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Chitosan-TiO, shaped as macroporous aerogels, lamellar cryogels or
electrospun films act synergistically as acid—base bifunctional cata-
lysts. Depending on the topology of the material, a marked difference
in the selectivity for nitroaldol condensation is observed.

Inspired by the ability of enzymes to tune cooperative interac-
tions in confined environments, sustained efforts have been
devoted to design acid-base bifunctional building blocks for
applications such as ligand-receptor binding,' non-metallic
activation,” adsorption® and catalysis.* In contrast to the
homogeneous acid-base motifs, for which an abundant litera-
ture exists, acid-base synergy in heterogeneous materials is
relatively less addressed and there are plenty of opportunities
for such materials to be discovered and explored. Very recently,
cooperative solid materials, including aluminophosphates,’
lamellar clay, mesoporous organosilica’ and metal organic
framework,® were reported. Attaching acidic and basic species
in close vicinity through chemical synthesis is thus possible, but
generally it requires complex and time-consuming multi-step
synthesis routes. In contrast, conferring acid-base bifunc-
tional character through the entrapment of specific selected
nanoparticles in a given basic or acidic chemical medium is an
attractive strategy that can be applied for a wide spectrum of
cost-effective applications.” In this respect, we have recently
shown that chitosan, a natural amino-carbohydrate driven from
biomass resources, can self-assemble to control the nucleation
and growth of titanium-based sol-gel species at “the fibrillar
level” affording—after CO, supercritical drying—macroporous
chitosan-titania (CS-TiO,) hybrid materials.'®"* The presence
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Nitroaldol condensation catalyzed by topologically
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hybrid materialsy
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of amino groups in the chitosan backbone in close proximity
to the nanosized Lewis acidic titanium oxide clusters
“NH,---Ti-O-Ti” confers an unusual acid-base cooperative
character to these materials, which has been advantageously
exploited for fine chemical synthesis (Fig. 1).***

Among the exciting advantages of chitosan are its ability to
afford open framework hydrogels by pH inversion (coagulation
of acidic soluble polymer in base bath)," and its versatility for
providing different macroscopic topologies (microspheres,
monoliths, thinner or thicker films and ultra-fine particles).

Moreover, trimodal micro-, meso- and macro-porosity of the
resultant polymeric network can also be tuned.'*** Chitosan
and its blended polymeric versions can also be shaped in the
form of nano- and micro-fibrils by electro-spinning and other
processes for membrane applications.”® Furthermore, the
replication of inorganic oxide occurring within the entangled
porous light-weight aerogels (at the fibrillar level) can be
reproduced within the electrospun chitosan-based nanofibers,
for which the material is shaped as a membrane (flat surface)
rather than porous microspheres (convex surface).

Considering the paucity of literature reports regarding the
influence of the macroscopic topology and related textural
properties on the cooperative catalytic activity, these materials
seem to be an ideal prototypical quest. Herein, we focus on the
preparation of three textured chitosan-titania catalysts,
featuring similar chemical composition “NH,---Ti-O-Ti” but
with different topologies, i.e. convex CS-TiO,-Aero or flat
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Fig.1 Illustration of the acid—base cohabitation within the framework
of chitosan—titania hybrid materials.
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surfaces CS-TiO,-F and outer-sphere surfaces such as open CS-
TiO,-Aero or lamellar CS-TiO,-Lyo, and examine the similari-
ties and the differences in their behaviour during synergistic
acid-base heterogeneous catalysis.

The starting microspheres were prepared by solubilizing
chitosan in acidic solution (to generate a soluble ammonium
polymer), and its subsequent introduction as droplets in 0.1 N
NaOH base bath via a needle. This induces deprotonation of the
ammoniums, which causes the insoluble amines to immedi-
ately form an entangled fibrillar hydrogel-shaped as self-
standing microspheres (2 wt% of the polymer dispersed in 98
wt% water)."* After extensive washing until pH ~7, the beads
can be exchanged to alcohol, and then to CO, for supercritical
drying (CS-Aero) or can be directly lyophilized (CS-Lyo).'®
Although the open framework of the initial hydrogel could be
stabilized by supercritical drying (CS-Aero), partial collapse of
the lyophilized microspheres (CS-Lyo) is observed, causing a
significant alteration of the fibrillar network to generate a
layered lamellar structure. The third material is prepared by
electro-spinning chitosan to generate polysaccharide thin films
built from nanofibers (CS-F).** The common thread in these
materials is their fibrillar network (Fig. 2: middle), amenable to
replicate titanium alkoxide precursors leading to three CS-TiO,
materials.'® Although Ti(OiPr), coating is found to be hardly
controllable, switching to the less reactive Ti(OiPr)y(acac),
affords an aggregation-free, finely decorated polysaccharide
fibrillar network. SEM analyses of the three CS-TiO, have evi-
denced that the petrification occurs at the fibrillar surface with
no phase separation or uncontrolled growth outside of the
fibers, and the resultant materials maintain textural properties
similar to those of the starting polymer CS (Fig. 2: right). To
accurately establish the chemical structure of these materials
after sol-gel coating, a MAS *C NMR has been recorded and
compared with literature data of nonmodified chitosan."”
CS-TiO, materials exhibit two peaks around 24 and 174 ppm,

Fig. 2 Left. Digital photos of the prepared materials. (a) CS—Aero. (b)
CS-Lyo (inset: SEM of the croygel bead) and (c) CS—F. Middle: SEM
photos showing the fibrillar network of the polymer. Right: SEM photos
of the respective materials after sol—gel coating (CS-TiO,). The fibrillar
network is preserved.
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assignable to the methyl and carbonyl groups of the acetamide
moieties. Four peaks attributable to the pyranose ring skeleton
have also been shown at 55, 75, 82 and 105 ppm, indicating that
no transformation occurred on the polymeric chains (neither
fragmentation nor ring opening or disproportionation) as a
consequence of titanium alkoxyde mineralisation. Two addi-
tional peaks are observed at 118 and 195 ppm, unambiguously
assigned to residual acetylacetonate groups bridged to the
metal center.’® This is consistent with the fast hydrolysis—
condensation of the alkoxyde groups (compared to the acac
fragments) in Ti(OiPr),(acac),, therby forming oxo-clusters in
which acetylacetonates are ligated on the surface of the growing
hybrid materials.'”® Owing to the presence of titanium clusters,
DRUV analysis of CS-TiO, shows a broad oxygen — metal
charge transfer (CT) absorption band with a maximum at 312
nm, indicative of the incipient oligomerisation of Ti(w)
species."

The presence of titania has been conclusively corroborated
by EDX and XPS analyses. EDX was used for Ti mapping, and it
revealed the homogeneous distribution of titanium species
within the polymeric network, thereby excluding the formation
of core-shell-type hybrid materials.’® XPS was performed in
order to elucidate the nature of the titania species in these
composite materials. Indeed, an expected signal has been
observed at 458.3 eV, typical of titanium oligomeric clusters.*
Insight on the chemical interplay between the glucosamine
units of the chitosan backbone and titanium dioxide centers
has been gained by means of XPS analysis. The observation of
two peaks at 399 and 401 eV indicates the presence of two
nitrogen species. The former at 399 eV is characteristic of free
amine (similar to those observed in native chitosan), while the
latter at 401 eV is typical of quaternized, lower metal coordi-
nated NH, — Ti.”* The amount of the loaded titanium oxide
clusters estimated by thermogravimetric analysis (TGA) ranges
from 15 to 23 wt%. Some intrinsic characteristics of these three
materials are gathered in Table 1.

To verify the synergistic acid-base cooperation of CS-TiO,
hybrid materials, the nitroaldol condensation, commonly
referred to as the Henry reaction (Scheme 1) has been selected
as a prototype reaction (extensively studied reaction). Indeed,
Katz et al. previously correlated the type of products (nitro-
styrene I or nitroaldol II) to the dielectric-outer spheres of the
amine catalyst tethered on the silica surface.” Asefa nicely
tuned the selectivity in the nitroaldol condensation by sup-
porting primary, secondary or tertiary amines on the silica

Table 1 Textural properties of CS-TiO,

Material Sper” % TiO, Sper’ Fiber diameter
CS-TiO,-Aero 120 23 480 35 nm
CS—TiOz—LyO 71 15 120 1.05 um
CS-TiO,-F — 20 — 230 nm

?Sger (m®> g') from nitrogen sorption analysis before titania
mineralization. ” Sggr (m* g~ ') from nitrogen sorption analysis after
titania mineralization.
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Scheme 1 Henry reaction (aldol condensation) yielding nitroalkene |
or nitroalcohol Il depending on the outer-sphere polarity of the
surrounding catalyst.

surface.” Mechanistically speaking, this reaction is shown to
proceed via ion-pair mechanism (formation of nitroaldol II) or
imine intermediates (formation of nitrostyrene I).

To ascertain first whether the three chitosan forms (CS-Aero,
CS-Lyo and CS-F) are valuable for catalysis, these amines
crowded in various environments were subjected to nitro-
methane for a para-methoxybenzaldehyde condensation and
compared to homogeneous NEt; and EtNH,. Comparison of the
catalytic activity of CS-Aero, CS-Lyo and CS-F reveals that
CS-Aero is the most active catalyst, performing a satisfactory
conversion of 68% in 24 hours, whereas CS-Lyo and CS-F
provide, after the same period of time, only 23% and 27%
conversions, respectively (Fig. 3a). This behaviour is due to the
accessibility issue as CS-Aero features the highest surface area
and the largest macroporous network making more than 75% of
its amine groups accessible for catalysis.'>** The layered
framework in the case of CS-Lyo and the densely distributed
polymeric fibers in CS-F cause a great number of amine groups
to be sequestered within the packed network and consequently
devoided from any catalytic activity. Homogeneous EtNH,
accomplishes an outstanding 90% conversion after only 5
hours, illustrating thus the higher reactivity of homogeneous
species even over the highly porous CS-Aero (Fig. 3a).

Having validated that the openness of the framework affects
the reaction kinetics, the question was whether or not these
textured materials could preserve their synergistic acid-base
character or if the evolution of the gelling microstructure to
lamellar structure in CS-Lyo and the flatness of the surface in
CS-F would suppress these properties. To this end, the behav-
iour of CS-TiO,-Aero, CS-TiO,-Lyo and CS-TiO,-F was inves-
tigated in the Henry condensation.

The comparison of hybrids CS-TiO, with the starting native
chitosan CS reveals that the presence of titanium clusters
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Fig. 3 (a) Left: conv. (%) obtained using different aminated catalysts.

(b) Right: comparison of the conv. (%) using mono-(CS) versus
bifunctional (CS—TiO,) catalysts.
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significantly boosts the catalytic activity, which enables quan-
titative conversion of the reactants (Fig. 3b).

When comparing the three catalysts, the same trend (as for
native chitosan) is observed with CS-TiO,-Aero being the most
active one (98% after 3 h), followed by CS-TiO,-Lyo (99% in 24
h), while the flattened surface CS-TiO,-F needed 48 hours to
accomplish quantitative conversion. This unambiguously
demonstrates that, independent of the porosity type, CS-TiO,
materials preserve their acid-base synergistic cooperation in
catalysis. However, the state of the framework (opened, lamellar
or flattened) plays a key role in accelerating the conversion
kinetics, as expected.

Taking a closer look at the forming products (aldol versus
alkene products), a dramatic switch in the reaction selectivity is
observed (Fig. 4). Although CS-TiO,-Aero affords almost selec-
tively the nitrostyrene product (ratio of alkene : alcohol =
95 : 5), it is totally inverted in the case of CS-TiO,-Lyo (ratio of
alkene : alcohol = 9:91) and for CS-TiO,-F (ratio of alke-
ne : alcohol = 7:93). The predominance of nitrostyrene over
nitroalcohol in the case of CS-TiO,-Aero indicates that the
condensation occurs herein by an imine formation mechanism
reminiscent of that occurring with the hydrophilic silica teth-
ered aminopropyl catalyst.”* In this latter case, the surface
silanols act in synergy with tethered amine groups as Si-OH are
involved in the formation of imine and iminium (both of them
are intermediates in nitrostyrene formation).?® Hydrophobic
silica in which Si-OH are end-capped to provide Si-OSiMe; does
not allow this synergy and under these conditions, the reaction
proceeds via ion pair mechanism to preferentially produce the
nitroaldol product.”* Similarly herein, CS-TiO,-Aero is distin-
guished from its lyophilized CS-TiO,-Lyo or flattened-surface
CS-TiO,-F version by the abundance of Bronsted OH groups
and accessible Lewis acid titanium centers, both of them can
catalyze, similar to silanol, the imine and iminium formation.
This explanation seems to be reasonable as the fibrillar network
of the polymeric chains appears more accessible in the aerogels
as a result of the three-dimensional network, drawn one-each-
other in the layered, partially collapsed lyophilized cryogels
and well-packed in the case of the flattened films. In the two
latter cases (layered or packed), this probably leads to: (i) the
confinement of the replicated species in a constrained space,
making the simultaneous accessibility of the two reactants to
the collaborative active sites environment more difficult (kinetic
effect), and (ii) the consumption of the hydroxylic groups
belonging to the organic polymer and those resulting from the
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Fig. 4 Aldol-to-alkene ratio obtained with the three CS—TiO,.
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incomplete condensation of titania species (Ti-OH), thereby
affecting the outsphere polarity (selectivity effect).

The recyclability of CS-TiO, materials has been assessed and
regardless of the topology of the material, the three mineralized
catalysts can be recovered and reused several times (up to four
times for CS-TiO,-Aero) without any decrease of their catalytic
activity. In contrast, a fast decay of the native chitosan is
observed within the first two runs, probably because of its
limited thermal and chemical stability.

To sum up, the outersphere environment has been hitherto
tailored by means of chemical modification to provide tethered
catalyst grown in hydrophilic or hydrophobic medium. Quite
recently, supramolecular chemistry based on foldamers* and
micellar systems® have been proven effective for shielding
active sites in a confined medium. Herein, the versatility in
processing the starting polymer and the control over drying the
sol-gel modified chitosan hydrogels enable access to various
multi-functional enzyme-like catalysts. This textural engi-
neering has been the driving force to invert the classical selec-
tivity of primary amines for nitroaldol condensation.
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