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Abstract

Several well-defined diiron siloxide complexes have been synthesized, isolated, characterized, and used as molecular precursors for tl
grafting of well-defined isolated iron species on the surface of mesoporous silica SBA-15. The precursors have bridging siloxide ligands, &
diamine linker, or au—oxo diiron core, and their binuclear structures have been confirmed by elemental analysis, solution molecular weight
measurements, and nuclear magnetic resonance spectroscopy. All precursors react with SBA-15 to immobilize the iron centers and produs
silanol; the various stoichiometries and structural implications of these grafting reactions are discussed. Calcination of the grafted iron
complexes yields materials largely devoid of organic components, and these calcined catalysts are active in the oxidation of hydrocarbon
by hydrogen peroxide. The catalytic activities and selectivities of these materials are compared with each other and with those of othel
Fe/SiQ catalysts. Issues including iron-loading dependence and grafting conditions are discussed. Characterization of the catalysts b
diffuse—reflectance ultraviolet—visible, X-band electron paramagnetic resonance, Méssbauer, and extended X-ray absorption fine structu
spectroscopies indicates that although the diiron structures of the precursors are usually maintained during the initial grafting process
calcination results in their conversion to monoiron centers on the support. This theory is also consistent with the generally similar catalytic
behaviors of materials prepared from diiron and monoiron precursors. The implications of these findings for the generality of molecular
precursor techniques are discussed.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction catalysts’ active &” sites remains a subject of vigorous de-
bate; reports have proposed that the catalysis may occur at

Iron centers supported on inorganic oxides constitute an:onoirqn clentersfg]k,‘.diikr]on Sitfs[d']' or evenhlarger.iron
promising class of catalysts for the selective oxidation of Clustersisolated withinthe zeolite matf&. Both monoiron
hydrocarbons. Most prominently, iron-exchanged zeolites and d.uron sites feature prominently in b|olog|.cal QX|§jat|on
(Fe-ZSM-5) have proven to be uniquely effective catalysts chemistry[6—-15], the development of synthetic mimics of

for the monohydroxylation of benzene by® under rela- iron-based oxidation enzymes for use as models and oxida-
tively mild conditions[1,2]. To date, the structure of these

tion catalysts has been a subject of intense study for decades
[16—24] As such, the synthesis of related iron species in the

context of a heterogeneous catalyst presents unique opportu-
" Corresponding author. nities both to investigate diiron centers from a new perspec-
E-mail address: tdtilley@berkeley.ed(T.D. Tilley). tive and to apply our knowledge of solution-phase systems
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to the understanding and improvement of the heterogeneous One such method is the use of molecular precursors,
catalysts. wherein carefully designed metal complexes are introduced
Many questions remain regarding fundamental character-to the support under conditions in which they retain their
istics of Fe-zeolite catalytic systems. A large body of knowl- original structure. There is growing evidence that this tech-
edge regarding these catalysts has been compiled over manyique can be useful in the controlled preparation of well-
years of theoreticgdR5,26], spectroscopif27—-35]} and mi- defined inorganic material$3-58] We recently reported
croscopid29,35]investigations of these materials, but these the application of such an approach to the preparation of
studies have yet to forge a consensus regarding the strucstrictly isolated monoiron centers on mesoporous silica
ture of the active catalyst. Findings from extended X-ray SBA-15[59] (chosen for its large pores and relatively sim-
absorption fine structure (EXAF$36,37] and Mossbauer  ple surface structurg)60]. Introduction of the bulky iron
[27,31,34,38-40kpectroscopies have suggested the pres-siloxide complex (THF)Fe[OSi(Bu)s]s (1a) to a hydrox-
ence of both monoiron and diiron centers, and some studiesylic support results in the attachment of iron atoms to the
have even demonstrated correlations between catalytic activ-surface through the formation of new Fe—O bonds (and con-
ity and specific spectroscopic featufdd]. X-band electron comitant liberation of silanol)§cheme L Subsequent cal-
paramagnetic resonance (EPR) spectrosd@®41] and cination yields an inorganic catalyst active in the oxidation
transmission electron microscof9,42]have been usedto  of hydrocarbons by hydrogen peroxide. Initial spectroscopic
follow the state of iron over the course of activation proce- investigations and more recent EXAFS studjé&] have
dures, and the extra-framework iron (rather than framework demonstrated that the iron centers are isolated. This struc-
iron or bulk iron oxide) have been identified as being cru- tural feature can be credited both to the bulky structure of
cial to catalytic activity. Nonetheless, conflicting results have the precursor and to the clean, mild, nonaqueous conditions
frustrated the development of any widespread agreement re-of its grafting. Formation of isolated iron centers in this
garding the specific structure of the active site. system is an outcome that stands in marked contrast to the re-
A major obstacle to the unambiguous characterization of sults of conventional impregnation conducted at similar iron
supported iron centers lies in the limitations of the methods loadings; materials prepared by the latter route contain sub-
conventionally used in their syntheses. Common approachesstantial amounts of bulk iron oxidé3—46] as do all known
offer little rational control over the molecular detail of a Fe/SiQ materials subjected to high-temperature steaming
material’'s structure, and thus no means of independently[38,62,63] Thus, the molecular precursor approach affords
preparing and investigating proposed active structures. Irona material with an iron distribution subject to kinetic con-
is generally introduced to inorganic oxides as a simple inor- trol and permits tuning of the local iron structure through
ganic salf43-46] either during support synthesis or there- precursor design.
after, and the active catalyst is prepared by subjecting the As an extension of our work on isolated monoiron cat-
resulting material to steaming at high temperat{&@7]. alysts, we sought to prepare and graft diiron precursors to
Many studies have demonstrated the importance of this ac-investigate the stability and oxidation activity of isolated di-
tivation process, but it appears to serve chiefly to facili- iron centers on oxide surfaceg—Oxo diiron centers are
tate adoption of the most thermodynamically favorable iron also ubiquitous in homogeneous oxidation systems of both
distribution [28,31,34,35,42] These methods thus offer no  biological [7,9,10] and synthetid64,65] origin. Herein we
means by which to control the specific structure of the iron report the results of efforts to support diiron centers on meso-
sites, and thus no opportunity to systematically compare porous silica using the molecular precursor technique, and
the reactivities of the different structures proposed as activethe catalytic behavior of the resulting materials.
sites. Current methods also generally require the use of rel-
atively low loading regimes to guarantee site isola{i8],
which has been demonstrated to be a key to activity in many 2. Experimental
catalytic systemft9-52] By overcoming these limitations,
new methods allowing for the direct control of active site 2.1. General procedures
structure at the molecular level would pave the way for use-
ful investigations and the rational preparation of improved  Unless otherwise indicated, all procedures were carried
materials. out under nitrogen atmosphere using standard Schlenk tech-
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niques and/or an inert-atmosphere glovebox. All solvents multiplied byk2 and then Fourier-transformed without phase
and liquid reagents were purified and distilled according correction.
to standard procedures. Other materials were purchased Madossbauer spectra were measured at 77 K on a constant-
from commercial suppliers and used as received, exceptacceleration spectrometer that used a room-temperature
for Fe[N(SiMe)2]2 [66], HOSi(GBu)z [67], ((BuO)%SiONa rhodium matrix cobalt 57 source and was calibrated at room
[68], [(*BuO)SiOsFe(THF) [60], [ClaFeOFeC][NEt4]» temperature withe-iron foil. The estimated absolute errors,
[69], and SBA-15[59], which were prepared according to unless otherwise indicated, at€.01 mnys for the isomer
published procedures. shifts anct-0.02 mny's for the quadrupole splittings and line
Surface area measurements were performed by the BETwidths. All spectral absorbers were prepared and manipu-
method as implemented by a Quantachrome surface aredated in an inert atmosphere. The absorbers were placed,
analyzer. SBA-15 surface hydroxyl group densities were Under nitrogen, in the vacuum chamber of a liquid nitro-
measured by nuclear magnetic resonance (NMR) analysisd€n cryostat that was subsequently evacuated and cooled to
of the deprotonation of SBA-15 by MgB@HF), [70], 7T K. ThL_Js the sgmples were protected by a vacuum at all
and also by thermogravimetric analysis (TGML]; re-  times during acquisition of the spectra.
ported values correspond to an average of these two re- 1 hermal analysis was conducted using a Dont model
sults, which always agreed to within 15%. Solution mole- 2000 TGA/DSC system. Gas chromatography (GC) was per-
cular weight measurements were conducted by the Signerfomed with an Agilent 6890 series GC system using an
method[72,73]} All NMR experiments were conducted us- -1 methylsiloxane capillary column (50 m320 pmx

ing ferrocene as an internal standard. Elemental analysesl'?js(;lm nomlrltal), n;tegra;or:jws:ﬂpRerforn:ed relative to an
were performed at the microanalytical facility in the Col- n-godécane Internal standard. spectroscopy was per-

lege of Chemistry, University of California Berkeley (C, H, formed at ambient temperature using a Bruker AMX 400

N) or at Galbraith Analytics (Fe). Diffuse—reflectance UV— spectrometer (400 MHz).
visible spectra were recorded using a Varian-Cary 14 spec-
trophotometer equipped with a Harrick diffuse-reflectance
attachment. MgO was used as a reference. EPR Spectroscopy 5 1 {Fe[ OSI(0'BU)3] 2}» (2, Eq. (1))
was performed under nitrogen at ambient temperature using

a Bruker EMX spectrometer. Infrared spectra were recorded FEN(SiMe3)2 ]2 + (‘BuO)3SiOH

2.2. Precursors syntheses

on a Mattson Instruments Galaxy 3000 Fourier transform Si(0'Bu)3
spectrometer. /O
Fe K -edge XAS measurements (EXAFS spectra) for all 38K AN (tgyO)5SIO-Fe A Fe—O%D'Bu)3 (1)
the samples were performed at beamline 6-2 of the Stan- hexane \O/
ford Synchrotron Radiation Laboratory (SSRL) and beam- Si(O'Bu)3
line X11A of the National Synchrotron Light Source (NSLS) 2

in a transmission mode. Both beamlines were equipped with
a Si(111) double-crystal monochromator. Iron metal foil
(7 um) was used to calibrate the X-ray energy. Each sam-
ple was pressed as a rectangular wafed30< 1.86 cm,

A Schlenk tube was charged with Fe[N(Sidjg» (1.8 g,
4.8 mmol), HOSIi(®Bu); (2.65 g, 10.0 mmol), hexane
(50 mL), and a teflon-coated stirbar. The resulting yellow-

ith the thick d di th tof | q green solution was stirred at 333 K for 1 h, during which
wi € thickness depending on the amount of Sample use )the color of the solution bleached to pale brown. The solvent

and then loaded into a specially designed sample holder forWaS then removed in vacuo, and the residual silanol was
XAS measurements. Appropriate amounts of samples Wereyo e by sublimation at 343 K under dynamic vacuum.
used (typically 5-10 mg for standards and 80-100 mg for 1o remaining off-white solid was then crystallized from
supported iron materials) based on a calculated absorptlonpentane (5 mL) at 193 K to yield blocky off-white crystals
length (ump-x) of 2. The sample holder was put under vac- 4 5 (2,25 g, 80% yield). Thorough removal of free silanol
uum (10°° Torr) before each measurement. During the mea- a5 critical to successful crystallization of the proddét.
surements, the sample holder was kept at 77 K (liquid nitro- \pvR (benzeneds, 295 K): 5.21 (br, 9H)—11.23 (br, 9H)

gen temperature) to minimize the thermal noise. Intensities nnm_ |R (Nujol, cntl): 1365 (m), 1243 (m), 1190 (m),

of the beam were measured over a 900-eV range. loniza-1gg5 (s), 1027 (w), 972 (m), 828 (w). mp 450-452 K
tion chambers (W filled) were used to measure the incident (dec.). Anal. Calcd for GgH10sFe016Sia: C, 49.5; H, 9.34.

(l0) and sample transmittedi( fluxes. Between three and  Found: C, 49.7; H, 9.50. Solution molecular weight calcd for
five scans were taken for each sample to further improve C,gH;0sFe,016Sis: 1164. Found: 1140.

the signal-to-noise ratio. Normalization and extraction of the

EXAFS data were done with the aid of IFEFFIT integrated 2.2.2. Fe[ OS(0O'Bu)z]3(Et,0) (1b)

program. All spectra were transformed with a Hanning win- A glass bomb was charged with anhydrous Re01230

dow function using a windowsill (dk) of 1 Al centered on g, 1.42 mmol), NaOSi(tBu)sz (1.22 g, 4.26 mmol), diethyl-
the chosen nodal position. The scattering functigh) was ether (50 mL) and a stirbar. The heterogeneous mixture was
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stirred at 348 K for 48 h, after which it was pale brown in
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5 mL in vacuo, and crystallization of this solution-a193 K

appearance. The volatile materials were removed in vacuo,yielded4 as yellow orange crystals (0.71 g, 47% yieltil

and the resulting off-white solid was extracted into pen-
tane (20 mL). Crystallization from pentane (5 mL) at 243 K
yielded 1b as very pale green blocks (0.53 g, 40% yield).
Mp 411-412 K (dec.). Anal. Calcd for4&Hg1FeO13Si3: C,
52.2; H9.97. Found: C, 52.0; H, 9.87.

2.2.3.
[(‘BuO)3S O] 3Fe(NMe,CoHsNMez)Fel OSI(O'Bu)s] 3
(3a, Eq. (2))
295K 3h
_

toluene

[('Bu0)3SiO]3Fe(OEbL) + MeaN(CHy),NMe;

la
Mes
[('BuO)3SiOjsFe-N""N-FqOSi('Bu)3]3 2)
Mes
3a

In a typical experiment, a Schlenk tube was charged with
1b (0.24 g, 0.26 mmol), toluene (10 mL), and a stirbar. A tol-
uene solution of N,N,N’,N’-tetramethyl-ethylenediamine
(20 pL, 0.13 mmol) was then added dropwise while stir-
ring, resulting in immediate bleaching of the pale yellow
solution to colorless. The volatile materials were removed
in vacuo, and the resulting pale solid was crystallized from
pentane (3 mL) at 243 K to affor8a as off-white plates
(0.21 g, 89%)IH NMR (benzenefs, 295 K): no signal ob-
served. IR (Nujol, cm?): 1364 (m), 1243 (m), 1194 (m),
1054 (s), 1024 (w), 979 (s), 827 (w). Mp 493 K (dec.).
Anal. Calcd for GgH17g024N2F&Sig: C, 51.80; H, 9.92; N,
1.59. Found: C, 51.86; H, 10.05; N, 1.55. Solution molecular
weight Calcd for GgH178024N2F&Sig:1806. Found: 1830.
[(*BuO)SiO]sFe(NMeCsHgNMez)Fe[OSi(GBu)3]3 (3b).
Anal. Calcd for GgH180024N2F&Sig: C, 52.06; H, 9.95; N,
1.54. Found: C, 52.09; H, 10.17; N, 1.60. Mp 483 K (dec.).
[(*BuO)%SiOsFe(NMeCqHgNMe,)Fe[OSi(GBu)s]3 (30).
Anal. Calcd for GoH182024N2F&Sis: C, 52.32; H, 9.98; N,
1.50. Found: C, 52.36; H, 10.16; N, 1.59. Mp 488-493 K
(dec.).

224, [ NEt4] 2{ [ (tBUO)gg O] 3FeOFe[ O] (OtBU)3] 3}

(4, Eq. (3))
[NEt]2[(Cl3Fe)20] + (‘BuO)sSiONa- =20

[NEts]2{[(‘BuO)3SiOl3Fe—O-FE0Si(O'BU)3]3
4

A Schlenk tube was charged with [FeOFeCEk][NEt4]2
(0.46 g, 0.77 mmol), NaOSi(Bu)s (1.32 g, 4.61 mmol),
and a stirbar, and THF (100 mL) was added with stirring.
The resulting suspension was stirred at 295 K for 20 h,
during which it took on a yellow color and a pale precipi-
tate formed. The volatile materials were removed in vacuo,

®3)

NMR (benzeneds, 295 K): no signal observed. IR (Nujol,
cm1): 1363 (m), 1240 (m), 1194 (m), 1050 (s), 1024 (w),
984 (s), 824 (m). Mp 462—-463 K (dec.). Anal. Calcd for
CggHo02FexN2025Sis: C, 53.69; H, 10.34; N, 1.42. Found:
C, 53.51; H, 10.28; N, 1.29. Solution molecular weight
Calcd for GgH202Fe2N20,Sis: 1969. Found: 1870.

2.3. Catalystsand catalysis

2.3.1. Catalyst preparation

Typically, 393 K-dried SBA-15 (0.40 g; 875 /g, 1.1
SiOH/nn?, 0.64 mmol SiOH) was suspended in hexane
(40 mL) by stirring for 2 h. The appropriate precursar (
0.062 g, 0.053 mmol) was then introduced as a hexane solu-
tion (10 mL), and stirring was continued for 20 h at 295 K.
The solid material was then collected by filtration, washed
with hexane (40 mL), and dried in vacuo to yield uncalcined
catalyst2-SBA 15,95 (425 mg, 95% vyield). Subsequently,
this material was calcined under oxygen (usually at 573 K
for 2 h after a 5-Kmin temperature ramping). The resulting
material @-SBA15573) was analyzed for surface area and C,
H, and Fe content. Catalysts were dried under vacuum at
150°C before use or characterization. Exposure to water va-
por did not affect the catalytic or spectroscopic properties of
catalysts, provided that the catalyst was subsequently dried
before use.

2.3.2. Catalysis

Typically, a 50-mL Schlenk flask was loaded with the cal-
cined, dried catalyst (40 mg), acetonitrile (5.0 mL), benzene
(2.0 mL, 22.4 mmol), and dodecane (20 pL, 0.21 mmol).
This mixture was stirred for several minutes at 333 K,
after which hydrogen peroxide (30%282(q), 0.41 mL,
4.0 mmol) was introduced. Aliquots (0.1 mL) were col-
lected, filtered, and analyzed by GC at regular intervals.
Toluene oxidation was conducted at 333 K using 22.4 mmol
of toluene; adamantane oxidation was performed at 333 K
using 5.6 mmol of substrate; and cyclohexane oxidation
was conducted at 298 K using 18.5 mmol of substrate and
0.021 mmol of dodecane. Catalytic results are listedlan
bles 2 and 4

3. Results
3.1. Catalyst preparation: grafting and calcination

Table 1lists the equivalents of HOSi{Bu); and isobuty-
lene released per dimer molecule during the grafting of
precursors?, 3, and4 by treating a hexane suspension of
SBA-15 with a hexane solution of the precursor. Monitor-
ing of these reactions byH NMR revealed that the nature

and the resulting orange solid was extracted with pentaneof the grafting reaction depended on the precursor inves-

(2 x 50 mL). The volume of the extract was reduced to

tigated. Grafting of precurso2 yielded 2 equivalents of
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Table 1
Characteristics of catalysts prepared by grafting at 295 K for®20 h
Entry Catalyst Surface area OH %Fe Fe Silanol CyHg %C %H
precursor (m2/g) (nm=2) (nm=2) Equiv/Fe Equiv/Fe (calc) (calc)
1b la 875 11 190 023 10 01 109 19
(11.4) 2.1
2 2 650 14 314 052 19 0 90 17
(8.1) (15
3 2 530 33 2.69 054 20 0.1 7.75 17
(6.93 1.3
4 2 650 14 124 019 19 0 343 089
(1.20) (3.55) (0.66)
5 3a 800 13 220 029 09 12 116 27
119 2.3
6 3a 660 38 2.01 0.32 1.0 13 129 24
(13.3) (2.5)
7° 3a 800 13 2.25 0.30 12 18 139 25
(15.0) (2.9
8 3a 825 14 121 016 10 12 882 21
(125 (9.02 (2.0)
9 3b 800 13 2.10 0.28 0.9 14 138 26
(14.1) 2.6)
10 3c 800 13 2.05 0.28 11 12 132 22
(13.6) (2.6)
11 4 800 14 195 026 10 12 128 27
(13.4) (2.8)
12 4 660 38 167 027 10 13 104 22
(114 (2.5
13 4 825 14 1.99 0.26 1.3 19 119 23
(135) (2.8
14 4 825 14 124 016 11 14 754 16
(1.30) (7.80) (1.6)

2 Samples were prepared at maximum iron loading (see text) unless a theoretical value is given in parentheses. All values in parentheses aasgatedicted b
on observed or intended stoichiometry. Values in italics are extrapolated from NMR observations rather than measured by microanalysis.

b Results taken from Ref60].

C Materials subjected to grafting conditions for 48 h, rather than 20 h.

HOSIi(JBu)s per dimer molecule, or 1 equivalent per iron ing, and thus that precursor bulk is likely to be effective in
center (entries 2—4). This reaction proceeded with a half-life separating individual precursor molecules on the surface. In
of 4-5 h, and was accompanied by no detectable productionall materials prepared below the maximum loadings, the Fe
of isobutylene or other byproducts. In contrast, both precur- content closely matched the intended stoichioméfaple 1,
sors3 and 4 reacted rapidly with an excess of SBA-15 t0  entries 4, 8, and 14), and grafting proceeded exactly as in

yield 1 equivalent of silanol per molecule within 1 h of mix-  those reactions involving more iron precursor than the sur-
ing. These reactions went on to afford 1-2 equivalents of {56 would support.

isobutylene, as well as small amounts of additional silanol
and'BuOH, over the subsequent 20 h (entries 5-14). In no
cases were any other products observed.

The carbon, hydrogen, and iron compositions of the
grafted material2—4-SBA 15595 were consistent with the

spectroscopic observations described earlier, with C and t 770 K. then dried und to vield materials with
H contents reduced under conditions that yielded more & » (hen dried under vacuum fo yield matenais wi

isobutylene. The upper limits of iron loading, probed by NYdroxyl group densities of 1.0-1.4 SiQhh? (as mea-
adding a large excess of molecular precursor and washingStred by both (THEMg(Bn); [70] and TGA[71]). When
extensively after grafting, varied significantly among the cat- this material was rehydroxylated in water (RT, 24 h) and
alysts. The iron(ll) precursa yielded 3.1% Fe incorpora- dried at 390 K under N silica featuring hydroxyl densities
tion, the TMEDA bridged precursda produced material ~ Of 3.3-3.8 SiOHnm? (and modestly lower surface areas)
composed of 2.2% Fe, and dianidrgave a material with ~ Was obtained74]. Grafting experiments using these hydrox-
1.9% Fe. These results correlate with the steric demands ofylated silica samples were indistinguishable (by NMR and
the various precursors, suggesting that available surface ared GA) from those involving silica with lower OH concen-
on the support surface is the key limitation to catalyst load- trations. Furthermore, the loadings, catalytic activities, and

Interestingly, neither the organic products nor the inor-
ganic products of the grafting reactions were affected by the
extent of hydroxyl coverage on the SBA-TEple 1 entries
2vs. 3,5vs. 6, and 11 vs. 12). Most experiments were con-
ducted using SBA-15 that had been calcined under oxygen
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spectroscopic characteristics of the resulting materials were3.2. Spectroscopic characterization

unaffected by the silica’s hydroxyl content.

TGA analysis of all supported samples showed a smooth

decrease in weight corresponding to the loss-80% of
organic components withi2 h of heating at 570 K un-
der oxygen Fig. 1). Thermolyses performed under nitrogen

To assess the structural changes associated with the syn-
thetic steps described above, the materials were character-
ized using an array of spectroscopic techniques at each stage
of catalyst preparation. Infrared spectroscopy demonstrated

were less reproducible and produced variable weight lossesthe disappearance of most organic C—-H and C—C stretches

corresponding to 50-80% of organic material. Bulk-scale
calcination of2—4-SBA 15,95 was conducted at 570 K un-
der oxygen for 2 h, and afforded cataly&s4-SBA 15573
(Table 2. All featured C< 1.0% and H< 0.5% (N un-
detectable). After calcination, the maximum iron loadings
were measured as 3.4%, 2.4%, and 2.2% F&{oBa-, and
4-SBA 15573, respectively. Additional calcination at 570 K
did not remove residual traces of carbon (entries 1 vs. 2).
Although calcination at higher temperatures did lower the

on calcination oP—4-SBA 15,95, but provided no other use-
ful information regarding catalyst structure. The diffuse—
reflectance ultraviolet-visible (DRUV) spectra of all sup-
ported, uncalcined materials showed a significant blue shift
relative to the corresponding molecular precursors, and the
spectra of the materials shifted only slightly on calcination
(Fig. 2. No materials showed significant absorption max-
ima near 30,000 cmt, clearly demonstrating the absence
of iron oxide clusters of significant sizZ®9,75,76] The

level of residual carbon, as discussed below, it also resultedmaxima observed (ca. 39,000 th) were quite similar to

in much less active catalytic materials (entry 7). Calcination

those previously reported for monoiron materials 1-SBA15

at lower temperatures also resulted in somewhat reduced cat{ca. 40,000 cm?), attributed to ligand-metal charge transfer

alytic activity and elevated carbon content (entries 5 vs. 6).
In all materials, the calcined catalyst suffered a 10-15%
decline in surface area relative to the untreated support.

102
100 A
98 - 2-SBA15,95 (2.7%Fe)
< 961 3a-SBA15,95 (1.3%Fe)
=
2 94 1 4-SBA15.5 (1.4%Fe)
= 92 0.92% (0.95)
90 A 0.90% (0.92)
88 0.88% (0.91)
120 min isotherm @ 573 K
86 T T
250 750 1250 1750

Temperature (K)

Fig. 1. TGA traces for the thermolyses of grafted materials 3a-,
4-SBA 15595 under @ (5 K/min, held at 573 K for 120 min) with actual
(and theoretical) ceramic yields.

to the iron centef60].

EPR spectra (recorded at room temperature) also showed
significant differences between the precursor complexes and
the corresponding supported materidggy( 3). Both Fe(lll)
precursors exhibit a major resonance ngat 5 (3a: g =
5.1; 4a: ¢ = 4.7) and a much weaker signal at= 2.0.

The former signal is generally attributed to tetrahedral sites
with rhombic distortion, whereas the latter can arise from
iron atoms in either tetrahedral or octahedral environments
[77—79] The Fe(ll) precursoR, as expected for any Fe(ll)
species at room temperature, shows no significant resonance.
After grafting, both3-SBA 15595 and4-SBA 15595 exhibited
signals atg = 4.3 and 2.0, an®-SBA 15,95 showed very
weak signals at these same values. All the EPR spectra of
the calcined materials featured somewhat intensigied 2
peaks, and in no case did the materials investigated exhibit
the g = 2.2-25 signal associated with small iron oxide do-
mains[77—79] While it is hard to infer much more struc-
tural information from the resonances detected, all of these
observations closely parallel previously reported results for
many other supported iron centers, including the Fe/SBA-
15 catalyst prepared using monoiron siloxide precudsor
[29,78,80]

Table 2

Effects of calcination time and temperature on catalyst perfornfance

Entry Catalyst Fe Initial SA Calc. time Calc.T %C %Fe Final SA Benzene
precursor (nm—2) (m2/g) (h) (K) (m2/g) TON, 1h

1 2 0.19 650 2 573 B6 155 600 13

2 2 0.19 650 5 573 ®2 580 11

3 3a 0.16 800 2 573 ®0 134 710 14

4 3a 0.16 800 05 573 290 750 12

5 4 0.16 825 2 573 D4 138 745 22

6 4 0.16 825 5 423 2 690 15

7 4 0.16 825 2 773 9 660 6

& All catalysts were calcined under a flow of oxygen (100,/miin), the calcination times indicated refer to the time at the listed temperature after ramping
from room temperature at 5Mnin. TON are for the conversion of benzene to phenol using 50 mg catalyst, 22.4 mmol benzene, 5@iN,@0 mmol

H,0, at 333 K.
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Fig. 2. DRUV spectra of precursors (), grafted materials (- - -), calcined 4-SBA155;,
materials (—).
Investigations using Méssbauer spectroscopy also exhib- - - - - - -
ited striking similarities among the catalytic materials pre- 500 1500 2500 3500 4500 5500
pared from precursor$+4 (Fig. 4, Table 3. With the ex-
ception of2, all iron(lll) precursors {a, 3a, and4) yielded Fig. 3. EPR spectra of precursors, grafted materials, calcined materials.
similar MOssbauer spectra featuring both isomer shif:(
0.38-043 mnys) and quadrupole splitting valuea £q = ing hyperfine parameters are listed in entry 4Table 3 It
0.71-Q97 mnys) consistent with the presence of iron(lll) in  is worth noting that NMR, EA, and EPR studies all confirm
a somewhat distorted high-spin environment (Sable 3 the initial purity of this precursor before preparation of the
entries 1-3Fig. 4, spectrum (a)]81-84] Compound? is Mdssbauer spectral absorbers.
unique in that it consists of approximately two-thirds high- Unfortunately, because of the nature of the iron(lll)

spin iron(ll), as is indicated by its very different hyper- quadrupole splitting, which arises only from the lattice con-
fine parameterf85], and approximately one-third high-spin tribution to the electric field gradient experienced by the
iron(lll). The spectrum o showed evidence for multiple  iron-57 nucleus, it is difficult to draw definite conclusions

iron electronic environments (entry 4, spectrum (b)), sug- about the differences in the local symmetry of the iron(lll) in

gesting that this highly air-sensitive compound was not sta- the different compounds. However, the observed line widths
ble enough to permit acquisition of its Mossbauer spectra of 0.5-0.7 mnjis are quite large and indicate, as expected,
before at least partial oxidation. The different components that the iron(lll) ions in a given compound experience a va-
are shown for2 in spectrum (b) ofFig. 4, and the result- riety of slightly different local coordination environments.



AW, Holland et al. / Journal of Catalysis 235 (2005) 150-163 157

iron(lll)

100.00 B spectra, although the uniformity of the Mdssbauer spectra
99.90 E obtained for widely differing precursors suggests that this is
00,50 Iikely_du_e to fundamer?tall limitations pf thg tec_hnique in_ dis-
56,70 tmgwshlng between similar, but not identical iron(lll) sites.
' Inspection of the EXAFS spectra (not corrected for phase
9980 shift) collected for materials derived from precursdr<,
c o and4 offers insight into the relationships between the struc-
@ i tures of the materials investigateBid. 5. The precursor
£ w00k molecules had very distinct scattering patterns. After graft-
E : ing, however2-SBA 15,95 exhibited a scattering pattern es-
£ 9800 | sentially identical to that ofla-SBA15,95 obtained from
g A monoiron precursota. After calcination, all materials pre-
& g97.00 | pared from precursork—4 were indistinguishable by visual
100.00 44 inspection of their respective scattering patterns. The sim-
[ ilarity exists not only in their amplitude parts, but also in
99.95 [ their imaginary parts. All of the Fk3x (k) patterns ex-
; hibit a strong feature corresponding to Fe—O backscatter-
9980 ing (R = 1.3-14 A) and a weaker peak attributed to the
second-shell Fe-Si scattering & 2.7-28 A). Analysis of
99’85_6 - 4 2 0 2 - 4 6 the imaginary component of the latter peak supports its at-
Velocity, mm/s tribution to Fe—Si scattering rather than to Fe—Fe scattering
Fig. 4. The Mossbauer spectra 4f(a), 2 (b), 4-SBAs73 (c), obtained at [36.61}
K 3.3. Catalysis
Table 3
Mossbauer spectral hyperfine parameters obtained at 77 K The materials prepared from precursa@rg were inves-
Entry Compound 62 AEq T Area Assignment tigated as catalysts for selected solution phase hydrocarbon
(mmys) (mmy/s) (mmys) (%) oxidation reactions and compared with the monoiron ma-
1 1 <043 ~097 ~051 100 distorted high-spin  terials prepared from precursta. Activities and selectiv-
iron(ll) ities of 1a-SBA 15573 have been reported previoud§0],
3a 038 092 Q70 100 distorted high-spin but those reported iifables 2 and 4vere measured con-
ron(lll) currently with catalystg-, 3-, and4-SBA15s73 to minimize
‘21 (1)“1% %é 821 132 high-spin iron(lll) differences arising from subtly varied preparative and cat-
. six-coord. . . ..
high-spin iron(il) alytic procedures. Our studies revealed that the activity of
100 098 029 34 lower-coord. all of the catalysts investigated is very sensitive to exposure
high-spin iron(1l) of the catalyst to traces of water before substrate addition.
046 076 055 32 high-spin iron(lll) Consequently, the data reported farSBA 15573 in Tables 2
1-SBALSs73 ~043 ~10  ~07 100 iféitg(ffd high sPin and 4show higher activities and markedly different selectiv-
2.SBA155;3 044 101 058 100 distorted high-spin  Iti€S than those reported previougB0]. The sensitivity of
iron(lly these reactions to reaction conditions will be discussed in a
4-SBA15573 0.34 113 Q75 100 distorted high-spin future publicatior61].

Catalysts2-, 3-, and4-SBA 15573 all showed significant

a The isomer shifts are given relative to room temperatuieon foil. activity for the hydroxylation of arenes with @y (q) (Ta-

ble 4),
The Mdssbauer spectral hyperfine parameters for the sup- Fo/SBA1S OH
ported materiald-, 2-, and4-SBA15s73 (entries 5-7 offa- 6333,; 4
ble 3and spectrum (c) oFig. 5) differ only slightly from @ * O CHON ®

those of the precursors and have isomer shifts of 0.34—

0.44 mnys and quadrupole splittings of 1.0-1.1 nsn— In this and in all solution phase oxidations, the dianion-
parameters that correspond more closely to those of neutralderived catalys#-SBA 15573 was found to be the most ac-
precursord and3athan to dianior or dimer2. The slightly tive catalyst among samples with moderate, comparable iron
larger quadrupole splittings evident in the spectra of the loadings Table 4. However, all catalysts, including mono-
supported materials suggest that they likely feature greateriron materiall-SBA 15573, were found to vary in activity by
distortions from tetrahedral geometry than do the precursorno more than a factor of 2. These results thus fall within
molecules. Both2- and 4-SBA 15573 are essentially indis-  the range of variability for multiple experiments conducted
tinguishable from1-SBA 15573 based on their Mdssbauer on different occasions or using different batches of a given
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Fig. 5. k3-weighted Fourier transformation of Fé-edge XAS data for precursors, grafted materials, calcined materials derived from predyrzos
The imaginary parts of Fourier transformed data are plotted as dash dot lines.

Table 4

Solution-phase catalytic activity and selectifity

Entry Catalyst Fe Toluene oxidation Adamantane oxidation Cyclohexene oxidation
(nn?) TON, 1 h sB/sp TON, 1 h 3200 one/ol % oxide Ongol

1 1-SBA15573 0.17 13 38 10 18 16 0 15

2 2-SBA 15573 0.19 12 36 12 23 15 1 13

3 2-SBA15573 0.07 20 34 15 24 16 1 16

4 3a-SBA 15573 0.18 13 34 12 22 15 2 14

5 3b-SBA15573 0.05 19 35 19 23 17 4 16

6 4-SBA15573 0.18 15 37 14 19 14 1 14

7 4-SBA 15573 0.04 49 32 34 21 17 2 15

a All catalysts were prepared using standard conditions, including calcination for 2 h at 573 K. Reaction conditions: substrates 10.5-22.4lysinol, cata
50 mg (13-14 mmol Fe), $0, 4 mmol, CHCN 5 mL, reaction time 1 h. Reaction temperature 295-333 K, dodecane (internal standard) 214 pmol.

b The sﬁ/sﬁ ratio describes the selectivity for oxidation atzstpybridized aryl carbons (to produce cresol) vs. ) lspbridized benzylic position (to
produce benzyl alcohol and benzaldehyde).

catalyst. Toluene (Eq5)) was oxidized selectively at aryl All of the catalysts investigated convert adamantane to
C-H bonds to yielth- and p-phenol, although substantial a mixture of the corresponding tertiary alcohol, secondary
benzaldehyde was also formed {ggp® selectivity ~3.5). alcohol, and ketone (E¢6)),

Benzyl alcohol was produced in only trace quantities. The

L . . . OH OH 0
product selectivities varied less among various materials Feg‘zAI;w
than between different runs with the same catdB8}. Q + Hy0; oo + +
3
Fe/SBA-15 oA ? (6)
©/+ H0, — SBK__ O/ + @2 . @2 Their selectivities for oxidizing the weaker, tertiary C—H
CHCN \\OH bond were at the low end of those recorded (1.8-2.4) and

were fairly consistent among all of the catalysts investigated.
(5) The ratio of ketone to alcohol formation in oxidation at sec-
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60 - N I .
. « 1.SBAI5(73) ages similar to known (_J!uron oxidation catalys_ts (featuring
s0] X u 2-SBA15(573) u—oxo andu—hydroxo diiron centers) were designed.
Y s 32-SBA15(573) Diiron dimer [Fe(OSi(®Bu)s)2]» (2), prepared by a well-
40 4 x 4-SBA15(573) precedented protonolysis method (Et)), is similar to the
>< known, structurally characterized analogs featuring other

siloxide [87] and silylsulfide[88] ligands. The dimeric so-
lution structure o2 was confirmed by bothH NMR spec-
troscopy § 5.21 (br),—11.13 (br) ppm, corresponding to
the bridging and terminal siloxide groups, respectively) and
solution molecular weight measurements in pentane (MW
Calcd: 1164. Found: 1140). Efforts to convert this species
0 05 1 15 2 25 3 35 to a u—oxo diiron structure through oxidation (as has been
%Fe Loading achieved with other Fe(ll) speci¢®9]) were unsuccessful;
treatment of2 with N2O, Oy, PhlO, pyridineN-oxide, or
trimethylamine N -oxide resulted exclusively in dispropor-
tionation to yield trisiloxide compleXa (or amine deriva-
tives) and insoluble red material presumed to be a macro-

ondary C-H bonds varied from 1.4 to 1.7, but again this 5jecular oxide species. The Fe(ll) compiitself seemed
variation among catalysts does not exceed the range of inheryy jye 4 reasonable precursor for diiron sites, however. In ad-

ent variability in these reactions. Oxidation of cyclohexene ition to the requisite siloxide ligand, the complex features
(Eq.(7) two p—siloxide linkages similar to the—hydroxo moieties
o OH found in many MMO mimics. The smaller per-iron size of
. o Feggpk-w ij . O this precursor appears to allow it to be grafted at significantly
+ . . i . X
@ 22 —'CHBCN QO ) higher weight loadings than those achieved with larger pre-
cursorsl, 3, 4.
resulted almost exclusively in slow oxidation at the allylic Complexes 3a—), featuring bridging nitrogen ligands,
position (TON values between 0 and 4) rather than epoxide were prepared most efficiently via treatment of the di-
formation, and this selectivity varied little among the cata- ethylether adduct Fe(OSitBu)3)3(Et,O) (1b) with the ap-
lysts investigated. propriate ligand (Eq(2)), although they could also be pre-
Catalyst activity was found to depend on the iron loading, pared in much lower yield (38% vs. 89% for the TMEDA
as illustrated irFig. 6for the oxidation of benzene to phenol.  complex3a) by the treatment of THF adduta with ligand.
All catalysts showed moderately higher per-iron activity at The dinuclear structures of these complexes were verified by
lower loadings, withd-SBA15s73 exhibiting the most strik-  elemental analysis (1.55% N; 1.59% Calcd3arvs. 2.84%
ing dependence. It is noteworthy, however, that the higher Calcd for monoiron adduct Fe[OSi{Bu)3]sN(CHz)—
activities of these iron-poor catalysts were not accompanied C,H4N(CH3)2) and measurement of the solution molecular
by changes in selectivity or spectroscopic features (DRUV, weight of TMEDA complex3a. Although these precursors
EPR). do not feature the desired linkage structure, they do have the
Very little leaching was observed over 1-2 h of catalysis. advantage of having very robust iron—iron linkages unlikely
For catalyst2-, 3-, and4-SBA15s73, the reaction solution  to cleave during the grafting process.
slowly turned a pale yellow color (visible after 1 h), but when Precursord, prepared by a simple salt metathesis reac-
separated from the solid catalyst it showed no catalytic activ- tion (Eg. (3)), features a trug.—oxo diiron core. The char-
ity. Catalyst4-SBA15s73 recovered after 2 h and recalcined acteristic u—oxo stretch (observed for the starting mater-
exhibited activity comparable to that observed initially. ial [ClsFeOFeCH][NEt4]2 at vreore= 855 cntl) was ob-
scured in the infrared spectrum of precurddoy stronger
bands arising from the siloxide ligands. But the dinuclear
4. Discussion nature of4 was supported by elemental analysis and by
solution molecular weight determination. Modification of
The diiron molecular precursors investigated were de- the reaction stoichiometry (NaOSi(Bu)z:[ClsFeOFeCy]
signed to satisfy several criteria. Foremost among these wagNEts]o = 4:1 vs. 6:1), replacement of the countercation
the requirement that they have the same —O'®((} ligand (Li, Na), and introduction of additional dative ligands (diox-
that facilitated controlled grafting chemistry and clean calci- ane, pyridine) in this procedure did not induce formation of
nation in the previously reported monoiron syst&]. Ad- a neutral precursor of the typeBuO)XSIO]>(L)FeOFe(L)
ditionally, commensurate with the goal of preparing a strictly [OSi(O'Bu)z],. Nonetheless, the—oxo linkage in precur-
inorganic material under mild conditions, large organic lig- sor4 makes it the most direct analog to the proposed diiron
ands were avoided. Finally, to the extent compatible with the catalysts in both oxide-supportg] and biological8] sys-
first two requirements, structures featuring iron—iron link- tems. It is worth noting, however, that this catalyst precursor

TON in 1h, BTOP at 333 K
w
S

Fig. 6. Dependence of activity upon Fe-loading for benzene oxidation by
catalystsl-, 2-, 3a-, 4-SBA15573.
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is tetrahedral rather than octahedral, which limits the useful- the general utility of siloxide precursors in preparing well-
ness of analogies drawn between these systems. dispersed supported materials at iron weight loadings up to
The different grafting stoichiometries among the catalysts 3.4% Fe. However, neither these methods nor Méssbauer in-
suggest that the initial binding of the precursors to the sup- vestigations provide data capable of distinguishing between
port depends on the precursor structure. Treatment of com-monoiron and diiron(lll) species on the support. The para-
plex 3 or 4 with SBA-15 results in the initial liberation of  meters collected from all of these spectroscopic methods are
one equivalent of silanol per precursor complex, whereas in keeping with typical supported iron(lll) sites, most likely
precursor2 produces two equivalents per diiron molecule. in a distorted tetrahedral environment. A cursory review of
Given the spectroscopic evidence that catalysts derived fromEXAFS data shows a striking similarity among all calcined
2resemble those prepared using monoiron precdiseven materials prepared from precursdrst, suggesting that the
before calcination, it appears likely that the liberation of calcination process renders these catalysts indistinguishable.
one silanol group for every iron center is a result of dimer Uncalcined catalys2-SBA 15,95 is indistinguishable from
cleavage during the grafting process. Complekaad4 do 1la-SBA 15,95, a finding consistent with the grafting results
not yield two full equivalents of silanol even after extended suggesting that this precursor actually cleaves during the
grafting times, but the formation of at least one equivalent grafting process. The FAx (k) of 3- and4-SBA 15,95 con-
of isobutylene suggests that a second grafting event indeedain unique features, as expected given the lack of any evi-
occurs. Because this is not observed in the grafting of mono-dence for precursor cleavage during grafting. But it appears
iron precursolfa, it is possible that the second grafting event that no diiron linkage is formed during the calcination of
involves the second iron cente8¢heme 2 Geometric con- 3a, and that the preexisting-oxo linkage of precurso#
straints on the surface may favor this mode of grafting over is cleaved to yield two materials with isolated iron centers
silanol protonolysis at this iron center. The absence of free (Scheme B[90].
diamine ligand in the grafting reactions of precurs8asc The hypothesis that calcination cancels the effect of pre-
demonstrates that grafting does not occur through displace-cursor design is supported by the similarities among the
ment of the linker and suggests that the diiron unit likely catalytic activities and selectivities of the catalysts investi-
remains intact. Likewise, the generation of silanol in the gated91]. Given the significant variability observed among
grafting of 4 argues against cleavage of the Fe—O—Fe bond catalysis runs, there is very little difference among the ac-
during the grafting process; protonolysis of this bond would tivities or selectivities of the diiron catalysts investigated,
initially generate water rather than silanol. Although we can- or between these catalysts and that derived from monoiron
not rule out initial formation of water and its further reaction precursorla (Table 4. Note, however, that all of these cat-
with precursor to generate the observed silanol, several ob-alysts exhibited high activity in all of the reactions investi-
servations argue against this possibility. No color change is gated. The selective oxidation of toluene to cresols, as well
observed4 darkens on exposure to water), the initial silanol as the 3/2° ratio of adamantane oxidation products and the
generation is quite fast (the sterically protected Fe—O—Fe absence of epoxide product for cyclohexene oxidation, are
linkage would be expected to react slowly), and only a sin- consistent with a mechanism involvin@H radicals orOH
gle equivalent of silanol is observed (one equivalent water radical sourcef61,92—-95]
could liberate two equivalents of silanol). Interestingly, all catalysts showed a significant depen-
The spectroscopic data obtained from DRUV and EPR dence of per-iron activity on weight loading. Although such
for materials of various loadings rule out the presence of data are often interpreted to suggest the presence of differ-
iron oxide or iron clusters of significant size, demonstrating ent active sites at different loadin¢@6—100] in this case
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the activity differences were not mirrored by spectroscopic aqueous grafting chemistry that can be readily monitored by
data or catalytic selectivity, making the explanation for this NMR spectroscopy. In two of the precursors investigated,
phenomenon less certain. It is possible that spectroscopi-this grafting appears to yield a supported iron species very
cally indistinguishable yet different active sites are present similar in structure to the molecular precursor. Although the
at lower loadings, although it is hard to imagine what species precursors all yield catalysts active in the oxidation of hy-
might be present at lower loadings if monoiron centers domi- drocarbons with KO, the precursor design has very little
nate even at the highest loadings used. Furthermore, it wouldimpact on the ultimate catalytic behavior or spectroscopic
be surprising for a change in structure to alter activity with- properties of the catalyst after calcination. These attempts
out affecting any of the wide array of selectivities measured. to prepare inorganic diiron species on the support highlight
Although the work described herein appears not to have a key limitation of the molecular precursor approach: Even
yielded the targeted dinuclear iron catalyst after calcination, under relatively mild calcination conditions, thermodynamic
it does offer substantial insight regarding the relative stabili- preferences may still overwhelm the influence of careful pre-
ties of diiron and monoiron structures on silica. The grafting cursor design. Nonetheless, these results offer the important
of two centers in close proximity appears to be difficult, be- finding that diiron centers are neither readily generated nor
cause dimeric precurs@rcleaves during grafting rather than  preserved in the environment of a mesoporous silica support.
placing two bridged iron centers on the support. Likewise,
precursor8 and4 each undergo only one protonolysis reac-
tion (Scheme 2 suggesting that the formation of a grafted,
bridged geometry is sufficiently disfavored so to be not over-
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nation (Scheme 4). Furthermore, such structural changes on
calcination are unlikely to be a consequence of iron mobility

on the support; no evidence of bulk iron oxide is observed, References
although evidence in many related systems suggests agglom-

erization to be the ultimate result under conditions allowing
for iron migration[34,43-46,62,101]The simplest expla-
nation for these observations is that for two adjacent iron
centers on a silica support, the formation gi-aoxo bridge

is simply thermodynamically disfavored.

5. Conclusions
The grafting chemistry described herein provides fur-

ther evidence of the generality of the molecular precursor
approach. Various diiron siloxide complexes are syntheti-
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