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ABSTRACT: Engineering heterogeneous catalysts with molec-
ular precision is an ongoing challenge to access materials with
predictable properties that can be optimized using quantitative
structure−activity relationships. One approach is grafting organo-
metallic complexes on dehydroxylated oxide supports using
surface organometallic chemistry (SOMC). Although fruitful, this
technique is limited to complexes containing a σ-bound surface
oxygen in the first coordination sphere of the metal. In this
perspective, we describe our recent efforts to incorporate
molecular diversity onto surfaces to obtain molecularly defined
heterogeneous catalysts containing N-heterocyclic carbene ligands
for C−H activation, olefin metathesis, CO2 hydrogenation, and
the Z-selective semihydrogenation of alkynes.
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■ INTRODUCTION

Heterogeneous catalysts show key advantages in process
development because they are more easily regenerated, recycled,
and/or separated from reaction products.1 For these reasons,
heterogeneous catalysts dominate industrial transformations.
However, most of these materials are composed of a complex
mixture of surface species that are difficult to characterize, and as
a consequence, the structure of their active sites is generally not
understood at the molecular level. The lack of structural
understanding precludes or at least impedes their rational
development by establishing reliable structure−reactivity
relationships and leads mainly to empirical approaches. On the
other hand, homogeneous catalysts are often composed of single
transition-metal centers in a defined ligand environment.
Bringing molecular level definition found in homogeneous
catalysis to heterogeneous materials has been a long-term
research goal.2−9

One approach to this challenge is the generation of well-
defined surface species using surface organometallic chemistry
(SOMC), where the control of surface functional group density
(typically an OH group) on a metal oxide surface is critical to the
success of this methodology. For example, high surface area silica
nanoparticles can be dehydroxylated at 700 °C ([SiO2‑700])
without significant loss of surface area and contain approxi-
mately 0.8 SiOH nm−1. Protonolysis of a reactive coordination/
organometallic complex by the surface silanol results in the
formation of a covalentSi−O−Mbond (Scheme 1).10 SOMC
was extensively applied to the preparation of so-called “single-
site” heterogeneous catalysts, leading to well-defined surface

inorganic species with nearly every transition-metal, lanthanide,
and main group element.11,12

Although SOMC is successful in designing well-defined metal
sites that are capable catalysts for olefin metathesis,13−15 olefin
polymerization,2,9 and alkane homologation,16−21 there are
limitations. First, due to the amorphous structure of silica, the
metal complex may graft inefficiently, or multiple grafted metal
species may be present on the surface.22 Second, the surface-
bound complex must have a σ-bound oxygen ligand, e.g., siloxy, in
the primary coordination sphere, which can be particularly
problematic for late transition metals because the M−O bond
is weak and could lead to undesired particle formation.23 This
requirement obviously limits the assortment of ligands that can be
placed in the coordination sphere of the metal center, especially
considering that most homogeneous catalysts are surrounded
exclusively by neutral coordinating ligands (phosphines,
N--heterocyclic carbenes, etc).
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Scheme 1. Grafting an Inorganic Complex on Highly
Dehydroxlated Silica ([SiO2‑700)]
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■ CONTROLLED INTRODUCTION OF MOLECULAR
DIVERSITY ON SILICA SURFACES

The challenge of incorporating molecular diversity on
surfaces24−26 can be addressed by designing neutral metal-
binding sites onto an oxide support, in particular by selectively
introducing organic functionalities onto the oxide surface. One
possibility is grafting functionalized organosilane precursor onto
oxide supports (Figure 1).27−31 Though operationally simple, the

distance between the organic groups is not uniform (Figure 1a),
typically leading to unwanted aggregates with uneven ligand
densities on the surface or even multiply ligated metal centers
after coordination. Also, the silicon surface species are typically
linked to the oxide support by one, possibly two, and rarely
three Si−O bonds (vide infra). This variability leads to ill-
defined environments around the metal center that could lead
to interactions with adjacent metal sites, the support surface,
and to a gradient of stability of the anchored species toward
leaching.
Mesoporous hybrid materials, synthesized using sol−gel

techniques in the presence of a structure-directing agent
(SDA), would allow the incorporation of the organic groups
(ligands) with a more regular distribution along the pore channel
(homogeneous random distribution in place of patches of grafted
species observed via postfunctionalization).29,32 This method-
ology not only provides high surface area materials with the
organic fragments on the silica inner surface pore channels but
also yields materials with the organolinker attached to a silicon
atom belonging to the silica matrix and typically bound by
three Si−O linkages to the other silicon atoms (Figure 1b).
The SDA, a molecule or a block-copolymer containing hydro-
phobic and hydrophilic units, self-assembles into micelles under
controlled experimental conditions (temperature, concentration,
pH, etc.) and provides a template for the formation of porous oxide
materials.33

Although the mechanisms involved in the formation of pure
mesoporous silica/oxide frameworks are well-established, the
exact mechanism and parameters controlling the incorporation
of organic ligands remain unclear. Nonetheless, the more regular
distribution probably arises from constructive supramolecular
interactions between the hydrophobic organic fragment of the
organosilane precursor and the hydrophobic core of the SDA
micelle, as well as possible interactions between the polar Si−OH
groups of the organosilane and the SDA hydrophilic head during
hydrolysis and silica condensation. One can propose that the free
energy minimization of the thermodynamically stable micellar

structure imposes the random distribution of hydrolyzed
organosilanes, R−Si(OH)3, within the micelle, hence the more
regular (random) distribution of these moieties. After material
synthesis, the SDA is removed from the silica mesopores by
Soxhlet extraction, which can leave residual amounts of SDA in
the micropores. Washing the material in pyridine, water, and
dilute HCl buffer quantitatively removes the SDA from the
mesopores and micropores.34 The characterization of the SDA
free materials by 29Si solid-state NMR confirms the presence of
mostly tripodal silicon surface species bearing the organic group
(T3 sites), with minor amounts of T2 sites, which is in contrast to
postsynthetically modified silica that generally contains strong T1

as well as T2 site spectral signatures.
35

The regular distribution of the organic groups within the silica
matrix is usually inferred by chemical reactivity.36−38 Recently,
we probed site homogeneity using EPR spectroscopy for materials
containing TEMPO radicals installed in the pore channels. These
materials were synthesized starting from Mat-Azide (1),39 which
were reduced to the amine materials Mat-NH2 (2) under
Staudinger conditions (Figure 2).40 The reaction is very clean on
the surface, and the only byproduct is unreacted azide (10−30%),

Figure 1. Schematic drawing of (a) functional silica materials prepared
via surface grafting of trialkoxysilane on a silica surface; (b) hybrid
organic−silica material prepared by sol−gel using a templating route.
Adapted from ref 61.

Figure 2. (a) Synthesis ofMat-NH2 (2) andMat-TEMPO (3) materials
from Mat-Azide (1) and the EPR spectrum of 3 at 0.14 mmol g−1

TEMPO. (b) TEMPO@SBA-15 prepared by postsynthetic modifica-
tion of SBA-15 and the EPR spectrum of 0.14 mmol TEMPO g−1.
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as confirmed by solid-state NMR analysis.40 Using benzotriazole-
mediated coupling of 2 and 4-carboxy-TEMPO, we generated a
library of Mat-TEMPO (3) materials with 0.010−0.28 mmol
TEMPO g−1 material.41 The amount of radical was dependent on
the initial TEOS/3-azidopropyltrimethoxysilane ratio used in the
sol−gel synthesis of 1 (Figure 2a).

The EPR line width is directly associated with the dipolar
coupling between two radicals, and it scales with r−3. At the same
TEMPO loadings (0.14mmol TEMPO g−1), 3 has a line width of
15 G while SBA-15 containing TEMPO prepared by
postsynthetic modification42−46 has a much broader EPR line
shape (27 G, Figure 2). The much larger EPR line width

Scheme 2. Synthesis of Imidazolium-Containing Hybrid Materials Using Three Strategies: (a) Nucleophilic Displacement of a
Halide Using Mesitylimidazole; (b) Conversion of 1 to 7 by Condensation of 2 with Arylamines, Glyoxal, and Formaldehyde; (c)
Direct Sol−Gel Synthesis of 8
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observed for the SBA-15 material postfunctionalized with
TEMPO clearly indicates a very broad distribution of radical−
radical distances with many of them in close proximity. In fact,
the EPR spectrum of this postsynthetically modified material has
a significantly larger line width than even the highest
concentration 3 (0.28 mmol TEMPO g−1, 21 G) accessible by
sol−gel techniques in the presence of SDA. The EPR spectra of
Mat-TEMPO materials can be modeled using a simple pair
distribution analysis,39 which established that the TEMPO
fragments are distributed randomly in the mesopores in a narrow
distribution of inter-radical distances in contrast to patches of
radicals as observed by postgrafting approach of organo-
(trialkoxy)silane, R−Si(OR′)3, on mesostructured silica materi-
als. These results indicate that the materials prepared by sol−gel
templating routes have desirable properties similar to the ideal
design principles outlined above.
Hybrid materials have a rich history as acid and/or base

catalysts for various organic reactions, and in some cases, they
exhibit beneficial cooperative properties.47−53 Transition-metal
catalysts anchored to solids are typically prepared using
postsynthetic modification,31 and only a few articles deal with
the preparation of supported transition metal complexes using
the template-mediated route, mainly dealing with coordination
compounds.54,55 One notable example in organometallic systems
is the heterogenized Grubbs−Hoveyda-type complexes that
were successfully supported via the alkylidene ligand in the pores
of a HMS type silica for diene and enyne ring-closing
metatheses.56,57 We constructed materials that contained
imidazolium units in the mesopores of the silica, because this
organic group can lead to the formation of N-heterocyclic
carbene metal complexes (NHC−M) that are ubiquitous in
catalysis.58,59 These NHC-containing materials were obtained
using the three strategies shown in Scheme 2. In all cases,
tetraethoxyorthosilicate (TEOS) was mixed with varying
amounts of a functional organotri(alkoxy)silane in the presence
of the block copolymer Pluronic P123 as SDA. In Scheme 2a, the
alkylhalide containing material Mat-Hal (4)60 was reacted with
mesitylimidazole to yield either Mat-PrIm (5) or Mat-BnIm
(6).61,62 The nucleophilic substitution of the terminal halogeno
group on alkyl/benzyl chain with the imidazole generates 5 and 6
in near quantitative yields. These startingmaterials are very versatile,
easy to prepare, and several loadings of halogenomoieties are readily
accessible.60 Another strategy is shown in Scheme 2b and involves
treatment of 2 with glyoxal, NH4OAc, and an amine to yield the
imidazolium-containing solid 7. This reaction is very clean from
solid-state NMR analysis, with the only byproduct being unreacted
azide from the Staudinger reduction.40

We have also reported materials that contain very rigid linkers
between the silica surface and the imidazolium (Mat-PhMsIm
(8)) by the co-condensation of the imidazole−triethoxysilane
and TEOS followed by reaction with an alkyl halide
(Scheme 2c).63 These three strategies yield materials that have
physical properties (2D-hexagonal or wormlike structures, high
BET surface area, large pore volume, Figure 3) similar to those of
the parent hybrid−silica materials, indicating that the physical
characteristics of the material are preserved during these
chemical transformations. Additionally, these materials were
characterized by solid-state NMR spectroscopy that confirmed
the molecular level structure of the imidazolium fragment on the
surface.

■ SELECTIVE METAL COMPLEX FORMATION ON
FUNCTIONALIZED SILICA SURFACES

The silica surface of these engineered hybrid materials contains
two sites that can bind the transition metal, the imidazolium and
surface silanols. Selective activation of the imidazolium salt to
generate a free carbene or an appropriate transmetalation reagent
to form the desired NHC−M complex could be complicated by
side reactions with surface silanols. Selective activation of the
imidazolium was addressed by passivation of the surface silanols
with methanol, to formSi-OMe, or with trimethylsilyl halides,
to generate unreactive Si-OSi(CH3)3 surface species that
tolerate the reagents necessary to form the NHC−M sites. The
consumption of isolated silanols is evidenced by infrared
spectroscopy. Depending on the metal complex, a careful choice
of the passivation agent is necessary. For example, we reported
Mat-Ir (10),61 a mesostructured hybrid silica material that
contained NHC−Ir fragments within the material. In this case,
we synthesized Mat-Ag (9) containing materials from AgOC-
(CF3)3, a soluble Ag(I) source,

64 that are ideal for transmetalation
to iridium complexes to ultimately form 10 (Scheme 3). The metal
precursor, [Cp*IrCl2]2, is quite robust and is selective to the reaction
with the NHC−Ag species on the surface. We found that surface
silanol passivation with either methanol or trimethylsilyl halides is
sufficient to yield 10.
Silver transmetalation is unfortunately not compatible with

the formation of most NHC−Ru metathesis catalysts, typically
leading to a complex reaction mixture. Strong bases were

Figure 3. Representative (a) TEM micrograph, (b) N2 adsorption−
desorption isotherm, and (c) X-ray diffraction pattern for 8.
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explored in attempts to generate the free NHC in situ, and only
materials passivated with Si-OSiMe3 groups are compatible
with these reaction conditions. Contacting 5, 6, or 8 with
KHMDS, followed by trapping with [Cl2Ru(CHPh)(PCy3)2],
gave Mat-RuPrIm (11) or Mat-RuBnIm (12) in ca. 20% yield
and Mat-RuPhMsIm (13) in ca. 40% yield, based on Ru
elemental analysis (Scheme 3b).62 This strategy is quite general
and has been applied toMat-RucymPrIm (14, 60% yield from Ru

elemental analysis)65 and Mat-Pd (15, 85% yield from Pd
elemental analysis).66

■ INDIRECT CHARACTERIZATION OF
METAL-CONTAINING MATERIALS FROM
REACTIVITY PATTERNS

We determined the nature of metathesis active sites in 11 and 12
using ethyl oleate as a model reactant by determining the E/Z

Scheme 3. Synthesis of Surface NHC−M Complexes. (a) Route A Using Intermediate NHC−Ag Species to Access 10. (b)
Examples of Functionalized Materials with Organometallic Fragments Accessible through Route B
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products selectivity at low conversions (Scheme 4a).62,67,68 The
E/Z ratio depends on the approach of the alkene toward the

alkylidene, and in Scheme 4b, the different possible olefin
approaches are shown. The Z-alkene can approach the alkylidene

Scheme 4. (a) Metathesis of Ethyl Oleate. (b) Four of the Possible Eight Approaches (Alkylidene Substituent = R1 or R2 ; Here R1

Was Chosen) of a Dissymmetric Z-Olefin to a RutheniumAlkylidene with the CorrespondingMetallocyclobutanes andMetathesis
Products from Each of the Four Species

Figure 4. (a) 1H−29Si HETCOR spectrum of 6. (b) 1H−29Si HETCOR spectrum of 8. The stucture of each material is shown below the respective
spectrum (adapted from ref ).
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in a syn/anti as well as head/tail fashion leading to four possible
metallocyclobutanes. The syn-head-to-head and anti-head-to-
head approach will give productive metathesis, anti-head-to-tail
will isomerize the olefin, and syn-head-to-tail will result in a
degenerative process. The E/Z ratio will be determined by the
nature of the active site that will in turn be sensitive to subtle
variations in the ligand architecture around the ruthenium center.
Because the anti-head-to-tail intermediate results in isomer-
ization, extrapolation of the E/Z product ratio at 0% conversion
provides the intrinsic selectivity of the active sites.
We determined the E/Z ratio for several homogeneous Ru

catalysts and found that there are large differences in E/Z ratio
between Cy3P−Ru (Grubbs-I generation) and NHC−Ru
(Grubbs-II generation) complexes. Cy3P−Ru catalysts give
E/Z ratios of 3.5−3.6 for 9-octadecene metathesis products,
whereas ratios ranging from 2.3−2.6 were obtained for NHC−
Ru complexes. The substituents on the NHC ligands have little
effect on E/Z ratio. Both 11 and 12 have extrapolated E/Z ratios
around 2, close to the E/Z ratio obtained from the corresponding
molecular NHC−Ru complexes. This result indicates that
NHC−Ru sites are responsible for catalysis in these mesostruc-
tured materials. Finally, there is a small but significant difference
in the E/Z ratios of 11 (2.0) and 12 (2.2) for 9-octacedene
metathesis products at steady state, suggesting that the more
flexible linker may promote surface interactions with ruthenium,
which would favor reaction pathways where the Ru−carbene and
the cis-olefin point away from the surface.

■ SPECTROSCOPIC CHARACTERIZATION OF
METAL-CONTAINING MATERIALS

The detailed characterization of these well-defined heteroge-
neous catalysts is necessary to confirm the surface structures of
the materials. Small-angle X-ray diffraction, TEM, and N2
absorption indicate that these materials maintain their bulk
properties. We routinely employ solid-state NMR spectroscopy
and compare the NMR spectra of the material with a closely
related homogeneous precursor that generally allows complete
structural assignment. For example, the 13C cross polarization
magic angle spinning (CPMAS) NMR spectrum of 10 contains
key aromatic resonances that are in good agreement with a
structurally related homogeneous NHC−Ir complex. However,
the dilution of NHC−Ir in the material requires extensive
experiment acquisition time to obtain 1D 13C NMR spectra with
good signal-to-noise ratio. In fact, observing the key NHC−Ir
resonance requires isotopic enrichment at the C(2) position of
the imidazolium moiety. The 13C CPMAS of isotopically enriched
10 contains a signal at 176 ppm, which is in excellent agreement
with the chemical shift C(2)Ir−C bond in homogeneous model
complexes.61 Solid-state NMR has also been applied to establish the
structure of 1465 and 1566 (vide infra).

■ IS THE SURFACE INNOCENT? CONFORMATIONAL
ANALYSIS FROM NMR STUDIES

Though the presence or absence of surface interactions affecting
catalysis in these materials is an intriguing hypothesis, such
surface metal interactions are difficult to characterize directly
using available spectroscopic methods. Only heteronuclear solid-
state NMR spectroscopy could determine the conformation of
the NHC−Ru fragment on the silica surface. As mentioned for
10, the low functional group density present in this material
renders this technique too time-consuming for nonisotopically
enriched materials.

We recently found that fast NMR characterization of these
materials could be achieved with dynamic nuclear polarization
surface-enhanced NMR spectroscopy (DNP SENS),69 which
provides up to a factor of ca. 250 NMR signal enhancements for
surface species.35,70−74 In DNP SENS, a permanent radical
polarizing agent is introduced by incipient wetness impregnation
of the material in a suitable solvent. Microwave irradiation of the
EPR transition at low temperature (∼100 K) yields 1H DNP
enhancements of the frozen solid. Cross polarization can then be
used to transfer the enhanced 1Hmagnetization selectively to the
heteronuclei present on the material surface.
We compared the surface interactions in flexible 11 and rigid

13 using DNP SENS.63 Wetting either material with a 12 mM

Figure 5. DNP SENS spectrum of 15-d9. (a) Structure of 15-d9 with
labeling, (b) 13C CPMAS, (c) 1H−13C HETCOR, and (d) 1H−29Si
HETCOR spectrum of 15-d9.
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solution of aqueous TOTAPOL,75 a common polarizing agent,
gave sufficient signal enhancements to acquire 1H−29Si
HETCOR spectra in only a few hours. The solid-state HETCOR
experiment determines the proximity of a pair of nuclei through
space (dipolar interactions).76,77 These spectra for 6 and 8
contain the expected interactions between the T-sites and the
nearest protons (aliphatic for 6 and aromatic for 8). The 1H−29Si
HETCOR spectrum of 6 also contains strong correlations
between the methyl protons from the mesityl groups and bulk
silica Q4 sites (Figure 4a), similar correlations between aromatic
methyls and bulk silica signals are absent in 8 (Figure 4b). This
result indicates that the flexible propyl chain folds the
imidazolium onto the silica and would promote interactions
between the ruthenium and surface siloxane bridges, which is not
possible with the rigid linker. These spectroscopically evidenced
surface interactions play a large role in olefinmetathesis catalysis;
the flexible-surface-interacting 11 is a much more stable and
active catalyst than the rigid 13.
Mat-Pd-TMS-d9 (15-d9, Figure 5a), 15 passivated with TMS-

d9 groups,
78 contains a supported NHC−Pd π-allyl complex for

the semihydrogenation of alkynes and was fully characterized by
DNP SENS in very short experiment times by incipient wetness
impregnation of a 1,1,2,2-tetrachloroethane38 solution of a bulky
polarizing agent bCtbK.40,79 We should note that this is the first
example of DNP SENS application to an organometallic complex
supported on a hybrid material, and we show that this NMR
method is applicable to metal-containing functional materials.
The 13C CPMAS NMR spectrum contained the key NHC−Pd
carbon with only 35 min of NMR experiment acquisition at
natural isotopic abundance (Figure 5b), the first time this
particular resonance has been observed in these materials without
isotopic enrichment. Each assignment was confirmed with a
1H−13C HETCOR solid-state NMR experiment (Figure 5c). The
semiflexible linker present in this material led us to carefully
scrutinize the conformation of the NHC−Pd fragment with
respect to the surface. Indeed, we found that the methyl groups
from the mesityl ring are interacting with bulk silica signals in the
1H−29Si HETCOR spectrum (Figure 5d), suggesting that surface
interactions could be a general phenomenon for materials that
have flexible linkers.

■ CATALYTIC APPLICATIONS OF SINGLE-SITE
HYBRID MATERIALS

Each of the materials was designed as a catalyst for different
applications. Both 11 and 12 are heterogeneous variants of a
Grubbs-II catalyst, 10 was modeled from homogeneous NHC−
Ir catalysts for the H/D exchange of aromatic ketones, 14 is an
efficient CO2 hydrogenation catalyst, and 15 catalyzes the
Z-selective semihydrogenation of alkynes. We will briefly discuss
the catalytic properties of these materials below.

Alkene Metathesis.62 We observed that 11 catalyzes the
metathesis of ethyl oleate at low loadings (ca. 0.01%) in 5 h at
40 °C with an initial rate of 65 min−1, whereas 12 also catalyzed
ethyl oleate metathesis with similar performances, though with a
slightly lower TOF of 30min−1. Lower loadings of 11 (0.003mol %)
efficiently convert ethyl oleate to its thermodynamicmixture in about
24 h, corresponding to a minimum turnover number of 17 000 mol
ethyl oleate (mol Ru)−1. In all cases, no detectable amount of
ruthenium leaching was observed in the reaction mixtures from ICP
analysis, and these catalysts can be recycled up to seven times without
loss of activity.

Catalytic H/D Exchange.61 Catalytic tests of 10 activated
with AgOTf in the iridium-catalyzed H/D exchange of
acetophenone80,81 established that this material was an active
catalyst (Scheme 5). In a typical experiment, acetophenone was
dissolved in methanol-d4 in the presence of 2 mol % 10. Most of
the acetophenone (94%) was converted to acetophenone-d3
within 15 min. Recycling experiments of 10 resulted in minimal
rate and yield decreases after three catalytic cycles. Under these
conditions, the analogous homogeneous complex 16 has similar
catalytic behavior as 10.
We investigated the Mat-Ir-catalyzed H/D exchange in

different pore size materials.82 These mesostructured materials
present similar physical features (2D hexagonal, surface area,
pore volumes) except the size of the average mesopore diameters
(3 vs 6 nm calculated using the Barrett−Joyner−Halenda (BJH)
method from the adsorption branch of the N2 adsorption/
desorption isotherm). We also varied the substituents on the
NHC fragment to determine if either the pore size of the
material or the substitution pattern of the NHC fragment have
an impact on the overall reaction kinetics in the Mat-Ir
catalyzed H/D exchange reaction. The structures of the
catalysts investigated are shown in Scheme 6. The NMR
spectral properties of these two families of materials establish
that both have nearly identical NHC−Ir molecular environ-
ments. Though these materials have very different pore
sizes, the dominating influences on catalytic activity are the
substituents on the NHC fragment, as has been thoroughly
documented in homogeneous catalysis. For example, the large
ketone 9-acetylanthracene is near fully converted to the
product with similar rates if homogeneous 16 or heterogeneous
MeNHC-Ir with either a 3 nm or 6 nm pore size are used as
catalysts (Table 1, entry 2).

CO2 Hydrogenation.
65 The use of carbon dioxide as a C1

building block offers obvious economic and environmental
advantages. Ruthenium-catalyzed conversion of CO2 into formic
acid,83 formates,84,85 and formamides86 is known, though hetero-
geneous variants are relatively unexplored.87,88 The hydrogenation
of CO2 is catalyzed by 14. During NMR characterization, we
discovered that reversible coordination of THF and dissociation of
the p-cymene fragment from the ruthenium center takes place
during the synthesis of 14 (Scheme 7).

Scheme 5. H/D Exchange Reaction of Acetophenone
Catalyzed by 10 or 16, the Homogeneous Equivalent
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In the presence of 5300 equiv of pyrrolidine per ruthenium
under 50 bar CO2 and 30 bar H2, 14 catalyzes the conversion of
carbon dioxide to 1-formylpyrrolidine (Scheme 8). However,
this catalyst is unstable under the reaction conditions (TON =
260), as observed for the homogeneous complex 19. Because
most active Ru-based CO2 hydrogenation catalysts contain
strong σ-donor phosphine ligands,86,89 14 was contacted with
PMe3 to give the Mat-RuPMe3-PrIm (18) material, which was
also characterized by multinuclear solid-state NMR spectroscopy.

This modification of the active site lead to improved catalyst
stability allowing 2900 TON to be reached.

Z-Selective Hydrogenation of Alkynes.66 The Z-selective
semihydrogenation of alkynes was investigated with catalytic
amounts of 15. The Z-selective semihydrogenation of alkynes
(Yne) can yield three products: the desired Z-alkene (Z-Ene),
the unwanted E-alkene isomer (E-Ene), or the over-reduced
alkane product as shown in Scheme 9. In the presence of
dihydrogen, 15 is active in semihydrogenation of 1-phenyl-
propyne (Yne-1) with a turnover frequency (TOF) of 1800 h−1

and 93% selective toward Z-Ene-1. A high turnover number
(TON = 1100) was obtained for this substrate, though at higher
substrate/catalyst ratios, it did not lead to full alkyne conversion
indicating that the catalyst deactivates. Palladium does not leach
into solution during catalysis as verified by less than 1 ppm Pd in
the product mixtures from ICP analysis.90,91 Finally, the
formation of the alkane byproduct occurs only at high alkyne
conversion (>90%), and at >99% Yne-1 conversion, only a slight
decrease in selectivity was observed. Under similar conditions,
the homogeneous analogue, 20, transforms Yne-1 to Z-Ene-1
with 90% selectivity at 50% conversion, though the catalyst is less
stable (TON ca. 100) and the selectivity drops precipitously at
>90% conversion with the alkane as the major byproduct.
Related NHC−Pd(0) complexes have a TOF of about 45 h−1 in
Yne-1 semihydrogenation with a selectivity of 75% for the
Z-alkene at 99% conversion.92 These results indicate that 15 is
much more active and selective than closely related homoge-
neous NHC−Pd complexes.
The scope of the 15-catalyzed semihydrogenation of alkynes is

shown in Scheme 9 and illustrates that 15 efficiently reduces
diphenylacetylene Yne-2 with 81% selectivity at 50% alkyne

Scheme 6. Catalysts Used for the Ir-Catalyzed H/D Exchange

Table 1. H/D Exchange Catalyzed by 15, 16, MeNHC-Ir (3 nm Pore, 17-3 nm), MeNHC-Ir (6 nm Pore, 17-6 nm) or 10
(6 nm Pore) with Different Pore Sizes or NHC Substituents at 100 °C

Scheme 7. Reversible Coordination of THF to 14 and
Synthesis of 18
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conversion and 56% at >99% conversion. Furthermore, 1-octyne
gives 1-octene with good selectivity at low conversion; however
at high alkyne conversion (>70%) C16 byproducts are formed
that reduce the yield of 1-octene. In addition, 15 cleanly

semihydrogenates internal alkyl alkynes with good activity and
selectivity and even tolerates primary alcohol functionalities.

■ CONCLUSIONS AND PERSPECTIVES

In this account, we have discussed how to approach
heterogeneous catalysis using molecular principles. Control of
surface silanol density is one approach that we have used to site
isolate inorganic complexes on surfaces. This general strategy is
particularly useful for grafting homoleptic organometallic
complexes on silica, though tactics to install neutral ligands on
dehydroxylated silica surfaces are currently unavailable. Using
sol−gel techniques, we can control the overall functional group
site density on a silica surface, which allows us to engineer metal
binding fragments that can mimic the behavior of homogeneous
catalysts. All of the cases discussed here show activities similar to
the homogeneous analogues, and in a few cases, we have
developed materials that are more active and/or stable. This
technique generates materials with predictable properties that
are characterized using solid-state NMR. The long experimental
acquisition time commonly encountered in this class of materials
has recently been alleviated with the introduction of DNP SENS,
which dramatically reduces experiment time.
We believe this method of material synthesis and DNP SENS

could be generally applied to other catalytic systems, and its use
will allow for the construction of quantitative structure−activity
relationships that will ultimately lead to better catalyst activities
and stabilities. For example, catalysts with predefined domains
for different reactions can improve the efficiency of multistep
reactions for fine chemicals that are amenable to DNP SENS.93,94

Similarly, periodic mesoporous organosilicas (PMO)95,96 were
developed and found to be very promising catalysts.97,98 We
should note that PMO materials are also compatible with DNP
SENS.99 Polyoxometalates100 offer yet another possibility to
install molecular level definition in heterogeneous catalysts.
Taken together, these seemingly disparate classes of materials

Scheme 8. Hydrogenation of CO2 (50 bar) in the Presence of
H2 (30 bar) and Pyrrolidine Catalyzed by 19, RuCl2(PMe3)4,
14, and 18

Scheme 9. (a) Semi-Hydrogenation of Alkynes. (b) Homogeneous Analogue of Mat-Pd. (c) Scope, TOF, TON, and Selectivity of
the Semi-Hydrogenation of Alkynes
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can all provide catalysts for quantitative structure−activity
relationships that are generally elusive with classical heteroge-
neous catalysts.
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P.; Jeanneau, E.; Mehdi, A.; Reye,́ C.; Veyre, L.; Thieuleux, C. Angew.
Chem., Int. Ed. 2008, 47, 8654−8656.
(62) Karame,́ I.; Boualleg, M.; Camus, J.-M.;Maishal, T. K.; Alauzun, J.;
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(76) Blanc, F.; Copeŕet, C.; Lesage, A.; Emsley, L.Chem. Soc. Rev. 2008,
37, 518−526.
(77) Lesage, A. Phys. Chem. Chem. Phys. 2009, 11, 6876−6891.
(78) Zagdoun, A.; Rossini, A. J.; Conley, M. P.; Grüning, W. R.;
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