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Abstract

Two series of recoverable and reusable chromium salen catalysts for heddifion to styrene epoxide form cyclic carbonate have been
tested under supercriticabnditions (100 bar and 8). In one of the cases, tettert-butylsalen chromium (substrate-to-catalyst ratio 875)
was dissolved in an ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate (bngin&#ked after the products were extracted with
diethyl ether the ionic liquid containing the complex was reused up to four consecutive runs. However, only modest conveb8i#h)s (
and product selectivitiess 79%) were achieved under these conditions, although déegetse substrate-to-calyst ratio showed some
enhancement in the epoxide conversion. In tiiepsystem, a chromium salen catalyst wasoaled on aminopropylsilyl-modified silica
and ITQ-2. The solids were tested as heterogeneous catalysts bueteagsorption of the complexes was observed after the first use. The
best recoverable catalyst of theiss was obtained when chromiurlen was covalently anchored ttica support through a linker resulting
from nucleophilic substitution between aminopraglyll-modified silica and chloromethyl-sutitsited complex. In this case, the solid was
still active after the fourth reuse and exhibited 100&tbonate selectivity abaut 70% epoxide conversion.

0 2004 Elsevier Inc. All rights reserved.

1. Introduction catalysts for the C@addition to epoxide to form cyclic car-
bonates.
One of the hot topics in green chemistry is the use of re-
newable feedstocks and more specificallyJO-5]. The
process of C@fixation is particularly challenging due to its 2. Experimental
thermodynamic stability and chécal inertness. Recently, it
has been reported that chromium and cobalt salen complexe® 1. Compounds and materials
in the presence of bases can catalyze the addition of CO

to epoxides to form cyclic (':arbonatﬁ—ll]. Of[her' metal 5-Chloromethyl-3tert-butylsalicylaldehydeS) [21], the
complexes such as porphyrins and hydroxyqumolmgtes ha"emixture of asymmetric ligand8a— [22] and complexes
also been usefd 2—-14] However, the main drawback in this g5 . [23], and tetratert-butyl chromium (II) salen com-
process is the separation of the catalysts from the reactionmeX were prepared according to the literat{28]. ITQ-2
mlxture apd hence reuse of the catalyst. In orqlertp make the,, o5 synthesized as reported ear[@4] by ultrasound de-
CO; fixation greener, a general strategy consists in Convert-|amination of a MCM-22 precursor previously submitted to
ing the homogeneous catalyst into a heterogeneous systeny e|jing by ion exchanging the initial hexamethyleneimine
With this aim in mind, in the present work, we compare the gmpjate by hexadecyltrimethyl ammonium cations. FTIR
catalytic activity of a series of recoverable chromium salen spectra of unsupported asymmetric ligand and complex were
recorded at room temperature in a Nicolet 710 FT spec-
* Corresponding author. Fax: +34 96387 7807. trophotometer making KBr pellets. Diffuse reflectance UV—
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ian Cary 5G UV-vis NIR spectrophotometer adapted with licylidene)-1,2-cyclohexanediaminaf@2] and the corre-
a praying mantis attachment and using Ba$® the refer- sponding chromium comple}23] were synthesized as

ence. reported in the literature. Then, a known amount of the Cr-
salen complex was added to a suspension of the modified
2.2. Anchoring procedure solids in dry toluene and stirred at reflux temperature for

48 h according to the procedure reported in the literature for
After dehydration of the solids at 20€ for 2 h (un-  the preparation of MCM-41-type silica-bound manganese
der 1072 Torr), the required amount of 3-aminopropyl- (1ll) Schiff-base complexe§25]. The suspension was fil-
triethoxysilane (moles Sigmoles amine= 5) in dry tered and Soxhlet-extracted with dichloromethane for 24 h
toluene was added. The suspension was stirred under nitroand dried under 1 Torr for 2 h at 45°C.
gen atmosphere and refluxed for 24 h. The solid was filtered

and Soxhlet-extracted with dichloromethane for 24 h. 2.3. Reaction procedure
For preparation of Cr-salen/N#SiO, and Cr-salen/
NH2ITQ, a mixture of R R)-(—)-N,N’-bis(3,5-ditert-butyl- Styrene oxide (3.56 mmol), triethylamine, 8methyl-

salicylidene)-1,2-cyclohexanediaminochromium chloride imidazole (10 pl) was dissolved in dichloromethane (0.4 ml)
and silver perchlorate in dry acetonitrile was stirred at room or an ionic liquid, 1-butyl-3-methylimidazolium hexafluo-
temperature for 16 hScheme 1 After filtration through rophosphate (omimRyJ;, and charged into a high-pressure
Celite and washing with acetonitrile, the filtrate was con- autoclave (Bichi). The corresponding chromium salen cat-
centrated and then dichloromethane and solid aminopropyl-alyst (30 mg) was added and the autoclave was sealed and
anchored support were added. The suspension was stirredhen charged with liquid C® The reaction mixture was me-
at room temperature for 24 h, filtered, resuspend in diethyl chanically stirred at 100 bar and 80 for 6 h. After this
ether, and stirred at room temperature for 24 h. After fil- time, CQ was slowly released into a chamber open to the at-
tration, the solids were dried under 20 Torr for 2 h at mosphere. The reaction mixture remaining in the autoclave
45°C. vessel was collected and analyzed by gas chromatography
For the preparation of Cr-salen/SIO(R,R)-N-(3,5-di- (HP 5890) using a 30-m capillary column of crosslinked
tert-butylsalicylidene)—N’-(3-tert-butyl-5-ch|0romethylsa- 5% phenylmethylsilicone. The identity of the cyclic carbon-
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ate and phenylglycol was confirmed by comparison with ric p-(chloromethyl) saler8b to the bis-{p-chloromethyl)
the commercial samples and also by GC-mass analysis (HPderivative8c was 6 to 1 (se€scheme 2for reagent stoi-
6890). chiometries and product distribution). Since purification of
this mixture by chromatography is difficult due to hydrol-
ysis ligands8a—c were converted into the corresponding
3. Resultsand discussion complexea—c and finally tethered to 3-aminopropylsilyl-
modified silica. Thus, the Cr-salen/Si@atalyst contains a
In the first strategy we have modified the process basedmixture of mostly monopodally anchoreédh and a lesser
on the homogeneous phase to allow the recovery of theamount ofc, the latter being anchored either mono-or bipo-
catalyst by using a room temperature ionic liqidb,16], dally.
namely 1-butyl-3-methylimidazolium hexafluorophosphate  The chromium content and other analytical data of the
(bmimPFs). Most of the salen complex remains dissolved series of catalysts are also includedTble 1 In addition
in the ionic liquid during extraction of the reaction products to elemental analysis (Cr, C, and N), the presence of intact
with diethyl ether. The second strategy is based on sup-Cr-salen complexes adsorbed onto the solids can be con-
porting the chromium salen complex on a high-surface-areafirmed by diffuse reflectance W¥is (ligand-to-metal charge
solid. In related precedent,uahinum phthalocyanine was  transfer band at 520 nm) and IR (1620 and 1591 txibra-
covalently bonded to silica and used as heterogeneous cattion hands attributed to-€N- - -Metal interaction and to the
alyst for the CQ fixation [13]. For the present work, we  phenolic ring) spectroscopies. These spectroscopic features
have used modified amorphous silica and delaminated ze0-agree with the data reported in the literat[ir8].
lite ITQ-2 as solid supports. The main textural properties of  The reaction of styrene oxide with G@o form a cyclic
these solids are presentedTiable 1 carbonate [Eq(1)],
The simplest strategy for anchoring the complex to a sup-
port consists in adsorbing the chromium salen complex onto
an aminopropylsilyl-modified support (Cr-salen/pHiO, O
and Cr-salen/NHTQ-2). In this case the complex remains ph/<‘ +Co—> <
bonded to the solid surface (Si@r ITQ-2) through the co-
ordinative apical bond between the terminal amino group
of the 3-aminopropylsilyl group attached to the solid sur- inthe presence of the four Cr-salen catalysts was carried out
face and the chromium ion of the compleRcheme 1 under supercritical conditions since it is known that super-
shows the preparation procedure followed to obtain the Cr- critical CO; and ionic liquid are completely miscib]&5,16,
salen/NHSIO; and Cr-salen/NHTQ solid catalysts. 19]. In addition, we have previously reported that the gas-
Our previous work in related metal salen complex cat- like diffusion characteristiof reagents under SUpEI’CfitiCEﬂ
alysts anchored on solid47,18] led us to anticipate that ~ conditions plays a favorable role in heterogeneous cataly-
despite the simplicity of the preparation method for Cr- sis using microporous solids, enhancing the activity com-
salen/NHSIO, and Cr-salen/NHATQ-2, binding the sup-  pared to conventional solvents due to an increase of the
port through the metal would lead to a considerable degreediffusion coefficient§20]. BesidesV-methylimidazole, tri-
of complex detachment as compared to a more elaboratecethylamine was also used as base ($able 2. For the
synthetic route in which the chromium salen complex is an- reactions carried out in the absence of bmigP& small
chored through a terminal substituent on the ligand. There-volume of dichloromethane or dimethyl carbonate (0.4 ml
fore, we have also prepared a catalyst in which the chromiumin a 50 ml reactor) was added as cosolvents to increase
salen is covalently tethered the silica particle through an  the solubility in the medium of styrene oxide and the base.
amino linker connected to one phenolic ring of the salen lig- Dichloromethane should be avoided in green chemistry, but
and. The preparation of Cr-salen/Si@as accomplished as  here it was used as referentcecompare with other media,
indicated inScheme 2The key step in the synthesis is the particularly bmimPE. The results obtained under the con-
formation of a statistical mixture of three salen ligaBdsc ditions studied are summarized Tiable 2 For the sake of
where the predominant symmetric teteat-butylsalen8a comparison, we have also includedTable 2previous re-
cannot be anchored on the solid. The ratio of the asymmet-sults from the literature.

o
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Table 1
Analytical and textural data of the recoverable catalytic systems used in this work
Support Catalyst Complex Analytical data (%)
solid binding Cr C N
Amorphous silica Cr-salen/NJ8iOy Through the metal 84 1193 186
> 1pm, 210 M gl Cr-salen/SiQ Through the ligand D1 1156 173
ITQ-2 Cr-salen/NHITQ-2 Through the metal 69 1239 149

<05um, 730 gt
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Table 2
Results of the reaction of styrene oxide (3.56 mmol) withyG@der supercritical conditions (100 bar, 8D) in a 50 ml reactor after 6 h in the presence of
Cr-salen catalysts using a base as cocatalyst (10 pl)

Catalyst Substrate to catalyst Cosolvent ConversioR Selectivity® Mass balanc®
molar ratio (%) (%) (%)

Cr-salen/NH SiO» 875 CHCly 66 89 100
Cr-salen/NBITQ-2 816 CHCl> 71 91 69
Cr-salen/SiQ 583 (MeO)»CO 72 100 48
Cr-salen/SiQ 583 CHCl» 74 100 62
Cr-salen/SiQ (use 4) 583 CHCl» 68 100 48
Cr-salen (not recoverable) 875 GEly 75 100 57
Cr-salen (use 1) 875 bmimBF 25 79 80
Cr-salen (use 2) 875 bmimBgF 35 68 100
Cr-salen (use 3) 875 bmimBF 37 67 100
Cr-salen (use 4) 875 bmimBgF 48 56 92
Cr-salen 292 bmimPR§ 50 100 54
Cr-salel (not recoverable) 875 Gl 81 93 55
Cr(salen) 1000 - 484 100 -

& The amount of 0.4 ml of an organic solvent was used.

b Based on the disappearance of styrene.

¢ Besides cyclic carbonate the only by-product detected was phenylglycol.

d The incomplete mass balance is mostly due to reagent and pragsesiduring the discharge of the contents from the reactor.
€ Triethylamine was used instead Bt methylimidazole.

f Data taken from the literatufd.1] for a reaction carried out in neat propylene oxide (35 ml) &t@5

In all cases, the only products observed were the corre-would arise from the Lewis acid-catalyzed hydrolysis of the
sponding cyclic carbonate accompanied in some cases withepoxide. As seen iiable 2 Cr-salen dissolved in bmimRBF
minor amounts of phenylglycol. The latter by-product ap- ionic liquid is a recoverable and reusable system for the
pears particularly when using ionic liquid as cosolvent and CO; insertion to the epoxide ring. The major shortcoming
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of the catalytic system based on the chromium salen in ionic gratefully acknowledged. E.C. thanks the Universidad Po-
liquids is a more time-consuming workup that in addition litecnica de Valencia for a postgraduate scholarship.
requires exhaustive liquid—liquid extraction using volatile

organic solvents and the lower conversions. Conversion in-
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