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Abstract

Homogeneous and heterogeneous zinc-based catalysts were tested in the reaction of propylene oxide@pdofene carbonate
without the use of additional solvents. For the preparation of the heterogeneous catalysts, the homogeneous zinc pyridine bromide an
acetate complexes were modified for chemical anchoring on a silica surface. All intermediate stages of the series, starting with the zinc
pyridine-based complex and ending with the anchored complex, were catalytically tested and characterized. Rates in terms of turnove
frequencies (TOFs} 1100 b1 were obtained with the homogeneous zinc pyridine bromide-based catalysts, and TOFs of 38éré
obtained with the corresponding heterogeneous catalyst. Using acetate instead of bromide as a ligand significantly decreased the performan
The differences in activity could be traced to structural differences unraveled by X-ray absorption spectroscopy (XAS). For the heterogeneou
catalysts, special attention was paid to the deactivation behavior and the reusability. The catalyst structures were followed in situ by XAS
using a specially designed batch reactor cell. This provided important information on the fate of zinc and bromide under reaction conditions
and also gave new insight into the reaction mechanism.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction lene carbonate (4-methyl-[1,3]dioxolan-2-one). These car-
bonates are used as aprotic solvents for such applications as

Using CQ as an environmentally benign, safe, and cheap lithium batteries, polyurethanes, resins, extractions, clean-
C; building block in synthetic chemistry is a great challenge ing, cosmetics, and personal care. Propylene carbonate is
in “green chemistry’[1,2]. CO; is a promising alternative  also an interesting intermediate for polycarbonates or other

to toxic substances, such as CO and phosd@hédParticu- polymers[5].
larly attractive is the application of heterogeneous catalysts  Current industrial processes for propylene carbonate syn-
in a “solventless” continuous proce§$]. Here “solvent- thesis from propylene oxide (methyloxirane) and Qe

less” reflects the fact that GCacts not only as a reactant, alkali metals or bromide as catalysts and ethylene glycol
but also as a solvent. This approach is also attractive be-as solvent6]. The high substrajeatalyst ratio of 1100
cause CQis easily separable, nonflammable, nontoxic, and and the substitution of glycols or other solvents by sCO
readily available in high purity. In addition, it is in a su- (acting as reactant and solvent) motivated several groups
percritical state at rather moderate conditions. A promis- tg search for alternative catalyst systems. Alkali metal salts
ing reaction for the direct fixation of GQnto an organic with crown ethers or ammonium compour{@s9], halides
compound is the synthesis of cyclic carbonates like propy- of group IV-VI elements, or transition metals with nitro-
gen or phosphorus containing co-catalj&t-17] complex
~* Corresponding author. Fax: +41-1-632-11-63. multimetal catalyst{18], and catalyst systems involving
E-mail addressalfons.baiker@chem.ethz.¢h. Baiker). ionic liquids[19] have been reported.
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_,z(izﬁ,f;_ lene oxide (Fluka),n-butylamine (Acros), ethanol, pyri-
@ @ X, X X:an; dine, dichloromethane, chloroform, and diethyl ether were
12 \—'j 1“—/ \—'j Q of spectroscopic grade. Zinc bromide and acetate were pur-
Xo X chased from ABCR and Acros, respectively. £@5 was
s 0N 3 0N s W supplied by Pangas.
\ 7 \ 7/
4 % é pJ < 2.2. Syntheses of homogeneous catalysts
N 56 N Xo X /\O,Stl) <O—(§)|\o/\
2 ’ g NP N= < j Catalystsl, 2, 3, and4 were prepared as described pre-
\ 7/ \ 7 viously [15]. To a suspension of ZnB(1.126 g, 5.0 mmol)
\ 810 =N in 40 ml CHCly, 2 eq. of pyridine (0.788 g, 10.0 mmol)
\ O}S(OH o 1o \_§ S?ﬂ or 4-pyridinecarboxaldehyde (1.070 g, 10.0 mmol) were
5000 (on sic0-s" 008, added, resulting in complexdsand3, respectively. For the
N p’s'p s-0.p % 0 o $ro-si” corresponding zinc acetate cataly&tsnd 4, zinc acetate
“SosC & /o’s'"o’s‘c',/ i (917.4 mg, 0.005 mol) was used instead of zinc bromide.
O;S;‘O’\Si\ ! The suspension was stirred overnight at room temperature,
then the solution was concentrated and the white precipitate
X=Br(1,3,579) filtrated. The remained traces of pyridine were removed by
X=0Ac (2, 4, 6,8, 10)

heating the white crystals under vacuum.
Scheme 1. Series of used zinc complexes. (Complexes designated by anodd  Catalysts5, 6, 7, and8 were prepared in the following
number X= Br, complexes designated by an even numbes RAc.) manner. 4-Pyridinecarboxaldehyde (0.788 g, 10.0 mmol)
was added to a solution efbutylamine (0.731 g, 10.0 mmol)
But for an environmentally benign process, heteroge- Or 3-aminopropyltriethoxysilane (2.214 g, 10.0 mmol) in
neous catalysts rather than homogeneous catalysts would b@0 ml CH;Cl. The spontaneously formed yellow imine was
preferable. Hence in recent years various heterogeneous catstirred for 2 h at room temperature. Then Zp§t.126 g,
alysts, including smectit20], lanthanide oxychlorid§21], 5.0 mmol) was added, and the reaction mixture was stirred
Mg—Al mixed oxides[22,23] zeolites with encapsulated overnight. Zinc acetate instead of ZnBvas added for syn-
alkali metals, and aluminum phthalocyanine complexes thesis of catalyst§ and 8. Subsequent steps were as de-
[24,25], have been investigated. Unfortunately, the catalytic Scribed earlier.
activity of these heterogeneous catalysts is rather low, and a  Ligand characterization of catalysisand6 was as fol-
significant gap in performance exists between homogeneoudows: *H NMR (500 MHz, CDC§, TMS): § = 0.96 [,
and heterogeneous catalysts. Moreover, studies of the sta®/(H,H) = 7.4 Hz, 3H; CH3], 1.40 (m, 2H, CH-CH ),
bility and recycling ability of heterogeneous catalysts in the 1.70 (m, 2H, NCH-CH>), 3.66 [dt, 2J(H,H) = 1.2 Hz,
cycloaddition of CQ to propylene oxide are rare. 3J(HH) = 6.9 Hz, 2H, N-Qi3], 7.58 [d, 3J(HH) =
The aim of this study was to investigate the performance 4.4 Hz, 2H, 3,5-pyridyl], 8.26 (s, 1H, 8=N), and 8.68
of a catalyst step by step from a homogeneous catalyst to its[d, 3J (H,H) = 4.4 Hz, 2H, 2,6-pyridyl].
immobilized counterpart. For this purpose, we started from  Ligand characterization of catalys® and 8 was as
simple and well-performing zinc pyridine bromide com- follows: *H NMR (500 MHz, CDCk, TMS): § = 0.68
plexes and immobilized them according$cheme 1The [t, 3J(H,H) = 8.4 Hz, 2H; CH>-Si], 1.23 [t,3J(H,H) =
materials were tested for GQixation and characterized by 7.0 Hz, 9H; CH 3], 1.85 [tt, J(H,H) = 6.9 Hz,3J(H,H) =
extended X-ray absorption fine structure (EXAFS), thermo- 8.4 Hz, 2H, NCH—~CH>], 3.67 [dt, 2J(H,H) = 1.3 Hz,
analysis, and inductively coupled plasma optical emission 3J(H,H) = 6.9 Hz, 2H, N-CH>], 3.83 [q, 3J(H,H) =
spectroscopy (ICP-OES). Special emphasis was laid on the?.0 Hz, 6H, O—-Q7>], 7.59 [d,3J (H,H) = 4.4 Hz, 2H, 2,6-
immobilized catalyst with respect to structure, deactivation, pyridyl], 8.26 (s, 1H, GI=N), and 8.67 [d,3J(H,H) =

and reaction mechanism. 4.4 Hz, 2H, 3,5-pyridyl].
Results of the elemental analyses were as follows:

2. Experimental Catalystl Theoretical values (£gH10Br2N2Zn): C 31.33%,
H 2.63%, N 7.31%; obtained values: C 31.41%, H
2.1. Materials 2.59%, N 7.28%.
Catalyst3 Theoretical values (EH10BraN20O2Zn): C

The synthesis of the complexes summarize8¢heme 1 32.80%, H 2.29%, N 6.38%; obtained values: C
used the following materials: 3-aminopropyltriethoxysilane 32.79%, H 2.29%, N 6.36%.
(99%, Acros Organics), 4-pyridinecarboxaldehyde (98%, Catalyst5 Theoretical values (§¢H28BraN4Zn): C 43.70%,
Acros Organics)tert-butylbenzene £98%, Aldrich), and H 5.13%, N 10.19%; obtained values: C 43.77%, H

silica as silicagel 60 (Fluka), all used as received. Propy- 5.02%, N 10.08%.
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Catalyst7 Theoretical values (§gHs52BroN4OgSizZn): C
42.59%, H 6.19%, N 6.62%; obtained values: C
42.83%, H 6.11%, N 6.91%.

Results of the nuclear magnetic resonance (NMR) data
were as follows:

Catalystl 'H NMR (500 MHz, [Ds]DMSO, 25°C): § =
7.44 (m, 4H, 3,5-pyridyl), 7.84 (m, 2H, 4-pyridyl),
8.59 (m, 4H, 2,6-pyridyl);:3C NMR (500 MHz,
[Dg]DMSO, 25°C): § = 1247 (4C, 3,5-pyridyl),
138.1 (2C, 4-pyridyl), 148.9 (4C, 2,6-pyridyl).

Catalyst2 'H NMR (500 MHz, [Ds]DMSO, 25°C): § =
1.80 (s, 6H, G3), 7.40 (m, 4H, 3,5-pyridyl), 7.80
(m, 2H, 4-pyridyl), 8.58 (m, 4H, 2,6-pyridyl)}:3C
NMR (500 MHz, [Dg]DMSO, 25°C): § = 22.4
(2C, CHg), 124.7 (4C, 3,5-pyridyl), 138.4 (2C,
4-pyridyl), 149.1 (4C, 2,6-pyridyl), 177.1 (2C,
C00).

Catalyst3 'H NMR (500 MHz, [Ds]DMSO, 25°C): § =
7.82 [d, 3J(H,H) = 5.9 Hz, 4H, 3,5-pyridyl], 8.89
[d, 3J(H,H) = 5.9 Hz, 4H, 2,6-pyridyl], 10.10 (s,
2H, CHO); 13C NMR (500 MHz, [Ds]DMSO,
25°C): § = 1224 (4C, 3,5-pyridyl), 141.6 (2C,
4-pyridyl), 150.8 (4C, 2,6-pyridyl), 193.1 (2C,
CHO).

Catalyst4 'H NMR (500 MHz, [Ds]DMSO, 25°C): § =
1.83 (s, 6H, (H3), 7.87 [d,%J (H,H) = 4.4 Hz, 4H,
3,5-pyridyl], 8.89 [d,3J(H,H) = 4.4 Hz, 4H, 2,6-
pyridyl], 10.11 (s, 2H, @& O); *3C NMR (500 MHz,
[D]DMSO, 25°C): § = 224 (2C, CH3), 122.4
(4C, 3,5-pyridyl), 141.6 (2C, 4-pyridyl), 150.9 (4C,
2,6-pyridyl), 177.0 (2CC00), 193.1 (2CCHO).

Catalyst5 'H NMR (500 MHz, [Ds]DMSO, 25°C): § =
0.92 [t, 3J(H,H) = 7.5 Hz, 6H, CH—CH3], 1.35
(tg, 4H, CH-CH ), 1.62 (tt, 4H, N-CH-CH ),
3.64 [t, 3J(H,H) = 6.9 Hz, 4H, N-CH], 7.77
[d, 3J(H,H) = 6.0 Hz, 4H, 3,5-pyridyl], 8.42 (s,
2H, CHN), 8.71 [d,3J(H,H) = 6.0 Hz, 4H, 2,6-
pyridyl]; 13C NMR (500 MHz, [Ds]DMSO, 25°C):

8 =137 (2C, CH—CHg), 19.8 (2C, CH-CH)>),
32.2 (2C, N-CH—CH>), 60.2 (2C, N-€Hy), 122.1
(4C, 3,5-pyridyl), 143.5 (2C, 4-pyridyl), 149.9 (4C,
2,6-pyridyl), 159.0 (2CCHN).

Catalyst6 'H NMR (500 MHz, [Ds]DMSO, 25°C): § =
0.91 [t, 3J(H,H) = 7.5 Hz, 6H, CH—CHj3], 1.34
(tg, 4H, CH—CH ), 1.62 (tt, 4H, N-CH-CH ),
1.83 (s, 6H, COO® ), 3.63 [t,3J (H,H) = 6.9 Hz,
4H, N-CH ], 7.72 [d,3J(H,H) = 4.5 Hz, 4H, 3,5-
pyridyl], 8.40 (s, 2H, GIN), 8.68 [d,3J(H,H) =
4.5 Hz, 4H, 2,6-pyridyl]; 13C NMR (500 MHz,
[Dg]DMSO, 25°C): § = 13.7 (2C, CH—CHz),
20.0 (2C, CH—CHp), 22.4 (2C, COO€Hg), 32.4
(2C, N-CH—CHp>), 60.4 (2C, N€Hy), 122.3 (4C,
3,5-pyridyl), 143.9 (2C, 4-pyridyl), 150.0 (4C, 2,6-
pyridyl), 159.0 (2C,CHN), 177.4 (2CCOO0).
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Catalyst7 H NMR (500 MHz, [Ds]DMSO, 25°C): § =
0.61 [t, 3J(H,H) = 8.3 Hz, 4H, CH»-Si], 1.15
[t, 3J(H,H) = 7.0 Hz, 18H, Q{3], 1.72 (it, 4H,
CH »—CHy-Si), 3.63[t,3J(H,H) = 6.4 Hz, 4H, N—
CH>], 3.76 [q9,3J(H,H) = 7.0 Hz, 12H, O-Q ],
7.76 [d,3J(H,H) = 6.0 Hz, 4H, 3,5-pyridyl], 8.40
(s, 2H, CHN), 8.70 [d, 3J(H,H) = 6.0 Hz, 4H,
2,6-pyridyl]; 13C NMR (500 MHz, [Ds]DMSO,
25°C): § = 7.5 (2C, CH,-Si), 18.2 (6C,CHz3),
23.8 (2C,CH>—CH;—-Si), 57.6 (6C, O€H,), 63.0
(2C, N-CHy), 122.0 (4C, 3,5-pyridyl), 143.3 (2C,
4-pyridyl), 150.0 (4C, 2,6-pyridyl), 159.3 (2C,
CHN).

Catalyst8 'H NMR (500 MHz, [Dg]DMSO, 25°C): § =
0.62 [t, 3J(H,H) = 8.4 Hz, 4H, CH,-Si], 1.17
[t, 3J(H,H) = 7.0 Hz, 18H, CH-CH3], 1.74
(tt, 4H, CH>—CHy-Si), 1.87 (s, 6H, COO-£53),
3.63 [t, 3J(H,H) = 6.4 Hz, 4H, N-CH ], 3.77
[q, 3J(H,H) = 7.0 Hz, 12H, O-Q;], 7.77 [d,
8J(H,H) = 6.1 Hz, 4H, 3,5-pyridyl], 8.41 (s, 2H,
CHN), 8.71[d,3J(H,H) = 6.1 Hz, 4H, 2,6-pyridyl];
13C NMR (500 MHz, [Ds]DMSO, 25°C): § = 7.6
(2C, CH»-Si), 18.2 (6C,CHs), 22.4 (2C, COO-
CHz3), 23.9 (2C, CH,—CH,-Si), 57.7 (6C, O-
CH3y), 63.2 (2C, N€Hy), 122.1 (4C, 3,5-pyridyl),
143.6 (2C, 4-pyridyl), 150.1 (4C, 2,6-pyridyl),
159.3 (2C,CHN), 177.1 (2CC0O0).

2.3. Synthesis of immobilized catalysts

The immobilized catalyst® and 10 were synthesized
by two different procedures, in one approach, the com-
plete complex was synthesized before immobilization (vari-
ant 1) [26]. For this, silica (3 g) was added to a solution
of catalyst7 or 8 (2.5 mmol) in 40 ml ethanol. The sus-
pension was stirred overnight, filtrated, and washed three
times with ethanol, then three times with diethyl ether, and
finally dried under vacuum. A second approach (variant II)
began with the immobilization of the ligands, followed by
the addition of zinc, as described previougy]. The lig-
and was built up on the silica surface by immobilization of
3-aminopropyltriethoxysilane (4.43 g, 20.0 mmol) on silica
(8 g), denoted by Sie@dmod. For this purpose, the ligand and
the support were dissolved/suspended in 100 ml GGt
stirred for 20 h, and then the modified silica was filtered off
and washed with ethanol. To a suspension of the modified
silica (2 g) in 30 ml ethanol, cataly3t(1.4 mmol) was added
and treated as described earlier. Only variant | was used for
the synthesis of cataly&0 (starting from catalysB) and the
adsorption of catalys on silica.

2.4. General analysis
Thermal analytical investigations were performed on a

NETZSCH STA 409. The samples were heated to 8D
a gas stream of 20 vol%-An He. A quadrupole mass spec-
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trometer (QMC 420, Balzers) was used to detect the forma- batch reactor equipped with a PEEK (polyetheretherketone)
tion of CO; and HO (tracesn /e = 44 and 18, respectively).  container and two beryllium windows. These windows allow
After heating, a known pulse of CQvas injected into the  investigation of the solid catalyst through a bottom window
sample chamber to calibrate the area ofithe = 44 signal. (2 mm height) and investigation of the liquid phase through
This calibration enabled calculation of the sample’s carbon an upper window (10 mm above the bottoi23]. The 10-ml
content. The mass losses of the samples were monitored durin situ cell can withstand pressure up to 250 bar and temper-
ing the measurements. The zinc and bromide contents of theature up to 200C. The reactor is equipped with a magnetic
heterogeneous catalys#sand 10 were measured by ICP-  stirrer, inlet and outlet, burst plate (190 bar), and thermocou-

OES at ALAB AG (Urdorf, Switzerland). ple. The CQ content was measured with a Rheonik mass
flow controller. For the experiment, a pellet was placed at
2.5. CQO fixation the bottom in an upright position. After the first X-ray ab-

sorption spectroscopy (XAS) spectrum was obtainedp; CO

The coupling of CQ and propylene oxide was done in was added and the next spectra were recorded. Then the CO
a 250-ml high-pressure stainless steel autoclave (HPM-P,was removed and 3 ml of propylene oxide was filled in the
Medimex). To measure the amount of usedC@e en- cell. During continuous monitoring by EXAFS, GQ7 g)
tire reactor system was placed on a balance (Toledo IP5was added once again, and the reactor was heated €140
multirange, Mettler). The temperature was controlled by The raw data were energy-calibrated (except for the in situ
a Eurotherm 900 EPC thermostat. The reaction mixture experiments with a too low zinc or bromide concentration),
was stirred by a mechanical stirrer of type EMOD EEDF background-corrected, and normalized using WINXAS 3.0
56L/2A; the stirring rate was always 1000 mi Typically, software[29]. After the x (k) function was extracted from
propylene oxide and the corresponding catalyst were firstthe EXAFS data, Fourier transformation was performed on
poured into the reactor. Then the reactor was flushed with the x1-weighted data in the interval= 3.5-140 A ™! Data
CO; with the aid of a compressor (PM-101, NWA). A quan-  analysis in theR-space was performed using Zn-Br and
tity of CO, was pressed into the reactor, followed by heat- zn-O/N shells calculated by FEFF 680]. Only the first
ing to 140°C and stirring of the reaction mixture. After a  coordination shells were used for the fittings. In contrast to
specified reaction time, the reactor was cooled to room tem-the bond length£0.02 A), determination of the coordina-

perature, and Cowas released by opening the outlet valve. tion numbers is not as accurate, and deviations bcould
This decompression was done very slowly over a 30-min pe- appear.

riod. tert-Butylbenzene was added to the reaction mixture

as an internal standard, and the compounds were analyzed

with a gas chromatograph (HP-6890) equipped with a HP- 3, Results

FFAP capillary column (30 nx 0.32 mmx 0.25 pym) and

a flame ionization detector. Products were identified by gas 3.1. General catalyst characterization

chromatography (HP-6890) coupled with mass selective de-

tection (HP-5973) and reference chemicals. As co-products, The preparation of catalysts-10 was checked in dif-

only propylene glycol and dipropylene glycols were found. ferent steps of the synthesis. The chemical composition of
For the leaching tests, the heterogeneous cat8lyss catalystsl and3 was identified by accordance between the

separated from the reaction mixture by filtration, washed theoretical value and the results of the elemental analysis.

with diethyl ether, and then dried under vacuum. The used The successful synthesis of the pyridine-based ligands for

catalyst was applied as described earlier. To detect the catacatalysts5-8 was corroborated byH NMR and the mea-

lyst, which was dissolved in the liquid reaction phase, propy- sured values (see Experimental section). The reaction of

lene oxide was added to the used and filtrated reaction mix-aminopropyltriethoxysilane and, accordingly, of catal@st

ture, which was analyzed before the reaction by gas chro-with the —OH groups of the silica support to gain %iO

matography and filled in the reactor without further addition mod or catalyst0 was evidenced by the characteristic sig-

of catalyst. Then the reaction was performed as for the othernals of the (SiO3Si—-CH, group (67.25 ppm) and the

catalytic reactions. (SiO)(O—H/CH)Si-CH, group (-60.32 ppm) in the?9Si
NMR-spectra (not given).
2.6. X-Ray absorption spectroscopy Both thermal analysis and ICP-OES were used to char-

acterize the immobilized complexeBaple J). For this pur-
Ex situ characterization was performed by X-ray absorp- pose, catalyst® and 10 were compared with the 3-amino-
tion near-edge structure (XANES) and EXAFS spectroscopy propyltriethoxysilane—modified silica Symod and cata-
at the Swiss Norwegian Beamline (SNBL) at ESRF and lyst 5. In thermal analysis, all samples demonstrated a loss
beamline X1 at HASYLAB. For these experiments, the cata- of H,O with a peak maximum at 9. No CQ was de-
lysts were pressed to pellets with polyethylene as additive ortected at this temperature. Hence thisCHstemmed from
placed in thin (1.0-mm diameter) quartz capillaries (Hilgen- adsorbed HO, not from the combustion of immobilized or-
berg). In addition, in situ experiments were carried out in a ganic compounds. Only traces of hydrocarbons were found,
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Table 1 L
Analytic results of the immobilized complexes measured by thermal analy- 12k
sis and ICP-OES L
Catalyst HO2P (%) C2 (%) ZrC (%) BIC (%) s 10r
© L
SiOz-mod Q9 26 - - > 08l
d 8 o
5 12 0.7 13 0.7 = |
% 18 14 15 32 5 osh
gelf - - 13 19 8
99 0.7 39 18 7.8 § 04
99 f - - 14 30 s |
goh - - 13 29 02k
99 - - 14 47 A
10 1.2 4.7 32 - 0.0 : 1 R ) . I , ) .
- 13.46 13.48 13.50 13.52 13.54 13.56
@ Measured by thermal analysis. Energy / keV

b Content of adsorbed water.

Cc

d Results of ICP-OES. " Fig. 1. Ex situ XANES spectra at the Bf-edge. (a) catalysts, 7, and9.
Adsorbed comple® on silica. (b) KBr as reference.

€ Synthesized by variant I.

f After one use.

9 Synthesized by variant Il. occurred for the chemically bound complexes. The higher
" After second use. carbon content of catalysts synthesized by variant Il com-
I After one reuse with additional KBr for catalyst regeneration. pared with those synthesized by variant | was likely due to

the free aminopropyl groups on the silica surface.
due to incomplete removal of solvents and chemicals af-
ter synthesis or to adsorption of hydrocarbons on the sil- 3.2. Ex situ X-ray absorption measurements
ica in the laboratory atmosphere. The® content is also
given in Table 1 The carbon content of the immobilized The XANES region of an X-ray absorption spectrum pro-
3-aminopropyltriethoxysilane alone on silica (intermediate vides information on the first coordination shell of the ex-
step during variant Il of catalys), was 2.6%. CQ@ was cited atom, such as coordination geometry and the oxidation
formed in two sharp temperature ranges with maxima at 305 state. Additional structural information can be obtained by
and 393 C (50°C width), and one broad signal from 360 to EXAFS spectroscopiB1,32] The postedge region in XAS
600°C. The first signal at 305C disappeared after the graft- can provide information on the bond length, coordination
ing of the pyridine zinc complex leading to sam@leand number, and nature of scattering atoms around the absorb-
a new strong signal arose at 52D. The two sharp signals  ing center.
of the modified silica could originate from different posi- The BrK-edge XANES spectra of the bromide-containing
tions of the immobilized aminopropyl group. One of these catalyst series (complexés7, and9) (Fig. 1) demonstrated
anchors reacted with the zinc complex; the other may haveno change in the near-edge region. Hence the local structure
been sterically hindered by its position on the silica. Cata- of the bromide remained similar during the immobilization
lyst 9 variant | demonstrated hydrocarbon combustion over a series. This finding is supported by the fact that in the spec-
broader temperature range with maxima at 432 and®874  trum of dissolved KBr, the edge energy and the shape of the
No signal due to free aminopropyl groups was discernible Br K-edge XANES changed. Small changes indicating a
at 390°C. Both catalysts seem thermally rather stable. The different local structure were seen at the Eredge Fig. 2).

higher combustion temperatures of catalsariant Il were In particular, catalyst8, 7, 9, and10 exhibited greater ab-
caused by changes in the immobilized complex comparedsorption at 9668 eV than did catalydtsand5. The greatest
with variant I. The same results as for catal9stariant | absorbance was seen for catalgst in which zinc is sur-

were obtained for catalydD variant |, except that the sec- rounded by 6 N/O atoms; this seems to lead to the white line
ond peak was shifted to lower temperatures because of theand the additional feature at 9.668 keV. Ethoxy groups of
lower thermal stability of the acetate groups. the molecule or silanol groups of the silica surface could pro-
In contrast, catalydi on silica exhibited combustion over  vide additional coordination via oxygen atoms for catalysts
a very broad temperature range, with a maximum at’485  and9. Only a small feature at 9.668 keV and a strong white
and the lowest carbon content of all samples. But the zinc line were seen for cataly8tin which steric reasons hindered
content was too high compared with the measured carbonan inner molecular oxygen coordination of the zinc. In con-
and bromide contents. The covalently anchored complexestrast to the bromide catalysts, a striking white line is missing
in catalysts9 and10 had a higher carbon and bromide con- for the immobilized acetate complé®, possibly due to dif-
tent than the adsorbed complex in catalysé favored co- fering symmetries (tetrahedral vs. octahedfa8.
ordination of zinc by hydroxyl groups of the silica could Figs. 3 and 4show the extracted ZiK-edge EXAFS
explain the higher zinc content. The hydroxyl groups on the functions and the corresponding Fourier-transforniéd
silica surface were not blocked by a silylation reaction as weighted EXAFS spectra at the Zn-edge. The spectra of
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Fig. 2. Ex situ XANES spectra of Zn-complex&s3, 5, 7, 9, and 10 at
the ZnK-edge. The labels of the catalysts correspond to those indicated in
Scheme 1

FT magnitude (k'-weighted) / a. u.

10 120 1 2 3 4 5 6

8
k/A" r/A

4 6

Fig. 4. Comparison of experimental and fittleﬁweightedx (k) functions

and their Fourier transforms of heterogeneous bromide and the acetate com-
plexes (ZnK -edge). Experimental data are designated by solid lines, calcu-
lated by dotted lines. Grey lines in the right part are the imaginary part of the
Fourier transform. The numbers are corresponding to the catalysts shown in
Scheme 19 (1) is designated for catalyStsynthesized by variant I, 9 (II)

is catalys® variant I1.

k'x /a. u.

structural parameters are givenTiable 2 Although it is sig-
nificant that the ratio of the coordination number of the Br
and N/O neighbors is- 1.6 for catalystsl, 3, and5, it is
about 1 or evenc 1 for catalysts7 and9. This finding can

be explained by coordination of the zinc atom with oxygen
atoms from the ethoxy groups of the molecule or the silanol
groups of the surface. Striking differences were also found
in the Fourier-transformed spectrum for compléxom-
pared with complexe% and5, indicating a greater number

FT magnitude (k'-weighted) / a. u.

4- 6 8 10 120 1 2 3 ) ) .
k/A" r/A of oxygen and/or nitrogen neighbors. Compxariant |

demonstrated higher coordination by oxygen neighbors than
variant Il. Note that for variant Il, the complex was immo-
bilized by reaction with former installed molecules on the
by dotted lines. Grey lines in the right part reflect the imaginary part of the Silica surface, and that variant | was an immobilized com-
Fourier transform. The labels of the catalysts correspond to those indicatedplex 7 exhibiting coordination of the zinc by ethoxy groups.

4 5 6

Fig. 3. Experimental and fitted-weighted x (k) functions and their
Fourier transforms of the different homogeneous compldxe} 5, 7 at
the Zn K -edge. Experimental data are shown by solid lines, the fitted data

in Scheme 1 It is possible that only one anchor was used for the immobi-
lization and that the free anchor was coordinating the active
the zinc pyridine-bromide catalysis 3, 5, 7, and9 demon- center.

strated contributions from both N and Br. Because of the

similar backscattering amplitude of N and O, one cannot 3.3. Catalytic performance in C{ixation

differentiate between these two neighbors in the measure-

ments. Zn—Br distances were identical with data for similar ~ The catalytic results from the cycloaddition of ¢@nd

zinc pyridine-bromide complexes obtained by X-ray crys- propylene oxide to the homogeneous and heterogeneous cat-
tallography[15,17] and the bond length was coincident alysts are given iffable 3 The difference in activity between

in Fourier-transformed spectra of Zn and Bredge. The the pyridine complexXl and the modified complek is in-
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Table 2 Table 3
Structural parameters determined from the Zredge and the BK -edge Catalytic resultd
EXAFS spectra Catalyst ¥P (%) S (%) TONd TOFe (h~1)
Catalyst B N9 o2 AEY  Residud k—Rainge 1f 907 993 910 228
A N GY A 1 66.7 994 3376 1125
1 Zn-Br 2375 27 0006 22 54 3.5-14.0 2 31 86.3 111 37
Zn—-N 1985 16 0001 -54 3 382 10Q0 1972 657
Zn-N/O 1998 36 0006 38 18 35-140 4 13 S61 46 15
5 625 995 3165 1055
Zn-Br 2356 29 0005 Q4 6.0 3.5-14.5 6 56 882 200 67
Zn-N 1970 18 0003 -9.2 7 423 985 1979 660
Br—Zn 2347 12 0.005 -0.2 7.8 3.5-115 8 27 762 95 32
5 Zn-Br 2376 28 0006 18 43 3.5-14.0 59:h 1.4 57.7 39 13
Zn—N 1997 17 0.004 -29 9uii 518 985 994 331
7 Zn-Br 2365 30 0008 Q8 6.5 3.5-14.0 99 189 982 597 199
Zn-N/O 1971 34 0007 52 109K 181 951 209 9
on Zn-Br 2370 21 0015 18 37 4.0-10.0 99! 319 997 862 287
Zn-N/O 1950 32 0019 —0.6 9g.1m 563 996 1520 507
LN
9 Zn-Br 2377 27 0.005 -1.1 36 3.5-12.0 ¥ 421 18 865 288
Zn-N/O 1985 25 0003 —-2.3 @ Reaction was carried out in 10 ml (140 mmol) of propylene oxide, cat-
Br-Zn 2375 17 0006 Q9 20 3.5-12.0 alyst (0.03 mmol, 0.0002 eq.), G@480-550 mmol, 3.4-3.9 eq.), reaction
10 Zn-N/O 1946 47 0008 44 108 35-125  lmewas3hat14oC. _
Yield of propylene carbonate based on propylene oxide.
@ Absorber. € Selectivity of propylene carbonate.
b Backscatterer. d Turnover number [mol of product (mol of catalyéﬂ)].
C Distance. € Turnover frequency [mol of product (mol of catalyst)~1].
d Coordination number. f Catalyst (1.4 mmol, 0.001 eq.), reaction time 4 h.
€ Debye—Waller factor. 9 250 mg of solid catalyst was used (0.08-0.15 mmol, 0.0006-0.001 eq.).
f shift of the energy threshold. h' Adsorbed on silica, the TOF is based on the mol of Zn.
9 Quality of fit according to Ref[29]. i Prepared by variant II.
'? Synthesized by variant I. I Prepared by variant|.
I Variant II. k' Reaction time 24 h.
I Used catalyst.
M Used catalyst in presence of 0.14 mmol jBi.
n

significant. Interestingly, the activity of catalysBsand 7
was significantly lower. Note that the coordination geometry

determined by EXAFS for cataly$twas different; the coor-  zinc on this catalyst was coordinated by hydroxyl groups of
dination number for N/O neighbors was higher. Comparative the silica support. Thus this zinc was not catalytically active.
reactions with the acetate complexes (high N/O coordination  An important feature of heterogeneous catalysts is their
number — no bromide) also demonstrate the importance of|ong-time behavior during catalytic runs and, accordingly,
bromide in this reaction. Lower rates were observed with the their behavior toward deactivation during reuse. Therefore,
heterogeneous catalyst syst&mThis may be due to mass emphasis was placed on studying leaching of the metal
transfer limitations, as discussed later. and/or ligand from the support. A simple way to gain in-
The only byproducts were propylene glycol and dipropy- sight into this issue is to reuse both solid and liquid phases
lene glycols. These always appeared in similar (small) [34,35]
amounts. This results from the residuaj®in the batch Fig. 5shows that reuse of catalydted to an exponential
reactor, because the addition of 73 mmelHdecreased the  decrease in activity. Actually, after five repeats, the activity
selectivity from 99 to 71.8%. However, this also explains the was comparable to that of the fresh catali@(Fig. 5). De-
very low selectivity with the adsorbed catalysbn silica. spite this deactivation, however, only low catalytic activity
The same experiment also illustrated that it is not suffi- was detected in the liquid phase. This activity corresponds to
cient to adsorb a homogeneous catalyst on a surface. Simplex loss of about 4.5 pmol of active component in the first use;
washing of the catalyst removed the active component. Thethe second use saw a loss of about 1.5 pmol, calculated with
low activity of the adsorbed catalyst could be explained by the data of catalyst. But this represents: 8% of the total
the small amounts of compléxthat remained adsorbed af- amount of the active component and thus cannot explain the
ter preparation. After the first reaction, the reused catalyst deactivation phenomenon. When the catalyst was reused a
exhibited no activity. The low rates in terms of turnover fre- second time, the liquid phase exhibited no catalytic activity
qguency (TOF) of cataly$ on silica was due to the relatively  and thus no leaching of an active catalyst. The leaching of
high zinc content compared with the carbon and bromide active catalyst from the support to the liquid in the first two
content. The TOF was calculated with zinc considered an uses could be explained by the removal of adsorbed species
active component, and as discussed earlier (Se8tihnthe from the silica surface, because the reaction mixture itself is

Unused catalyst with addition of 73 mmol water.
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Fig. 6. Deactivation experiments of catalgsSolid squares are designated  of promide with the exception of the spectra of the liquid phase, (a) spectra

to the yield of propylene carbonate. The dashed line is an exponential fit |yt catalyst as synthesized, (b) after 30 min of addition of propylene car-
of the decrease. Circles indicate the zinc content and triangles the bromideponate (c) after 3 h of reaction at 120 and after cooling down to ambient

content, both measured by ICP-OES. temperature, (d) spectrum through the liquid phase during reaction. On the

« - L . anchored complex no change of the neighbors could be seen, but the bro-
mor? aggressive” than the I'qu_|d used for washing the _Syn' mide detected in the liquid phase had a completely different ligand sphere
thesized catalyst after preparation. Nevertheless, leaching ofnormalized).

the active component could not explain the detected deacti-

vation. the bottom of the reactor, and the solid catalyst was ana-
More information of the deactivation mechanism was lyzed through this window. The spectrum of the liquid phase

gained by ICP-OES and XAS measurements of the reusedwas measured through the upper window. To avoid having a

catalyst samples. ICP-OES revealed that the zinc content desuspension in the liquid phase, stirring was stopped during

creased only slightly during the first experimefalle 1), measurements.

whereas bromide was washed out with every further reuse.  The XANES spectra at the ZK-edge changed dramat-

Thus the decreased bromide content occurred in parallel toically after propylene oxide was added in a nonreversible

the loss of catalyst activityHig. 6). manner FEig. 7). Interestingly, the structural changes were
similar regardless of whether or not @Qvas present.
3.4. In situ X-ray absorption measurements Merely the addition of propylene oxide changed the XANES

spectra to be more like the spectra of the bromide-free ac-
To understand the catalyst structure in more detail under etate complex (compar€igs. 7 and 2 No change in the
reaction conditions, we monitored the catalyst in situ with spectrum itself could be seen at the Bredge, but the edge
XANES and EXAFS spectroscopy. For this purpose, we ap- jump decreased and the signal became increasingly noisy
plied a batch reactor with two Be windows (as described in during the reactionKig. 8). Also during the reaction, X-ray
Experimental section). The lower window was directly over absorption spectra were recorded for both the liquid phase
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less than the drop in bromide content measured by ICP-OES
after a standard reaction. But note that a pellet was used for
the in situ experiments, and consequently intraparticle mass
transfer was less effective compared with the powder.

3.5. Reactivation of the catalyst by bromide addition

Because bromide loss seems to be the main cause of the
deactivation of the immobilized cataly8tit should be pos-
sible to regenerate the catalyst by reading bromide. Indeed,
the addition of both KBr and NiBr lead to reactivation
of the catalyst Table 3. An increased Br content was ob-
tained in ICP-OES measuremeniakle 1); however, EX-

Fig. 9. Fourier transformed in situ EXAFS spectra. Fourier transforkted AFS measur(?ments showed that the coordination geome.try
x (k) function of catalys® (a). A fast change in the spectra appeared af- around the zinc Cen,tral atom, was nOt_ regenera.ted. No sig-
ter the addition of propylene oxide (b). The signal corresponding to the Nal of @ backscattering Br neighbor with the typical Zn—Br
bromide is disappearing whereas the signal of N/O atoms becomes moredistance was found. The additional Br on the catalysts was
dominant. Addition of carbon dioxide (c) and increase of the temperature gdsorbed on the surface of the silica and was not assembled
to 14Q°C during _reactio_n (d) decreased the signal. After the_ reaction (e) in the zinc complex; thus regeneration led not to struclure
lt;m;ri(;s(f;o significant difference to the spectrum of the bromide free cata- of the immobilized catalyst, but rather to bromide as a co-

catalyst. This has significant effects on the mechanism.

FT Magnitude (k1-weighted) / a. u.

and the solid catalyst. No absorption was found at the Zn

K-edge in solution, but an intensive signal was detected 4. Discussion

at the Br K-edge. The XANES spectra at the BRr-edge

were different from those of the bromide in the solid phase 4.1. Immobilization and structure of the catalysts
(Fig. 8. This finding is reasonable, because although bro-

mide will not dissolve in CQ, small amounts added to the The different analytical methods confirmed successful
epoxide could be present in solution. Comparable XANES immobilization of the zinc pyridine complex. The covalent
spectra have been reported for Br—C bof&fg. Along with fixation via the silylether groups was indicated by #98i

the XANES data, the in situ EXAFS experiments at the Zn NMR spectra. Elemental analysis confirmed the composition
K-edge (solid catalyst) indicate a significant change in the of the homogeneous catalysts, and both ICP-OES and ther-
coordination shell of the zinc centefig. 9). After a short mal analysis identified the composition of the immobilized
contact time between the catalyst and propylene oxide, thecatalyst9. There were no significant changes in the EX-
strong signal at 2 A in the Fourier-transformed EXAFS spec- AFS spectra of the series toward the immobilized species.
tra at the Znk -edge disappeared. The signal at about 2 A is Fourier-transformed EXAFS spectra at the Br and £n
typical for the Br backscatterer, demonstrating that Br dis- edges, as well as fit results, indicated two different neighbors
solves. Correspondingly, in the spectra of the solid catalystin the coordination sphere of the zinc atom with distances
at the BrK -edge during reaction just a small and hardly in- of 1.98 and 2.37 A, respectively. The catalysts containing
terpretable signal remained, also demonstrating the loss ofsilylether or acetate groufs9, and10 exhibited a tendency
bromide. After the reaction, only the backscattering of N toward higher coordination numbers. This may be due to an
or O neighbors could be detecteldid. 9), and no Br sur-  additional coordination of the oxygen, because XANES in-
rounded the central zinc atom. There was little difference in dicated a change in geometry and EXAFS revealed variation
the EXAFS spectrum at the ZKi-edge from catalystO. in the coordination numbers. Usually, a tetrahedral coordina-
In addition, we estimated the bromide concentration in tion of zinc would be expected; however, small groups like
our in situ batch reactor as follows. In the liquid phase (upper H,O can lead to a change from a tetrahedral to an octahe-
part of the reactor), the bromide was calibrated by solutions dral environment. In addition, the ratio of the peak areas of
of known bromide concentration and resulted in a concen- Br and N/O neighbors changed. For catalyist3, and5, the
tration of about 5 mmoH?. The bromide loss of the catalyst bromide contribution was dominarfify. 3, but the ethoxy
determined by the decrease of the edge jump (the lower partgroup containing catalystexhibited more pronounced N/O
of the reactor) produced a concentration of 15 mmal| backscattering compared with the bromide. This finding was
This greater amount may be related to a larger-than-expectedalso seen for cataly$tvariant |, which could be regarded as
volume of the liquid phase or to some abrasion of the pel- immobilized catalys?. An equal signal contribution demon-
let resulting from mechanical impact caused by the stirring. strated catalys variant Il. Here it was not possible to coor-
The difference in the edge jumps before and after the reac-dinate the zinc by the flexible ethoxy groups, because these
tion lead to a bromide loss of 55% during reaction; this is groups were previously bound to the silica support. Only
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catalyst 1
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catalyst 5
catalyst 7
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Cr-salen (b) ]
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Fig. 10. Comparison of catalysts in this work and other monometallic catalyst for the synthesis of propylene carbonate by carbon dioxide fikation. Dar
bars are designated to the catalysts of this work, the bright ones to examples of the literature. (a) Co-salen catalyst with DMAP as Lewis bgste co-catal
and CHCl, as additional solveriB9], (b) Cr-salen catalys{d4] in presence of ChClo, (c) homogeneous zinc cataly46], (d) aluminum phthalocyanine
complex covalently bonded to MCM-41 silica withbutylammonium bromide as co-cataly38], (e) PVP-supported zinc catalyf8f7].

the remaining ethoxy groups, short free silanol groups of lysts1 and5. The catalytic performance of cataly&snd7

the surface or even free immobilized pyridine precursors, with TOFs> 600 h 1 is high as well. Compared with the
could coordinate to the zinc center. In the EXAFS spec- highest achieved TOF of 1125 hfor catalystl, only very

tra, no typical Zn-Zn contributions were found; however, recently reported homogeneous salen complexes with co-
Darensbourd15] reported not only monomeric zinc pyri-  catalysts are more activ&ify. 10. Note, however, that the
dine bromide complexes, but also di- and trimeric species very active salen-based catalysts require co-solvents to reach
coupled by zinc bridges. In summary, the complete series of their high performance; for example, Cr-salen cataljst$

catalyst from the homogeneous complekesid2to the het-  wjith dichloromethane as an additional solvent yielded a TOF
erogeneous counterpalignd10 could be prepared and the  of 916 1. The same group also reported an improved sys-
structure of the active center preserved. tem (TOF up to 1200 tt) through the use of Co complexes

and DMAP as a Lewis base in dichloromethane. Our work
aimed to develop a solventless process using @®Oboth

solvent and reactant. The catalytic activity of the homoge-
neous Zn-based catalysts of this work is also higher than

) As discussed earlier, our st.rategy_c.)f modifying the pyri- that of comparable catalyst systems reported by Kim et al.
dine step by step toward an immobilized complex proved [16,17,37] One reason for this may be the higher reaction

syccessful. The c_atalytlc dgta demo_”StTa‘e that ea(_:h '.n.termefemperature in our studies (140 compared with 40D Kim
diate was catalytically active. This indicates no significant

change in the catalytically active center. To our knowledge, enhanced the performance of these complexes by substitut-

this is the first time that the metamorphosis from a homo- ing at the ortho position of the pyridine ring and using iodide

geneous toward a heterogeneous catalyst for propylene Carlnstead of bromide. Accordingly, the potential exists to de-

bonate formation was presented in all steps, allowing us to sign more powerful catalysts by varying the catalysts of this

compare the catalytic results and study the effects of the im- Work. Note also that recently, a cqmplex m!xture of different
mobilization process metals and co-catalysts resulted in even higher [at&s

The selectivity of these catalysts to propylene carbon- ~ FOCcusing on the immobilized catalysts, a three-fold de-
ate is high, reaching nearly 100%. The formation of trace Créase is observed compared with the homogeneous coun-
amounts of polymeric materials, such as polypropylene terparts. Nonetheless, to our knowledge, catéysepared
oxide or polypropylene carbonate, cannot be ruled out. PY variantllis the most active heterogeneous catalyst for the
Byproducts detected in low quantities were propylene glycol fixation of CO; to propylene carbonat€ig. 10, allowing a
and dipropylene glycol, which can be explained by traces of turnover number (TON) of- 5000. Moreover, we see that
H»O in the reactor and in the ligand sphere of the catalyst or the gap between homogeneous and heterogeneous catalysts
its surface. is smaller than has been reported in the literature up to now.

The activity of the bromide-containing homogeneous cat- He et al.[38] achieved related TOFs with similar selectivity
alyst series is high compared with that of other catalysts in only with an aluminum phthalocyanine complex covalently
this system[14,16,37-39] Fig. 10 compares the catalytic = bonded to MCM-41 silica and-butylammonium bromide
data of selected catalysts of this work with those reported in as a co-catalyst. Until now, the best system without a co-
previous studies. TOFEs 1000 hr! were obtained for cata-  catalyst was the resin-immobilized zinc iodide comgR&,

4.2. Comparison of the catalytic activity of homogeneous
and heterogeneous catalysts
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but an inorganic support would be more desirable for higher bromide to the solid catalyst. Hence in this case, bromide
thermal and mechanical stability. was used as a co-catalyst. Regeneration of the complex (i.e.,
As outlined earlier, EXAFS found no difference in the the coordination of Br to Zn) was not seen on EXAFS.
coordination sphere for catalysts 3, and5, but catalyst3
exhibited only half of the activity of the other two catalysts.
The basicity of the ligands of these catalysts depends on
possible electron-donating and withdrawing groups, and the
strength of the Zn—N bond will decrease for the less-basic  The observation that bromide is dissolved in the liquid
pyridine ligand[17]. The polarity of the complexes is also phase also has important implications for the mechanism.
important; this is significantly different for cataly8t The Kim et al.[17] and He et al[38,41] proposed mechanisms
poorer performance of catalystsand9 compared with cat-  that first consider either activation of GOr coordination of
alysts1 and5 can be explained by the greater coordination epoxide by the metal center. These authors found no changes
of the Zn with ethoxy or silanol groups. The better catalytic in the bromide after the reaction. In the reaction mechanism,
performance of the homogeneous catalysts compared withpromide is assumed to be coordinated with the zinc complex;
their immobilized counterparts may be due to sterical con- however, our in situ studies indicate that dissociation of the
straints and decreased accessibility of the latter. Kim et al. zinc promide complex occurred. The role of bromide could
[17] investigated the influence of additional pyridine and hus be either to act as nucleophiles for epoxide opening
found decreased_qctivity. They explaine_d_this effectasresult- 5, 19 serve as an easy-leaving group, making free coordi-
ing from competition of the added pyridine and propylene 4iion sites at the zinc more accessible. This possibility is

oxide for coordination to the zinc center. Thus increased g nhorted by the observation that iodide is even better than
coordination of the active center decreased the catalytic aC-hromide[17,37] We can also conclude that the mechanisms
tivity of catalysts7 and. in the homogeneous and immobilized complexes are simi-

h Fotrh cgtalystbgi_ vadrlan:[c II e;<h|b|i$]d poodre:)r perforr:lﬁn_(l:_ﬁ lar; however, more in situ studies are needed to unravel the
an the immobilized catalyst synthesized by variant Il. The complete mechanism.

structural studies demonstrated a different structure, proba-
bly because compleXvariant | was completely synthesized
before immobilization (immobilized cataly3). One of the
anchor side chains caused an additional coordination by oxy-5. Conclusions
gen groups, which apparently decreased the activity of the
complex.

H the struct  th i ; ds to b High rates during the addition of GQo propylene ox-
_rence the structure ol the active center neeas 1o Be asyq \yere pptained using homogeneous zinc pyridine bromide
similar as possible to that of catalyst Consequently, the

L . catalysts, even without additional solvents. By immobilizin
activity of the acetate containing cataly2{s4, 6, 8, and10 y y 9

. ; . the active complex, this high activity was transferred to a
was poor compared with that of the bromide-containing cat- . : .
S . . . heterogeneous catalyst, which also has high thermal stabil-
alysts. This finding underlines the important role of Br in itv because of the silica support. We have shown that the
the reaction and indicates that a higher coordination of zinc y bport.

by oxygen atoms hampers the coordination of the propylenets)tlr_uciwe and SCt]:Vﬁy of 3” Lnte[)me;jlatf) qu[ﬁs of tr}{e immo-
oxide to form an active species. ilization can be followed step by step by both spectroscopic

measurements and catalytic results. Variations in the struc-
ture were unraveled by XAS, and the change in catalytic
activity could be related to a change in the coordination shell

Important features of heterogeneous catalysts are their®f the zinc and to the type of ligand in the catalyst. In situ
deactivation behavior and reusability. In situ EXAFS studies XAS proved to be a well-suited technique for monitoring
demonstrated that the Zn complex was well immobilized on the structure of the catalyst under real reaction conditions,
the support even under reaction conditions. However, a loss€ven at high pressure. Changes in the coordination sphere of
of bromide into propylene oxide or a propylene oxide—=CO the zinc and detachment of the bromide under reaction con-
mixture was found that led to deactivation of the catalyst. In- ditions were seen. Zinc is well inmobilized. The observed
terestingly, Kim et al[37] found no such deactivation; how- Presence of the bromide in the liquid-like reaction mixture
ever, their deactivation studies were performed in ethylene not only provides insight into the mechanism, but also ex-
oxide instead of propylene oxide. The dissolution of bro- Pplains why bromide or similar ligands have been important
mide explains the deactivation of the catalyst during reuse, in the design of active catalysts for the addition of OO
as well as the negative leaching tests. Such tests are usuallgpoxides. These findings indicate that when designing het-
performed to identify whether the active complex goes into erogeneous catalysts for this reaction, bromide can be used
solution[34,35,40] Because the entire active complex did as a co-catalyst (as shown in this work), or the heterogenized
not leach, no activity was found in the liquid phase. Con- catalyst can be modified by additional immobilization of the
sequently, the former activity could be recovered by adding bromide as an onium salt.

4.4. Role of bromide

4.3. Behavior of the catalyst under reaction conditions
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