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ABSTRACT: The catalytic performance of zirconium-based metal-organic frameworks (UiO-66, UiO-67, and MOF-801) in
cyclohexene oxidation with aqueous hydrogen peroxide can be greatly improved by adding a source of protons directly into the
reaction mixture. A blend of Zr-MOF and protons favors heterolytic activation of H,O, and makes possible selective formation of
epoxide and diol with negligible formation of allylic oxidation products. Additives of HCIO, suppress the rates of H,O,
decomposition over Zr-MOF and increase oxidant utilization efficiency. No structural changes occur in the acid-activated Zr-MOF.
The catalyst does not suffer metal leaching, reveals a truly heterogeneous nature of the catalysis and can be recovered and reused.
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The development of sustainable oxidation processes on the
basis of environmentally benign oxidants is a demanding task
of the modern chemical industry stimulated by increasing
ecological concerns.! Hydrogen peroxide can be the oxidant of
choice because it contains 47% of potentially active oxygen
and produces water as the sole byproduct.? The elaboration of
new methods for the direct synthesis of H,O, from H, and O,
may open up the new prospects for the widespread use of this
green oxidant.?

Metal-organic frameworks (MOFs) possess a unique blend
of properties, such as intrinsic hybrid nature, open crystalline
structures, ultrahigh surface areas, tunable pore dimensions,
and surface functionality.* All these fascinating features allow
one to consider MOFs as prospective functional materials for
gas storage and separation, molecular recognition, drug
delivery, and heterogeneous catalysis.** Zr-based MOFs are of
particular interest for practical applications owing to their
outstanding stability.® The zirconium terephthalate UiO-66
first reported in 20087 has attracted great attention due to its
exceptional robustness to thermal treatments (up to 540 °C),’
acidic conditions (pH 1),® and aqueous H,0,.5

The absence of coordinatively unsaturated metal sites in
UiO-66 and related materials initially caused doubts about the
possibility of using such MOFs in catalysis. However, recent
studies revealed that catalytic activity of UiO-66 and some
other MOFs can be significantly enhanced through the
generation of defects in their crystalline structure.” Several
‘defect engineering’ methodologies have been suggested to
increase the number of potential Lewis acid sites, including (i)
adjusting synthetic conditions, e.g. metal to linker ratios,'”
temperature'®!! or time of synthesis,'? (ii) using modulators
during the preparation,®!? and (iii) post-synthetic treatments.'*
Recently, correlations between the number of missing-linker
sites and catalytic activity of UiO-66 have been found for the

selective oxidation of benzyl alcohol and S-compounds with
H,0,."> Another way to design selective oxidation catalysts on
the basis of UiO-66 and some other stable Zr-MOFs involves
grafting of catalytically active species (Cr, Ti, V, Mo) onto the
MOF surface'® or encapsulation of noble metal nanoparticles
within the MOF cages.!” In this case, MOF serves more as a
support rather than a true catalyst. A controlled exchange of
linkers with chiral M(salen) linkers in a Zr-based MOF has led
to asymmetric metallosalen heterogeneous catalysts.!®

Here, we report on a simple tool that enables tuning the
reactivity and selectivity of UiO-66 and other Zr-MOFs in
H,0,-based oxidation of olefins through enhancing heterolytic
pathway of hydrogen peroxide activation by means of proton
additives, without evident changes in the MOF crystalline
structure.

Ui0-66 and isoreticular UiO-67 as well as MOF-801 were
prepared by the procedure reported in the literature'® and
characterized by XRD, elemental analysis, N, adsorption,
SEM, TGA, FT-IR and Raman spectroscopy (see Supporting
Information (SI) for details). TGA measurements (Figure S5)
showed that the dehydrated and desolvated sample of UiO-66
lost 52.1% of its weight (from 89.2% to 42.7 wt %) in the last
step in contrast to 54.6% of the calculated weight loss based
on the formula of ideal ZrsO4(CO,CsH4CO,)6.2° Therefore, the
UiO-66 material used in this work could be considered as a
slightly defective one with 11.4 terephthalate ligands per
inorganic ZrsO4(OH), cluster instead of 12 in the non-
defective structure (see SI for calculations). This suggestion
agrees with the ICP and CHNO-analyses data (Tables S2 and
S3).

Catalytic performance of UiO-66 was first assessed in the
oxidation of cyclohexene (CyH) with equimolar amounts of
30% aqueous H,0, using acetonitrile as solvent (Table 1).
Note that CyH has become a conventional test substrate to
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evaluate contributions of homo- and heterolytic oxidation
pathways by analyzing the composition of the reaction
products.'¢421 Ui0-66 promoted CyH oxidation (15 vs 6%
conversion in the ‘blank’ experiment) and produced a mixture
of epoxide, trans-cyclohexane-1,2-diol and allylic oxidation
products, cyclohexenyl hydroperoxide (HP), 2-cyclohexene-1-
ol (enol), and 2-cyclohexene-1-one (enone). A high ratio
(52%) of the allylic oxidation products unambiguously
indicated a homolytic oxidation mechanism with the
participation of radical species capable of H-atom
abstraction.?? The addition of 1 molar equivalent (relative to
Zr atoms in the MOF) of HCIO, increased significantly the
reaction rate and attainable CyH conversion and drastically
altered the composition of products, favoring the formation of
epoxide and diol (Scheme 1, Table 1), the products derived
from heterolytic oxygen transfer to the C=C bond.

()(I

Scheme 1. Effect of protons on selectivity of CyH oxidation with
H,0, catalyzed by UiO-66 (violet — Zr atoms, red — O atoms).

Table 1. Effect of acid on CyH oxidation with H,O, over
Ui0-66¢

catalytic TOF? X product selectivity? (%)
PR i) 0 T osee dal sl
7 - 6 16 16 65

H*s - 8 25 26 47
Ui0-66 0.1 15" 36 11 52
UiO-66 + H* 1.3 314 77 21 2

4Reaction conditions: 0.1 mmol CyH, 0.1 mmol 30% H,0,, 2 mg
Ui0-66 (7 umol Zr), 7 pmol HCIO, (if any), 1 mL CH;CN, 50
°C, 1 h. ?TOF (turnover frequency) = (moles of substrate
consumed)/(moles of Zr x time), determined by GC from initial
rates of substrate consumption. °CyH conversion. ?GC yield based
on CyH consumed. Sum of allylic oxidation products (HP + enol
+ enone). No catalyst was present. §7 pmol HCIO,. ’H,0,
conversion 35%. ‘Reaction time 20 min. /H,O, conversion 50%.

A similar trend was observed with the larger cage UiO-67
as well as another microporous Zr-MOF, MOF-801 (Table
S4). The nature of acid produced no effect on the ratio of
homo- to heterolytic oxidation products; however, use of
anhydrous CF3;SO;H increased the ratio of epoxide relative to
diol (Table S5).

In the absence of Zr-MOF, acid produced only a minor
effect on the product distribution and CyH conversion (see
Table 1).The positive effect of protons could be observed in
different reaction media, but the best solvent, in terms of
attainable CyH conversion and heterolytic oxidation
selectivity, was acetonitrile (Figure S6). Variations in the
concentration of HCIO, showed that the optimal amount of
acid to achieve the highest total selectivity toward epoxide and
diol (98%) and 77% selectivity toward epoxide is close to 1
equiv. relative to the amount of Zr (Figure 1). Reduction in the
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amount of acid led to a progressive increase in the ratio of
allylic oxidation products and decrease in alkene conversion
and TOF (Figure 1). On the other hand, the addition of an
extra portion of acid (1.5 equiv.) favored the epoxide ring
opening and enhanced the ratio of diol along with some
increase in CyH conversion and TOF (Figure 1).
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Figure 1. Effect of the amount of acid on CyH oxidation with
H,0; in the presence of UiO-66. Reaction conditions: 0.1 mmol
CyH, 0.1 mmol H,0,, 2 mg UiO-66 (7 pmol Zr), 0.7-10.5 pmol
HCIO,4, 1 mL CH3CN, 50 °C.

With 1 equiv. of the oxidant, the maximal CyH conversion
varied from 20 to 31%, depending on the reaction temperature,
without a significant alteration in the product selectivity
(Figure S7). The incomplete substrate conversion might be
caused by competitive decomposition of H,0, with the
evolution of molecular oxygen. Indeed, the addition of an
extra portion of the oxidant after the reaction stopped allowed
the CyH conversion to be increased from 31 to 41%, but also
augmented the yield of diol (Figure S8b). Interestingly,
increase in the amount of H,0O, in the absence of acid reduced
the ratio of homolytic oxidation products and improved
epoxidation selectivity (Figure S8a), although H,0, utilization
efficiency decreased (31.5% for 0.2 M H,0, vs 45% for 0.1 M
H,0,). Such behavior is not typical in homogeneous catalysis,
where epoxidation selectivity is normally decreased with
increasing H,O, concentration, but has been precedented for
MOF catalysts.’»?3

Figure 2 shows that H,O, degradation over UiO-66 in the
absence of organic substrate occurs with an appreciable rate,
which is quite typical of Zr-containing catalysts.>* It has been
documented in the literature,>?* that acid additives (H;POy,
H,SO4,, HNO; and some others) may retard H,0,
decomposition over various catalysts. However, the role of
acid is not always evident and may depend on the specific
catalyst system and the nature of the acid. For example,
HCIO,, in contrast to H,SO, produced no effect on the
hydrogen peroxide decomposition over a Pd-containing zeolite
catalyst.? On the other hand, H,O, degradation catalyzed by
Keggin Zr-substituted polyoxometalates (Zr-POMs)?’ or Zr-
silicate (Figure S9) revealed an acid-accelerated behavior, and
a similar trend was observed for Ti-POMs.?8

The effect of acid on the rate of H,O, degradation over Zr-
MOFs was then investigated. Even small additives of HCIO,
resulted in a significant suppression of H,O, decomposition
over UiO-66 (Figure 2) and UiO-67 (Figure S10). Therefore,
we can conclude that acid produced opposite effects on the
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rates of the target alkene oxidation reaction and the side
reaction of H,0, degradation, which may imply that different
active sites are involved in these two reactions. Given that,
one might anticipate that acid additives would increase
oxidant utilization efficiency in Zr-MOF-catalyzed oxidations.
Indeed, while CyH conversion was 31 and 15% in the
experiments with and without acid, respectively, the
corresponding H,O, conversion reached the values of 50 and
35% (Table 1). As a result, H,O, utilization efficiency
improved from 45% to 63% due to the addition of protons.
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Figure 2. Effect of acid on H,O, decomposition over UiO-66.
Reaction conditions: 0.4 mmol H,0,, 10 mg UiO-66 (0.04 mmol
Zr), 0.004-0.04 mmol HCIOy (if any), 2 mL CH;CN, 50 °C.

Since the reaction stopped before all H,O, was consumed,
we may suggest that accumulation of the reaction products
within the micropores of UiO-66 is the main reason for the
catalyst deactivation. Previously, oxidation products caused
the catalyst deactivation in UiO-66-catalyzed oxidation of
propylene glycol.?® In fact, the catalyst separated after the
CyH oxidation revealed some decrease in the specific surface
area and pore volume (Table S1). Moreover, if the principal
products, epoxide and water, were added during the reaction
course in the amount close to that formed at the end of the
catalytic reaction, the CyH oxidation stopped without reaching
the expected substrate conversion (Figure S11). Washing the
spent catalyst with methanol under elevated temperature
allowed the catalyst to be regenerated completely. Plots of
CyH conversion vs time (Figure 3) show that the catalyst
retained its activity during, at least, three consecutive runs.

Hot catalyst filtration

CyH conversion (%)

0 10 20 30 40 50
Time (min)

Figure 3. Reuse of UiO-66 (solid symbols) and hot catalyst
filtration test (open squares) for CyH oxidation over UiO-66 in
the presence of 1 equiv. HCIO4. Reaction conditions as in Table
L.
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To understand the origin of the enhanced heterolytic
pathway selectivity of UiO-66 in the presence of small acid
additives, the catalyst stability was verified under the
conditions employed for catalytic runs. Hot filtration tests
unambiguously proved that the observed catalysis has the truly
heterogeneous nature (Figures 3 and S12). Only traces of
zirconium (< 0.1 ppm) were determined in the filtrate by ICP-
AES, which also corroborates the absence of the metal
leaching during the reaction course. The retention of the UiO-
66 structure after the catalytic reaction was confirmed by XRD
(Figure 4), FT-IR (Figure S3), and Raman (Figure S4)
spectroscopy. Moreover, the IR and Raman spectra of the
H,0,/acid-treated UiO-66 revealed no changes that might
arise due to the formation of a peroxy acid from an
uncoordinated carboxylate linker, which allowed us to exclude
its participation in the epoxidation process.

JWC

Figure 4. XRD patterns for UiO-66: (A) simulated, (B) fresh, and
(C) after CyH oxidation with H,0O, in the presence of 1 equiv. of
HCIOy (reaction conditions as in Table 1).

Given that defects can play a significant role in catalysis by
Zr-MOFs,>15 we compared TG profiles for the fresh and
reused UiO-66 samples (Figure S5) and found that the latter
was insignificantly more defective: the weight loss in the last
step was 51.4% in contrast to 52.1% determined for the fresh
sample, which corresponds to 11.3 and 11.4 linkers,
respectively. Therefore, the positive effect of small additives
of acid on the CyH epoxidation selectivity cannot be explained
by the formation of a significant portion of new defects.
Indeed, stability of UiO-66 under mild acidic conditions has
been well-documented.?

In homogeneous catalysis, protonation is known to trigger
the electrophilic reactivity of some peroxo complexes as
oxygen-transfer agents.”’*® DFT calculations on transition-
metal-substituted Keggin-type POMs
(BusN),[PM(OH)W,050] (M = Ti(IV), Zr(IV), Nb(V), V(V),
Mo(VI), W(VI), and Re(VII)) showed that the formation of
epoxide via a hydroperoxo intermediate is energetically more
favorable than through peroxo intermediates for such metals
as Ti(IV), Zr(IV) and Nb(V).3% More recently, the same trend
was found for Ti- and Nb-monosubstituted tungstates of the
Lindqvist structure, (BugN);[(CH30)TiW;sO45] and
(BuyN),[(CH;0)NbW;015].3% We could tentatively assume
that protons may facilitate the formation of an active
zirconium hydroperoxo species ‘ZrOOH’ upon interaction of a
terminal Zr-OH bond (such sites might be present in the
defects of Ui0-66)"3! with H,0O, (Scheme 2, route A) and
this species is responsible for oxygen atom transfer to the
alkene. Note that feasibility of the formation of ‘ZrOOH’
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intermediates in UiO-66 was recently confirmed by DFT
calculations. !>

Alternatively, we may suggest the formation of a bridging
p-nZn?2-peroxo species (Scheme 2, route B) via a mechanism
similar to that proposed by Mizuno and co-workers for a
divanadium-substituted v-Keggin polyoxotungstate,
(BuyN)y[y-PW 3033V, (n-O)(1-OH)].32 Note that Zr peroxo
complexes with the p-n*n2-arrangement of the peroxo ligand
have been reported in the literature.

H

H,O CI) (I)OH
VRS
o " u H202 Zr\o/Zr Route A
73 I OH . HO 1 OH i
J-ONL 3N e H
- r r
o \9/ H{OinO gH OH H,0 OH
y AN | O] -HO | O]
Zr zr - T | zr
No” o7
H Route B

Scheme 2. Alternative mechanisms of the formation of active Zr-
peroxo species.

So far, attempts to identify spectroscopically any Zr peroxo
species in Zr-MOFs failed, most likely, because of their
extremely high reactivity. Further experimental and
computational studies on soluble molecular models, Zr-POMs,
are in progress in our group to gain insights into the intimate
mechanism of H,O, activation on Zr(IV) sites.

In summary, we demonstrated that both catalytic activity
and selectivity of Zr-MOFs, in particular UiO-66, UiO-67 and
MOF-801, in epoxidation of CyH with aqueous H,O, can be
greatly enhanced by small acid additives. Protons disfavor
homolytic degradation of the oxidant on Zr-MOF and
oppositely facilitate heterolytic activation of H,0,, which
makes possible selective oxygenation of the C=C bond,
avoiding allylic oxidation. Importantly, all these occur without
evident changes in the MOF structure and the catalyst can be
recycled and reused several times without loss of the catalytic
activity.

AUTHOR INFORMATION
Corresponding Author
*E-mail: khold@catalysis.ru

Author Contributions

The manuscript was written through contributions of all authors. /
All authors have given approval to the final version of the

manuscript.

Notes

The authors declare no competing financial interests.
ASSOCIATED CONTENT

Supporting Information. Full experimental procedures;

characterizing data for UiO-66, UiO-67 and MOF-801; N,
adsorption, ICP, EA, TGA, FT-IR and Raman data; SEM images;
catalytic experiments (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.

ACKNOWLEDGMENT

This work was supported by the Ministry of Science and Higher
Education of the Russian Federation (project AAAA-A17-
117041710080-4) and partially supported by the Russian
Foundation for Basic Research (grant Ne 18-29-04022). J.S.C. and
J.S.L. are grateful to Global Frontier Center for Hybrid Interface
Materials (GFHIM) and ISTK for their financial support through

ACS Paragon Plus Environment

the Global Frontier R&D Program and the Institutional
Collaboration Research Program (SK-1301).

REFERENCES

(1) (a) Liquid Phase Oxidation via Heterogeneous Catalysis:
Organic Synthesis and Industrial Applications; Clerici, M. G.,
Kholdeeva, O. A., Eds.; Wiley: Hoboken, 2013; (b) Handbook of
Advanced Methods and Processes in Oxidation Catalysis; Duprez, D.,
Cavani, F., Eds.; Imperial College Press: London, 2014.

(2) Jones, C. W. Application of Hydrogen Peroxide and
Derivatives, Royal Society of Chemistry, Cambridge, 1999.

(3) (a) Campos-Martin, J. M.; Blanco-Brieva, G.; Fierro, J. L. G.
Hydrogen Peroxide Synthesis: An Outlook beyond the Anthraquinone
Process. Angew. Chem. Int. Ed. 2006, 45, 6962—6984; (b) Edwards, J.
K.; Freakley, S. J.; Lewis, R. J.; Pritchard, J. C.; Hutchings, G. J.
Advances in the Direct Synthesis of Hydrogen Peroxide from
Hydrogen and Oxygen. Catal. Today 2015, 248, 3-9; (c) Menegazzo,
F.; Signoretto, M.; Ghedini, E.; Strukul, G. Looking for the “Dream
Catalyst” for Hydrogen Peroxide Production from Hydrogen and
Oxygen. Catalysts 2019, 9, 251.

(4) (a) Functional Metal-Organic Frameworks: Gas Storage,
Separation and Catalysis. Schréder, M., Ed.; Springer-Verlag: Berlin,
2010; (b) Metal-Organic Frameworks: Applications in Separations
and Catalysis. Garcia, H., Navalon, S., Eds. Wiley-VCH Verlag:
Weinheim, 2018; (c) Elaboration and Applications of Metal-Organic
Frameworks. Ma S., Perman J. A. Eds. World Scientific: Singapore,
2018.

(5) (a) Kholdeeva, O. A. Liquid-Phase Selective Oxidation
Catalysis with Metal-Organic Frameworks. Catal. Today 2016, 278,
22-29; (b) Kramer, S.; Bennedsen, N. R.; Kegnzas, S. Porous Organic
Polymers Containing Active Metal Centers as Catalysts for Synthetic
Organic Chemistry. ACS Catal. 2018, 8, 6961-6982; (c)
Dhakshinamoorthy, A.; Asiri, A. M.; Alvaro, M.; Garcia, H. Metal
Organic Frameworks as Catalysts in Solvent-Free or Ionic Liquid
Assisted Conditions. Green Chem. 2018, 20, 86—-107; (d) Yang, D.;
Gates, B. C. Catalysis by Metal Organic Frameworks: Perspective and
Suggestions for Future Research. ACS Catal. 2019, 9, 1779-1798.

(6) (a) Bai, Y.; Dou, Y.; Xie, L.-H.; Rutledge, W.; Li, J.-R.; Zhou,
H.-C. Zr-Based Metal-Organic Frameworks: Design, Synthesis,
Structure, and Applications. Chem. Soc. Rev. 2016, 45, 2327-2367;
(b) Howarth, A. J.; Liu, Y.; Li, P.; Li, Z.; Wang, T. C.; Hupp, J. T.;
Farha, O. K. Chemical, Thermal and Mechanical Stabilities of Metal—
Organic Frameworks. Nature Rev. Mater. 2016, 1, 15018.

(7) Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti,
C.; Bordiga, S.; Lillerud, K. P. A New Zirconium Inorganic Building
Brick Forming Metal Organic Frameworks with Exceptional Stability.
J. Am. Chem. Soc. 2008, 130, 13850-13851.

(8) (a) Devic, T.; Serre, C. High Valence 3p and Transition Metal
Based MOFs. Chem. Soc. Rev. 2014, 43, 6097-6115; (b) Leus, K;
Bogaerts, T.; De Decker, J.; Depauw, H.; Hendrick, K.; Vrielinck, H.;
Van Speybroeck, V.; Van Der Voort, P. Systematic Study of the
Chemical and Hydrothermal Stability of Selected “Stable” Metal
Organic Frameworks. Micropor. Mesopor. Mater. 2016, 226, 110—
116.

(9) (a) Vermoortele, F.; Bueken, B.; Le Bars, G.; Van de Voorde,
B.; Vandichel, M.; Houthoofd, K.; Vimont, A.; Daturi, M.;
Waroquier, M.; Van Speybroeck, V.; Kirschhock, C.; De Vos, D. E.
Synthesis Modulation as a Tool to Increase the Catalytic Activity of
Metal-Organic Frameworks: the Unique Case of UiO-66(Zr). J. Am.
Chem. Soc. 2013, 135, 11465-11468; (b) Caratelli, C.; Hajek, J.;
Cirujano, F. G.; Waroquier, M.; Llabrés i Xamena, F. X.; Van
Speybroeck, V. Nature of Active Sites on UiO-66 and Beneficial
Influence of Water in the Catalysis of Fischer Esterification. J. Catal.
2017, 352, 401-414; (c) Taddei, M. When Defects Turn into Virtues:
The Curious Case of Zirconium-Based Metal-Organic Frameworks.
Coord. Chem. Rev. 2017, 343, 1-24.

(10) Shearer, G. C.; Chavan, S.; Ethiraj, J.; Vitillo, J. G.; Svelle, S.;

4

Page 4 of 7



Page 5 of 7

oNOYTULT D WN =

ACS Catalysis

Olsbye, U.; Lamberti, C.; Bordiga, S.; Lillerud, K. P. Tuned to
Perfection: Ironing out the Defects in Metal-Organic Framework
UiO-66. Chem. Mater. 2014, 26, 4068—4071.

(11) DeStefano, M. R.; Islamoglu, T.; Garibay, S. J.; Hupp, J. T.;
Farha O. K. Room Temperature Synthesis of UiO-66 and the Thermal
Modulation of Densities of Defect Sites. Chem. Mater. 2017, 29,
1357-1361.

(12) Xiao, W.; Dong, Q.; Wang, Y.; Li, Y.; Deng, S.; Zhang, N.
Time Modulation of Defects in UiO-66 and Application in Oxidative
Desulfurization. CrystEngComm 2018, 20, 5658-5662.

(13) (a) Wu, H.; Chua, Y. S.; Krungleviciute, V.; Tyagi, M.; Chen,
P.; Yildirim T.; Zhou, W. Unusual and Highly Tunable Missing-
Linker Defects in Zirconium Metal—Organic Framework UiO-66 and
Their Important Effects on Gas Adsorption. J. Am. Chem. Soc. 2013,
135, 10525-10532; (b) Shearer, G. C.; Chavan, S.; Bordiga, S.;
Svelle, S.; Olsbye, U.; Lillerud, K. P. Defect Engineering: Tuning the
Porosity and Composition of the Metal-Organic Framework UiO-66
via Modulated Synthesis. Chem. Mater. 2016, 28, 3749-3761; (c)
Dissegna, S.; Vervoorts, P.; Hobday, C. L.; Diiren, T.; Daisenberger,
D.; Smith, A. J.; Fischer, R. A.; Kieslich G. Tuning the Mechanical
Response of Metal-Organic Frameworks by Defect Engineering. J.
Am. Chem. Soc. 2018, 140, 11581-11584.

(14) Park, H.; Kim, S.; Jung, B.; Park, M. H.; Kim, Y.; Kim, M.
Defect Engineering into Metal-Organic Frameworks for the Rapid
and Sequential Installation of Functionalities. Inorg. Chem. 2018, 57,
1040-1047.

(15) (a) Ye, G.; Zhang, D.; Li, X.; Leng, K.; Zhang, W.; Ma, J.;
Sun, Y.; Xu, W.; Ma, S. Boosting Catalytic Performance of Metal—
Organic Framework by Increasing the Defects via a Facile and Green
Approach. ACS Appl. Mater. Interfaces 2017, 9, 34937-34943; (b)
Limvorapitux, R.; Chen, H.; Mendonca, M. L.; Liu, M.; Snurr, R. Q.;
Nguyen, S. B. T. Elucidating the Mechanism of the UiO-66-
Catalyzed Sulfide Oxidation: Activity and Selectivity Enhancements
through Changes in the Node Coordination Environment and Solvent.
Catal. Sci. Technol. 2019, 9, 327-335.

(16) (a) Fei, H.; Shin, J. W.; Meng, Y. S.; Adelhardt, M.; Sutter, J.;
Meyer, K.; Cohen, S. M. Reusable Oxidation Catalysis using Metal-
Monocatecholato Species in a Robust Metal-Organic Framework. J.
Am. Chem. Soc. 2014, 136, 4965-4973; (b) Nguyen, H. G. T.;
Schweitzer, N. M.; Chang, C.-Y.; Drake, T. L.; So, M. C.; Stair, P. C.;
Farha, O. K.; Hupp, J. T.; Nguyen S. B. T. Vanadium-Node-
Functionalized UiO-66: a Thermally Stable MOF Supported Catalyst
for the Gas-Phase Oxidative Dehydrogenation of Cyclohexene. ACS
Catal. 2014, 4, 2496—2500; (c) Nguyen, H. G. T.; Mao, L.; Peters, A.
W.; Audu, C. O.; Brown, Z. J.; Farha, O. K.; Hupp, J. T.; Nguyen, S.
B. T. Comparative Study of Titanium-Functionalized UiO-66:
Support Effect on the Oxidation of Cyclohexene Using Hydrogen
Peroxide. Catal. Sci. Technol. 2015, 5, 4444-4451; (d) Noh, H.; Cui,
Y.; Peters, A. W.; Pahls, D. R.; Ortuno, M. A.; Vermeulen, N. A_;
Cramer, C. J.; Gagliardi, L.; Hupp, J. T., Farha O. K. An
Exceptionally ~ Stable Metal-Organic  Framework  Supported
Molybdenum(VI) Oxide Catalyst for Cyclohexene Epoxidation. J.
Am. Chem. Soc. 2016, 138, 14720—14726.

(17) (a) Leus, K.; Concepcion, P.; Vandichel, M.; Meledina, M.;
Grirrane, A.; Esquivel, D.; Turner, S.; Poelman, D.; Waroquier, M.;
Van Speybroeck, V.; Van Tendeloo, G.; Garcia H.; Van Der Voort, P.
Au@ UiO-66: a Base Free Oxidation Catalyst. RSC Adv. 2015, 5,
22334-22342; (b) Wang, J.-C.; Hu, Y.-H.; Chen, G.-J.; Dong, Y.-B.
Cu(I1)/Cu(0)@UiO-66-NH,: Base Metal @ MOFs as Heterogeneous
Catalysts for Olefin Oxidation and Reduction. Chem. Commun. 2016,
52, 13116-13119; (c¢) Limvorapitux, R.; Chou, L.-Y.; Young, A. P;
Tsung, C.-K.; Nguyen, S. B. T. Coupling Molecular and Nanoparticle
Catalysts on Single Metal-Organic Framework Microcrystals for the
Tandem Reaction of H,0, Generation and Selective Alkene
Oxidation. ACS Catal. 2017, 7, 6691-6698.

(18) Tan, C.; Han, X.; Li, Z.; Liu, Z.; Cui, Y. Controlled Exchange
of Achiral Linkers with Chiral Linkers in Zr-Based UiO-68 Metal—

ACS Paragon Plus Environment

Organic Framework. J. Am. Chem. Soc. 2018, 140, 16229-16236.

(19) (a) Ragon, F.; Horcajada, P.; Chevreau, H.; Hwang, Y. K.;
Lee, U-H.; Miller, S. R.; Devic, T.; Chang, J.-S.; Serre, C. In Situ
Energy-Dispersive X-Ray Diffraction for the Synthesis Optimization
and Scale-up of the Porous Zirconium Terephthalate UiO-66. Inorg.
Chem. 2014, 53, 2491-2500; (b) Gutov, O. V.; Gonzalez Hevia, M.;
Escudero-Adan, E. C.; Shafir, A. Metal-Organic Framework (MOF)
Defects under Control: Insights into the Missing Linker Sites and
Their Implication in the Reactivity of Zirconium-Based Frameworks.
Inorg. Chem. 2015, 54, 8396—8400; (c) Furukawa, H.; Géandara, F.;
Zhang, Y.; Jiang, J.; Queen, W. L.; Hudson, M. R.; Yaghi, O. M.
Water Adsorption in Porous Metal-Organic Frameworks and Related
Materials. J. Am. Chem. Soc. 2014, 136, 4369-4381.

(20) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen,
M. H.; Jakobsen, S.; Lillerud, K. P.; Lamberti, C. Disclosing the
Complex Structure of UiO-66 Metal Organic Framework: a Synergic
Combination of Experiment and Theory. Chem. Mater. 2011, 23,
1700-1718.

(21) Maksimchuk, N. V.; Maksimov, G. M.; Evtushok, V. Yu.;
Ivanchikova, 1. D.; Chesalov, Yu. A.; Maksimovskaya, R. I;
Kholdeeva, O. A.; Solé-Daura, A.; Poblet J. M.; Carbd, J. J.
Relevance of Protons in Heterolytic Activation of H,O, over Nb(V).
Insights from Model Studies on Nb-Substituted Polyoxometalates.
ACS Catal. 2018, 8, 9722-9737.

(22) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of
Organic Compounds. Academic Press: New York, 1981.

(23) Maksimchuk, N. V.; Kovalenko, K. A.; Arzumanov, S. S.;
Chesalov, Yu. A.; Melgunov, M. S.; Stepanov, A. G.; Fedin, V. P.;
Kholdeeva, O. A. Hybrid Polyoxotungstate/MIL-101 Materials:
Synthesis, Characterization, and Catalysis of H,0,-Based Alkene
Epoxidation. /norg. Chem. 2010, 49, 2920-2930.

(24) (a) Morandin, M.; Gavagnin, R.; Pinna, F.; Strukul, G.
Oxidation of Cyclohexene with Hydrogen Peroxide Using Zirconia—
Silica Mixed Oxides: Control of the Surface Hydrophilicity and
Influence on the Activity of the Catalyst and Hydrogen Peroxide
Efficiency. J. Catal. 2002, 212, 193-200; (b) Kholdeeva, O. A.;
Maksimovskaya, R. I. Titanium- and Zirconium-Monosubstituted
Polyoxometalates as Molecular Models for Studying Mechanisms of
Oxidation Catalysis. J. Mol. Catal. A: Chem. 2007, 262, 7-24.

(25) (a) Burch, R.; Ellis, P. R. An Investigation of Alternative
Catalytic Approaches for the Direct Synthesis of Hydrogen Peroxide
from Hydrogen and Oxygen. Appl. Catal. B: Environm. 2003, 42,
203-211; (b) Choudhary, V. R.; Samanta, C. Role of Chloride or
Bromide Anions and Protons for Promoting the Selective Oxidation
of H, by O, to H,O, over Supported Pd Catalysts. J. Catal. 2006, 238,
28-38; (c) Edwards, J. K.; Solsona, B.; Ntainjua, N. E.; Carley, A. F.;
Herzing, A. A.; Kiely, C. J.; Hutchings G. J. Switching off Hydrogen
Peroxide Hydrogenation in the Direct Synthesis Process. Science
2009, 323, 1037-1041.

(26) Shoudhary, V. R.; Sansare, S. D.; Gaikwad, A. G. Direct
oxidation of H, to H,0, and decomposition of H,O, over oxidized
and reduced Pd-containing zeolite catalysts in acidic medium. Catal.
Lett. 2002, 84, 81-87.

(27) Kholdeeva, O. A.; Maksimov, G. M.; Maksimovskaya, R. 1.;
Vanina, M. P.; Trubitsina, T. A.; Naumov, D. Yu.; Kolesov, B. A.;
Antonova, N. S.; Carbo, J. J.; Poblet J. M. Zr'V-Monosubstituted
Keggin-Type Dimeric Polyoxometalates: Synthesis, Characterization,
Catalysis of H,0,-Based Oxidations, and Theoretical Study. Inorg.
Chem. 2006, 45, 7224-7234.

(28) Jiménez-Lozano, P.; Ivanchikova, 1. D.; Kholdeeva, O. A.;
Poblet J. M.; Carbo, J. J. Alkene Oxidation by Ti-Containing
Polyoxometalates. Unambiguous Characterization of the Role of the
Protonation State. Chem. Commun. 2012, 48, 9266-9268.

(29) Torbina, V. V.; Nedoseykina, N. S.; Ivanchikova, I. D.,
Kholdeeva, O. A.; Vodyankina O. V. Propylene Glycol Oxidation
with Hydrogen Peroxide over Zr-Containing Metal-Organic
Framework UiO-66. Catal. Today 2019, 333, 47-53.


https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facs.chemmater.6b05115
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facs.chemmater.6b05115
https://pubs.acs.org/doi/abs/10.1021/acsami.7b10337
https://pubs.acs.org/doi/abs/10.1021/acsami.7b10337
https://pubs.acs.org/doi/abs/10.1021/acsami.7b10337
https://pubs.acs.org/doi/full/10.1021/jacs.8b09606
https://pubs.acs.org/doi/full/10.1021/jacs.8b09606
https://pubs.acs.org/doi/full/10.1021/jacs.8b09606
https://pubs.acs.org/author/Evtushok%2C+Vasilii+Yu
https://pubs.acs.org/author/Ivanchikova%2C+Irina+D
https://pubs.acs.org/author/Ivanchikova%2C+Irina+D
https://pubs.acs.org/author/Chesalov%2C+Yuriy+A
https://pubs.acs.org/author/Maksimovskaya%2C+Raisa
https://pubs.acs.org/author/Kholdeeva%2C+Oxana+A
https://pubs.acs.org/author/Sol%C3%A9-Daura%2C+Albert
https://pubs.acs.org/author/Poblet%2C+Josep+M
https://pubs.acs.org/author/Carb%C3%B3%2C+Jorge+J

oNOYTULT D WN =

ACS Catalysis

(30) (a) Kholdeeva, O. A.; Trubitsina, T. A.; Timofeeva, M. N.;
Maksimov, G. M.; Maksimovskaya R. I.; Rogov, V. A. The Role of
Protons in Cyclohexene Oxidation with H,O, Catalysed by Ti(IV)-
Monosubstituted Keggin Polyoxometalate. J. Mol. Catal. A: Chem.
2005, 232, 173-178; (b) Kholdeeva, O. A. Hydrogen Peroxide
Activation over Ti'"V: What Have We Learned from Studies on Ti-
Containing Polyoxometalates? Eur. J. Inorg. Chem. 2013, 1595—
1605; (c) Antonova, N. S.; Carbo, J. J.; Kortz, U.; Kholdeeva, O. A.;
Poblet, J. M. Mechanistic Insights into Alkene Epoxidation with H,0,
by Ti- and other TM-Containing Polyoxometalates: Role of the Metal
Nature and Coordination Environment. J. Am. Chem. Soc. 2010, 132,
7488-7497; (d) Maksimchuk, N. V.; Ivanchikova, 1. D.; Maksimov,
G. M.; Eltsov, 1. V.; Evtushok, V. Y.; Kholdeeva, O. A.; Lebbie, D.;
Errington, R. J.; Solé-Daura, A.; Poblet, J. M.; Carbd, J. J. Why does
Nb(V) Show Higher Heterolytic Pathway Selectivity than Ti(IV) in
Epoxidation with H,0,? Answers from Model Studies on Nb- and Ti-
substituted Lindqvist Tungstates. ACS Catal. 2019, 9, 6262—6275.

(31) Klet, R. C.; Liu, Y.; Wang, T. C.; Hupp, J. T.; Farha, O. K.
Evaluation of Brensted Acidity and Proton Topology in Zr- and Hf-
Based Metal-Organic Frameworks Using Potentiometric Acid—Base
Titration. J. Mater. Chem. A 2016, 4, 1479-1485.

(32) Nakagawa, Y.; Mizuno, N. Mechanism of [y-H,SiV,W0O4]*
-Catalyzed Epoxidation of Alkenes with Hydrogen Peroxide. /norg.
Chem. 2007, 46, 1727-1736.

(33) (a) Bassil, B. S.; Sankar Mal, S.; Dickman, M. H.; Kortz, U.;
Oelrich, H.; Walder L. 6-Peroxo-6-Zirconium Crown and Its Hafnium
Analogue Embedded in a Triangular Polyanion: [Me(O)s(OH)s(y-
SiW4036)3]'% (M = Zr, Hf). J. Am. Chem. Soc. 2008, 130, 6696—
6697; (b) Sankar Mal, S.; Nsouli, N. H.; Carraro, M.; Sartorel, A.;
Scorrano, G.; Oelrich, H.; Walder, L.; Bonchio, M.; Kortz, U. Peroxo-
Zr/Hf-Containing Undecatungstosilicates and —Germanates. Inorg.
Chem. 2010, 49, 7-9.

SYNOPSIS TOC

ACS Paragon Plus Environment

Page 6 of 7



Page 7 of 7 ACS Catalysis yaH H 2
s=otelele
OH

—_

2 O 52%
\‘\o‘—(\o\\ﬁ'
aq. H,O;
"k 98%
H q H\i 1
9{9,,0M [ 1

~ A B Iy
f'crout(\gs aragon \Ljr;)\nrr:“e;O> O:OH
O+
UiO-66(Zr) i

— = O 0 N
Y )



