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ABSTRACT: A molecular catalyst, (sal)Mon, and a heterogeneous catalyst, either Pd or Au nanoparticles (NPs), were integrated

into one UiO-66 MOF microcrystal. The resulting dually functionalized catalysts, Pd@UiO-66-(sal)Mo and Au/UiO-66-(sal)Mo,
have been utilized for a one-pot tandem reaction of H,O, generation and selective liquid-phase alkene oxidation. The NPs serve as
catalysts for the production of H,O, from H, and O, gases, while the (sal)Mo moieties function as the oxidation catalyst. When the
metal NPs are fully encapsulated within the MOF microcrystals, the alkene hydrogenation side reaction is largely suppressed, with
a 6-fold decrease in the hydrogenation/oxidation product ratio for 5-bromo-1-cyclooctene favoring the epoxide as the major prod-
uct. For Au/UiO-66-(sal)Mo, where the two catalysts are in close proximity on the MOF microcrystal, the enhancement in oxida-
tion productivity is increased by 10 times in comparison to the [Au/Ui0-66-NH, + UiO-66-sal(Mo)] physical mixture of the two

singly functionalized MOFs.

As key chemical intermediates for the syntheses of many fi-
ne chemicals and pharmaceuticals, epoxides are traditionally
obtained from the selective oxidation of alkenes in the pres-
ence of peracids and organic peroxide.' Given that these oxi-
dants are usually obtained from the reaction of an organic pre-
cursor with hydrogen peroxide (H,0,), there have been major
efforts to develop catalysts that can directly utilize H,O, for
alkene epoxidation. A major commercial success in this direc-
tion is the use of the titanium silicalite-1 (TS-1) catalyst for
the oxidation of propylene by H,0, as industrially practiced by
Dow and BASF in the production of propylene oxide.” While
H,0, is highly attractive as a primary oxidant given its high
percentage of active oxygen (47 wt %) and the formation of
water as an environmentally friendly byproduct,’ its storage
and transportation can pose additional safety concerns and
operational costs. In addition, an excess of H,O, is frequently
required in other organic oxidations, attributable to its intrinsic
instability. (H,O, can readily decomposes into water and O, at
moderate temperatures, in the presence of catalysts/impurities,
or with small changes in reaction pH.*)

To overcome the problems associated with the efficient use
handling H,0, in alkene oxidation, a one-pot tandem reaction
that directly generates H,O, and employs it in situ (Scheme 1,
Eq 1)* has been proposed by researchers. Two catalysts can
be used in such a reaction, one for producing H,0, and the
other for the subsequent oxidation step. Given that H,O, can
safely be generated from H, and O, gases in the presence of Pd
or Au nanoparticles (NPs) (see Supporting Information (SI),
Section S1 for further safety discussion),”” these NP catalysts
are highly attractive candidates for the H,0,-generating step.

As an example, Au/TS-1 catalysts have been extensively ex-
amined as a tandem catalyst for gas-phase propylene epoxida-
tion,g’g’10 where Au NPs serves as the primary catalyst for H,0O,
generation and Au-Ti sites are the main active species for oxi-
dation.""  Unfortunately, these noble-metal NPs are also
known to be active catalysts for alkene hydrogenation
(Scheme 1, Eq 2);'*" and it is this secondary catalytic path-
way that can significantly decrease the overall selectivity to-
wards the desired oxidation of the carbon-containing sub-
strate."*"” Thus, we set out to search for a strategy that can
suppress the alkene hydrogenation pathway in NP-catalyzed
H,0,-generation. From a synthetic viewpoint, suppressing
this pathway would be highly attractive in increasing selectivi-
ty for the valuable epoxide products.

Scheme 1. A schematic of the reaction manifolds for the
tandem in situ generation of H,0, and alkene oxidation”

H Decomposition
2H0 <2 p,0, —composiion

H,O +0.5 O,
O
‘ 1 2
_ RE R ()
Hy + Oz +R1 \RZ o
0.5 OZJ R! R2 (2
Hy

H,0

“We note in passing that the NPs used in this tandem scheme
can also catalyze other side reactions such as combustion of hy-
drogen, hydrogenation of H,0,, and decomposition of H,0O, (left
side of the scheme), all of which can reduce the selectivity toward
H,0, generation.6
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Although current efforts to couple H,O, generation and al-
kene oxidations have primarily been focused on gas-phase
reactions via flow processes with simple alkenes such as pro-
pylene, >'** we are also interested in the possibility of extend-
ing this concept to liquid-phase reactions' that can encompass
a wider scope of alkene substrates. However, carrying out
such reactions in solution, particularly for batch processes,
requires that we address two challenging criteria. First, the
two different types of catalysts need to be deployed within a
close proximity to decrease the degree of diffusion and de-
composition of H,O,. Second, an additional selectivity screen
would be necessary to prevent exposing the alkene substrate to
both catalysts, which would cause hydrogenation side reaction
in addition to the desirable tandem reaction combination. Us-
ing microcrystals of metal-organic frameworks (MOFs) as a
platform to host and couple two different catalysts could be an
ideal strategy to fulfill these criteria given recent reports on the
controlled positioning of various catalysts into MOF crystals>"
* and the demonstration of molecular-size selectivity in
MOFs.”%

Herein, we report a dually functionalized catalyst system
based on MOFs to demonstrate the tandem H,0,-
generation/selective alkene-oxidation concept (Figure 1). The
metal NPs are encapsulated within one microcrystal of UiO-
66-NH, MOF whose surfaces are modified with a (sal)Mo""
(sal = salicylaldimine) molecular epoxidation catalyst. The
MOF aperture is large enough to allow the small H, and O,
gases to come into contact with the encapsulated NP catalysts
to generate H,O, which is then released into the reaction me-
dia; at the same time, this “gated window”” can prevent the
larger alkene substrate from coming into contact with the NPs
to undergo the undesirable hydrogenation. In such a scenario,
the molecular alkene oxidation catalyst moieties are most ef-
fective when positioned at the surface of the MOF microcrys-

tals where they can mediate the oxidation of the alkene sub-
strate using the in-situ generated H,O,. In such manners, the
MOF crystal acts as a molecular-size “gatekeeper”, allowing
the dual catalyst functionalities to accomplish the desired tan-
dem H,0,-generation/cyclooctene-epoxidation reaction with
minimum alkene hydrogenation. In addition, such a tandem
catalyst combination in one microcrystal will produce the de-
sired oxidation products at a higher productivity than the cor-
responding physical mixture of two singly modified catalysts
(i.e., a MOF-encapsulated NP catalyst and a MOF-supported
(sal)Mo catalyst) due to the close proximity and lesser degree
of diffusion needed.

Dually functionalized
MOF catalyst

PdNPs

/Mo
Mo¥! MoV
Mo ra-y
L | PdNPs for H,0, generation

NH,
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Pd@UiO-66-sal(Mo) ’N%.j@
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MoV for alkene oxidation

Figure 1. A schematic illustration of a dually functionalized
MOF catalyst for the tandem reaction of H,O, generation and
selective alkene oxidation. The Pd NPs are encapsulated inside
the MOF microcrystal, whose surface are functionalized with
sal(Mo) moieties.

Scheme 2. The preparation of singly and dually functionalized MOF catalysts

Au/UiO-66-NH,

Pd@Ui0-66-NH, Pd/UiO-66-NH, Pd-PVP/UiO-66-NH, UiO-66-NH,
o T g
0_0 6.0 iy
| i
NHy @H N, of N, 0
ol MoO(O,),2 DMF MoV
- -
CHClg, 40°C, 3d CHCN, reflux, 24 h
0” 0”0 6556
sl sbnnnlonn
Ligand modification MoV incorporation
MoV' i p
MoY Mo mov /Mg Moy [N Mov! | MoV
" MoV P SMov MoV o
Ma¥! MBY. Mo‘{' Mo 4 MoV
MoV < / R
Mo MoVt MoV Mo mo® M M, - w6
\d
WMo \Wéu MoV Mol ow MoV

Pd@Ui0-66-sal(Mo) Pd/Ui0-66-sal(Mo)

Au/UiO-66-sal(Mo)

Pd-PVP/UiO-66-sal(Mo) Ui0-66-sal(Mo)

ACS Paragon Plus Environment

Page 2 of 10



Page 3 of 10

©CoO~NOUTA,WNPE

Synthesis of MOF-based catalysts. As the MOF support
of choice, we selected the UiO-66 series, which has the proper
aperture size and excellent stability in protic media;’**** can be
used to encapsulate noble-metal NPs;ZZ’”‘36 and can be func-
tionalized with molecular catalysts.”’”*" Encapsulation of Pd
and Au NPs inside UiO-66 crystals still allows easy access for
H, and O, through the ~6 A aperture” of the MOF and the
subsequent release of H,O, while selectively excluding larger
alkene substrates such as cis-cyclooctene. For the molecular
alkene oxidation catalyst, we chose (sal)Mo, a moiety that has
been tethered onto UiO-66-NH, and has shown activity to-
wards the epoxidation of cis-cyclooctene in the presence of
HZOZ,38 albeit at elevated temperature.

As shown in Scheme 2, Pd@UiO-66-NH, in which Pd NPs
are encapsulated inside MOF crystals are synthesized via a de
novo method modified from a previous report*” (see SI, Sec-
tion S2 for the synthesis procedure and Section S3 for the
characterization data). This material is then post-synthetically
functionalized with salicylaldehyde and MoO(0O,),-2 DMF to
create the dually functionalized Pd@UiO-66-sal(Mo) MOF in
two steps,” as confirmed by ICP-OES (Table 1) and FT-IR
(SI, Figures S6 and S7). The PXRD patterns of the modified
MOFs indicated the material remained crystalline (SI, Figures
S3 and S4). TEM analysis confirmed the presence of encapsu-
lated Pd NPs (6.1 £ 0.9 nm) throughout the MOF microcrys-
tals (550 nm) (Figure 2). The decrease in the BET surface
areas” ™ compared to that of Pd@UiO-66-NH, was con-
sistent with the sal(Mo) modification, which added mass and
partially blocked the pores of the surface layers of the MOF
crystals (SI, Table S1, entries 2 and 8). To elucidate the ef-
fects of the individual catalyst components, we also synthe-
sized two other materials (Scheme 2): 1) Pd/UiO-66-NH,,
where the NPs were formed via a wetness-impregnation meth-
od* so that Pd NPs are distributed both inside the MOF crys-
tals and on their exterior surfaces; 2) Pd-PVP/Ui0-66-NH,,
where the PVP-capped Pd NPs™ were first synthesized in col-
loidal solution and then attached to only the exterior surface of
the MOF crystals.

While we initially set out to examine compositions that
comprise either Pd or Au NPs, which are known to have very
different activities for H,O, generation, preliminary experi-
ments suggested that synthesizing Au@UiO-66-NH, material
via a de novo method is difficult to achieve. As such, we
adapted a double-solvent/H,-reduction method® to synthesize
Au/UiO-66-NH, as an alternative, where the Au NPs are dis-
tributed mainly inside the MOF crystals, albeit with a small
amount on the exterior surfaces. All three classes of NP-
containing MOFs maintained good porosities (SI, Table S1,
entries 4-6) and showed persistence of crystallinities (SI, Fig-
ure S3) as shown by BET surface area measurements and
PXRD analysis, respectively.

To evaluate the effect of the relative positioning of the two
catalyst components, the (sal)Mo derivatives Pd/UiO-66-
sal(Mo), Au/UiO-66-sal(Mo), Pd-PVP/UiO-66-sal(Mo), and
UiO-66-sal(Mo) were synthesized from the corresponding
amino-functionalized derivatives. Using the previously dis-
cussed two-step post-synthesis modification (Scheme 2),”* all
four materials can be obtained with comparable Mo loadings
to that of Pd@Ui0-66-sal(Mo) (Table 1), as indicted by ICP-
OES analysis. Transmission FT-IR analysis (SI, Figures S6
and S7) again confirmed the incorporation of the (sal)Mo
functionalities. The PXRD patterns of these materials (SI,
Figures S3 and S4) were similar to those of the parent MOFs,

ACS Catalysis

indicating the preservation of crystallinity and long-range or-
dering. TEM images confirmed the presence of the NPs, on/in
the MOF crystals (Figure 2). As in the case of Pd@UiO-66-
sal(Mo), the BET surface areas of these four (sal)Mo deriva-
tives decreased proportionately from those of the parent MOFs
(S, Table S1).

Figure 2. TEM images of the MOF materials before catalysis.
To guide the readers’ eyes, the position of some of the NPs on the
MOF microcrystals for Pd-PVP/UiO-66-sal(Mo) and Pd/UiO-
66-sal(Mo) have been indicated with white arrows. Comparing
the TEM images of these samples to that of Pd@UiO-66-sal(Mo)
suggests two different types of NP distributions. The NPs in the
Pd@UiO-66-sal(Mo) sample are positioned throughout the mid-
dle part of the crystals because most of them are fully encapsulat-
ed inside the MOF crystals.

Activities of NP-containing catalysts for H,O, produc-
tion. All catalyst samples and controls were separately tested
for their activities towards H,O, production from H, and O,
gases (for the NP-containing catalysts) and alkene oxidation
(for the (sal)Mo-containing catalysts). The catalytic genera-
tion of H,O, was evaluated using a batch reactor in a 7/3 v/v
methanol/water solvent mixture that was reported to be safe
and optimal in productivity for this reaction (see SI, Section
S1 for further safety discussion),”*’ presumably due to a
combination of the good solubilities of H, and O, gases® as
well as the protic nature of the media.® As expected, the con-
trol UiO-66-NH, and UiO-66-sal(Mo) did not produce any
H,0, (Table 2, entries 2-3). In contrast, all Pd-containing
catalysts were highly active, producing > 200 mol
H,0,/h/kgyps at room temperature (Table 2, entries 4-6), (see
SI, Section S5 for additional discussion on the effectiveness of
the catalysts and their H, selectivity). Au/UiO-66-NH, also
produced H,0,, albeit at a slower rate than the Pd-containing
materials (Table 2, cf entries 7 and 5), consistent with litera-
ture 1rep0rts.45'47
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Table 1. The NP Sizes, NP Loadings, and Mo Loadings for
UiO-66-NH, Derivatives

Catalyst N(I:HS;)Z ¢ Nf(’“ll(t);](;ing M(Evlv(;;od)i ne

Pd@Ui0-66-NH, - 32 -
Pd/UiO-66-NH, - 6.2 -
Au/UiO-66-NH, - 6.6 -
Pd-PVP/UiO-66-NH, - 2.5-3.3 -
Pd@UiO-66-sal(Mo) 6.1 +£0.9 1.7 16
Pd/UiO-66-sal(Mo)  4.9=1.0 2.4 17
Au/UiO-66-sal(Mo) 9.1 +2.8 43 16
Pd-PVP/UiO-66-sal(Mo) 3.6+ 1.1 1.4 17

Ui0-66-sal(Mo) - - 16-18°

“After the modification of amine ligand and the incorporation
of Mo complex, the NP loadings in wt % decreased due to an
increase in the total mass of catalyst (see SI, Section S7 for the
supporting calculation). “The range of loading is from experi-
mental variations.

Table 2. The Catalytic Activity of MOF-Based Catalysts in
H,0, Generation

Catalyst

Hy + O H20,
CH3OH/H,0O, 1t, 1h
Entry Catalyst (I;InPgs) (13121860 pI‘OC{;IIZC(t)ii/itya
(mol/h/kgnps)
1 - - 0 0
2 Ui0-66-NH,’ - 0 0
3 Ui0-66-sal(Mo)° - 0 0
4 Pd@Ui0-66-NH, 05 7.0+08 27331
5 Pd/UiO-66-NH, 05 63+03 248+12
6  Pd-PVP/UiO-66-NH, 05 6.6+0.7  259+28
7 Au/UiO-66-NH, 26 03+03 12£10
8 Pd@Ui0-66-NH,* 05 1.9+0.1 12+0.5

Reaction conditions: 5% H,/CO, (250 psig), 25% O,/CO, (100
psig). CH;0H (14 mL), and H,O (6 mL). “The amount of H,O,
generated was determined by colorimetric titration with a 5 mM
Ti(SO4), indicator solution. 15 mg of catalyst was used. “27 mg
of catalyst was used. ‘A much-higher amount of Au NPs was
needed to generate enough H,O, to be detectable by the colori-
metric titration. “The reaction was conducted for 6 h.

Interestingly, the H,0,-generation activity of Pd@UiO-66-
NH, slowly degraded over time:* the composite catalyst was
only half as active after 3 cycles (SI, Figure S11). Consistent
with this behavior was the slight decrease in the H,O,-
productivity exhibited by Pd/UiO-66-NH, after being exposed
to an H,0,-solution at room temperature for 6 h (cf. Table 2,
entry 5 and SI, Table S4, entry 4). As the amount of Pd NPs
loss after reaction was minimal (~0.2 wt % loss after the 2™
and 3" cycles; see SI, Table S10), we attributed the activity
loss to a decrease in active surface sites of the Pd NPs.

Although the encapsulated metal NPs can generate H,O,
from H, and O, gases, they can also cause its decomposition
(Scheme 1), either through a side reaction with the H, gas*"™

or by direct decomposition on the surface of the NPs.”” These
decomposition processes can be quite significant in solution,
particularly for batch processes: when the Pd@UiO-66-NH,
catalyst was employed in the H,O,-generation experiment for
6 h, instead of our standard 1 h experiment, the measured level
of H,0, productivity dropped by 20 times (Table 2, cf entries
4 and 8). Similar results were observed for Pd/UiO-66-NH,
(cf Table 2, entry 5 and SI, Table S4, entry 3). Partially sup-
porting the hypothesis that H,O, can also undergo decomposi-
tion on the surface of the NPs was the observation that a
commercial H,O, solution undergoes more decomposition
when being exposed to the Pd/Ui0-66-NH, in comparison to
Ui0-66-NH, (SI, Table S3, cf entries 2 and 3). These obser-
vations reinforce the necessity for positioning the (sal)Mo
moiety in close proximity to the NP catalyst: the generated
H,0, is most efficiently used for the next step in sifu before
the decomposition.

Activities of (sal)Mo-functionalized catalysts for alkene
oxidation. As expected, our (sal)Mo-functionalized MOF
composites were active towards the catalytic epoxidation of
cis-cyclooctene with aqueous H,O,. In a 70:30 v/v metha-
nol/water media, the same solvent mixture used in the H,0O,
generation, UiO-66-(sal)Mo successfully produced cy-
clooctene oxide as the only oxidation product from cis-
cyclooctene and H,0,. Unfortunately, when the reaction time
was lengthened from 6 to 18 h, the oxidation productivity de-
creased (Table 3, cf entries 3 and 4). ICP-OES analysis of the
reaction solution after 6 h, where H,O, is still present based on
a colorimetric strip test, showed significant leaching (~80%)
of Mo from the support (SI, Table S10, entry 4), which could
contribute to the observed loss in activity and a lower produc-
tivity overtime. However, a separate control experiment
where UiO-66-(sal)Mo was exposed to a 70:30 v/v metha-
nol/water solution of cis-cyclooctene over 6 h without stirring
showed only 17% loss of Mo content (SI, Tables S6, entry 2),
suggesting that the solvent system alone does not cause signif-
icant decomposition of the (sal)Mo moiety. Addition of H,0,
to the filtrate of this solution results in minimal per-Mo oxida-
tion productivity compared to the UiO-66-(sal)Mo (SI, Table
S6, cf. entries 1 vs 2), suggesting that the leached Mo species
is not as active as the supported (sal)Mo moieties.

Table 3. The Oxidation of Cis-Cyclooctene with H,0, in

70:30 v/v Methanol/Water*
Catalyst
+ H02 (o]
CH3OH/H,0, rt

Amount  Time Oxidation”
Entry Catalyst (m u) (h) productivity”
& (mmol/h/kg,,)
1 - 0 18 0
2 Ui0-66-NH, 15 6 0
3 Ui0-66-sal(Mo) 15 6 25+25
4 Ui0-66-sal(Mo) 15 18 18+25

Reaction conditions: cis-cyclooctene (0.06 mmol), 30 wt%
H,0, (0.06 mmol), CH;0H (7 mL), and H,O (3 mL). “Productivi-
ty of epoxide was determined by GC-FID against an internal
standard. °The error bar was calculated based on the average of
standard deviation from all runs. “For additional yield and con-
version data, see SI, Table S5.
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Together, the aforementioned data support the hypothesis
that the loss of Mo species from the (sal)Mo-functionalized
MOF is a primary cause for the deactivation of the epoxidation
catalyst. This loss is most likely due to the presence of H,0O,,
although stirring may also accelerate the leaching by breaking
up some of the more-fragile MOF crystals. As these compli-
cations would decrease the overall epoxide productivity in our
systems, comparison of catalytic capabilities among the cata-
lysts in this study are best made when the losses of Mo are
similar. As expected, no epoxide was observed with the par-
ent Ui0-66-NH, MOF (Table 3, entry 2). Given that our
MOF-supported NPs and (sal)Mo catalyst components are
capable of carrying out their respective catalytic functions at
room temperature, we proceeded to elucidate their combined
effect in the tandem reaction 1 (Scheme 1).

Activities and Selectivities of MOF-based catalysts in
tandem reaction. To minimize catalyst deactivation while
still being able to obtain a detectable amount of epoxide, the
tandem reaction 1 (Scheme 1) was first carried out using a
physical mixture of MOF-supported NPs and (sal)Mo in the
batch reactor. In addition, we selected 5-bromo-1-cyclooctene
(Br-COE, smallest dimension ~5.23 A, SI, Section S6) and 4-
methylstyrene (smallest dimension ~4.22 A, SI, Section S6) as
the alkene substrates to test the hypothesis that the pore aper-
ture of UiO-66-NH, (~6 A“) can exclude the larger alkene
from coming to contact with the encapsulated NPs in MOFs.
These substrates were also selected because their hydrogenat-
ed products have low volatility, thus minimizing the loss of
these alkane byproducts during reactor sampling and allowing
for more-accurate analysis of the hydrogenation pathway.

As expected, subjecting Br-COE to our catalytic conditions
in the presence of the [Pd@UiO-66-NH, + UiO-66-(sal)Mo]
catalyst combination, where Pd NPs are encapsulated within
the MOF crystals, afforded a product mixture with a low mo-
lar ratio of hydrogenation and oxidation products (Hy/Ox)
(Table 4, entry 1). In contrast, the [Pd-PVP/UiO-66-NH, +
Ui0-66-(sal)Mo] combination, where the Pd NPs mostly re-
sided on the surface of MOF crystals, yielded a product mix-
ture with a 6-fold higher Hy/Ox ratio (Table 4, entry 2). Giv-
en the similar oxidation productivities for these two cases (Ta-
ble 4, cf entries 1 and 2), the lower Hy/Ox product ratio ob-
served for the first can be attributed to the ability of the UiO-
66 pore aperture in selectively sieving out Br-COE and pre-
venting it from coming into contact with the encapsulated Pd
NPs inside the Pd@UiO-66-NH, crystals. Not surprisingly,
this low Hy/Ox ratio was preserved when the dually function-
alized Pd@UiO-66-(sal)Mo MOF catalyst was used (Table 4,
cf entries 1 and 3).

ACS Catalysis

Table 4. Hy/Ox Ratios and Ox Productivities for Br-COE
in the Presence of Different Types of MOF Catalysts

(Br N

H, + O
2 2 Catalyst Br

+

Br
> +
CH30OH/H,0
Br\o it 6 h

90

\Br W
Ox Hy
a Oxidation (Ox)*
Entry Catalyst HrZing productivity”
(mmol/h/kgyps)
Pd@UiO-66-NH,
. 0.91+0.28 191 +48
+ UiO-66-(sal)Mo
. Pd-PVP/UiO-66-NH,
2 . 5.5+1.7 211+48
+ UiO-66-(sal)Mo
3 Pd@UiO-66-(sa)Mo  0.94 £0.29 206 +48

Reaction conditions: 5% H,/CO, (250 psig), 25% O,/CO, (100
psig), Br-COE (0.05 mmol), CH;0H (14 mL), and H,O (6 mL).
The catalyst comprises 0.51 mg of NPs and 4.8 mg of Mo by
weight.  “The oxidation (Ox) product comprises epoxide-
rearranged compounds and was determined by GC-FID with an
internal standard method. “The error bar was proportionally cal-
culated as a percentage of the Hy/Ox ratio based on the average
of the percentage standard deviations from the alkane. “The error
bar was calculated based on the average of standard deviations
from all tries. “For this experiment, Pd-PVP/Ui0-66-NH, was
selected because most of its Pd NPs are located on the exterior
surface of MOF crystal, which will provide the best contrast
against the Pd@UiO-66-NH; in entry 1. For differences in the
Hy/Ox ratios between the Pd/UiO-66-NH, and Pd-PVP/UiO-66-
NH; systems, see SI, Table S9.

Further supporting the aforementioned size-selective prop-
erties of the UiO-66 support is the much smaller (~1.3 fold)
difference in Hy/Ox product ratios observed for 4-
methylstyrene when being exposed to the [Pd@UiO-66-NH,
+ UiO-66-(sal)Mo] and [Pd-PVP/UiO-66-NH, + UiO-66-
(sal)Mo] catalyst combinations, respectively (Table 5, cf. en-
tries 1 and 2). While the encapsulated Pd NPs in the first cata-
lyst combination are still less accessible to the 4-methylstyrene
substrate, the smaller size of this alkene would diminish the
difference in substrate accessibilities between the two catalyst
combinations, especially under similar oxidation productivi-
ties.
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Table 5. Hy/Ox Ratios and Ox Productivities for 4-
Methylstyrene in the Presence of Different Types of MOF
Catalysts
O o)
|
O
Hy + O
Catalyst . > N
CH30H/H,0
rt, 6 h
O(H/Me) OH
E ; (Me/H)O E ;
Hy
9 Oxidation (Ox)‘
Entry Catalyst Hrzigz productivity”
(mmol/h/kgyps)
Pd@UiO-66-NH,
1 22+3 156 £22
+ UiO-66-(sal)Mo
J Pd-PVP/UiO-66-NH,
2 ; 29+ 4 184 +22
+ Ui0-66-(sal)Mo
3 Pd@UiO-66-(sal)Mo 10+1 234 +22

Reaction conditions: 5% H,/CO, (250 psig), 25% O,/CO, (100
psig), 4-methylstyrene (0.05 mmol), CH;0H (14 mL), and H,O (6
mL). The catalyst comprises 0.68 mg of NPs and 4.8 mg of Mo
by weight. “The oxidation (Ox) product comprises epoxide-
rearranged  compounds  (4-methylphenylacetaldehyde,  4-
methylacetophenone, and minor epoxide ring-opening com-
pounds) as well as other styrene-based oxidation products (4-
methylbenzaldehyde) and was determined by GC-FID with an
internal standard method. While the epoxide is not directly ob-
served given the protic nature of the solvent mixture, the major
rearranged products were verified as derivable from the epoxide
by an independent experiment (Section S2 in the SI). “The error
bar was proportionally calculated as a percentage of the Hy/Ox
ratio based on the average of the percentage standard deviations
from the Ox products. “The error bar was calculated based on the
average of standard deviations from all runs. “For this experi-
ment, Pd-PVP/UiO-66-NH, was selected because most of its Pd
NPs are located on the exterior surface of MOF crystal, which
will provide the best contrast against the Pd@UiO-66-NH, in
entry 1. For differences in the Hy/Ox ratios between the Pd/UiO-
66-NH, and Pd-PVP/UiO-66-NH, systems, see SI, Table S9.

It is worth noting that that the similar oxidation productivi-
ties for all the catalyst combinations in Table 4 can be attribut-
ed to a combination of two factors: the alkene oxidation step
being rate-limiting and the low reactivity of the Br-COE sub-
strate. Both of these can be inferred from the much larger
H,0, productivities (Table 2, unit = mol/h/kgyp, = 31.2 x
mol/h/kg., for Pd@UiO-66-NH,)) in comparison to the epox-

idation productivities for UiO-66-(sal)Mo (Table 3, unit =
mmol/h/kg.,; = 0.16 x mmol/h/kgy;,) and those from the tan-
dem reaction (Table 4, unit = mmol/h/kgyps). While the
(sa)Mo moieties in the dually functionalized catalyst may
experience a higher local H,0, concentration by being close to
the encapsulated Pd NPs, this advantage is greatly diminished
if Br-COE is not converted to the epoxide fast enough. As a
result, the oxidation productivities for all three-catalyst com-
binations do not appear to greatly differ, with most of the gen-
erated H,O, diffusing into the solution. Together, these obser-
vations underline the importance of properly matching the
rates of the different active sites in our tandem catalyst. This
concept is demonstrated in the next section, where we employ
the more-reactive substrate cis-cyclooctene to better accentu-
ate the difference between the dually functionalized catalyst
and the physical mixtures of the two singly functionalized
catalysts.

The advantages of coupling NP and molecular catalysts
on the same MOF microcrystal. To maximize the capability
of our dually functionalized catalyst for epoxide generation,
the tandem reaction 1 (Scheme 1) was carried out with cis-
cyclooctene, which is more reactive than both Br-COE and 4-
methylstyrene in epoxidation and whose epoxide is also more
stable than the corresponding epoxides of both of these sub-
strates. As anticipated, the singly functionalized catalyst con-
trols do not show any cyclooctene epoxidation activity under
our tandem reaction conditions (Table 6, entries 1-3 and 6). In
addition, the absolute values for cis-cyclooctene oxidation
productivities by Pd@UiO-66-(sal)Mo and the [Pd@UiO-66-
NH, + UiO-66-sal(Mo)] physical mixture (Table 6, entries 5
and 4) are higher than the corresponding data for both 4-
methylstyrene (Table 5, entries 3 and 1) and Br-COE (Table 4,
entries 3 and 1), confirming that it is a much better substrate
for H,O, utilization.

Consistent with the results shown in Table 5, Pd@UiO-66-
(sal)Mo exhibited higher oxidation productivity (~1.5 times)
for cis-cyclooctene in comparison to the [Pd@UiO-66-NH, +
Ui0-66-sal(Mo)] physical mixture (Table 6, cf entries 5 and
4). This data reinforces our initial hypothesis that the close
proximity of two catalysts increases product ratio in the tan-
dem reaction: the closer the two catalysts, the higher the con-
centration of H,0, around the sal(Mo) groups and the more
effective the epoxidation. Because H,0, is generated within
the MOF crystal, as it diffuses out it is more likely to be con-
sumed by the (sal)Mo moieties on the crystal surface to pro-
duce the epoxide. Similar observations have recently been
reported by Yamashita and coworkers for a Pd@Ti-HSS yolk-
shell nanostructured catalyst used in a tandem H,0,-
generation/sulfide oxidation reaction.”’ While the alkene oxi-
dation step is still rate-limiting for Pd@UiO-66-(sal)Mo, the
(sa)Mo moieties can epoxidize the more-active cis-
cyclooctene substrate faster, leading to a more effective usage
of the H,0, oxidant compared to that in the Br-COE case.

The advantage of having the Pd NPs completely encapsulat-
ed inside the UiO-66 crystal is also quite clear. Pd@UiO-66-
(sal)Mo afforded a more effective utilization of the generated
H,0, oxidant than Pd/UiO-66-(sal)Mo, as reflected by the
larger oxidation productivity (Table 6, cf entries 5 and 8) un-
der similar H,O, generation per kgyp, (Table 2, cf entries 4 and
5). Presumably, much of the H,O, that was generated by the
Pd NPs that reside on the surface of the Pd/UiO-66-(sal)Mo
microcrystals would diffuse away before having a chance to
react with the (sal)Mo moiety and the alkene substrate. In

6
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addition, the cis-cyclooctene substrate in solution will be more
likely to undergo hydrogenation reactions with the exposed Pd
NPs on the surface of Pd/UiO-66-sal(Mo) microcrystals (SI,
cf. the Hy/Ox ratios for entries 3 and 6 in Table S9), and this
will decrease the substrate concentration able to undergo epox-
idation. Together, these two factors decrease the total oxida-
tion productivity for Pd/UiO-66-sal(Mo), in comparison to
Pd@UiO-66-sal(Mo).

While employing cis-cyclooctene as a substrate can lead to
improved usage of the H,0, oxidant, Pd@UiO-66-(sal)Mo is
still only ~1.5 times better than the [Pd@UiO-66-NH, + UiO-
66-sal(Mo)] physical mixture in oxidation productivities (Ta-
ble 6, cf entries 5 and 4). This small difference may be ex-
plained if the Pd NPs are producing H,O, at a faster rate than
can be efficiently consumed by the (sal)Mo catalysts and most
of the H,O, would diffuse into the solution. In such a scenar-
io, a major portion of the oxidation product would come from
the interactions of the (sal)Mo with the H,O, in solution and
the oxidation productivities of the two aforementioned cata-
lysts would not be very different. Employing a slower H,0O,-
generating catalyst, such as that based on Au NPs (Table 2, cf
entries 5 and 7), should then allow for a more-even matching
of the two reactions in our tandem reaction 1 (Scheme 1), re-
sulting in a bigger difference in epoxide productivities be-
tween the dually functionalized catalyst and the physical mix-
ture of two singly functionalized catalysts.

Table 6. Oxidation Productivity for Cis-Cyclooctene in the
Presence of Different Types of MOF Catalysts’

Hy + O, + Catalyst o
CH3OH/H,0, 1t, 6 h

Ox
NPs Mo Ox“productivity’
Ent Catalyst
Y Y (mg) (mg) (mmol/hkgyp)
1 R R - 0
2 Ui0-66-sal-Mo - 4.8 0
Pd@UiO-66-NH, 0.5 - 0
Pd@UiO-66-NH,
4 UioesalMe) 05 48 57064
5  Pd@UiO-66-sal(Mo) 0.5 48 828 + 64

6 Pd/UiO-66-NH, 0.5 - 0
Pd/UiO-66-NH,

7 FUiO-66mlMy 07 48 493 £ 120

Pd/UiO-66-(sa)Mo 0.7 4.8 599 + 120

9 Au/UiO-66-NH, 2.6 - 24024
Au/Ui0O-66-NH,

10 Slio66mIMy 26 96 254024

11 AuwUiO-66-(sallMo 2.6 9.6 26+ 024

Reaction conditions: 5% H,/CO, (250 psig), 25% 0,/CO, (100
psig), cis-cyclooctene (0.12 mmol), CH;0H (14 mL), and H,O (6
mL). “Amount of products and productivity were determined by
GC-FID against an internal standard. “The error bar was calculat-
ed by averaging standard deviations from all tries for each catalyst
system. “While a small amount of cyclooctene oxide can be ob-
served in the presence of the Au/Ui0-66-NH, control, this is not
surprising because Au NPs are known to be active for alkene
epoxidation with O, and TBHP.?33 “See SI, Table S9 for a full
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set of data that includes the Pd-PVP system and the Hy/Ox ratios
for all four tandem catalyst systems in this study.

Indeed, the advantage of coupling two catalysts in one MOF
crystal is most noticeable when comparing Au/UiO-66-
(sal)Mo and [Au/UiO-66-NH, + UiO-66-(sal)Mo] (Table 6).
The dually functionalized catalyst exhibited an epoxide
productivity that is an order of magnitude higher than the cor-
responding physical mixture (Table 6, cf entries 10 and 11).
We attribute this large difference in epoxide productivities
observed between the two Au NP-containing catalysts to the
slower production of H,O, by Au NPs. As the amount of
H,0, being generated in Au/UiO-66-(sal)Mo is smaller than
that in the Pd analog, the oxidant should have a better chance
of reacting with the (sal)Mo catalyst moiety on the surface of
the MOF crystal before diffusing into the solution. In contrast,
in the [Au/Ui0-66-NH, + UiO-66-sal(Mo)] physical mixture,
the small amount of H,0, being generated by Au/UiO-66-NH,
must additionally diffuse into solution before reaching the
Ui0-66-sal(Mo) catalyst, leading to a large decrease in the
effective usage of the oxidant in the epoxidation step.

The aforementioned close-proximity effect, which is much
larger for the two Au/UiO-66 systems (10%; Table 6, cf entries
10 and 11) compared to that for the analogous Pd/UiO-66 sys-
tems (1.2x; Table 6, cf entries 7 and 8), can indeed be attribut-
ed to the large differences in rate of H,O, generation. As the
Pd NPs produces H,0, at a faster rate than Au NPs (Table 2,
cf entries 5 and 7), a large portion of the generated H,O, dif-
fuses into the solution, leading to a smaller percentage differ-
ence in the oxidant concentrations around the (sal)Mo moiety
in Pd/UiO-66-(sal)Mo compared to that in the [Pd/UiO-66-
NH, + UiO-66-sal(Mo)] physical mixture. This in turn leads
to a smaller percentage difference in the two corresponding
epoxide productivities.

In summary, we have demonstrated that the controlled posi-
tioning and coupling of two different catalysts in one MOF
microcrystal can be highly beneficial for the tandem H,O,-
generation/alkene-oxidation reaction (Scheme 1, Eq. 1). By
encapsulating NP catalysts inside UiO-66-NH, microcrystals,
we minimize their interactions with the large alkene substrates
and reduce side reactions such as alkene hydrogenation in the
presence of H,. In addition, enhanced epoxide productivity is
achieved when both the H,O,-generating NP and the (sal)Mo
epoxidation catalysts are integrated on the same MOF crystal.
This colocalization effect can be quite important for the most
effective usage of the relatively unstable H,O, oxidant, espe-
cially for the case of Au NP, whose H,0,-generation activity
is lower than that for the Pd NP analogue. Together, these
data suggest that the close positioning and good activity-
matching between the two active species in the support as well
as the substrate are both important for the improvement in
tandem catalysis. While such study are beyond the scope of
the current manuscript, the use of MOF as a controllable plat-
form for the close co-deployment of different catalysts that
can act in concert in a molecular-like scale is a promising ven-
ue for integrating biocatalytic concepts into abiotic platform,
akin to cascade reactions in multi-enzyme processes.”*>® Suc-
cessful implementation of such a concept can allow for the
spatial separation of incompatible reactants’’, allowing for the
development of novel tandem reactions with high selectivity
and efficiency.
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