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ABSTRACT: The influence of silica mesostructure upon the
Pd-catalyzed selective oxidation of allylic alcohols has been
investigated for amorphous and surfactant-templated SBA-15,
SBA-16, and KIT-6 silicas. Significant rate enhancements can be
achieved via mesopore introduction, most notably through the
use of interconnected porous silica frameworks, reflecting both
improved mass transport and increased palladium dispersion;
catalytic activity decreases in the order Pd/KIT-6 &~ Pd/SBA-16 >
Pd/SBA-15 > Pd/SiO,. Evidence is presented that highly dis-
persed palladium oxide nanoparticles, not zerovalent palladium,
are the catalytically active species.
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B INTRODUCTION

Selective aerobic oxidation of alcohols represents an elegant
class of atom-efficient molecular transformations for chemical
valorization, that are catalyzed under mild conditions by a range
of supported or colloidal platinum-group and noble-metal
nanoparticles." For primary alcohols, the desired products are
valuable intermediates for the fine chemical, pharmaceutical, and
agrochemical sectors with allylic aldehydes in particular, high-
value components for the perfume, and flavorings industries;”
crotonaldehyde is an termite repellant and precursor to the food
preservative sorbic acid, while cinnamaldehyde confers a cinna-
mon flavor and aroma. The most promising heterogeneous
catalysts derive from nanocrystalline Au,® Pd,*® and bimetallic
formulations thereof,’ typically dispersed on high-area carbon’
or oxide supports,é’8 wherein rate/selectivity improvements have
proceeded largely via empirical approaches. While these have
uncovered, for example, interesting synergies between Au and
Pd, and differences between carbon versus oxide supports, the
design and optimization of such catalysts remains hampered by a
limited understanding of the active site responsible for the (rate-
limiting) oxidative dehydrogenation step’ '

Recently, we showed that high surface area (300 m’g '),
mesoporous alumina was able to stabilize atomically dispersed
Pd" centers that exhibit exceptional activity toward the aerobic
selective oxidation (selox) of allylic alcohols.” However, it is
unclear to what extent our observation that electron-deficient
palladium is the active species in catalyzing oxidative dehydro-
genation can be generalized to related (and especially nonreducible)
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oxide supports; similar Pd" species have been noted on stoichio-
metric hydroxyapatite but are proposed merely as precursors to
active metallic nanoclusters formed in situ during alcohol selox.
Furthermore, although a range of support materials ™ >'> have been
employed by different groups to disperse typically high (>1 wt %)
loadings of Pd nanoparticles, nothing is known regarding the
influence of support architecture upon the resulting reactivity.
The vast majority of such selective alcohol oxidations are
conducted in the liquid phase, many utilizing relatively bulky
substrates, hence the latter is an important consideration since
the introduction of macro- or mesopores can strongly affect mass
transport to in-pore active sites.' 3

B RESULTS AND DISCUSSION

To address the preceding questions, we synthesized systematically
and studied four related families of Pd/SiO, catalysts with similar metal
loadings spanning 0.05—4 wt % Pd: a commercial, low-area SiO,
(200 m> g~ "); SBA-15, a high surface area supports with hexagonally
packed, p6mm, parallel mesopore channels (950 m* g~ '); and two
high surface area cubic silica supports with three-dimensional inter-
penetrating mesopore networks, SBA-16, Im3m, (820 m* g~ ') and
KIT-6, Ta3d, (940 m* g '), potentially linked via micropores.

Mesoporous silicas offer several advantages over their alumina
counterparts such as reproducible and scalable synthesis, significantly
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Figure 1. High-resolution TEM (HRTEM) bright-field images of parent (a) SBA-15, (b) SBA-16, and (c) KIT-6 supports, and HAADF-STEM images
of (d) 1 wt % Pd/SBA-15, (e) 1 wt % Pd/SBA-16, and (f) 1 wt %/KIT-6 catalysts, highlighting Pd nanoparticles dispersed throughout mesopore
networks (bright spots); insets show bright-field HRTEM images of parent SBA-15 and Pd-impregnated mesoporous silicas.
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higher surface areas and more flexible pore architectures;'*'” some

silicas possessing interconnected mesopore networks that enhance
molecular diffusion and even favor different dispersed species.'®"”
Indeed, a three-dimensional, spongelike organosilane-functionalized
TUD-1 mesoporous silica was recently shown to outperform MCM-
41 in Pd-catalyzed benzyl alcohol selox.”® Successful synthesis of our
three mesoporous supports, SBA-15, SBA-16, and KIT-6, and
associated Pd incorporation within their pore networks was con-
firmed by porosimetry, powder X-ay diffraction (XRD), and
transmission electron microscopy (TEM) (Figure 1 and Supporting
Information S1—13). Textural properties of the resulting Pd-im-
pregnated materials are summarized in Supporting Information
Tables S1—2, and are in accordance with literature values for the
parent silicas.® All samples exhibited Type IV adsorption isotherms
with Type 1 (SBA-1S and KIT-6) or I (SBA-16) hysteresis
(Supporting Information Figures S6—8). XRD and porosimetry
reveal no significant change in either mesopore unit cell or pore
diameters following Pd incorporation, while Brunauer—Emmett—
Teller surface areas and pore volumes decrease with metal loading by
30—40% for the mesostructured silicas, consistent with pore block-
age (Supporting Information Table $2).'*"” The amorphous sup-
port exhibits a proportionally smaller loss in surface area, indicative of
larger nanoparticles and predominant decoration of the external
surface of silica particles.

As expected, metal dispersions determined by CO chemisorp-
tion show an inverse correlation with Pd loading; corresponding

particle sizes (confirmed by TEM and wide-angle XRD for
loadings >3 wt %) exhibit a pronounced increase from ~1 nm
(0.05 wt %) to 4 nm (4.1 wt %). These trends are mirrored by the
palladium surface oxidation state, which is a strong function of
both metal loading and support structure (Supporting Informa-
tion Figure S14—15 and Table S2). In accordance with Pd/C and
Pd/ALO; systems, surface oxidation increases substantially
below 1 wt % Pd but also increases from SiO, < SBA-15 <
SBA-16 ~ KIT-6; this has a major impact on the resulting selox
performance.

The catalytic performance of all four Pd/SiO, series was first
evaluated toward the aerobic selox of crotyl (CrOH) and cinnamyl
(CinnOH) alcohols to their corresponding allylic aldehydes. In
order to ensure that intrinsic reaction kinetics were measured
across these silica families (spanning a wide range of surface area
and porosity), their differing mass transport properties were
assessed by studying the effect of mixing upon initial rates
(Figure 2a,b). Introducing mesopore interconnectivity improved
mass transport for both alcohols (evidenced by a plateau in
activity attained at lower stirrer speeds for SBA-16/KIT-6 versus
SBA-15) with KIT-6 proving slightly superior to SBA-16 for the
larger alcohol, something we attribute to the narrower “ink
bottle” pore openings of the latter.'® Hot-filtration experiments
(Supporting Information Figure S17) and elemental analysis on
both filtrate and spent catalysts (Supporting Information Figure
S18 and Table S3) revealed no evidence of Pd leaching.
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Figure 2. Effect of stirring rate on turnover frequency (TOF) toward
(a) CrOH and (b) CinnOH aerobic selox of 1 wt % Pd 2.5 wt %
Pd/silicas, respectively. All reactions conducted at 90 °C with 50 mg of
catalyst and 8.4 mmol of alcohol.

Operation under nonmass transfer limited conditions at high
stirrer rates was confirmed by varying the catalyst/substrate ratio
and oxygen flow rate (Supporting Information Figure S16) and
reveals that initial selox rates for CrOH and CinnOH alcohol selox
are inversely proportional to Pd loading for all silicas (Figure 3a,b),
which is in accordance with our observations for Pd-impregnated
aluminas,>”*"** indicating pronounced particle size effects. One
should note that while the absolute rise in particle sizes with
loading are comparatively small across the 0.05—1 wt % range in
Supporting Information Table S2, all four catalyst families exhibit
systematic size increases over precisely this regime in which
electronic and geometric properties of nanoparticles evolve most
rapidly. For example, Pd paricles in the SBA-1S family increase
from <1 to 2.3 nm as the Pd loading rises from 0.05 to 0.89 wt %. In
the case of spherical morphologies, this apparently small increase
in cluster diameter would expand individual clusters from only 43
to 429 total Pd atoms, while the fraction of the most reactive, low-
coordinate Pd atoms (<6 nearest neighbors) falls from S5 to 11%.
Such geometric changes and surface energetics are expected to
strongly favor Pd oxide formation over the smaller particles, versus
Pd metal above 2 nm. Activity increases associated with falling Pd
loadings are also a strong function of the support, rising dispro-
portionately in the order SiO, < SBA-15 < SBA-16 &~ KIT-6. The
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Figure 3. Rate dependence of (a) crotyl and (b) cinnamyl alcohol aerobic
selox on bulk Pd loading and silica support.

superior activity of all the mesoporous supports over commercial
silica can be attributed to their higher Pd dispersions. However,
despite their similar surface areas and pore diameters, an additional
rate enhancement is observed upon switching from the parallel,
noninterconnected channels within SBA-185, to the interconnected
pore networks of SBA-16 and KIT-6, consistent with the latters’
ability to stabilize even more highly dispersed Pd nanoparticles.

Having observed a direct relationship between Pd dispersion
and selox activity, the question arises as to the nature of the active
palladium species. Simple comparison of the initial rate depen-
dence of CrOH or CinnOH selox versus the surface PdO concen-
tration within as-prepared Pd/silicas shown in Figure 4 immediately
suggests surface oxide as a likely active site. However, since it is
known that PdO can undergo in situ reduction to Pd° during
alcohol selox, the relationship in Figure 4 could merely reflect the
surface oxide concentration in fresh catalysts providing a pre-
dictor for the subsequent concentration of active metal sites
generated under reaction conditions; more sophisticated analysis
of TOFs versus oxide or metal content (independently quantified)
is necessary.

If a single active site is responsible for selox at both low and
high Pd loadings, and the trends in Figure 3a,b simply reflect
changes in the number of such sites (ie., selox is structure
insensitive), then normalizing these initial rates to the site density
should result in a constant (nanoparticle size/Pd-loading
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Figure 4. Linear relationship between CrOH and CinnOH aerobic
selox rates over Pd/silicas and surface PdO content determined by XPS.
Data is composite of all results from SiO,, SBA-15, SBA-16, and KIT-6
silica families.

independent) turnover frequency. In contrast, if the resulting
turnover frequencies are themselves a function of nanoparticle
size/Pd loading (i.e., selox is structure sensitive), then either
multiple active sites exist with differing kinetics, or the true, single,
active species has not been identified correctly. Literature models
for Pd-catalyzed allylic alcohol selox are dominated by two candi-
date active species, metallic (Pd®)* or surface PdO,>° (wherein
Pd" is proposed, irrespective whether the oxide is stoichiometric
or substoichiometric). Therefore, we tested both models against
our combined body of data for all four Pd/silica families in order
to elucidate the active site. Figure Sa,b shows the resulting turn-
over frequencies, normalized either to the number of metal
surface atoms (from CO chemisorption) or Pd" surface atoms
(from XPS), as a function of each palladium species.

The outcome is striking. Normalization to PdO yields a
constant turnover frequency of ~7000 (~5000) h™" for CrOH
(CinnOH), independent of either metal loading or support
properties; in contrast, normalization to metallic Pd reveals a
strong structure sensitivity. This (i) provides unequivocal
evidence that Pd° cannot be the sole active species responsible
for selox and (ii) points overwhelmingly toward surface PdO as
the active site. The latter conclusion is further supported by a
quantitative comparison of the TOFs derived in Figure S (per
Pd’* site) against those obtained for atomically dispersed Pd"
centers on alumina of 7080 h™" for CrOH and 4400 h™" for
CinnOH. The similarity of these values to those observed
herein over four different silica supports indicates that an
intrinsic rate, characteristic of a common surface PdO active
species, has indeed been determined. These findings are in
excellent agreement with our recent DRIFTS/MS/XAS study
of vapor phase, crotyl alcohol selox over nanoparticulate Pd,**
wherein in situ measurements revealed Pd*" and not Pd metal
promoted oxidative dehydrogenation to crotonaldehyde. We
have screened our Pd/mesporous silica catalysts against a range
of substrates and have observed similar behavior toward crotyl/
cinnamyl alcohols as for diverse primary and secondary allylic
alcohols (Supporting Information Table S4), highlighting the
general significance of our findings for the design of future Pd
allylic alcohol selox catalysts.
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Figure 5. (a) Crotyl and (b) cinnamyl alcohol aerobic selox turnover
frequencies as a function of surface PdO or Pd metal content for Pd/
SiO,, Pd/SBA-15, Pd/SBA-16, and Pd/KIT-6 catalysts. Bulk Pd load-
ings span 0.05—4.2 wt %.

In conclusion, four series of related Pd/silica catalysts have
been synthesized, all of which are active for allylic alcohol selox
under mild conditions. Varying the support architecture, in
particular the introduction of interconnected mesopore net-
works, enables tuning of both mass-transport characteristics
and Pd dispersion with SBA-16 and KIT-6 both exhibiting
enhanced performance over SBA-1S; the narrower pore open-
ings of SBA-16 may hinder diffusion of bulkier alcohols
compared with KIT-6.> Initial selox rates are proportional to
Pd dispersion and surface PdO concentration, the latter in-
creasing significantly for mesoporous silicas, notably intercon-
nected SBA-16/KIT-6. Crotyl and cinnamyl alcohol turnover
frequencies determined across all four Pd/silicas provide strong
evidence that surface PdO, not Pd metal, is the active species in
allylic alcohol selox over oxide-supported Pd nanoparticles.

B ASSOCIATED CONTENT

© Supporting Information.  Full catalyst synthesis and
characterization, reaction conditions, and selox results for addi-
tional alcohol substrates. This material is available free of charge
via the Internet at http://pubs.acs.org,
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