FULL PAPER

Synthesis and Characterization of Methyltrioxorhenium(VII) Immobilized in
Bipyridyl-Functionalized Mesoporous Silica

Carla D. Nunes,!?l Martyn Pillinger,/?! Anabela A. Valente,!?! Isabel S. Gongalves,*?l
Joao Rocha,!?! Paula Ferreira,”! and Fritz E. Kiihn*!"!
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Methyltrioxorhenium(VII) (MTO) has been immobilized in
the mesoporous silica MCM-41 functionalized with pendant
bipyridyl (bpy) groups of the type 4-[(—0O)3Si(CH,),]-4'-CHjs-
2,2'-bipyridine. Powder X-ray diffraction and N, adsorption-
desorption studies confirm that the regular hexagonal sym-
metry of the host is retained during the grafting reaction and
that the channels remain accessible. Solid-state magic angle
spinning NMR spectroscopy (2°Si, *C) was also used to mon-
itor the coupling reactions. The formation of a tethered Lewis
base adduct of the type CH3ReOgj-bpy is confirmed by IR,
Raman, and X-ray absorption fine structure (XAFS) spectro-

scopy. The XAFS results do, however, indicate that not all
rhenium ions are present in this form, and this agrees with
elemental analysis which gives an Re/N ratio of 1:1.1
(0.55 mmol Re g™'). It is likely that the excess rhenium atoms
are present as uncoordinated MTO molecules assembled
in the MCM channels. The model complexes (4-alkyl-
4'-methyl-2,2'-bipyridine)(methyl)trioxorhenium (alkyl =
methyl, n-butyl) were also prepared and characterized.

(O Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Methyltrioxorhenium(VII) (MTO) has excellent catalytic
properties in numerous oxy functionalizations,[!l some ex-
amples being the oxidation of olefins,! alcohols,’ arenes,
and carbonylmetal compounds.”] The epoxidation of ol-
efins has received particular attention, using MTO to activ-
ate H,O,. Due to the Lewis acidity of the rhenium center,
a major limitation of this system is the opening of the epox-
ide ring, leading to the formation of diols in the presence
of water.l"9) It was soon found, however, that amine addit-
ives, such as pyridine,[”! pyrazole,® and 3-cyanopyridine,™
enhance the efficiency and selectivity of MTO-catalyzed ox-
idations. The aromatic N-base ligands work by coordinat-
ing to the metal center, thereby reducing the Lewis acidity
of the catalyst and additionally accelerating the catalytic re-
actions. MTO forms trigonal-bipyramidal adducts with
pyridines and related bases,'% and distorted octahedral
adducts with bidentate Lewis bases, e.g. 4,4'-dimethyl-2,2'-
bipyridine, 1,10-phenanthroline, and 2,2’-bipyrimidine.[!%°!
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In the presence of H,O, these complexes form very active
and highly selective epoxidation catalysts.

Alternative strategies to improve MTO-catalyzed oxida-
tions have involved host-guest inclusion chemistry. It was
found that a urea/hydrogen peroxide complex is a very ef-
fective oxidant in heterogeneous olefin epoxidations and sil-
ane oxidations catalyzed by MTO.[''l With NaY-zeolite as
host for these reactions also resulted in high yields and ex-
cellent product selectivities."?! MTO has also been sup-
ported on silica functionalized with polyether tethers.!3 In
the absence of an organic solvent, this catalytic assembly
catalyzed the epoxidation of alkenes with 30% H,O, with
high selectivity compared to the ring-opened products ob-
served in homogeneous media. In another example, MTO
was heterogenized inside the porous system of a hybrid sil-
ica matrix by the sol-gel method using 4-[3-(triethoxysilyl)-
propylamino]pyridine hydrochloride as a hydrolyzable li-
gand.l' A supported catalyst of this type could, in prin-
ciple, combine the advantages of a Lewis base adduct of
MTO with the well-known benefits of a heterogeneous
host-guest catalyst system.

Recently, we devised a stepwise procedure for the func-
tionalization of the ordered mesoporous silica MCM-41
with pendant 4-alkyl-4'-methyl-2,2’-bipyridine groups.!!”]
Elemental analysis, powder X-ray diffraction (XRD), N,
adsorption-desorption, solid-state magic angle spinning
(MAS) NMR ('3C, ?°Si) and IR spectroscopy were used to
monitor the different coupling reactions. The ligand —silica
was subsequently examined as a support for the hetero-
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genization of the dioxomolybdenum(VI) complex
MoO,Cl,(THF),. Instead of forming surface-bound mono-
meric complexes of the type MoO,Cl,(bpy), weakly bound
oxo-bridged dimers were formed with a metal—metal sep-
aration of 3.28 A. In the present work, MTO is used as the
oxometal species rather than the fragment MoO,Cl,, with
the intention of forming surface-bound Lewis base adducts
of the type 1. The known MTO adduct 2, containing the
ligand 4,4'-dimethyl-2,2’-bipyridine, and also the novel
complex 3, containing the asymmetrical bipyridine ligand
4-(n-butyl)-4'-methyl-2,2'-bipyridine, have been prepared as
model compounds. The hybrid material has been character-
ized by Raman spectroscopy and Re L-edge X-ray absorp-
tion fine structure (XAFS) spectroscopy, in addition to the
techniques mentioned above.
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Results and Discussion

The preparation and characterization of MCM-41 func-
tionalized with bipyridyl groups has been described in a
previous paper.l'! In the first step, the pristine calcined
hexagonally ordered mesoporous host (d;gg = 36.3 A, a=
41.9 10\) is covalently grafted with (3-chloropropyl)trime-
thoxysilane. The second step comprises substitution of
about 21% of pendant chloro groups by the anion [4-CH,-
4'-CH;-2,2'-bipyridine]~ to give a material containing
about 0.3 mmol bipyridyl groups per gram, designated as
MCM-41-bpy. Powder XRD and N, adsorption-desorption
analysis demonstrate that the textural characteristics of the
support are preserved during the grafting experiments and
that the channels remain accessible (BET specific surface
area 720 m? g~ !, total pore volume 0.37 cm?® g ).

The heterogenization of MTO was carried out by treating
the ligand—silica MCM-41-bpy (0.5 g) with a dichlorome-
thane solution of MTO (0.046 M, 0.92 mmol) at room tem-
perature. The resulting material, designated as MCM-41-
bpy/MTO, was recovered by filtration and washed repeat-
edly with dichloromethane. Drying the product under va-
cuum at room temperature did not liberate (sublime) MTO
from the MCM channels (pure MTO sublimes at 25 °C
when using an oil-pump vacuum). The material is moder-
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ately air- and light-sensitive. Elemental analysis indicated a
metal loading of 10.24 mass-% Re (0.55 mmol g~ !), giving
an Re/N molar ratio of 1:1.1. If it is assumed that all Re is
present as MTO, and knowing the specific total pore vol-
ume before and after introduction of MTO (see below), the
volume occupied by MTO molecules in MCM-41-bpy/
MTO is calculated to be 0.04 cm? g~ !. It follows that the
mass of MTO molecules per unit volume occupied is 3.5 g
cm 3 [= 0.1024X(249.2/186.2)/0.04]. This value is similar
to the density of bulk MTO (4.1 g cm3).
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Figure 1. Powder XRD patterns of (a) MCM-41-bpy and (b)
MCM-41-bpy/MTO

Figure 1 shows the powder XRD patterns of MCM-41-
bpy and MCM-41-bpy/MTO. Three reflections are ob-
served in the range 20 = 2—8° for MCM-41-bpy, indexed
assuming a hexagonal cell as (100), (110), and (200). The d
value of the (100) reflection is 36.0 A leading to a lattice
constant of ¢ = 41.6 A. Three reflections are also observed
for MCM-41-bpy/MTO, indicating retention of the long-
range hexagonal symmetry. There is a slight contraction of
the unit cell (dypo = 35.4 A, a = 40.9 A) and the intensities
of the three reflections are considerably reduced compared
to the starting ligand—silica. This is not interpreted as a
severe loss of crystallinity. Instead, it is likely that there is
a reduction in the X-ray scattering contrast between the sil-
ica wall and pore-filling material.'®! A similar phenomenon
was observed for treatment of MCM-41-bpy with the com-
plex MoO,Cl,(THF),,[15l and MCM-41 grafted with multi-
ply bonded dimolybdenum complexes.[!”]

Figure 2 shows the low-temperature N, adsorption-de-
sorption isotherm for MCM-41-bpy/MTO. The corres-
ponding isotherms for the pristine calcined MCM-41 host
and the ligand—silica MCM-41-bpy are also shown for
comparison. Each isotherm can be classified as type IV as
defined by IUPAC,!'® characteristic of mesoporous solids
(having pore widths between 2 and 50 nm). The isotherms
show no evidence of hysteresis loops resulting from capil-
lary condensation/evaporation, which has been attributed
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Table 1. Texture parameters of MCM-41 samples from N, iso-

therms at 77 K

Sample SBET ASBET V]) A Vp

[m* g~ (Vo)) [em? g~'] (Vo)™
MCM-41 1029 - 0.81 -
MCM-41-bpy 718 ~30 0.37 —54
MCM-41-bpy/ 574 44 0.28 ~66
MTO
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Figure 2. A: N, adsorption (X) and desorption (O) isotherms at
77 K of (a) pristine MCM-41, (b) MCM-41-bpy and (¢) MCM-41-
bpy/MTO; B: pore-size distribution profiles for pristine MCM-41
(——) and MCM-41-bpy/MTO ()

to the instability of the liquid nitrogen meniscus.l'®! Each of
the modifications carried out to produce the two derivatized
samples MCM-41-bpy and MCM-41-bpy/MTO leads to a
decrease in the N, uptake at any given p/p,, and both the
BET specific surface area and pore volume decrease
(Table 1). In the case of MCM-41, a pronounced step is
observed between relative pressures of 0.32 and 0.42, arising
from the condensation of nitrogen inside the primary me-
sopores. The sharpness of this step reflects the uniform pore
size. A comparison of the pore size distribution (PSD)
curves for MCM-41 and MCM-41-bpy/MTO reveals that
the position of the maximum decreases from 34 to 23 A
(Figure 2). The decrease in the intensity of the maximum,
together with an increase in the width at half height, indic-
ates an increase in pore heterogeneity.

The material MCM-41-bpy/MTO was further character-
ized by thermogravimetric analysis (TGA), IR, Raman,
MAS NMR, and XAFS spectroscopy. In order to assist the
interpretation of these results, the known adduct 2 and the
novel derivative 3 were prepared as model compounds.
These complexes are readily obtained as yellow solids by

1102

[al Variation of surface area in relation to parent MCM-41. P! Vari-
ation of total pore volume in relation to parent MCM-41.

the reaction of MTO with 1 equiv. of bidentate N,N-ligand
in tetrahydrofuran (THF) at room temperature (Scheme 1).
Spectroscopic data (IR and '"H NMR) for 2 are in agree-
ment with that reported.l'® The 'H and '3C NMR chem-
ical shifts for the Re—CHj; groups in 2 are located at 6 =
1.20 and 25.9, respectively.l'%] The shifts in these reson-
ances compared to those of uncoordinated MTO [§('3C) =
19.03; §('H) = 2.67] are a consequence of electron donation
to the Lewis-acidic metal center. In fact it has been shown
that the weaker the donor ability of the Lewis base, the
closer, in general, are the observed 8('H) and 8('3C) values
to those of uncoordinated MTO.!'% In the case of 3, 5('H)
and §('3C) of Re—CHj are located at & = 1.09 and 26.0,
respectively, and therefore the ligand in 3 can be considered
as being a slightly stronger donor than that in 2.

R
CHReO3 + —
VAR
(VAR /
THF
r.t.
HaC
“CH
_ >N
R—<C ~N—~Re=0
Il o

R = CHj3 (2), CH3(CHy)s (3)
Scheme 1

TGA of MCM-41-bpy/MTO shows that the material de-
composes in three steps up to 750 °C. It is stable under
nitrogen up to about 50 °C, but then undergoes an abrupt
mass loss, losing 6.0% up to 100 °C and a further 2.3% up
to 200 °C. It is assumed that this is due to decomposition/
sublimation of encapsulated MTO (MTO sublimes below
100 °C under TG conditions!'?)). Further heating gives a
residual mass of 81% at 750 °C. For comparison, the adduct
CH;3ReO3(4,4'-dimethyl-2,2'-bipyridine) (2) is stable under
nitrogen up to 110 °C, then undergoes an abrupt mass loss
of 24% up to 180 °C. This must correspond to rupture of
the Re—N bond and sublimation of the now uncoordinated
MTO. At 750 °C 42% remains as residual mass.

Eur. J. Inorg. Chem. 2002, 1100—1107
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The IR spectrum of MCM-41-bpy/MTO contains one
split band at 917 cm ! (922 and 912 cm™ ') that is not ob-
served in the spectrum of the ligand—silica MCM-41-bpy.
This is attributed to an asymmetric Re=0O stretching vibra-
tion. An associated symmetric stretching vibration should
be present at higher frequency but is probably obscured by
a broad band at 961 cm ™! arising from the silica host. The
Raman spectrum shows more clearly the bands correspond-
ing to the symmetric and asymmetric Re=0O stretching vi-
brations (940 and 918 cm™!, Figure 3). The model com-
pound 3 displays very similar IR (940 and 919 cm ') and
Raman (937 and 916 cm™ ") absorptions. From the IR data
for 3 the force constant of the Re=0 vibration can be calcu-
lated to be 7.41 mdyn A~'. The corresponding bands for
bulk MTO appear at 999 cm™! (symmetric) and 957 cm™!
(asymmetric), yielding a force constant of 8.46 mdyn
A~111%] The decrease in the force constant indicates a
weakening of the Re=0 bonds, caused by electron donation
from the coordinated bipyridyl groups to the ReVU
center.[10-21]

Further evidence for the formation of surface-bound ad-
ducts of the type CH3ReO3(N—N) in MCM-41-bpy/MTO
comes from the Raman bands of the tethered bipyridine
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Figure 3. Raman spectra of (a) 4-(n-butyl)-4'-methyl-2,2’'-bi-
pyridine, (b) [4-(n-butyl)-4'-methyl-2,2’-bipyridine](methyl)trioxo-
rhenium (3), (¢c) MCM-41-bpy, (d) MCM-41-bpy/MTO and (e)
CH3R€O3
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groups. The precursor ligand—silica MCM-41-bpy displays
bands at 1607 and 1559 cm ! due to pyridyl ring stretching
vibrations, and a band at 997 cm ™! due to an in-plane ring
C—H deformation vibration (Figure 3). The corresponding
ligand 4-(n-butyl)-4'-methyl-2,2'-bipyridine displays three
identical bands. In complex 3 these bands shift to 1615,
1555 and 1030 cm™'. Very similar results are obtained for
the functionalized material MCM-41-bpy/MTO (bands at
1611, 1555 and 1031 cm™!). The Raman spectrum of this
material also contains a weak band at 997 cm™~!. This could
be due to the ring C—H deformation vibration of uncoor-
dinated bipyridyl groups, or alternatively to the Re=0 sym-
metric stretching vibration of uncoordinated MTO molec-
ules aggregated in the MCM channels. The Raman spectra
of the complexes 2 and 3 contain a weak band at 555 cm ™!
due to the Re—C stretching vibration (cf. 575 cm ™! for bulk
MTO), and also a strong band at about 475 cm ™! that does
not appear in the spectra of either the corresponding free
ligand or bulk MTO. This latter band may be due to a
C—Re=0 deformation vibration.*? While a band for the
Re—C stretching vibration is not observed in the Raman
spectrum of the material MCM-41-bpy/MTO, a band is cle-
arly seen at 474 cm ™! that does not appear in the spectrum
of MCM-41-bpy.

The 2°Si MAS and CP MAS NMR spectra of MCM-41-
bpy/MTO are similar to those of the precursor MCM-41-
bpy (Figure 4).'1 Two broad overlapping peaks at § =
—109.8 and —102.0 are assigned to Q* and Q? units, re-
spectively, of the silica framework, where Q" =
Si(0Si),(OH)4—,. Two signals are also observed at § =
—58.7 and —66.7, assigned to T? and T3 organosilica spe-
cies, respectively [T™ = RSi(OSi),(OMe);_,,]. The '*C CP
MAS NMR spectrum of MCM-41-bpy/MTO is also largely
unchanged compared to that of MCM-41-bpy (Figure 5).
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Figure 4. 2°Si MAS and CP MAS NMR spectra of (a) MCM-41-
bpy and (b) MCM-41-bpy/MTO
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Figure 5. 3C CP MAS NMR spectra of (a) (4,4'-dimethyl-2,2’-
bipyridine)(methyl)trioxorhenium (2), (b) [4-(n-butyl)-4'-methyl-
2,2"-bipyridine](methyl)trioxorhenium (3), and (c) MCM-41-bpy/
MTO; asterisks denote spinning sidebands

Assignment of these spectra was supported by measuring
the solution spectra of the ligand 4-(n-butyl)-4'-methyl-2,2'-
bipyridine, and the MTO adduct of this ligand (3). Solid-
state MAS NMR spectra were also recorded for 2 and 3
(Figure 5). In the '*C CP MAS NMR spectrum of MCM-
41-bpy/MTO, two broad peaks at 3 = 149.3 and 125.7, and
a shoulder at § = 155.0, are assigned to the pyridyl ring
carbon atoms. The other signals in the spectrum are attrib-
uted as follows: & = 46.1 [Si(OMe),CH,R and —CH,CI],
35.0 (= CH,CH,—bpy), 26.0 [Re—CH; and
Si(OMe),,CH,CH,—], 21.8 (CHz;—bpy), 9.6 [Si(OMe),-
CH,R]. Treatment of MCM-41-bpy with MTO produces
only one measurable change in the '*C NMR spectrum: the
signal at 6 = 123.3 shifts to 3 = 125.7. A similar shift differ-
ence is observed for the corresponding resonances of the
ligand 4-(n-butyl)-4'-methyl-2,2'-bipyridine and the MTO
adduct of this ligand (3).

XAFS measurements at the Re L; and Ly absorption
edges were carried out at low temperature (20 K) for the
Lewis base adduct 2 and MCM-41-bpy/MTO. The Re L;
X-ray absorption near edge structure (XANES) spectrum
of 2 contains a weak pre-edge peak, caused by a 2s —
5d(Re) + 2p(O) electron transition (Figure 6).[>31 With re-
spect to the rhenium coordination, the intensity of this peak
is usually strongest for systems with non-inversion sym-
metry, such as tetrahedral coordination. MTO, for example,
exhibits an intense sharp pre-edge peak.**! Any distortion
of the regular tetrahedral symmetry leads to a decrease in
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Figure 6. Re Li-edge XANES spectra of (a) (4,4'-dimethyl-2,2'-
bipyridine)(methyl)trioxorhenium (2), and (b) MCM-41-bpy/MTO

the peak intensity. The XANES spectrum of 2 is therefore
consistent with the expected rhenium coordination, i.e. dis-
torted octahedral geometry. It is obvious that the XANES
spectrum of MCM-41-bpy/MTO is quite different from that
of 2, in that the pre-edge peak is stronger and there are
differences in the oscillations towards higher energy (Fig-
ure 6). In fact, the spectrum of MCM-41-bpy/MTO comes
close to that reported for bulk MTO.[4
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Figure 7. Re Lyj-edge XAFS and Fourier transforms for (a) (4,4'-
dimethyl-2,2’-bipyridine)(methyl)trioxorhenium  (2), and (b)
MCM-41-bpy/MTO; the solid line represents the experimental data
and the dashed line shows the best fit using parameters given in
Table 2
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Table 2. Re Ljj-edge XAFS-derived structural parameters for (4,4'-dimethyl-2,2’-bipyridine)(methyl)trioxorhenium (2) and MCM-41-

bpy/MTO
Compound Atom CNlal r[A] 262 [A2]t] E; [eV]© R (%)
20 o) 3.0(1) 1.741(2) 0.0048(3) —13.8(5) 27.2
N 2.5(2) 2.246(5) 0.0052(8)
C 4.0(6) 3.192(11) 0.0078(19)
MCM-41-bpy/MTO o) 3.3(1) 1.729(1) 0.0027(2) ~11.2(5) 19.0
N 1.3(3) 2.216(11) 0.0091(24)

a1 CN = Coordination number. Values in parentheses are statistical errors generated in EXCURVE. The true errors in coordination
numbers are likely to be of the order of 20%; those for the interatomic distances ca. 1.5%.12%1 [Pl Debye—Waller factor; ¢ = root-mean-
square internuclear separation. [ E; = edge position (Fermi energy), relative to calculated vacuum zero. [ R = (J[Ztheory — zexp)i3dk/
[Z*P)k3dk) X 100%. ] Compound 2 has been examined by single-crystal X-ray crystallography,['° but bond lengths and bond angles
could not be determined reliably because the structure is disordered with respect to the position of the metal center.

Analysis of the Re L;; XAFS spectrum of 2 allowed
three shells for O, N and C neighbors to be determined,
in order of increasing distance from the absorbing atom
(Figure 7, Table 2). The Re—O bond length of 1.74 A is
typical of all known (oxo)ReY™ complexes containing an
Re=0 double bond.['! Bidentate coordination of the bipyr-
idyl ligand is confirmed by the presence of the other two
shells for N (2.25 A) and C (3.19 A). The Re—N bond
length is comparatively long, indicating a weak N—Re
bonding interaction. Identical Re—N bond lengths were de-
termined by single-crystal X-ray crystallography for the ad-
ducts XReO;[4,4'-bis(tert-butyl)-2,2'-bipyridine] (X = Cl,
Br).?l The Re*N shell almost certainly includes a com-
ponent for the carbon shell corresponding to Re—C, ex-
pected at about 2.1 A. The similarity of the two elements
as back-scatterers, together with the close proximity of the
two shells, means that only one shell can be fitted. The Re
Lin XAFS of MCM-41-bpy/MTO was initially fitted by a
model comprising one shell of oxygen atoms. Both the re-
fined distance (1.74 A) and coordination number (3.3) are
consistent with the presence of trioxorhenium species. Ad-
dition of a second shell for nitrogen atoms at 2.22 A (coor-
dination number = 1.3) reduced the R factor from 23.2 to
19.0% (Table 2, Figure 7). This shell was significant at the
99% level according to the statistical test of Joyner et al.[>”)
There was no evidence for a well-defined Re-:*Re outer co-
ordination shell.

Conclusions

MCM-41 functionalized with bipyridyl groups has been
successfully used as a support for the immobilization of
methyltrioxorhenium(VII). Powder XRD and N, adsorp-
tion-desorption studies confirm that the regular hexagonal
symmetry of the mesoporous host is retained during the
grafting reaction and that the channels remain accessible.
The formation of a tethered Lewis base adduct of the type
CH;3ReO;(bpy) is substantiated by IR, Raman, and XAFS
spectroscopy. The latter technique does, however, indicate
that not all rhenium atoms are present in this form and this
is consistent with elemental analysis which gives an Re/N
ratio of 1:1.1. It is likely that the excess rhenium atoms are

Eur. J. Inorg. Chem. 2002, 1100—1107

present as uncoordinated MTO molecules assembled in the
MCM channels. This phenomenon may be similar to that
reported for MTO encapsulated in zeolite Y,?® where it was
proposed that each supercage contained a cluster of four
MTO guest molecules aggregated by Re=0-Re intermol-
ecular interactions.

Experimental Section

General: All manipulations were carried out using standard
Schlenk techniques under nitrogen. Solvents were dried by stand-
ard procedures (THF, n-hexane and Et,O with Na/benzophenone
ketyl; CH,Cl, with CaH,), distilled under nitrogen and kept over
4 A molecular sieves. Lithium diisopropylamide was prepared as
described in the literature.*”! 4,4’-Dimethyl-2,2’-bipyridine was
purchased from Aldrich and used as received. Microanalyses were
performed at the Mikroanalytisches Laboratorium of the Technical
University of Munich (M. Barth and co-workers). Powder XRD
data were collected with a Phillips X’pert diffractometer using Cu-
K, radiation filtered by Ni. Nitrogen adsorption-desorption meas-
urements were carried out at 77 K, using a gravimetric adsorption
apparatus equipped with a CI electronic MK2-MS5 microbalance
and an Edwards Barocel pressure sensor. Before analysis, pristine
calcined MCM-41 was degassed at 723 K overnight to a residual
pressure of ca. 10~* mbar. A lower degassing temperature of 413 K
was used for the modified materials (to minimize destruction of the
functionalities). The specific surface areas (Sggt) were determined
by the BET method. The total pore volume (7p) was estimated
from the N, uptake at p/p, = 0.95, using the liquid nitrogen density
of 0.8081 g cm 3. The pore size distribution curves (PSD, the dif-
ferential volume adsorbed with respect to the differential pore size
per unit mass as a function of pore width) were computed from
the desorption branch of the experimental isotherms, using a
method based on the area of the pore walls.['%-3%] Assuming open
cylindrical pores of radius rp,, zero contact angle, and accounting
for the statistical film thickness (¢), r, is given by the sum of the
Kelvin radius and ¢.'8 The ¢ values were derived from a standard
nitrogen isotherm for nonporous hydroxylated silica (available from
the literature®')) using the Halsey equation.l'®! Although it is
known that such traditional methods based on the Kelvin equation
underestimate the pore sizes in the range up to ca. 7.5 nm,*? in
this work these calculations are only intended to monitor changes
in pore sizes after complexation, by comparing with the parent
MCM-41. TGA studies were performed using a Perkin—Elmer
TGAT7 thermobalance system at a heating rate of 10 K min~! under
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nitrogen. IR spectra were measured with a Unican Mattson Mod
7000 FTIR spectrometer using KBr pellets. Raman spectra were
recorded with a Bruker RFS 100/S FT Raman spectrometer using
a 1064 nm excitation wavelength of the Nd/YAG laser. '"H and '3C
solution NMR spectra were obtained with a Bruker AMX-300
spectrometer. 2°Si and '3C solid-state NMR spectra were recorded
at 79.49 and 100.62 MHz, respectively, with a (9.4 T) Bruker Av-
ance 400P spectrometer. 2Si MAS NMR spectra were recorded
with 40° pulses, spinning rates 5.0—5.5 kHz and 60 s recycle delays.
2Si CP MAS NMR spectra were recorded with 5.5 pus 'H 90°
pulses, 8 ms contact time, a spinning rate of 4.5 kHz, and 4 s recycle
delays. 13C CP MAS NMR spectra were recorded with a 4.5 us 'H
90° pulse, 2 ms contact time, a spinning rate of 8 kHz, and 4 s
recycle delays. Chemical shifts are quoted in parts per million from
tetramethylsilane (TMS). Re L;- and Ljj-edge X-ray absorption
spectra were measured at 20 K in transmission mode on beamline
BM29 at the ESRF (Grenoble), operating at 6 GeV in 2/3 filling
mode with typical currents of 180—190 mA. One scan was per-
formed for each sample and set up to record the pre-edge at 5eV
steps and the post-edge region in 0.025—0.05 Al steps, giving a
total acquisition time of ca. 40 min per scan. The order-sorting
double Si(311) crystal monochromator was detuned to give 50%
harmonic rejection. Solid samples were diluted with BN and
pressed into 13 mm pellets. Air-sensitive samples were handled un-
der an inert gas. lonization chamber detectors were filled with Ar
to give 30% absorbing I, (incidence) and 70% absorbing 7, (trans-
mission). The programs EXCALIB and EXBACK (SRS Daresbury
Laboratory, UK) were used in the usual manner for calibration
and background subtraction of the raw data. XAFS curve-fitting
analyses, by least-squares refinement of the non-Fourier-filtered k3-
weighted XAFS data, were carried out using the program EX-
CURVE (version EXCURV98!33) using fast curved-wave theory.[3¥
Theoretical phase shifts were obtained within this program using
ab initio calculations based on the Hedin Lundqvist/von Barth
scheme.

4-(n-Butyl)-4'-methyl-2,2'-bipyridine: Prepared by modification of a
literature procedure.*’! A solution of 4,4’-dimethyl-2,2'-bipyridine
(0.50 g, 2.71 mmol) in THF (15 mL) was added to a THF solution
of lithium diisopropylamide (2.71 mmol). After 2 h, the orange-
brown solution was cooled to —20 °C and CH;CH,CH,Br
(0.25 mL) added. After 2 h, iced water was added to the green reac-
tion mixture. The organic solution was dried with Na,SO, and the
solvent removed to give the crude product. The yellow residue was
purified by recrystallization from diethyl ether to give a colorless
solid. Yield: 0.55 g, 89%. C;sHgN, (226.32): caled. C 79.61, H
8.02, N 12.38; found C 79.48, H 7.98, N 12.18. IR (KBr): v = 2957
m, 2925 s, 2870 m, 1596 s, 1553 m, 1460 s, 1376 m, 1104 m, 1023
m, 992 m, 824 s, 799 m, 670 m, 515 m cm~!. Raman: v = 3054 s,
2920 s, 2873 sh, 1607 s, 1561 s, 1487 w, 1442 m, 1379 w, 1315 m,
1290 m, 1237 m, 1159 w, 1110 w, 997 s, 737 m, 525 m, 344 w, 237
mcm~!. 'H NMR (CDCls, room temp., 300 MHz, TMS): § = 0.86
(t, 3 H, CH3), 1.29 (m, 2 H, CH,), 1.60 (m, 2 H, CH,), 2.36 (s, 3
H, py-CH3), 2.62 (t, 2 H, py-CH,), 7.05 (d, 2 H, py-H), 8.15 (s, 2
H, py-H), 8.47 (t, 2 H, py-H). *C {'H} NMR (CDCl;, room temp.,
75.47 MHz, TMS): & = 13.9 (CH;CH,), 21.2 (py-CH;), 224
(CH;CH,), 32.5 (py-CH,CH,), 35.2 (py-CH,), 121.3, 122.0, 123.9,
124.6, 148.9, 152.9, 156.0 (all py-C).

MCM-41 Functionalized with 4-|[(—CH,)4-4'-CH;3-2,2'-bipyridine
(MCM-41-bpy): Prepared as described previously.['S) Raman: v =
3057 m, 2899 s, 1607 s, 1559 s, 1440 s, 1314 s, 997 s, 732 w, 650 w,
238 mcem™ .
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MCM-41 Functionalized with Methyltrioxorhenium(VII) (MCM-
41-bpy/MTO): To a suspension of MCM-41-bpy (0.50 g) in CH,Cl,
(5 mL) a solution of MTO (0.23 g, 0.92 mmol) in CH,Cl, (10 mL)
was added and the mixture stirred at room temperature for 24 h.
The solution was filtered off and the pale yellow powder washed
repeatedly with CH,Cl, (4 X 20 mL), before drying under vacuum
at room temperature for several hours; found C 11.80, H 2.40, Cl
3.34, N 0.83, Re 10.24, Si 27.70. IR (KBr): ¥ = 2938 w, 1559 w,
1438 w, 1384 w, 1233 sh, 1067 vs, 961 s, 921 vs, 913 vs, 801 s, 550
sh, 465 vs cm~!. Raman: Vv = 3069 w, 2913 m, 1611 m, 1556 m,
1484 w, 1442 w, 1317 m, 1031 m, 997 m, 941 m, 918 w, 733 w, 474
w, 237 w cm ™!, °Si MAS NMR: § = —109.8, —102.0 (sh), —66.6,
—58.5. Si CP MAS NMR: § = —109.8 (Q%), —101.7 (Q%), —66.7
(T3), —58.7 (T?). 3C CP MAS NMR: § = 9.6 [(—0);SiCH,—],
21.8 (py-CH3), 26.0 [(=O);SiCH,CH,— and Re—CHs;], 35.0
(py—CH,CH,—), 46.1 [Si(OMe),CH,R and —CH,CI], 125.7,
149.3, 155.0 (all py-C).

(4,4'-Dimethyl-2,2'-bipyridine)(methyl)trioxorhenium (2): Prepared
as described previously.'%! Raman: v = 3067 m, 2921 m, 1614 s,
1556 s, 1489 m, 1418 m, 1376 w, 1319 s, 1176 m, 1029 s, 937 vs,
912 s, 846 m, 833 m, 742 m, 668 w, 555 m, 474 s, 355 m, 343 m,
316 w, 271 m, 243 m, 196 m, 157 m cm~'. 3C CP MAS NMR:
5 = 20.8 (py-CHj3), 22.8, 27.3 (Re—CHj), 122.5, 126.8, 145.0,
149.4, 153.2, 154.7 (all py-C).

[4-(n-Butyl)-4'-methyl-2,2’-bipyridine](methyl)trioxorhenium (3): To
a solution of MTO (0.56 g, 2.25 mmol) in CH,Cl, (5§ mL) 1 equiv.
of 4-(n-butyl)-4’-methyl-2,2’-bipyridine was added. The resulting
yellow solution was stirred for 1 h at room temperature. The solvent
was evaporated, and the product washed with hexane and dried
under vacuum. Yield: 1.02 g, 95%. C;sH,;N,O3Re (475.56): caled.
C40.41, H 4.45, N 5.89; found C 40.36, H 4.41, N 5.73. IR (KBr):
¥ = 3122 m, 3065 m, 3030 m, 2953 s, 2923 s, 2860 m, 1615 vs, 1555
s, 1492 s, 1466 m, 1419 s, 1375 m, 1310 s, 1243 m, 1030 s, 940 vs
(Re=0), 918 vs (Re=0), 848 vs, 831 vs, 737 s, 555 m (Re—C), 540
m, 524 m, 480 m, 424 m, 358 s cm~!. Raman: ¥ = 3070 m, 2921
s, 1615 s, 1555 s, 1495m, 1423 m, 1325 s, 1171 m, 1030 s, 937 vs,
916 m, 848 m, 743 m, 667 w, 555 w, 481 s, 352 m, 316 w, 265 m,
195 m cm™'. "H NMR (CDCl;, room temp., 300 MHz, TMS): § =
0.98 (t, 3 H, CH3), 1.09 (s, 3 H, Re—CH3), 1.43 (m, 2 H, CH,),
1.72 (m, 2 H, CH,), 2.58 (s, 3 H, py-CH3), 2.81 (t, 2 H, py-CH,),
7.38 (d, 2 H, py-H), 8.09 (d, 2 H, py-H), 8.92 (m, 2 H, py-H).
13C {H} NMR (CDCls, room temp., 75.47 MHz, TMS): § = 13.8
(CH3;CH,), 21.6 (py-CHs3), 22.3 (CH5CH;), 27.0 (Re—CH3), 32.3
(py-CH,CH,), 35.4 (py-CH,), 123.1, 123.8, 126.5, 127.2, 148.9,
150.2, 151.9, 156.7 (all py-C). '3C CP MAS NMR: § = 13.8
(CH;CH,), 21.1 (py-CHj), 24.4 (CH3CH,), 27.4 (Re-CH3), 33.5
(py-CH,CH,), 36.3 (py-CH,), 125.2, 127.9, 128.7, 146.9, 148.0,
150.3, 153.3, 158.1 (all py-C).
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