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The catalytic activity for the aerobic epoxidation of cyclooctene of UiO-66 has been introduced by post-
synthetic ion exchange of Zr** by Ti** at the nodes and the performance optimized by nitro substitution in
the terephthalate ligand. In this way a TON value of 16,600 (1660 considering Zr + Ti content) was
achieved, comparing favorably with the highest catalytic activity reported in homogeneous for the same

reaction (10,000 for y-SiW;o{Fe**(OH,)},0%s). Kinetic studies have shown that the most likely reactive
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oxygen species involved in the oxidation is superoxide, with hydroxyl radicals also contributing to the
reaction. UiO-66(Zrs 4 Tige)-NO, is stable under catalytic conditions, being used six times without any
change in the conversion temporal profile and in the X-ray diffractogram. The scope of UiO-66(Zrs 4
Tig,s)-NO, promoted aerobic oxidation of alkenes was expanded by including smaller rings cycloalkenes,
as well as acyclic and aryl conjugated alkenes.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Transition metals have general catalytic activity to promote aer-
obic oxidations of hydrocarbons through different mechanisms,
some of them involving reactive oxygen species [1-3]. While the
use of oxygen as terminal oxidant, rather than peroxides or other
oxidizing reagents, is very appealing due to availability, greenness
and sustainability of the process, the lack of product selectivity
limits, in most of the cases, the applicability of aerobic oxidations
[3-9].

Metal-organic frameworks (MOFs) are crystalline porous solids
whose lattices are constituted by nodes of metal ions or clusters of
metal ions, most frequently transitions metals, coordinated by
rigid bi- or multidentate organic linkers [10-13]. Due to the high
metal content, high surface area and high porosity, among other
properties, MOFs are attracting much current interest as heteroge-
neous catalysts to promote organic reactions, including aerobic

Abbreviations: MOF, metal-organic framework; TON, turnover number.
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oxidations [7,14-23]. As solid catalysts, MOFs offer various possi-
bilities to introduce the catalytic activity by changing the nature
of the metal ion [24-27] and also subsequent optimization by
introducing substituents on the organic linker that are able to con-
trol the electronic density of the active metal sites by inductive
effects [28-30]. Following the pioneer work of de Vos [30], we
and others [28,29,31-33] have shown that the activity of a given
MOFs can be increased over one order of magnitude in Lewis or
Bronsted acid catalyzed reactions [29] and some oxidations [28]
by introducing electron withdrawing substituents on the aromatic
ring of the terephthalate linker in MIL-101 [28,29,31] and UiO-66
[30,32,33].

Continuing with this line of research aimed at exploiting the
catalytic activity of MOFs, it would be of interest to create active
sites in otherwise inactive MOFs by ion exchange at the nodes
and, subsequently, optimization of their performance by substitu-
tion on the terephthalate linker [34-36]. In this regard, Li and
coworkers have shown that it is possible to replace in UiO-66
(Zr) a certain percentage up to about 30% of Zr*" metal ions by
Ti** ions by post-synthetic modification of parent UiO-66(Zr) with
TiCl4(THF), through ion exchange [37]. This strategy has been used,
for instance, to increase the photocatalytic activity of parent UiO-
66(Zr) for CO, reduction by introducing Ti** acting as electron relay
between photoexcited terephthalate ligand and Zr** [38].
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To check this concept, and considering the known activity of
Ti*" grafted on mesoporous silicas and zeolites as oxidation cata-
lysts, particularly in the presence of peroxides as oxidizing
reagents, but also using oxygen as terminal oxidant [39-45], in
the present study we have focused on the reactivity of alkenes, par-
ticularly, cycloalkenes, to form the corresponding epoxide or allylic
ol/one mixtures. The novelty of our study derives from the consid-
eration that, as it will be described below, UiO-66(Zr) is devoid of
any significant activity in the aerobic oxidation of cycloalkenes, but
by applying known chemistry in the field of zeolites and aluminum
silicates grafting Ti*" it is possible to introduce active sites to pro-
mote this aerobic oxidation. Furthermore, it will be shown that the
activity of UiO-66(Zr, Ti) can be increased by a factor of 8 when
NO, is present on the terephthalate linker. In the area of Ti cata-
lysts grafted on micro- and mesoporous materials, it was found
that isolated titanium sites are active sites for epoxidation
[43,46,47] and similar isolated Ti** sites can be easily obtained in
UiO-66 by appropriate post-synthetic partial exchange Zr*" by
Ti** ion. Therefore, up to now, the combination of the flexibility
of MOFs to exchange metal ions and introduce substituents in
the organic linker has not been combined with the concept derived
from Ti-containing zeolites of site isolated Ti atoms.

Although recent reports have confirmed incorporation of Ti in
UiO-66 they have proposed that it occurs at defective sites where
linkers are vacant through Ti attachment rather than ion
exchanged [48].

2. Experimental section
2.1. Materials

All the reagents and solvents used in this work were of analyt-
ical or HPLC grade and supplied by Merck.

2.2. Catalyst preparation

Isoestructural UiO-66(Zr)-X (X: H, NO, and NH,) were prepared
following reported procedures [32,37,49,50]|. Briefly, the corre-
sponding terephthalic acid derivative (1 mmol) and ZrCl, (1 mmol)
were added to a Teflon-lined autoclave containing dimethylfor-
mamide (3 mL). The system was heated at the corresponding tem-
perature for the required period of time (Table 1). After this time,
the system was cooled down to room temperature and the result-
ing precipitate was first washed under stirring with DMF (40 mL)
for 2 h (3 times) and, then, the solid was washed with methanol
in a Soxhlet system for 12 h. Finally, the solid was dried in an oven
at 100 °C for 24 h.

The three UiO-66-X (X: NH,, H and NO,) solids were further
submitted to Zr*" exchange using different percentages of Ti*
following reported procedures [37,51]. Briefly, UiO-66-X (X: NH,,
H and NO,) solids (200 mg) were suspended in anhydrous DMF
(5 mL) and magnetically stirred for 96 h at 120 °C with freshly
prepared TiCl4(THF), complex. TiCl4(THF), is prepared immedi-
ately prior to its use by mixing TiCl, (2.9 mL) in anhydrous
dichloroethane (50 mL) with 8.6 mL of THF in 100 mL of anhydrous
n-hexane.

Table 1
Temperature and time employed for the preparation of Ui0-66-X (X: NH,, H and NO,)
solids [32].

X Temperature (°C) Reaction time (h)
NH, 100 24
H 220 12
NO, 220 24

2.3. Catalyst characterization

Powder X-ray diffraction (PXRD) patterns of UiO-66(Zr Ti)-X (X:
NH,, H and NO,) materials were recorded on a Philips XPert
diffractometer equipped with a graphite monochromator (40 kV
and 45 mA) employing Ni filtered Cu Ko radiation. ATR-FTIR spec-
tra of UiO-66(Zr, Ti)-X materials were collected at 20 °C using a
Bruker Tensor27 instrument. Previously, the solid samples were
heated in an oven (100 °C for 20 h) to remove physisorbed water.
N, adsorption isotherms were recorded at 77K using a
Micromeritics ASAP 2010 instrument. Thermogravimetric mea-
surements were performed on a TGA/SDTA851e Mettler Toledo
station. Scanning electron microscopy (SEM, Zeiss instrument,
AURIGA Compact) having incorporated a EDX detector has been
employed to determine the morphology of the solid samples and
obtain the element mapping of selected areas, respectively. The
EDX detector has a limit of detection of about 1 wt%. X-ray photo-
electron (XP) spectra were collected on a SPECS spectrometer with
a MCD-9 detector using a monochromatic Al (Koo = 1486.6 eV) X-
ray source. Spectra deconvolution was performed with the CASA
software using the C 1s peak at 284.4 eV as binding energy [52].

The metal content (Zr and/or Ti) of solid samples have been
determined by ICP-OES analysis. Previously, the solid samples (5
mg) were digested using a HNO3; aqueous solution (3 M, 30 mL)
at 80 °C for 12 h. Then, the filtered aqueous samples were analyzed
by ICP-OES [37].

FTIR spectra of CO adsorption were recorded in a Nexus 8700
FTIR spectrophotometer using an IR cell allowing in situ treatments
at controlled temperature, from —176 °C to 500 °C, and connected
to a high vacuum system with gas dosing facility. For CO adsorp-
tion measurements the samples were pressed into self-supported
wafers and treated under vacuum (10-® mbar) at 150 °C for 2 h.
After activation, the wafers were cooled down to —176 °C under
dynamic vacuum, followed by CO dosing at increasing pressure
(0.4-6 mbar). IR spectra were collected after each dosage. All IR
spectra corresponding to CO adsorption measurement have been
normalized to the weight of the IR wafer.

2.3.1. Catalytic experiments

Briefly, the required amount of UiO-66(Zr Ti)-X (X: NH,, H and
NO,) employed as catalyst (0.016 mmol of total metal Zr + Ti) was
introduced into a reactor vessel (5 mL). Subsequently, the olefin
reagent (2 mmol) dissolved in CH5CN (2.5 mL) was added to the
vessel. The system was pressurized with O, at the required value
at room temperature (i.e. 5 or 2 atm). The reactions were carried
out under 600 rpm magnetic stirring to ensure that the process is
under kinetic control.

Catalyst reusability was studied for the most active sample
(UiO-66(Zrs 4Tigg)-NO-). At the end of the reaction, the solid cata-
lyst was recovered by filtration (Nylon membrane, 0.2 pm) and,
transferred to a round-bottom flask (50 mL) and washed under
magnetic stirring with ethanol (20 mL) at 80 °C for 2 h. This proce-
dure was repeated three times. The washed, used solid catalyst
was recovered by filtration (Nylon membrane, 0.2 um) and dried
in an oven at 100 °C for 24 h. Before the new catalytic cycle, the
solid catalyst was activated at 150 °C under vacuum for 16 h.

Selective radical quenching experiments were carried out fol-
lowing the general reaction procedure described above, but with
the addition of radical quenchers (20 mol% with respect to the sub-
strate). In particular, dimethylsulfoxide (DMSO) [53-56] or p-
benzoquinone [53,54,56,57] were added as selective hydroxyl or
superoxide/hydroperoxyl radical scavengers, respectively.

Activation energy for cyclooctene was estimated according the
Arrhenius law by plotting the natural logarithm of the initial reac-
tion rate of cyclooctene disappearance versus the reciprocal of the
absolute temperature, fitting the experimental points to the best
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linear correlation. The amount of oxygen consumed was estimated
from the difference of the reactor pressure before and after the
reaction.

2.3.2. Product analysis

Previously filtered reaction aliquots were diluted in acetonitrile
containing a known amount of nitrobenzene as external standard.
The aliquots were immediately analyzed by gas chromatography
using a flame ionization detector. Quantification was carried out
by using calibration curves of authentic samples against nitroben-
zene as standard. Mass balances for all the reactions were higher
than 95%. Product yields can be estimated by multiplying conver-
sion by selectivity.

2.3.3. Leaching experiments

At the end of the reaction the solid was removed by filtration
(0.2 pm nylon filter) and the solvent removed under vacuum in a
rotary evaporator. Then, an aqueous solution of HNO3 (3 M, 30
mL) was added to the flask reaction and the system heated at 80
°C for 24 h. Finally, the presence of Zr or Ti in the aqueous phase
was analyzed by ICP-OES.

2.3.4. Colorimetric peroxide quantification of treated UiO-66
(Zrs 4Tigs)-H.

Prior to peroxide titrations, an acidic aqueous solution (100 mL)
of titanyl oxalate (2.5 g) in H2SO4(conc) (25 mL) and HNO3(conc) (1
mL) was prepared. Then, 10 mg of UiO-66 (Zrs 4Tigs)-H was heated
at 120 °C under 5 atm oxygen pressure in 2 mL of acetonitrile for
24 h. After this time, the solid was dissolved in the acidic titanyl
solution in where Ti=02" acts as peroxide colorimetric indicator
[58]. An aliquot sample (0.5 mL) was diluted with water (4.5 mL)
before measuring its absorbance at 420 nm. The difference in
absorbance between this sample and that of an analogous one that
was not submitted to the 24 h treatment was compared. Formation
of peroxide was not detected.

2.3.5. EPR measurements

UiO-66(Zrs 4 Tige)-NO, or UiO-66(Zr)-NO (5 mg) was added to
a two-neck round bottom flask (25 mL) containing the commer-
cially available spin trap N-tert-butyl-a-phenylnitrone (PBN,
1150 mg L!) dissolved in n-dodecane. The system was sonicated
for 30 min and purged with a balloon containing O,. Then, the flask
is heated at 120 °C for 6 h. At this time, a reaction aliquot is filtered
(Nylon filter, 0.2 pm) and the sample was purged with N, before
recording the EPR. EPR spectrum of each sample was acquired
using a Bruker EMX instrument operating at a frequency of
9.803 GHz with sweep width of 3489.9 G, a time constant of
40.95 ms, a modulation frequency of 100 kHz, a modulation width
of 1 G and a microwave power of 19.92 mW.

Table 2

3. Results and discussion
3.1. Catalyst characterization

The list of catalyst prepared in the present study, the most rel-
evant textural properties and analytical data are summarized in
Table 2. As it can be seen there, three sets of isostructural UiO-66
having on the terephthalate linker a nitro or amino substituents,
as well as the parent terephthalate were prepared at four different
levels of Zr** by Ti*" ion exchange. Preparation of isostructural UiO-
66-H, Ui0-66-NO,, Ui0-66-NH, was carried out as reported in the
literature [32,37]. Briefly, the three UiO-66(Zr) were prepared by
solvothermal crystallization of ZrCl; and terephthalic, 2-
nitroterephthalic and 2-aminoterephthalic ligand in DMF. The con-
ditions and the exact mass of the components are indicated in
Table 1 of the experimental section. The three UiO-66-X (X:H,
NO,, NH,) were further submitted to Zr*" to Ti*" exchange in
DMF at 120 °C by increasing the concentration of TiCl4(THF), com-
plex to afford for each case of linker substituted UiO-66-X new
mixed-metal materials with increasing Ti content ranging for 0-
10% [37,51].

Since Zr*" ion forms with carboxylate strong coordinative
bonds, it has been found that is not possible to achieve a high level
of exchange. In the present case [59], the maximum Zr*" to Ti*
exchange level achieved was 10%. It has been proposed that Ti*"
exchange in UiO-66(Zr) occurs due to the intrinsic dynamics
around the Zr*" ijons that can change the instantaneous coordina-
tion number [60]. Precedents reporting Ti** exchanged in UiO-66
to improve the performance of this MOF for gas permeability
[61] or in photocatalysis can be found in the literature [22,48].

As it can be seen in Figs. 1 and S1-S2, PXRD of all the Ui0-66-X
(Zrgx Tiyx) samples exhibited identical pattern corresponding to a
highly crystalline material. As expected in view of the reported
data, the presence of Ti** in the material causes a gradual shift of
the most intense (1 1 1) peak from the initial 2 0 value at 7.39° to
higher diffraction angles reaching 2 6 values of 7.43°. This effect
of gradual shift in the position of the diffraction peaks has been
previously reported in the literature and has been rationalized as
a reflection of the somewhat smaller unit cell of UiO-66(Zrg_xTiy)
due to the contraction caused by the smaller ionic radius of Ti**
compared to Zr** [37,51]. Therefore, according to the literature
the gradual shift of the position of (1 0 0) diffraction peak observed
for each series of UiO-66(Zr Ti)-X (X: H, NO, or NH,) is considered
here an evidence of substitution of Zr*" by Ti** in the lattice
[37,51].

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcat.2018.07.032.

The different substitution of the terephthalate linker is con-
firmed by IR spectroscopy of the solids, where the characteristic

List of catalysts employed in the present study with their corresponding BET surface area, pore volume, metal content and initial reaction rate for the catalytic aerobic epoxidation

of cyclooctene.”

Catalyst BET surface area (m?g~!) Pore volume (cm® g~ !) ICP Zr (%) ICP Ti (%) ro (mMh™1)
Ui0-66(Zr)-NO, 600 0.60 100.00 - 2.02
Ui0-66(Zrs 07 Tig.03)-NO, 520 0.46 99.49 051 6.34
Ui0-66(Zrs 94 Tio.06)-NO, 580 0.52 98.40 1.60 7.01
Ui0-66(Zrs 4 Tigs)-NO2 590 0.50 89.60 10.40 9.83
Ui0-66(Zr)-H 800 0.75 100.00 - 1.25
Ui0-66(Zrs 7 Tioos)-H 770 0.78 99.42 0.58 3.83
Ui0-66(Z1's 04 Tigos)-H 740 0.68 98.80 120 4.98
Ui0-66(Zrs 4 Tips)-H 740 0.77 89.40 10.60 6.94
UiO-66(Zr)-NH, 780 0.85 100.00 - 1.20
Ui0-66(Zts 07 Tigos)-NH, 720 0.50 99.40 0.60 238
Ui0-66(Zrs 94 Tio.0s)-NH2 730 0.52 98.50 1.50 3.97
Ui0-66(Zrs 4 Tips)-NHz 770 0.51 89.60 10.40 6.09

@ Catalyst (0.016 mmol of metal), substrate (2 mmol), CH3CN (2 mL), 120 °C and O, (5 atm).
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Fig. 1. PXRD patterns of UiO-66(Zr)-H (a), UiO-66(Zrs 97 Tig03)-H (b), UiO-66(Zr5.94 Tip0s)-H (c), UiO-66(Zrs 4 Tige)-H (d).

vibrational peaks associated to NO, (1500 and 1380 cm™!) and NH,
(3350 and 1595 cm™') can be observed (Figs. S3-S5). In contrast,
the partial substitution of Zr** by Ti*" ions in the Ui0-66(Zr)-NO,
materials does not cause significant changes in their FT-IR spectra
(Fig. S4).

[sothermal nitrogen adsorption measurements indicate that the
specific BET surface area and pore volumes of the UiO-66-X sam-
ples under study range from 890 to 520 m? g~! and 0.46 to 0.85
cm’ g1, respectively (Table 2). These values and the general trend
observed, where the surface area of each parent UiO-66-X (X: H,
NO, or NH;) based material, although similar, decreases along
the extent of the ion exchange, is in agreement with previous
reports [27,51].

Thermogravimetry under aerobic conditions offers important
information related to the presence of defects in the material, by
comparing the experimental residual weight after complete com-
bustion on the organic linker that is assumed to correspond to
Zrg_xTix0, residue with the theoretical weight of the residue calcu-
lated based on the structural formula [28,29]. Thermogravimetric
profiles (Figs. S6-S8) exhibit an initial weight loss from room tem-
perature to 150°C that corresponds to the desorption of co-
adsorbed water and solvent molecules. After this step, there is an
exothermic weight loss attributable to the combustion of the
organic linker that takes places in all the samples under study from

250 to 400 °C. The difference between the experimental residual
weight in the thermogravimetric profile at 800 °C with that calcu-
lated based on the molecular formula, either positive and negative,
indicates that excess or defective amount of metal oxides in the
material respect to the ideal value according to the formula. In
the present case, the excessive weight of the residue in the TGA
indicates either an excess of Zr/Ti in the material or vacancies of
terephthalate linkers in the solid as indicated in Table S1. It is
known in the state of the art that UiO-66(Zr) can present a large
density of defects that can be quantified in a simple way by the dif-
ference between the theoretical an experimental chemical analysis
[62]. It should be mentioned that the experimental error associated
to thermogravimetric measurements does not allow to determine
differences in the residual weight for those samples with the low-
est Ti exchange percentage. A summary of the relevant experimen-
tal thermogravimetric data and its comparison with the theoretical
value is presented in Table S1. As it can be seen there, the parent
UiO-66(Zr)-X (X: H, NO, or NH,) before Ti exchange treatments
exhibit somewhat higher (~1 wt%) percentages of Zr than calcu-
lated according to the ideal cell formula that range from 0.3 for
Ui0-66(Zr)-NH, to 0.9% for UiO-66(Zr)-NO,, indicating that the
materials contain some defects associated to a larger than ideal
amount of Zr. Those defects can be, for instance, terephthalate
vacancies or the presence of amorphous zirconium oxide clusters
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in the material. To put into context the data presented in Table S1
showing just a relatively minor higher-than-expected Zr content,
the density of defects in our case should be relatively low in com-
parison with other precedents reported in the literature, where Zr
excess higher than 10% have been determined [32,63]. Upon sub-
mitting UiO-66(Zr)-X to Ti exchange in the largest proportion
(10%), a change in the residual remaining weight in the material
due to the lower atomic mass of Ti (47.9 a.u.) respect to Zr (91.2
a.u.) should be expected according to the cell formula. Specifically,
the decrease in the residual weight due to the Zr to Ti exchange
should theoretically be between 2.4 wt% in the case of UiO-66
(Zrs4 Tigg)-NO, to 2.8 wt% for UiO-66(Zrs 4 Tigg)-H. Importantly
this decrease in the percentage of the residual weight of less than
3% in the residual mass measured was experimentally observed by
TG. Experimental measurements of the decrease of residue mass
range between —1.9 and —2.3% for Ui0O-66(Zr)-NO, and UiO-66
(Zr)-NH,, respectively, as indicated in Table S1. These analytical
data are in agreement with the exchange of a heavier metal ele-
ment as Zr by another lighter as Ti in measurable degree.

XPS analysis of UiO-66(Zr/Ti)-X (X: H, NO, or NH;) also detects
the presence of titanium for those samples submitted to Ti
exchange. In the particular case of the UiO-66(Zr Ti)-NO, series
the Ti/Zr atomic ratio increases in all cases with the percentage of
the ion exchanged and it was always higher than the values deter-
mined by other analytical methods (Fig. 2a). This is probably due to
the fact that XPS is a surface specific technique and, therefore, there
should probably be a gradient of titanium content that according to
XPS quantification compared to the bulk chemical analysis should
be higher on the external surface of the MOF particles, decreasing
this Ti/Zr ratio towards the interior of the UiO-66-NO, crystallites.
Fig. 2a shows the survey XPS spectra revealing the presence of
the different elements in the UiO-66(Zr)-NO, material, as well as
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in the partially substituted UiO-66(ZreTix)-NO- solids (Figs. S9-
S12). As expected the Ti/Zr atomic ratio increases in all cases with
the percentage of the ion exchanged, in agreement with the suc-
cessful incorporation of Ti** in the solid material. Fig. 2b-d also
shows a shift in the binding energies of Zr 3d, Ti 2p and O 1s peaks
as the Ti** content increases. There are precedents in the literature
suggesting that these shifts in XPS binding energy reflect the
weaker electronegativity probed by the metallic elements as the
Zr*" ions are partially exchanged by Ti**, and the same explanation
should apply in the present case [27,37,49,50,64].

Diffuse reflectance UV-Vis spectra for the series of the UiO-66
materials were recorded (Figs. 3 and S13-S14). As it has been

@ y a-d
L.
. 350 400 450
Wavelenght (nm)
250 300 350 400 450

Wavelenght (nm)

Fig. 3. Diffuse reflectance UV-Vis of UiO-66(Zr)-H (a), UiO-66(Zrs 97 Tigo3)-H (b),
UiO-66(Zrs 94 Tioos)-H (¢) and UiO-66(Zrs 4 Tige)-H (d).
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Fig. 2. XPS spectra of survey (a) and the high resolution scan of Zr 3d (b), Ti 2p (c¢) and O 1s (d) regions for the UiO-66(Zr6-xTix)-H sample.
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reported [27,32], a red shift of the absorption on set was generally
observed, the partial substitution of Zr*" ions by Ti*" resulting in
extending the absorption of the parent UiO-66(Zr)-X (X: H, NO,
or NH,) material at longer wavelengths [27,51].

The morphology of the UiO-66(Zr)-X particles was visualized by
SEM (Fig. 4 and Tables S2-5S4). SEM images of the UiO-66(Zr)-X
samples before Ti exchange show that the material is constituted
by crystals with defined shape in the micrometric scale, accompa-
nied by much smaller nanometric particles. EDS mapping of the
individual particles shows the homogeneous distribution of the ele-
ments according to their cell formula. Importantly, the morphology
of the particles changes somewhat during the ion exchange proce-
dure, the change being characterized by a decrease in the popula-
tion of large crystals and a concomitant increase in the
percentage of much smaller nanometric particles. This morphology
change suggests that there is some breakdown of large particles
during the ion exchange. Elemental mapping at submicrometric
resolution by EDS shows that Ti is homogeneously distributed in
the particle (Fig. 4 and Figs. S15-S25). It should be, however, com-
mented that the low sensitivity of the EDS compared to XPS does
not allow quantification of the Ti/Zr atomic ratio for the UiO-66
(ZrgTix)-X samples with low Ti content and this Ti/Zr atomic ratio
is better estimated by XPS. At large percentages of Ti exchange for
which the Ti Kol images are better defined, a coincidence the dis-
tribution of Zr and Ti can be observed, confirming that Ti is present
at the same positions as Zr at submicrometric resolution. Fig. 4
shows selected images to illustrate these two pieces of information
provided by SEM, i.e., the increase in the percentage of smaller par-
ticles with the increase in the percentage of Ti and the coincidence
between the distribution of Zr and Ti in the individual particles.

3.2. Catalytic activity

As commented earlier, evaluation of the catalytic activity of
Ui0-66(Zr, Ti)-X samples was initially carried out for the aerobic
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oxidation of cyclooctene in CH3CN. The only product observed in
all cases was the corresponding cyclooctene oxide with complete
selectivity (Fig. 5a) and complete mass balance. It was observed
that the presence of Ui0-66 (0.8 mol%) does not introduce any sig-
nificant catalytic activity respect to the blank control (Fig. 6, S26
and S27). In contrast, it was observed that the catalytic activity
for the series of materials with the three differently substituted
terephthalates increases consistently with the percentage of the
Ti exchange and it is higher for the NO, (Fig. 5), then for H
(Fig. S26) and the NH, (Fig. S27) terephthalate substituted UiO-
66 series, being UiO-66(Zr)-NH, the less active of the samples
under evaluation. The performance of the series of UiO-66(Zr Ti)-
X can be quantitatively evaluated by comparing the initial reaction
rates, determined from the slope of the time-conversion plots at
zero time. These values are summarized in Table 2.

Therefore, according to this table, the most active material was
UiO-66(Zrs 4 Tige)-NO, in where the beneficial influence of the
presence of Ti ions introducing active sites and nitro substituents
optimizing the performance are combined. Regarding the active
sites and the role of Ti**, it should be noted that, as clearly seen
in Figs. S26 and S27, the catalytic activity of UiO-66(Zr)-H and
UiO-66(Zr)-NH, is coincident with that of a blank control in the
absence of any solid. This indicates that in the absence of Ti,
UiO-66(Zr)-H and UiO-66(Zr)-NH, do not exhibit any catalytic
activity. Accordingly, it is proposed that Ti** are the active sites
in this aerobic oxidation. Furthermore, as it can be seen in Table 2
and Fig. 6, S26 and S27, the initial reaction rate increases almost
linearly with the Ti content, up to a certain Ti/Zr exchange value
beyond with the increase in the initial reaction rate is less impor-
tant reinforcing the proposal that this metal is the site promoting
oxidation (Fig. S28). Since according to Table S1, the density of
defects, although low, also increases with the percentage of Ti
exchange, the possibility that the defects created in the process
of Ti** exchange are the real sites, rather than the Ti** ions or asso-
ciated with it, cannot be disregarded with the present catalytic
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Fig. 4. SEM images of UiO-66(Zr)-H (a), UiO-66(Zrs 97 Tip03)-H (b), Ui0-66(Zrs 94 Tig 06)-H (c) and UiO-66(Zrs 4 Tip)-H (d). Mapping and spectrum of selected image of UiO-66

(Zrs 94 Tig.06)-H (€-j).



456

A. Santiago-Portillo et al./Journal of Catalysis 365 (2018) 450-463

a) Ui0-66 catalyst
(0.0016 mmol metal)
R (0]
CH;CN (2 mL)
O, (5 atm), 120 °C
b) 1001 c) 100-
& 80, . < 80
S =
= 60 _
2 40 o 40
[} c
O 20/ 8 20
o 1 T T T T 0_[ T T T T T T T
0 5 10 15 20 25 0 20 40 60 80 100 120 140
Time (h)

Time (h)

Fig. 5. (a) Aerobic oxidation of cyclooctene by UiO-66 based catalysts; (b) Time-conversion plot for the aerobic oxidation of cyclooctene to cyclooctene oxide using UiO-66-
NO, as catalyst. Legend: UiO-66(Zrs 4 Tigg)-NO, (M), UiO-66(Zrs .94 Tig.0s)-NO> (O), UiO-66(Zrs97 Tipo3)- NO, (@) UiO-66(Zr)-NO, (O) and blank control in the absence of
catalyst (A). Reactions conditions: Catalyst (0.016 mmol of metal), substrate (2 mmol), CH;CN (2 mL), 120 °C and O, (5 atm). ¢) Time-conversion plot for the aerobic oxidation
of cyclooctene to cyclooctene oxide under productivity test conditions using a low amount of UiO-66(Zrs 4 Tigs)-NO>. Legend: UiO-66(Zrs 4 Tips)-NO, (M) and blank control in
the absence of catalyst ((0). Reaction conditions: Catalyst (0.006 mmol of metal), substrate (10 mmol), CH3CN (3 mL), 120 °C and O, (5 atm).

data. However, if defects of other nature unrelated to the presence
of Ti** were responsible for the catalytic activity, no direct relation-
ship between the catalytic activity and the percentage of Ti*"
should be expected. Therefore, the present kinetic data rather sup-
ports the role of Ti** as active sites.

Using the most active UiO-66(Zrs 4Tigg)-NO, material a produc-
tivity test was performed as well as the sample was submitted to
consecutive reuses. The purpose is to determine the stability of
Ui0-66(Zrs 4 Tigg)-NO, under catalytic conditions, by using, in
one case, a large excess of substrate with respect to the amount
of catalyst (productivity test) and, in the other, to establish the
variation of the temporal evolution upon consecutive reuses. For
the productivity test (Fig. 5b) complete cyclooctene conversion
with complete selectivity toward cyclooctene oxide was achieved
in 6 days. In this way a turnover number (TON) of 1,660 consider-
ing the total amount of metal as the active site, or 16,600 if only the
titanium content is considered was estimated. This TON value as
well as the TOF (6640 h™! at 20% conversion) compare favorably
with other reports in homogeneous aerobic oxidation using
heteropolyacids (TON 10,000 and TOF 22 h~! at 20% conversion
for v-SiW;o{Fe>*(OH,)},08s; reaction conditions: catalyst 1.5
pmol, solvent 1,2-dichloroethane/acetonitrile 1.5/0.1 mL, substrate
18.5 mmol, O, 1atm, 83 °C) [65]. And even though others in
heterogeneous catalysis that oxidize cycloalkenes by H,0, employ-
ing CHsReO; (TON 20,000 and TOF 666 h™! at 20% conversion;
reaction conditions: 0.001 mmol CH3;ReO3, 20 mmol cyclooctene,
40 mmol H,0,, 2 mmol 3-methylpyrazole in 10 mL CH,Cl,, 25°C)
[66] and Ta,0s/Si0, (TON 150 and TOF 720 h~! at 40% of conver-
sion; reaction conditions: 30 mg of catalyst, 6 mL CH5CN, 300 pL
DCB, 0.77 M cyclooctene, 0.51 M H,0,, 60 °C) [67].

It should be noted, however, that comparison of the absolute
catalytic activity from literature data is always not fair due to the
different temperature and conditions employed in the oxidation.

Very similar temporal profiles for cyclooctene disappearance
were observed for six consecutive reuses of UiO-66(Zrs4 Tige)-
NO, (Fig. 6). The minor changes in the initial reaction rates in the
recycling test are probably due to the incomplete recovery of the
solid in the filtration of the catalyst after the reaction. To confirm

the stability of UiO-66(Zrs 4 Tigg)-NO, chemical analysis of the lig-
uid phase was carried out to determine the absence of Zr and Ti,
experimental data indicating that the amount of Zr and Ti leached
is less than 0.5%. Moreover, crystallinity of UiO-66(Zrs 4 Tipg)-NO2
after its use as catalyst was confirmed by recording PXRD pattern
upon reuse, whereby no significant changes in the crystallinity of
the material were observed. Therefore, all the available data, the
very low Zr*" and Ti*" leaching, coincidence of the temporal pro-
files upon reuse, lack of variation of PXRD patterns, indicate the
stability of the material under the reaction conditions.

Additional control experiments were performed using 2-
nitroterephthalic acid as promoter or ZrO, or TiO, at the percent-
age contained in UiO-66(Zr Ti)-NO, or just the amount measured
by leaching. In particular, the presence of 2-nitroterephtalic acid
has not any activity to promote cyclooctene epoxidation. The
results presented in Fig. 7 show that the catalytic activity of UiO-
66(Zr Ti)-NO, is much higher in terms of initial reaction rate or
final conversion than any of these five controls. Besides, the cat-
alytic of mixed-metal UiO-66(Zr Ti)-NO, was also notably much
higher than that of MIL-125(Ti), showing the benefits of large
porosity and Ti distribution of UiO-66(Zr Ti)-NO, respect to MIL-
125(Ti). Comparison of the performance of UiO-66(Zr Ti)-NO,
and MIL-125(Ti) illustrates the importance of Ti site isolation at
the ZrsTi(0)4(OH)4 nodes and the large cavities of UiO-66.

To understand the role of UiO-66(Zr Ti)-X as catalyst in this aer-
obic oxidation, as well as to determine the heterogeneity of the
catalysis, a hot filtration test in which the temporal profile of
two twin reactions, one of them in the presence of the catalyst
and the other initiated with the solid catalyst and, then, removing
the solid at the reaction temperature and the resulting clear solu-
tion allowed to continue the reaction in the absence of solid were
compared. The results obtained are presented in Fig. 8. As it can be
seen there, in one of the two parallel reactions the catalyst was fil-
tered at 0.5 h reaction time, when cyclooctene conversion was
about 20%. Comparison of the two time-conversion plots shows
that, although the reaction in the absence of catalyst progressed
about 50% less than in the presence of the solid catalyst, there is
a substantial cyclooctene to cyclooctene oxide conversion in the



A. Santiago-Portillo et al./Journal of Catalysis 365 (2018) 450-463 457

a) 1004 b)
80- —
e =
<
£ 60
‘»
- 40
] 0 K
c 2
O 20 | h A )
e WMM:”
0- v T v T b3 T v T T T T T T T
0 5 10 15 20 25 10 20 30 40 50 60
Time (h) 20 )

Fig. 6. (a) Reusability experiments employing UiO-66(Zrs 4 Tips)-NO; as catalyst in the aerobic oxidation of cyclooctene to cyclooctene oxide. Legend: 1st use (M), 2nd use
(0O), 4th use (@) and 6th use (O). (b) PXRD of fresh UiO-66(Zrs4 Tigs)-NO; (1), three times used UiO-66(Zrs4 Tigg)-NO; (2) and six times used UiO-66(Zrs 4 Tigg)-NO3 (3).
Reactions conditions: Catalyst (0.016 mmol of metal), substrate (2 mmol), CH3CN (2 mL), 120 °C and O, (5 atm).
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Fig. 7. Time-conversion plots for the aerobic oxidation of cyclooctene to
cyclooctene oxide using different catalysts. Legend: UiO-66(Zrs 4, Tips)-NO, (M),
MIL-125 (Ti) (O), ZrO, (@) TiO, (O) ZrO, with the amount of metal leached (A), TiO,
with the amount of metal leached (A) and 2-nitroterephthalic acid with the amount
of ligand that in MOF (V). Reactions conditions: Catalyst (0.016 mmol of metal),
substrate (2 mmol), CH3CN (2 mL), 120 °C and O, (5 atm).

clear solution after removal of the catalyst. It is worth to comment
that according to Fig. 5, under the reaction conditions, some
autooxidation of cyclooctene (about 30%) occurs in the absence
of any catalyst. However, in the present case, after filtration of
the catalyst, the conversion of cyclooctene increases from 20 to
50% that is significantly higher than the non-catalytic conversion
expected according to the blank reaction (about 20% for the same
reaction time, Fig. 5). Overall, the catalytic data indicate that after
initiation of the oxidation by UiO-66(Zrs 4 Tigg)-NO, some reactive
oxygen species or leached species or reaction intermediates pre-
sent in the liquid phase may contribute somewhat (~30%) to the
overall conversion observed for the catalytic experiment without
removal of the solid.

Possible species present in the liquid phase that could con-
tribute to the progress of the reaction after removal of the catalyst
include H,0,, organic hydroperoxides and peroxides as well as col-
loidal ZrOy or TiOx nanoparticles. Since the amount of O, consumed
in the reaction, as determined from the decrease in the reactor
pressure, is stoichiometric with cyclooctene conversion within
the error limit (0.975 mmol), it can be inferred that the percentage
of this oxygenated intermediates, including any possible reaction
with the solvent, should be low, barely in the detection limit.
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Fig. 8. Time-conversion plots for the aerobic oxidation of cyclooctene to
cyclooctene oxide using UiO-66(Zrs4 Tips)-NO- as catalyst that is filtered at 0.5 h
reaction time or that remains in contact with the substrate for the full reaction time.
Legend: UiO-66(Zrs4 Tige)-NO, (M), after catalyst filtration at 0.5 h (O), after
catalyst filtration at 0.5 h and 20 mol% of TEMPO were added (®) and after catalyst
filtration at 3 h and 20 mol% of TEMPO were added(O). Reactions conditions:
Catalyst (0.016 mmol of metal), substrate (2 mmol), CH3CN (2 mL), 120 °C and O,
(5 atm).

To address the origin of the progress of cyclooctene oxidation in
the hot filtration test, analysis of the Zr and Ti content in the liquid
phase after filtration of the catalyst at 0, 5 h in hot was performed.
The results show that there was a negligible amount of Zr and Ti
equivalent of 0.5% of the metal content present in the catalyst. It
should be commented, however, that although the leached Zr
and Ti metals was very small, there are precedents in the literature
in where it has been found that small amounts of transition metals
in the ppm range are sufficient to accelerate autooxidation reac-
tions in a measurable extent [56]. Therefore, some contribution
of these leached metal species cannot be totally disregarded.

To address this possible contribution of leached Zr and Ti spe-
cies, we performed the previously commented control experiments
shown in Fig. 7 in where aerobic oxidation of cyclooctene was pro-
moted using ZrO, and TiO,, both at the concentration determined
in the leaching analysis and at the concentration corresponding to
the total amount of Zr and Ti present in UiO-66(Zrs 4 Tigg)-NO>. In
both cases it was observed that although particularly TiO, exhibits
some catalytic activity, it was much lower than that of UiO-66(Zrs 4
Tige)-NO,. These catalytic experiments suggest some minor
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activity due to the leached Zr and Ti species, but far from that mea-
sured for UiO-66(Zrs4 Tigg)-NO,. On the other hand, it is also
known that autoxidation occurs through a chain mechanism, in
where chain propagation may result in the formation of a large
number of product molecules with just a single initiation event
[56]. Normally, the length of this propagation cycle is not relatively
long when radicals are generated in cages and porous materials
due to restrictions to the diffusion of these reaction intermediates
[56]. However, when the catalyst is filtered, these free radicals pre-
sent in the liquid phase could exhibit a much longer propagation
chain length and in that way, they could contribute to the conver-
sion of cyclooctene. In the related precedents in the literature, it
was also observed that hot filtration does not stop aerobic oxida-
tions of benzylic hydrocarbons and the role of the solid material
was proposed to be more as solid initiator of carbon-centred radi-
cals than a real catalyst in where active centers present in the solid
carry out every turnover converting one substrate molecule into a
product in each of them. Similarly here, it seems that, although not
completely, UiO-66(Zrs 4Tipg)-NO, could behave partially as solid
initiator [28]. In the present case of UiO-66(Zrs 4Tipg)-NO; a higher
contribution about 65% of the total conversion appears to corre-
spond to a true catalyst.

To provide some evidence on the nature of the reaction inter-
mediates responsible for the progress of cyclooctene oxidation
after removal of the solid catalyst in the hot filtration test, 2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) was used as a quencher. It
is well-known in the literature that TEMPO reacts with carbon cen-
tered radicals trapping them and stopping the reaction [56].
Quenching experiments by TEMPO were carried out with 20 mol
% of this quencher respect to cyclooctene. It was observed that
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addition of TEMPO to the clear solution after removal of the reac-
tion completely stops further cyclooctene conversion under the
reaction conditions (Fig. 8). Moreover, if after the hot filtration test
at 20% conversion, TEMPO is added when conversion was 42% at
4.5 h, then, additional progress of cyclooctene conversion immedi-
ately stops again at this point. These experiments with TEMPO con-
clusively demonstrate that carbon centered radicals derived from
cyclooctene are the reaction intermediates responsible for the pro-
gress of the reaction after filtration of the solid catalyst and that
these carbon centered radicals do survive for hours in the reaction
medium after filtration of the catalyst.

3.2.1. Reaction mechanism

To gain further insights into the reaction mechanism and,
specifically, to obtain some evidence about the nature of the possi-
ble reactive oxygen species involved in the cyclooctene oxidation,
quenching experiments using p-benzoquinone and DMSO were
carried out. p-Benzoquinone is a selective quencher of hydroperox-
ide/superoxide [53,54,56,57], while DMSO quenches selectively
hydroxyl radicals [53-56]. Thus, comparison of the performance
of the cyclooctene oxidation in the absence and in the presence
of quenchers (20% molar proportion respect to substrate) could
provide valuable information on the nature of the active oxygen
species responsible for the reaction. The results of the quenching
tests are presented in Fig. 9. It should be noted that these quench-
ers are added at 0.5 h reaction time, when cyclooctene conversion
was already about 20% and possible intermediates have already
been generated. Also, the amount of quencher was in substoichio-
metric ratio respect to the substrate. Fig. 9 shows that the reaction
stops almost completely upon addition of p-benzoquinone indicat-
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Fig. 9. (a) Time-conversion plots for the aerobic oxidation of cyclooctene to cyclooctene oxide using UiO-66(Zrs 4 Tips)-NO, as catalyst. Legend: In the absence of any
quencher (M), upon addition of 20% DMSO (®) and upon addition of 20% p-benzoquinone ([J). Reactions conditions: Catalyst (0.016 mmol of metal), substrate (2 mmol),
CH5CN (2 mL), 120 °C and O, (5 atm), quencher addition was made at 20% cyclooctene conversion. (b) Proposed pathways for oxygen activation in the alkene oxidation using
UiO-66(Zrs 4 Tig)-NO; as catalyst. (¢) Experimental EPR spectra obtained by using PBN + O, (1) and UiO-66(Zrs 4 Tig¢)-NO, + PBN + O, using n-dodecane as solvent at 120 °C
for 4 h. (d) Experimental (black) and simulated (red) EPR spectra of PBN-OOH adduct when using UiO-66(Zrs 4 Tip)-NO; + PBN + O, using n-dodecane as solvent at 120 °C for
4 h. Experimental hyperfine coupling constants of PBN-OOH coinciding with those reported in literature AGy = 14.0 and AGy = 2.05.[28,57,71].
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ing that hydroperoxide/superoxide are likely to be involved in the
process. More surprising was, however, the observation that
DMSO, a selective hydroxyl radical quencher, also decreases signif-
icantly cyclooctene conversion, although it does not stop com-
pletely the reaction. Overall, the combined information of the
kinetic data shown in Fig. 9 can be understood considering that
superoxide would be the primary oxygen radical species, and
therefore, would be involved somehow in the formation of all the
reaction product. In addition, more aggressive hydroxyl radicals
should also be involved, but these hydroxyl radicals should not
be the only reactive oxygen species because they do not account
for the whole product formation. Moreover, they would be formed
as secondary intermediates from superoxide. Fig. 9b proposes sev-
eral pathways in which hydroxyl radicals could be generated.
Accordingly, it seems that the main role of solid UiO-66(Zrs4
Tig)-NO, solid material is to open additional pathways for oxygen
activation and generation of reactive oxygen species (Fig. 9b). EPR
measurements using the UiO-66(Zrs 4Tips)-NO, as solid catalyst
confirm the formation of hydroperoxy radicals by detecting its
adduct with PBN-OOH (Fig. 9d) [68-70]. It should be noted that
although PBN-OOH adduct is observed in the absence as well as
in the presence of UiO-66(Zrs4Tigs)-NO, catalyst, the intensity of
the PBN-OOH signals was larger in the presence of the solid, sug-
gesting that -OOH concentration is higher when UiO-66
(Zrs 4Tig6)-NO; is present. It should be noted, however, that degra-
dation of PBN under oxidative conditions makes not possible a
quantitative estimation of -OOH radical.

The role of molecular O, in the resulting catalytic activity was
further confirmed by observing a linear relationship between the
oxygen pressure and the initial reaction rate for cyclooctene epox-
idation (Fig. 10a). This observation is in agreement with the pro-
posed radical mechanism in which molecular O, reacts with
carbon center radicals to form hydroperoxyl radicals as the rate
determining step when using UiO-66(Zrs4 Tigg)-NO, as catalyst.
The apparent activation energy for the aerobic cyclooctene oxida-
tion was estimated by performing a series of reactions in the range
of temperature between 110 and 140 °C (Fig. 10b). From the Arrhe-
nius plot of the natural logarithm of the initial reaction rate (rg)
against the inverse of the absolute temperature a value for the
apparent activation energy of 36 kj mol~! was determined. This
value is similar, but somewhat lower, to other activation energy
values for aerobic oxidation of aromatic hydrocarbons using MOFs
as catalysts or promoters [56].

One additional point of interest was to establish whether or not
the linker plays any role in the generation of reactive oxygen spe-
cies, as for instance, by forming some organic peroxide. Aimed at

the detection of organic peroxides generated from the linker, an
additional experiment in which UiO-66(Zrs 4, Tigg)-H was submit-
ted to the reaction conditions at 120 °C and 5 bar oxygen pressure
in acetonitrile in the absence of any substrate was performed.
These conditions were considered adequate to form peroxides of
the organic linker, because they are similar to the reaction condi-
tions except that no cyclooctene is present. After 24 h treatment,
the heated UiO-66(Zrs 4, Tigs)-H sample was submitted to a stan-
dard colorimetric test to detect peroxides (see experimental sec-
tion), but no evidence of the formation of these species could be
obtained. The failure to detect organic peroxides in UiO-66(Zrs 4,
Tips)-H is in agreement with the reluctance of electron poor aro-
matics to form peroxides.

As commented before, the catalytic activity of UiO-66(Zr)-Ti
increases both upon partial replacement of Zr** ions by Ti** atoms
and by the presence of NO, on the terephthalate organic ligand.
The most active catalyst for the aerobic oxidation of olefins is the
UiO-66(Zr5 4Tigs)-NO, material (Fig. 5a). In the introduction sec-
tion it has been already indicated that isolated Ti#* ions in a zeolitic
framework have been previously reported to be active to promote
oxidation reactions acting as Lewis acid [39,41]. We speculate that
the Lewis acidity of the parent UiO-66(Zrs4Tigs)-H solid should
increase or decrease due to the presence of electron withdrawing
or donor groups such as NO, or NH,, respectively [29]. In the case
of Ti-containing zeolites it has been established that the role of Ti**
in the epoxidation is to act as Lewis acid site forming a Ti-OOH spe-
cies that increases the electrophilicity of the peroxy group, facili-
tating its attack to the C=C double bond [40]. In fact, a linear
relationship between the meta Hammett constant (c,,) reported
in the literature [30] and the logarithm of ro was found
(Fig. 11b). To gain insight about the influence of NO, substitution
on the acidity, an in situ FT-IR CO adsorption study on the series
of UiO-66(Zr Ti)-X materials was carried out. It was observed that,
the partial substitution of Zr by Ti atoms in the UiO-66(Zrs 4 Tige)-
NO, material does not change the wavenumber of the Zr**-CO
interaction. This fact is not unexpected considering the similar
Lewis acidity of Zr** and Ti** ions. On the other hand, the presence
of electron donor or withdrawing groups such as NH, or NO,,
respectively, causes a notable shift of the metal-CO frequency to
lower or higher values, respectively. This observation correlates
well with the proposed decrease or increase of the Lewis acidity
of the UiO-66(ZrTi) material when bearing -NH, or NO, groups,
respectively. We speculate that an increase in the Lewis acidity is
beneficial for HOO activation, once formed from molecular O,
and, then, epoxidation rates increases due to the higher polariza-
tion of the peroxy O-O bond [39,72].
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Fig. 10. (a) Influence of the oxygen partial pressure on the resulting catalytic activity of UiO-66(Zrs4 Tips)-NO, for cyclooctene oxidation. The inset shows the linear
relationship between the initial reaction rates of cyclooctene oxidation versus the oxygen partial pressure. Legend: oxygen (M), air (OJ), argon for 25 h and after 25 h oxygen
(®@). (b) Time-conversion plots for the aerobic oxidation of cyclooctene to cyclooctene oxide using UiO-66(Zrs4 Tips)-NO, as catalyst carried out at four different
temperatures. The inset shows the Arrhenius plot for the aerobic oxidation cyclooctene to cyclooctene oxide based on the initial reaction rates ro obtained from the time-
conversion plot. Legend: 110 °C (OJ), 120 °C (), 130 °C (®), 140 °C (O). Reactions conditions: catalyst (0.016 mmol of metal), substrate (2 mmol), CH3CN (2 mL) and O, (5

atm).
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Fig. 11. (a) Time-conversion plots for cyclooctene epoxidation by O, catalyzed by a series of UiO-66(Zr/Ti)-X catalysts. Legend: absence of catalyst (1), UiO-66(Zr)-NO; (2),
UiO-66(Zrs 4 Tigs)-NH, (3), UiO-66(Zrs 4 Tips)-H (4) and UiO-66(Zrs 4 Tigs)-NO; (5). Reaction conditions: catalyst (0.016 mmol of metal of Zr + Ti), substrate (2 mmol), CH;CN
(2 mL), 120 °C and O, (5 atm); (b) Plot of the logarithm of the relative rate constants as a function of the meta Hammett constant (G,,) of the substituent present on the
terephthalate linker; (c) FTIR spectra of CO adsorption at 6 mbar and —176 °C on UiO-66(Zr)-NO, (1) and UiO-66(Zrs 4 Tigs)-NO; (2). (d) FTIR spectra of CO adsorption at 6
mbar and —176 °C on UiO-66(Zrs 4 Tips)-H (1) and UiO-66(Zrs 4 Tipe)-NO, (2) and UiO-66(Zrs 4 Tigs)-NH; (3).

3.2.2. Scope of the catalyst

The present study about the aerobic oxidation of cyclooctene
was expanded to determine the scope of UiO-66(Zrs 4 Tigg)-NO,
as catalyst. It is known in the literature that the size of the
cycloalkene ring has a strong influence on the product distribution
and, particularly, on the ratio between C=C epoxidation versus
allylic oxidation that decreases from cyclooctene as the size of
the ring decreases [53,54,73]. A similar trend was observed herein
(Fig. 12). Thus, while for cyclooctene the corresponding epoxide
was the only product observed with almost complete selectivity,
in the case of cycloheptene formation of the corresponding oxide
was accompanied by formation of 2-cycloheptenone with a selec-
tivity that changes as a function of the conversion Fig. 12 shows the
corresponding time-conversion and conversion-selectivity plots
for cycloheptene oxidation using UiO-66(Zrs 4 Tigg)-NO, as cata-
lyst. As expected, in the case of cyclohexene, selectivity towards
cyclohexene oxide was very low, being the allylic oxidation
towards the corresponding ol/one mixture the major process with
a selectivity value at final reaction time about 85% (Fig. 12). One
specific feature of cyclohexene is the shorter chain length of the
propagation step in the autooxidation process compared to the
case of cyclooctene. This is reflected by the fact that the hot filtra-
tion test for cyclohexene results upon removal of the solid UiO-66
(Zrs 4 Tigg)-NOy, in a much lower progress of the conversion (15%)
as compared to the case of cyclooctene (35%). Also, due to the
shorter chain length and low concentration of active species out-
side the solid, in the case of cyclohexene, quenching experiments
by p-benzoquinone and DMSO did not were positive, meaning that

the reaction of cyclohexene takes place predominantly inside the
porous of Ui0-66(Zrs 4 Tigs)-NO, near the active sites. The contri-
bution due to free-radical oxidation outside the pores of Ui0O-66
(Zrs4 Tigg)-NO, in the solution accounting for the 15% observed
in the hot filtration test (Fig. 12).

To confirm that similarly to cyclooctene, also cyclohexene epox-
idation occurs through carbon centered radical and that the differ-
ence in the percentage of progress of substrate conversion is due to
the different radical chain length between cyclooctene and cyclo-
hexene, after hot filtration of the catalyst TEMPO (20 mol%) was
added to the clear solution of cyclohexene oxidation in the absence
of solid catalyst and the mixture was allowed to react under the
reaction conditions. No further progress of cyclohexene conversion
was observed in the experiments where TEMPO as carbon radical
quencher was present in comparison to the hot filtration test in
the absence of TEMPO. Therefore, also for cyclohexene oxidation,
carbon centered radicals are the reaction intermediates. Thus, the
different progress of cyclohexene and cyclooctene after filtration
of the catalyst in the hot filtration tests has to be attributed to
the differences in the relative length on the propagation steps of
the radical chain mechanism (Figs. 8 and 12).

Ui0-66(Zrs4 Tipg)-NO, was also able to promote the aerobic
epoxidation of linear terminal alkenes such as 1-octene. In this
case, kinetics is slower than for the cyclic analogues. This can be
easily rationalized considering that diffusion of linear alkenes in
porous materials is always slower than for the corresponding cyclic
analogues and/or alternatively, the intrinsic activity of mono sub-
stituted terminal alkenes is lower than that of disubstituted cyclic
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Fig. 12. Time-conversion plots for the aerobic oxidation of cycloheptene (a) or cyclohexene (c) using UiO-66(Zrs 4 Tips)-NO, as catalyst. Selectivity-conversion plots for the
aerobic oxidation of cycloheptene (b) or cyclohexene (d) to the corresponding reaction products as indicated in the plots. Legend c: UiO-66(Zrs 4 Tips)- NO, (M), after catalyst
filtration at 13 h. (OJ) and after catalyst filtration at 13 h and 20 mol% of TEMPO were added (®). Reactions conditions: Catalyst (0.016 mmol of metal), substrate (2 mmol),

CH3CN (2 mL), O, (5 atm) and 120 °C.

compounds. What is remarkable in any case is the high selectivity
of the UiO-66(Zrs 4 Tigs)-NO, catalyst for the aerobic epoxidation
that results in almost complete selectivity towards 1-octene oxide
as it can be seen in Fig. S29.

The scope of Ui0-66(Zr Ti)-X as promoter of the aerobic oxida-
tion of alkenes was expanded to aryl conjugated alkenes by study-
ing the reaction of styrene and stilbene. In the case of styrene,
oxidation gives rise to a mixture in which the product selectivity
changes with conversion, the major product at final conversion
being benzaldehyde with a selectivity of 40%, accompanied by
phenylacetaldehyde (15%), acetophenone (15%) and lesser
amounts of styrene oxide (8%) and benzoic acid (8%) (Fig. S30). For-
mation of all these products can be easily explained as derived
from two competitive pathways. On one hand, the oxidative C=C
bond cleavage results initially in benzaldehyde that subsequently
undergoes further oxidation to benzoic acid. The second pathway
is epoxidation forming initially styrene oxide that undergoes rear-
rangement to the terminal (phenylacetaldehyde) or internal (ace-
tophenone) carbonylic isomer.

In the case of trans-stilbene analogous two competitive path-
ways should take place leading to benzaldehyde (C=C bond cleav-
age) in lower selectivity (25% at final reaction time) and trans-
stilbene oxide (C=C epoxidation) that was the major product at
final reaction time with 75% of selectivity (Fig. S31). Interestingly
cis-stilbene was inert under these conditions and no oxidation
products were observed in the presence of UiO-66(Zrs4 Tigg)-
NO, under identical conditions. Again, this lack of reactivity of
the cis isomer compared to the reactivity of trans-stilbene is a typ-
ical case of shape-selectivity catalysis [74]. It derives from the fact
that the reaction in the case of conjugated alkenes takes place pre-
dominantly inside the pores where diffusion of cis isomer is
impeded respect to the trans-stilbene due to the lower kinetic

dimensions of the latter. These observations are in agreement with
previous reports on shape-selectivity on medium-pore size zeolites
that have reported a smaller kinetic diameter for trans-stilbene
(6.5 A) compared with the larger cis isomer (9.1 A) [75]. Alterna-
tively, the possibility that the cis isomer exhibits lower reactivity
respect to the trans isomer cannot be ruled out. Thus, in contrast
to the case of cyclooctene, where some degree of conversion occurs
in the liquid phase, the lack of reactivity of cis-stilbene indicates
that, for conjugated alkenes, the contribution of oxidation outside
the pores should negligible. This observation is in accordance with
basic knowledge in organic chemistry about the influence of chem-
ical structure of organic compounds and their reactivity.

4. Conclusions

The present study has established that while UiO-66(Zr) is
devoid of catalytic activity for oxygen activation, ion exchange of
Zr** by Ti*" introduces catalytic activity for aerobic oxidation of
alkenes. The activity of Ti** containing UiO-66 can be further
enhanced by introducing electron withdrawing groups in the
ligand. In that way, the initial reaction rate for the conversion of
cyclooctene to the corresponding epoxide can be optimized for
UiO-66(Zrs 4 Tige)-NO, compared to the inactive parent UiO-66
(Zr)-H, reaching TON values that are higher than those of the most
active homogeneous catalysts. The most active sample of the series
is also able to promote epoxidation of other cycloalkenes as well as
some linear and aromatic alkenes, following the pattern expected
according to the structure-reactivity of the substrate. Overall, since
MOFs are constituted by nodes and linkers, the present study illus-
trate the strategy to create active sites by ion exchange at both
components should be simultaneously tuned to boost and opti-



462 A. Santiago-Portillo et al./Journal of Catalysis 365 (2018) 450-463

mize the catalytic activity of each MOF for a particular chemical
reaction. It is proposed that this strategy of combining ligand sub-
stitution with post-synthetic modification of metal nodes should
be general and it can be useful for many other catalytic reactions
involving Lewis acid sites as well as redox mechanism.
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