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Abstract

Dibutyltin oxide or dibutyltin dimethoxide was first used as a remarkable selective catalyst for the synthesis of propylene carbonate frg
propylene glycol and carbon dioxide. The effects of the reaction parameters, such as reaction time, temperatyrprasdl€®on the amount of
propylene carbonate were also experimentally studied. Under the optimized conditions, the amount of propylene carbonate was nearly proporti
to PG concentration. The use 8fN-dimethylformamide as a co-solvent in this study significantly enhanced the catalytic activity, and the ketals
as dehydrating agents greatly improved the yield of PC, which can be limited by the equilibrium. A postulated mechanism for the dibutylti
oxide-catalyzed carboxylation of propylene glycol was also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction process of synthesizing DMC from methanol and PC is one of
the industrial synthetic processes utilizing carbon dioxide as a
The efficient transformation of carbon dioxide thatis an abun+taw material13].
dant greenhouse gas and a cheappdlding block into useful HC-O
chemicals is very attractive for synthetic chemists in view of2 CH;OH + CO, —> >=0 + H0
resource utilization and pollution preventifi+3]. One of the HsC-0 1)

most promising methodologies in this area is the synthesis of Although synthesis of DMC directly from carbon dioxide and

five-membered cyclic carbonates, such as ethylene carbong{gthanol catalyzed by transition metals has also been devel-
(EC) and propylene carbonate (PC) via the coupling of @Gfth oped (Eq.(1)) [L4—18] the process has not been yet applied

epoxideq4-10] In this process, one carbon atom and two 0Xy-fq; industrial exploitation because of the low productivity, as

gen atoms can be incorporated in one step without forming any.qjteq from catalyst deactivation and hydrolysis of DMC by
co-products with high atom efficiency. Moreover, these Carbonéo-produced water. Hence, the process for producing DMC via

ates are valuable as precursors for polymeric materials, aprotife ransesterification of PC with methanol has drawn much
polar solvents, electrolytic elements of lithium secondary batter:

f A X ) y “~attention from the standpoint of “green chemistf$9—22]
ies and chemical ingredients for pharmaceutical/fine chemicals

in many other biomedical applicatiofisl,12]. Furthermore, a o ji
possible utilization of cyclic carbonates, such as PC and EC i/g + co, B, 4 o

the transesterification with methanol to form dimethyl carbon-

. . 2
ate (DMC) and the corresponding glycol. It is known that the o 2)
H,C-0 OH
o)ko + CH3OH cat %O +\[
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o] was kept constant during the reaction. At the end of the reaction,
\[OH + CO» cat. o’[ko + H0 the autoclave was cooled to ambient temperature and then was
OH 180 °C, 20 MPa )—/ further cooled to OC in an ice-water bath. The excess of carbon

dioxide was vented slowly. The products were detected by gas
Scheme 1. Synthesis of propylene carbonate from propylene glycol and supechromatograph equipped with a flame ionization detector and
critical carbon dioxide. a capillary column (Agilent technologies 6890, HP-5. 0.25 mm

i.d. x 30 m), and further determined by GC-MS (HP G1800A)

The process is comprised o_f two steps: the cycloaddition OBy comparing retention times and fragmentation patterns with
propylene oxide and carbon dioxide to give PC (&), and g thentic samples.

the transesterification of PC with methanol (E)). In this pro-

cess, propylene glycol (PG) is always a co-product with DMC .3 Results and discussion

If PC can be synthesized from PG and £JScheme }, the pro-

cess becomes more valuable since PG can be recycled. Overally - pc syurhesis from PG and CO; catalyzed by tin

the reaction can be regarded as PC synthesis from PG and CQ,;,,0,n4

according taScheme Jand Eq.(3). In this context, the synthe-

sis of cyclic carbonates from carbon dioxide and glycols could - pipytyitin oxide or dibutyltin dimethoxide catalyzed the reac-

be more promising. Recently, Ce€ZrO, has been developed tjon of propylene glycol with C@at 180°C, 20 MPa for 12 h to

to catalyze the synthesis of PC from PG and carbon dioxide iRfford propylene carbonat&¢heme L

supercritical condition$23,24] In addition, Cu, Fe, Zn com-  The results for PC synthesis from PG and supercriticas CO

plexes have been used for EC manufacture from @aH the  catalyzed by the Sn-compounds under various reaction condi-

dehydrated derivative ketal, which was formed from EG andions are summarized ifable 1 Without a catalyst, either in the

cyclohexanong25]. _ presence of DMF or in the absence of DMF, the carboxylation of
In the present paper, the Sn-compound like; 8O or  pg gid not occurTable 1 entries 4 and 5). While in the presence

BuzSn(OMe} was used to catalyze the formation of PC from of catalytic amounts of dibutyltin oxide or dibutyltin dimethox-

PG and carbon dioxide under supercritical conditions. The usgje (Taple 1 entries 1 and 2), considerable turnover number

of DMF as a co-solvent in this study significantly promoted the(30) of the product was obtained. As a result, the TON of cat-

catalytic activity. The effects of the reaction conditions, such ag,ytic production for BaSnO or BuSn(OMe) is much higher

reactiontime, temperature and gfiressure have been carefully {han, that for the reported heterogeneous catalyst §CEQD,),

examined in the “PG + C@)reaction. Furthermore, a postulated \yhich the turnover number was calculated to be [23]. In

mechanism is also discussed. addition, the present PC synthesis is very selective. Indeed, PC

is substantially the sole product as judged by gas chromatogra-

2. Experiment phy. It should be noted that the catalytic activity of dibutyltin
oxide was very close to that of dibutyltin dimethoxideble 1,
2.1. Reagents entry 1 versus entry 2). Itis noteworthy that dibutyltin oxide has

advantages over dibutyltin dimethoxide in terms of stability in

Propylene glycol was stored over anhydrous sodium sulajr, easy handling and low cost. As for DMF effect, the amount
fate for 2 days and distilled under reduced presstf@-  of PC produced (1.8 mmol) in the presence of DMF was about
Dimethylformamide was stirred over Caldvernight and dis-  four times as large as that without DMF (0.45 mmdifle 1,
tilled prior to use. 4-Methyl-2,2-pentamethylene-1,3—dioxo|aneemry 2 versus entry 3). Whereas DMF (2 ml) alone was used,
(ketal1) and 2,2,4-trimethyl-1,3-dioxolane (ket2) were pre-  no reaction occurredi@ble 1 entry 5). Consequently, DMF as
pared according to the published proceduf8,27] Other  a co-solvent is essential to promote this reaction.
reagents and solvents were of analytic grade and available com- |n terms of the productivity, the yield of PC is very low,

mercially. and the maximum PG conversion was about 2% in this study,
which is in accord with the published res{23]. The problem

2.2. Representative procedure for the preparation of PC of this procedure is ascribed to the thermodynamic limitations.

from PG and carbon dioxide Accordingly, the removal of KO from the reaction system is

essential to overcome this restriction. Thus, we first dehydrated

The reaction was carried out in a stainless-steel autoclaveG to form dehydrated derivatives, such as kétahd ketal2
reactor with an inner volume of 25 ml. A typical procedure isand then reacted the dehydrated derivative with carbon dioxide
as follows: In an autoclave equipped with a magnetic stirrerasillustrated irscheme 2The co-produced acetone can be easily
Bu,Sn(OMe) or BwpSnO (5 mmol) was added to a solution converted to the ket&l. Overall, the reaction can be regarded as
of propylene glycol (7.3 ml, 100 mmol), dimethyl formamide PC synthesis from PG and GQn this way, there is no need to
(2ml) and biphenyl (80 mg, as an internal standard for GCyemove water from the reaction mixture for the PC synthesis.
under nitrogen atmosphere. And then £@as introduced into It was reported that ketdlreacted with supercritical COn
the autoclave with an initial pressure of ca. 5.0 MPa at roonthe presence of the catalyst to afford the cyclic carbonate with
temperature. The pressure was generally adjusted to 15 MPaligh TON [25]. In this study, the reaction of ketdl or ketal
180°C. The mixture was stirred for 12 h, and the temperature alone with CQ without PG in the presence of the catalytic
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Table 1

Sn-catalyzed synthesis of propylene carbonate from propylene glycol and supercritiéal CO

Entry Cat. Cat. (mmol%) DMF (ml) P&(mmol) TON
1 BuSnO 0.05 2 1.7 32
2 Bu,Sn(OMe) 0.05 2 1.9 36
3 BuSn(OMe) 0.05 0 0.4 8
4 - 0 0 0 -
5 - 0 2 0 -
64 BupSnO 1 2 0 0
7° Bu,SnO 1 2 0 0
gf BupSnO 1 2 21 42
99 BuSnO 1 2 1.1 22

1 Bu,Sn(OMe) 0.05 2 34 68

11 Ti(OPr) 0.05 2 1.2 24

a Reaction conditions: PG (100 mmol), biphenyl (80 mg) as an internal standard for GC, total pressure (15 MR2)1280
b Determined by GC using an internal standard technique.

¢ TON, turnover number: moles of PC per mole of catalyst.

d 4-Methyl-2,2-pentamethylene-1,3-dioxolane (kdtab mmol) alone without PG.

€ 2,2,4-Trimethyl-1,3-dioxolane (ketal 5 mmol), without PG.

f PG (5 mmol), keta2, 5mmol and DMF (2 ml).

9 PG (5mmol) without ketal.

N In the presence of 5 mmol of kethl

he O 0 It worth mentioning that titaniune-butoxide, a less toxic
3 )]\ o] L . .. .
l + CO, Cat. o o . reagent, also exhibited catalytic activity for the reaction of PG
¢ O n, ! HC™ CHy and CQ to form PC under the same reaction conditiofetle J,
H —_—
ketal 2 HiC entry 11)
OH )
I: c OH
. 0o 3.2. Effects of the reaction parameters on PC formation
-z
Scheme 2. Shown inFig. 1is the effect of the concentration of PG on

the amount of PC formed. The reactions were performed in the
amount of BySnO did not take place (entries 6 and@ble ).  presence of BxSnO (0.25mmol) at 200C and 15MPa. As
In contrast, a significant amount of PC was produced in th@|ustrated inFig. 1, the amount of PC is nearly proportional to
presence of 5mmol of PG under the same reaction conditionsG concentration, which is presumably assignable to the intrin-
(entry 8, Table 3. Hence, the presence of PG is inevitable forsjc property of the equilibrium reactios¢heme L A similar
PC formation Table 1 entry 7 versus entry 8). Furthermore, the re|ation between the DMC yield and the methanol concentra-
requirement of PG is clearly shown Fig. 1 (vide infra). This  tion was observed for DMC synthesis from acetal ana (1®].
indicates that PCis, in fact, formed from PG andfG0cording  Notably, the selectivity of PC (up to 99.9%) is independent of
to Scheme 2The ketal is probably working as a chemical dehy-pG concentration.
drating agent. As easily seen, the catalytic activity 08O Reaction time dependence on the amount of PC is given in
or Bup,Sn(OMey in the presence of ketalor ketall was about  Fig. 2 The results indicate that the amount of PC increases grad-
two times greater than that in the absence of any dehydratinga|ly with increasing reaction time. As showrfig. 2, the reac-
agent like keta2 (Table 1 entries 8 versus entry 9, and 2 versustion proceeded rapidly within first 12 h, whereas further increase

10). Thus, the ketals as dehydrating agents greatly improved thg the reaction time caused a slight decrease in the yield of PC,
yield of PC, which can be limited by the equilibrium.
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Fig. 1. Plot of PC amount as a function of PG concentration for the reaction ofig. 2. Reaction time—the amount of PC profile for the reaction of “PG +'CO

PG and CQ catalyzed by BpSnO. Reaction conditions: DMF (2 ml), BABnO by BwpSn(OMe). Reaction conditions: PG (100 mmol), BEsn(OMe)
(0.25 mmol%), 200C, 15 MPa, 12 h. (0.05 mmol%), 20 MPa, 180C.
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a5y amount of PC increases as reaction temperature increases up to
Tg 5 L & 180°C (entries 1-3), whereas further increase in the temperature
8 sl & causes sharp decrease in the yield (entig8le 9, possibly due
& - to the formation of side-products, such as dipropylene glycaol,
; Lr and PC decomposition. In contrast, PC was not detected by GC
§ 05 5 at all when reaction temperature was lower than XD@entry
B - J . ‘ . 1, Table 3. Conclusively, 180C could be the suitable reaction

0 5 10 15 20 25 temperature.

carbon dioxide (MPa)

Fig. 3. The amountof PCvs. G@ressure forthe reaction of PG with €@edi- ~ 3.3. A possible mechanism for the present Sn-catalyzed
ated by BuSn(OMe}. Reaction conditions: PG (100 mmol), #8n(OMe) carboxylation of PG
(0.05 mmol%), 180C, 12 h.
RoSn(OMe)» and BySnO are reported as active catalysts
o} for various reactions, such as DMC syntheldi4—17] poly-
T ,SnBuz-n carbonate synthesis from carbon dioxide and epoX&#i,
stereoselective ring-opening polymerizatiorgelactoneq29].
However, BySn(OMe) or BSnO has never been reported
that could be used as a catalyst for preparing of PC from PG and
0} (i) CO». In present paper, the organotin compounds are first used
as catalysts for the synthesis of PC from PG and @@der
supercritical conditions. The catalytic activity of BBn(OMe)
Fama n-Bu,Sn e is very close to that of B45nO in this study as listed ifable 1
»_\ (entry 1 versus entry 2). Therefore, a plausible catalytic cycle
\ o for the present BsSnO-catalyzed carboxylation of the 1,2-diol
\[r 4 like PG with CQ has been proposed as illustratedcheme 3
o This proposal is closely related to that of BBnO-catalyzed
Scheme 3. A postulated mechanism for PC synthesis from PG ancc@O Carboxylatlon_Of 1,2-am|.noalcoh.ols Wl,th QQBO] It involves .
alyzed by BuSnO. three steps: (i) the reaction of dibutyltin oxide and PG to give
2,2-dibutyl-1,3,2-dioxastannolah[31]; (ii) since Sr-O bond
as a consequence of more by-products formed with prolonginf§ Known to be susceptible to Gansertion[32], a cyclic tin
reaction time and the reversibility of the reaction. Obviously,caroonatet may be formed through the insertion of €@
12 h was the optimal reaction time for the “PG + £@eaction. 3; (iii) subsequent intramolecular nucleophilic attacl§ of alkoxy
The effect of CQ pressure on PC synthesis was also inves970UP on a carbonyl carbon ato_m may cause the elimination of
tigated Fig. 3. The amount of PC is nearly proportional to the ProPylene carbonate regenerating the dibutyltin oX&H. In
reaction pressure in the range of 4-20 MPa. A similar relatiorfddition, 2,2-dibutyl-1,3,2-dioxastannolas also derived from
between the DMC yield and the G@ressure was reported in 542Sn(OMe} and propylene glycol by elimination of methanol
previous worl{18]. As shown inFig. 3, a higher CQ pressure [33]. It is possible t,hf"‘t BSn(OMe) which acts as an active
is favorable for achieving higher activity, which could proba- catalystfor synthesizing PC from PG and £x@ay pass through
bly be attributable to that higher concentration of 3@n shift € same catalytic cycle. Indeed, £n(OMe} displayed com-
the equilibrium to the right or enhance insertion of £iato parable activity Wlth BuSnO, as rationalized on the basis of the
the metal—oxygen bond as depicted in a possible mechanisRoPosed mechanism Echeme 3
(Scheme R This demonstrates that the supercritical conditions
have the preferential effect for promoting the reactivity of£ZO 4. Conclusions
Itis found that the amount of PC is affected by reaction tem-

H,O 3 CO;
HO  OH

o)

BUQSnO

[}

perature under supercritical conditions. As listedamle 2 the Propylene carbonate was synthesized via the reaction
of propylene glycol with CQ@ catalyzed by BpSnO or
Table 2 Bu,Sn(OMe) with a remarkable selectivity. No by-product was

Reaction temperature dependence on the amount of PC j@r80Me} inthe  formed at all under the optimum reaction conditions, 800
reaction of “PG + CQ” exhibited comparable catalytic activity with Ban(OMe} in

Entry Temperature’C) Pressure (MPa) PC (mmol) ToN this study. Under the optimized conditions, the amount of propy-
lene carbonate was nearly proportional to PG concentration. The

1 100 20 0 - )

2 150 20 0.4 8 reaction was enhanced by DMF as a co-solvent, and the turnover
3 180 20 2.2 44 number of the catalytic production was improved by the ketal as
4 240 20 0.2 4 a dehydrating agent. In addition, titaniusbutoxide as a less

Reaction conditions: PG (100 mmol), Bn(OMe} (0.05 mmol%), 20 MPa, toxic reagent also displayed catalytic activity for PC synthesis
12h. from PG and CQ.
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