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Abstract

Ethylene carbonate was rapidly synthesized from supercritical carbon dioxide/ethylene oxide mixture by using as catalyst
the system of tetradentate schiff-base aluminum complexes (designated as SalenAlX) coupling with a quaternary ammonium
or phosphonium salt. The high rate of reaction was attributed to rapid diffusion and high miscibility of ethylene oxide
in supercritical carbon dioxide under employed conditions. Various reaction periods present different formation rate of
ethylene carbonate, mainly due to the existence of phase change during the reaction. The synergistic effect of the binary
catalyst for ring-opening of ethylene oxide results from nucleophilicity of highly reactive anions of quaternary salts and the
electrophilic interaction of SalenAlX with ethylene oxide. The activation of,@@s generally initiated by nucleophilic
attack of the alcoholate(OGIEH,;BrNBu,) at the carbon atom of GQand weak interaction between the central metal
ion of SalenAlX and the lone pairs of one oxygen atom of,C@ resulted in the insertion of COto Al-O bond of
Salen(X)AI-OCHCH,BrN(n-Bu)4 or SalenAl-OCHCHX to form linear carbonate which was transformed into ethylene
carbonate by intramolecular substitution of halides. The experimental results demonstrate that supercritical carbon dioxide
could be used as not only an environmentally benign solvent but also a carbon precursor in synthesis. © 2002 Elsevier Science
B.V. All rights reserved.

Keywords: Supercritical carbon dioxide; Ethylene carbonate; Salen-aluminum complexes; Synergistic effect; Phase change

1. Introduction solvent and thereby provides a valuable pollution
prevention tool. As with other supercritical fluids,
The use of supercritical fluids, particularly carbon the solvent properties of supercritical carbon dioxide
dioxide, as a substitute solvent for chemical synthesis (designated as sc-Gp can be tuned by variation
is a very attractive area in view of resource utilization of pressure and temperatufg], therefore, selective
and environmental problenj$—4]. Since CQ, which separation directly from the reaction mixture seems
has an easily accessible critical point withTa of possible. Furthermore, sc-GOnay be a particularly
31°C and aP. of 7.3 MP4a, is nontoxic, nonflammable  advantageous reaction medium when Cs@rves as
and inexpensive, it can replace hazardous organic both a reactant and a solvent. The improved rates
for catalytic hydrogenation of C£to formic acid in
" Corresponding author, Tek+86-411-3631333-3243; supercritical conditions provided sgpport .for th_i; ap-
fax: +86-411-3633080. proach[6,7]. Another class of reaction which utilizes
E-mail address: ho@mail.dlptt.In.cn (R. He). CO; is the catalytic copolymerization of epoxides
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with CO, to form polycarbonates. The precipitation
copolymerization of C@ and propylene oxide in
sc-CQ has been reported using zinc(ll) glutarate
as a heterogeneous cataly8]. Compared to that structure. These inititors are aluminum complexes de-
in non-critical conditions, polymerization performed rived from tetradentate Schiff's bases (Salen), which
in CO, above the critical pressure had an increased are reminiscent of tetraphenylporphyrin or phthalo-
percentage of carbonate linkages relative to the ethercyanine. The Salen ligands feature two covalent and
linkages. Propylene carbonate was also produced as awo coordinate covalent sites situated in a plannar
byproduct, and its yield was increased with reaction array, but their preparation is generally easier and
temperature. Costello et #0] reported a C@-soluble more inexpensive than that of porphyrin derivatives.
catalyst for cyclohexene oxide/GOcopolymeriza- The high coordinative activity of the Salen ligands
tion in the absence of any additional organic solvents towards metallic ions has led to their extensive use
under supercritical conditions. The zinc-based cata- in transition-metal chemistry, particularly in model-
lyst was soluble in C@over a wide pressure range, ing enzymes and in catalysig3,24]. However, only

but at 90°C, irreversible phase separation occurred. sporadic reports of main-group-Salen complexes have
The turnover numbers of up to 400g of polymer/g appeared25,26] Despite the similarity between the
Zn obtained for this catalyst are among the highest 3rd main-group elements and the trivalent transi-

co-workers[19] and Le Borgne et al[20-22] have
developed a new class of initiators for oligomerization
of heterocycles, leading to oligomers with controlled

reported for the copolymerization of epoxides and
COs,. However, the first attempt for this strategy may
be the reaction of hex-3-yne with GQunder su-
percritical conditions to produce tetraethyl-2-pyrone
using [Ni(cod}])/PhoP(CH,)4PPh as the catalyst
[10].

For a long time, the search for environmentally be-

tion metals, very little work has been done in this
area until recent times. Aluminum-Salen complexes
have been proved effective initiator for the living
polymerization of epoxideg19,20,27] The novel
properties of these aluminum complexes motivate us
to investigate their new application in catalysis and
synthesis.

nign processes has been the impetus for much of the On the other hand, it is generally known that £0

research involving epoxide and GQ@oupling. The

exhibits high solubility in various epoxides. In fact,

synthesis of cyclic carbonates (which may be used epoxides can also be dissolved in sc-Q@hder cer-
as aprotic polar solvents and are also monomers for tain conditions. The cycloaddition reaction of €@
polymer synthesis) was performed, using catalyst such epoxides in sc-C®should be different from that in

as alkali metal salts, quaternary salisl], PhsSnl
[12,13] or PhsSbX; [14] with a high temperature or

non-critical condition. In this paper, the catalytic for-
mation of ethylene carbonate from supercritical car-

high catalyst concentration. It has been reported that bon dioxide/ethylene oxide mixture (ethylene oxide

in the presence of 1-methylimidazole, aluminum por-
phyirn [15,16] or phthalocyaning17,18] having an
axial aluminum alkoxide or chloride could effectively
catalyze the reaction between g@nd epoxides to
form cyclic carbonates, involving the insertion of €0
into the aluminum alkoxide bond. Le Borgne and

used as a model epoxide) was carried out by utiliz-
ing the binary catalyst of tetradentate schiff-base alu-
minum complexes (designated as SalenAlX) coupled
with a quaternary ammonium or phosphonium salt
(Scheme L The mechanism of ring-opening of ethy-
lene oxide and activation of CQwill be discussed.

HC=]m4=CH

CO2+ V SalenAlX/quaternary salt (( ]T(\)

X=Cl, CH;, OCH;

Scheme 1. The cycloaddition reaction of £@ith ethylene oxide and structure of SalenAlX.
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2. Experimental

2.1. Materials

The Schiff-base ligand [Saler,N'-bis(salicyli-
dene)ethylene diamine] was synthesized from sal-
icylaldehyde and ethylenediamine in ethanol and
recrystallized from chloroform/ethanol. Tetrabuty-
lammonium bromide, chloride and iodide were syn-
thesized by quaternization of tributylamnine with the
corresponding butyl halides and purified by recrystal-
lization from ethanol. Triethylaluminum(gAl) and
diethylaluminum chloride(RAICI) were purified by
fractional distillation under reduced pressure in a ni-
trogen atmosphere. Ethylene oxide was distilled after
refluxing over a mixture of potassium hydroxide and
capcium hydride. Methanol and ethanol were distilled
after refluxing over the corresponding magnesium
alkoxides under nitrogen atmosphere. £®as pu-
rified by passing through a column packed with 4 A
molecular sieves before use.

2.2. Preparation of catalysts

A round-bottom flask equipped with a three-way
stopcock containing the Salen ligand of 1.340g
(5mmol) was purged with dry nitrogen, and anhy-
drous chloroform (40 ml) was added via syringe in
a nitrogen atmosphere to dissolve the ligand. To this
solution was slowly added of RAICI of 0.602g
(5mmol) under constant stirring. The reaction was
highly exothermic and resulted in a yellow solution
and pale yellow solid. The mixture was allowed to
stir for 4h at ambient temperature, and then filtered

o
K4 NH

:

D
[\
Scheme 2. Equipment used for the reaction in supercritical carbon
dioxide. A: CG; tank; B: drying column; C: pump; D: autoclave or
equilibrium cell (150 ml); E: oven; F: sampling vessel; G: injection
system of ethylene oxide.

K

SalenAlOCH was obtained from the reaction
of SalenAlEt with methanol[22]: § 2.89 (s, 3H,
AIOCHg3), 3.71 (m, 2H, CH), 4.14 (m, 2H, CH),
6.72-7.41(m, 8H, PhH), 8.19 (s, 2H, PhCH). These
complexes are all sensitive to air or moisture and
should be stored in a nitrogen atmosphere.

2.3. Procedure

The cycloaddition reaction of COwith ethylene
oxide was carried out in a 60-ml stainless autoclave
with magnetic stirrer$cheme P The autoclave with
weighted catalyst was sealed and purged with @D

under a nitrogen atmosphere. The solid was washedthree times. The autoclave was put into a constant bath

with anhydrous chloroform for three times and dried
in vacuo, yielding 1.477g (90%) of SalenAlCiH
NMR (CDCI3/TMS): § 3.74 (m, 2H, CH), 4.22 (m,
2H, CHp), 6.74-7.44 (m, 8H, PhH), 8.35 (s, 2H,
PhCH). FT-IR (KBr, cnt1): 3050m, 1641 s, 1550 s,
1478 s, 1340 s, 909 m, 759 s. Anal. Calcd: C, 58.46;
H, 4.29; N, 8.52. Found: C, 58.18; H, 4.42; N, 8.35.
The method used in the preparation of SalenAlEt

and heated to the desired temperature. Then, ethylene
oxide and liquid CQ@ were charged into the autoclave,
respectively. After the expiration of the desired reac-
tion time, the autoclave was half-submerged in a bath
of ice/water mixture. When the autoclave was cooled
to room temperature and the excess gases were vented.
The remainder mixture was degassed and dissolved in
methanol for the measurement of ethylene carbonate.

was as the same as the described above and similar tdPure ethylene carbonate could be obtained via distil-

the literature methof28]. 'H NMR (CDCIl3/TMS): §
0.36 (g, 2H, AICH), 0.73 (t, 3H, CH), 3.65 (m, 2H,
CHy), 4.01 (m, 2H, CH), 6.65-7.38 (m, 8H, PhH),
8.24 (s, 2H, PhCH).

lation under reduced pressure and recrystallization in
Et,0O. The spectra data are listed as follows: Iid=o
1775, 1805cm?; ve—o 1163, 1072, 973cmt; 1H
NMR (CDCI3/TMS): § 4.51 (s, 4H);Tm: 36.5°C.
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Safety warning: The high-pressure equipment such analyses were obtained on a Perkin-Elmer 2400 ana-
as that required for these experiments should be lyzer.
equipped with a relief value and/or (preferably) a rup-
ture disk for minimizing the risk of personal injury.

3. Results and discussion
2.4. Analysis of ethylene oxide
3.1. Investigation of phase behavior

The ring-opening reaction of ethylene oxide with
sulfuric acid can be quantitatively proceeded in the  Reactions in supercritical fluids are strongly af-
saturated solution of magnesium chloride at low tem- fected by phase changes during reacf@si. For this
perature (less than°C). Based on this principle, the reason, quantitative measurements of ethylene oxide
samples from the uppermost and lowermost phase ofand ethylene carbonate were also performed. Sam-
the autoclave were slowly discharged into the saturated ples from the uppermost and lowermost phase of the
solution of MgCp, comprised 0.01000 mol 50, at autoclave under various conditions were transferred
0°C. The solution was stirred about 20 min at@ into the sampling vessels for the measurements of
The excess acid in the solution was titrated by using the densities and composition of phases present. The
standard solution of NaOH with bromocresd green as results are shown ifrigs. 1 and 2and Table 1 In
indicator. The analyses of ethylene oxide are estimatedthese systems, only comprising ethylene oxide, the
to be accurate to withif-0.5%. However, errorsinthe  density of gas phase rapidly increases with the in-
reported phase compositions are due not only to errorscrease of the temperature, but its value is not higher
in the analyses, but also to errors resulting from the than 0.04gcm?® at temperature less than 12D.
sampling process. The maximum error in the phase The volume of liquid phase slightly increases with
compositions reported here, due to all causes, is esti-temperature.

mated to be 2.0%. However, in these systems composed of ethylene
oxide and CQ at the same temperature, the situa-
2.5. Analysis of ethylene carbonate tion is dramatically differentKig. 1). The temperature

and the composition of the binary systems have great

The samples from the uppermost and lowermost effects on the densities and composition of phases
phase of the autoclave, which comprised Céthy- present. At temperature below 3T (critical temper-
lene oxide and ethylene carbonate, were transferredature of CQ), the density of liquid phase in system
into sampling vessels and cooled to ambient temper- only depends on the molar ratio of G@o ethylene
ature. After the slow removal of volatile materials, oxide in this phase and hardly changes with temper-
the remainder was dissolved in methanol. Ethylene ature, due to liquid C® being completely miscible
carbonate was analyzed on a model 103 gas chro-with liquid ethylene oxide. The gas phase contains
matography made by Shanghai analytic instrument very little ethylene oxide and its density is very low.
factory, with butyl acetate as an internal standard. At temperature between 3C and the critical tem-
A constant relative response factor (ethylene carbon- perature of C@/ethylene oxide mixture, Cexists
ate/butyl acetate) of 2.23 was used in the analyses,not only in the uppermost phase (gas phase) but also
based on calibration employing mixtures of known in the lowermost phase (liquid phase), due to its high

composition. solubility in ethylene oxideKig. 2). The density and
the concentration of ethylene oxide in the uppermost
2.6. Measurement phase increase with temperature, while the volume of

the lowermost phase rapidly decreases near the critical
Infrared spectra were measured using a Nicolet temperature of the mixture. Above the critical temper-
50X FT-IR spectrophotometetd NMR spectra were  ature, the systems only exist a single phase, namely
recorded by a Varian INOVA-400 type spectrometer supercritical phase.
at 399.7 MHz. The chemical shifts were determined In the systems composed of G@thylene ox-
in ppm using TMS as an internal standard. Elemental ide/ethylene carbonate at 110, the uppermost phase
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Fig. 1. Plots of the concentrations of ethylene oxide (curve C, D) in the uppermost phase and volume of liquid phase (curve A, B) in the
equilibrium cell vs. temperature. Curve A and C are for the system consisted of only ethylen oxide; curve B and D are for the system
consisted of C@ and ethylene oxide; average density of phases present in the equilibrium cell is 0:8.gcm

mainly comprises C@ ethylene oxide and trace ethy- indicates that phase change must occur during the
lene carbonate, while the lowermost phase consists cycloaddition reaction of sc-CQand ethylene oxide,

of ethylene carbonate, GQand ethylene oxide. The thus may affect the reaction rate significantly.

results are shown ifable 1 The concentration of Although sc-CQ is a good solvent for most non-
ethylene carbonate in the uppermost phase increasegolar and some polar organic compounds with low
with increasing the density of sc-Gf@thylene oxide molecular weight, it hardly dissolves not only qua-
mixture in the autoclave. The experimented result ternary salts such as tetrabutylammonium bromide
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Fig. 2. Plots of compositions (curve A, B) and densities (curve C, D) of the phases present fon/sth@fiéne oxide system vs.
temperature. Curve A and C are for the uppermost phase; curve B and D are for the lowermost phase. Equilibrium condition: ethylene
oxide/CO, = 1/2 (mol/mol); equilibrium time, 36 h. Average density of phases present in the equilibrium cell is 0.608gcm
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;igselequilibrium for carbon dioxide, ethylene oxide and ethylene carbonate systent@t 110
EC? [EO/CO, Average density Phase compositions Phase densities (g3dm
(molar ratio) (gem) Vapor Liquid Vapor Liquid

X1 Y1 Z; X Y2 Z
1/2/14 0.667 0.716 0.274 0.010 0.442 0.293 0.265 0.480 0.905
1/2.5/5 0.792 0.664 0.285 0.051 0.552 0.301 0.147 0.624 0.895

aEC: ethylene carbonate; EO: ethylene oxideY andZ are the molar fractions of GQEO and EC in the vapor or liquid phase of
the equilibrium cell, respectively.
b Average density of phases present in the equilibrium cell. Equilibrium time: 36 h.

(n-BugNBr), but also these aluminum complexes de- 3.2. Cycloaddition reaction of CO» with ethylene

rived from Schiff's bases. On the contrary, SalenAIC| oxide

and tetrabutylammonium bromide were found to dis-

solve in sc-CQ/ethylene oxide mixture, perhaps re- The homogeneous catalytic formation of ethylene
sulting from their solubility in ethylene oxide. It is carbonate from sc-Cflethylene oxide mixture pro-
very difficult to investigate their accurate solubility in  ceeds rapidly with the use of SalenAlGBusNBr
sc-CQ/ethylene oxide, because eitheiBusNBr or as catalystTable 3. The formation rate of ethylene
SalenAlCl by oneself can catalyze the reaction ob,CO carbonate is about two times that under 4.0 MPg CO
with ethylene oxide to form ethylene carbonate under pressure at same temperature. Various reaction periods

employed conditions. present different formation rate of ethylene carbonate,
Table 2
The formation rate of ethylene carbonate from sco@@ylene oxide mixture under various conditidns
Entry CQ/EO (mol/mol) Catalyst TemperaturéQ) TOF (turnovers/h)
1 2 SalenAICIh-BugNBr 110 2220
2 - SalenAlCIh-BusNBr 110 1140
3 2 SalenAlClI 110 174
4 2 n-BusNBr 110 78
5 2 n-BusNCI 110 48
6 2 n-BugNI 110 126
7 2 SalenAICIh-BugNCI 110 2190
8 2 SalenAlClh-BugNI 110 2360
o° 2 SalenAlClh-BusNBr 110 1960
107 2 SalenAlICIh-BugNBr 110 1730
11° 2 SalenAlClh-BugNBr 110 1690
12 2 SalenAICh-BuPPhBr 110 1990
13 2 SalenAlOCH/n-BusNBr 110 2060
14 2 SalenAICWh-BusNBr 100 1520
15 2 SalenAICih-BusNBr 120 3070
16 3 SalenAICWh-BusNBr 110 1810
17 4 SalenAICWh-BusNBr 110 1210

aReaction condition: cataly4EO = 1/5000 (mol/mol); time: 1 h; pressure: 15-16 MPa; density of reactants in the autoclave: 0.8.gcm
b Reaction was carried out under 4.0 MPa C@essure.

¢Reaction proceeded without stirring.

d CH,Cl, of 10ml was also charged into the autoclave together with ethylene oxide apd CO

€Ethylene carbonate of 10g was put into the autoclave together with ethylene oxide ande@®e reaction.

f TOF = mole of product(ethylene carbonate)/mol of catalyst per h.
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Table 3 with ethylene oxide did not have obvious relevance
The formation rate of ethylene carbonate in various reaction tg the nucleophilic abilities of anions of quaternary
periods salts. On the other hand, with quaternary salt alone as
Reaction period First hour  Second hour  Third hour  catalyst, the reaction appeared to be dependent of the
TOF (urnoversih) 2220 1580 1090 nucleophilicity of anions under the same condition.

a - — The Schiff-base aluminum complexes having an ax-
Reaction condition: SalenAlGBusNBr/EG/CO, = 1/1/ ial aluminum alkoxide, in company with-BusNBr
5000/10000 (molar ratio); density of reactants in the autoclave: . v o !
0.6gcns, also present high catalytic activities towards this re-
action. In the presence of ethylene oxide, LChp is
a good solvent for SalenAlICl, andBusNBr, but its
as shown irfable 3 The rate is expressed in terms of existence in reaction systems did not improve the for-
the turnover frequency (TOF) (TOE turnovergh = mation rate of ethylene carbonate. Without stirring,
mol of product/mol of catalyst/h). The fastest reaction the cycloaddition reaction of GOwith ethylene ox-
with a TOF of 2220 hl is in the first hour. The rate de-  ide still proceeds rapidly at the same condition. These
creases to 15801 in the second hour and 1090h results further confirm that the catalytic reaction was
in the third hour. The main reason is the existence of carried out in homogeneous condition.
phase change during the reaction. The typical reaction The reaction temperature has a great effect on the
process $cheme Bis present as follows: at the start catalytic activity of the binary catalyst. The formation
of the reaction, the reactants and catalyst are presentrate of ethylene carbonate increases remarkably with
only one phase (namely supercritical phase), but as thethe enhancement of reaction temperature. The molar
reaction proceeds, produced ethylene carbonate pre-atio of CO; to ethylene oxide also affects the reaction
cipitates on the bottom of the autoclave and the phaserate. FromTable 2 it can be observed that the for-
separation arises. mation rate of ethylene carbonate decreases with the
Although SalenAlCl itself can effectively catalyze increase of the molar ratio of GQo ethylene oxide,
the reaction of C@ and ethylene oxide to synthesize when the ratio is higher than 2. Indeed, the solubility
ethylene carbonate at similar conditions, existence of ethylene carbonate in sc-Gf@thylene oxide mix-
of tetra-alkyl ammonium halides such asBusNBr ture relies on not only the density, but also the com-
could promote the conversion of the epoxide to position of the supercritical fluid, because ethylene
cyclic carbonate at the same temperature, as shown incarbonate easily dissolves in ethylene oxide rather
Table 2 To the best of our knowledge, the catalytic than pure sc-C@ The higher solubility for ethylene
activity is one of the highest for the cycloaddition of carbonate should be present in the supercritical fluid
CO, to epoxides amongst the reported catalysts. It with the lower molar ratio of C@to ethylene oxide.
is interesting that the cycloaddition reaction of £O0 The lower the solubility of ethylene carbonate in the

€O, EO

trace EC,
trace Cat.

0 hour 0.5 hour 1 hour

Scheme 3. Schematic diagrams of phase behavior during the cycloaddition reaction, ofvithCethylene oxide in the presence of
binary catalyst, showing the major components of each phase and the relative volumeete@lene oxide; EC= ethylene carbonate;
catalysfEQ/CO, = 1/5000/20000 (molar ratio); average density of phases present in the autoclave: 0.8.gcm
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supercritical fluid is, the faster the phase separation electrophilic interaction of SalenAlCl with ethylene
during the reaction occurs. Therefore, the lower rate oxide. Inone groupf31] have reported the living and
for the system of the higher molar ratio of @@ alternating copolymerization of CCand epoxides to
ethylene oxide probably mainly results from the faster produce linear polycarbonates of controlled molec-
phase separation during the reaction. On the other ular weight with a narrow distribution, catalyzed by
hand, further kinetic study confirms that ring-opening the aluminum porphyrin-quaternary organic salt sys-
of ethylene oxide is key step for the formation of ethy- tem at ambient temperature. However, in the catalytic
lene carbonate in the present case. Thus, change in thesystem of SalenAlCl coupling with a quaternary salt,
composition of the supercritical fluid probably also reaction between COand ethylene oxide mainly

changes the reaction rate to a certain extent. produces ethylene carbonate rather than polycarbon-
ates, even low to 10C. The infrared spectra of the
3.3. Cycloaddition mechanism reaction mixture after the complete consumption of

ethylene oxide show strong absorption characteristic

The formation of ethylene carbonate from £&nd of ethylene carbonate at 1805 and 1775¢mOn
ethylene oxide can proceed via various reaction path- the contrary, in the absence of quaternary salt, the
ways: direct insertion of C@into the C—O bond of  polycarbonates (1733 cm) and ethylene carbonate
ethylene oxide, cyclic elimination of linear carbon- are formed with a low formation rate at room tem-
ate formed, polymerization/depolymerization process, perature {able 4. Increasing reaction temperature,
and etc. These pathways may not operate exclusivelythe yield of ethylene carbonate increases and that of
each other, but one of them might be expected to pre- polycarbonates reduces. The fact that higher temper-
dominate for a given catalytic system, or under certain ature resulted in increased yield of cyclic carbonate
experimental conditioi30]. It is very difficult to in- demonstrates that cyclic carbonates are more thermo-
vestigate the reaction mechanism under supercritical dynamically stable than polycarbonates and are not
condition by using in situ spectroscopic methods, due intermediates during polycarbonates formation.
to limitation of high pressure required. However, some It is well known that opening-ring of epoxides is
general comments can be made from the present datagenerally described in terms of two pathways: an

It has been reported that Schiff-base aluminum acid-catalyzed cleavage and a base-catalyzed cleav-
complexes were effective initiators for homopolymer- age. In the present case, ethylene oxide is ring-opened
ization of epoxideg19,20], which were the same as according to base-catalyzed cleavage, as similar to
the results of our experiment. In the meantime, we the cases of propylene oxide with Al(L)THP5,16]
found that the polymerization reaction could be ac- or Al(L)Pc(t-Bu)4 [17,18] Monomeric SalenAlICl has
celerated in the presence of a quaternary ammoniuma structure of 5-coordinate square-pyramidaf*Al
or phosphonium salts. The synergistic effect of the strongly bound to both the oxygen and nitrogen lig-
binary catalyst probably results from nucleophilicities and atoms, as similar to that of SalenAlR8]. In-
of highly reactive anions of quaternary salts and the deed, because of the electrophilicity of*Aland the

Table 4
Conditions and results of the reaction of £@ith ethylene oxide at low temperatdre
Catalyst Temperature ) Time (h) Conversidh (%)

Ethylene carbonate Polycarbonate
SalenAlCl 30 120 2 2
SalenAlIClI 50 72 9 <1
n-BusNBr 30 120 2 0
SalenAlClh-BusNBr 10 120 30 <1
SalenAlClh-BusNBr 30 72 96 0

aSalenAlClh-BusNBr/epoxide= 1/1/1000 (molar ratio); in CHCl, of 10 ml under 2.5 MPa pressure of €O
bBased on ethylene oxide in the autoclave.
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nucleophilicity of CI, SalenAlICl usually exists in  have been detected spectrophotometricg3], and
dimeric[32] or polymeric state by Cl bridge bond, the first crystal structure of a metal epoxide complex
and thus leads to its low solubility in most solvents. been reported for a ruthenium porphyrin derivative
On the other hand, in the presence of base ligands suchof styrene oxide[34]. For mimicking the catalytic
as N-methyl imidazole, SalenAlICl exhibits higher properties of the more reactive, poorly characterized
solubility in most solvents. Surprisingly, in the pres- catalysts derived from Zn(ll) dicarboxylate. Darens-
ence of ethylene oxide, SalenAlCl can be dissolved in bourg et al[35] have investigated well-characterized
CHCl, or CHCL with a higher solubility; but with- metal-epoxide complexes based on Cd(ll) dicarboxy-
out ethylene oxide, the solubility is very low. It may late with Tris-3-phenylpyrazole hydroborate ligand.
be resulting from the coordination of ethylene oxide Furthermore, they had observed coupling of the
towards central A" ion of SalenAlICI, and thus favor-  epoxide ligand with the carboxylate group in these
ing monomeric aluminum complex. Smaller binding metal complexes to subsequently provide oligomers
constants of epoxides or thiiranes to cadmium, zinc, of the epoxide with terminal ester groups. In analo-
or magnesiun, B, vy, 8-mesotetraphenylporphyrins  gous reactions carried out in the presence of,CO

0<§ | 1Ny’
(SalenAICl), +2r{>0—> Do:;«ﬂ\c —>l>o--—A|1—OCHzCHzC1—>Polyether
1

CO:
ln-Bu4NBr \

1N
0

I>---AI—OCH2CH2C1 CH:CH,CI
n-Bu/NBr--- I

/ 0
n-Bu4NBrCH2CH20----A:l—OCH;CH2C1 I>---AI].-O—Q—OCH2CHZC1
N

BrCH,CH,0—AHOCH,CH,CIN(n-Bu), A
CO2

\
n-Bu,NBrCH2CH:O\ Kc

o\c,

DD————ALOCHZCHzo%QCHZCHzm
OCHZCH2C1 COsor 8

l cyclic eliminatio

AN

Polycarbonate

n-Bu4NBrCH2CH20—£L—O—A1-O—E—OCH2CH2C1 lepolymerization

(0}

| y H: |
o lmuamolecular substitution + I> . /-il—OCH2CH2C1
(E T + }APCI + n-Bu,NBr

Scheme 4. The possible formation mechanism of ethylene carbonate frona@Oethylene oxide in the presence of binary catalyst.
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cyclic carbonates were also formed. Compared to
these Cd(ll), Zn(ll), or Mg(ll) complexes, analogous
Al(ll) complexes have higher electrophilicity and
easily trend to form complexes with electron-donor
ligands. Of course, duo to the low electron-donor
ability of ethylene oxide, the hexacoordinated com-
plex formed from ethylene oxide and SalenAlCl is
not stable, but the coordination effect is sufficient to
lead to the destroy of bridging bond of polymeric
SalenAlCl. Besides, interactions between ethylene
oxide and SalenAlCI have another types: nucleophilic
attack resulting from Cl ion of SalenAICl towards
ethylene oxide. The both interactions have synergistic
effect each other. The formation of hexacoordinated
complex could cause electronic transfer from oxygen
atom of ethylene oxide to central metal ion of Sale-
nAICI, and thus reduced the Al-CI bond. This might
be beneficial for the insertion of ethylene oxide into
the Al-Cl bond of SalenAlICl. On the other hand, the
coorindated ethylene oxide is readily ring-opened in
view of nucleophilic attack of even low nucleophilic

X.-B. Lu et al./Journal of Molecular Catalysis A: Chemical 186 (2002) 1-11

with SalenAlCl is readily ring-opened by nucleophilic
attack of highly reactive anions of quaternary salt.
The activation of CQ is generally initiated by nucle-
ophilic attack of the alcoholate (OGEH2BrNBuy)

at the Lewis acid carbon atom of GOand weak
interaction between the central metal ion and the
lone pairs of one oxygen of GO The synergistic
effect is sufficient to support the insertion of ¢@®
Al-O bond of Salen(CI)Al-OCHCH,BrN(n-Bu), or
SalenAlI-OCHCHCI, and thus leads to the linear
carbonate which is transformed into ethylene carbon-
ate by intramolecular substitution of halides.

4, Conclusion

Ethylene carbonate could be rapidly and high se-
lectively synthesized from supercritical carbon diox-
ide/ethylene oxide mixture by using as catalyst the
system of tetradentate schiff-base aluminum com-
plexes coupling with a quaternary ammonium or phos-

reagents. It has been reported that polymerization of phonium salt. The high rate of reaction is attributed

lactone catalyzed by Triso-propoxy)aluminium(lll)
proceeded via a four-centered intermedif86]. In

to rapid diffusion and high miscibility of ethylene
oxide in supercritical carbon dioxide under employed

the present case, the insertion of ethylene oxide into conditions. Various reaction periods present different

the AI-CI bond of SalenAlCl, as well as GQOnto
Al-O bond of SalenAl-OCBHCH;(OCHy,CHy),,Cl)

formation rate of ethylene carbonate, mainly due to
the existence of phase change during the reaction.

or Salen(Cl)AI-OCHCH,BrN(n-Bu); might pro- In the presence of SalenAlCl, ethylene ox-
ceed via the four-centered intermediate, as shown inide was ring-opened according to base-catalysed
Scheme 4 although the intermediates are not con- cleavage. The existence of a quaternary salt could
firmed by means of spectroscopic methods, perhapspromote the opening-ring reaction, due to the nule-
resulting from their less stability. cophilicity of its anion. The activation of COwas
Based on the facts described above, some plausiblegenerally initiated by nucleophilic attack of the
mechanisms are proposed as showisaneme 4In alcoholate(OCHCH2BrNBus) at the Lewis acid
the ethylene oxide/SalenAlIClI system, the sole product carbon atom of C@ and weak interaction be-
is polyether (SalenAl-OC}CH2(OCH,CHjy),Cl), tween the central metal ion At of SalenAlX and
due to the insertion of ethylene oxide towards the lone pairs of one oxygen of GOThe syn-
AI-CI bond of SalenAlCl. In the presence of GO ergistic effect resulted in the insertion of Qo
the insertion of CQ to Al-O bond of SalenAl- Al-O bond of Salen(CIl)Al-OCHKCH2BrN(n-Bu),
OCH,CH2(OCH,CHy),,Cl results in the formation of  or SalenAlI-OCHCH,CI to form linear carbonate.
linear polycarbonates. The enhancement of tempera-The linear carbonate formed ethylene carbonate
ture increases the rate of reaction of £4th ethylene by intramolecular substitution of halides. However,
oxide, but it is beneficial for the formation of cyclic the formation rate of ethylene carbonate from
carbonate rather than polycarbonates, due to moresc-CQ/ethylene oxide did not have obvious relevance
thermodynamical stability of five members cyclic. to the nucleophilicity of anions of quaternary salts in
By using SalenAICI coupling with a quaternary salt the binary catalysts.
as catalyst, the situation is very differentin the absence The process described in this report, and other
of quaternary salt. The ethylene oxide coordinated processes based on sc-£@s both a reactant and a
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solvent, demonstrate that sc-g@ould be used as
not only an environmentally benign solvent but also
a carbon precursor in organic synthesis. Furthermore,
compared to liquid phase reactions, the supercritical
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[13] R. Nomura, M. Kimura, S. Teshima, A. Ninagawa, H.
Matsuda, Bull. Chem. Soc. Jpn. 55 (1982) 3200.

[14] A. Baba, T. Nozaki, H. Mastuda, Bull. Chem. Soc. Jpn. 60
(1987) 1552.

[15] N. Takeda, S. Inoue, Bull. Chem. Soc. Jpn. 51 (1978) 3564.

fluids reduce mass transport restrictions at the surface|i6) T. Aida, S. Inone, J. Am. Chem. Soc. 105 (1983) 1304.

of catalyst, and thus make them more suitable for a
flow reactor rather than batch reactor. On the other
hand, the use of an immobilised homogeneous cata-
lyst can overcome not only catalyst recovery problem,
but also the influence of phase change during reaction.
Based on this idea, continuous catalytic production
of ethylene carbonate from sc-Gl@thylene oxide
mixture using an immobilized homogeneous catalyst
is under investigation in our laboratory.
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