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ABSTRACT: Multifunctional catalysts obtained by the
covalent immobilization of discrete molecular species on
porous supports represent a unique approach to emulate
some of the design principle and performances of enzymes.
However, it is decisive in such systems to control the
stoichiometry, spatial distribution, and proximity between the
grafted catalytic centers to satisfy the chemical and geometrical
requirements for cooperativity. Here, we present strategies to
optimize the activity of a catalytic triad on mesoporous silica
particles in the representative aerobic oxidation of benzyl
alcohol and show that, in contrast with the more-traditional
mixed-monolayer approach, activity can be amplified by tuning
the spatial distribution of the co-catalysts to maximize the

probability of full synergistic pairings.
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ybrid multifunctional catalysts that combine two or more
molecular active sites on a solid support have emerged as
unique heterogeneous catalysts with activity that can compete
with, or even surpass that of, the parent homogeneous system,
despite intrinsic transport limitations." Beyond catalyst
recycling, surface immobilization of cooperative molecular
species provides handles to organize, with different degrees of
precision, synergistic intermolecular interactions within the
multicomponent catalytic system, that are otherwise not easily
achievable in higher-entropy homogeneous systems. Hence, in
analogy with enzymes where cooperativity results from the
perfected preorganization of a handful of chemical functions
within a confined space, it is critical to engineer, at the
molecular and nanometer scale, the essential features enabling
synergistic activation pathways. This encompasses being able to
control the spatial distribution, stoichiometry, and time-
averaged proximity of active centers on solid surfaces.
Multifunctional silica-supported molecular catalysts are
generally prepared by co-condensation,” successive grafting,”
or co-grafting of functional organosilanes. In order to escape
the often-arduous synthesis of complex functional silanes, post-
synthetic modifications have also been developed in which
orthogonally reactive mixed monolayers on silica are reacted
with the derivatized catalytic components in a stepwise fashion
(Scheme 1a).> We recently reported a similar approach in
which the cooperative components are covalently immobilized
in one step from a monofunctional silica platform (Scheme
1b).° In the latter strategy, adjusting the stoichiometric ratio of
each component in the grafting solution allows one to control,
with high fidelity, the relative surface composition of the solid
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Scheme 1. Post-Synthetic Approaches for the Preparation of
Multifunctional Supported Molecular Catalysts on Silica

a) b) c) d)
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catalyst, which significantly simplifies the precision preparation
of multifunctional catalysts.”” This generally requires a very
efficient chemistry with wide scope and functional-group
tolerance that does not necessitate the use of excess reactants,
typically, a “click” chemistry approach.® Although often efficient
and relatively simple, these approaches do not allow one to
control the dispersion (miscible, clustered, segregated) and
relative proximity of the active centers on surface, resulting in a
distribution of intersite distance and pairing that may
dramatically limit the overall efficiency of the catalytic system.
Hence, approaches to adjust intersite distance or, more
precisely, to preorganize productive intermolecular interactions
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Figure 1. (a) Structure of supported multifunctional catalysts 1—6 prepared in one step by CuAAC reaction between azide-silica and alkynes (shown
in panel (b)). (b) Structure of monofunctional, bifunctional, and trifunctional alkynes 7—12 bearing TEMPO, imidazole, and pyta centers.

between isolated active centers have been developed by
engineering grafting density,” modulating silica pore size,”*1°
appending molecular spacers,””'%"" or molecular imprinting."*

In another way, arranging the catalytic partners on a single
molecule grafted on the surface affords a way to set the
proximity between each active center by using the standard
arsenal of organic chemistry."'”'? In a similar approach, we
recently described the utilization of short sequence-defined
oligomers to adjust and homogenize the spatial distribution of a
catalytic triad on surface (Scheme 1c).'* In this strategy, the
catalytic units are orderly distributed along a single oligomeric
chain™® that is subsequently grafted on mesoporous silica
particles.

The (bpy)Cu'/TEMPO/NMI catalytic method developed by
Stahl and co-workers allows the efficient and selective aerobic
oxidation of alcohols to aldehydes and ketones under benign
conditions (bpy 2,2'-bipyridine, TEMPO 2,2,6,6-
tetramethylpiperidine-N-oxyl, NMI = N-methylimidazole)."®

In this system, NMI is central for rate acceleration, because it
allows reduction of the oxidation potential of the (bpy)Cu'
center.'” The formed (bpy)Cu'(NMI) complex is then easily
oxidized by molecular oxygen to form the active oxidizing
(bpy) (imidazole)Cu"—0,* ~ species,'”'® this step being turn-
over-limiting in the case of activated alcohols, such as benzylic
alcohol.'”” On the other hand, the role of TEMPO remains
controversial; whereas Stahl and colleagues proposed the
formation of a Cu/nitroxyl adduct,'”” Rabeah and colleagues
postulated that TEMPO is not directly interacting with the Cu
center but rather serves for the fixation of the Cu-oxygen radical
intermediate.'®

Following these mechanistic considerations, and the
unambiguous, decisive role of imidazole in the catalytic cycle,
we prepared supported versions of this catalytic triad focusing
on molecularly engineering Cu-imidazole interactions on the
surface. In our preliminary design (Scheme 1b), this translated
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into the incorporation of an ethylene glycol spacer of tailored
length to increase the probability of the imidazole site to reach
and stay at proximity of the neighboring pyridyltriazole
(pyta)Cu' center (catalyst 1, Figure 1a).” Yet, the random
active site distribution in 1 prompted us to investigate the use
of precision oligomers to achieve a more uniform distribution
(Scheme 1c); cooperative (pyta)Cu'/imidazole interactions
operating mainly through interchain interactions as the
formation of the (pyta)Cu'(imidazole) complex is intra-
molecularly less favorable (catalyst 2, Figure la)."* We
reasoned that, in 2, the synergistic interconnections between
the catalytic triad components might similarly be hampered by
the limited conformational freedom of the grafted chains.

Here, we present an alternative strategy (Scheme 1d) to
preorganize the catalytic triad in order to favor the proximity
and productive (geometrically restricted) interactions between
the (pyta)Cu' and imidazole sites on surface, together with
having the TEMPO locked in close proximity, regardless of
whether TEMPO is directly interacting or not with the copper
center.

Multifunctional catalysts 1—6 (Figure la) were prepared in
one step by the Cu-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction of alkynes 7—12 (Figure 1b) with azide-
functionalized mesoporous silica particles (see the Supporting
Information). Particularly, mixed catalysts 1, 3a, 3b, and 4 were
prepared by using stoichiometric mixtures of the corresponding
alkyne components (Table S1 in the Supporting Information)
in the grafting solution, as previously reported.’ Using this
methodology allows one to control the relative surface
composition that reflects the molar ratio of the reactants in
the grafting solution.

Thermogravimetric analysis (TGA) allowed quantifying, for
each catalyst, the grafting efficiency, with respect to the azide
loading, which was overall >90% apart for catalysts 2 (75%)
and 6 (82%) (see Figure S1 and Table S2 in the Supporting
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Information). On the other hand, Fourier-transform infrared
(FTIR) spectroscopy indicated a decrease of the typical azide
band (2100 cm™") following CuAAC-grafting, together with the
apparition of an additional peak at 1715 cm ™, corresponding to
ester C=O vibrations in catalysts 2—6 (Figure S2 in the
Supporting Information). X-ray photoelectron spectroscopy
(XPS) analysis confirmed the covalent immobilization of the
molecular catalysts and the presence of Cu' species (see Figures
S3 and S4, as well as Table S3 in the Supporting Information).
On the other hand, nitrogen physisorption demonstrated the
decrease in the average pore size and surface area, following
CuAAC grafting, which confirms the efficient functionalization
(Table S4 in the Supporting Information). Finally, inductively
coupled plasma—atomic emission spectroscopy (ICP-AES)
allowed one to determine the Cu content for each sample
(Table SS in the Supporting Information).

Catalyst 1,°° prepared via a conventional approach (Scheme
1b) from alkynes 7—9, showed good activity in the benchmark
aerobic oxidation of benzyl alcohol using a S mol % Cu loading
(Figure 2).
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Figure 2. Activity of catalysts 1—6 (S mol % based on Cu) in the
aerobic oxidation of benzyl alcohol. Conditions: BnOH (0.2 mmol) in
acetonitrile (0.2 M), O, bubbling (5.5 mL/min), 60 °C.

Catalyst 2'* prepared only from trifunctional oligomer 10
bearing ordered TEMPO, imidazole, and pyta centers on the
same molecule, showed accelerated activity (Figure 2), with a 2-
fold increase in the initial turnover frequency (TOF), compared
to mixed catalyst 1 (see Table 1). This was demonstrated to be
associated with the uniform tridimensional distribution of the
active centers and the “matched” interchain interactions

Table 1. Initial Turnover Frequencies (TOFs)

Initial TOF (X 1072 min~!)

catalyst no additive ~ + TEMPO  + NMI
1 16.8 17.8 17.4
2 31.2 32.5 29.2
3a 63.1 47.8 42.7
3b 56.5 52.1 53.0
4 8.7 8.6 243
) 0.7 np* 5.7
6 0 4.8 np”
Bn-pyta + Cul + TEMPO + NMI 69.6
11 + NMI + Cul 374 np®
12 + TEMPO + Cul 4.0 np“

“Not performed.
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favoring the formation of the initiating (pyta)Cu'(imidazole)
complex.

In order to enhance the extent of cooperative interactions in
supported trimeric catalyst 2, especially the cooperativity
between the TEMPO moiety and the (pyta)Cu'(imidazole)
complex (formed through interchain interactions, since intra-
chain complexation is conformationally disfavored in 2), mixed
catalysts 3a and 3b were prepared from imidazole 9 and
TEMPO-pyta dimer 11 in a 2:1 and 1:1 ratio, respectively (see
Figure 1). Following this design, interchain interactions
between the (pyta)Cu' center and imidazole are ensured by
means of the hexaethylene glycol spacer (as in 1), while the
TEMPO is locked in the vicinity of the Cu site.

Both 3a and 3b outperformed catalysts 1 and 2, with initial
TOFs ca. 4 and 2 times superior, respectively (see Table 1).
This confirmed that, in 1, the random distribution of the triad
on the surface does not permit the full pairing of all the active
ingredients, whereas in 2, the ordered distribution, together
with restricted conformational freedom in the densely grafted
layer, limits synergistic interactions between top and bottom
segments of the chains. The mixed distribution in 3a and 3b
rationally favors the probability of forming the active
(pyta)Cu'(imidazole) complex with the TEMPO site in close
proximity; this is much less feasible in both 1 and 2. Biasing the
probability of forming the active copper complex by increasing
the local surface concentration of the imidazole site in 3a allows
achieving slightly higher activity than 3b.

Bifunctional catalysts § and 6, missing one active component,
showed little or no activity in the oxidation of benzyl alcohol
(see Figure 2 and Table 1), demonstrating the importance to
have all three components on surface. Adding free N-
methylimidazole (NMI) or free TEMPO to the incomplete
bifunctional heterogeneous catalysts § and 6 (see Table 1, as
well as Figure SS in the Supporting Information) allowed
catalytic activity to be restored, yet not comparable to that of
the supported trifunctional catalysts, probably because the
complementary catalytic partner is diluted in the liquid phase,
and because of crowding in the grafted layer. The fact that §
and 6 show similar activity in the presence of free NMI and
TEMPO, respectively, confirms that the initiating (pyta)-
Cu'(imidazole) complex is mainly formed through intermo-
lecular interactions in 6, as in 2. This is also the case for catalyst
4 prepared from an equimolar mixture of TEMPO-pyta 11 and
imidazole-pyta 12 dimers (see Figure 2 and Table 1).

Adding free NMI or TEMPO did not yield appreciable
improvement of activity with trifunctional catalysts 1, 2, 3a, and
3b (see Table 1, as well as Figures S6—S9 in the Supporting
Information), indicating that the organization of the triad in 1—
3a—3b cannot be further optimized in their current forms.
Rather, adding free TEMPO or NMI to catalyst 3a showed,
instead, a decrease in the reaction rate (see Table 1), suggesting
that the addition of free NMI or TEMPO may even disrupt an
otherwise already optimal molecular arrangement. However,
significantly accelerated activity could be measured with catalyst
4 in the presence of extra NMI (see Table 1, as well as Figure
S10 in the Supporting Information), which can be imparted to
the fact that (pyta)Cu' is two times more concentrated than
imidazole in 4, together with the incomplete formation of the
active Cu complex through interchain interactions, because of
random density and distribution of graftings, and because of
limitations on molecular motion in dense crowded assemblies.

Catalyst 3a competed well with the parent homogeneous
system consisting of Cul, NMI, TEMPO, and 1-benzyl-4-(2-
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pyridyl)-1,2,3-triazole ligand (Bn-pyta) (see Figure 3), giving a
quantitative conversion in less than 1 h with a similar initial
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Figure 3. Comparison of 3a (S mol% based on Cu) with
homogeneous catalytic systems. Conditions: BnOH (0.2 mmol) in
acetonitrile (0.2 M), O, bubbling (5.5 mL/min), 60 °C. The
homogeneous control experiment corresponds to Cul (S mol %),
Bn-pyta (5 mol %), TEMPO (S mol %), NMI (10 mol %), 11 (S
mol %), and 12 (5 mol %).

TOF (see Table 1). Homogeneous tests employing free dimers
11 and 12, together with the complementary homogeneous
component (NMI and TEMPO, respectively) showed reduced
activity, compared to the parent monomeric system (see Figure
3 and Table 1). Especially, imidazole-pyta dimer 12 proved to
be 1 order of magnitude slower than TEMPO-pyta 11, with a
TOF similar to its heterogeneous version 6 in the presence of
free TEMPO (see Figure S11 in the Supporting Information).
This supports the limitation of intramolecular interactions in 6
and 12 for forming the central (pyta)Cu'(imidazole) complex,
probably because of conformational hindrances. In 12, the
(pyta)Cu'(imidazole) complex, which is a crucial element of
the triad, can mainly form through less-probable intermolecular
interactions; in 6, it is hindered by the restriction of motion in
the highly crowded grafted layer.

Catalyst 3a could easily be filtered and reused for five
consecutive recycles (see Figure S12 and Table S6 in the
Supporting Information); a maximum turnover number
(TON) of ca. 300 was determined (Figure S13 in the
Supporting Information). A hot filtration test confirmed the
interruption of activity upon removing the catalyst from the
reaction mixture, activity that was restored upon readdition of
3a (Figure S14 in the Supporting Information).

In summary, we demonstrated that cooperativity can be
enhanced following rational arrangement of multiple catalytic
components on surface. Beyond the traditional approach that
consists of the statistical grafting of the individual sites,
controlled distribution of the active centers allows one to
significantly boost synergistic interactions. Specifically, the later
approach presented here increases the probabilities of
cooperative interactions of a catalytic triad through interchain
and intrachain interactions, in accordance with the postulated
reaction mechanism. The formation of a geometrically
constrained initiating (pyta)Cu'(imidazole) complex is enabled
by flexible interchain interactions, whereas the TEMPO center
is held at a favorable distance from the Cu center by being
covalently attached to the (pyta)Cu' strand.

Overall, this work provides guidelines for the rational
preparation of multifunctional hybrid materials that, so far,
has mainly relied in the simple random grafting of individual
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components on the surface. Controlling the spatial distribution
and productive interactions of surface-bound molecules will
pave the way to more-efficient catalysts.
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