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Abstract: The reaction of ferrocene
with the acidic hydroxy groups in the
supercages of zeolite HY dehydrated
at 673 K and the reactivity of the resul-
tant surface species towards CO and
O, were investigated by temperature-
programmed decomposition (TPD)
and reduction (TPR) and IR, X-ray ab-

which leads to the formation of a well-
defined mononuclear surface Fe-CsHg
complex grafted to two acidic sites and
one (=Si-O-Si5) unit, as confirmed by
the lack of Fe-Fe contributions in the
EXAFS spectra. Each iron atom is co-
ordinated, on average, to three oxygen
atoms of the zeolite surface with a Fe—

IR spectra indicate that the cyclopenta-
diene—iron species grafted on the sur-
face of the zeolite is quite stable in
vacuo or under an inert or hydrogen
atmosphere below 423 K, and is also
relatively stable under oxygen at room
temperature. However, the cyclopenta-
diene ligand readily reacts with CO to

sorption  fine  structure  analysis
(XAFS), and X-ray photoelectron
(XP) spectroscopy. In situ FTIR, TPD,
TPR, and chemical analysis reveal that
the Cp,Fe molecule adsorbed on the
zeolite surface loses one cyclopenta-
dienyl group under vacuum at 423 K,

sandwich

Introduction

The use of organotransition metal complexes as catalysts
and precursors of active catalysts is an exciting field of re-
search that, in the last decade or so, has led to revolutionary
changes in organic synthesis.! Many moisture-sensitive or-
ganometallic compounds can react with solid surfaces to
form surface organometallic fragments that are close ana-
logues of molecular complexes, with the bonding between
and metal and the oxygen atoms of the support being strong
enough to maintain anchoring during catalysis.*™ In some
cases, these grafted organometallic catalysts show substan-
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O distance of 2.00 A and to five carbon
atoms with a Fe—C distance of 2.09 A.
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form a compound containing carbonyl
at 323 K, and even at room tempera-
ture. The single carbonyl band in the
IR spectra provides evidence for the
nearly uniform formation of a cyclo-
pentadiene—iron species on the surface
of the zeolite.

surface

tially enhanced reactivity, stability, and selectivity compared
to the parent compounds.’® Some surface organometallic
complexes with unique local environments probably provide
molecular insights into the “elementary steps” of heteroge-
neous catalysis.

The supports play a critical role in constructing unique
surface organometallic complexes. Zeolites, especially large-
pore zeolite Y (faujasite), can offer great advantages over
other oxide supports including silica and alumina because
the former has a high degree of uniformity, adjustable acidic
properties, and a strong electrostatic field inside its cages,”
while the latter lack these features. Furthermore, these in-
trinsic properties may be helpful to the stable existence of
the surface organometallic complex.

Iron is one of the most abundant metals on earth and con-
sequently one of the most inexpensive and environmentally
friendly ones.”! Organometallic iron complexes, such as iron
carbonyls, ferrocene and its derivatives, Fe—porphyrins etc.,
have received particular attention due to their utility as ho-
mogeneous catalysts for C—H oxidation” and olefin epoxi-
dation,™ especially for cycloaddition reactions of unsaturat-
ed molecules in organic syntheses,"!! which is often consid-
ered an ideal chemical reaction in terms of atom econo-
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my.'"” Substantial effort has therefore been devoted to un-
derstanding the structure and reactivity of iron carbonyls
bonded to zeolites and metal oxides over last decade.!'
However, these supported catalysts have, for the most part,
suffered from lack of activity because of the relatively un-
reactive nature of the carbonyl ligands remaining bonded to
the iron center.

Dienes have been used as the active ligand in transition-
metal complexes due to their special reactivity.'"¥! Signifi-
cantly, the diene was found to facilitate the cycloaddition re-
action relative to an alkene. In the case of the [2+2+1] cy-
cloaddition reaction of diene-enes, for example, the pres-
ence of the diene enabled the reaction to occur,™™ and the
formation of a diallene—iron intermediate plays a crucial
role in the iron-catalyzed [4+41] cycloaddition of diallenes
with carbon monoxide."® These findings inspired us to look
for synthetic routes to a diene—iron complex intermediate
because of its likely role as a catalytic intermediate.

Ferrocene, which is used to construct such a catalytic in-
termediate, is a perfect precursor due to its two cyclopenta-
dienyl groups. The intrazeolite chemistry, spectroscopy, and
dynamics of metallocenes such as Cp,Fe, Cp,Cr, and Cp,Co,
and intrazeolite half-sandwich carbonyl compounds of iridi-
um and rhodium, have been studied in detail,'? and
[CpFe(CO),(thf)]* anchored to mesoporous silica has been
used as an adsorbent for the removal of dibenzothio-
phenes.'® Tt is worth noting that similar intrazeolite trans-
formations have been proposed to yield half-sandwich or-
ganometallic fragments by the reactions of [(cot)Fe(CO)s]
(cot=cyclooctatriene) and [{CpFe(CO),},] with acid zeo-
lites.!"”! These investigations suggested the need for a study
to better understand the chemical nature of these so-called
half-sandwich organometallic complexes inside a zeolite.

Herein we report the synthesis, structure, and reactivity of
a well-defined mononuclear diene—iron complex that is
bonded to the acidic sites of zeolite HY by a grafting reac-
tion between ferrocene and the surface of the zeolite. This
iron species is stable in vacuo or under an inert or hydrogen
atmosphere up to a temperature of 473 K. The IR spectra
show that the complex is highly reactive towards CO and O,
at 298-423 K. Its structure and bonding are well character-
ized by IR spectroscopy and XAFS in combination with X-
ray photoelectron spectroscopy (XPS).

Results

In situ IR study of the reactivity of ferrocene towards HY
zeolite: NH,Y zeolite was calcined at 793 K under flowing
oxygen for 20 h and then heated under dynamic vacuum at
673 K for 3 h. The IR spectrum of the resulting solid shows
three classical hydroxy vibration adsorption bands at 3740
(isolated silanol groups), 3638 (acid hydroxy groups in the
supercages), and 3546 cm ™! (acid hydroxy groups in the so-
dalite cages or in the hexagonal prisms) (Figure 1b).2" The
absence of N—H bands shows that all ammonium ions have
been converted into protons.
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Figure 1. In situ FTIR spectra of HY zeolite before and after grafting of
Cp,Fe: a) ferrocene; b) HY zeolite dehydrated at 673 K in vacuo; c) after
adsorption of ferrocene at room temperature; d) after heating at 423 K
for 5 h, e) for 15 h, f) for 30 h, and g) for 45 h; h) elimination of the physi-
sorbed species at 423 K in vacuo.

Introduction of Cp,Fe (Cp: n>-CsHs) by sublimation re-
sulted in a decrease in the absorption intensities of the sila-
nol bands and the Bronsted acid hydroxy bands at
3638 cm ! (Figure 1¢) and the appearance of a new broad
adsorption at around 3300 cm~!, thus indicating hydrogen
bonding between the zeolite OH groups and the adsorbed
ferrocene. The appearance of new C—H stretching (at
3100 cm™") and C=C adsorptions (at 1408 cm™), which are
in good agreement with those of Cp,Fe (Figure 1a),*!! is
also clearly observed. The color of the sample changes from
white to yellow, which further indicates that the Cp,Fe mol-
ecules are only adsorbed onto the external surface of the
HY zeolite and the acidic sites in the supercages (hereafter
denoted as Cp,Fe/HY).

When the above system is heated at 423 K the sample
gradually becomes bright green and the IR spectrum
changes drastically. Two new IR bands (Figure 1d-g) in the
region 2953 and 2873 cm™!, which are assigned to the
stretching vibrations of a methylene group, and seven new
IR bands at 1640, 1521, 1491, 1471, 1452, 1419, and
1403 cm™! (Figure 1d-g) in the region 1400-1700 cm™' due
to the vibration modes of olefinic C=C and methylene, are
clearly observed. These bands are very different from those
of Cp,Fe,”! Cp,Fe absorbed on the surface of HY zeolite
(Figure 1c¢), and ferricinium ion (Cp,Fe*).”” This shows un-
ambiguously that Cp,Fe reacts with the zeolite at this tem-
perature. After heating at 423 K for five hours, the hydro-
gen-bonding band at around 3300 cm™' had disappeared
completely and the intensity of the band at 3100 cm™! had
increased significantly; the band at 1408 cm™" had also dis-
appeared (Figure 1d). The intensities of the bands at 2953,
2873, 1521, 1492, 1471, and 1452 cm™' increased gradually
with increasing reaction time. After heating at 423 K for
45 h and evacuation at the same temperature under dynamic
vacuum to remove physisorbed species, the sample showed
no further change in the main absorption bands except for
that at 1640 cm™" (Figure 1h), which is attributed to the C=

7891

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

X. Fuetal.

A EUROPEAN JOURNAL

C stretching mode of an alkene.””” This suggests a complete
reaction between the surface acidic hydroxy groups in the
supercages and Cp,Fe. The band at 1640 cm™! is probably
therefore due to gaseous products containing a C=C bond
and physisorbed Cp,Fe. The almost complete disappearance
of this band is indicative of the complete removal of these
species. The new band at around 1550 cm™', which is weak
and remains unaltered after evacuation of the sample, is a
“coke band” due to the C=C vibration of polyalkenes and/
or aromatic structures.” It can thus be concluded that
Cp,Fe is destroyed by the grafting reaction. The adsorption
and reactivity of Cp,Fe on the surface of HY zeolite were
also confirmed by the interaction of Cp,Fe with DY (deuter-
ated Y zeolite), as shown in Figure S1 in the Supporting In-
formation.

A further experiment was performed with a larger
amount of zeolite to determine the nature of the products
evolved and the chemical composition of the remaining
solid. GC-MS studies showed that numerous gaseous prod-
ucts such as cyclopentane, methylcyclobutane, and cyclopen-
tene are formed during the grafting reaction (see Figure S2
in the Supporting Information). These hydrocarbons could
be formed by reaction of the cyclopentadiene derived from
addition of one cyclopentadienyl group of ferrocene to
acidic hydroxy groups catalyzed by H* sites, as discussed in
further detail below. Chemical analysis of the solid remain-
ing after complete elimination of the physisorbed species
gave a C/Fe ratio of 5.35 (C: 1.26 wt%; Fe: 1.10 wt %),
which is basically in agreement with the loss of one cyclo-
pentadienyl ligand during the reaction. The surplus carbon
shows up as a few small carbon deposits on the zeolite sur-
face, in accordance with the IR results.

TPD-MS and TPR-MS studies on the thermal decomposi-
tion of ferrocene adsorbed on HY zeolite and the grafted
sample: The results of temperature-programmed decomposi-
tion (TPD) studies carried out under flowing He are shown
in Figure 2. The most important fragments detected between
423 and 750 K for the Cp,Fe/HY sample (Figure 2 A) are
CsHy (m/z 66) and CsHs (m/z 65), with no evidence for
Cp,Fe* ion, Cp,Fe (m/z 186), or CpFe (m/z 121), which
shows that decomposition of Cp,Fe on the zeolite occurs in
this temperature range. The TPD patterns of C;Hy and
C;Hs present double release peaks. Interestingly, the area
ratio of the peak centered at 503 K and that centered at
553 K is close to 1:1 for each discharge product, with a de-
composition onset temperature of 423 K. This clearly indi-
cates that Cp,Fe remains intact below 423 K and that the re-
action of Cp,Fe with HY zeolite occurs in two steps beyond
423 K, This is in good agreement with the IR results. In con-
trast to FeCp,/HY, the grafted sample, which was prepared
by heating Cp,Fe/HY at 423 K for 50 hours, only shows a
single release peak for CsHy and CsHy at 553 K (Figure 2B)
which is identical to the second peak in the Cp,Fe/HY
sample. This supports the deduction that a CsH4-Fe or CsHs-
Fe species is formed on the surface of the zeolite in the
grafted sample by loss of a cyclopentadienyl group from
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Figure 2. TPD-MS plots of ferrocene adsorbed on HY zeolite (A) and
the grafted sample (B). a) m/z 66; b) m/z 65; c¢) m/z 121; d) m/z 186.

Cp,Fe, thus confirming the IR results above. The decompo-
sition onset temperature of the grafting sample is at about
473 K, which suggests that the surface-grafted species is
stable below this temperature. This is also basically consis-
tent with the observations made by IR spectroscopy (see
Figure S3 in the Supporting Information).

The temperature-programmed reduction (TPR) analysis
of the grafted sample further confirms the above conclu-
sions. As shown in Figure 3, C;Hy and CsHs fragments,
which are fully consistent with the TPD result, and CsHg
(m/z 68) and CsH,, (m/z 70) fragments, which are derived
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Figure 3. TPR-MS plot of the grafted sample: a) m/z 66; b) m/z 68;
c) mlz 70; d) m/z 65; e) m/z 121; f) m/z 186.
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from the hydrogenation of cyclopentadiene under H,/Ar
flow, are detected between 473 and 900 K. The reduction
onset temperature is also fully consistent with the decompo-
sition onset temperature, thus indicating that the surface-
grafted species is also stable in the presence of hydrogen
below 473 K.

XAFS analytical results regarding the local structure of the
surface iron complex: The local structure of the surface iron
complex was characterized by X-ray absorption spectrosco-
py. Fe K-edge XAFS data were obtained for Cp,Fe, Cp,Fe/
HY, and the grafted sample. The XAFS data of Fe/Y are
used as a reference. The normalized XANES spectra collect-
ed at the Fe K-edge for these three samples are shown in
Figure 4, with the inset showing an expanded view of the
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Figure 4. Normalized Fe K-edge XANES spectra of the grafted sample
and the studied materials: a) Cp,Fe; b) Cp,Fe/HY; c) the grafted sample;
d) Fe/Y zeolite. See text for details about A—C and the insert.

1s—3d pre-edge region. All three samples show a weak pre-
edge feature (A), a distinguishable shoulder (B), and a peak
(©).

A 1s—3d transition is electric dipole forbidden by parity
considerations for Cp,Fe and Cp,Fe/HY due to their centro-
symmetric environment.” However, a very weak pre-edge
feature at about 7107.5 eV is still experimentally observed
for these two samples. The most likely intensity mechanism
is the allowed electric quadrupole coupling transition to the
lowest unoccupied level 5elg,* which corresponds princi-
pally, according to Rosch and Johnson,? to an Fe
(3d,,3d,,)-like orbital. In contrast to these two samples, a
more intense pre-edge feature, which shifts toward high
energy, is clearly observed at 7109.5eV for the grafted
sample. This shift, along with the increase in intensity, is at-
tributed to loss of the centrosymmetric environment of the
iron upon grafting of ferrocene to HY zeolite.

The position of the rising K-edge, where a 1s electron is
promoted to the continuum, depends on the effective charge
of the metal center and is thus directly related to the oxida-
tion state of the absorbing atoms—it moves to higher
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energy as the oxidation state of the absorbing atoms increas-
es.”®l As shown in Figure 4, the absorption edge energy of
Fe/Y zeolite is far higher than that of the other three sam-
ples because iron exists in the form Fe3*.”! Although the
absorption edge shifts slightly toward higher energy in
Cp,Fe/HY and the grafted sample, no overall significant
shift of the absorption edge can be detected, thus showing
that there is no change in the oxidation state of iron, which
remains as Fe’™. This was also confirmed by the XPS analyt-
ical results below. Additionally, the pre-edge position of iron
shifts towards higher energy by about 2.0 eV after the graft-
ing reaction. According to the absorption edge position and
the XPS results, we can exclude the contribution arising
from Fe** and conclude that this shift may be related to
oxygen ligation. The lack of change in the oxidation state of
iron further proves that the reaction of ferrocene with HY
zeolite is only a grafting reaction rather than a redox reac-
tion.

The shoulder B (see Figure 4) located on the adsorption
edge is assigned to a “shape” resonance in the continuum of
states whose resolution is quite sensitive to small variations
of the metal-carbon bond length.®®! It is noteworthy that
the intensity of this shoulder is higher for the grafted sample
than for ferrocene and its resolution improves accordingly,
which indicates that the Fe—C bond length increases after
the reaction. This is in agreement with the EXAFS analyti-
cal results below.

The Fe K-edge K’-weighted EXAFS spectra of the graft-
ed sample and Cp,Fe/HY, together with that of ferrocene as
reference, are shown in Figure 5 and Table 1. All Fourier
transform (FT) values are uncorrected for phase shifts. The
FT of the ferrocene precursor serves as a standard to esti-
mate relative changes between the samples. It can be seen
from Figure 5 that the first peak in the FT is shifted to a
higher radial distance for the grafted sample relative to the
ferrocene spectrum. This shift in the first-shell peak distance
indicates a change in the first-shell carbon distance (Fe—C)
from 2.06 A in ferrocene to 2.09 A in the grafted sample.
The first peak at about 1.7 A (uncorrected), which is pre-
sumably due to the Fe—C shell from FeCsH,, was back-fil-
tered through a range of 1.1-2.1 A, although this gave only
a poor fit. However, if an Fe—O shell is also considered to
be present an acceptable fit can be achieved with an Fe—C
distance of 2.09 A and an Fe—O distance of 2.0 A. Analysis
of the Fe-K edge EXAFS data of the grafted sample gives a
first coordination sphere of three O atoms at 2.0 A and five
C atoms at 2.09 A. Despite the similarity of O and C phase-
shifts, attempts to fit an O shell at 2.09 A together with a C
shell at 2.00 A result in significantly increased refinement
(R) factors and unacceptable Debye-Waller factors for
these two shells. Although the quality of the data certainly
limits the precision of this distant shell, the Fe—O distance is
similar to those observed in iron(III) acetylacetonate
(1.99 A)P and C,HFe(CO);-SO,-BF, (2.00 A).*' The Fe—C
distance lies between those of ferrocene (2.06 A) and Fe-
alkene (2.14-2.16 A),"? and is close to that of tricarbonyl
tetraphenylacetylcyclobutadieneiron ~ (2.08 A).*¥l  The
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Figure 5. The Fe K-edge K’-weighted EXAFS spectra of: a) Cp,Fe,
b) Cp,Fe/HY, and c) the grafted sample. The insert shows the experimen-
tal and fitted K>-weighted scattering functions.

EXAFS results thus strongly support the presence of a mon-
onuclear (=Si-O-Al(OSi)=);Fe-CsH, surface species.

Ocxidation state of the surface iron complex: A comparison
of the XPS spectra of Cp,Fe/HY and the grafted HY sample
(Figure 6) shows that the peak positions and widths of
Fe2ps, are essentially the same, which suggests that the oxi-
dation state of ferrocene before and after the reaction does
not change. The binding energies of Fe2p;, and Fe2p,, are
709.6 and 723.0 eV, respectively, for the Cp,Fe/HY sample,
while the respective values for the grafted sample shift

1.054

Intensityx1 0/ a.u.

1.00

0.954

740 7é0 7é0 71|0 760
Binding energy / eV

Figure 6. XPS spectra of Cp2Fe/HY (a) and the grafted HY sample (b).
The solid lines correspond to the fitted lines.

toward high energy by 0.2 eV, which is clearly due to the
strong interaction of iron with the zeolite support. This is
strong evidence in support of the proposal that one cyclo-
pentadienyl group of ferrocene is replaced by the frame-
work oxygen atoms in the acid sites upon heating, which
would lead to the observed increase in the Fe2p;, binding
energy. Although the Fe2p;, binding energy in these two
samples is much higher than that of ferrocene (707.9 eV),
a broad shake-up satellite at about 715 eV, which is charac-
teristic of a Fe** species,® is clearly observed for these two
samples. The combined use of the main 2p;, line and its sat-
ellite, plus the spin-orbit splitting energy of 12.6 eV, provide
a reliable identification of Fe** and Fe’" species, thus indi-
cating that iron remains in the divalent state after the graft-
ing reaction.

Reactivity of the surface iron complex: Monitoring the
change of the surface iron species in the presence of CO at
ambient temperature by IR spectroscopy (Figure 7) showed
that the characteristic C—H and C=C vibrations in the
region 1300-1800 cm ™! are strongly affected, while the vibra-
tions in the region 2700-3300cm ™' remain almost un-
changed. The bands at 1493, 1471, and 1521 cm™! decrease
in intensity with increasing concentration of CO and a new
IR band, corresponding to the v(C=0) stretching mode, ap-
pears at 1707 cm™, the intensity of which increases with in-
creasing concentration of CO. The changes in the IR spectra
become clearer with increasing reaction temperature
(Figure 8). Thus, the v(C=0) stretching mode at 1707 cm™*

and the v(C=C) stretching

mode at 1640cm™' become

Table 1. EXAFS fit parameters used to characterize the grafted sample.! stronger and the bands at 1452,
Sample Shell CN R o AE, 1493, 1471, and 1521 cm™
[A] (Al (V] almost disappear, which indi-

Cp,Fe Fe=C 10.0 2.06 0.00036 1088 cates that the surface iron com-
CpaFe/HY Ez:g ;024 ;gg gggig 123 plex reacts with CO to form a
CpHFe/(0Z=), Fe—O 3.0 2.00 0.0090 1777  cyclopentadiene ligand contain-

[a] Notation: CN: coordination number; R: absorber-backscatter distance; 0% Debye—Waller factor relative to
that of the reference compound; AE,: inner potential correction. Approximate experimental uncertainties:

CN: £10%; R: £10%.
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ing a C=0 bond. This observa-
tion provides valuable informa-
tion for further identifying the
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Figure 7. IR spectra of the grafted sample upon treatment with CO at

room temperature: a) Pco)=0kPa; b) P =0.675kPa; c) P =
1.35kPa; d) P(co)=2.7 kPa; e) P(co)=4.05 kPa.
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Figure 8. IR spectra of the grafted sample upon treatment with CO at
high temperature: a) the grafted sample; b) P, =4.05 kPa at room tem-
perature; c) after reaction at 323 K for 3 h; d) after reaction at 353 K for
2 h; e) after reaction at 373 K for 2 h; f) after reaction at 373 K for 10 h.

surface species and its structure, and suggests the likely role
of the cyclopentadiene ligand as an intermediate in catalytic
addition or insertion reactions. This reaction also provides
evidence for the “molecular nature” of iron-catalyzed [4+1]
addition or CO insertion reactions.

Discussion

Synthesis and structure of the surface Fe-(n*-CsHg) complex:
The size of the supercage in zeolite Y, which contains 12-
ring windows of approximately 75A and a diameter of
12.5 A, is more than that of ferrocene, which has a kinetic
diameter of 4.862x5.170 A2'™ Ferrocene molecules can
therefore enter into the supercages of HY zeolite by inter-
nal diffusion and become physisorbed on the acidic sites at
room temperature. The IR spectrum (Figure 1c) of this
compound indicates that the adsorbed Cp,Fe remains intact
and is not oxidized to ferricenium cation (Cp,Fe™) under
vacuum. The easy removal of the adsorbed Cp,Fe under dy-
namic vacuum at 298 K also supports this conclusion. Ad-
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sorption of Cp,Fe on deuterated Y zeolite (see Figure S1b
in the Supporting Information) gives a compound that
shows a weak IR band at 2300 cm ™!, which corresponds to
the C—D stretching vibration and indicates that exchange of
the H atoms on the cyclopentadienyl rings of ferrocene for
H or D occurs in the supercages. This is in good agreement
with earlier reports on the chemistry of Cp,Fe in Y zeoli-
te l170]

Ferrocene does not decompose thermally below 743 K,
and even catalytic hydrogenation of the ferrocene molecule
over platinum appears to be unsuccessful.*® This high stabil-
ity is due to its unique molecular structure and bonding.
However, although ferrocene is stable in air, it is easily oxi-
dized to the ferricenium cation Cp,Fe* in solution,*”! and
even Cp,Fe adsorbed on NaY, HY, and MCM-41 can be oxi-
dized to Cp,Fe* by oxygen at room temperature.’**! Ozin
et al.'’™ have suggested that the ferrocene adsorbed onto Y-
type zeolite under vacuum conditions at ambient tempera-
ture could transform into Cp,Fe™ upon transfer of a proton
in the supercages to the cyclopentadienyl ring of ferrocene,
followed by interaction with another Bronsted acid site to
lead to the formation of H,O. This is inconsistent with our
observations in vacuo at room temperature. The reason for
this discrepancy is unknown.

Heating Cp,Fe/HY at 423 K for 45 h results in striking
changes in the IR spectra (Figure 1f). The appearance of
several strong IR bands in the region 1400-1700 cm™' is a
strong indication of changes in the structure of ferrocene
and suggests the formation of a novel surface iron complex.
The structure of this surface complex is indicated by the ele-
mental analysis and its spectral and chemical properties. It is
not difficult to assign the absorptions in the infrared spectra
at 1491, 1471, and 1452 cm™ unambiguously. Thus, the
medium band at 1471 cm™' is in good agreement with that
of the compound cyclopentadieneiron tricarbonyl despite
the difference in the absorption bands in the region 2800-
3000 cm .Y In addition, similar absorption bands appear at
1492 and 1462 cm™ in a Rh(n*-C;Hs), complex grafted on
silica.®!! The IR bands at 1491 and 1471 cm ' can therefore
be assigned to 6(CH,), while the low frequency C—H
stretching mode at 1452 cm ™' may be attributed to a methyl-
ene H, interaction with the iron atom or the framework
oxygen atom of HY. This splitting of the 6(CH,) mode into
three IR bands probably originates from an iron-cation-in-
duced dipole polarization in cyclopentadiene, which would
affect the cyclopentadiene vibration modes observed in the
IR spectra. In addition, these CH, bands possibly contain a
contribution from dimers of cyclopentadiene, which are
easily formed in a Diels—Alder reaction, adsorbed chemical-
ly on the zeolite surface. This possibility cannot be com-
pletely excluded from the IR results alone because this
dimer also contains methylene groups. Cyclopentadiene can
spontaneously dimerize to dicyclopentadiene in a Diels—
Alder reaction even at room temperature, and the rate of
this dimerization increases with temperature. The dimeriza-
tion of cyclopentadiene is a thermodynamically reversible
reaction, therefore if the temperature is raised to about the
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boiling point of dicyclopentadiene (443 K), the reaction is
reversed and the dimer is reconverted into the monomer.*?!
The grafting reaction in this study was carried out at 423 K,
which is close to the boiling point of dicyclopentadiene, and
was followed by treatment under dynamic vacuum at 423 K.
It is therefore clear that the amount of dicyclopentadiene
remaining on the surface of the
Y zeolite should be very low
since the majority will have
cracked to form cycloalkanes,
which are detected by GC-MS,
or have reconverted into the
monomer. However, according
to the EXAFS and element
analysis results, the surface or-
ganic species coordinated to
iron is not a dicyclopentadiene.
The reactivity of the surface
species towards oxygen strongly
supports this conclusion due to the easy oxidation of the
ligand under an atmosphere of oxygen. As shown in Figur-
es S4 and S5 in the Supporting Information, the surface spe-
cies can be easily oxidized by oxygen at 323 K. This behav-
ior is very similar to that of cyclopentadiene, whereas dicy-
clopentadiene is very stable towards oxygen.[*?! The reactivi-
ty of the organic species towards CO is also powerful evi-
dence for the above deduction.

The EXAFS fitting results show five C and three O scat-
tering atoms around the iron absorber for the grafted
sample. However, this does not accurately reflect the actual
number of C atoms coordinated to iron (four or five), and
hence it is very difficult to distinguish between cyclopenta-
dienyl and cyclopentadiene only by means of the EXAFS
data. Characterization of the surface complex by 'H and *C
solid-state NMR spectroscopy does not give any useful in-
formation due to the strong paramagnetic interference from
iron. However, the reactivity of the surface species with CO
further indicates that the surface organic group is a cyclo-
pentadiene molecule as this type of reactivity was not ob-
served for the CpFe complex anchored to the surface of
silica reported by Spoto et al.! It is therefore clear that the
surface organic group is a cyclopentadiene rather than a cy-
clopentadienyl ligand.

The analogous surface complexes (=SiO);Ti(n’>-CsHs) and
1’-CpFe(OZ=), 5 (Z = Si, or Al) have been reported in the
literature by grafting Cp,TiCl, to MCM-41 and anchoring
[CpFe(CO),], to HY, respectively at 373-473 K.['***] The
calculated structures of this (=SiO),Ti(n’-CsH;) intermediate
were not, however, in agreement with the experimental
EXAFS structure, and force field calculations suggested that
the cyclopentadienyl ring is not exactly n’-bonded to Ti due
to steric interactions of the ring with nearby silanols.*”! As
for HY zeolite as support, the stronger interaction of the
acidic hydroxy groups in the cavities as electron acceptor
with the cyclopentadienyl ring may result in the transfer of
a proton to the ring. The presence of methylene bands in
the IR spectra strongly supports the above deduction. The

Cp,Fe + HY
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species on the surface of HY zeolite can therefore be infer-
red to be cyclopentadiene—iron rather than cyclopentadienyl-
iron.

On the basis of the evidence discussed above, the reaction
of Cp,Fe on HY zeolite can be understood as occurring as
follows (Scheme 1). The precursor ferrocene is first ad-

Dmproportlouatmn C;Hg, CH,, carbon deposits -
oligmerization,
3 cracking,
%, isomerization
K

[Cpn]

'/,
‘%,
1
[¢]

=,
L
-z

\ . reactlon /
1/51\ 423K s si

Scheme 1. Proposed pathway for the grafting reaction between ferrocene and HY zeolite.

sorbed at two acidic hydroxy sites and the bridging oxygen
of the =Si-O-Si= unit at room temperature. This is followed
by a grafting reaction upon heating at 423 K, which leads to
the loss of one cyclopentadiene moiety by an addition reac-
tion of ferrocene with acidic protons to form a cyclopenta-
diene ligand n*-coordinated to iron. The CpHFe moiety is
anchored to two acid sites and one =Si-O-Si= unit. Howev-
er, we were only able to detect cyclopentene, cyclopentane,
and carbon deposits during the grafted reaction rather than
cyclopentadiene itself. This can be explained by dispropor-
tionation, oligomerization, and cracking of the newly
formed cyclopentadiene and subsequent isomerization cata-
lyzed by the acid sites of the zeolite. It is well known that
cyclopentadiene is a very unstable unsaturated cyclohydro-
carbon that can disproportionate into cyclopentene and then
further into cyclopentane, cyclopentadiene, and polycyclic
hydrocarbons in an acid-catalyzed process.* It can also
polymerize in a Diels—Alder reaction into a dimer or poly-
mer,*! which are then cracked into cyclopentene and cyclo-
pentane at the acid sites. To further elucidate how these cy-
cloalkanes are formed we performed an experiment involv-
ing desorption of cyclopentadiene adsorbed on HY zeolite
in an He flow. The results showed that a large amount of cy-
clopentane and cyclopentene are formed at a temperature
of about 450 K (see Figure S6 in the Supporting Informa-
tion) along with small deposits of carbon®') and a small
amount of low molecular weight hydrocarbons such as
methane, ethane, and propane, although these small hydro-
carbons are not obtained during the grafting reaction. This
difference is probably related to the amounts of cyclopenta-
diene present and the different surface states of zeolite HY
before and after modification. These results strongly support
the above deduction.

The grafted complex is represented as [(CpH)Fe(OZ=);],
where OZ is an =Si-O-Al(OSi)= unit in the zeolite frame-
work. This is a 16-electron complex as the OZ group can be
considered as a two-electron donor formally analogous, for
example, to  CpHFe(CO);, (CH,)Fe(CO);, and
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(CoH . Fe(CO)5),.* A schematic representation of the
grafted cyclopentadiene—iron complex is shown in Figure 9.

@ 0 atom
) Hatom

Figure 9. A schematic representation of the grafted iron cyclopentadiene
complex.

Reactivity and uniformity of the surface [(=Si-O-Al(OSi)=);-
Fe—(1*-CsHg)] complex: HY zeolite dehydrated at 673 K
contains three kinds of isolated OH groups, as shown by the
OH stretching region of the IR spectrum. Consequently, the
grafting reaction of ferrocene with acidic OH groups in the
supercages of HY zeolite is close to an intermolecular reac-
tion, as shown by the EXAFS results presented above,
which demonstrate that the surface iron complex formed on
Y zeolite remains mononuclear and does not undergo aggre-
gation.

According to the 18-electron rule, this cyclopentadiene—
iron surface complex should be unstable due to its unsatu-
rated coordination, which means that it can coordinate with
strong donors such as CO. Interestingly, upon addition of
CO at room temperature, an unexpected IR band at
1707 cm™! corresponding to a C=0 bond is clearly observed.
This observation, in combination with the disappearance of
the band at 1491 cm™' due to the CH, group and the ab-
sence of carbonyl bands in the region 1800-2100 cm ', indi-
cates that CO does not bond to the iron atom of the surface
iron species but probably inserts into the C—H bond of the
CH, group to form a formylcyclopentadiene (CsH;CHO).
To clarify the actual molecular structure formed, a TPD-MS
investigation of this species was carried out. No CsHsCHO
fragment is detected due to the facile thermal decomposi-
tion of C;H;CHO to form cyclopentadienyl radical and
CHO™! (see Figure S7 in the Supporting Information);
other fragments of CsH;CHO, such as C;Hs, CO’, C,H,O,
and CsH;0O", can, however, be detected. Additionally, the C=
O absorption band of some ferrocene derivatives with
CpCHO, such as formylcyclopentadienyl(cyclopentadieny-

Chem. Eur. J. 2007, 13, 7890-7899
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Diron (CpFe(CpCHO)) and formylferrocene, is also similar
to that in our sample,*” which suggests that the reaction of
cyclopentadiene-iron with CO may result in the formation
of C;H;CHO. The direct synthesis of CsGH;CHO by the reac-
tion of cyclopentadiene with CO has not yet been reported,
although in a special environment, such as the surface of a
zeolite, it is possible that a C;H;CHO species, like the cyclo-
pentadiene-iron species, can form and coordinate to the iron
atom. The role of iron seems be significant for this reaction.
As shown in the IR spectra above (Figure 1), the strong in-
teraction between iron and the active CH, group of cyclo-
pentadiene weakens the C—H bond of the CH, group, which
leads to splitting of the 6(CH,) band, and means that CO
can easily insert into the C—H bond to form an aldehyde.
This results in the disappearance of the band at 1491 cm™!
corresponding to one of the vibrational modes of the CH,
group. This insertion reaction is similar to the thermally
mediated insertion of CO into vinylcyclopropanes in the
presence of Fe(CO)s.P The single carbonyl band is evi-
dence for the near uniformity of the grafted iron species on
the surface of the zeolite.

The surface iron complex is quite stable in vacuo or under
an inert or hydrogen atmosphere below 473 K, and even
under oxygen at room temperature. However, this organic
ligand is easily oxidized at 323 K under oxygen, as shown by
the remarkable change in the IR spectra (see Figures S4
and S5 in the Supporting Information). This thermal and
chemical stability under these special conditions provides
the surface iron complex a possibility of application. It is
possible that the cyclopentadiene—iron complex could serve
as a catalyst for the addition and insertion of cyclopenta-
diene or other dienes, a precursor of single-site iron oxide
catalyst, or as a catalytic intermediate in catalytic [4+1] cy-
cloaddition and iron-catalyzed Diels—Alder reactions.””
Thus, a preliminary catalytic experiment has shown that
iron-grafted Y zeolite prepared by removal of the surface
cyclopentadiene ligand under O, is a good catalyst for the
oxidation of alkenes. For example, it can rapidly oxidize
propylene to CO, and CO at a low temperature of 393 K, as
shown in Figure S7 in the Supporting Information). A study
of the catalytic behavior of the cyclopentadiene—iron com-
plex is currently in progress.

Conclusions

The acidic hydroxy groups in the supercages of HY zeolite
can react with ferrocene at 423 K to form a surface [(=Si-O-
Al(OSi)=);Fe(CsHy)] complex that is quite stable in vacuo
or under an inert or hydrogen atmosphere below 473 K, and
even under oxygen at room temperature. The XPS results
indicate that iron is present in the divalent state after the
grafting reaction, and the EXAFS data demonstrate that the
grafted iron complex is mononuclear with each iron atom
bonded, on average, to three oxygen atoms from the HY
zeolite framework, with an Fe—O distance of 2.00 A, and to
five carbon atoms, with an Fe—C distance of 2.09 A. The IR
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spectra show that the species on the surface of HY zeolite is
a cyclopentadiene—iron rather than a cyclopentadienyliron
complex and that the cyclopentadiene ligand is easily oxi-
dized under oxygen at a temperature of only 323 K. Reac-
tion of the cyclopentadiene ligand with CO at room temper-
ature provides possible evidence for the “molecular nature”
of the iron-catalyzed [4+ 1] addition and insertion reactions.

Experimental Section

NH4Y zeolite, with a BET surface area of about 700 m?’g~!, was pur-
chased from Alfa Aesar. Its SiO,/Al,O; ratio is equal to 5.1. Ferrocene
(CoHyoFe, 98 %) was purchased from ACROS and purified by sublima-
tion under vacuum prior to use. The Fe/Y sample used as XANES refer-
ence was obtained by calcination of the grafted sample at 773 K for 4 h.

Grafting reaction: The reaction of HY zeolite with ferrocene was per-
formed in glassware connected to a vacuum line. The NH,Y zeolite was
first treated under flowing oxygen at 793 K for 20 h and then under
vacuum (3x 107 Torr) at 673 K for 3 h. This treatment removed all nitro-
gen from the solid (as indicated by IR spectroscopy) without destroying
the structure (as checked by XRD) and the zeolite could be considered
as a pure HY sample. DY zeolite was prepared by the exchange of HY
zeolite dehydrated under vacuum at 373 K with D,O.

After the mixture was cooled to room temperature, ferrocene was intro-
duced onto the zeolite by sublimation. The system was then kept at
423 K for about 50 h to ensure complete reaction. The resultant solid was
heated at the same temperature for 5 h under dynamic vacuum to elimi-
nate physisorbed species, and was then sealed in a under vacuum in a
glass tube. The grafting reaction of DY with ferrocene followed the same
procedure.

Interactions of the surface species with CO and O,: Reaction of the
grafted sample with CO was performed in a closed home-made reaction
cell with CaF, windows. After the grafting reaction and removal of the
physisorbed species, highly pure CO or O, (99.999 %) was injected into
the reactor with a syringe. The reaction of the grafted sample with CO
was monitored by IR spectroscopy.

Oxidation of propylene over iron-grafted Y zeolite: IR studies on the ox-
idation of propylene over Fe/Y zeolite were performed with a Nicolet
670 FT-IR spectrometer. The experiments were carried out in situ in a re-
action cell equipped with two CaF, windows that are transparent in the
IR region studied. Catalyst loading was 0.1 g. Propylene and oxygen were
injected into the reactor in a 1:4.5 molar ratio with a syringe. The prog-
ress of the reaction was monitored by IR spectroscopy.

Structural characterization: X-ray photoelectron spectra (XPS) were
measured with a Quantum 2000 spectrometer with monochromated Alg,
irradiation (hv=1486.6 ¢V). A sheet sample sealed in a glass tube was
transferred and mounted on sample stubs with conductive carbon tape in
a glove box. It was then cleaned by argon ion bombardment (1 kV) and
spectra were recorded after 10-A etching.

Temperature-programmed decomposition (TPD) and reduction (TPR)
experiments were performed with an Autochem 2910 automatic catalyst
characterization system equipped with an Omnistar GSD 30103 mass
spectrometer. The sample loading was 0.2 g. The flow rate of the support-
ing gas (highly pure He (5N) for the TPD experiment and H,/He (10%)
for the TPR experiment) was 30 mLmin~' and the heating rate was
5 Kmin™.

X-ray absorption spectra (Fe K-edge at 7.112 keV) were measured at the
U7c station beam line of the Hefei Synchrotron Radiation Laboratory
(NSRL, China) with stored electron energy of 0.8 GeV and ring currents
of between 80 and 250 mA. The radiation was monochromated by using
an Si(111) double-crystal monochromator in all cases. Data for the graft-
ed sample and ferrocene absorbed on HY zeolite were collected in fluo-
rescence mode at room temperature, while the data for ferrocene were
recorded in transmission mode at room temperature with a sampling step
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of about 1.5eV for XANES and 3.0 eV for EXAFS. The intensities of
the incident and transmitted beams were monitored using two pure N-
and 50% argon-doped N,-filled ionization chambers, respectively. The
energies of the samples were calibrated against an internal Fe foil stan-
dard by assigning the first inflection point to 7111.2 eV. The energy reso-
lution was 0.3 eV.

Data treatment was carried out using the WinXAS 2.0 software package.
A linear polynomial was fitted to the pre-edge region and a third-order
polynomial to the post-edge region for background subtraction and
XANES normalization, respectively. The radical structural function
(RSF) FT [k*x(k)] was obtained by Fourier transformation of the K-
weighted experimental function x(k) = (u(k)—po(k))/ue(k) multiplied by a
Gauss window in the range 2.6-13.4 A~'. The Fourier-filtered data were
fitted in R-space in the range 1-2 A. Phase shifts and backscattering am-
plitudes extracted from the reference material a-Fe,O; (Fe—O) and ferro-
cene (Fe—C) were used to fit the EXAFS data to obtain the structural
parameters of the complexes, including interatomic distances (R), coordi-
nation numbers (CN), Debye-Waller factors (Ac®), and edge energy
shifts (AE,). The validity of each fit was checked by fitting the K>-weight-
ed spectra in k-space, and the quality of each fit was estimated from the
values of the variances of the imaginary and absolute parts of the FT.
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