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Abstract

The synthesis of organic cyclic carbonates from epoxides and€{@scribed. The role of the solvent is discussed, together
with that of Nb(V) catalysts (N§Os and NbC¥). The reaction is very selective and affords the conversion of epoxides into
the relevant carbonates in high yield.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction ing the use of toxic chemicals. Routes based orp CO
respond to the raw material diversification, while im-
The production of organic carbonatfs?] either plementing the atom efficiency principle with the use
molecular (world market equal to 80kt per year) or of clean and safe technologigs-6].
polymers (1.1 Mt per year), is expanding since a few  The conventional synthesis of carbonates involves
decades. Organic molecular carbonates already findthe use of phosgene, with elimination of HCI, and
large use as solvents, selective reagents, fuel additives.end production of large amounts of waste chlorinated
monomers for polymers, in agricultural application as solvents. As far as cyclic carbonates are concerned,
herbicides and disinfectants, in the preparation of cos- their synthesis is reported q. (1)
metics and personal care products. They are also used
as additives for hydraulic fluidg3], and in the dye- 5 oH + COCly CHCh o/—\o + 2HCI
ing of textiles[2,4]. Their production will continue to
grow, especially if their use as additives for fuels will
expand.
This trend requires that new, environmentally @)
friendly, synthetic methodologies are developed in

. . _ . Several synthetic methodologies, alternative to
order to find alternative routes to existing ones, avoid-

the use of phosgene, have been developed, some of
them are on strearf¥], other require further exam-

* Corresponding author. Tek39-080-544-2430; m_atlon for_ th_e assessment of the potentlal of !ndus-
fax: +39-080-544-2429. trial exploitation[8]. The carboxylation of epoxides
E-mail addressaresta@metea.uniba.it (M. Aresta). (Eq. (2) represents one of the few cases of industrial
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utilization of carbon dioxide in innovative chemical 2.1. General procedure for the carboxylation

syntheses. of epoxides
R
R In a typical reaction, a fixed amount of epoxide
)v< +co, 25 4 0 (2ml) was dissolved in the solvent (10ml) in a glass
0 e reactor (50 ml) which was then placed into a stainless
6 (2) steel autoclave (200 ml) under G@ressure (5 MPa).

The catalyst was added as appropriate. The mixture
The reaction can be carried out using both ho- was heated for 12 h at 408 or 423K, as specified. Af-
mogeneous and heterogeneous catalysts. Severater cooling to room temperature, the reaction mixture
catalytic systems as alkali metal halides and phos- was filtered and the solvent evaporated under reduced
phonium halides[9-11], organometallic complexes pressure. In some cases a crystallization of the residue
and organometallic halideld2], have been used as from THF/pentane was required to purify the product.
homogeneous catalysts with a major drawback due GC analyses were carried out for evaluating the con-
to their life. To develop new catalysts with long version yield and selectivity, while elemental analyses
life-time and high selectivity is of interest for the and NMR spectra were made to evaluate the purity of
chemical industry in order to expand the application the isolated product.
of such methodology. Only two reports can be found
in the literature on the use of metal oxidfs3,14] 2.2. Specific case
as heterogeneous catalysts for the fixation of carbon
dioxide into epoxides. We have already described the 2.2.1. Synthesis of styrene carbonate from styrene
use of NbOs, that finds application in several other epoxide and C®(5 MPa) in DMF
fields [15], as catalyst in the oxidative carboxylation Styrene epoxide (2ml, 17.5mmol), dimethylfor-
of olefins[8,16]. mamide (DMF) (10 ml), reaction time (27 h), reaction
As an extension of our work, we have studied the temperature (408 K). Anal. Calcd forgBgO3: C =
carboxylation of epoxides in presence of Nb species 65.8%: H= 4.93%. Found: C= 66.3%; H= 5.12%.
and have focused our attention on the use of Nb(IV) GC-MS: 164 M), 120, 105, 91, 78, 6Bve. When
[17] and Nb(V) compounds with a special emphasis 13CO, was used (Entry 12Table 9 the GC-MS
on NbOs, as the carboxylation of epoxides is rele- gave the following peaks: 169v"), 120, 105, 91,
vant to the direct oxidative carboxylation of olefins 78, 65 m/e. 'TH NMR (CDClz, 200 MHz, 293K):
mentioned above. In this paper we describe the results 7.2 (m, 5H, Homatid, 5.64 (t, 1H, Juz—+1 = 6.92,
relevant to the use of NiDs and NbC§ as catalysts, JHz—+2 = 7.30), 4.70 (d, 1H,Jyo—H1 = —8.78), 4.32
and the influence of the solvent on the carboxylation (t, 1H) ppm. Yield 67.7%.
of epoxides. The same procedure was used for all other trials and
the effect of the solvent (Entries 1, 4-6, 8, 9, 15, 16,
19), of the catalyst (Entries 2, 3, 7, 10, 17, 18) and
2. Experimental of the pressure of carbon dioxide (Entries 11-14) is
reported inTable 2
All reactions and manipulations were carried out
under an inert atmosphere, by using vacuum line tech- 2.2.2. Synthesis of propylene carbonate from
nigues. All solvents were dried as described in the lit- propylene oxide and COn DMF
erature[18] and stored under dinitrogen. Propylene oxide (2 ml, 28.58 mmol), DMF (10 ml),
IH and 13C NMR spectra were recorded with a reaction time (12h), reaction temperature (423K).
Varian XL-200 spectrometer. GC-MS analyses were Anal. Calcd for GHgOs: C = 47.06%; H= 5.92%.
carried out with a gas chromatograph Shimadzu Found: C= 47.0%; H = 5.85%. GC-MS: 102MI™),
17 A (capillary column: 30 m; MDN-5S; 0.2om 87, 57, 43, 28m/e. 'H NMR (CDClz, 200 MHz,
film) detector linked to a Shimadzu GCMS-QP 5050 293K):4.78 (m, 1H), 4.48 (m, 1H), 3.95 (m, 1H), 1.41
mass. (m, 3H) ppm.13C NMR (CDChk, 200 MHz, 293 K):
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154.979 (OC(0)0O), 73.48, 70.55, 19.22 (gHdbpm. 2.2.7. Synthesis of octene carbonate from octene
Yield 8%. oxide in DMF

The effect of addition of N§Os, CH,Cl2, CoH4Cly, Octene oxide (2 ml, 13.10 mmol), DMF (10 ml), re-
ethanol, use of dimethylacetamide (DMA) instead of action time (12 h), reaction temperature (423 K). Anal.
DMF, use of diglyme as solvent is reportedTiable 3 Calcd for GH1603: C = 62.76%; H= 9.36%. Found:
Entries 2-9. Reactions were carried according to the C = 62.43%; H= 8.98%. GC-MS: 172M™), 87, 68,
procedure reported above, and the product was char-58, 43, 28m/e. *H NMR (CDCls, 200 MHz, 293 K):
acterized by the same techniques. 4.64 (m, 1H), 4.45 (m, 1H), 3.98 (m, 1H), 1.71 (m, 1H,

—CH,-), 1.62 (m, 1H, —-CkH), 1.38 (m, 1H, —CkH),

2.2.3. Synthesis of pentene carbonate from pentene 1.25 (complex m, 7H, —Cp+), 0.81 (m, 3H, —CH)
oxide in DMF ppm. Yield 10%.

Pentene oxide (2 ml, 19.27 mmol), DMF (10 ml), re- The effect of addition of NgOs and CHCI, is
action time (12 h), reaction temperature (423 K). Anal. reported inTable 3 Entries 27—-29.
Calcd for GH1003: C = 55.37%; H= 7.74%. Found:
C = 55.28%; H= 7.81%. GC-MS: 130M), 87, 71, 2.2.8. Synthesis of cyclo-octene carbonate from

57, 43, 28m/e. Yield 20%. cyclo-octene oxide in DMF
The effect of addition of CHCl> and NBOs is Cyclo-octene oxide (2ml, 19.30 mmol), DMF
illustrated inTable 3 Entries 11-13. (10ml), reaction time (12h), reaction temperature

(423 K). Anal. Calcd for GH1403: C = 63.5%; H=

2.2.4. Synthesis of cyclo-pentene carbonate from 8.29%. Found: C= 63.89%; H = 8.5%. GC-MS:
cyclo-pentene oxide in DMF 170 M), 126, 112, 58n/e. Yield 1.2%.

Cyclo-pentene oxide (2ml, 23.08 mmol), DMF The effect of addition of NgOs and CHCls is
(10ml), reaction time (12h), reaction temperature reported inTable 3 Entries 31-33.
(423 K). Anal. Calcd for @HgO3: C = 56.24%; H=
6.29%. Found: C= 56.43%; H = 6.98%. GC-MS:
128 MT), 68, 43m/e. Yield 2%.

The effect of addition of NpOs and CHCl, is
illustrated inTable 3 Entries 15-17.

3. Results and discussion

Nb2Os has revealed to be a catalyst for the fixa-
tion of carbon dioxide into several epoxides (linear
and cyclic) to afford the relevant organic carbonate
(Eq. (2). Using pre-treated N5 (as reported in the
literature[19]) the corresponding carbonate was ob-
tained with 100% selectivity. The yield was strongly
dependent on the temperature and the solvent as spec-
ified in Tables 1 and 2respectively, for the formation
of styrene carbonate.

2.2.5. Synthesis of hexene carbonate from hexene
oxide in DMF

Hexene oxide (2 ml, 16.60 mmol), DMF (10 ml), re-
action time (12 h), reaction temperature (423 K). Anal.
Calcd for GH1203: C = 58.31%; H= 8.39%. Found:
C = 5825%; H= 8.1%. GC-MS: 144 /%), 87, 58,
43, 28m/e. Yield 3%.

Entries 19-21 Table 3 illustrate the effect of ad-
dition of Nbp,Os, and CHCls.

Table 1
2.2.6. Synthesis of cyclo-hexene carbonate from Influence of the temperature on the formation of styrene carbonate
cyclo-hexene oxide in DMF from styrene epoxide and GQNb,Os as catalyst; epoxide/NDs
Cyclo-hexene (2 ml, 19.80 mmol), DMF (10 ml), re- molar ratio= 50; dimethylformamide as solvent) in 12h
action time (12 h), reaction temperature (423 K). Anal. Temperature Yield (96)
Calcd for GH1003: C = 59.14%; H= 7.09%. Found: 373 0
C = 589%, H == 715% GC-MS 142 M+), 98, 84, 383 11.3
70, 57, 41nve. Yield 1.4%. 393 36
The effect of addition of NpOs and CHCl, is 408 80

reported inTable 3 Entries 23-25. a|solated yield.
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Table 2

Influence of the solvent and pressure on the yield of the carboxylation of styrene (408K, 12h)

Solvent (ml) Styrene oxide (ml) Catalyst Pco, (MPa) Yield (%}
(1) Xylene (10) 2 None 5 No reaction
(2) Xylene (10) 2 NbOs (100 mg) 5 1

(3) Xylene (10) 2 MgO (400 mg) 5 <1

(4) Xylene (5) 1 DMF (0.7 mf 5 No reaction
(5) Xylene (8) 0.5 DMF (3.5mf 5 0.26

(6) Diglyme (10) 2 None 5 No reaction
(7) Diglyme (10) 2 NbOs (100 mg) 5 1

(8) Toluene (10) 2 None 5 No reaction
(9) DMSO (5) 1 None 5 (14 side products
(10) DMSO (5) 1 NbOs (100 mg) 5 (5)+ side products
(11) DMF (10} 2 None 0.1 2.37

(12) DMF (10% 2 None 0.18C0, 37

(13) DMF (10) 2 None 2 26

(14) DMF (10) 2 None 3 37

(15) DMF (10) 2 None 5 347

(16) DMF (10§ 2 None 5 67.7

(17) DMF (10) 2 NbOs (100 mg) 5 80

(18) DMF (10) 2 NbGCi (105 mg) 5 66.3

(19) DMA (10) 2 None 5 28

Dimethylformamide (DMF); dimethylacetamide (DMA).
alsolated yield.
b Ratio DMF:styrene oxide= 1:1.
¢Ratio DMF:styrene oxide= 10:1.
d6h of reaction.
€64 h of reaction.
f27h of reaction.

Below 373K the conversion yield was practically (Eq. (3).
zero. In N,N-dimethylformamide or in dimethylac-
((a1t_zg1|;jg(DMA) at 408K high yields were obtained +CO, RH,C-CHO .

The insertion of CQ@ into a linear epoxide resulted © 3)
to be in general favourite with respect to the inser-
tion into cyclic ones Table 3 see the relevant linear  3.1. The effect of the solvent
and cyclic epoxide conversion yield). The difference
may be due to either steric or thermodynamic fac- Table 2shows that amides are good promoters of
tors. The time of reaction was also important: good the carboxylation reaction, that occurs also in absence
conversion yields were observed in general after 12 h of metal systems. A similar behaviour has recently
(Entries 11 and 12Table 9. A pressure higher than  been observed for dimethylformamide in SC-£O
1 MPa was necessary for a significant conversion yield [20,21] We report in this work for the first time that
(Entries 11, 13—-15Table 2. As Table 2shows, the other amides like dimethylacetamide are also quite
solvent plays a dramatic role. In solvents like xylene, active promoters of the carboxylation. In both DMF
diglyme, toluene a very low yield (sable 2 was ob- and DMA the conversion of styrene oxide reached
served if not zero. In absence of solvent, the carboxy- 25-30% after 12 h, and 68% after a longer reaction
lation was not observed, while the isomerisation of the time (Entry 16,Table 3. The presence of a large num-
epoxide to the aldehyde was the predominant processber of molecules of the promoter per mole of styrene
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Table 3
Influence of CHCI, and NBOs on the carboxylation (423K, 12 h, 5MPa of g0
Solvent (ml) Additive Yield (%%
Propylene oxide (2)
(1) DMF (10) None 8
(2) DMF (10) 0.1 ml CHCI, 30
(3) DMF (10) 0.1 ml CICHCH,CI 51.5
(4) DMF (10) 100 mg NbOs 15.7
(5) DMF (10) 161 mg NbOs + 0.1 ml CH:Cl; 88
(6) DMF (10) 0.1ml CHCH,OH 20
(7) DMF (10) 0.1ml CC} 58
(8) DMA (10) None 8
(9) Diglyme (10) 0.1 ml CHCI; No reaction
Pentene oxide (2)
(10) DMF (10) None 2
(11) DMF (10) 0.1 ml CHCI; 55
(12) DMF (10) 100 mg NpOs 9
(13) DMF (10) 89mg NbOs + 0.1 ml CHCl, 75
Cyclo-pentene oxide (2)
(14) DMF (10) None 2
(15) DMF (10) 0.1ml CHCI, 24
(16) DMF (10) 104 mg NpOs 8.7
(17) DMF (10) 102mg NpOs + 0.1 ml CHCl, 37
Hexene oxide (2)
(18) DMF (10) None 3
(19) DMF (10) 0.1 ml CHCI; 65
(20) DMF (10) 97 mg NbOs 9
(21) DMF (10) 99mg NbOs + 0.1 ml CHCl, 75
Cyclo-hexene oxide (2)
(22) DMF (10) None 14
(23) DMF (10) 0.1 ml CHCI3 45
(24) DMF (10) 118 mg NpOs 3
(25) DMF (10) 98 mg NbOs + 0.1 ml CHCl, 10
Octene oxide (2)
(26) DMF (10) None 10
(27) DMF (10) 0.1ml CHCI, 80
(28) DMF (10) 114 mg NpOs 16
(29) DMF (10) 124 mg NpOs + 0.1 ml CHCl, 90
Cyclo-octene oxide (2)
(30) DMF (10) None 1.2
(31) DMF (10) 0.1 ml CHCI; 4
(32) DMF (10) 108 mg NpOs 2.8
(33) DMF (10) 89mg NbOs + 0.1 ml CHCl, 10

a]solated yield.

oxide is necessary in order to observe a positive effect. (Entries 9—10Table 2 but its use is prevented by the
In fact, if DMF was added to a solvent like xylene, no formation of several side products. The possible role of
effect was observed until the molar ratio DMF/styrene the amide is depicted iRig. L It is most probably rel-
epoxide was below 10 (Entry 4Table 2. Above evant to the interaction with either the epoxide orCO
such limit, the effect of DMF was observed (Entry increasing the nucleophilicity of the relevant oxygen
5, Table 2. Also DMSO promoted the carboxylation atoms.
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Fig. 1. Role of DMF in the carboxylation of epoxides.

An attempt to uséH and3C NMR for evidenc- that imply CH:Cl,. No evidence of such species was
ing possible intermediates did not give any result, at found. Anyway, such experiments were helpful for ex-
least at room temperature and 0.1 MPa BC&» mat- cluding the conversion of the organic halide, either
ter of fact, under such conditions, styrene epoxide and CH»Cl, or C;H4Cly, that was found intact at the end
13C0o, (0.1 MPa) afford the relevant labelled carbon- of the reaction, as confirmed by the position and inte-

ate after a long reaction time (Entry Tigble 3. Also
at 423 K under 0.1 MPa of Can adduct or interme-
diate could not be detected.

Very surprising, and unprecedented, is the role of
methylene chloride or 1,2-dichloroethane, which af-
fect the carboxylation yield in a very substantial mode
(Table 3.

Table 3shows that, by using DMF alone (Entry 1,
Table 3 propylene carbonate was formed from propy-
lene oxide in low yield, as confirmed also by literature
data[21]. The addition of a small amount of GBI>
(0.1 ml) to the reactive system in either DMF alone
or DMF in presence of NiDs considerably increases
both the yield and TON (Entries 2 and 5, respectively,
Table 3. The role of CHCI; is tentatively explained
assuming that it may contribute to stabilize polar or
ionic intermediates through the’G-H*, C*t—CPP—
dipoles. Noteworthy, if CHICIl, was used as solvent
or added to a solvent like toluene or xylene, the car-
boxylation of the epoxide did not take place. It seems
that while CHCl is a good co-promoter when added
to DMF or DMA, it is not itself an effective medium
for the carboxylation to occur. This can be rationalised

gral of the'H signal.

3.2. The role of N§Osg

The experimental results show that the addition of
Nb2Os5 to DMF increases the conversion yield of the
carboxylation reaction (compare Entries 1 and 4, 10
and 12, 14 and 16, and so ofgble 3. The metal
can either promote the opening of the epoxide through
co-ordination to the oxygen atom, or pre-form the car-
bonate moiety through the interaction of €@ith the
Nb—O bonds. That the carbonate moiety is formed on
Nb oxides is documented in the literatU9]. The
activity of NbpOs can be compared with that of other
oxides described in the literature. Under the same reac-
tion conditions (12 h, 408 K, DMF as solvent) the con-
version yield reported for MgQ13] or Mg/Al mixed
oxides[14], the only other heterogeneous catalysts de-
scribed in the literature, is 60 and 90% for styrene
carbonate and 41 and 88% for propene carbonate, re-
spectively, using a molar ratio epoxide/catalyst of 0.6
(MgO) and 3.6 (Mg/Al mixed oxide) for styrene ox-
ide and 0.4 and 3.5 for propene oxide, respectively.

as reported above, on the basis of the fact that DMF Such ratio is much lower than that used in this work

or DMA are bases that may interact with €0r the

with Nb2Os, that ranges between 50 and 1000. Conse-

epoxide and increase their reactivity by enhancing the quently, the Nb catalyst, affords a much higher TON

nucleophilic character. G}l can play only the sec-
ondary, but important, role as the solvation of the in-

termediates. We have attempted an high temperature

than Mg and the mixed oxide. For all such oxides,
DMF is the elected solvent.
In order to verify the life-time of the catalyst,

1H NMR in order to discover possible intermediates we have reloaded the epoxide several times in the
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Fig. 2. Formation trend of propene carbonate at 408 K.

autoclave, and no evidence of deactivation of the cat- observed (Entry 18Table 2 also if lower than with
alyst was observedrig. 2 shows that using propylene  NbOs.
oxide and CQ (5MPa) at 408K, after an induction
time of ca. 2 h, 90% of the reagent was converted into 3.3. The effect of addition of inorganic halides to
carbonate in 12 h (curve (a), starting with a 47.3 mo- Nb,Os/DMF
lar ratio epoxide/catalyst). If the epoxide is reloaded,
the catalyst is still active and the carboxylation of the  As mentioned above, the addition of @El, to the
epoxide continues without any induction time (see Nb,Os/DMF system improves the yield, as already
Fig. 2, curve (b)). The reloading can be repeated sev- observed with DMF alone (Entries 4 and 5, 12 and
eral times reaching a TON of several hundred moles 13, 16 and 17 and so offiable 3. Also, the addition
of epoxides per mole of Ni®s as catalyst. of an inorganic halide to NiDs/DMF may act as a
Alternatively, the catalyst can be isolated and re- promoter of the conversion. In fact, when 0.2 mol of
cycled several times. Studies are in progress in order K| were added per mole of NiDs in DMF, a 10%
to ascertain if the catalyst undergoes major struc- increase of the conversion yield of the epoxide was
tural modifications during the reaction. Using powder opserved.
NbOs it was difficult to give an indication about the Such effect could be explained in two ways. It is
number of active centres involved into the reaction. known that halide-ions may promote the carboxy-
Therefore, the TON reported above was calculated as|ation of epoxides[12,22] Therefore, the added
the ratio of converted epoxide to the total number of halide could perform as a second catalyst operating
the metal centres. In order to get information about in co-operation with the Nb oxide. Alternatively, the
the specific activity of Nb-centres a supported catalyst inorganic halide could operate as discussed above,
is under investigation. The formation trend of carbon- py stabilizing some ionid23] or polar forms, that
ate is the same for different epoxidgg, the yield are key intermediates in the carboxylation reaction.
of conversion depending on the molecular structure However, if the role of inorganic halides was easily
of the epoxide. After one or more runs, the reaction foreseeable, the effect of adding &&, to Nb,Os
solution was filtered, reloaded with the epoxide and and the co-operative role of DMF and an organic
pressurized with C@ the yield in carbonate was that  halide results to be very intriguing. The concerted
typical of the run with the solvent without catalyst, action of DMF and CHCI, has a fundamental role in
showing that Nb species were not present in solution. the activation of the hetero-cumulene and epoxide, in-
When NbCk was used a clear catalytic effect was creasing the yield of conversion and turnover number.
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3.4. The effect of addition of alcohol or carbon [5] M. Aresta, E. Quaranta, Chem. Tech. 32 (1997) 27.
tetrachloride [6] M. Aresta, H. Arakawa, J.N. Armor, Chem. Rev. 101 (4)
(2001) 953.

In order to ascertain if the C—H dipole of the organic 7 (Ga%nl{';f Tze(l)nool’) ':2'4?\/::5 r[;'fe?:r:fgs ?:ee,’eﬁ?pl' Catal. A
halide or the C—ClI dipole was implied into the assis- (b) K. Nishihira, S. Tanaka, Y. Nishida, N. Manada, T.
tance to the reaction of carboxylation of the epoxide, Kurafuji, M. Marukami, Ube Industries, US Patent 5,869,729
we have used as additives either g6l ethanol. Both (1999).

show a co—operative effect (Entries 6 andrable 3 [8] l:\%/légAresta, A. Dibenedetto, J. Mol. Catal. A 182-183 (2002)

Such results show that solvation effects are very im- g £ 3 mais, H.J. Buysch, C. Mendoza-Frohn, A. Klausener,
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[10] L.I. Bobyleva, S.I. Kryukov, B.N. Bobyleva, A.G. Liaku-
movich, A.A. Surovtsev, O.P. Karpov, R.A. Akhmedyanova,
4. Conclusions S.A. Koveva, Yaroslavskij Polit. Institute, US Patent
1,781,218 (1992).
[11] N. Limura, M. Takagi, H. Iwane, J. Ookago, Mitsubishi, JP

Nb,Os acts as catalyst in the carboxylation of sev- Patent 07,267,944 (1995).
eral epoxides. Amides result to be efficient promoters [12] D.J. Darensbourg, M.W. Holtcamp, Coord. Chem. Rev. 153
of the carboxylation. The addition of an organic halide (1996) 155;
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