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A supported [Ru(dmp),(Py@LUS)CI]|CI complex (dmp = 2,9-dimethyl-1,10-phenantroline) was
synthesised in LUS, a 2D hexagonal porous mesostructured silica, via a step-by-step approach for
the sake of site isolation, unicity and localisation in the confined space of the nanopores of the
silica matrix. A pyridine terminated tether, Py@LUS, was homogeneously distributed on the
surface using a molecular stencil patterning technique, followed by reaction of [Ru(dmp),Cl,] at
78 °C. All intermediate materials were thoroughly characterised with a panel of techniques,
including X-ray diffraction, elemental analysis, 2°Si and '*C solid state NMR, diffuse reflectance
UV-vis and FT-IR spectroscopies, and cyclovoltamperometry. Site isolation, unicity and
localisation are achieved in the confined space of the nanopores of the silica matrix. The final
material is selectively active in the catalytic oxidation of methylphenylsulfide into sulfoxide.

1. Introduction

Heterogenisation of metallic complexes has been extensively
used in key catalytic reactions,' because the immobilisation of
active sites on supports leads to better robustness and recycl-
ability of the systems, compared to homogeneous ones. More
interestingly, in some cases the fixation of the catalyst can also
lead to an improvement of selectivity.2 In fact, nature shows us
that prearrangement of some functions near the active site of
metalloproteins favours selectivity.>* In this vein, Coman
et al.’ showed that when using mesoporous molecular sieves
as support, stereoselectivity can be enhanced most likely due
to a confinement effect in the pores of the structure.®

On an other hand, ruthenium complexes have been broadly
used in catalytic reactions, such as hydrogenations, oxidations,
C—C bond creations or reactions with CO and CO,.”* Among
them, Ru(diimine) complexes (diimines such as 1,10-phenan-
troline or 2,2'-bipyridine) represent an important class of
active catalyst for epoxidation, hydroxylation and sulfoxida-
tion.” The prototype of this class, [Ru(bipy)»(py)L] (where L is
a monodentate labile ligand) has been fully studied in terms of
reactivity, and mechanistic studies have demonstrated the
involvement of [Ru(iv)=0(bipy).(py)] as the active species.'’
To our knowledge, there is not yet any report on the incor-
poration of such ruthenium complexes into the confined space
of pores with a well-defined size. This prompts us to design a
mesoporous phase containing covalently bound complexes.
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The complex [Ru(dmp), (Py)Cl]* was chosen because of its
high structural stability and its potential application in en-
antioselective catalysis.'! There is a rich chemistry of complex
fixation inside hexagonal or cubic mesostructured silica.'>!?
The silica’s very well defined porous structure is an essential
point in the approach of controlling each step of the synthesis
and functionalisation of materials.'*'> In our case, two main
routes of synthesis of supported metal complex in mesoporous
matrix may be applied: first the co-condensation of ligands'®!”
or metallic complexes'®!” with the silica source in the sol-gel
synthesis, and second the post-functionalisation? by reaction
of the preformed mesostructured silica with moieties to be
incorporated. For this last route, one may synthesize a catalyst
by mere physical deposition?! or by covalent grafting. The
former allows to obtain a metal rich catalyst (usually >5
wt%), but with a rather low metal dispersion, limited in
efficiency, robustness and recyclability for catalysis. The cova-
lent route consists in anchoring a homogeneous catalyst onto a
support by chemical tethering,”>>* that avoids direct bonding
to the silica surface and minimises the risk of structural
modification of the complex. However, this approach does
not allow full control of the metal coordination, which may
still react with the remaining surface silanol groups and
modify its properties.>* In addition, direct grafting of the
complexes in a confined space is a difficult task because of
steric hindrance and diffusion restrictions.>> The alternative is
to develop a ship-in-the-bottle method that may appear long
but could be worthy for application in the fine chemical
industry.? It necessitates the control of the molecular design
at each step of the synthesis implying organosilanes for
tethering. These molecules usually contain on one part a
ethoxy-, methoxy- or chlorosilane function and on the other
part functional organic moities. The former is necessary for
anchoring the tether via the reaction with the surface silanols
by formation of siloxane “Si—-O-Si” bridges. The latter is
chosen to covalently bind a ligand to generate the targeted
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coordination. There are very few reports on such stepwise
design of complexes in confined space.?

In the present study, the step-by-step building of a tether
terminated by a pyridyl moiety (Py@LUS) in mesostructured
silica is proposed. The last step consists of the fixation of
ruthenium by the reaction of the solid with Ru(dmp),Cl,,
which should lead to the formation of [Ru(dmp),-
(Py@LUS)CI][CI], a grafted analogue of the targeted species.
The mesostructured porous silica chosen here is the so-called
LUS?” (Laval University Silica) with a MCM-41 like structure.
Its organic functionalisation is performed according to a
specific technique developed by some of us.?® The latter is
briefly described here and is designed to combine an homo-
geneous dispersion of the tether with hydrophobisation of the
surface, leading to a “molecular stencil patterning”.?’ Finally,
preliminary studies allow us to describe the obtained material
as an efficient catalyst for the selective oxidation of sulfide into
sulfoxide by H,0,.

2. Experimental
2.1 Materials

Low-angle X-ray powder diffraction experiments have been
carried out with a Bruker (Siemens) D5005 diffractometer
using Cu Ko monochromatic radiation. Nitrogen adsorp-
tion—desorption isotherms at 77 K were determined with a
volume device Micromeritics ASAP 2010M. Infrared spectra
were recorded from KBr pellets using a Mattson 3000 IRTF
spectrometer. Liquid UV-vis spectra were recorded using a
Vector 550 Bruker spectrometer. Solid UV-vis and near infra-
red spectra were recorded from aluminium cells with Suprasil
300 quartz windows, using a PerkinElmer Lambda 950 and PE
Winlab software. '*C and *°Si solid NMR measurements were
collected on a Bruker DSXv400 spectrometer. For '*C (100.6
MHz) CPMAS solid NMR, a 5 ps (0 = m/2) pulse was used
with a repetition of 4 s; the spinning rate of the rotor was
about 5 kHz and the number of scans was situated between
2000 and 15000. For *°Si (79.49 MHz) MAS solid NMR, a
5 us (0 = =/2) pulse was used with a repetition time of 80 s; the
spinning rate of the rotor was about 10 kHz and the number of
scans 512. TGA measurements were collected from Al,Os
crucibles on a DTA-TG Netzsch STA 409 PC/PG instrument,
under air (30 mL min~'), with a 25-1000 °C (10 °C min™")
temperature increase. GC-MS analysis was done with a Perkin-
Elmer autosystem X coupled to a turbomass spectrometer.

2.2 Syntheses

As-made silica 1. LUS mesoporous silica with hexagonal
structure was synthesized following a described procedure:*
NaOH (32.0 g) was solvated in deionised water (800 mL), and
then a colloidal solution of silica (187 mL) (Ludox, HS-40
colloidal silica, 40 wt% suspension in water) (Sigma-Aldrich)
was added. Precipitation happened immediately when the
mixture was formed but a nearly clear solution of sodium
silicate was formed after stirring the mixture at 40 °C for 24 h.
A solution of hexadecyltrimethylammonium-p-toluene-sulfo-
nate CTATos (12.8 g) (>99%, Merck) in deionised water
(462 mL) was stirred for 1 h at 60 °C. 320 mL of the Na,SiO3

solution were stirred for 1 h at 60 °C too, and then added
dropwise into the CTATos solution. The mixture was stirred
for 2 h at 60 °C and then loaded into four 250 mL Teflon-lined
steel autoclaves where it was statically heated for 20 h at
130 °C. The resulting white precipitate was filtered, washed
with deionised water (3 x 50 mL), and dried at 80 °C for one
night, leading to 12 g of as-made LUS 1. Anal. found (%): C
32.7, H 6.9, N 2.0, S 0.4, weight loss at 1000 °C, 50.7%.

Partially extracted silica 2. As-made material 1 (6 g) was
solvated in technical ethanol (250 mL) and stirred at 40 °C for
a few minutes, then diluted hydrochloric acid (4.25 mL, 0.5 eq)
(1 mol L™, standard) (Acros) was added. The mixture was
stirred at 40 °C for 1 h, then filtered, washed with technical
ethanol (2 x 50 mL), technical acetone (2 x 50 mL), and dried
at 80 °C for one night, leading to 4 g of partially extracted
silica 2. Anal. found (%): C20.0, H4.6, N 1.1, S < 0.3, weight
loss at 1000 °C, 34.4%.

Partially silylated silica 3. Material 2 (4 g) was placed in a
round bottom two-neck flask where it was dried at 150 °C
under argon flow for 1 h, then under vacuum for 2 h. After
being brought back to room temperature, cyclohexane
(100 mL) (synthesis grade, SDS) and hexamethyldisilazane
HMDSA (18 mL, 30 eq. ) (98%, Alfa Aesar) were added to the
flask, and the mixture was stirred at room temperature for 1 h,
and refluxed for 18 h. The mixture was filtered, washed with
cyclohexane (2 x 20 mL), technical ethanol (2 x 20 mL),
technical acetone (20 mL), and dried at 80 °C for one night.
All these steps were repeated two more times, leading to 4 g of
partially silylated silica 3. Anal. found (%): C 20.2, H 4.3, N
0.8, S < 0.3, weight loss at 1000 °C, 25.0%.

Extracted silica 4. Material 3 (4 g) was solvated in technical
ethanol (250 mL) and stirred at 0 °C for a few minutes, then
diluted hydrochloric acid (4.5 mL, 1.1 eq, 1 mol L") was
added. The mixture was stirred at 0 °C for 1 hour, then
filtered, washed with technical ethanol (2 x 50 mL), technical
acetone (2 x 50 mL), and dried at 80 °C for one night, leading
to 3 g of extracted silica 4. Anal. found (%): C 8.0, H 2.4,
N < 0.1, S < 0.3, weight loss at 1000 °C, 10.5%.

Functionalised silica 5. Material 4 (I g) was placed in a
round bottom two-neck flask where it was dried at 130 °C
under argon flow for 1 h, then under vacuum for 2 h. Back at
room temperature, 15 mL of distilled toluene (synthesis grade,
SDS) and 1 mL (5 eq. ) of isocyanatopropyl-dimethylchloro-
silane (95%, ABCR) were added to the flask, then the mixture
was stirred at room temperature for 1 h, and refluxed for 20 h.
The obtained product was washed with distilled toluene (10
mL three times) under argon, then directly solvated in 15 mL
of freshly distilled dichloromethane (synthesis grade, SDS).
Then 0.5 mL (3 eq ) of 4-aminomethylpyridine (98%, Aldrich)
was added dropwise. The mixture was stirred at room tem-
perature under argon for 24 h, then filtered, washed with
dichloromethane (2 x 30 mL) and technical acetone (2 x 30
mL), and dried under vacuum at room temperature. The
obtained product was then re-solvated in 75 mL of ethanol
(analytical grade, VWR) at 0 °C. The mixture was stirred for
1 h, then washed with ethanol (2 x 30 mL) and acetone
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(2 x 30 mL) (analytical grade, VWR), and dried under
vacuum at room temperature, leading to 0.7 g of functiona-
lised silica 5. Anal. found (%): C 13.6, H3.0,N 1.7, S < 0.3,
weight loss at 1000 °C, 17.1%.

Ruthenium supported complex 6. Material 5 (200 mg) was
solvated in 30 mL of ethanol under argon, at room tempera-
ture. Then 106.6 mg (1 eq.) of ruthenium complex
Ru(dmp),Cl, (dmp = (2,9)-dimethyl-1,10-phenantroline)
was added, and the mixture was stirred during 3 h at 78 °C,
under argon and protected against light. The obtained solid
was washed with ethanol (10 mL, several times) until filtrates
became colourless, leading to 230 mg of ruthenium supported
complex 6. Anal. found (%): Ru1.1,C1 1.1, C11.9, H 2.4, N
1.6, S < 0.3, weight loss at 1000 °C, 20.9.

2.3 General procedures

Electrochemical measurements. Cyclic voltammetry of ruthe-
nium precursors ([Rul] = Ru(dmp),Cl, and [Ru2] =
[Ru(dmp),PyCI][PF¢]) was performed with a CH Instruments
600B potentiostat in a three-electrode cell. A platinum disk
(1 mm diameter) was used as the working electrode, a plati-
num wire as the auxiliary electrode, and an AgNO;/Ag
electrode as the reference. This latter was checked vs. ferrocene
as recommended by [UPAC (E°g. = 0.100 V). The electrolyte
was a solution of tetrabutylammonium hexafluorophosphate
(TBAP, 0.1 M) in CH,Cl,, and the scan rate was 50 mV s .

The electrochemical response of supported ruthenium solids
was analyzed by means of a home-built potentiostat equipped
with an efficient ohmic drop compensation, in a three-elec-
trode cell, using slow and fast scan rate cyclic voltammetry.
This study was performed in CH,Cl, with TBAP (Fluka,
puriss.) 0.1 M as the supporting electrolyte. The solid was
coated on the working electrode by drying a solution contain-
ing 5% polystyrene (Aldrich, average molar mass: 280 000)
mixed with the functionalised silica powder (20 mg) in di-
chloromethane. Solutions were deaerated by argon bubbling
for 10 min prior to each sequence of measurements.

Catalytic sulfoxidation. 21 pL of methylphenylsulfide (600
eq ) were added to an acetone solution of catalyst material 6
(0.3 mM), and the reaction was initiated by addition of
0.43 puL (15 eq ) of HyO, (35% in water). The reaction was
monitored by gas chromatography from the amount of
methylphenylsulfoxide formed using benzophenone (5 pL of
a 1 M solution in dichloromethane) as internal standard.

3. Results

Supported ruthenium complex 6 is synthesised according to the
following step-wise sequence (Scheme 1). The first four steps
deal with the preparation of the surface by the so-called
molecular stencil patterning,?® the fifth step combines two
reactions to built up the pyridyl tether Py@LUS, and the last
one consists in the metallation of the solid via complexation of
the ruthenium complex with Py@LUS. In Scheme 1, the
internal surface of the channel is represented as a flat surface
for the sake of simplification. First as-made LUS 1 is obtained
following a described procedure,?® then a controlled addition
of hydrochloric acid leads to material 2, in which the remaining

surfactant is supposed to be homogeneously dispersed, because
of the electronic repulsion between the cationic heads of these
molecules. Then material 3 is obtained via reaction of hexam-
ethyldisilazane (HMDSA) with surface silanol available be-
tween the remaining surfactant (CTA™), playing the role of
stencil. The self repulsion between these cationic molecules
creates the patterning effect.” In the next step, the remaining
surfactant is extracted using an addition of hydrochloric acid
(1.1 eq ) at 0 °C. These specific conditions were found the be
imperative to insure an effective removal of the surfactant
without removal of the TMS surface groups in material 4.
Then, molecules of isocyanatopropyldimethyl chlorosilane are
grafted, and directly engaged with 4-aminomethylpyridine
because of the high reactivity of the isocyanate group. The
linkage of the pyridine moieties Py@LUS is obtained by the
formation of a urea function in material 5. Then Ru(dmp),Cl,
is used as ruthenium precursor, and is introduced in the solid to
react with the Py@LUS tether in mild conditions. The material
6 so obtained (after thorough washing) has a dark purple color.

X-Ray diffraction patterns of the obtained materials reveal
that the hexagonal structure of the materials is maintained
through all the sequence of synthesis, from as-made LUS 1 to
the supported ruthenium complex in material 6 (Fig. 1). Further-
more, for materials 1-6, cell parameter and half-width at half-
height (HWHH) remain quite similar, which shows that the pore
size and distribution do not change during the sequence of
treatments undergone by the solids (Table 1). The intensity of
the peak 100 is consistent with the evolution of the materials: it
first increases when the surfactant is partially removed during the
synthesis of material 2, then it remains constant for materials 3 to
5, for which modifications are made at the surface, and finally
decreases upon the introduction of the ruthenium complex.

The low temperature nitrogen adsorption—desorption iso-
therms of material 6 and the parent material 1 are similar and
classified as type (IV) according to the ITUPAC nomen-
clature.?” This is also characteristic of mesostructured porous
material.>* The obtained profiles account for a narrow pore
size distribution and a small average size diameter decreasing
from 3.0 in material 1 to 2.5 in material 6 according to the BJH
model (Table 1). This decrease is consistent with a partial
filling of the pores by the ruthenium complex. The surface
after grafting of the complex is concomitantly reduced from
1030 to 615 m* g~ .

The different steps of functionalisation of the surface in the
solids 1 to 6 were followed with several techniques, such as
elemental analysis and thermogravimetric measures (TGA),
13C and *Si NMR, IR and solid UV-vis spectroscopies, and
electrochemistry.

First, elemental analysis (Table 2 and 3) shows that as-made
LUS 1 contains 0.17 mol of surfactant per mol of inorganic
silica, which corresponds to 74% of the covered surface,
assuming that 0.23 mol of grafted function per mol of inor-
ganic SiO, corresponds to 100% coverage.?®*! This value is
directly derived from the molar ratio N : SiO,. After partial
extraction with acid treatment, material 2 still contains
0.07 mol of surfactant standing for a removal of 41% of the
surfactant, and corresponding to ca. 30% coverage.

In eqn (1) (see below), the molar ratios N/SiO, and C/SiO,
(Table 2) are denoted N and C, respectively. It designs the
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Scheme 1 Step-by-step functionalisation from as-made silica LUS 1 to ruthenium supported complex 6.

global amount of nitrogen and carbon atoms that are present
in a material. Considering that carbon atoms account for both
surfactant (C9NHy,) and TMS (C5SiHy) species, the molar
amount of TMS (n1yms) is deduced as follows:

nTMS:C 139><N )
According to eqn (1), the surface of material 3 is covered at
87% by TMS, distributed among the remaining surfactant. In
material 4, it is assumed that there is no surfactant left in the
channels in order to calculate the other figures. Thus for
material 5, the nitrogen atoms come from tether molecules
only. According to TGA measurements, the distribution of
urea tethers has been estimated as 3 : 1 (C,N3H,,OSi-Py@-
LUS : C;;N,H»40Si,—urea 9). These formulas correspond to

two possible forms of grafted molecules (see discussion and
Scheme 2). The system is also assumed to contain ca. 15% of
free aminomethylpyridine (C4N,H7). So the amount of urea
tethers (nyrea) and the amount of TMS (n1yms) are deduced
from the following equations:

Mures
Nurea9 = u3e<15 (21)

= 0.15 (nurcaS + nurca9) =02 Nyreas (22)

Nfree pyridine

N
Nureas = 4.076 (23)
C—(12 11 6 idi
nTMS = ( Nyreas + 11nyrea9 + Onfree pyri dme) (24)

3
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100

Intensity (a.u.)

20 (%)

Fig. 1 X-Ray powder diffraction pattern for materials 1 (as-made
LUS), 4 (extracted silica) and 6 (ruthenium supported complex).
Insert: enlarged region for 110 and 200 peaks (x10).

These equations lead to surface coverages of ca. 78 and 18%
for TMS and urea tethers, respectively. At last, in material 6
the molar ratio Ru/SiO, allows the evaluation of the number
of carbon and nitrogen atoms that were brought into the
system by the complex (RuCysN4H»4). After removing this
contribution, carbon and nitrogen atom ratios have been
found to be lower than the former ones in material 5. The
extraction of free aminomethylpyridine molecules is not suffi-
cient to explain this decrease. Nevertheless, no loss of urea
functions has been observed by IR spectroscopy. This suggests
a loss of TMS or a rearrangement of grafted ureas during the
introduction of ruthenium complex.

In the following, >’Si MAS NMR (Fig. 2) and IR spectra
(Fig. 3 and 4) are described in terms of the quantitative
evolution of various surface species, starting from step 3 to
the end. The *°Si MAS NMR spectra exhibit a signal at
15 ppm, assigned to M type silicon (SiC;0), corresponding
to grafted TMS and/or urea tether groups. Unfortunately both

Table 3 Percentage of covered surface” for materials 1-6

Table 1 Textural properties of materials 1-6

Material 1 2 3 4 5 6
dygo/nm 4.1 4.0 4.1 4.1 4.1 4.2
ap’/nm 4.7 4.6 4.7 4.7 4.7 4.8
Intensity?/10° counts 30 80 110 110 120 50
HWHH* 26/° 022 0.26 022 022 022 0.20
BET surface area/m> g~ 1030 — — — — 615
Porous volume/mL g~ 096 — — — — 0.46
Pore diameter’/nm 3.0 — — — — 2.5
¢ Parameter calculated from djoo0 with the formula a, = 2*djg/

312 % Height at the maximum of  (100)
half-height. ¢ Using BJH method.

peak. ¢ Half-width  at

Table 2 Elemental analysis for materials 1-6

Material 1 2 3 4 5 6
C/SiOy* 3.32 1.52 1.62 0.53" 1.04 0.98
N/SiO,* 0.17 0.07 0.05 <0.01¢ 0.11 0.11
Cl1/SiO0y* — — — — — 0.02
Ru/SiO,* — — — — — 0.008

“ Molar ratio calculated considering inorganic SiO, content obtained
from weight loss at 1273 K and removing the contribution of the
organic SiO, formed from the grafted silane. ” After extraction,
n(surfactant) is assumed to be zero (see ) to estimate organic SiO,.
¢ Maximal value due to the detection limit of elemental analyser
(0.1% in nitrogen).

signals are superimposed and cannot be differentiated. A
group of signals, mainly composed of Qs (Si(OH)Os;,
~—100 ppm) and Q4 (SiO4, ~—110 ppm) species is also
observed between —90 and —110 ppm. The latter are usually
assigned to silanol and bulk silicon of the matrix silica.>* The
Q signals accounted for as inorganic silicon (Sijnorg), While the
M type is related to organic silicon (Si,), as defined in
Table 2. Thus, Si(M)/Si(Q) ratios of 0.14 and 0.13 for materi-
als 3 and 4, respectively, show that the TMS groups remain
grafted on the surface during the extraction of the surfactant.
In the next step, this ratio reached the value of ca. 0.22,
consistent with the completion of the surface coverage by
the grafted isocyanate tethers and their reaction with 4-ami-
nomethylpyridine (remember that 0.23 corresponds to 100%
coverage, as explained above).

For IR spectroscopy, the window 650-1000 cm ™' (Fig. 3)
allows us to focus on the Si—C stretching vibrations (860 and

Material 1 2 3 4 5 6
Surfactant 74 +1(0.17)" 30 & 1 (0.07) 20 + 1 (0.05)° 0/ 0 0 ,
TMS — — 87 + 3 (0.20)° 78 + 3 (0.18)° 77 + 3 (0.17Y

Molecular tethers — — _

77 £ 3 (0.17)

18 + 3 (0.04)° 23 + 3 (0.05Y

¢ Brackets: molar ratio of grafted function per mol of inorganic SiO,. Assuming that 0.23 mol of grafted function per mol of inorganic SiO,
corresponds to 100% coverage.’' # In mole per mole of inorganic SiO,. The amount of surfactant (C;oNH,y) is directly given by the molar ratio of
nitrogen: n(surfactant) = N/SiO,. ¢ In mole per mole of inorganic SiO,. The amount of trimethylsilyl (C3HoSi) is calculated by removing the
contribution of the carbons of surfactant molecules to the total 5. ¢ After extraction, n(surfactant) assumed to be zero to estimate organic
Si0,. ¢ In mole per mole of inorganic SiO,. Tethers are assumed to be distributed 3 : 1 (C,,N3H»,0Si : C;;N,H»40Si5), see discussion. The amount
of trimethylsilyl (C3HoSi) is calculated by removing the contribution of the carbons of tethers molecules to the total molar ratio of carbon, and by
dividing this quantity by three. Here organic SiO, = Si (TMS) + Si (tethers). © Assuming that the amounts of trimethylsilyl and grafted tethers are

the same in material 6 as in material 5.
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Fig. 2 2Si MAS NMR spectra for partially silylated silica (3),

extracted silica (4) and functionalised silica (5); Si(M)/Si(Q) = 0.14,

0.13 and 0.22 for materials 3, 4 and 5, respectively.

780 cm™'), and the Si-OH stretching vibration in silanols
(960 cm™'). In materials 3 and 4, the intensity of v(Si-C)
appears quite similar, whereas the intensity of the peak at
980 cm ™! assigned to v(Si—O~) decreases, giving rise to a well
defined peak at 960 cm~' assigned to v(Si~OH). This is
consistent with the neutralisation of silanolate and the removal
of the surfactant as depicted in Scheme 1. In material 5, the
peak assigned to v(Si—C) increases while the peak of the
v(Si—-OH) mode decreases upon the grafting of urea tethers.
For material 6, the intensity of v(Si~OH) seems to be slightly
higher. Unfortunately, the IR spectrum of the ruthenium
precursor Ru(dmp),Cl, exhibits Csp’~H aromatic bending
vibrations at 860 and 850 cm ™", which prevents us being fully
conclusive about the level of the silylation process in this
material.

The introduction of the tether and the complex led to
profound spectroscopic changes. The overall IR spectrum
(Fig. 4) obtained for material 5 exhibits large bands with
maxima at 1660 cm ™" and 1570 cm™!, which are likely to be
attributed to C—=0O0 stretching and N-H bending, respectively,
typical urea functions.>® In addition, '*C CPMAS NMR
spectra exhibit signals at ~—5, 12, 20 and 45 ppm that are
assigned to C;, C,, C5 and C4 carbon atoms, respectively, and
are related to the isocyanate tether (Fig. 5). Signals are also
observed at ~ 120, 140 and 156 ppm, which correspond to the
aromatic carbons of the pyridinyl group (C8 and C7,9) and to
the carbon of the urea function (C5), respectively.

The former signals show that the isocyanate tether was
grafted, and the latter signals are a fingerprint of the coupling
reaction between the isocyanate previously grafted and the
amino group of 4-aminomethylpyridine, leading to the global
tether Py@LUS. Efficient washing was achieved with ethanol
in order to remove unreacted 4-aminomethylpyridine. Finally,
the '3C NMR spectrum of material 6 exhibits multiple peaks,
whose attribution was found to be difficult (data not shown).
Nevertheless, the great changes observed between the NMR
spectra for material 5 and that for material 6 directly illustrate
the introduction of the ruthenium complex onto the solid.

The solid diffuse reflectance UV-vis spectra of materials 5, 6
and references [Rul] = Ru(dmp),Cl, and [Ru2] = [Ru(dmp),.

v(5i-C)—. w(Si-OH)

Intensity (a.u.)

RN

650 700 750 800 850 900 950 1000

Wavenumber (cm'])

Fig. 3 Infra-red spectra of materials 3, 4, 5, 6, and ruthenium
precursor [Rul] = Ru(dmp),Cl,, in the window 650-1000 em

PyCl][PF¢] were treated using the Kulbeka Munk function.
They exhibit large bands (Fig. 6), consistent with the electronic
transitions in solid state. The spectra of Ru" containing
samples feature intense intraligand m1 — =* absorptions in
the UV region, together with intense and broad d(Ru') —
n*(L) (L = dmp or grafted pyridine ligand) MLCT bands in
the visible region. The UV-vis spectrum of material 5 exhibits
only one maximum at ~250 nm, characteristic of the
anchored pyridine Py@LUS. For material 6, the 1 — =n*
absorptions appear as a large band at ~274 nm with a
shoulder at 295 nm, consistent with transitions of both the
dmp ligand and the coordinated pyridine, respectively (vide
infra). The MLCT bands present maxima at ~ 390 and 500 nm
for material 6, slightly blue shifted compared to the ones of
[Rul] and [Ru2]. Both spectra of [Rul] and [Ru2] appear
similar, with m — 7* absorptions at ~270 nm and MLCT
bands with a single maximum at ~ 500 nm. The similarity of
the spectra obtained for material 6 and for [Rul] and [Ru2]
strongly suggest that the complex has been incorporated
into the pores without degradation. Nevertheless, this

v(N-H)
v(C=0)
\/

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'])

Fig. 4 Infra-red spectrum of material 5.
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silica).

13C CP-MAS NMR spectra of material 5 (functionalised

technique can not be exploited to form a conclusion about the
introduction of pyridine into the coordination sphere of the
ruthenium.

The cyclic voltammograms of the reference compounds
[Rul] and [Ru2] show a reversible redox peak at E°, = —60
mV vs. AgNOs|Ag for [Rul], and E°,, = 550 mV vs.
AgNO;|Ag for [Ru2], respectively. These peaks can be related
to the oxidation Ru™ — Ru' in both compounds, with the
usual shift observed for a substitution of a chloride by a
pyridine ligand, as reported in the literature.>*

The response in cyclic voltammetry of the ruthenium grafted
moieties in material 6 is shown Fig. 7 at various scan rates. The
signal exhibits a pair of peaks emerging from a capacitive
background current, corresponding to a single redox species
with an oxidation standard potential of 500 mV vs. Ag-
NO3|Ag. In comparison with the values obtained for refer-
ences [Rul] and [Ru2], this oxidation potential is consistent
with a single type of ruthenium moiety in material 6 that has
the expected chemical environment, i.e. one pyridine and one
chloride ligand in the coordination sphere of Ru. The absence
of remaining Ru(dmp),Cl, in the porous material 6 can be
noted too.

Then, a very interesting feature is the evolution of log—log
diagram of the oxidation current peak versus scan rate (Fig. 8).
A linear relationship (slope of & = 0.64 £+ 0.02) is obtained
over three decades, showing that there is no transition in the
mass transfer regime on the explored timescale. According to
Laviron®® and Andrieux et al.,*® an electron hopping mechan-
ism between homogeneously distributed redox sites in an
isotropic medium should generate a variation of the peak
current with the square root of the scan rate, since hopping
can be assigned to a diffusion process.

Here, the electronic diffusion cannot be considered as iso-
tropic, probably because of the 2D geometry of the channels in
the mesostructured LUS. Similar current behaviour have been
recently obtained in other materials, such as meso-structured
porous nanocrystalline titanium oxide films.*® Furthermore,
the authors estimate that the Randles—Sevcik equation can be
used to calculate the apparent diffusion coefficient, despite the
non-classical diffusion mode observed here. This equation can
be written:

B B ’RT
b= (0.44nFACRu nF (3)

where n is the number of electrons exchanged per ruthenium
species, A the electroactive area of the electrode, Cg, the bulk

5 6
s
=

g [Rul]

= \ [Ru2]

5

300 400 500 600 700 800

Wavelength (nm)

Fig. 6 Diffuse reflectance UV-vis spectra of material 5, molecular
references [Ru(dmp),Cl,] (Rul, sharp line) and [Ru(dmp),PyCI][PF]
(Ru2, thick line) and material 6.

concentration of Ru in the material and f is the slope of the 7
vs. V172 relationship. In our case, one electron is exchanged, A
was taken as the geometrical electrode area and Cg, of ca.
10~* mol cm ™2 was calculated from the metal loading (1 wt%
Ru) and the density (1.0) of the solid. These values lead to a
diffusion coefficient of about 10™"' ecm? s™'. This order of
magnitude is compatible with a diffusion process involving
electron hopping between grafted electroactive species. This
value is, however, notably smaller than in the case of meso-
porous titania functionalised by ferrocene moieties,’” prob-
ably because all the electroactive sites are not accessible in the
case of the present material.

Finally, the catalytic activity of the supported complex 6
(0.3 mM) was assayed during oxidation of methylphenylsul-
fide (54 mM, 600 eq.) by hydrogen peroxide (4.5 mM, 15 eq.)
in acetone. Evolution of the reaction was monitored by GC
analysis using benzophenone as an internal reference. After 3 h

2200 0 200 400 600 800 1000
E (mV) vs. AgNO,/Ag

Fig.7 Cyclic voltammograms of the ruthenium grafted material 6, at
the following scan rates (in V s~ 1): (a) 0.2; (b) 1; (c) 5; (d) 10.
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Fig. 8 Characteristic diagram of the cyclic voltammograms of Fig. 6;
I/uA intensity of the oxidation peak current and V/mV s~! scanning
rate.

of reaction at room temperature, the sulfide substrate reached
a maximal yield in methylphenylsulfoxide of 73% (turn over
number, TON, of 11) for material 6.

Sulfone was also produced. Nevertheless, there was a high
selectivity in sulfoxide (9 : 1 sulfoxide—sulfone). For compar-
ison, the homogeneous catalyst [Ru(dmp),(4-methylpyridine)-
Cl] [PF¢] was found to be active under these conditions (44%
yield after 3 h, 7 TON). Blank experiments without catalyst or
with material 5 were achieved and afforded 4% and 11% yield
after 3 h, respectively. After filtration and washing with
acetone, the recovered catalyst was engaged again in a second
and a third run. Similar yields, selectivity and kinetics were
observed (Fig. 9), consistent with a high stability of the
catalyst in the material. Filtrates did not show any activity,
which centred the reactivity on the heterogeneous species.

4. Discussion

The results show from various techniques of characterisation
including UV-vis spectroscopy and voltamperometry, that the
sequential synthesis approach adopted here leads to single
ruthenium (1) sites anchored inside the channel of a 2D
hexagonal silica. X-Ray diffraction patterns of the materials
revealed indeed that the hexagonal structure of the materials
was maintained all through the sequence of reactions involved.
In addition, the supported complex 6 showed a good catalytic
reactivity in the oxidation of methylphenylsulfide by H,O,, a
high selectivity in sulfoxide and no apparent deactivation after
three cycles of the reaction. Nevertheless, the aim of driving a
quasi “‘molecular” approach of the sequential synthesis needs
to be discussed particularly when considering the control of
the nature and the quantity of grafted moieties at each step of
the synthesis. These various points are treated in the following.

To obtain the best molecular stencil effect the TMS should
not react or move during the acid extraction of the surfactant,
to ensure site isolation, this is also needed to minimize in the
following step the reaction of the isocyanate function with the
surface silanol groups. The only information that may attest
for such a problem relies on both the coverage level of TMS

12

10

TON sulfoxide

0 100 200 300 400 500
Time (min)

Fig. 9 Methylphenylsulfoxide TON showing the catalytic activity of
material 6 for three successive cycles (1—¢, 2—M and 3—A).

and type of linkage. For the latter, solid state Si NMR
exhibits very similar profiles at stage 3 and 4, anyhow, there is
no indication in the literature that may differentiate the
grafting of TMS on different types of silanol.'*! In addition,
despite several trial the spectra were slightly different and
found hardly exploitable for quantitative purpose. So a special
effort was devoted to check this point using IR spectroscopy in
the window 6501000 cm™' (Fig. 3) where Si—-C stretching
vibrations (780 and 860 cm™') specific to TMS were found free
from any interference with other vibrational modes in materi-
als 3 and 4. All the spectra were calibrated using the deforma-
tion mode of SiO, at 450 cm™' (not represented here but
applied for spectrum of Fig. 3). Then, the intensity of the
largest band at 860 cm™' was chosen to monitor the TMS
loading. No apparent change of intensity indicates a very
similar coverage level. Actually, maintaining the TMS cover-
age during step (3 — 4) was found quite delicate and had
necessitated a fine optimisation. Several experimental condi-
tions were tested, changing the repetition time, solvent, tem-
perature and quantity of HCI during this step. The data
reported in terms of remaining TMS percentage (Fig. 10)
shows that TMS anchoring was more fragile than expected.
Both acetonitrile and ethanol were found similar with a drastic
removal of about half of TMS at 40 °C only. Continuing with
the less ethanol and decreasing the excess of hydrochloride
acid from 10 to 1.1 eq (vs. surfactant) still led to a notable
removal of ca. 20% even for a single washing. The best
treatment that was finally adopted was 1.1 eq. of HCI, 1 time,
at 0 °C. This shows that during displacement of the surfactant
by neutralisation of the silanolate function, siloxane bridges
that retained the TMS moieties may be hydrolysed most likely
with acid catalytic assistance. Further studies about this
specific problem are in progress to reach a better molecular
control at this stage.

The quantification of the coverage was more delicate at the
step 4 — 5 since the IR fingerprint of the TMS species is
mainly the same as the IR fingerprint of the dimethypropylsilyl
moieties of the tether. The slight increase only reflects an
overall coverage of the surface occupied by both functions.
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Fig. 10 Percentage of remaining surface TMS after 1h treatment of
surfactant extraction (step 3 to 4 in Scheme 1) depending on repetition
time, solvent, temperature and quantity of HCI: (a) 3 x (MeCN, 1 h,
60 °C, HC1 10 eq.), (b) 3 x (EtOH, 1 h, 40 °C, HCl1 10 eq ), (c) | X
(EtOH, 1 h,40 °C,HCl 10eq ), (d) 1 x (EtOH, 1 h,40 °C,HCl 1.1 eq)
and (e) 1 x (EtOH, 1 h, 0 °C, 1.1 eq ).

Elemental analysis was here our only source for coverage
estimation as reported in Table 3. The data reveal that TMS
coverage that is calculated to be ca. 78% in material 5 is about
the same as (77%) before the grafting and the derivatization of
the tether. The overall coverage by both function reaches 96%
consistently with the step (4 — 5) of Scheme 1.

However, the nature of the species produced is more
problematic than the quantification at this step. Indeed, the
strong reactivity of the isocyanate function with any nucleo-
phile like H,O, Si-OH, R—NH,, may raise some questions on
whether a unique species, or several different species, might be
generated on the surface. The three most probable species that
may exist on the surface are reported on Scheme 2: reactivity
with water molecules (amine 7), with surface silanol (carba-
mate 8) and with neighbour grafted isocyanate after partial
hydrolysis of the amino group (urea 9). It is not easy to
distinguish those species, in particular their '*C CPMAS
NMR fingerprints are relatively close one to each other.
Nevertheless, one efficient means to detect the amine form 7
is to use benzaldehyde as molecular probe. The coupling
reaction between —NH, and —CHO groups is instantaneous
and complete at room temperature after 1 h in dichloro-
methane for their molecular analog (benzaldehyde and pro-
pylamine). The aromatic carbons of the benzaldehyde

il
HN NH
é (\NH \/ é %
A AN
4 6\ 0 4 0 470

P S me.nnmluvv\.vuv\nn.

Scheme 2 Different tethers resulting from isocyanate surface reac-
tions in material 5: with water molecules (amine 7), with surfacic
silanol (carbamate 8) and with neighbour grafted isocyanate (urea 9).

molecules serve as a specific signature on the NMR spectra
at about 130 ppm. In our case, no aromatic signals were
observed after the reaction between material 5 and one
equivalent of benzaldehyde, which is consistent with no, or
very few, species 7 on the surface. Considering now species 8
and 9, there is no evidence of their presence on the surface.
Indeed, the overall surface coverage obtained with TMS and
tether species should limit the accessibility to silanol, and
avoid the formation of 8. Furthermore, the use of strict
experimental conditions (fresh isocyanate, activated material
4 and distilled solvent) should have prevented any or most of
the conversion of isocyanate moieties into amine and further
coupling with a neighbouring isocyanate function, leading to
9. However, if we consider a material covered only with TMS
and expected urea 5, we do not succeed in explaining the
elemental analysis in a coherent way. So we introduce species 9
to the surface, and in correlation with TGA measurements, we
estimate their proportion at about 3 : 1 for species 5 to 9.
Finally, the addition of about 15% of free aminomethylpyr-
idine, apparently to the pores, leads to the use of material 5 in
the sequence of the catalyst synthesis.

The system after the fixation of the ruthenium (material 6)
gets even more complex, raising the question not only on the
nature of ruthenium but also on the fate of the organic
modification made in the previous steps. Surprisingly one of
the questions that found a reasonable answer was the nature of
the metal site.

According to the voltammograms and the dependence with
the scan rate of the oxidative and reducing current can show
that there is a unique type of site characterised by a very low
electron diffusion rate, compatible with localisation inside the
2D channel of the LUS silica. The voltammograms are
reversible showing that the ruthenium species at both oxida-
tion states (11) and (111) keep or retrieve the same coordination.
In addition, the oxidation potential of 500 mV and 550 mV vs.
AgNO;|Ag for material 6 and the complex [Ru(dmp),PyCl]
(IRu2]), respectively, are close to one another. A ligand sub-
stitution produces a very strong shift in the oxidation poten-
tial. For instance the Ru(dmp),Cl, exhibits in the same
conditions an oxidation potential of —60 mV vs. AgNO;3|Ag.
The slight difference of 50 mV accounts for a difference of
environment of the complex in the pore of the material and in
a bulk solution. Since the nature of the surface in such a type
of silica is more likely the same in the exterior and as in the
interior, there are also grafted complexes in the external part
of the grains or fibers. However the external surface that
accounts for to ca. 30 m> g~', is 33 times smaller than the
internal surface. One expects external grafted species at about
the same ratio, i.e., in a negligeable amount to affect the
present data. Therefore, it is likely that the grafted complex
is effectively the [Ru(dmp),(Py@LUS)CI][C]] as depicted on
Scheme 1. In addition, material 6 shows reasonable catalytic
activity (indeed slightly higher) than the homogeneous catalyst
reacting in the same conditions with a selectivity comparable
to that of the homogeneous complex [Ru(dmp),PyCl] toward
sulfoxide. This also reinforces the assignment proposed here.

The origin of an absorption peak at relatively high wave-
length, 700 nm, for material 6 originally raised a lot of
questioning about the nature of the Ru coordination but
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found no answer yet. Since both molecular analog, [Ru(dmp),-
PyCl], and material 5 (before fixation of the complex) do not
exhibit this feature, one may invoke either the presence of the
urea in the vicinity of the immobilised complex and/or the
effect of the confinement in a nanopore with different electro-
static properties.

Finally, it is worth noticing that material 6 shows no
deactivation during three runs and no metal leaching was
detected. This is consistent with a relatively stable anchoring
of the complex via the Ru—Py bond. This open opportunities
for further studies of such complexes and their catalytic
activities.

5. Conclusion

A multi step synthesis approach has been successfully applied
to obtain the fixation of a Ru complex within the pore of a 2D
hexagonal porous mesostructured silica. A quasi-molecular
control has been applied as much as possible. First, the
internal surface of the nano-channels were prepared according
to a molecular patterning method consisting in partial cover-
age with trimethylsilyl groups in presence of surfactant mole-
cules. Second, the surface deprotection is performed using a
careful acidic extraction of the surfactant. Third, the isocya-
natopropyldimethyl-chlorosilane is reacted with the surface
silanol groups without apparent displacement of the grafted
TMS groups. The so-obtained isocyanato tethers are readily
derivatizated by reaction with 4-aminomethylpyridine leading
to the fixation of the pyridinyl function via the formation of a
urea. Fourth, the pyridinyl tether is involved in the substitu-
tion of one chloro ligand of the Ru(dmp),Cl, resulting in the
covalent fixation of the complex described as [Ru(dmp),(Py@-
LUS)CIJ[CI]. The latter is found to be active in the catalytic
oxidation of methylphenylsulfide into sulfoxide with high
selectivity as its molecular precursor. At each step the inter-
mediate materials were thoroughly characterised with a panel
of techniques, including X-ray diffraction, elemental analysis,
29Si and '3C solid state NMR, diffuse reflectance UV-vis and
FT-IR spectroscopies, and cyclic voltamperometry. Site isola-
tion, unicity and localisation are achieved in the confined
space of the nanopores of the silica matrix. The method
developped here can be generalized to other inert complexes.
For labile complexes the fixation by a polydentate ligand is
more reasonable to avoid metal leaching during its utilisation
in catalysis, for instance.
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