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a b s t r a c t

In situ X-ray absorption spectroscopy at the Mn K- and Br K-edge was employed to study the cycloaddition
of carbon dioxide to propylene oxide and styrene oxide, catalyzed by Mn(III) salen bromide complexes.
Three homogeneous complexes with varying salen ligand structure and one complex immobilized on
silica were used and compared. Ex situ X-ray absorption spectroscopy showed that in all cases octahe-
dral complexes in a distorted symmetry were present and that the bromide ligand was coordinated to
the Mn central atom. Under reaction conditions the structure of the catalysts strongly changed. In order
to investigate this change, a special spectroscopic batch reactor cell was designed that allowed continu-
ous monitoring of catalyst structure under cycloaddition conditions directly at the synchrotron radiation
source, i.e. while maintaining the demanding conditions of elevated pressure and temperature. Comple-
mentary XAS investigations on the two key elements of the catalyst, the manganese central atom and the
bromide ligand, showed that the coordination sphere of the hexacoordinated manganese central atom
changed due to the replacement of the bromo-ligand probably by an epoxide molecule under reaction
conditions. This was the case for all three homogeneous catalysts with varying salen ligand structure as
well as for the heterogeneous catalyst. In case of the heterogeneous catalyst bromide also went into the

solution whereas most of the manganese remained on the solid support. The loss of the direct coordina-
tion of the bromine neighbors to the Mn central atom was also evidenced by EXAFS spectra, e.g. loss of
Br backscattering in the Mn K-EXAFS spectra and the Mn-backscattering in the Br K-edge spectra. In the
catalytic studies it was observed that propylene oxide usually reacted much faster than styrene oxide. This
seems to be related to a faster coordination of propylene oxide to the Mn atom, which could be followed
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in a time-resolved manne
together with observation

. Introduction

The use of CO2 as an environmentally benign, safe, and cheap
1 building block in synthetic chemistry has gained increasing
ttention in fine chemistry applications [1–3]. CO2 can potentially
ubstitute toxic and hazardous reactants, such as phosgene and

arbon monoxide [4], and simultaneously serve as solvent with
eculiar properties [5–7]. Among other applications, CO2 is used

n the synthesis of organic carbonates from epoxides, both poly-
arbonates and cyclic carbonates. Cyclic organic carbonates such as
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he Br K-edge. On the basis of the analysis of the XANES and EXAFS data
literature a reaction mechanism is proposed.

© 2008 Elsevier B.V. All rights reserved.

ropylene carbonate (4-methyl-[1,3]dioxolan-2-one) are applied in
ifferent areas, e.g. as polar and aprotic solvents for lithium batter-

es, resins, cleaning, and cosmetics, or as intermediate for polymer
ynthesis [8]. Among the various catalysts that have been devel-
ped for the synthesis of cyclic organic carbonates from CO2 and
poxides, there are several homogeneous and heterogeneized salen
=bis(salicylidene)ethylenediamine) complexes, bearing Al, Co, Cr,
n, Zn, and other metal centres [9–16]. Recently we reported that
lso salen complexes of Mn(III) are efficient catalysts for this reac-
ion [17], only yielding cyclic carbonates as products (Scheme 1),
nd not also polymers, as it is the case for various other salen
omplexes [18,19].

In order to improve the performance of catalytic systems, it

s essential to gain a mechanistic understanding of the catalysts
ehavior on a molecular level. This can be achieved by appropriate

n situ spectroscopic experiments, which however turn out to be a
emanding task for high pressure reactions such as the Mn(III) salen
atalyzed cycloaddition of CO2 to epoxides. Employing a suitable

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:jdg@kt.dtu.dk
mailto:baiker@chem.ethz.ch
dx.doi.org/10.1016/j.molcata.2008.10.009
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cheme 1. Reaction scheme for the cycloaddition of carbon dioxide to propylene
xide and styrene oxide, yielding the corresponding cyclic carbonates.

xperimental set up, X-ray absorption spectroscopy is a powerful
ool for investigating this type of catalyst under reaction conditions.
ANES and extended X-ray absorption fine structure (EXAFS) are
ble to provide detailed information on both key components of
he catalyst, the Mn(III) centre of the complex, and the bromide
igand simultaneously, in both cases giving insight to the type of
eighboring atoms, the distance (bond lengths) and for manganese
he coordination geometry. Furthermore, XAS techniques do not
equire crystalline samples when probing solids, and they can be
pplied to liquids and solutions as well. X-ray absorption spec-
roscopy has been successfully employed in several similar studies,
.g. for the mechanistic investigation of Mn(salen)Br as epoxida-
ion catalyst [20], the structural analysis of immobilized Mn(III)
orphyrin systems [21,22], structural in situ studies on MnBrx in
upercritical water [23], and for various biological and geological
pplications, e.g. [24,25].

The aim of this study was to investigate the behaviors of
n(salen)Br and two homogeneous derivates of this catalyst under

eaction conditions, as well as that of such a complex immobilized
n silica, in the cycloaddition reaction of CO2 to the model sub-
trates styrene oxide and propylene oxide. For this reason, suitable
pectroscopic batch reaction cells were employed. Based on the
ata obtained from the Mn K-edge and Br K-edge X-ray absorp-
ion spectroscopy experiments, a reasonable reaction mechanism
ould be proposed, adding further understanding to the results
btained previously on catalytic results, phase behavior, and IR-
pectroscopy.

. Experimental

.1. Materials

The synthesis of the Mn(III)-complexes 1a, 1b, 1c, and 2 as
epicted in Scheme 2 as well as their structural analysis is described
n [17]. The substrates propylene oxide (99%, Acros Organics),
nd styrene oxide (98%, Acros Organics), were used as received
ithout further purification. Liquid carbon dioxide, supplied by
ir Liquid at the synchrotron radiation beamline, was of purity
9.995%. Diethyl ether (99.8%, Fluka) and tert-butylbenzene (+98%,

b
l
2
e
p

cheme 2. Overview on the homogeneous and heterogenized manganese salen complex
sis A: Chemical 297 (2009) 63–72

ldrich), employed for GC-analysis of the products, were also used
s received.

.2. X-ray absorption spectroscopy

The X-ray absorption experiments were performed at the beam-
ine X1 at HASYLAB (Hamburg, Germany) and at the ANKA-XAS
eamline (Karlsruhe, Germany). Due to different beamline charac-
eristics, the former was mainly used for the Br K-edge experiments,
hereas the latter was more optimized for Mn K-edge experiments

t lower X-ray energy. All spectra were collected in transmis-
ion mode, using ionization chambers with the appropriate gas
ixture fillings. The raw data were energy-calibrated, background-

orrected, and normalized using WINXAS 3.1 software [26]. For the
n K-edge measurements, manganese foil was used as reference.
platinum foil (Pt LII-edge) was used for energy calibration at the

r K-edge. The �(k) function was extracted from the EXAFS data,
nd a Fourier-transformation was performed on the k3-weighted
ata in the interval k = 3.0–12.5 Å−1 for the Mn K-edge spectra. For
he Br K-edge, the intervals are listed in Table 1. Data analysis in the
-space was performed using Br–Mn and Br–C shells calculated by
EFF 6.0 [27]. Only the first coordination shells were used for the
ttings.

.2.1. Ex situ XAS measurements
The catalysts 1a, 1b, 1c, and 2 were measured as synthesized

y pressing them into pellets (optimized to an edge jump �d = 1.5),
mbedded in a polyethylene matrix. Liquid 1-bromo-2-propanol
as measured in a specially built transmission cell for liquids, bear-

ng KaptonTM-windows.

.2.2. In situ XAS measurements
For the in situ experiments, a specially designed batch reactor

or X-ray absorption spectroscopy was used, similar to the setup
eported in ref. [28]. The stainless steel 10 mL-cell is equipped
ith two pairs of beryllium windows (5 mm × 1 mm) at different
eights, allowing the investigation of a solid catalyst at the bot-
om of the cell through the lower windows, and the liquid phase
0 mm above through the upper windows. The cell has a much nar-
ower diameter at the bottom, thus offering a very short path length
or XAS measurements of solid catalysts at the bottom. These win-
ows were only used when employing the immobilized catalyst
. For the homogeneous catalysts, only the upper windows with
he longer path length were used at the Br K-edge, in order to gain

etter signal-to-noise ratio, also due to the dilution of the cata-

yst by epoxide and CO2. The cell can withstand a pressure up to
50 bar and temperature up to 200 ◦C. Furthermore, the reactor is
quipped with a magnetic stirrer, inlet and outlet valves, a burst
late (190 bar), and a thermocouple. For the in situ measurements

es used in this work. The nomenclature given is used throughout the paper.
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Table 1
Structural parameters of the catalysts 1a and 1b determined from the in situ Br K-edge EXAFS spectra.

Catalyst A–Ba rb [Å] S2
0

c Nd �2e �E0
f [eV] Residualg k-range [Å−1]

1a Br–Mn 2.581 1.0 0.70 0.006 −4.51 3.86 2.5–12.0
As-synthesized Br–C – – – –
After addition of styrene oxide Br–Mn 2.754 1.0 0.65 0.006 −3.93 4.19 2.5–12.0

Br–C – – – –
After addition of CO2 Br–Mn 2.553 1.0 0.60 0.004 −7.25 5.08 2.5–12.0

Br–C – – – –
After reaction Br–Mn 2.799 1.0 0.05 0.009 6.37 6.01 2.5–11.0

Br–C 1.920 1.70 0.006 2.47

1b Br–Mn 2.548 1.0 1.01 0.007 3.72 3.36 2.5–14.0
As-synthesized Br–C – – – –
After addition of propylene oxide Br–Mn 2.720 1.0 0.01 0.008 −0.40 2.60 2.5–13.0

Br–C 1.951 1.12 0.004 3.52
After reaction Br–Mn – 1.0 – – – 1.29 2.5–11.5

Br–C 1.934 1.16 0.006 1.13
1-Bromo-2-propanol Br–C 1.957 1.0 1.01 0.003 6.83 6.18 2.5–14.0

a Absorber–Backscatterer pair.
b Distance.
c Amplitude reduction factor.
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d Coordination number.
e Debye–Waller factor.
f Shift of the energy threshold.
g Residual indicates the quality of the fit (details, ref. [26]).

t the Mn K-edge, more modifications were necessary. At this low
nergy, the absorption of the surrounding air had to be taken into
ccount and an aluminium box was built that surrounded the whole
eactor, with a diameter of 20 cm, and with slits that were aligned
ith the windows of the reactor. A 30 cm tube along the direction of

he beam was connected to that box on one side, leading directly to
he ionization chamber. The metal box and the tube could be filled
r flushed with helium, and the critical absorption of the X-rays by
ir therefore diminished.

For a typical experiment, a defined amount of solid catalyst (ca.
5 mg) was put into the reactor, either by pressing a pellet of the
ure substance and putting it at the bottom (immobilized cata-

yst), or by dissolving it in 1 mL of liquid epoxide and pouring the
olution inside (homogeneous catalysts). Then, 1–2 mL of epoxide
as added to reach a total liquid volume of 2 mL, and the reactor
as closed carefully. A first X-ray absorption spectrum (XAS) was

aken at this stage. After that, ca. 1.5 g of liquid CO2 was added,
easured by a Rheonik mass flow controller and previously com-

ressed by an attached compressor (PM-101, NWA). The reactor
as then heated to 140 ◦C after recording another spectrum. Sub-

equent spectra were taken during heating and while remaining at
he reaction temperature, which was maintained for 3–5 h. When
he heating source was turned off, the reactor cooled down grad-
ally and more spectra were recorded. The product mixture was
easured a last time at room temperature after releasing the CO2

ressure, and the product mixture was analysed by GC (see above).
Safety note: The experiments described in this paper involve the

se of high pressure and require equipment with an appropriate
ressure rating and safety mechanisms including burst plates, par-
icularly if the experiment is performed at a synchrotron radiation
ource.

. Results

.1. Mn K-edge XANES
The XANES (X-ray absorption near edge structure) region of
n XAS provides information on the first coordination shell of an
bsorbing atom, such as coordination geometry and oxidation state
29]. The X-ray absorption edge position thus indicates the charge
f the excited atom, but this can be misleading, since it is also

l
K
l
f
a

trongly affected by the coordination geometry [30]. More reliable
nformation on the oxidation state and coordination geometry can
e obtained from pre-edge features, which are sometimes observ-
ble some electron volt before the actual absorption edge and are
aused by the transitions of electrons from the inner shells (here
s) to unoccupied states, such as 3d [30]. The strength of these
re-edge features strongly depends on the coordination symme-
ry around the excited atom [31]. Thus such features can provide
aluable information about symmetry changes at for example the
anganese central atom in salen complexes studied in this work.
The Mn K-edge XANES spectra of catalyst 1a recorded during

he cycloaddition of CO2 to styrene oxide are depicted in Fig. 1.
he changes in the absorption edge occurred already after addition
f the epoxide, resulting in a decrease in the post-edge absorp-
ion at 6562 eV. Simultaneously, the absorption edge shifted a little
owards lower energies, compared to the as-synthesized catalyst.
his trend increased when CO2 was added to the mixture. During
eating to reaction temperature, the whole absorption edge shifted

urther down towards lower energies, while forming a more promi-
ent white line. The post-edge absorption at 6562 eV decreased
ore. The XANES spectra remained in this form, and did not change

nymore even after cooling down and releasing of the CO2 pres-
ure. The pre-edge feature observable as little peak at 6534 eV did
ot change drastically neither in shape nor in position during the
hole in situ experiment.

Corresponding changes in the XANES spectra could be observed
hen catalyst 1c was employed in the same reaction (Fig. 2). Simi-

arly, the initial post-edge absorption at 6562 eV of the pure catalyst
ecreased gradually after addition of styrene oxide and CO2, and
he formation of a white line feature at 6541 eV were observed. The
hite line increased with reaction time, while the XANES after the

dge jump showed the same ongoing decrease in absorption as in
he first experiment. After 3 h at 140 ◦C the spectra remained con-
tant, a longer reaction time of 5 h did not lead to further changes
n the XANES spectra.

The covalently immobilized catalyst 2, synthesized from cata-

yst 1c as precursor, also showed a similar development in the Mn
-edge XANES (Fig. 2), with a slight shift of the edge jump towards

ower energies upon addition of styrene oxide and CO2, and the
ormation of a white line. In this case, however, the XANES of the
s-synthesized catalyst already looked more like the catalyst after



66 F. Jutz et al. / Journal of Molecular Cataly

F
v

e
i
r
w
e
b

3

i
a
X
o
t
d
u
i
t
d
j

o
a
T
X
w
o

B
p
f
p
a
a

a
e
a
u
t
t
s
w
t
t
a
I
r
t
t
B
a
r
e
b
i
r
B
r
s
c
r
t
t
c
t
l
a
A
t
m
o
d
p
t

3

t
b
a

K
a
N
o
t

ig. 1. In situ XANES spectra of catalyst 1a at the Mn K-edge (a) and a more detailed
iew on the XANES region (b).

poxide addition, compared to the previous experiments. Interest-
ngly, the white line did not increase in intensity with the ongoing
eaction, but decreased instead, after having shown a maximum
hen styrene oxide had been added. On the other hand, the pre-

dge feature at 6534 eV did not change and showed a very similar
ehavior as in the experiments with the homogeneous catalysts.

.2. Br K-edge XANES

In order to obtain complementary information about the behav-
or of the catalysts under reaction conditions, several in situ X-ray
bsorption experiments at the Br K-edge were performed. The
ANES spectra obtained during the cycloaddition of CO2 to styrene
xide, catalyzed by 1a, are shown in Fig. 3. Changes in the spec-
ra are mainly observable around the white line, which somewhat
ecreases continuously upon addition of styrene oxide and CO2, and
nder reaction temperature. After the edge jump, some increase

n absorption at 13,487 eV could also be observed. After reaction,
he XANES spectra looked considerably different. The white line
ecreased drastically and the shape of the spectra after the edge

ump showed a maximum in absorption at 13,480 eV.
Similar results were obtained with catalyst 1b and propylene

xide as substrate (Fig. 3), also finding a decrease in the white line

nd an increase in absorption after the edge jump at 13,487 eV.
here is however a remarkable difference. In this experiment, the
ANES spectra changed already after addition of the epoxide in a
ay similar to the spectra of the previous experiment, but there
nly after a certain reaction time at 140 ◦C (Fig. 3). Obviously, the

U
E
t
t
l

sis A: Chemical 297 (2009) 63–72

r-atom changes its coordination sphere much faster when using
ropylene oxide instead of styrene oxide. This agrees well with the

act, that styrene oxide shows a much longer initiation time than
ropylene oxide in the Mn(salen)Br-catalyzed reaction with CO2,
s reported in [17]. The spectra remained similar after the epoxide
ddition, with only minor differences.

The XANES spectra of the reaction with styrene oxide, cat-
lyzed by the immobilized complex 2, are depicted in Fig. 4. In this
xperiment, the two Be windows of the batch reactor were used
lternately (as described in Section 2). The lower window was sit-
ated directly at the bottom of the reactor and allowed analysis of
he solid catalyst during reaction. The liquid phase was monitored
hrough the upper window. By turning the stirring off while the
pectra were taken, formation of a suspension in front of the upper
indow could be minimized. The XANES spectra taken through

he lower window (Fig. 4, top) show distinct changes after addi-
ion of styrene oxide, which become slightly more pronounced
fter CO2-addition, as seen similarly in the previous experiments.
nteresting in this case however is the observation that the spectra
ecorded at 140 ◦C and after the reaction resemble more the spec-
rum of the as-synthesized catalyst. The spectra recorded through
he upper window (Fig. 4, bottom) also show drastic changes in the
r-coordination sphere during the reaction, the spectrum of the
s-synthesized catalyst is included for comparison. The spectrum
ecorded after the addition of styrene oxide shows a striking post-
dge absorption similar to the other spectra taken during reaction,
ut far more prominent. Directly after the edge jump, a shoulder

s also observable. This spectrum is comparable to XANES spectra
eported for Br–C bonds [32], thus indicating the formation of a
r–C bond in the liquid phase. The spectra taken at 140 ◦C and after
eaction compare well to the spectra from the lower window. It
eems that the shapes of the XANES spectra reflect different Br-
oordination spheres present at the same time, but with changing
atios, depending on the actual conditions at a certain moment of
he reaction. At the bottom of the reactor there is a fast change of
he Br-coordination from Br–Mn to Br–C, resulting in the distinct
hange depicted in the top of Fig. 4. When the reaction proceeds,
he Br–C species are gradually diffusing into the liquid phase on top,
eaving behind some unreacted catalyst, and thus leading to X-ray
bsorptions that contain a higher fraction of Br–Mn contributions.
t the upper window, there is initially only an absorption visible

hat indicates Br–C coordination, but later on changes towards a
ixture of both Br–C and Br–Mn. This indicates that either parts

f the immobilized complex are leached out of the support and
issolve in the liquid phase, or that fine catalyst particles are sus-
ended in the liquid phase or deposited on the upper windows of
he cell.

.3. Mn K-edge EXAFS

EXAFS spectroscopy provides additional structural informa-
ion from the post-edge part of the XAS spectra, especially on
ond length, coordination number, and nature of scattering atoms
round the absorbing center [33,34].

The Fourier-transformed k3-weighted EXAFS spectra at the Mn
-edge are shown in Fig. 5, obtained from the experiments with cat-
lysts 1a and 1c. In all cases, the main contribution stems from the
and O neighbors in the salen ligand. The strong chelating effect

f this ligand prevents the Mn center from leaving the complex;
herefore this contribution is the main feature in all the spectra.

nlike the Br K-edge EXAFS (vide infra), the in situ Mn K-edge
XAFS spectra were poorer in quality. This is due to the fact that
he X-ray attenuation length decreases from the Br K-edge down
o the Mn K-edge from 6 mm to less than 1 mm considering pure
iquid carbon dioxide as solvent. Moreover, the extracted k-range
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Fig. 2. In situ XANES spectra at the Mn K-edge of homogeneous catalyst 1c (a), a detailed view on the edge region (b), and immobilized catalyst 2 (c), including a detailed
view on the edge region (d). In both experiments, styrene oxide was used as substrate.

Fig. 3. In situ XANES spectra at the Br K-edge. (a) Catalyst 1a with styrene oxide, (b) detailed view on the edge region. (c) Catalyst 1b with propylene oxide, (d) detailed view
on the edge region.
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Fig. 5. Fourier transformed in situ EXAFS spectra at the Mn K-edge. (a) Catalyst 1a
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ig. 4. In situ XANES spectra at the Br K-edge of immobilized catalyst 2. A spectro-
copic cell with two windows was used, one monitoring the solid catalyst at the
ottom (a), the other monitoring the liquid phase on top (b).

f 3–12 Å−1 allows only the fitting of maximal 2 shells [35] which
ave not meaningful results since at least 2 oxygen shells and
ne bromine shell are present. As a qualitative comparison how-
ver, and as complementary information for the Br K-edge EXAFS,
t provides additional information, especially when compared to
ublished EXAFS studies on a similar Mn(III)-complex [20] and
n(III)-porphyrin systems [21]. The peak at around 2.5 Å, visible

n Fig. 5 in the as-synthesized catalyst spectrum, can be assigned
o a bromine backscatterer, as reported in [20], where the peak
anished when two equivalents of an oxo-ligand was added to the
omplex, and bromide left the coordination sphere of Mn. Also in
his present work, this peak at 2.5 Å decreases or vanishes upon
ddition of epoxide and further progress of the reaction, and it is
hus strongly indicating that bromide is also leaving the complex
n a very similar manner. The spectra depicted in Fig. 5 show a
radual decrease of this peak over the whole reaction. At the same
ime, the N/O-contribution of the salen ligand is shifted towards
onger distances. This might be an indication that the Mn-center of
he complex is being slightly moved out of the plane of the salen
igand, due to changing axial ligand coordination.

.4. Br K-edge EXAFS

EXAFS analysis at the Br K-edge provides valuable information
n the coordination sphere of the bromide during reaction, adding

omplementary information to the XAS data obtained at the Mn
-edge. Furthermore it generates more accurate data due to the
igher absorption energy, which is less sensitive towards unwanted
bsorption by the oxygen-rich reaction medium.

r
r
p
c

uring the reaction cycle, (b) catalyst 1b. In both cases, the contribution of the Br
ackscatterer at approximately 2.5 Å vanishes during reaction.

The EXAFS results of the in situ experiment with catalyst 1a and
tyrene oxide are shown in Fig. 6. After addition of styrene oxide,
he spectrum still widely resembled the spectrum of the unused
atalyst. The strong signal at 2.6 Å is typical for the Br–Mn distance
n such Mn(salen)Br-complexes [20], thus this indicates that bro-

ide was still coordinated to the Mn center of the complex directly
fter addition of styrene oxide. Also after CO2 was added, the signal
t 2.6 Å was the most prominent one, but there occurred a change at
horter distances, shifting the signal at 1.2 Å towards larger distance
alues. When the reaction mixture reached 140 ◦C, the Br–Mn dis-
ance disappeared in the somewhat noisy spectrum, and only the
ncreasing shorter distance between 1 and 2 Å was observable. At
he end of the reaction, this signal was by far the most dominant,
t a distance of 1.9 Å, corresponding well to typical Br–C distances
n brominated hydrocarbons [32].

The Br K-edge EXAFS results of the in situ experiments with
atalyst 1b and propylene oxide are depicted in Fig. 6. As in
he experiment with 1a, the fresh catalyst 1b showed a domi-
ant signal at 2.6 Å, corresponding to the typical Br–Mn distance
xpected in this complex. Addition of propylene oxide at room
emperature however led to a complete disappearance of this sig-
al. This is in strong contrast to the experiment with styrene
xide and indicates that propylene oxide reacts much faster with
he complex, or at least does not require high temperatures.
nstantaneously a new signal at 1.9 Å became visible. This signal

emained dominant through the whole reaction time and after
eaction. For comparison, also 1-bromo-2-propanol dissolved in
ropylene oxide was measured in an additional experiment. This
ompound has a strong structural resemblance to the expected
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Fig. 6. Fourier transformed in situ EXAFS spectra at the Br K-edge. (a) Catalyst 1a
with styrene oxide, (b) catalyst 1b with propylene oxide and 1-bromo-2-propanol
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or comparison. The Br–Mn distance at approximately 2.5 Å vanishes in both cases
uring reaction, but takes considerably longer in the case of styrene oxide.

ntermediate in the assumed catalytic cycle (Scheme 3), where the
romide leaves the complex to perform a nucleophillic attack on the
poxide with subsequent ring-opening. The Fourier-transformed
XAFS spectrum of 1-bromo-2-propanol indeed showed a strik-
ng alikeness to the spectra obtained during and after reaction
f this experiment, with a dominant signal at 1.9 Å for the Br–C
istance.

. Discussion

.1. Mn K-edge XANES and EXAFS

The spectral information obtained by the in situ XANES mea-
urements at the Mn K-edge for the catalysts 1a, 1c, and 2 provides
mportant insight into the coordination geometry of the Mn(III)
entral atom of the catalysts. First of all, the pre-edge feature at
534 eV did not change during reaction. This is clearly visible for
atalyst 1a, and substantiated also by the results of the other two
atalysts. As reported in literature [20,36,37], this feature stems
rom an electron transition from the 1s core level to the empty 3d
evels of Mn and is strongly affected by the coordination geometry

f the complex, in this case clearly being a distorted octahedral or
quare pyramidal Mn(III) complex. Tetrahedral Mn(III) complexes
r square pyramidal complexes with a higher oxidation state of Mn
ould exhibit a much more prominent pre-edge feature [20,23,38].
n(salen)Br and its derivates show a strong affinity to oxygen lig-

a
(
a
a
r
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nds, which coordinate readily to the free coordination site trans
o the halide ligand even during synthesis of the complexes, lead-
ng to water and other solvent molecules in the crystal lattice, as
eported in several crystallographic publications [39–41]. The ele-
ental analysis of the complexes used in this work also revealed

uch phenomena, depending on the synthetic route [17]. This facile
oordination of an additional ligand is especially also true in solu-
ion, if the solvent has a coordinating oxygen atom, as it is the case
or the epoxides used in this work. The observation of this persis-
ent pre-edge feature and its negligible changes indicate therefore,
hat a distorted octahedral structure is most likely present during
he whole catalytic cycle, regardless of whether the halide leaves
he complex or not. This means that if the bromide leaves the
oordination sphere of the manganese central atom, it has to be
eplaced immediately by another ligand, in this case an epoxide
olecule. A bromide-free tetrahedral Mn(salen)+ is obviously not

resent.
The observed formation of a white line and the changes after

he absorption edge of the Mn K-edge XANES spectra of the cat-
lysts 1a, 1c and 2 are more difficult to interpret. In all three
xperiments, the addition of styrene oxide and the subsequent
ddition of CO2 led to an increasing white line, and simulta-
eously a decrease in the broad absorption maximum after the
dge jump. This effect became more prominent with heating and
rogressing reaction time, thus supporting the assumption, that
romide is subsequently replaced by another ligand, most prob-
bly styrene oxide. This would certainly lead to changes in the
dge- and post-edge structure, since the relatively heavy bro-
ide is a much stronger backscatterer than oxygen-containing
olecules. The white line was much more pronounced in the exper-

ment with the allyl-substituted Mn(salen)Br 1c than with standard
n(salen)Br 1a. This might be an indication that in the former case,

he ligand might have different electronic properties due to the
llylic substituent in ortho-position to the oxygen-atom on the aro-
atic ring of the ligand, or a different conformation due to steric

ffects of the substituent, leading to a slightly different coordina-
ion geometry and therefore slightly different electron scattering
ehavior. This remains, however, highly speculative. Accordingly,
lso the immobilized catalyst 2 showed such a distinct white line
eature. This catalyst was synthesized from 1c as homogeneous
recursor [17].

The Fourier-transformed EXAFS spectra at the Mn K-edge have
certain limit in their interpretation, given the fact that the

bsorption of carbon dioxide is relatively high (cf. Section 3.2).
ertagnolli and coworkers reported a thorough EXAFS study on
n(salen)Br in connection with its use as epoxidation catalyst

20]. Compared to their study, the bromide backscatterer was sig-
ificantly less prominent in the present fresh catalyst, although
lemental analysis confirmed a complete complexation of bro-
ide in the catalyst sample [17]. This can be explained with the

act, that water molecules from the synthesis of the catalyst are
oordinated to the manganese atom, forming a distorted octahe-
ral structure rather than square pyramidal coordination geometry
ith five ligands [39,40]. Bertagnolli et al., who used a differ-

nt synthetic route yielding the solvent-free crystalline catalyst,
lso lost considerable contribution from the bromine backscatterer
hen they added an equimolar amount of an oxygen-containing

igand, which formed octahedral coordination geometry. Only
hen two equivalents of the oxo-ligand were added, the bromide

ackscatterer contribution vanished completely. In our case, this

lso happened in both experiments while the reaction proceeded
Fig. 5), at the end of the reaction showing no more contribution
t the Mn–Br distance of 2.5 Å. This might therefore be a reason-
ble indication that the bromide ligand leaves the complex during
eaction.
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cheme 3. Proposed mechanism of the catalytic cycle based on the data obtained
see top of the scheme) is used for clarity.

.2. Br K-edge XANES and EXAFS

The in situ Br K-edge XANES spectra were generally of better
uality than the spectra at the Mn K-edge, since the considerably
igher edge energy of Br is less prone to absorption by surrounding
edia, such as CO2-expanded liquid epoxide in this case. In gen-

ral, it is reasonable to assume that different Br species are present
t the same time, thus generating spectra, which cannot be directly
elated to those of pure substances. This is especially observable
n the experiment with the immobilized catalyst 2 (Fig. 4), as men-
ioned in Section 3.2. In that case, the spectra taken at both window
ositions at the end of the reaction resemble the initial spectrum
f the unused catalyst. This was not observed in the other exper-

ments with the homogeneous catalysts. So it is more likely that
onsiderable amounts of the immobilized catalyst remained idle
n its as-synthesized state during the whole reaction, rather than
he bromide would have been coordinated again to the manganese
tom after reaction. The reason for this might be that during the

E
d
c
o

ay absorption spectroscopy. For the manganese salen complex, a simplified model

mmobilization process a considerable amount of catalytic cen-
res were created, which are not accessible due to steric hindrance.

hen the spectra after reaction at ambient pressure were mea-
ured, those species could have had a remarkable influence on the
bsorption spectra, perhaps due to deposition of catalyst material
n the windows of the cell. The XANES spectra during reaction,
hich exhibit a shoulder on the absorption edge, have a strong

esemblance to spectra of brominated aliphatic and aromatic com-
ounds measured by Meyer-Klaucke and coworkers [42]. In the
ame publication, also NaBr was measured for comparison, which
hows a very similar absorption spectrum to the as-synthesized
atalysts used in this work. This supports the assumption, that
ndeed Br–C bonds are formed in a step of the catalytic cycle.
The observations made in the Fourier-transformed Br K-edge
XAFS spectra additionally support this hypothesis. The Mn–Br
istance at 2.57 Å, typical for Mn(salen)Br complexes, vanished
ompletely in both experiments during the reaction. Simultane-
usly, the signal at 1.9 Å, typical for Br–C distances, increased
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hile the reaction proceeded. Therefore, also these observations
trongly indicate the formation of Br–C compounds on the expense
f decreasing amounts of Br–Mn species. The Fourier-transformed
3-weighted EXAFS spectrum of 1-bromo-2-propanol in propylene
xide, which strongly resembles those of the in situ experi-
ents with catalyst 1b and propylene oxide, furthermore supports

he assumption that a brominated propanol-like intermediate is
resent during the catalytic cycle.

.3. Mechanistic considerations

The observations and conclusions made from analysis of the XAS
ata together with other studies in literature allow proposing a cat-
lytic cycle, which is shown in Scheme 3. An important observation,
hich is taken into consideration, is that the bromide ligand leaves

he transition metal centre in a rather early stage. Several other pub-
ications on this reaction, but catalyzed by different transition metal
alen complexes, report very similar catalytic cycles, but with the
alide ligand (or an added nucleophile) remaining coordinated to
he central atom during reaction [43,14,13,44,9]. To our knowledge,
here is no other manganese salen system reported as catalyst in
he cycloaddition of CO2 to epoxides, but it appears that the mecha-
ism is similar to the previously studied trivalent Al, Co, and Cr salen
ystems [19,45,46]. In a first step, when the complex is dissolved
n liquid epoxide, at least one epoxide molecule is coordinated to
he Mn central atom, leading to octahedral coordination geome-
ry. This is supported by observations of the pre-edge feature of the

n K-edge XANES. Apart from that, calculations on chromium salen
omplexes show that any free coordination site on a five-coordinate
omplex of that kind is rapidly occupied by an epoxide molecule,
ertainly in neat epoxide, as it is also the case in this present
tudy [19]. This fact is further corroborated by several publications
n manganese salen complexes, where often solvent molecules
ccupy the free position even in crystalline samples [39–41]. When
ropylene oxide is used as substrate, also the bromide ligand is
uickly replaced by another epoxide molecule. In styrene oxide,
his step takes longer or needs higher temperature. This assump-
ion is supported by comparison of the Fourier-transformed in situ
XAFS experiments at the Br K-edge, which only show an instan-
aneous decrease in the signal at the Br–Mn distance in case of
ropylene oxide addition. The simultaneous or subsequent nucle-
phillic attack of bromide on the coordinatively activated epoxide
olecule, yielding a brominated, manganese-bound intermediate,

s supported by the observed formation of Br–C bonds and a striking
likeness of the corresponding EXAFS spectra to that of 1-bromo-
-propanol. In a following step, carbon dioxide is inserted, forming
coordinated carbonate species which still contains a C-Br bond.

his CO2-insertion is not observable by X-ray absorption spec-
roscopy, since the probe atoms Mn and Br do not change their
oordination sphere. This insertion step is however very likely, as
alculations (low energy barrier for those comparable systems) on
hromium and aluminium salen complexes indicate [19]. Also sev-
ral experimental works suggest this step (e.g. Refs. [13,14,47]). The
ollowing intramolecular attack of the manganese-bound oxygen
tom onto the brominated carbon atom, resulting in the formation
f the cyclic carbonate and bromide as leaving group, is referred
o as “backbiting” mechanism [19,48]. This is in contrast to the
hain-propagation step, desired in those cases for the production of
opolymers. This intramolecular reaction step, forming the cyclic
arbonate product, is favoured by high reaction temperatures as

sed in our experiments, as well as by other factors such as pressure,
etal centre and nucleophile used, as thorough studies by Rieger

nd coworkers [19] indicate. In the case of Mn(salen)Br however,
e previously reported catalytic results containing a wide range

f parameter studies on temperature, CO2-pressure and varying
sis A: Chemical 297 (2009) 63–72 71

ucleophiles, where never polymers were obtained as by-product
17]. These complexes might therefore exhibit an extraordinary
electivity towards the cyclic carbonate product, similar to Al, Fe
r Zn salen complexes [19]. In a last step, the cyclic carbonate
s replaced by another epoxide molecule and the catalytic cycle
estarts. The bromide is in agreement with the X-ray absorption
xperiments not coordinating again to the manganese atom once
t has left the complex. This also explains, why immobilized cata-
yst 2 shows a fast deactivation in repetitive use, but can be almost
ompletely regenerated by addition of a bromide salt [17].

. Conclusions

In situ XAS proved to be a well-suited technique for investigating
he mechanism of the cycloaddition of carbon dioxide to epoxides
atalyzed by manganese salen bromide complexes on a molecu-
ar level. Ex situ XAS measurements showed that the synthesized
omplexes exhibit a distorted octahedral coordination geometry
ith a bromide ligand coordinated to the Mn atom. The use of high
ressure cells equipped with X-ray-transparent windows allowed
onitoring the whole reaction directly at the synchrotron radia-

ion source. Due to the much lower X-ray energy at the Mn K-edge,
ere, the signal-to-noise ratio was not sufficient for a complete
XAFS analysis, whereas it was well possible at the Br K-edge.
xperiments both at the Mn K- and the Br K-edge provided com-
lementary information on the behavior of both key components
f the catalyst, the Mn(III) central atom and the bromide ligand,
nd revealed a persistent sixfold coordination geometry around
he Mn atom, and an irreversible loss of the bromide ligand, which
as replaced by an epoxide molecule and formed Br–C bonds dur-

ng the reaction. Comparative experiments showed that propylene
xide replaces the bromide ligand much faster than styrene oxide.
hese observations added valuable insights to earlier catalytic
tudies and allowed proposing a consistent catalytic mechanism.
n situ XAS thus proved to be a versatile spectroscopic tool for
nvestigating both homogeneous and immobilized complexes even
nder demanding conditions regarding pressure, temperature and
dense reaction mixture consisting of CO2-expanded liquid epox-

de.
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