified. Atomic percentages were then obtained from the high
resolution spectra and results are reported in Table 1.

Processing of the Cu2ps, spectral region was performed starting
from a linear background subtraction instead of a non-linear rou-
tine in order to avoid truncation of the shake-up signals at higher
BE [27]. A deeper inspection of the high resolution Cu2p spec-
trum, reported in Fig. 1, allowed to gain further information. The
spectrum reveals the presence of shake-up signals (s) characteris-
tic of Cu(Il) compounds. The shake-up signals shape and relative
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Table 1
XPS atomic percentages.

XPS atomic percentage (%)

Cu 191403
(0] 35.8+0.1
Cl 12.1+£0.7
C 33.0+£09
cu(ll)
S
S
Cu(l)
045 040 935 930

Binding Energy (eV)

Fig. 1. XPS Cu2p photoelectron spectrum showing that Cu is mainly in the form of
Cu(II), as also evident from the presence of the shake-up signals (s). The shoulder at
lower BE is indicative of traces of Cu (I).

intensity along with the Cu2psj, peak position can be of help to
identify the kind of Cu(II) compound prevailing in the sample. Com-
paring the spectrum of Fig. 1 with those reported in literature for
Cu,0, CuO, Cu(OH), [28-30], CuCl; [31] standard reference mate-
rials, it appears quite straightforward that copper is mainly present
in the sample as hydroxylated copper(Il). This outcome is also con-
firmed by the position of the main Cu2psj, peak at 935.1eV [32].
In the Cu2ps), spectrum, a shoulder at 932.3 eV can be also dis-
tinguished which indicates traces of Cu(I) compounds, like CuCl
(BE=932.4eV) or Cu,0 [32]. Due to the very low peak separation,
an unambiguous assignment between these two components is dif-
ficult to achieve, however a curve-fitting procedure of the Cu2ps),
component allowed to estimate the Cu(I) amount, which was found
to be 2% of the Cu percentage. It should be pointed that the traces
of Cu(I) detected could be due to the XPS analysis itself, since the
reduction of Cu(Il) to Cu(I) under X-ray exposure has been deeply
documented in literature [33].

~yT

The quantitative analysis reported in Table 1 shows that chlo-
rine is also present in the sample and its BE value of 198.2 eV is
indicative of a Cu(Il)—Cl bond [33]. These results suggest that the
deactivated catalyst is a chloro-hydroxo copper compound of for-
mula CuCl,(OH), (see also Section 3.2). To determine the exact
composition, we calculated the oxygen amount directly bound to
copper by subtracting to the overall oxygen percentage (35.8%)
the one bonded to carbon. The latter was estimated by the curve-
fitting of the C1s high resolution spectrum (Fig. 2), which consists
of four components, whose assignments and atomic percents are
reported in Fig. 2 [34], and was found to be 14.8%. As a con-
sequence, the percent of O bonded to Cu resulted was equal to
21.0%. Taking into account that the Cu(Il) atomic percent is equal to
17.1%, the composition of the deactivated compound resulted to be
Cuy7.1Cly2.1(OH);1 .9, which corresponded to the minimal formula
CuClp7(OH)1 2.

3. Results and discussion
3.1. General

Copper halides, CuX, (X=Cl, Br), promoted the oxidative car-
bonylation of vicinal diols into their relevant cyclic carbonates,
according to the stoichiometry of Eq. (4):

O
OH

HO\)\ +CO + 120, —» O O + H,0
R \_<

R
(4)

Catalytic efficiency (activity and stability) proved to be influ-
enced by the nature of the solvent, the presence of bases and
ligands.

Table 2 summarizes the most significant results of reactions
carried out in CH3CN, which was found to be the best solvent, at
373K in the presence of a 5:1 mixture of CO/O, (P(y)=0.5MPa;
Ptot=3.0 MPa). Catalysis was efficient only when reactions were
carried out in the presence of catalytic amounts of a base like
sodium carbonate, acetate or benzoate (entries 1-11). Under these
conditions, both CuCl, and CuBr; converted 1,2-PD into the corre-
sponding 5-membered cyclic carbonates, but copper chloride was
always more active than the corresponding bromide (entries 3-5
versus 6-8).

Binding Assi ¢ Atomic
Energy (eV) g percent (%)
284.5 C-CH 20.5

286.1 C-OH/R 5.6

287.3 c=0 26

288.5 COOH/R 33

293 291 289 287 285 283

Binding Energy (eV)

281

Fig. 2. Curve-fitting of the C1s spectrum.
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Table 2
Oxidative carbonylation of 1,2-diols with copper catalysts.?
(0]
OH CuX,
HO R 00, (3 MPa) o o
solvent, base \ (
(R=H, Me, Et) 110 °C
R
Entry Catalyst Base B/Cu (molar ratio) Ligand Diol Conv.% Selectivity. (%)
1 CuCl, - 0 - 1,2-PD 0 -
2 CuBr, - 0 - 1,2-PD 0 -
3 CuCl, Na,COs 1 - 1,2-PD 79 96
4 CuCl, Na,COs3 2 - 1,2-PD 82 96
5 CuCl, Na,COs3 4 - 1,2-PD 74 97
6 CuBr, Na,COs 1 - 1,2-PD 42 95
7 CuBr, Na,COs 2 - 1,2-PD 50 96
8 CuBr; Na,COs3 4 - 1,2-PD 65 94
9 CuCl, CH5COONa 1 - 1,2-PD 76 94
10 CuCl, CgHsCOONa 1 - 1,2-PD 75 94
11 CuCl, Na, CO;P 1 - 1,2-PD 89 73
12 CuCl, NaOH¢ 1 - 1,2-PD 66 89
13 CuCl, NaOH¢ 1 - 1,2-PD 35 88
14 CuCl, Pyridine - - 1,2-PD 0 -
15 CuCl, DMF -f - 1,2-PD 0 -
16 CuCl, DMF -8 - 1,2-PD 90 96
17 CuCl, NEt; -h - 1,2-PD 79 81
18 CuCl, Na,COs3 1 - 1-2-ED 80 94
19 CuCl, Na,COs 1 - 1,2-BD 65 92
20 CuBr, Na,COs 1 - 1-2-ED 49 93
21 CuBr; Na,COs3 1 - 1,2-BD 42 93
22 CuCl, Na,COs3 1 PPh3 L/Cu=1 1,2-PD 65 91
23 CuCl, Na,COs 1 PPhs L/Cu=2 1,2-PD 60 92
24 CuCl, Na,COs 1 OPPh; 1,2-PD 68 92
25 CuCl, Na,COs3 1 Dppe 1,2-PD 63 93
26 CuCl, Na,COs 1 Bipy 1,2-PD 60 91
27 CuCl Na,COs 1 - 1,2-PD 75 93

2 Unless otherwise stated, all the reactions were carried out by dissolving in CH3CN (9 mL), CuX; (0.60 mmol), base (0.60 mmol or an amount according to molar ratio),

diol (10 mmol), T=100°C, CO/O; (PO, =0.5 MPa; Pt=3 MPa), for 3 h (see Section 2.2).
b Reaction was carried out at 120°C.
¢ Solid NaOH was used.
d 1 mL of an aqueous solution 0.6 N was added.
¢ Reaction was carried out in CH3CN/Py (v/v=9/0.5).
f Reaction was carried out in DMF as the solvent.
& Reaction was carried out in CH3CN/DMF (v/v=9/1) for 10 h.
h Reaction was carried out in CH3CN/NEt3 (v/v=9/1).

It was found that the activity depended on the base/Cu(Il) molar
ratio. In the case of CuCl,, best results were found with 1:1 or 1:2
ratios (Table 2, entries 3-5), while a different trend was observed
with CuBr; (entries 6-8). All the reactions were carried out at
100°C, an increase of temperature promoted the oxidation of diol
at the expense of the selectivity of process (Table 2, Entry 11).

It was also investigated the influence of other bases, such
as NaOH, pyridine, N,N-dimethyl formamide (DMF) and NEts.
This latter exhibited comparable performance with that of
Na,CO3, but showed the drawback of promoting the formation
of undesired side-products such as N,N’-tetraethylurea and N,N-
diethylpropionamide (Table 2, entry 17) [35].

On the contrary, NaOH was less efficient and in this case cata-
lyst activity decreased further by using aqueous solutions in place
of the pure base (Table 2, entries 12 and 13). This trend was most
likely due to the inhibitory effect of water on catalyst stability (see
Section 3.3). Moreover, carbonylation was totally inhibited by pyri-
dine and DMF (entries 14 and 15), even if in the latter case catalyst
activity steadily increased by adding acetonitrile until to reach a
DMF:CH3CN ratio of 1:9 (v/v) (Table 2, entry 16)

The CuX;/Na,CO3 catalytic system (X=Cl, Br, molar ratio=1)
was also applied to the carbonylation of 1,2-ethanediol and 1,2-
butanediol, that were successfully converted into the correspond-
ing cyclic carbonates. Data in Table 2 show that even with these
substrates CuCl, was more active than CuBr, (entries 18 and 21).

3.2. Catalyst stability

To evaluate the catalyst stability, carbonylations were carried
out with excess amounts of diol and monitored until conversions
remained constant over the time (see Section 2.3). Data reported
in Table 3 show that in CH3CN, the CuCl,/Na;CO3/1,2-PD sys-
tem (0.6 mmol, 0.6 mmol, 20 mmol), exhibited a lifetime of 9h
with a turnover number of 17.5 (expressed as mole of substrate
reacted per mole of catalyst, Table 3, entry 1). The turnover values
decreased in the order when sodium acetate (TN = 15.6) or benzoate
(TN=15.3) was used as a base (Table 3, entries 2 and 3). The deacti-
vated systems revealed the presence of a copper-based pale green
solid, with a supernatant colourless solution. The solid proved to
be inactive in catalysis and its XPS analysis showed the copper(IIl)
hydroxyl chloride as the predominant species with a minimal for-
mula of CuClp7(OH);  (see Section 2.5).

It was reported that copper halides used as catalysts in DMC syn-
thesis, evolved under working condition to less active compounds.
Pacheco and Marshall [36] reported the formation of a product of
formula CuClx(OH)y. Fleet [37] described the formation of two main
phases, Cu(OH)Cl and Cuy(OH)3Cl, along with small amounts of
CuO.

On these bases, deactivation of our systems must be attributed
to the formation of these phases promoted by water, co-product of
oxidative carbonylation of diols (Eq (4)).
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Table 3
Oxidative carbonylation of 1,2-PD. Stability of catalyst.?
(0}

OH CuCl, /U\
[N S
HO \)\ M COJ/O, (3 MPa) o O
€ CH;CN, base/ligand

100 °C \

Me
Entry Base Ligand Time (h) Turnover® Number Conversion® (%)
1 Na,COs3 - 9 17.5 53
2 CH5;COONa - 9 15.6 47
3 CsHsCOONa - 9 153 46
4d Naz CO3 - 3 8.3 25
5¢ Na,CO3 - 9 18.2 55
6 Na,CO3 PPh; L/Cu=1 15 20.3 61
7 Na,COs3 OPPhs 15 21.0 63
8 Na,CO3 Dppe 15 21.1 63
9 Na,CO3 Bipy 15 20.0 60

@ All the reaction were carried out at 100°C in CH3CN (9 mL), using, CuCl; (0.60 mmol), base (0.60 mmol), ligand (0.60 mmol or an amount according to molar ratio), 1,2-PD

(20 mmol) (see for details Section 2.3.1).
b Expressed as mole of 1,2-PD reacted per mole of CuCl,.
¢ Selectivities were >96%.
d 0.5 mL of water were added to initial mixture.
¢ After 3 h of reaction, NaSO4 (1.0 g) was added.

Eqgs. (5) and (6) show the reaction stoichiometry leading to the
formation of the copper (II) hydrolysis by-products CuClyOHy, in the
presence of a generic base B and Na,COj3 respectively.

CuCl; +yH;0+yB — CuCl,_,)OHy + yBHCI (5)

CuCl, +_V/2H20 +y/2Na2C03 — CuCl(z,y)OHy +y/2C02 +yNacl
(6)

Most likely, hydrolysis would be suppressed in the absence of
bases and catalyst would be more stable. Unfortunately, under
these conditions carbonylation does not occur, being the base
essential for the formation of the key intermediate of catalytic pro-
cess (see Section 3).

Blank tests showed that the addition of water to a CH3CN
solution containing equimolecular amounts of CuCl, and Na,;COs3,
promoted the reaction (7).

CuCl; +NayCO3 +H;0 — CU(OH)Z +2NacCl + CO, (7)

Noteworthy, reaction mixture of the blank undergoes the
same colour change of the catalytic solutions. Their initial deep
yellow-brown colour clears up with the progress of reaction until
to completely disappear. The final solutions were colourless, with
the presence of a light green solid, inactive in catalysis. We found
that the solid formed in both catalysis and blank, could be converted
into the active CuCl,, by reaction with aqueous HCI and successive
vacuum drying of the resulting solution.

The negative effect of water on the catalyst lifetime was con-
firmed in two separate experiments. (i) the addition of small
amounts of H,O to the reagents at the beginning of reaction that
reduced lifetime to only 3 h (Table 3, entry 4); and (ii) the addition
of dehydrating agent that, conversely, increased that catalyst per-
formance (Table 3, entry 5). The decrease of activity observed in
reaction with aqueous NaOH (Table 2, entry 13) could be inferred
to inhibitory effect of H,O.

In an attempt to prepare more stable catalysts, we studied activ-
ity of CuCl, in the presence of ligands, as the coordination should
inhibit the hydrolysis process. Data in Tables 1 and 2 confirmed
this assumption, showing that the addition of ligands prolonged
the catalyst lifetime and consequently the total turnover number
(Table 3, entries 6-9).

Table 4
Oxidative carbonylation under solventless conditions.?
Diol mmol reacted
1st day 2nd day 3rd day 4th day 5th day
1,2-PD 159 28,9 40 47.1 473
1,2-ED 23.1 421 57.9 63.7 63.8
1,2-BD 129 223 32.1 384 389

2 In a typical experiment: 5mL of diol, 0.5 mL of DMF and 0.60 mmol of CuCl,
under O, (0.5MPa) and CO up to a total pressure of 3.0 MPa, at 100 °C. Selectivities
were found to be higher than 96% in all cases (see Section 2.3.2).

However, in all of these cases, the increase of the catalyst stabil-
ity was accompanied by a decrement of the reaction rates (see the
minor conversions at 3 h in Table 2, entries 22-26). This opposite
effect of ligands can be justified taking into account that coordina-
tion inhibits the CuCl, hydrolysis, prolonging the catalyst lifetime
(Egs. (5) and (6)), but also slows down formation of the key inter-
mediate, decelerating the entire diol carbonylation process.

3.3. Solvent free catalysis

We found that the inhibitory effect of water on catalyst stabil-
ity can be limited by carrying out reactions directly in diols in the
presence of DMF as the base (see Section 2.3.2).

Thus, the systems realized by adding to diol (5mL, 1,2-ED, 1,2-
PD, 1,2-BD), 0.5 mL of DMF and 0.60 mmol of CuCl,, proved to be
very effective for the synthesis of cyclic carbonates.

Table 4 and Fig. 3 report mmol of diol reacted and conversion
percentages over the time, respectively. As can be seen, under these
conditions catalyst was still active after 5 days and carbonylation
reached the maximum value of ~70% for all the diols (for details,
see Section 2).

The increased stability, under these conditions, could be justi-
fied assuming that diols, owing to their high concentration, interact
with active sites of Cu (II), preventing the deleterious effect of water
(Egs. (5) and (6)).

We ascertained that the incomplete diol carbonylation is
imputable to the side oxidation reaction of CO to CO,, promoted
water, coproduct of reaction. This reaction begins to appear after
about 45% of the diol reacted (~two days) and continuously
increases with the progress of the reaction becoming dominant
when conversion reaches 70%. Under these conditions, as water
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Fig. 3. Carbonylation of 1,2-ED, 1,2-PD and 1,2-BD under solventless conditions.

prevents further carbonylation of the diol and degrades the catalyst
promoting the formation of the green inactive solid, it is convenient
to stop the reaction and proceed with the separation of the reaction
mixture components. After separation, the remaining solid residue
was treated with aqueous HCl and the resulting solution was evap-
orated to dryness. It was obtained a brown solid, consisting of CuCl,,
that is active for a new catalysis cycle.

The direct oxidation of CO to CO, is a well known side-
reaction in the oxidative carbonylation processes catalyzed by
transition metals [38]. The process is promoted by H,O which inter-
acts with CO coordinated to active sites of copper. Consequently,
CuCl, instead of reacting with diol to form the alkoxy carbonyl,
CICuCO—OROH, key intermediate of process (see next section),
gives rise through the same mechanism to an hydroxyl carbonyl

Cu(0)
120, + HCI
8
HQO
H,O 9

/

species (CICuCOOH), which then decomposes into CO, and Cu(0).
The latter, by reaction with O,, reforms Cu(Il) that can continue the
oxidation of CO (see Scheme 3, pathways 6-8).

Since the oxidation of CO can not be suppressed, the industrial
applications based on these processes make use of suitable precau-
tions to limit its effect. For example, in the EniChem process for the
synthesis of DMC [4a,39], the need for the water extraction from
the system, plays a fundamental role in reactor design.

4. Reaction mechanism

It is well known that oxidative carbonylation processes cat-
alyzed by transition metals proceed through two main steps, the
first one reductive and the second one oxidative. Their sequence
depends on both the metal catalyst and its oxidation state. Con-
cerning the oxidative carbonylation of alcohols, in particular of
methanol, Pd and Cu were found to be the most active metals.

Processes promoted by Pd(II) start with a reductive step, in
which the formation of carbonate occurs, followed by the oxidative
step, that restores the catalytically active species [38].

The sequence of steps in systems making use of copper depends
on the oxidation state of initial species. For example, in DMC
synthesis promoted by CuCl [4a,39], the first step consists of
the oxidation of cuprous chloride into copper methoxychloride
CuCl(OCH3). The latter by reaction with CO gives rise to the reduc-
tive step producing DMC and restoring the catalytic species CuCl.
DMC synthesis has also been realized with several CuCl,-based
systems, operating under both homogeneous and heterogeneous
conditions [41]. In these cases, CuCl, reacts with methanol afford-
ing a methoxychloride specie, which begins the catalytic cycle with
the reductive step.

It should be emphasized that the sequence of the two steps
should be not dependent on the oxidation state of initial copper

CO, + HCI
7
CICuCOOH
HCI
6
CO + H,0
CuCl,

CO + HO-R-OH

deactivation H,0 A
CuCl (OH
uCly( )y 5 |
HCI
HCI + O
? H,O \ \
3
2 CuCl ClCu—(?I())OR—OH)
2 HCI + /
12
N 0,
S4\ 2
CuCl, Cu(0) Cyclic carbonate + HCI

Scheme 1. The plausible reaction mechanism.
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CuCl,

Scheme 2. Proposed pathways to the formation of CICu—COOR—OH.

species, since under reaction condition (CO/O,), copper would be
present in both Cu(Il) and Cu(I) forms.

In an attempt to determine the mechanism of formation of
cyclic carbonates, by oxidative carbonylation of diols, we reacted
stoichiometric amounts of CuCl, or CuCl and 1,2-PD, with either
CO or 0,. We found that CuCl, was able to convert 1,2-PD, into
propylene carbonate in the presence of Na,CO3, when it is allowed
to react with sole CO (Pcg =2-3 MPa, Eq (8).).

O
CuClz /”\
12-<PD + CO —> O (6]
N32CO3 \ i

Me (8)

In contrast, CuCl did not afford the cyclic carbonate when the
reaction was carried out with sole CO, as well as only trace amounts
of the carbonylation product were detected by performing reaction
first with O, (PO, =0.5-0.8 MPa)at 70 °Cand then with COat 100 °C.
In the latter case, we established that, Cu(Il), produced by oxidation
of the Cu(I) in the absence of CO, oxidizes directly the 1,2-PD.

To confirm this, we found that: (i) CuCl, oxidizes 1,2-PD and
reduces to Cu (I), when reacted under N, at 70°C; (ii) CuCl under
a mixture of CO/0,, which are catalysis condition, is active to pro-
mote the carbonylation of 1,2-PD (Table 2, entry 27). These results
suggest that catalysis is initiated from Cu(Il) by a reductive step.

The most probable catalytic cycle is reported in Scheme 1. Sim-
ilarly to that found for the Pd(II) catalyzed carbonylation of mono
alcohols [40], and recently also for diols [11g], it can be assumed
that diol conversion into carbonates proceeds through the forma-
tion of the copper alkoxy carbonyl intermediate CICu—COOR—OH)
(I) (Scheme 1, pathway 1).

Alkoxy carbonyl complexes of diols, stabilized by Cu(Il) are not
known. Recently, some of us [11g] were able to isolate a series of
their analogous with Pd(II). All of them decompose to give cyclic
carbonates.

On the basis of data reported in the literature concerning the
formation of alkoxy carbonyl complexes of mono-alcohols [40,42],
the intermediate I could be formed according to one of pathways
suggested in Scheme 2. Following pathway (a), CuCl, gives rise, in
the presence of a base, to an alkoxy complex, that evolves into the
corresponding alkoxy carbonyl derivative by coordination of CO
followed by its insertion into the Cu-alkoxy bond.

CICO-OR-OH
Cu(0) HCl
ii)
1
2
/O /C\
Cl—Cu—C~ O O
E LRJ
OH’
i)
Cu(0) + HCl

Scheme 3. Proposed mechanism for decomposition of CICuU—COOR—OH to cyclic
carbonate.

Following pathway (b), CuCl, should first coordinate CO and
then undergo a base assisted nucleophilic attack by diol, afford-
ing the alkoxy carbonyl species I. All Attempts to isolate this latter
complex were unsuccessfully.

With regard to the evolution of the intermediate I into cyclic
carbonate, unlike what has been proposed for DMC synthesis, in
which an interaction between the two molecules, CICu—COOCH3
and CICu—OCH3;, should occur [4a], we propose the two plausible
pathways depicted in Scheme 3: (i) an intramolecular attack of OH
group to the carbonyl moiety orii) the decomposition of I to chloro-
formate with subsequent base-assisted cyclization. The evolution
of alkoxycarbonyl or amino carbonyl complexes into chlorofomate
or chloroformamide, has been well documented by some of us
[11g,8d,133,36].

The restore of the initial active species of Cu(ll), could occur
either by direct reoxidation of Cu(0) with O, (Eq. (9) and Scheme 1,
pathway 3) or by reaction of Cu(0) with Cu(II) and subsequent oxi-
dation of the resulting Cu(I) (Eq. (10) and Scheme 1, pathways 4
and 5).

Cu(0) + %0, +2H* — Cu(ll) + H,0 (9)
Cu(0) + Cu(ll) — 2Cu(l) (10)

5. Conclusions

We have found, for the first time that copper halides, widely
used for the oxidative carbonylation of methanol into DMC, can
also be used for converting vicinal diols into the corresponding 5-
membered cyclic carbonates.

For the synthesis of moderate amounts of carbonate, is prefer-
able to carry out reactions in acetonitrile. Under these conditions,
even if the catalyst is poor stable, it is possible to convert selectively
in carbonate 17 mol of diol per mol of CuCl,. For larger amounts,
it is more convenient to perform carbonylation directly in the diol.
In this case, the process must be stopped when 70% of the diol
has been reacted, since water, which is formed as a co-product,
prevents further carbonylation.

Scheme 1 summarizes the overall behavior of the catalytic sys-
tem. In the absence or with low water amounts, catalyst CuCl,
operates according to the pathways 1-5 and converts the diol into
cyclic carbonate. With the reaction progress, part of catalyst is
engaged in the oxidation process of CO to CO, (pathways 6-8),
which is promoted by the increasing of water concentration in the
reaction mixture. When this latter reaches a critical value, and this,
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under solventless conditions, occurs when ca. 70% of diol has been
carbonylated, CO oxidation becomes the predominant process.
Under these conditions, water also promoted the catalyst deac-
tivation affording an insoluble and poorly active chloro-hydroxo
compound, CuClx(OH)y (pathway 9).
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