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Abstract

Cyclic carbonates were synthesized by the cycloaddition of CO2 to epoxides (epichlorohydrin, propene oxide, and styrene oxide),
carbamates were synthesized by reaction of alkyl or aryl amines, CO2, andn-butyl bromide. Solvents and cocatalysts/promoters like N
dimethylaminopyridine (DMAP) and quaternary ammonium salts, which are usually essential with conventional catalyst systems,
avoided with the use of adenine-modified Ti-SBA-15 catalysts. The catalysts were reused in several recycle experiments. The str
textural properties of the catalysts were determined by X-ray diffraction (XRD), transmission electron microscopy (TEM), N2 adsorption,
and Fourier transform infrared (FTIR) and diffuse reflectance ultraviolet–visible (UV–vis DRS) techniques. Acid–base propertie
solid catalysts were investigated by temperature-programmed desorption (TPD) of NH3 and CO2 and DRIFTIR spectroscopy of adsorb
pyridine and CO2 techniques. The studies reveal that the Ti4+ ions increase catalytic activity by enhancing the adsorption of the epoxid
alkyl or aryl amine substrates. CO2 molecules are activated at the basic nitrogen groups of adenine. Increasing the surface concentr
either CO2 (by anchoring basic molecules like adenine or increasing the partial pressure of CO2) or epoxides and alkyl or aryl amines (b
increasing the concentration of Lewis acidic Ti4+ ions) enhances the catalytic activity. CO2 molecules activated at the covalently ancho
adenine sites react with epoxide/amines adsorbed on the silica surface to form carbonates/carbamates.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Efficient transformation of CO2 into useful chemicals is
an area of contemporary interest[1,2]. The insertion of CO2
in the oxirane ring of epoxides is a powerful method for C2
fixation and utilization to produce five-membered, cyc
carbonates

+ CO2 → , (1)

R = –CH2Cl, –CH3 or –C6H5.
* Corresponding authors. Fax: +91 020 2589 3761.
E-mail addresses: d.srinivas@ncl.res.in(D. Srinivas),

p.ratnasamy@ncl.res.in(P. Ratnasamy).
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The latter are used as polar aprotic solvents, electrolyte
secondary batteries, precursors for polycarbonate mate
and, in general, intermediates in organic synthesis[3–7].

Several homogeneous complexes catalyze the CO2-epo-
xide cycloaddition reaction[8–13]. Several heterogeneou
catalysts, such as polystyrene-bound onium salts[14], ba-
sic metal oxides[15,16], Mg–Al mixed oxides[17], Nb(IV)
and Nb(V) catalysts[18], lanthanide oxychlorides[19],
alkali metal-loaded zeolites and alumina[20,21], poly(4-
vinylpyridine)-supported zinc halide[22], ionic liquids
[23–25], silica-supported guanidine[26], and Schiff base
and phthalocyanine complexes covalently bonded to po
silica [27,28], have also been reported. Commercial prod

tion of cyclic carbonates by a nonphosgene route with qua-
ternary ammonium salt-based catalysts has been announced
recently by BASF[29] and Chimei-Asahi Corporation (Tai-

http://www.elsevier.com/locate/jcat
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wan)[30]. However, with most of the above-mentioned so
catalysts and with the commercial quaternary ammon
salt catalyst, the reaction had to be carried out at high t
peratures/pressures (30–80 bar) for high yields. In s
cases a solvent was also essential for high carbonate sel
ity. Earlier, we reported the application of zeolite-based c
lysts (encapsulated metal phthalocyanines and titanosilic
TS-1 and Ti-MCM-41) for this reaction[31–33]. Although
solventless operation at medium temperatures and p
sures (393 K, 6.9 bar) was feasible with the zeolite-ba
catalysts[31–33], they still required an additional homo
geneous cocatalyst/promoter, N,N-dimethylaminopyrid
(DMAP), for high activity. In the present study, we r
port a novel, reusable, solid catalyst system, nucleo
(adenine)-modified, mesoporous Ti-SBA-15 (Ti-SBA-1
pr-Ade), which, while retaining the advantages of the so
catalysts reported by us earlier[31–33], also avoids the us
of any additional cocatalyst/promoter. It is also equally e
cient and reusable under mild reaction conditions.

Carbamates represent another important class of org
compounds that are used in a variety of applications, inc
ing polyurethanes, pesticides, fungicides, medicinal dr
and synthetic intermediates[34]. They are commercially
manufactured with the use of toxic phosgene and isocya
intermediates[35,36]. Alternative, nonphosgene routes
carbamates like reductive carbonylation (with expens
platinum group metal catalysts)[37], oxidative carbony-
lation [38,39], and methoxycarbonylation of amine[40]
(involves separation of methanol-DMC azeotrope, an
pensive operation) all have significant disadvantages.
reaction of primary amines, CO2, and alkyl halides is a be
nign route to carbamates synthesis

2RNH2 + CO2 � [RNHCOO−][RNH3
+], (2)

[RNHCOO−][RNH3
+] + n-BuBr → RNH–

O=

C–O(n-Bu)

+ RNH2 + HBr,

R = alkyl or aryl;n-Bu = n-butyl.

Various homogeneous catalysts like organic and in
ganic bases, crown ethers, and cryptands catalyze thi
action [41–44]. Earlier, we had found[45] that zeolite-
encapsulated metal complexes and titanosilicates also
alyze this reaction very efficiently. However, the react
had to be conducted in a solvent such as N,N-dimethyl
mamide (DMF) for high carbamate yields. We now rep
the synthesis of carbamates under solvent-free condi
over adenine-modified Ti-SBA-15 solid catalysts. To
best of our knowledge, this is the first case where an org
functionalized mesoporous titanosilicate has been use
catalyze the formation of carbonates and carbamates,
the use of CO2 as the raw material. The causes of the
perior catalytic activity of Ti-SBA-15-pr-Ade are probed

by FTIR spectroscopy and temperature-programmed desorp
tion techniques. The various catalytic reactions investigated
are listed below.
atalysis 233 (2005) 1–15
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Cyclic carbonates:

– Epichlorohydrin+ CO2 → Chloropropene carbonate
– Propene oxide+ CO2 → Propene carbonate
– Styrene oxide+ CO2 → Styrene carbonate

Alkyl and aryl carbamates:

– Aniline + CO2 + n-butyl bromide→ n-butyl-N-phenyl
carbamate

– 2,4,6-Trimethylaniline+ CO2 + n-butyl bromide→ n-
butyl-N-2,4,6-trimethylphenyl carbamate

– Benzylamine+ CO2 + n-butyl bromide→ n-butyl-N-
methylphenyl carbamate

– Cyclohexylamine+ CO2 + n-butyl bromide→ n-bu-
tyl-N-cyclohexyl carbamate

– Hexylamine+ CO2 + n-butyl bromide→ n-butyl-N-
hexyl carbamate

– Octylamine+ CO2 + n-butyl bromide→ n-butyl-N-
octyl carbamate

2. Experimental

2.1. Catalyst preparation

2.1.1. SBA-15
Mesoporous silica SBA-15 was synthesized accord

to the reported procedure[46,47]. In a typical synthe-
sis, 2 g of amphiphilic triblock copolymer, poly (ethylen
glycol)-block-poly(propylene glycol)-block-poly(ethylen
glycol) (EO20PO70EO20; average molecular weight= 5800;
Aldrich Co.), was dispersed in 15 g of water and 60 g
2 M HCl solution with stirring, followed by the additio
of 4.25 g of tetraethyl orthosilicate (TEOS) (Aldrich Co.)
the homogeneous solution. This gel was continuously stirre
at 313 K for 24 h and finally crystallized in a Teflon-line
steel autoclave at 373 K for 2 days. After crystallization,
solid product was centrifuged, filtered, washed with dei
ized water, and dried in air at room temperature (298
The material was calcined at 823 K for 6 h to decompose
triblock copolymer and obtain a white powder, SBA-15.

2.1.2. Ti-SBA-15
Ti-incorporated SBA-15 (Ti-SBA-15) was prepared

a postsynthesis method[47] with the use of tetrabutyl or
thotitanate (95 wt% TBOT; Aldrich Co.) as a Ti source.
a typical preparation, a certain amount of TBOT was
drolyzed in 40 cm3 of glycerol (99 wt%, s. d. fine Chem
Ltd.) containing 7.5 cm3 of tetrapropylammonium hydrox
ide (TPAOH) (20 wt%; Aldrich Co.), to obtain a homog
neous solution. To this solution was added 2 g of SBA
without any pretreatment, and the mixture was heated s

-cally at 373 K for 72 h to induce titanation. Ti-SBA-15, thus
obtained, was filtered and washed with deionized water, and
the organic species were burned off at 773 K for 4 h. Four
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batches of Ti-SBA-15 (A–D) with final Si/Ti compositions
of 119, 104, 68, and 40 were prepared.

2.1.3. SBA-15-pr-Cl, SBA-15-pr-NH2, Ti-SBA-15-pr-Cl,
and Ti-SBA-15-pr-NH2

In a typical organo-functionalization[48,49], SBA-15
was activated under vacuum at 423 K for about 3
3-Chloro or 3-amino-propyltriethoxysilane (9 mmol/3 g of
SBA-15; Lancaster) in 100 cm3 of dry toluene was adde
to it and refluxed under nitrogen for 6 h. Soxhlet extract
with dichloromethane (for 12 h) and then with acetone (
12 h) yielded Cl- and NH2-functionalized SBA-15 materials
SBA-15-pr-Cl and SBA-15-pr-NH2, respectively.

Ti-SBA-15-pr-Cl and Ti-SBA-15-pr-NH2 were prepared
in a similar manner, with the use of Ti-SBA-15 in pla
of SBA-15. Nitrogen content (elemental analysis) – Fin/
output (input, mmol/g): SBA-15-pr-NH2, 2.45 (3.0); Ti-
SBA-15-pr-NH2 (Si/Ti = 40), 2.2 (3.0).

2.1.4. SBA-15-pr-Ade and Ti-SBA-15-pr-Ade
Adenine (1.76 mmol, 0.238 g) was taken in 30 cm3 of

dry DMF and stirred for 30 min under nitrogen at 393
for complete dissolution. Then, 1.5 g of SBA-15-pr-Cl or
Ti-SBA-15-pr-Cl was added and stirring was continued
12 h. The solid was filtered and Soxhlet extracted with D
(for 10 h) and then with CH3CN (for 12 h). Nitrogen conten
(elemental analysis) – Final/output (input, mmol/g): SBA-
15-pr-Ade, 1.29 (1.76); Ti-SBA-15-pr-Ade (Si/Ti = 104),
0.96 (1.76); Ti-SBA-15-pr-Ade (Si/Ti = 68), 0.95 (1.76);
Ti-SBA-15-pr-Ade (Si/Ti = 40), 0.91 (1.76). The synthet
procedure is summarized inScheme 1.

2.2. Catalyst characterization

Titanium content was estimated with a Rigaku 3070
wavelength dispersive X-ray fluorescence (XRF) spectr
eter with a Rh target energized at 50 kV and 40 mA. T
organic content (C, H, and N) in the modified SBA-15 sa
ples was estimated by a Carlo-Erba 1106 elemental anal
XRD patterns were recorded on an X’Pert Pro (Philips)
fractometer with Cu-Kα radiation and a proportional count
as a detector. A divergent slit of 1/32◦ on the primary optics
and an antiscatter slit of 1/16◦ on the secondary optics we
used to measure the data in the low-angle region. Trans
sion electron microscopy (TEM) of the samples was done
a JEOL (model 1200 EX) microscope operating at 100
A calcined sample was dispersed in isopropyl alcohol,
posited on a Cu grid, and dried. The specific surface
(SBET) of the samples was determined by N2 adsorption
at 77 K (NOVA 1200 Quanta Chrome equipment). Befo
N2 adsorption, the samples were evacuated at 573 K.SBET
was determined from the linear part of the BET equat
(p/p0 = 0.05–0.31). The pore size distribution was calc

lated with the Barrett–Joyner–Halenda (BJH) method.

UV–vis DRS spectra of the samples were obtained with
a Shimadzu spectrophotometer (UV-2500 PC). In CO2 ad-
atalysis 233 (2005) 1–15 3
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sorption studies using FTIR spectroscopy (Shimadzu 8
PC spectrophotometer in the region 400–4000 cm−1), the
samples were made into a paste with dichloromethane
then exposed to CO2 under different experimental cond
tions (temperature= 253–298 K; CO2 pressure= 2–20 bar;
time = 1 h). The spectra before and after CO2 adsorption
were recorded in diffuse reflectance mode (spectral res
tion = 4 cm−1; number of scans= 100). We obtained the
difference spectrum by subtracting the spectrum of the
exposed SBA sample from that of the corresponding C2
adsorbed sample.

FTIR spectra for adsorbed pyridine were recorded wi
Shimadzu SSU 8000 DRIFTIR spectrophotometer equip
with a liquid-nitrogen-cooled MCT detector. Samples w
activated at 573 K for SBA-15 and Ti-SBA-15 and at 473
for those containing the amines. They were then coole
323 K, and pyridine (0.03 cm3) was adsorbed. The samp
temperature was raised and held at the desired value fo
min before the spectrum was recorded (spectral resolutio=
4 cm−1; number of scans= 100). We obtained differenc
spectra by subtracting the spectrum of the catalyst from
of corresponding pyridine-adsorbed samples.

Temperature-programmed desorption (TPD) experim
were conducted on a Micromeritics AutoChem 2910
strument. In a typical experiment, 120 mg of sample w
placed in a U-shaped, flow-through, quartz sample tube.
fore the TPD experiments, the catalyst was pretreated in
(50 cm3/min) at 473 K for 1 h. A mixture of NH3 in He
(10:90) was then passed (75 cm3/min) at 353 K for 1 h.
The sample was subsequently flushed in He (50 cm3/min)
at 383 K for 2 h to remove physisorbed ammonia. The T
experiments were carried out in the range of 323–623 K
a heating rate of 10 K/min. The ammonia concentration
the effluent was monitored with a gold-plated, filament th
mal conductivity detector. The areas under the peaks w
integrated with the software GRAMS/32 to determine
amount of desorbed ammonia.

In CO2-TPD experiments the catalyst was pretreated
473 K for 1 h. CO2 was adsorbed at 300 K for 1 h. Th
sample was then flushed for 1 h to remove physisorbed C2.
The TPD was carried from 298 to 523 K at a heating rate
10 K/min. The sample was kept at 523 K for 30 min.

In various amine and epoxide adsorption measureme
the solid catalysts (100 mg) were brought into contact w
3 cm3 of 10 wt% CH3CN solutions of amines or 10 wt%
of CH2Cl2 solutions of epichlorohydrin (epoxide) at 298
for 1 h. The amount of the amine or epoxide adsorbed to
solid catalyst was estimated by analysis of the liquid por
(after the adsorption experiments) by gas chromatogra
(Varian 3400; CP-SIL8CB column).

2.3. Reaction procedure
2.3.1. Cyclic carbonates
In a typical cycloaddition reaction, epoxide (18 mmol),

catalyst (100 mg), and solvent (0 or 10 cm3) were placed
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in a 300 cm3 stainless-steel PARR reactor. The reactor w
pressurized with CO2 (6.9 bar), the temperature was rais
to 393 K, and the reaction was conducted for 4–8 h. The
actor was then cooled to room temperature, unreacted2
was vented out, catalyst was separated by centrifuga
and the products were isolated and analyzed by gas c
matography (Varian 3400; CP-SIL8CB column; 30-m lon
0.53-mm i.d.). The products were identified by GC-MS (S
madzu QP-5000; with a 30-m long, 0.25-mm i.d., 0.25-
thick capillary column DB-1), GC-IR (Perkin Elmer 200
BP-1 column; with a 25-m long, 0.32-mm i.d.), and1H NMR
(Bruker AC 200). The reaction was carried out with seve
epoxides (epichlorohydrin, propene oxide, and styrene
ide).

2.3.2. Alkyl and aryl carbamates
n-Butyl-N-phenyl carbamate. In a typical reaction, ani
line (10 mmol),n-butyl bromide (12 mmol), and cataly
(100 mg) were charged into a 300 cm3 PARR reactor. The
reactor was then pressurized with CO2 (3.4 bar), and the
temperature was raised to 353 K. The reaction was c
ducted for 4 h. At the end, the reactor was cooled to 29
and unused CO2 was vented out. The catalyst was recove
from the reaction mixture by filtration. The products we
analyzed by thin-layer chromatography (TLC) and gas ch
matography and identified by GC-MS, FTIR, and1H NMR
as described above. Other carbamates were synthesize
characterized in a similar manner.

3. Results and discussion

3.1. Structural and textural properties

Ti-SBA-15 (Si/Ti = 40–119) was prepared by the po
synthesis method[47]. It was then organo-functionalize
with 3-chloropropyltriethoxysilane to get Ti-SBA-15-pr-Cl
[48,49]. Further reaction with adenine (under water-free,
ert conditions) yielded Ti-SBA-15-pr-Ade (Scheme 1). For
comparative studies, we prepared Ti-SBA-15-pr-NH2 sam-
ples by reacting Ti-SBA-15 with 3-aminopropyltriethoxys
lane.

The small-angle XRD profiles of SBA-15 materia
(Fig. 1) showed three well-resolved peaks, in agreement w
the earlier reports[47], in the 2θ range of 0.8–2◦, which
could be indexed according to a 2D hexagonalp6mm sym-
metry. The low-angle peak corresponding to the (100) refl
tion broadened and reduced in intensity on encapsulatio
adenine because of pore filling. The catalysts showed
IV nitrogen adsorption–desorption isotherms with H1 h
teresis (Fig. 2). The sharp increase in adsorption atp/p0 ≈
0.68 confirms a highly ordered mesoporous structure.
pore size distribution is very narrow. The physical proper

of the materials are listed inTable 1. On introduction of Ti
and adenine, the following changes were noted: (a) the sur-
face area(SBET) decreased from 871 to 627 m2/g, (b) the
atalysis 233 (2005) 1–15 5
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Fig. 1. XRD profiles of Ti-SBA-15, Ti-SBA-15-pr-Cl, and Ti-SBA-15-pr-
Ade; Si/Ti = 40.

total pore volume decreased from 1.55 to 1.04 cm3/g, and
(c) the average pore diameter decreased from 7.2 to 6.5
Transmission electron microscopy (TEM) (Fig. 3) further
established the 2D hexagonal pore arrays and mesostru
of the modified SBA-15 materials. The pore diameter e
mated from TEM measurements (∼ 8 nm) agrees well with
that obtained (7.2 nm) with the nitrogen adsorption (BJ
method (Fig. 2). The characterization studies thus reveal t
the long-range ordering and mesostructural arrangeme
SBA-15 are not significantly disturbed because of orga
functionalization.

3.2. Surface acidity and basicity

The acidity of the catalysts was studied with pyridine a
NH3 as probe molecules. There is an increase in the am
of NH3 desorbed on going from SBA-15 (0.34 mmol/g) to
Ti-containing samples (0.9, 0.9, 1.0 mmol/g, for Ti-SBA-
15, Ti-SBA-pr-NH2, and Ti-SBA-pr-Ade, respectively). To
characterize the nature of the acid centers in more de
the FTIR spectra of pyridine adsorbed on these sam
were recorded (Fig. 4). Fig. 4a indicates the absence
Brønsted (1546 and 1639 cm−1) and strong Lewis (1623
and 1455 cm−1) acid sites. Only weak Lewis (1486 an
1577 cm−1) acid sites (probably associated with the Ti4+
ions) were present. In addition, peaks around 1595
1445 cm−1 due to hydrogen-bonded pyridine were also
served. SBA-15 does not possess any Brønsted or Lewis
sites, whereas the Ti samples contained only weak Le
acid sites.Fig. 4b illustrates the expected decrease in the
tensity of adsorbed pyridine at higher temperatures.Fig. 4c

compares the intensity of the pyridine peaks of the fresh
sample with that obtained after the tenth recycle (see Sec-
tion 3.5.1). There is no major difference between the two
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Table 1
Composition and physical characteristics of Ti-SBA-15 samples

Sample SiO2/TiO2 (mole ratio) XRD
d100
(nm)

Unit cell
parameter
(nm)

SBET

(m2/g)

Pore
diameter
(nm)

Total pore
volume
(cm3/g)

Mesopore
volume
(cm3/g)

Micropore
volume
(cm3/g)

Wall
thickness
(nm)

Gel Product
(XRF)

SBA-15 ∞ – 9.8 11.3 871 7.2 1.55 1.44 0.11 4.1
Ti-SBA-15 (A) 50 119 10.1 11.6 794 6.5 1.29 1.19 0.10 5.1
Ti-SBA-15 (B) 30 68 10.1 11.6 770 6.7 1.29 1.19 0.10 4.9
Ti-SBA-15 (C) 20 40 10.3 11.8 662 6.5 1.07 0.99 0.08 5.3
Ti-SBA-15-pr-Cl 20 40 10.1 11.6 672 7.1 1.18 1.18 0.04 4.5
Ti-SBA-15-pr-Ade 20 40 10.0 11.6 627 6.7 1.04 0.96 0.08 4.3
isoth
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Fig. 2. Nitrogen adsorption–desorption

Fig. 3. TEM images of (a) SBA-15, (b) Ti-SBA-15 (Si/Ti = 40), and (c)
Ti-SBA-15-pr-Ade (Si/Ti = 40).
curves, suggesting the absence of Ti (the probable weakly
acidic sites for the adsorption of pyridine) leaching during
reaction and regeneration in these samples.
erms. Inset shows the pore size distribution.

Surface basicity was studied by adsorption of CO2, an
“acidic” molecule. The CO2 uptake was similar (aroun
2.9 mmol/g of catalyst) for both SBA-15 and Ti-SBA-15
incorporation of Ti does not affect the basicity of the so
Surface (OH) groups are probably the sites of CO2 adsorp-
tion. When the amine functions are grafted on the surf
the amount of CO2 adsorbed increased to 3.8 (for SBA-1
pr-NH2 and Ti-SBA-15-pr-NH2), 4.3 (for SBA-15-pr-Ade),
or 5.3 mmol of CO2/g of catalyst (for Ti-SBA-15-pr-Ade),
respectively. In terms of millimoles of CO2 adsorbedper
mole of grafted amine molecule, the values for the above fou
catalysts were 0.9, 1.0, 1.4, and 2.4, respectively. The sim
values for SBA-15-pr-NH2 and Ti-SBA-15-pr-NH2 and the
higher values for adenine-grafted samples (compared
pr-NH2 grafted samples) are not surprising. The incre
(from 1.4 to 2.4 mmol/mmol) on the Ti-containing sampl
is interesting, however; it suggests a synergistic interac
between surface acidic (Ti ions) and basic (grafted am
molecules) sites on the adsorption of CO2.

3.3. Spectral properties

The nature and location of adenine in modified SBA
samples were probed by spectral studies. FTIR and UV

DRS provided evidence for a strong interaction of the N–H
bond in adenine with the modified Ti-SBA-15 surface. In
the N–H stretching region, “neat” adenine showed two IR
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Fig. 4. DRIFTIR spectra of adsorbed pyridine (a) on different catalysts at 398 K, (b) on Ti-SBA-15-pr-Ade (Si/Ti = 40) at various temperatures, and (c)
fresh and tenth recycled Ti-SBA-15-pr-Ade (Si/Ti = 40) catalysts at 398 K. Spectral resolution, 4 cm−1. Number of scans, 100.
Ti-SBp

t-
ely

stic

e
d at

ns.
ion

bed
s of
an-
l,

ntly
ur-

r
can
Fig. 5. (a) FTIR and (b) UV–vis. DRS spectra of (i)

bands at 3354 and 3295 cm−1 corresponding to asymme
ric and symmetric N–H stretching vibrations, respectiv
(Fig. 5a). The covalently linked adenine in Ti-SBA-15-pr-
Ade, in contrast, showed only one band, at 3300 cm−1

(Fig. 5a). Again, pure adenine showed two characteri
UV bands at 244 and 288 nm due toπ–π∗ andn–π∗ tran-
sitions (Fig. 5b). Ti-SBA-15-pr-Ade showed only a singl
asymmetric feature with a maximum at 266 nm. The ban
211 nm in the UV–vis DRS spectrum (Fig. 5b) of Ti-SBA-
15-pr-Ade corresponds to the dispersed tetrahedral Ti io
Adenine could not be deposited directly by impregnat

on the unsilynated SBA-15 surface, as it leached out during
Soxhlet extraction (see Experimental section) with DMF and
CH3CN. In this case, IR and UV–vis DRS spectral examina-
A-r-Cl, (ii) Ti-SBA-15-pr-Ade, and (iii) “neat” adenine.

tion of the solid after the extraction did not detect adsor
adenine. In other words, in the absence of –Cl group
the 3-chloropropyltriethoxysilane, the adenine cannot be
chored. The –NH2 group of the adenine reacts with the –C
eliminating HCl in the process. Hence, adenine is covale
linked through the N–H group to the silynated SBA-15 s
face (Scheme 1).

3.4. CO2 activation

Activation of CO2 is a key prerequisite for its furthe
participation in chemical reactions. FTIR spectroscopy

identify the structural features of CO2 in the adsorbed state.
In the difference FTIR spectra nonew peaks are seen when
CO2 is adsorbed on unmodified SBA-15 and Ti-SBA-15



8 R. Srivastava et al. / Journal of Catalysis 233 (2005) 1–15

Table 2
FTIR spectral assignments of activated CO2 species

IR peak position

(cm−1)

Assignment Species IR peak position

(cm−1)

Assignment Species

1345 C–O stretching
of monodentate
carbonate

1609 and 1446 Antisymmetric and symmetric C–O
stretching vibrations of carbamate anion

1622 and 1446 C–O stretching vibrations of carbamate
anion (in “neat” adenine)

1380 C–O stretching
vibration of
bidentate
carbonate

2948 and 2841 C–H stretching vibrations of
molecularly adsorbed methanol

1420 C–O stretching
vibration of
monodentate
bicarbonate

2921 and 2829
1054 and 1030

C–H stretching vibration of methoxides
C–H bending modes of methoxide

1582 Stretching
vibration of
methyl carbonate

2975 and 2865 C–H stretching vibrations of the
bidentate formate species

1650 C–O stretching
vibration of

bidentate
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samples (Fig. 6a). Several new peaks, in the range of 125
1700 cm−1, are noticed over Ti-SBA-15-pr-NH2, SBA-
15-pr-Ade, and Ti-SBA-15-pr-Ade after exposure to CO2
(Fig. 6a). For comparison, the difference IR spectrum
tained when CO2 is adsorbed on “neat” adenine is also giv
(Fig. 6a). The assignments of these peaks are listed inTa-
ble 2. Various activated CO2 species (carbonates, bicarbo
ates, carbamates, and formates) are formed on the rea
of activated CO2 with the species (water, hydroxyls, an
amine/adenine) present on the surface. Formation of
activated CO2 species on metal oxides and zeolites was a
noted earlier by several workers[50–53]. CO2 can also re-
act with the amine (N–H) functionality in SBA-15-pr-Ade
and Ti-SBA-15-pr-Ade to form carbamates[54]. The rel-
ative concentration (peak intensity) of the carbamates
peaks at 1609 and 1446 cm−1; Fig. 6a andTable 2) is higher
than those of other species over these two catalysts (Fig. 6).
The following observations are made from the CO2 adsorp-
tion experiments:

1. Unmodified “bare” SBA-15 and Ti-SBA-15 activa
CO2 only weakly.

2. Adenine-modified samples show intense new pe
at 1650, 1609, 1446, 1420, 1380, and 1345 cm−1,
corresponding to different activated CO2 species (Ta-

ble 2) [50–53]. These peaks are also observed on the
propylamine-functionalized SBA-15 and Ti-SBA-15
samples. However, their intensities are much lower than
n

that observed for adenine-modified samples. Thus,
adenine and NH2 functionalities provide active sites fo
CO2 adsorption/activation, with the adenine activat
the CO2 to a greater extent.

3. The intensity of the IR peaks due to the various activa
CO2 species increased with CO2 pressure (Fig. 6b).

4. IR peaks are more intense at lower temperatures, w
is consistent with a higher concentration of adsor
CO2 at lower temperatures (Fig. 6c).

5. Solvents have a marked effect. The intensity of the
peaks is higher in CH2Cl2 than in CH3OH (Fig. 7b).
Distinct peaks are noticed in the spectrum of CO2 ad-
sorbed on Ti-SBA-15-pr-Ade in the presence of CH3OH
(Fig. 7a). The peaks at 2948 and 2841 cm−1 are asso-
ciated with molecularly adsorbed CH3OH [53]. Those
at 2921 and 2829 cm−1 are due to C–H stretching v
brations of the monodentate and bidentate metho
groups. The peaks at 2975 and 2865 cm−1 (present
also in CH2Cl2 and ECH preadsorbed samples) are
to C–H stretching vibrations of the bidentate form
species (Fig. 7a). In the case of CH3OH, new peaks
are also observed at 1030 and 1054 cm−1 (Fig. 7c),
corresponding to the bending modes of the methox
groups[53].

6. The IR intensities (of CO2) are also lowered in th

presence of an epoxide like epichlorohydrin (ECH),
presumably because of their condensation and further
conversion to products (Fig. 7b).
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Fig. 6. Difference FTIR spectra recorded after exposure to CO2. (a) Influence of catalyst – CO2 pressure, 20 bar; temperature, 253 K. (b) Influence of C2
pressure – catalyst, Ti-SBA-15-pr-Ade (Si/Ti = 40); temperature, 253 K. (c) Influence of adsorption temperature – catalyst, Ti-SBA-15-pr-Ade (Si/Ti = 40);
CO2 pressure, 5 bar. Reaction time is 1 h in all the cases. The spectrum of the sample before CO2 adsorption was taken as reference. Spectral resolu
4 cm−1. Number of scans, 100.
Fig. 7. Difference FTIR spectra of COadsorbed Ti-SBA-15-pr-Ade (Si/Ti = 40) contacted with CHCl , epichlorohydrin or CHOH. Pressure, 20 bar;
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temperature, 253 K; reaction time, 1 h. Spectral resolution, 4 cm−1. Numbe

The superior catalytic activity of Ti-SBA-15-pr-Ade
compared with other SBA-15 samples for cyclic carbon
and carbamate synthesis (next section) is in agreement
the above results.

3.5. Catalytic activity

3.5.1. Cyclic carbonate synthesis
Cycloaddition of CO2 to epoxides yielded the cyclic ca

bonate as the main product, with the diol and ethers
minor products. Organo-functionalization of SBA-15 w

propyl-adenine significantly enhanced the catalytic activ-
ity of SBA-15 (Table 3). Bare SBA-15, which was weakly
active (ECH conversion= 1.5 mol%), showed ECH con-
2 2 3
cans, 100.

version of 62.3 mol% after adenine functionalization. T
cyclic carbonate selectivity increased from 9 to 83.8 mo
(see entry nos. 1 and 3). A similar increase in the acti
(ECH conversion increases from 1.5 to 16.8 mol%) and
lectivity (from 9 to 87.5%) was observed also when SBA-
was titanated (entry nos. 1 and 4). The activity and selec
ity were much higher when both Ti and adenine were pre
(see entry no. 6). The adenine-modified SBA-15 (SBA-
pr-Ade and Ti-SBA-15-pr-Ade) showed superior activit
compared with the propylamine catalysts (SBA-15-pr-NH2

and Ti-SBA-15-pr-NH2) (compare entry nos. 3 and 6 with

and 5, respectively). Moreover, in contrast to all the earlier
catalysts, including the commercial processes[30] wherein
a significant amount of solvent (dichloromethane) is used
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Table 3
Cyclic carbonate synthesis over adenine-modified Ti-SBA-15

Entry No. Catalyst (Si/Ti) Epoxide Run
time (h)

Epoxide
conversion (%)

Cyclic carbonate
selectivity (%)

Reactions in CH3CN solvent

1 SBA-15 Epichlorohydrin 4 1.5 9.0
2 SBA-15-pr-NH2 Epichlorohydrin 4 36.7 89.7
3 SBA-15-pr-Ade Epichlorohydrin 4 62.3 83.8
4 Ti-SBA-15 (40) Epichlorohydrin 4 16.8 87.5
5 Ti-SBA-15-pr-NH2 (40) Epichlorohydrin 4 51.5 93.5
6 Ti-SBA-15-pr-Ade (40) Epichlorohydrin 4 84.8 97.7
7 Ti-SBA-15-pr-Ade (68) Epichlorohydrin 4 79.0 90.2
8 Ti-SBA-15-pr-Ade (104) Epichlorohydrin 4 66.0 86.7
9 Ti-SBA-15-pr-Ade (40) Propene oxide 6 95.3 100.0

10 Ti-SBA-15-pr-Ade (40) Styrene oxide 8 79.8 87.0

Reactions without solvent

11 SBA-15 Epichlorohydrin 4 15.8 59.0
12 SBA-15-pr-Ade Epichlorohydrin 4 80.5 75.0
13 Ti-SBA-15 (40) Epichlorohydrin 4 20.1 86.3
14 Ti-SBA-15 (68) Epichlorohydrin 4 18.7 80.5
15 Ti-SBA-15 (104) Epichlorohydrin 4 16.0 68.1
16 Ti-SBA-15-pr-Cl (40) Epichlorohydrin 4 19.1 96.4
17 Ti-SBA-15-pr-Ade (40) Epichlorohydrin 4 93.9 89.1
18 Ti-SBA-15-pr-Ade (40) Propene oxide 6 89.2 91.7
19 Ti-SBA-15-pr-Ade (40) Styrene oxide 8 94.0 94.6

Reaction conditions: catalyst, 100 mg in all the SBA-15 catalysts except in entry nos. 2 and 5 where 200 mg was used; epoxide, 18 mmol;
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or 10 cm ; CO2, 6.9 bar; temperature, 393 K. Amine content: SBA-15pr-
Adenine content: SBA-15-pr-Ade= 1.29 mmol/g catalyst; Ti-SBA-15-pr-Ad
Ti-SBA-15-pr-Ade (104)= 0.96 mmol/g catalyst.

in the synthesis of cyclic carbonates, the present cata
were highly active and selective, even in the absence of
solvent and cocatalysts/promoters (Table 3; see entry nos
11–19). The higher nucleophilicity and ability to delocal
any ionic charge developed during its interaction with C2
may account for the superior catalytic activity of adeni
based catalysts. The higher catalytic activity and select
of “neat” adenine in a homogeneous catalytic reaction w
ECH as substrate (ECH conversion= 36.6%, chloropropen
carbonate selectivity= 89.6%) compared with “neat” propy
lamine (ECH conversion= 14.9% and chloropropene ca
bonate selectivity= 84.6%) and “neat” triethoxysilylpropy
lamine (ECH conversion= 4%, chloropropene carbona
selectivity = 65%) support this hypothesis. These resu
parallel the higher IR intensities of adsorbed CO2 on these
samples (Fig. 6). ECH conversion increased with an increa
in Ti content up to a Si/Ti value of 40 (see entry nos. 6–8 an
13–15). Independent adsorption experiments (10% of E
in CH2Cl2; at 298 K for 1 h) indicated that the adsorption
ECH was increased from 3.4 wt% (SBA-15) to 13.4 wt%
Ti-SBA-15. An important role of Lewis acidic Ti4+ ions is to
increase the surface concentration of the epoxide molec
thereby enhancing the catalytic activity. Cyclic carbonate
lectivity was also much lower on “bare” SBA-15.

Ti-SBA-15-pr-Ade was active for cycloaddition of CO2

with a variety of epoxides of different sizes and structures
(Table 3). Styrene oxide, for example, could be converted
into styrene carbonate in high yields over these catalysts
= 2.45 mmol/g catalyst; Ti-SBA-15-pr-NH2 (40) = 2.2 mmol/g catalyst.
)= 0.91 mmol/g catalyst; Ti-SBA-15-pr-Ade (68)= 0.95 mmol/g catalyst;

,

(epoxide conversion= 94% and cyclic carbonate selecti
ity = 94.6%; entry no. 19).

Both epoxide conversion and carbonate yields increa
at higher pressures (Fig. 8). The increase in conversion an
yield correlated with the intensity of the peak at 1609 cm−1

(Fig. 8) due to CO2 activated at the amine sites, highlightin
the importance of such sites for CO2 activation.

Even though the cycloadditions could be carried ou
the absence of solvents over these catalysts with high
versions and selectivities as illustrated inTable 3, the use
of solvents was found to prolong catalyst life significan
(compareFigs. 9a and b). When cycloaddition was carrie
out in thepresence of solvents, the catalysts could be reus
(after filtration and drying at 353 K) in several recycling e
periments with little loss in activity or selectivity (Fig. 9a).
However, when the same reactions were conducted in
absence of any solvent, a progressive decrease in cata
activity (but not selectivity) was observed in successive ru
as shown inFig. 9b. To explore the cause of this deactivatio
the catalyst, after the seventh recycle experiment (Fig. 9b,
conversion= 48.2%), was washed first with acetonitrile a
then with acetone and dried at 383 K for 1 h. The color
the catalyst, which was dark brown before this solvent
traction, was almost restored to its original off-white col
The dark brown extract contained some heavy product
the subsequent cycloaddition (eighth recycle,Fig. 9b), the

conversion increased to 84.0%. One of the main roles of the
solvents is, hence, to continuously remove the carbonaceous
deposits from the catalyst surface and keep it clean. After
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Fig. 8. Left: Correlation between IR peak (1609 cm−1) intensity and epichlorohydrin (ECH) conversion over Ti-SBA-15-pr-Ade (Si/Ti = 40) at different
CO2 pressures. Right: Correlation between IR peak (1609 cm−1) intensity and chloropropene carbonate yield over different solid catalysts.
xperi
arbam

for
, re-
uld
vent
cata
re
the

ar-
of
unt

-15
g of
ns
n
n-
%.

n
her

ver
Fig. 9. Catalytic activity of Ti-SBA-15-pr-Ade (Si/Ti = 40) in recycling e
cyclic carbonate synthesis in the absence of solvent, (c)n-Butyl-N-phenyl c

the tenth recycle experiment, the catalyst was analyzed
Ti and amine contents (by AAS and elemental analysis
spectively). There was no change in the Ti content. Ti co
not be detected in either the reaction mixtures or the sol
extracts. These results indicate that the major cause of
lyst deactivation was not the leaching of Ti. Active site po
blocking by the residual carbonaceous matter is probably
reason.

The Mg/Al oxide-based catalyst system reported e
lier [17], for example, required a high catalyst loading
1.8 g/g of substrate and, in addition, a substantial amo

of solvent (85% v/v DMF) and longer reaction times
(24 h). Silica-supported guanidine catalysts[26] also re-
quired longer reaction times (70 h) and high pressures
ments. (a) Cyclic carbonate synthesis in the presence of solvent CH3CN, (b)
ate synthesis in the absence of solvent.

-

(50 bar). In contrast, the adenine-functionalized Ti-SBA
system reported in the present study requires only 0.06
catalyst/g of substrate. Under our experimental conditio
(ECH, 20 mmol; CO2, 6.9 bar; temperature, 393 K; reactio
time, 4 h) MgO (800 mg, Aldrich Co.) showed an ECH co
version of 17.3% and a cyclic carbonate selectivity of 2.9
Under these conditions Mg/Al oxide (Mg/Al = 5) prepared
per the reported procedure[17] showed an ECH conversio
of 10% and a cyclic carbonate selectivity of 17.5%. In ot
words, the activities of both MgO and Mg/Al oxide reported
by others[17] are considerably lower than that obtained o

our adenine modified-Ti-SBA-15 catalysts (Table 3; entry
no. 17).
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Table 4
Carbamate synthesis over adenine-modified SBA-15 in the absence of solvent

Entry No. Catalyst (Si/Ti) Amines Run time (h) Amine
conversion (%)

Product selectivity (%)

Carbamate N,N-Dialkylation

1 SBA-15 Aniline 4 16.5 81.1 18.9
2 SBA-15-pr-NH2 Aniline 4 20.0 94.8 5.2
3 SBA-15-pr-Ade Aniline 4 44.2 87.3 12.7
4 SBA-15-pr-Ade Aniline 10 99.4 77.9 22.1
5 Ti-SBA-15 (40) Aniline 4 48.1 79.1 20.9
6 Ti-SBA-15 (68) Aniline 4 32.9 78.2 21.8
7 Ti-SBA-15 (104) Aniline 4 26.5 79.3 20.7
8 Ti-SBA-15-pr-Cl (40) Aniline 4 51.2 83.2 16.8
9 Ti-SBA-15-pr-NH2 (40) Aniline 4 61.6 69.1 30.9

10 Ti-SBA-15-pr-Ade (40) Aniline 4 100 89.0 11.0
11 Ti-SBA-15 (40) 2,4,6-Trimethylaniline 4 21.8 87.4 12.6
12 SBA-15-pr-Ade 2,4,6-Trimethylaniline 4 32.5 93.5 6.5
13 Ti-SBA-15-pr-Ade (40) 2,4,6-Trimethylaniline 4 74.5 87.8 12.4
14 SBA-15-pr-Ade Benzylamine 4 62.0 98.0 2.0
15 Ti-SBA-15-pr-Ade (40) Benzylamine 4 88.6 92.8 7.2
16 SBA-15-pr-Ade Cyclohexylamine 4 91.0 83.5 16.5
17 SBA-15-pr-Ade Hexylamine 4 96.5 88.0 12.0
18 SBA-15-pr-Ade Octylamine 4 98.8 93.5 6.5
Reaction conditions: catalyst, 100 mg; amine, 10 mmol;n-butyl bromide, 12 mmol; CO2, 3.4 bar; solvent, nil; temperature, 353 K. Amine content: SBA-15-pr-
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NH2 = 2.45 mmol/g catalyst; Ti-SBA-15-pr-NH2 (40)= 2.2 mmol/g cataly
(40) = 0.91 mmol/g catalyst; Ti-SBA-15-pr-Ade (68)= 0.95 mmol/g cata

3.5.2. Alkyl and aryl carbamates
Various alkyl and aryl carbamates could be synthes

under mild conditions by reaction of amines, CO2, andn-
butyl bromide over modified Ti-SBA-15 catalysts (Table 4).
The reaction yielded butyl-N-phenyl carbamate as the m
product and N,N′-dibutylamine (N-alkylation) as the mino
product. The reaction of CO2 with a primary amine yields
the carbamate anion. This, in turn, reacts with alkyl halid
yielding the corresponding carbamate [Eq.(2)]. However, in
the absence of an efficient catalyst, the reaction of a
bamate anion with alkyl halide yields predominantly t
nitrogen-derived products[45].

Both aliphatic and aromatic amines could be conve
into their corresponding carbamates. Aliphatic amines co
be more easily converted. The carbamate yields decreas
the order octylamine> hexylamine> cyclohexylamine>
benzylamine> aniline > 2,4,6 trimethylaniline (Table 4).
With most of the hitherto known catalyst systems, the
action occurs in the presence of a solvent like DMF.
the absence of solvents, the N-alkylated compound was
main product. Interestingly, over Ti-SBA-15-pr-Ade cata-
lysts, carbamate product could be obtained in high sele
ity (84–95%), even without any solvent (Table 4).

SBA-15 alone is only weakly active (Table 4, entry no. 1).
The catalytic activity is enhanced upon titanation (see
try nos. 5–7). A slight enhancement in activity was o
served upon adenine functionalization (see entry no.
When both Ti and adenine were present, the catalytic
tivity was much higher, and complete conversion of am

(aniline) was observed (see entry no. 10). Similar conver-
sions could be achieved even on SBA-15-pr-Ade catalysts
but at longer hours (10 h instead of 4 h) (compare entry nos.
denine content: SBA-15-pr-Ade= 1.29 mmol/g catalyst; Ti-SBA-15-pr-Ade
i-SBA-15-pr-Ade (104)= 0.96 mmol/g catalyst.

n

3 and 4). When both Ti and adenine were present (Ti-S
15-pr-Ade), there was a synergistic effect that significan
enhanced the conversion (see entry nos. 3, 5, and 10
Even in this reaction we found that the substrate (anil
conversion increased with a decrease in the Si/Ti ratio up to
a value of 40. The adenine-modified Ti-SBA-15 showed
perior activity compared with the propyl amine and pro
chloride catalysts (compare entry nos. 8–10).Fig. 9c shows
the efficiency of the Ti-SBA-15-pr-Ade catalyst system fo
carbamate synthesis from aniline, CO2, andn-butyl bromide
in three recycling experiments. Deposition of carbonace
matter is also likely to be the cause of catalyst deactiva
in this case.

As indicated inTables 3 and 4, both the titanium ions
(weak Lewis acid sites) and the amine moieties (the b
sites) are necessary for maximum catalyst activity and
lectivity. We attempted to quantify the relationship betwe
the concentration of these sites and conversion by calc
ing the turnover frequency (TOF) values. Even though
calculation of TOF values is not unambiguous in our ca
where the “active sites” comprise two structurally differe
surface species (acidic Ti ions and basic amine moieties)
the rate-determining step is not known with certainty, s
values can be of use in determining the relative importa
of the two sites and, thereby, lead to the design of supe
catalysts.Table 5presents TOF values per acid site (mo
of substrate converted per mole of NH3 desorbed per hour
or per basic site (moles of substrate converted per mo
CO2 desorbed per hour). Samples that contain the more

sic adenine molecule and those that contain both Ti and an
adenine molecule have higher intrinsic catalytic activity. It
should be borne in mind that the TOFs inTable 5are the
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Table 5
Turnover frequencies (TOF) for chloropropene carbonate andn-butyl-N-phenyl carbamate synthesis over Ti-SBA-15 catalyst systems

Catalyst CO2 desorbed
(mmol/g catalyst)

NH3 desorbed
(mmol/g catalyst)

TOF (h−1)a

Chloropropene carbonate synthesis n-Butyl-N-phenyl carbamate

Based on CO2
desorbedb

Based on NH3
desorbedc

Based on CO2
desorbedd

Based on NH3
desorbede

Ti-SBA-15 (Si/Ti = 40) 2.9 0.9 – 8.5 – 13.8
SBA-15-pr-NH2 3.8 – 2.3 – 1.4 –
Ti-SBA-15-pr-NH2

(Si/Ti = 40)
3.9 0.9 3.0 24.5 3.9 15.9

SBA-15-pr-Ade 4.3 – 6.5 – 2.5 –
Ti-SBA-15-pr-Ade

(Si/Ti = 40)
5.3 1.0 7.3 35.6 4.7 23.2

a TOF values are calculated from the conversions reported inTables 3 and 4.
b TOF= moles of epichlorohydrin converted per mole of CO2 desorbed per h.
c TOF= moles of epichlorohydrin converted per mole of NH3 desorbed per h.
d TOF= moles of aniline converted per mole of CO2 desorbed per h.
e TOF= moles of aniline converted per mole of NH3 desorbed per h.
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Fig. 10. Correlation ofn-butyl-N-phenyl carbamate yield with the amoun
different solid catalysts.

minimum values, since many of the sites, from which C2
or NH3 desorb, may not participate in the catalytic reacti

We have also carried out the aniline adsorption studie
different catalyst supports. The study reveals that aniline
sorption is higher when Ti (Lewis acid) is present in the c
alyst. The carbamate yield increases with an increase in
amount of available adsorbed aniline. It may be recalled
DRIFTIR spectroscopy of adsorbed CO2 on various cata
lysts (Fig. 6) had indicated that CO2 activation (based on th
intensity of the carbamate peak at 1609 cm−1) takes place
only in the case of propylamine- and adenine-functionali
SBA-15 and Ti-SBA-15 supports. Pure SBA-15 or Ti-SB
15 could not activate CO2. Furthermore, the amounts of ac
vated CO2 were higher in the case of adenine-functionaliz

supports than in the case of propylamine-functionalized sup-
ports. In other words, whereas the Ti ions adsorb the epox-
ides or the alkyl or aryl amines, the adenine functionality
niline adsorbed (×3, wt%) and carbamate IR peak intensity (1609 cm−1) over

activates CO2. Accordingly, the carbamate yields correla
with the availability of the adsorbed aniline and activa
CO2 (Fig. 10).

The main features of our catalytic data are the followi

1. Catalytic activity of Ti-SBA-15 is more than that o
SBA-15. Ti4+ ions enhance the adsorption and surf
concentration of the substrate, with ECH leading to
observed increase in activity. In the absence of b
sites to activate the other reactant, CO2, however, the
catalytic activity is low.

2. For the insertion of CO2 into organic molecules, like
epoxides and anilines, it first has to be activated. C2,
a weak Lewis acid, is activated on the basic sites

adenine (or other amines). Hence, silicate samples con-
taining adenine, like SBA-15-pr-Ade, are more active
than those (like SBA-15), which do not contain the base.
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However, in the absence of Ti4+ ions, which adsorb an
retain the epoxide molecules, the increase in activit
only modest. Catalytic activity is enhanced at high
partial pressures of CO2 (Fig. 8), which increases th
surface concentration of CO2.

3. When the Ti4+ ions and the basic adenine function
ities coexist on the same surface, activated CO2 mole-
cules and Lewis acid-bound epoxides (or the anilin
are generated simultaneously, and the condensatio
action occurs, leading to the products (cyclic carbon
or carbamates). This is the reason for the increas
catalytic activity with Ti content and with the surfac
concentration of the activated CO2 species (as inferre
from IR spectroscopy).

4. Even though both acidic and basic sites are neede
the insertion of CO2 in epoxides and amines, the activ
tion of CO2 at basic sites (the grafted amine moieties
our case) is of greater importance in determining c
lyst activity.

4. Conclusions

A highly active and reusable solid catalyst (adeni
modified Ti-SBA-15) for the synthesis of cyclic carbona
(from epoxides and CO2) and alkyl and aryl carbamate
(from amines,n-butyl bromide, and CO2) is reported. High
yields of the products are obtained even in the absence o
vents. In the case of cyclic carbonate synthesis the rea
proceeds without any additional cocatalysts like DMAP a
quaternary ammonium salts. The process using the pre
catalyst system avoids hazardous substances like phos
or isocyanate and occurs at low temperatures and press
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