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Style

This Doctoral Thesis is written in a journal article compilation style format
constituted by eight chapters in which the main features of the developed work
are described. A literature review is detailed in Chapter 1 to synthesize the state
of the art of reactions catalyzed by MOFs or graphene-based materials, raising the
issues addressed during the course of this doctoral tesis. Chapter 2 collects the
objectives of the Thesis. Chapters 3, 4, 5 and 6 compile the research articles
where the results of this tesis are published. Chapter 7 summarizes the
conclusions of work while Chapter 8 collect the abstract of the Thesis. Annex |

collects the publications and participation in conferences.
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Chapter 1. Introduction






Chapter 1

1.1 Catalysis

Catalysis is vitally important for the world economy.? Most chemical processes
are catalysed.? Catalysis allows the transformation of raw materials into valuable
chemicals and fuels.® Fig. 1 shows in a simplified form some representative

branches of the chemical industry where a catalyst is used.*

New Energies

Sustainability

Petrochemicals

Fertilizer

CATALYSIS Agrarian Industry

Agro Chemicals

&
INDUSTRY Pharmaceutical

Inorganic & Fine
chemicals

Fig.1 Simplified illustration of some branches of the chemical industry that use catalysts.

A catalyst can be simply defined as a substance that allows the transformation
of reactants into products through a series of elementary steps in which the
catalyst participates and at the end of the process the catalyst is regenerated in its
original form.> The series of elemental steps by which a reaction occurs is called
the reaction mechanism. Typically, a catalyst increases the reaction rate of a
chemical process by modifying the reaction mechanism and decreasing the
activation energy of the process. The catalyst modifies the kinetics of the chemical
reaction but does not change the thermodynamics of the process.® The sites

where the substrate binds to the catalyst are called the active centres of the
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catalyst.”® Fig. 2 shows a simplified illustration of how a catalyst modifies the
reaction mechanism of a reaction and decreases the activation energy of the

process without modifying the thermodynamics.

r 3

Ea (Without catalyst)

Energy

Ea (With catalyst)

AG

\ 4

Reaction Time

Fig. 2 Basic illustration of the effect of a catalyst on the energy diagram profile of a reaction

(X+Y > 2).

Most of the catalysts employed worldwide are based on transition metals.% !

The transition metal active sites that are present in the catalyst usually act as

Lewis or redox centres during the catalytic reaction.!%!?

1.2. Heterogeneous catalysis

Heterogeneous catalysts in a solid form dominate the market of catalysis at an
industrial scale.’ It is estimated that more than 90 % of chemical processes
employ a heterogeneous catalyst. One of the major advantages of using solid
heterogeneous catalysts in a chemical process is the relatively easy separation

from the gas and/or liquid reaction mixture when compared to homogeneous

4
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catalysts.’* Heterogeneous catalysis facilitates catalyst recovery, reactivation, and
recycling and so makes industrial processes technically and economically feasible.
In addition, heterogeneous catalysis enables the development of relatively simple
industrial processes under continuous flow operations. Fig. 3 illustrates the basic
steps that take place in a heterogeneous porous solid catalyst from the bulk phase
to the active site of the catalyst where the reaction takes place, and then the

desorption and diffusion processes leading to the bulk phase of the reaction.®

Bulk Phase
Ay
Boundary ,  KTTTTTTTTTTTTTTTTTTTTY
AT layer (D Film-
B{@ diffusion
Mg
_————_ Porous
/ \catalyst® Pore-
\
"‘ ® diffusion

® Adsorption/
@ Desorption
Active site at
catalystsurface A —- A,

Chemical reaction

Fig. 3 Individual steps of a simple, heterogeneous catalytic fluid-solid reaction A1 - A2
carried out on a porous catalyst. Adapted with permission from?s

Heterogeneous catalysts are implemented in a wide range of chemical sectors
from petrochemistry and fine chemicals to environmental and energetic
applications.®*® Furthermore, heterogeneous catalysis enables accomplishing
many of the 12 principles of green chemistry (Fig. 4). Over the years, the
estimation of the greenness of a chemical process has been an important matter
of research.’®? The environmental-factor (E-factor) and atom efficiency were two

of the first procedures developed for this purpose. The E-factor is the weight ratio
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of wastes generated relative to the weight of the desired product expressed in kg.
The atom efficiency is related with the conversion efficiency in a reaction in terms
of atoms involved and the desired product generated. Therefore, it can be easily
recognised how, for example, the use of heterogeneous oxidation catalysts that
can activate molecular oxygen for the oxidation of organic compounds favours the
greenness of a chemical process relative to the use of transition metal salts as

oxidants.

Table 1 Green chemistry and heterogeneous catalysis?!

S. No. Green chemistry principles Heterogeneous catalysis

1 | Waster prevention Minimized waste
2 | Atom economy More atom- and step- economical
3 | Less hazardous synthesis Generally low toxicity
4 | Desing for safer products No relevant (product not process)
5 | Safer solvents and auxiliaries Usually, green solvent are used
6 | Energy efficiency Mild conditions/energy efficient and recycled
7 | Renewable feedstocks Catalysts can prepare from renewable sources
8 | Reduced derivatives Eliminates protection/ de-protection steps
9 | Catalysis Solid materials are catalysts

10 | Desing for degradation Selective catalytic reagments are possible

11 | Real-time analisis Applicability to catalytic processes

12 | Inherently safer processes Mild and safe conditions

Furthermore, as the world moves towards a more sustainable environment,
new opportunities for the development of environmentally benign solid catalysts
have appeared.?? Over the last 20 years, the possibility of replacing the
traditional transition-based catalyst with metal-free catalysts has attracted
increasing interest.?*2® Several demonstrations have shown the possibility of
using carbon-based materials as an alternative to metal-based catalysts.?*73! The
area that studies the use of carbon-based materials as metal-free catalysts is

called carbocatalysis.
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GREEN CHEMISTRY 12 PRINCIPLES

4. 7. 10. Desing

chemicals &
Safer chemicals & Use renewable productos to

products feedstocks degrade after use

1.

Prevent waste

5. 8.
2. 11. Analysein
Safer solvets & Avoid chemical real time to
reaction derivatives prevent pollution

conditions (protein groups)

Maximize atom
economy

3. 6. 9. 12. Minimize

Less hazardious Increase energy Use catalvsts potential for
chemical syntheses Ml efficiency Y accidents

Fig. 4 Catalysis and 12 principles of green chemistry.

1.3. Oxidation reactions

Oxidation reactions are one of the most important reactions for the chemical
industry.323* Commonly, industrial processes at medium-to-large scale employ a
transition metal based-catalyst to perform selective oxidations.>*3> Homogeneous
catalysis frequently employs a soluble metal compound as a catalyst.
Heterogeneous oxidation catalysts are often based on high surface area metal
and/or metal oxides.?**” Some of the common oxidants employed during the
catalytic processes include hydrogen peroxide, organic peroxides, hydroperoxides,
and molecular oxygen.*® Sometimes industrial oxidation reactions are non-
catalysed processes that employ inorganic metal salts as oxidants (such as
potassium permanganate or potassium dichromate) or non-metal oxidants such

as chlorine or chlorite.

In general, the active centres of a transition metal-based catalysts act as Lewis

acid sites for the activation of oxidation, or as active centres that accelerate the
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oxidation reaction through a reversible swing of the metal ions between two
oxidation states (Equations 1 and 2, Scheme 1).3°* From a sustainable and
operational point of view, molecular oxygen is one of the oxygen preferred
oxidants and water is its final reaction product. Given these precedents and
considering the objectives, Chaption 2 of the thesis will introduce the possibilities
of using metal-organic frameworks (MOFs) as heterogeneous catalysts for

oxidation reactions.

a) Lewis acid activation of oxidation

(n+1)* ROOH . R
M — "M-0-O-R + H Eq.1
(active oxidizing reagent)

b) Electron transfer

M™ + 0, — M* 0, Eq. 2

Scheme 1 (a) Active centres of a transition metal-based catalysts act as Lewis acid sites for
the activation of oxidation. (b) Active centres of a transition metal-based catalysts act as
active centres that accelerate the oxidation reaction through a reversible swing of the metal
ions between two oxidation states. Reprinted with permission from ref4!

A step forward in the field of oxidations will be the development of active,
selective, and cost-effective metal-free carbon catalysts for aerobic oxidations.?%?’
Chaption 6 will illustrate the possibility of using graphene-based materials for the
oxidation of organic substrates using molecular O, as an oxidant. The revised

examples will be taken as precedents for Chapter 6.
1.4. Condensation reactions

Condensation reactions represent an important synthetic tool for the

preparation of a large variety of organic compounds in the chemical industry.**3

8
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Generally, a condensation reaction consists in the combination of two molecules
accompanied by the release of a small molecule such as H;O. In other cases,

intramolecular condensations in a single molecule can occur.

One of the most widely used condensation reactions for the preparation of
flavours and fragrance ingredients is the Prins reaction.**** This reaction consists
in the acid-catalysed condensation of alkenes and aldehydes leading to the
formation of carbon-carbon and carbon-oxygen bonds. Fig. 5 shows a general
illustration of the Prins reaction with the formation of a diglycol (1), an
unsaturated alcohol (2), or an ortho-oxane (3) as the main reaction products
depending on the reaction conditions. Unsaturated alcohol and an ortho-oxane

are two important organic moieties for the preparation of flavours and fragrances.

0] HO

H
o HH hHo R
)I\ + I - + \'*‘ | ]/
H H R H H OH O\\/,O
R
2

R
R= alkyl chain 1

Fig. 5 Prins reaction and structures of the primary reaction products. Reprinted with
permission from ref44

One of the basic reagents for the preparation of dihydro- and tetrahydropyran-
based fragrance ingredients is isoprenol.** Fig. 6 show the chemical structures of
these isoprenol derivatives. Other representative examples of Prins reactions are
the functionalisation of terpene as B-pinene, by using the Prins reaction leading to
the formation of nopol. Section 3.1 describes the possibilities of using MOFs as
heterogenous catalysts for the Prins reaction. This section serves as the precedent

for Chapter 3 on the development of MOFs for this reaction.
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Fig. 6 Representative examples of the use of isoprenol and B-pinene for producing fragrance
ingredients. Reprinted with permission from ref.44

Another common class of compounds for the chemical industry where acid-
catalysed condensation reactions can be involved are benzimidazoles.*
Benzimidazoles are present in many important biological compounds including
natural products and drug molecules. Fig. 7 shows the chemical structures of

some benzimidazole-containing drugs.
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Fig. 7 Some benzimidazole-containing drugs. Reprinted with permission from ref.4>

One of the possible routes for the preparation of benzimidazoles involves the
acid-catalysed reaction between o-phenylenediamines with aldehydes to yield
2-substituted benzimidazoles.*® The reaction occurs through a condensation
mechanism followed by oxidative dehydrogenation. Section 4.1 describes some
precedents for Chapter 4 of this thesis on the use of MOFs as heterogeneous
catalysts for the synthesis of benzimidazoles through the pathway shown in Fig. 8.

NH N N
N
H

NH, NH,

Fig. 8 General reaction of aldehydes with o-phenylenediamines to vyield 2-substituted
benzimidazoles.

1.5 Metal-organic frameworks

MOFs also known as porous coordination polymers are crystalline porous
materials constituted by metal ions or metal cluster coordinated to organic

ligands (Fig. 9).%¢5! Currently, thousands of MOFs have been prepared using

11
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transition metal ions, as well as alkaline earth metal ions as metal nodes

coordinated with a large variety of organic ligands.>%>27*

— J J

J J 3 J
e J

J » J ——
s + ___Jpurarae

o N AW
Metal Organic linker oVl Vad J

or molecules ) J ’ s
Metal cluster Metal-organic framework

Fig. 9 Simplified illustration of the MOF structure. Reprinted with permission from ref.>>

Some of the unique properties of MOFs include a large surface area and
significant porosity together with considerable flexibility and tunability of both the
metal nodes and the organic ligands render materials with many

applications.>®%3>%57 Applications using MOFs include adsorption and separation

58-62 64

of fluids,*®*® catalysis, photocatalysis,*®® sensing,® water remediation,5>®®

67,68 69,70

optoelectronics, magnetism, and biomedicine.”*

1.6 MOFs as heterogeneous catalysts

The number of active and robust MOFs in the area of heterogeneous catalysis
is still limited.>*®2 Stable MOFs employed as heterogeneous catalysts are often
constituted by tri- or tetravalent transition metal ions such as Al**, Fe3*, Cr3*, Zr#
or Ti** coordinated to di- or tricarboxylic substituted aromatic ligands.>>? In other
cases, relatively stable MOFs can also be prepared by using divalent metal ions
such as Zn?*, Co®*" or Cu?* coordinated to imidazole-derivatives such as
2-methylimidazole (Fig. 10).>*7>73 Fig. 10 shows some common organic ligands

employed for the development of active and robust MOFs as solid catalysts.
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Dicarboxylic organic ligands Tricarboxylic organic ligands Imidazoles
COOH H
coon | X COOH R J
R 2 X4 N
R’ s HOOC COOH R:H, CH,
COOH A
COOH
R: H, NH,, NO,, OH X;=HorN
R': H, NH,, NO,
Xo=HorN

Fig. 10 Common organic ligands used for the preparation of MOFs as catalysts.

One of the MOF families that has attracted most interest for the development
of several applications that include catalysis is denoted as MIL-101 (MIL stands for
Materiaux of I'institut Lavoisier).*® In MIL-101(Cr) the metal nodes are constituted
by three trivalent transition metal cations (such as Cr® or Fe*) connected to a
central oxygen atom. The resulting nodes from Cr** and Fe3* ions are (Crs-us0)”
and (Fes-u30)”, respectively. Each metal ion present in the trimeric units is
connected with two terephthalate organic ligands. There is an additional
coordination position that defines an octahedron around each of the Cr** or Fe3*
ions. One-third of these positions are occupied by a halogen, frequently F for Cr3*
and CI for Fe®* (although it could also be a hydroxide ion, Fig. 11). The other two-
thirds of positions are occupied by solvent molecules such as DMF or H;O. It is
important to note that the solvent molecules such as H,O can be removed by
thermal treatment under vacuum conditions that result in the formation of
coordinative unsaturated sites (CUS). The formation of CUS is important from the
catalytic point of view as they have frequently been reported as the active sites of

the catalyst.
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Fig. 11 Formation of coordinatively unsaturated chromium (CUS) sites in the
Cr3O-carboxylate cluster of the MIL-101 structure. Reprinted with permission from ref. 74

The arrangement of four trimeric Ms3*-uO metal nodes with the terephthalate
organic linkers produces super tetrahedra (ST) building units. These ST building
units result in the formation of a rigid zeotype crystal structure consisting of two
quasi-spherical mesoporous cages in MIL-101. The larger cage has a diameter of
3.4 nm that is accessible through hexagonal windows of 1.6 nm. The smaller cage
with 2.9 nm of diameter is accessible through pentagonal windows of 1.2 nm
(Fig. 12). The resulting MIL-101 structure is highly porous with reported surface

areas of about 3,000 m? g1,

14



Chapter 1

o o”
e
(M;0(H,0),X(0,CR,)
M=Cr, X=F or NO,

M=Fe; X=Cl _
supertetrahedron
hexagonal /3 @ 0.8nm
window [ -0 =~ ¢4 K
@ 1.6nm[ : \ ¥ Q

s
ks
&
large cage N7~ S
@ 3.4nm D bl

2 1.2nm :
pentagonal -~
indow

/small cage
@29nm

Fig. 12 Schematic of MIL-101 structure. Reprinted with permission from ref.74

1.7 MOFs for oxidation reactions

MOFs have been used in some extent as heterogeneous catalysts for oxidation
reactions.”> " In a series of studies several MOF families have shown outstanding
thermal and chemical stability when used as heterogeneous catalysts for the
activation of oxidants such as H,0, or tert-butyl hydroperoxide (as well as other

oxidants). As representative examples, the list includes terephthalate-based MOFs
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such as: MIL-101(Cr or Fe), MIL-125(Ti), and UiO-66(Zr); trimesate-based MOFs
such as MIL-100(Fe or Cr); as well as some imidazolate-based MOFs such as
ZIF-8(Zn). In addition, many other MOFs have also been reported as suitable for
this purpose.3®>° Several isostructural-based MOFs in addition to those mentioned
have functionalised organic ligands or mixed-metal nodes and have also been
reported as solid catalysts for oxidations. Some of common reactions using MOFs
for oxidations include the oxidation of alkanes and aromatic hydrocarbons,
oxidation of allylic positions, epoxidation of C=C bonds, oxidation of alkylphenols,
oxidation of alcohols, and oxidation of S- or N-containing organic compounds.®

A step forward in the field of MOFs as heterogeneous catalysts for oxidation
reaction has been the use of molecular O, as a sole oxidant.”>”® As one
representative example, our group has shown the possibility of using MIL-101(Cr)
or MIL-101(Fe) as stable and reusable heterogeneous catalysts for the oxidation of
benzylic positions with O, under solvent-free conditions.®? Regardless of the
somewhat lower level of activity of MIL-101(Cr) as a catalyst during the aerobic
oxidation indate in comparison with MIL-101(Fe), it showed greater stability in
terms of metal leaching from the solid to the solution (0.2 vs 1.6 wt% of Cr or Fe
leaching with respect to the MOF metal content). After a series of catalytic
experiments, it was concluded that the reaction occurs through a radical-chain
mechanism with a long propagation chain. Interestingly, the greater selectivity
towards desired 1-indanol/1-indanone -ol/ona reaction products when using
MIL-101(Cr) as a solid catalyst (when compared to common radical initiators) was
interpreted assuming that the reaction takes place within the pore cavities of the
MOF. EPR and selective quenching experiments evidenced the formation
0, /HOO' as the primary radical species responsible for the benzylic oxidation
accompanied by small amounts of HO radicals. Scheme 2 shows the proposed
reaction mechanism for the aerobic oxidation of indane (Scheme 2 a, b) as

accelerated by molecular O, activation in the CUS of the MIL-101(Cr) catalyst. The
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scope of the benzylic oxidation using MIL-101(Cr) as a solid catalyst was expanded

to other substrates such as ethylbenzene, n-butylbenzene,

1-bromo-4-butylbenzene, sec-butylbenzene, and cumene.

MIL-101(Cror Fe) + 0, —» +0,"

@Q v, —-@Q +HOO"
D o~
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Other oxidation products
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Scheme 2 (a) Proposed reaction pathway for the oxidation of indane using MIL-101(Cr or Fe)
as a catalyst and (b) time conversion and product selectivity plot for the oxidation of indane

using MIL-101(Cr) for legend:

indane conversion (m)

and

selectivity to 1-indanyl

hydroperoxide (x), indanone (0), indanol (V) and indanol + indanone (+). Reaction conditions:
75 mg of MIL-101(Cr), catalyst, 20 mmol of substrate, 120 °C, O, atmosphere. (c) A possible
mechanism for oxygen activation by coordination with a transition metal ion resulting in the
generation of radicals. Reprinted with permission from refs.63.81

In a series of studies MIL-101(Cr or Fe) and related materials have been

employed as stable and reusable solid catalysts for the aerobic oxidation of DBT

using n-dodecane or commercial diesel as solvents (Fig. 12a).14

The aim of these

studies was to study the feasibility of the aerobic oxidative desulfuration using
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MOFs as an alternative to current hydrodesulfuration. These studies have been
considered the related precedents to Chapter 5 in this thesis in which organic
ligand functionalised MIL-101(Cr)-based materials have also been used for this
purpose. In the case of using MIL-101(Cr or Fe) the reaction exhibits an induction
period attributed to the solvent or O, diffusion within the MOF cavities. The use of
PBN as a spin trap enabled detecting the presence of HOO' radicals during the
reaction. Furthermore, a hot filtration test showed that if the catalyst is removed
once the reaction is initiated (38 % conversion) the reaction proceeds with the
same temporal profile as with the catalyst. The use of commercial diesel as a
solvent resulted in longer reaction times (~40 h) with respect to n-dodecane
(~24 h) to achieve full DBT conversion. This fact was explained considering the
presence of hydrocarbons with longer chain lengths than n-dodecane and the
possible presence of additives that can decrease the adsorption and reaction of
DBT. Overall, it was proposed that MIL-101(Cr) is acting as a radical initiator and

the reaction proceeds via an auto-oxidation mechanism (Fig. 13b).

a)

O MIL-101 (Cr or Fe) O
O n-dodecane, O,, 120 2C O

S S
24 h, 100 % conversion e
DBT (200 ppm) DBT-0,
b)
INITIATION ERADICAL CHAIN PROPAGATION
§ o) . DBT
DBT + O; DBT* + O,f +—~ DBTY—2- DBT-0, DBT-0,
; ; ; final
geminal pair | free DBT*
radical ionsin | radical product
the case of i cation
solvent

Fig. 13 a) Aerobic oxidation of DBT to DBT-sulfone using MIL-101(Cr or Fe) as the catalyst.
b) Proposed reaction mechanism for the aerobic oxidation of DBT with molecular O, in the
presence of MIL-101(Cr) as the catalyst. Reprinted with permission from ref. 14
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In a related study, a novel iron-based MOF with larger pores was developed
with the aim of reducing the induction period observed when using MIL-101(Cr or
Fe) solids for the aerobic oxidation of DBT.¥” The material is prepared from
tetrathiafulvalene  tetrabenzoic acid (H,TTFTB) and a  preformed
[FesO(CH3CO0)6]ClO, cluster. Interestingly, the resulting MUV-2 material exhibited
the same Fes-usO active center as MIL-101(Fe) or MIL-100(Fe) while having
greater porosity (Fig. 14b). The greater porosity of MUV-2 than MIL-101(Fe) or
MIL-100(Fe) is beneficial for enhancing the catalytic activity for the aerobic

oxidation of DBT to DBT-O; and even when using commercial diesel as a solvent.
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HOOC \1/ 2514.7 g mol !
H,TTFTB L Y _
C34H2008S4
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Fig. 14 a) Synthesis of MUV-2. (a) Representation of the crystal structure of MUV-2 showing
mesoporous channels along the c-axis; and (b) microporous channels orthogonal to the
c-axis. The van der Waals surface is shown in purple. Adpate with permission from ref37
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1.8. MOFs as catalysts for condensation reactions

As commented in the introduction, a large variety of organic compounds are
prepared in the industry through condensation reactions.*>** These types of
reactions have also been studied using MOFs as heterogeneous catalysts.’?-8
Particular success has been achieved using MIL-101(Cr) based catalysts in terms of
catalytic activity and stability. Importantly, as will be commented later, some of
these studies reported the possibility of engineering the catalytic sites in
MIL-101(Cr) through metal node or organic ligand modifications.®? It should be
noted that the present thesis in Chapter 3 will study the development of a
mixed-metal MIL-101(Cr, Fe) solid acid catalyst for the Prins reaction of B-pinene
with formaldehyde for the synthesis of Nopol. Chapter 4 of this thesis studies the
development of an active MIL-101(Cr) based multifunctional solid catalyst through
organic ligand functionalisation for the synthesis of benzimidazoles from
1,2-benzenediamines and benzaldehyde derivatives. Thus, the following
paragraphs will focus on some representative examples of the use of MOFs for

these reactions and which will be considered as the precedents for these two

chapters.

In one of these studies, our group examined the influence of terephthalic acid
substituents on the catalytic activity of MIL-101(Cr) in three Lewis acid catalysed
condensation reactions (Fig. 15).” The series of isostructural materials included
MIL-101(Cr) with electron-withdrawing (NO,, SOsH, Cl) or donating functional
groups (NH;, CHs). Interestingly, a positive linear relationship was found between

the electron-withdrawing ability and the observed catalytic activity.
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Fig. 15 Three acid-catalysed reactions that were studied using MIL-101(Cr)-X as
heterogeneous catalysts. Reprinted with permission from ref. 7

In the case of the Prins reaction and the ring opening of styrene oxide using
methanol catalysed by MIL-101(Cr)-X, a positive liner relationship with the Ometa
Hammett constant of each substituent of the terephthalate ligand was found
(Fig. 16b).” In the case of benzaldehyde acetalization with methanol, the NH, and
CHs substituted MOFs showed higher than expected catalytic activity based on the
ometa Hammett constant of the substituent. In these cases, it was proposed that
the presence of the NH; and CHs functional groups may play a role in the reaction
mechanism or favour the absorption processes, respectively, and thus favour the
catalytic process. Importantly, the use of CO as probe molecules for Lewis acid
sites coupled with in situ FT-IR spectroscopy showed that the presence of NO; on
the terephthalate ligand of the MOF results in an increase of the Lewis acidity of

the metal cluster. In contrast, the presence of NH, as an electron-donating
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substituent in the ligand of the MOF decreases the Lewis acidity of the MOF metal
cluster. Furthermore, the catalyst was found to be stable on reuse. Additionally,
the hot filtration test revealed that the MOF is acting as a truly heterogeneous
catalyst. Overall, this work exemplifies the possibility of tuning the Lewis acidity of
the metal nodes of MIL-101(Cr) with the presence of electron-withdrawing or

donating functional groups in the terephthalate organic ligand.
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Fig. 16 a) Time-conversion plot for the Prins coupling of B-pinene catalysed by MIL-101(Cr)-X.
Legend: MIL-101(Cr)-H (o), MIL-101(Cr)-NO, (m), MIL-101(Cr)-SOsH (o), MIL-101(Cr)-Cl (A),
MIL-101(Cr)-CHs (A), MIL-101(Cr)- NH; (®) and blank control in the absence of a catalyst (#).
Reaction conditions: catalyst (0.08 mmol of Cr); B-pinene (1 mmol); formaldehyde (1 mmol);
acetonitrile (2.5 mL); 80 2C. b) Plot of the logarithm of the relative initial reaction rate versus
the smeta Hammett constant for each substituent on the terephthalate linker. Reprinted
with permission from ref. 7

Another possible strategy to tune the activity of MOFs as solid acid catalysts is
the preparation of mixed-metal MOFs.® As one representative example, a series
of mixed-metal MIL-100(Fe/Ni) materials were found to exhibit enhanced catalytic
activity for the Prins reaction when using the MIL-100(Fe) pattern (Fig. 17).8 The
increase in catalytic activity agrees with the increase in Lewis acidity determined
by CO titration due to the incorporation of Ni%* in the metal node. In addition, the
presence of Ni** in the metal node results in a distortion of the frameworks as

revealed by EXAFS measurements. It was proposed that the presence of Ni?* in
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the metal node favours the accessibility to Fe(lll) Lewis acid sites and this results
in an increase in catalytic activity. Additional catalytic experiments showed that
the mixed-metal MIL-101(Fe, Ni) solid can be used as a reusable and truly
heterogenous catalyst. This work clearly exemplifies the possibility of preparing

stable mixed-metal MOFs with enhanced catalytic activity.
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Fig. 17 (a) Structure of the heterometallic MIL-100 (Fe, Ni) and trimeric heterometallic unit.
Iron and nickel octahedra, and carbon and oxygen atoms are shown in orange, blue, grey,
and red, respectively. b) Time conversion plot of B-pinene using as a catalyst either the
mixed-metal MIL-100(Fe, Ni) 1-3 or homometallic MIL-100(Fe). Reaction conditions: catalyst
(15 mg, 0.5 mol% total metal based); B-pinene (1 mmol); and paraformaldehyde (1 mmol) in
MeCN at 80 2C. Legend (a): MIL-100(Fe) (m), MIL-100(Fe, Ni) 1 (o), 2 (®) and 3 (O). Reprinted
with permission from ref.8

In a series of studies, MOFs have been used as heterogeneous catalysts for the
synthesis of benzimidazoles. In one of these studies, MIL-101(Cr) was found to be
active for the preparation of benzimidazole from o-phenylenediamine and
benzaldehyde derivatives. The catalyst was reused five times without observing a

decrease in catalytic activity.

1.9. Metal-free heterogeneous catalysts

As previously commented, most catalysts used worldwide are based on

transition metals. For the sake of sustainability, it would be worthwhile
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24-2786-88 | this context, at the beginning of the

developing metal-free catalysts.
20th century several studies reported the possibility of using carbon-based
materials as heterogeneous catalysts. One study in 1925 reported the
mineralisation of oxalic and malonic acids in the presence of charcoal as a metal-
free catalyst and molecular O, as an oxidant.®® It was proposed that molecular
oxygen added as an oxidant reacts with charcoal and leads to the formation of
surface reactive oxygen species able to degrade the organic compounds. Several

90,91 or

subsequent studies observed that the coke deposited on acidic oxides
metal phosphates®® employed during the oxidative dehydrogenation of

ethylbenzene was the real catalyst of the process.

In the middle of the 20™ century several studies reported the possibility of
using carbonaceous materials as metal-free catalysts for dehydrogenation
reactions.”® One of the most studied examples included the catalytic
dehydrogenation of ethylbenzene to styrene (Fig. 18). Styrene is an important
commodity for producing polystyrene. In one of these examples, it was reported
that oxidative dehydrogenation of styrene using Zr(HPQ.), resulted in the
formation of coke in the catalyst.®? Further investigation concluded that the active
sites of the catalyst that promote the styrene dehydrogenation were

hydroquinone/quinone- and/or aroxyl/phenol groups.

Zr(HPO4)2 xx
450°C

active coke

Fig. 18 Catalytic oxidative dehydrogenation of ethylbenzene to styrene and formation of
active coke. Reprinted with permission of ref.%3
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Activated carbons obtained from biomass have proven to be a clear example
of sustainability when used as metal-free catalysts.** A series of studies have
reported the use of activated carbon, for example, for the activation of H,0, and
even molecular O, to promote oxidation reactions.® The discovery of new carbon
allotropes and the development of novel carbon-based materials means that the
field of carbocatalysis has further widened. The discovery of graphene in 2004°°

has greatly expanded the field of carbocatalysis.”82427:8

1.10. Graphene-based materials as metal-free catalysts

Graphene is a two-dimensional material made of one atom thick sp? carbons
arranged in a hexagonal lattice.®>% However, there are only a few examples of
ideal graphene used as a carbocatalyst. In contrast, there are many examples
describing the possibility of using defective graphenes as metal-free catalysts.?%?’
Among the various methods to produce defective graphenes the technique based
on the Hummer’s oxidation followed by exfoliation (with or without reduction)
has been the most widely used for the preparation of metal-free catalysts
(Fig. 19).%” This method involves the chemical oxidation of graphite by a mixture of
strong mineral acids with KMnQ, followed by the addition of H,0,. The resulting
graphite oxide material can be later exfoliated by sonication leading to the
formation of graphene oxide. As a function of the degree of oxidation, the oxygen
content of graphene oxide can range from 40 to 60 wt%. The resulting GO can be
further modified by thermal or chemical reduction resulting in the formation of
reduced GO (rGO) with an oxygen content that frequently ranges between 5 to 20
wt% and a reconstituted sp? layer. Fig. 19 also illustrates the large variety of
oxygen functional groups that can be present in varying proportions in GO and
rGO as a function of the preparation conditions. It is important to note that the

use of transition metal oxidants such as KMnO, during the preparation of GO and
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rGO can result in the presence of Mn?* impurities in the materials.®8 Therefore,
when using these graphene-based materials as metal-free catalysis the possibility
that the presence of metal impurities are the active sites of the process should be

discounted.

0
"l'c Q 'ls‘ ‘Q‘ %

DI IL
ﬂ'l‘hermal or chemical

4

reduction

Graphite rGO

Fig. 19 lllustration of the preparation of GO and rGO based on the Hummer’s oxidation
method followed by sonication and reduction processes. Reprinted with permission from
ref.2” (Navalon, S; Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H. Carbocatalysis by Graphene-
Based Materials. Chemical Reviews 2014, 114, 6179-6212). Copyright (2021) American
Chemical Society.

In one seminal study, Bielawski and co-workers showed for the first time the
possibility of using GO as metal-free catalyst for the oxidation of neat benzyl
alcohol to benzaldedye using molecular O, as an oxidant (Fig. 20).% It is important
to note that this reaction has been frequently reported using transition metal and

noble metal-based catalysts. Based on experimental evidence and theoretical
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calculations, the presence of epoxide functional groups in the GO were proposed

as the active sites of the material.

N
OH +%0, - = ©/\O+H20

Fig. 20 Aerobic oxidation of benzyl alcohol to benzaldehyde using GO as metal-free catalyst.

Several examples using GO or rGO as metal-free catalysts have been reported
since then.2627.%89 Many studies focussed on determining the active sites present
on GO or rGO to promote different reactions. In one of these examples, our group
proposed that the presence of hydroquinone/p-benzoquinone-like moieties in
rGO were the active centres responsible of the H,0, activation to hydroxyl
radicals.! The classic metal-catalysed H,0, decomposition of hydroxyl radicals is
called the Fenton reaction. This reaction consists in the one-electron H,0,
reduction to HO and HO™ together with Fe(ll) oxidation to Fe(lll). The catalytic
cycle is reconstituted by the Fe(lll) reduction to Fe(ll) by H,0; and the formation
of HOO' Fig. 21 shows the proposed reaction mechanism for the H,0, activation

by the redox pair hydroquinone/p-benzoquinone.
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Fig. 21 Mechanistic proposal for H,0; activation to hydroxyl radicals using hydroquinone/p-
benzoquinone model molecules for the active sites (AS) in rGO. Adapted with permission
from ref.3! (Espinosa, J.C.; Navalén, S.; Alvaro, M.; Garcia, H. Reduced Graphene Oxide as
Metal-Free Catalyst for the Light-Assisted Fenton-Like Reaction. ChemCatChem 2016, 8,
2642-2648).

More recently, our group has reported the influence of the chemical GO
reduction method on the activity of the resulting rGO for the aerobic oxidation of
benzylamine.'® Previous studies showed that the transformation of GO to rGO
using ascorbic acid, hydrazine (N;H4) or alanina (among other possible reducing
agents) occurs through a series of complex reactions leading to the reconstitution
of the sp? domain in rGO (Fig. 22).8 Importantly, some specific functionalisation
on the graphene sheet is introduced as a function of the reducing agent employed
for the preparation of rGO. Furthermore, as previously commented, previous
studies have identified the quinone/hydroquinone moieties present in rGO as
active sites to promote oxidation reactions using H,0, as well as molecular O..
Therefore, hydroquinone was selected as a reducing agent to promote the
transformation of GO to rGO while introducing quinone/hydroquinone-like

moieties in the graphene sheet. For comparison, other rGO materials were
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prepared using the widely employed ascorbic acid and hydrazine reducing agents.

A thermal reduced rGO sample was also prepared.

a) HoO HO
O _o O _o
HO — HO +2H" +2¢
(0] (0]

HO OH

L-ascorbic acid Dehydroascorbic acid
b) HO o

(0]
D Come® ) o
. O -H,0 o ___@ + o]

epoxide —» HO =
OH 0 0
(0]} o (o]
(o]
G s O .
[:ij’ -H,0
dihydroxyl HOOC. O, _OH
_COOH =
Hogglic acid o HO OH
' OH
OH Glucuronicacid
c) omwHO O
OH

C L 2 2L OHWP
@.g HO  OH

HOOC’COOH

d) COOH >
COOH
o COOH ,,\r g

+ COOH NH NH»
><3uo< j:Hz Sk -H,0 HOOC{'N
OH /
>=C +Ho'+ WNJLCOOH
HaN 0

rGO

Fig. 22 a) L-ascorbic oxidation to dehydroascorbic acid; b) proposed mechanisms for the
reduction of epoxide and dihydroxyl groups with L-ascorbic acid; c) illustration of rGO
association with oxalic and glucuronic acid that improves rGO dispersibility in aqueous
suspensions; and d) possible mechanism of reduction of GO to rGO with alanine. Note that
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some nitrogenated intermediates could still be present in the final complex structure of rGO.
Reprinted with permission from ref.88

Interestingly, the most active sample of the series was the rGO prepared using
hydroquinone as a reducing agent.'® The characterisation data of the catalyst
together with catalytic experiments and mechanistic studies enabled suggesting
the pair of hydroquinone/quinone-like moieties as being responsible for the high
level of catalytic activity observed (Fig. 23).

i) O, + HQ — 0,7+ 5Q

o
N @ ii) 0, + H* — HOO'
+ HOO'

(o]

0, + .
iii) HOO" + e + H* — H,0,

OH
0 e+ H*
,‘ /—\ ,, iv) H,0, +SQ'— HOO + HOQ

Vi) H;0, + HQ— HO" + HO" + SQ"
Reduced HQ Oxidized SQ'
counterpart counterpart Vi) HOO' +5Q' — 0, + HQ

NH, : NH, (HOO or HO species can also act as oxidants)
+5Q0 —» +HQ

Fig. 23 Plausible reaction mechanism involving activation of molecular O, by hydroquinone-
like moieties present in the rGO-HQ1 sample with formation of ROS that generates benzylic
radicals resulting in the final N-benzylidene benzylamine. Reprinted with permission from
ref. 100
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Chapter 2

The aim of this thesis is the engineering of catalytic sites for oxidation and
condensation reactions using metal-organic frameworks or graphene-based

materials.

The specific objectives of each of the chapters are the following:

To design stable mixed-metal MIL-101(Cr/Fe) materials with enhanced catalytic
activity for the Prins reaction. For this purpose, a series of MIL-101(Cr/Fe) solids
with different proportions of metals will be prepared. The solids will be
characterised by a series of techniques including PXRD and spectroscopic
techniques (such as FT-IR, XPS, >’Fe-Mdssbauer spectroscopy), thermogravimetric
analyses, isothermal N, adsorption, and electron microscopy techniques (SEM).
The Lewis acidity of the samples will be evaluated using in situ FT-IR using CO and
CDsCN as probe molecules. The catalytic activity of the materials will be tested for
the Prins reaction, and the reusability and stability of the most active catalyst will

be studied.

The influence of the nature of the substituent of the terephthalate organic
ligand used for the preparation of MIL-101(Cr) materials on the catalytic activity
for the synthesis of benzimidazoles will be studied. The samples will be
characterized using PXRD, spectroscopic, analytical, and electron microscopy
techniques. It is expected that the most active catalyst acts as an efficient
bifunctional catalyst for the synthesis of benzimidales promoting catalysed
condensation on the acid sites and subsequent oxidative dehydrogenation. The
Lewis acidity of the most active sample will be evaluated by in situ FT-IR
spectroscopy using CD3CN as probe molecules. The most active catalyst will be
reused several times and the occurrence of possible metal leaching and/or

possible loss of catalyst crystallinity or morphological changes will be evaluated.
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The aerobic oxidation of thiophenol and DBT derivatives using MIL-101(Cr)
based materials bearing electron-donor or electron-acceptor substituents in the
terephthalate organic ligand is studied. It is expected that a relationship will be
found between the observed catalytic activities due to the metal centres and the
nature of the MOF substituent. The nature of the reactive oxygen species involved
in the catalytic processes will be studied by performing selective radical quenching
experiments and EPR measurements using radical spin traps in the reactions. The
catalytic activity and stability of the most active catalyst will be studied by
performing consecutive reuse experiments and characterisation of the used
catalyst by PXRD and an analysis of possible metal leaching from the solid to the

solution.

Engineering the active sites in reduced graphene oxide for the
development of metal-free catalysts with enhanced activity for the aerobic
oxidations of thiophenol and indane. A series of rGO will be prepared with
hydroquinone, hydrazine, and ascorbic acid to promote the reduction of graphene
oxide. The samples will be characterised by a series of spectroscopic techniques
(i.e., XPS, FT-IR, and diffuse reflectance UV-Vis). It is expected that the reducing
agents will promote the reduction of GO to rGO together with rGO
functionalisation with some groups of the reducing agent in its lattice during the
functionalisation. The reusability of the most active sample will be studied by
performing several consecutive reuses. To gain insight about the reaction
mechanism, several selective radical quenching experiments will be performed for

both aerobic oxidations.
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Chapter 3

3.1 Abstract

This work highlights the benefit of designing mixed-metal (Cr/Fe) MOFs for
enhanced the chemical stability and catalytic activity. A robust and stable mixed-
metal MIL-101(Cr/Fe) was prepared through a HF-free direct hydrothermal route
with Fe¥ content up to 21 wt%. The incorporation of Fe® cations in the crystal
structure was confirmed by >’Fe-Méssbauer spectrometry. The catalytic
performance of the mixed metal MIL-101(Cr/Fe) was evaluated in the Prins
reaction. MIL-101(Cr/Fe) exhibited a higher catalytic activity compared to
MIL-101(Cr), improved chemical stability compared to MIL-101(Fe) and a higher
catalytic activity for bulky substrates compared to MIL-100(Fe). In situ infra-red
spectroscopy study suggests that the incorporation of Fe® ions in MIL-101
structure leads to an increase in Lewis acid sites. It was thus concluded that the
predominant role of Cr®* ions was to maintain the crystal structure, while Fe3* ions

enhanced the catalytic activity.

3.2 Introduction

Metal-organic frameworks (MOFs) have been successfully applied as catalysts
for a large variety of liquid-phase reactions.™> Of particular importance are the
Lewis acid-catalyzed processes due to the wide reaction range and their general
applicability for the production of fine chemicals, pharmaceuticals and
agrochemicals.® Some examples have shown the superiority as catalysts of MOFs

versus zeolites to promote Lewis acid-catalyzed reactions in the liquid phase.” ®

Among the most commonly used MOFs as heterogeneous catalysts,
MIL-101(Cr) combines a series of desirable properties, including: (i) an

exceptional chemical and a suitable thermal stability, (ii) a very high
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porosity with wide pentagonal (1.2 nm) and hexagonal (1.4 nm) windows to
access to the mesoporous cavities (2.9 and 3.4 nm in diameter), (iii) a large
surface area (3000-4200 m? g1), and (iv) a tunable composition through
organic ligand substitution and metal node modification.® Importantly, after
the removal of water molecules coordinated to the metal sites, the metal
node cluster (Cr¥*-trimer) presents inherent Lewis acidity.” Thus,
MIL101-(Cr) has been widely reported as heterogeneous catalyst for those

11-13

reactions that require Lewis acid sites” 1° or redox centers.

Heterogeneous catalysis is continuously searching for more active and
selective catalysts. In the particular case of MOFs as solid Lewis acids, this
target can be achieved, by at least, two alternative ways, either by
introducing electron-withdrawing substituents on the organic linker or by
selecting metal ions with higher acid strength. In this context, it has been
reported that the catalytic activity as Lewis acid of MIL-101(Cr) can be
increased up to three orders of magnitude by introducing electron-
withdrawing groups such as nitro groups in the organic ligand.® However, a
complementary strategy would be to partially replace Cr3* by other
appropriate transition metal. Regarding the possibility to enhance Lewis
acidity by proper selection of the transition metal, an obvious choice is the
replacement of Cr®* by Fe3* in MIL-101. It has been previously established
that for some reactions MIL-101(Fe) is more efficient as catalyst than
MIL-101(Cr),** although the direct comparison between the catalytic activity
of Cr®* and Fe®* is in most cases not possible due to the different nature of
the accompanying counter anion, particles sizes and other parameters. In
addition, MOFs bearing Lewis acid sites such as MIL-100 or MIL-101 suffer
from a partial poisoning of the most active metal sites by impurities (ligand,

anion...).’> Thus depending on the activation conditions, the same material
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can exhibit a significantly different density of Lewis sites of different

strength,!® making thus comparison between various samples cumbersome.

In this context, the lower chemical stability of MIL-101(Fe), easily
converted upon exposure to water or polar organic solvents to the less
porous MIL-88B(Fe),'” has hampered the determination of the real catalytic
3+

activity of Fe3* ions in the MIL-101 structure in comparison with the Cr

analogue.

Previously, some of us have reported the direct preparation of mixed
Cr/Fe MIL-53 materials. It was shown that the introduction of Cr3* ions into
the Fe-MOF was accompanied by a strong enhancement of the chemical
stability.!® Later on this strategy was further extended to prepare highly
porous Cr-MOFs through an easy solvothermal post-synthetic treatment
starting from pre-formed Fe-MOFs.'® However, the synthesis of bimetallic
kinetic phase, such as MIL-101, remains challenging as it requires a careful

tuning of the kinetic reactivity of the cations.

Preparation of heterometallic MOFs is a well-established strategy to
optimize the catalytic activity of these materials.?%?® For instance, doping
MIL-100(Fe) with Ni species was found a convenient way to both increase
the activity of the MOF catalyst, while preserving the good chemical stability
of the bare Fe-MOF.

Herein, the preparation of a robust and stable mixed-metal
MIL-101(Cr/Fe) structure in various Fe® proportions up to 21 wt% is
achieved through a direct hydrothermal synthesis reported avoiding the use

of toxic HF. >’Fe-Mdssbauer spectrometry supports the successful
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incorporation of Fe3* cations within the crystal structure of the mixed-metal
MIL-101(Cr/Fe) solids. Catalytic data for the Prins reaction indicate that the
mixed-metal MIL-101(Cr/Fe) materials exhibit both an increased activity in
comparison with the pure MIL-101(Cr) material, as well as a strongly
enhanced chemical stability compared with the single-metal MIL-101(Fe)
solid. A recent precedent has shown the superior activity of MIL-101(Fe) to
catalysed Nopol synthesis and the present study shows that it can be even
further enanched.® The mesoporosity of the mixed-metal MIL-101(Cr/Fe)
was found to make this material more adequate as catalyst to promote the
Prins addition of bulky substrate compared to MIL-100(Fe), most likely due
to a favored substrate diffusion. In addition, a good relationship between
the Fe3* proportion in the MIL-101(Cr/Fe) catalysts and the observed
catalytic activity has been found. Stability data indicate that MIL-101(Cr/Fe)
solid acts as a true heterogeneous catalyst that can be reused maintaining
its initial crystallinity without undergoing metal leaching. This work
illustrates the successful design of heterometallic MOFs exhibiting a
superior catalytic activity by having one metal with a predominant role in
maintaining the crystal structure (Cr3* in the present case) and a second one

enhancing the catalytic activity (Fe3* in MIL-101).

3.3 Results and discussion

3.3.1 Catalyst preparation

The synthesis of MIL-101(Cr/Fe) by direct hydrothermal synthesis has
been already reported.?* However, the previously reported synthetic
procedure used hydrofluoric acid (HF) as acidic modulator/mineralizing
agent. HF is a highly hazardous liquid (highly toxic and corrosive, as well as

contact poison) and, therefore, not suitable for green and sustainable
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syntheses that are targeted nowadays, particularly for large scale
preparation. A hydrothermal synthesis without HF was recently reported,
but pure MIL-101(Cr/Fe) phase was only obtained for low Fe content
(10 wt% ).%® In the present case, the target was to introduce much larger Fe
proportions and about 20 wt% of the total Cr(NO3)3-9H,0O was replaced by
Fe(NOs)3-9H,0. Consequently, the reported synthesis was optimized to

avoid the use of HF, while achieving higher Fe content.

For the synthesis of pure and well crystallized MIL-101(Cr/Fe) solids, one
of the most difficult challenges to overcome is the competition between the
crystallization of two other polymorphs (i.e. same chemical composition,
but different structure) typically obtained when dealing with M3* cations
and terephthalic acid: namely MIL-101,° MIL-88%* and the
thermodynamically preferred phase MIL-53.2”" 28 The use of mixed-metals
with different reactivity is also known to modify the crystallization process
and influence polymorph formation, not mentioning the risk to form metal
oxides.?® Therefore, attempts to obtain mixed-metal MIL-101(Cr/Fe) using
iron nitrate as Fe3* source and similar synthetic conditions (220 °C, 8 h) as
those used for the pure MIL-101(Cr),*° resulted only in mixtures of
MIL-101/MIL-88B (Fig. SI-171), possibly due to the higher reactivity of iron
cations that drives the phase formation towards MIL-88B. The addition of
non-toxic acidic modulators, such as acetic acid (HOAc) was also explored,
but it resulted as well in MIL-101/MIL-88B mixtures (Fig. SI-1t). A possible
way to address this difference in reactivity between Fe3* and Cr3* is the use
of a less reactive iron source such as metal iron. Fe® has already successfully
been used for the preparation of the mixed metal MIL-53(Cr/Fe).2® As seen
in Fig. SI-2t, the use of Fe® drastically limited the formation of MIL-88B

phase, compared to the use of iron nitrate, but did not fully prevented its
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formation. The use of HOAc did not improve the phase purity and resulted
in mixture of MIL-101/MIL-88B phases (Fig. SI-2). It was, thus, concluded
that this acid modulator was not adequate for the formation of a pure

MIL-101(Cr/Fe) phase.

Basic additives, such as NaOH, KOH and tetramethylammonium hydroxide
(TMAOH), have also been studied for the synthesis of MIL-101 materials. Their use
has been reported to enhance the solubility of the terephthalic acid and to favor
the nucleation process, as the pH conditions are shifted around pH 6, thus
promoting the synthesis of MIL-101. MIL-101(Cr) synthesized in the presence of
low concentrations of TMAOH showed a good crystallinity, high specific surface
area and the formation of pure phases.?" 32 It was hence of interest to investigate
the use of this basic additive for the formation of the mixed metal MIL-101(Cr/Fe).
To minimize the formation of the thermodynamic phase MIL-53(Cr), the reaction
temperature was decreased, while the reaction time increased and various
TMAOH concentrations were tested (0.0125-0.09 M). It was found that the purity
of MIL-101 (Cr/Fe) varied linearly with TMAOH concentrations (Fig. SI-37).
Concentrations above 0.06 M promoted mostly the synthesis of MIL-101 phase,
whereas lower concentrations resulted in traces of the MIL-53 phase. When
TMAOH concentration was increased above 0.07 M, the crystallinity of the
product significantly decreased until an amorphous solid was obtained at 0.09 M
of TMAOH. These results are in agreement with previous studies that showed the
effect of the TMAOH concentration on the crystallinity of MIL-101.32

Further optimization was achieved by further decrease of the reaction
temperature minimizing oxide formation. Two pure MIL-101(Cr/Fe) materials with
4:1 and 5.9:1 Cr:Fe ratios were finally successfully obtained by using TMAOH as
basic additive at 0.06 M at 150 °C. Both MIL-101(Cr/Fe) materials showed
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characteristic Bragg peaks of MIL-101, without any additional peaks, which

confirmed the formation of a pure phase (Fig. 1).

[ €r(NO;);:9H,0 + Fe® + TMAOH |

150 °C/48h
0.06 M TMAOH

MIL-101(Cr/Fe) (5.9:1)

Intensity (a.u.)
e

MIL-101(Cr/Fe) (4:1)

M MIL-101 (calc. pattern)

2 4 6 8 10 12 14
26 (%)

Fig. 1 Normalized PXRD patterns (A= 1.54 A) of MIL-101(Cr/Fe) (4:1) and MIL-101(Cr/Fe)
(5.9:1), compared with the calculated pattern of MIL-101(Cr).

The Cr and Fe atomic content was analyzed by EDX (average of 12
random points) and confirmed by ICP-OES. The composition was found to
be 81 + 2% Cr and 19 + 2% Fe for MIL-101(Cr/Fe) (4:1, 21 wt%) and 85 + 1%
Cr and 15 + 1% Fe for MIL-101(Cr/Fe) (5.9:1, 14 wt%). The low standard
deviation as well as the identical values obtained by EDX and ICP-OES,
suggest a homogeneous dispersion of iron in the sample. The chemical
formulae of  the MOFs deduced from the EDX are
Cr,.4Feqs0H(H,0).0[(0:C)-CeHa-(CO1)]3, Cr;.57Fe0.430H(H20),0[(0,C)-CeHa-
(CO,)]s for MIL-101(Cr/Fe) (4:1) and MIL-101(Cr/Fe) (5.9:1), respectively.
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1900 { MIL-101(Cr)
agger= 3250 m2g

1600 { MIL-101(Cr/Fe) (5.9:1)
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Fig. 2 N, sorption isotherms of MIL-101 (Cr) (black cycles), MIL-101(Cr/Fe) (4:1) (brown
triangles) and MIL-101(Cr/Fe) (5.9:1) (green diamonds) at 77 K (Po=1 atm).

SEM analysis on the two mixed-metal MIL-101(Cr/Fe) solids revealed the
formation of particles, without a well-defined morphology. Nonetheless,
both MOFs showed uniform particles of around 100 nm (Fig. SI-4t). The TGA
curves of the two mixed metal MOFs were compared with that of
MIL-101(Cr) (Fig. SI-5T). The thermal degradation of the structures was
observed around 300 °C under oxygen, which is similar to the pure
MIL-101(Cr),° indicating that the incorporation of Fe3* cations, does not
affect the thermal stability of the framework. The percentage of Cr,0s3
residue obtained in the case of MIL-101(Cr) (31 %) was found to be slightly
lower than then global percentage of the oxide residues (Cr.0s; + Fe;03)
formed in the case of the mixed metal MOFs: 35% for MIL-101(Cr/Fe) (4:1)
and 32% for MIL-101(Cr/Fe) (5.9:1). This may indicate that a small part of
the metal precursors used for the synthesis of the MOFs could have formed

oxides that could not be removed during the activation of the samples.
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N2 sorption measurements of the mixed-metal MOFs exhibit type |
isotherms, with secondary uptakes at p/po ~ 0.1 and p/po ~ 0.2, which are
characteristic of the two microporous windows (pentagonal and hexagonal)
of the two mesoporous cages (Fig. 2). The apparent BET surface areas were
calculated to be 2700 + 100 and 3040 + 60 m? g! for MIL-101(Cr/Fe) (4:1)
and MIL-101(Cr/Fe) (5.9:1), respectively. The pore size distributions of the
pure MIL-101(Cr) and the mixted-metal MIL-101(Cr/Fe) are very close to
each other (Fig. SI-67T), suggesting identical pores structure and that both
metals are incorporated in the framework. The obtained mixed-metal MOFs
exhibited slightly lower surface area than that for the pure MIL-101(Cr)
(3250 m? g1), which could be related to the presence of small percentages

of metal oxides, in agreement with the TGA measurements.

>’Fe-Méssbauer spectrometry was used to gain information about the
oxidation and the spin state of the Fe atoms, along with its electronic
environment, in order to confirm that the Fe of the mixed MOFs was indeed
incorporated in the lattice and to exclude the possibility of Fe being mainly
under the form of Fe oxides or hydroxides. The transmission Mdssbauer
spectra of MIL-101(Cr/Fe) (4:1) recorded at 300 K and 77 K, consist of
quadrupolar doublets with broadened and overlapped lines, indicative of
different environments of Fe atoms (Fig. 3, SI-7 and SI-8t). They were first
recorded at 4 mm s to check that the samples did not contain any High
Spin (HS) Fe(ll) species and then at 2 mm s. Fig. 3 illustrates only the
spectra recorded at 2 mm sL. Different fitting models could be applied with
two components or three components, resulting in the same mean values
of isomer shift (0.33 and 0.48 mm s at 300 K and 77 K, respectively) and
quadrupolar splitting (0.68 and 0.74 mm s at 300 K and 77 K, respectively).

These values are consistent with the presence of HS Fe3" in an octahedral
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environmental, suggesting that they may be located in the octahedral units
of the inorganic building blocks.?335 This is further supported by the
similarity between the Mdssbauer spectra of the mixed MIL-101(Cr/Fe) (4:1)
and the reported spectrum of MIL-100(Fe) (Fig. 3 and SI-8t).3> The isomer
shift values of MIL-100(Fe) are significantly higher (0.42 and 0.54 mm s'1 at
300 K and 77 K, respectively). This difference could result from the amount
of fluorine ions contained in the structure, as the presence of F ions in the
Fe environment results in higher isomer shifts than Fe surrounded by 0.% It
should be noted that in the reported Mdssbauer spectrum of MIL-100(Fe),
the synthesis was performed in presence of KF and it has been previously
demonstrated that the resulting structure has one fluorine atom per Fe
trimer.3® However, in the case of MIL-101(Cr/Fe), the synthesis was
performed without fluorine, and the corresponding coordination position in
the structure is occupied by hydroxyl ions.?® In the present mixed metal
MIL-101(Cr/Fe), the mean values of isomer shift are rather typical of Fe3*
surrounded by oxygen or hydroxyl groups, in fair agreement with the
absence of KF during the synthesis of MIL-101(Cr/Fe). When the content of
Fe incorporated in the synthesis was decreased (ratio Cr/Fe 5.9:1), no
significant differences were observed in the Mdssbauer spectrum (Fig. 3),
except for a slight increase of the quadrupolar doublet asymmetry. The
presence of water molecules in the framework actually influences the
Mossbauer spectra and may be responsible for this difference. It is
important to emphasize that the lack of resolution of the hyperfine
structure does not allow excluding the presence of traces of iron3* oxides in

MIL-101(Ce/Fe) samples, similarly to the case of MIL-100(Fe).

Our strategy therefore allows the preparation of MIL-101(Cr/Fe) solid

with a Fe3*" loading up to 21 wt% using a HF-free route. It should be
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commented that the mesoporous rigid MIL-101 phase exhibits higher BET
surface areas and porosity (3250 m? gt and 1.2 cm? g'!) compared to that of
the flexible microporous MIL-88B (<500 mg? g'%; 0.6 cm? g1), whose pores
undergo a strong contraction upon drying. Therefore, MIL-101 is better
suited as heterogeneous catalyst in comparison to MIL-88B, which shows

important diffusion limitations.

LU e ——r
il SRS

0.99

MIL-101
(Cr/Fe 6:1)

1.00 i ai
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0.98

MIL-101
074 (Cr/Fe 4:1)

Relative transmission

0.96 -

0.92

MIL-100
0.88 - (Fe)
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Fig. 3 Mdssbauer transmission spectra of MIL-101(Cr/Fe) (6:1), MIL-101(Cr/Fe) (4:1) and MIL-
100(Fe), recorded at 77 K.

3.3.2 Catalytic activity

The main purpose of this study was to show that it is possible to
overcome the intrinsic structural instability of the single metal MIL-101(Fe)

solid by exploiting the structural stability of MIL-101(Cr), while introducing
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in nodal positions some Fe3* sites in adequate proportion to preserve
structural stability due to the prevalence of Cr3*, but still sufficiently high to

achieve optimal catalytic activity.

To prove the concept of one metal maintaining the MOF structure and
other acting as catalytic center, the MIL-101(Cr/Fe) (4:1) sample having
about 21 wt% Fe3* was initially selected and its catalytic activity studied for
the benchmark Lewis acid catalyzed addition of B-pinene to formaldehyde
to afford [2-(7,7-dimethyl-4-bicyclo[3.1.1]hept-3-enyl)-ethanol], commonly
known as Nopol (Scheme 1). Nopol is an important commodity with woody
camphoraceous scent used in perfumery for the large scale production of
fragrances.® 3¢ |t is also used in the preparation of pesticides in the
agrochemical industry.® 3¢ This Prins reaction has been widely studied in the
presence of a large range of homogenous (i.e. HCl, SnCl,, ZnCl, etc.) and
heterogeneous catalysts including MOFs, observing that Nopol formation is
accompanied by the presence of some byproducts, 10-pinen-3-ol being the

most common one.”

OH

o}
. /U\ Catalyst ( mol%) +
H™ 'H CH5CN, air, 80 °C

OH

B-pinene formaldehyde Nopol 10-pinen-3-ol

Scheme 1 Prins reaction of B-pinene with formaldehyde and the chemical structure of the
two products observed in the present reaction.

Particularly, formation of Nopol has been reported already using
MIL-100(Fe) or MIL-100(Cr) as heterogeneous catalysts, observing that

these materials efficiently promote the addition reaction, without
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undergoing metal leaching and exhibiting reusability in consecutive batch

reactions.®

In the present study a preliminary blank control experiment in the
absence of catalyst shows that B-pinene conversion does not take place
under the present reaction conditions. In contrast, when MIL-101(Cr) was
present in the reaction, the addition reaction occurs resulting in the
formation of Nopol as main product together with 10-pinen-3-ol (Scheme
1), reaching a conversion of 26 % at 30 h (Fig. 4). The use of MIL-101(Fe) or
MIL-88B(Fe) as iron-based catalysts resulted in a slight increase of the

catalytic activity (~36 % B-pinene conversion at 30 h) respect to the use of

MIL-101(Cr).

100 ~

=1} o
(=} (=)
1 1

Conversion (%)
-y
(=]

20

Time (h)

Fig. 4 Catalytic activity for B-pinene using MIL-101(Cr/Fe) (4:1) (H), MIL-88(Fe) (<),
MIL-101(Fe) (O), MIL-101(Cr) (@), MIL-100(Fe) (V¥), Fe3* acetate ([Od) and in the absence of
catalyst (). Reaction conditions: Catalyst (0.02 mmol of metal), B-pinene (800 uL, 5 mmol),
formaldehyde (750 uL, 5 mmol), acetonitrile (1.26 mL), 80 °C.
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PXRD patterns of the used MOFs revealed that MIL-101(Fe) is, however,
unstable under the present reaction conditions and is largely transformed
into the MIL-88B(Fe) structure (Fig SI-91). Importantly, the use of the novel
MIL-101(Cr/Fe) (4:1) solid resulted in a much more robust material,
exhibiting a significantly higher catalytic activity (85% at 30 h) than MIL101-
(Cr), MIL-101(Fe) or MIL-88(Fe) and even than the homogeneous Fe3*
acetate catalyst (Fig. 4). It should be noted that the higher catalytic activity
of these Fe-based MOFs results, however, in the formation of higher
amounts of 10-pinen-3-ol respect to the less active, but more selective

MIL-101(Cr) catalyst (Table S1t).

To put the catalytic activity of MIL-101(Cr/Fe) (4:1) into context,
MIL-100(Fe) with all the metal nodes constituted by iron was used as
reference. MIL-100(Fe) exhibited only slightly lower activity than
MIL-101(Cr/Fe) (4:1) (Fig. 4 and Table S1t), whose Fe3* content is about 5
times lower. Thus, it seems that the Fe3* sites of MIL-101(Cr/Fe) (4:1) are
intrinsically more active than the ones of MIL-100(Fe). The lower intrinsic
activity of Fe3" in MIL-100(Fe) can be understood considering the smaller
dimensions of windows (0.55 and 0.86 nm) and cavities (2.4 and 2.9 nm) in
MIL-100 respect to the MIL-101 structure imposing diffusion limitations to
the reaction. The higher activity of MIL-101(Cr/Fe) (4:1) respect to
MIL-101(Cr) can also be understood considering the benefits of combining
the highly porous and stable MIL-101(Cr) structure, with a large percentage
of Fe®* ions with higher intrinsic catalytic activity than Cr3*. In this way, even
though the amount Fe3* in the catalyst is only 21 wt %, the activity of Fe3*
ions in this MIL-101 structure is similar or higher than when homometallic

MIL-100(Fe) or MIL-88(Fe) are used as catalyst, due to a more impeded

accessibility to the Fe?* sites.
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In agreement with the above proposal to rationalize the activity of mixed
Cr/Fe MOF, the benefits of MIL-101(Cr/Fe) (4:1) respect to the MIL-100(Fe)
as solid catalyst to promote the Prins reaction of B-pinene are even more
clearly evidenced when a bulkier aldehyde such as benzaldehyde is used as
substrate. In this case, the use of argon atmosphere during the reaction
allowed to achieve a selective addition of B-pinene and benzaldehyde
without formation of oxid. Fig. 5 shows a comparison of the time-
conversion plot under the same conditions for the Prins reaction with
benzaldehyde as reagent using MIL-101(Cr/Fe) (4:1) or MIL-100(Fe) as
catalyst. As it can be seen the activity of MIL-101(Cr/Fe) (4:1) is higher than

that of MIL-100(Fe) in spite of the 5-fold higher Fe3* content of the latter.

H
a) ‘ OH
+ @] Catalyst ( 0.4 mol%)
CHaCN, Argon, 80 °C O
b)
100-
80
S
g 60-
® o-0
2 401 /
c
3
20 /O
obn— B0~ : : .
0 5 10 15 20 25 30
Time (h)

Fig. 5 a) Prins addition of B-pinene and benzaldehyde. b) Temporal conversion plot of
B-pinene using MIL-101(Cr/Fe) (4:1) (m) or MIL-100(Fe) (o) as catalyst. Reaction conditions:
Catalyst (0.02 mmol of Cr+Fe), B-pinene (800 uL, 5 mmol), benzaldehyde (5 mmol),
acetonitrile (1.26 mL), 80 eC.

57



C. Vallés-Garcia et al, J. Mater. Chem. A, 2020,8

To determine the influence of the Fe3* content present in the mixed-
metal MIL-101(Cr/Fe) solid on the catalytic activity for the Prins reaction,
three MIL-101(Cr/Fe) containing different Fe3* contents with values 2.5, 14
and 21 wt% (ratio Cr/Fe 36:1, 5.9:1, 4:1, respectively) were tested. Fig. 6
presents the time-conversion plots for the Prins reaction promoted by these
three mixed-metals MIL-101(Cr/Fe) solids. By plotting the initial reaction
rate vs. the Fe content it was observed that, although Cr3* also catalyzes the
reaction as it can be deduced from the initial reaction rate value at 0 Fe®*
content, the initial reaction rate increases with the Fe3* content. This
increase in the initial reaction rate means that Fe3" is more active than Cr3*
to promote the reaction. Furthermore, an increase of TOF value at higher
Fe3* loadings was observed. In principle, the TOF value should be constant if
all the Fe3* sites were equally active. Therefore, the TOF increase along the
Fe3* percentage suggests some degree of cooperation among the Fe3* sites.
Furthermore, the higher the iron content in the mixed-metal
MIL-101(Cr/Fe) soild the higher the activity accompanied also by increased
formation of the by-products 10-pinen-3-ol (Fig. 7b and Table S17).

a) 11 b) ‘
b g 0.5 zo,i
& -
Sl = %= 0
< E, 0.4 ..o._ 10‘ o °
c = <
2 ™ ® \ o
P 20'3_ % F o 15 20 s
g 40 o Fe content (wt%)
< S 0.2
3 8 o
20 =
S 04 L o
£
¥ . 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25
Time (h) Fe content (wt%)

Fig 6 (a) Time-conversion plot for the Prins reaction between B-pinene and formaldehyde in
the presence of MIL-101(Cr/Fe) (4:1) (m), MIL-101(Cr/Fe) (5.9:1) (o), MIL-101(Cr/Fe) (36:1)
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(o), MIL-101(Cr) (e) and in the absence of catalyst (4). (b) Influence of the iron MIL-101 iron
content on the initial reaction. The inset shows the influence of the iron content on the TOF;
note that the activity of the MIL-101(Cr) has been subtracted to calculate the TON of mixed-
metal MIL-101(Cr/Fe) solids. Reaction conditions: Catalyst (0.02 mmol of Fe+Cr), B-pinene
(800 pL, 5 mmol), formaldehyde (750 uL, 5 mmol), acetonitrile (1.26 mL), 80 eC.

The catalytic activity of mixed-metal MIL-101(Cr/Fe) (4:1) was finally
compared with that of homogeneous Cr3* acetate and heterogeneous Cr,03
or Fe,Os solids (Fig. 7). MIL-101(Cr/Fe) (4:1) exhibits the highest initial
reaction rate in the series followed by the soluble Cr3* salt. This observation
is in agreement with previous results showing the benefits of metal ion
isolation by immobilization in highly accessible metal clusters of porous
MOFs acting as single-site catalysts.3” On one hand, they exhibit similar or
higher intrinsic activity to that of the homogeneous sites catalysts, and on
the other, they undergo much slower deactivation by aggregation due to

site immobilization.
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Fig. 7 (a): Time-conversion plots of B-pinene using MIL-101(Fe/Cr) (4:1) (m), Cr3* acetate
hydroxyde (e), Fe,O3 (O) or Cr,03 (o) as catalysts and (b): Nopol selectivity for Cr3* acetate
hydroxide (a), MIL-101(Fe/Cr) (4:1) (b), Fe,Os (c) or Cr,0Os (d) as catalysts. Reaction
conditions: Catalyst (0.02 mmol metal), B-pinene (800 uL, 5 mmol), formaldehyde (750 uL,
5 mmol), CH3CN (1.15 mL), 80 °C.
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As mentioned above and shown in Scheme 1, besides Nopol the
formation of 10-pinen-3-ol was also observed in the presence of MIL-101.
Selectivity values are presented in Fig. 7b. As described in previous reports,
10-pinen-3-ol arises from the allylic oxidation of B-pinene by molecular
oxygen.3® 3 There are in the literature several studies showing that, besides
as solid Lewis acid, MIL-101 can act also as oxidation catalyst.*%° Under the
present reaction conditions, the highest conversion and highest Nopol
selectivity at final reaction time (30 h) was achieved using the
homogeneous Cr3* salt. Importantly, the use of the heterogeneous
MIL-101(Cr/Fe) (4:1) catalyst results in a higher catalytic activity and higher
Nopol selectivity respect to the metal oxides y-Fe;Os or a-Cr,03 (Fig. 7 and

Table S1t).

In the case of the mixed-metal MIL101(Cr/Fe) (4:1), the heterogeneity of
the reaction was supported by performing a hot filtration test, observing
that the reaction almost completely stopped after filtration of the solid
(Fig. 8a). The minor conversion from 26 to 30 % from 4 to 30 h in the
absence of solid after filtration of the catalyst was due to the occurrence of
B-pinene oxidation to 10-pinen-3-ol, but not to the B-pinene addition to

formaldehyde.
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Fig. 8 a) Hot filtration and reusability tests 15t use (O), 2" use (m), 3t use (@), 4th use (o) and
upon filtration of the catalyst at 2.5 h (¢). b) PXRD patterns for the fresh and used
MIL-101(Cr/Fe) (4:1). Reaction conditions: Catalyst (0.02 mmol metal), B-pinene (800 uL,
5 mmol), formaldehyde (750 uL, 5 mmol), CH3CN (1.15 mL), 80 eC.

Catalyst stability was finally studied by performing four consecutive runs
using the same MIL-101(Cr/Fe) (4:1) sample. Comparison of the temporal
profiles of first and consecutive reactions showed only a slight decrease of
the catalytic activity, while maintaining the same product selectivity of
about 75% (Fig. 8a). This partial deactivation is not due to degradation of
the MIL-101(Cr/Fe) (4:1) catalyst, since little changes were observed in
PXRD patterns recorded after each run compared to the fresh material
(Fig. 8b). A loss of intensity of the first Bragg reflections was observed, likely
due to remaining reactants in the pores. Analysis by ICP-OES of the
chromium and iron content in the liquid reaction phase after filtration of
the solid catalyst showed that the concentration of these metals in the
liguid phase corresponds to about 0.002 and 0.02 wt% of the initial
chromium and iron content of the fresh catalyst, respectively, in agreement
with the absence of degradation of the MIL-101(Cr/Fe). A minor catalyst
deactivation was observed upon consecutive reuse which might be

attributed to adsorption of reaction products or by-products within the
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pores. It is important to note that all molecules involved in the catalytic
process have molecular dimensions smaller than 1 nm and are suitable for
entering the pores of the catalysts through the windows (Fig. SI-107).
However, despite the favoured molecule diffusion, a partial blocking of the
pores and/or active sites may not be excluded, which may cause an
apparent decrease on the perdormance of the material. To corroborate the
possibility of products or by-products adsorption in consecutive cycles, N,
physisorption measurements were conducted for the used and washed
MIL-101(Cr/Fe) material. It was observed that used and washed catalysts
exhibit a slightly lower surface area as compared to the fresh catalyst,
whereas a drastic loss of sorption capacity was observed when the catalyst
was not washed, pointing to the presence of physisorbed molecules filling

the pores (Fig. SI-11 in ESIT).

3.3.3 Characterization of acid sites

In order to get some insight on the higher catalytic activity of the mixed-
metal MIL-101(Cr/Fe) respect to MIL-101(Cr), an in situ infrared
spectroscopy study was undertaken to investigate the Lewis acid sites on
those solids.** Following previous works using MIL-100(Fe)**** or
MIL-100(Cr)** materials, the MIL-101 samples under study were activated at
150 °C under vacuum for 3 h to remove the water molecules coordinated to
the metal centers. Then, the acid strength of the resulting coordinatively
unsaturated sites (CUS) of the MIL-101 solids was studied using CDsCN and

CO as probe molecules.

In the case of CD3CN adsorption on activated MIL-101(Cr/Fe) (4:1), the

characteristic v(CN) and v(CDs) bands due to the presence of CD3CN on both
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the CUS or physisorbed in the solid were recorded (Fig. 9). The broad v(CN)
band with the maximum appearing at 2320 cm™ can be assigned to the
coordinated deuterated acetonitrile on the Cr3* and/or Fe?' Lewis sites
present in the MIL-101(Cr/Fe) (4:1) solid. This v(CN) wavenumber is slightly
lower than that found for MIL-100(Al) (2321 cm™), a fact that agrees with
the polarizing power of AI**>Fe3*>Cr3*.%% In the case of MIL-101(Cr/Fe) (4:1)
solid an additional v(CN) band at higher wavenumber (2350 cm™?) appeared
and could be assigned to adsorption of CD3CN on metal defects with a
higher Lewis acidity as it has been proposed in the case of the MIL-100(Al)
(V(CN) 2341 cm™).*> Physisorbed acetonitrile is characterized by the v(CN)
band appearing at lower wavenumbers (2274-2261 cm™). The band
corresponding to the v(CDs) can be observed at 2112 cm™. For comparison,
CD3CN adsorption on activated MIL-101(Cr) was also studied. The higher
v(CN) wavenumbers of MIL-101(Cr/Fe) (4:1) (2320 and 2350 cm™) wvs.
MIL-101(Cr) (2318 and 2344 cm™) is an indication of the stronger Lewis
acidity of the former. Again, this observation agrees with the charge to
radius ratio of the Cr3 vs. Fe3 and, then, with the expected higher
polarizing power of Fe3 vs. Cr®* as Lewis center.*® Once the CDs;CN
equilibrium was reached for MIL-101(Cr/Fe), outgassing the samples led to
a decrease of the area under the peak at 2350 cm™ in lesser extent than
that of 2320 cm™. This suggests that the higher the Lewis acid strength of
the metal nodes, the higher the observed v(CN) wavenumber and,

therefore, the stronger the adsorption of the probe.
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Fig. 9 FT-IR spectra of CD3CN adsorbed in MIL-101(Cr/Fe) (a, c) or MIL-101(Cr) (b, d). Red line
spectra show the equilibrated CD3CN adsorbed in MOFs; Blue line spectra show the retained
CDsCN after outgassing the corresponding MOF for 1 h period.

Importantly, for the same weight of MIL-101(Cr/Fe) and MIL-101(Cr)
solids the CD3CN adsorption measurements indicated a ten-fold increase of
the area corresponding to the peaks at 2350 and 2320 cm? in
MIL-101(Cr/Fe) (4:1) compared to that of MIL-101(Cr). The higher v(CN)
wavenumber value and the higher peak area in the case of MIL-101(Cr/Fe)
respect to MIL-101(Cr), indicates the presence of higher density and

stronger Lewis acidity of the metal nodes in MIL-101(Cr/Fe) respect to
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MIL-101(Cr). These results are in sharp contrast with those previously
reported for MIL-100(Cr) vs. MIL-100(Fe) that indicate a higher Lewis acid
density for MIL-100(Cr).** This might be a consequence of the partial
poisoning of the strongest Lewis sites in MIL-100(Fe) and/or the presence of
structural defects in MIL-100(Cr). In any case, it seems that for the mixed
metal Cr/Fe solid, the presence of the two metals is associated with a higher
density of structural defects characterized by the 2350 cm™ v(CN) band and

stronger CUS Lewis sites corresponding to the 2320 cm™ v(CN) band.

The acidity of the MIL-101(Cr/Fe) (4:1) material was further
characterized by IR spectroscopy by using CO as probe molecule. Fig. SI-12%
shows three main v(CO) bands corresponding to CO coordinated with Lewis
acid sites [v(CO) at 2195 cm™], CO interacting with Bronsted acid sites
[v(CO) at 2161 cm™] and physisorbed species [v(CO) at 2136 cm™]. In the
case of MIL-101(Cr), similar CO bands were also observed although slightly
shifted to lower wavenumber values for the Lewis and Brdnsted acid sites
respect to the mixed-metal MIL-101(Cr/Fe) (4:1). These observations are in
agreement with the higher acidity of the MIL-101(Cr/Fe) (4:1) solid in
respect to MIL-101(Cr) observed using CD3CN as probe. Once the CO
equilibrium was achieved in each MIL-101 sample, a vacuum treatment
slightly decreased the peak intensity of the Lewis centers, while the signals
of the weaker Bronsted acid sites as well as those of physisorbed CO species

were almost completely vanished.

This IR spectroscopy study allowed us concluding that the higher catalytic
activity observed for MIL-101(Cr/Fe) arises mainly from the increase of
Lewis acidity due to the incorporation of Fe ions at the metal nodes. In

agreement with this conclusion, when the Prins reaction was carried out
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using the MIL-101(Cr/Fe) (4:1) solid adding pyridine as a base,*® the

resulting catalytic activity was drastically reduced (Fig. SI-131 in ESIt).

3.4 Conclusions

The present study illustrates the advantages of combining the structural
robustness and porosity, characteristic of MIL-101(Cr) material with the presence
of Fe3* as active Lewis sites. Overall, the present study exemplifies the potential
that mixed-metal MOF offer in catalysis, particularly when preparation methods
make possible to prepare crystalline materials with a wide range of metal

proportions as it is the case of the present MIL-101(Cr/Fe) materials.

3.5 Experimental section

3.5.1 Materials

All the reagents and solvents employed in this work were of analytical or

HPLC grade and supplied by Sigma-Aldrich.

3.5.2 Catalyst preparation

MIL-101(Cr),*%12 MIL-101(Fe)** and MIL-88B(Fe)*” have been prepared as
previously reported. MIL-101(Cr/Fe) materials were prepared by mixing 1.5
mmol terephthalic acid, 1 mmol metal source (Cr and Fe) and 10 mL
tetramethylammonium hydroxide (TMAOH) solution (0.06 M) in a Teflon
reactor. More precisely, 0.75 mmol Cr(NOs)3-9H,0 and 0.25 mmol of Fe°
were used for MIL-101(Cr/Fe) (4:1) and 0.85 mmol Cr(NOs)3-9H,0 and 0.15
mmol of Fe® for MIL-101(Cr/Fe) (5.9:1). The reaction mixtures were heated

at 150 °C for 48 h under autogenous pressure. The obtained solids were
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isolated by centrifugation (20 min, 14500 rpm) and washed three times with
water and three times with abs. EtOH. Density separation was performed to
remove any iron oxide impurities from the MOFs. In order to remove the
residual ligand molecules from the pores, the solids were treated with a
solution of KF (0.1 M) for 1 h. The purified products were dried at 100 °C

overnight, prior to their characterization.

3.5.3 Characterization

Powder X-ray diffraction patterns were obtained on a Siemens D5000

diffractometer using Cu K, 1,2 radiation (A=1.5406A).

N2 sorption measurements were performed at 77 K on a BELL Japan
Belsorp Max apparatus, after an overnight activation of the samples at 150

°C, under primary vacuum.

>’Fe-Méssbauer spectra were recorded at 300 and 77 K using a °>’Co/Rh
y-ray source moving with a triangular velocity form and mounted on a
conventional electromagnetic drive. The hyperfine structure was modeled
by a least-square fitting procedure involving quadrupolar doublets
composed of Lorentzian lines. The isomer shift values (IS) are referred to
a-Fe at 300 K, while the samples consist of a thin layer of powder containing

about 15 mg of Fe.

The metal content (Cr or Fe) of the MOF samples was determined by
using inductively coupled plasma optical emission spectroscopy (ICP-OES,
Perkin-Elmer). Previously to ICP-OES analysis, the solid samples (10 mg)
were digested using concentrated HNO3 (65 wt%; 20 mL) at 80 °C for 24 h.
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The resulting solution was diluted with Milli-Q water and, then, analyzed by

ICP-OES.

FTIR spectroscopy was performed by compression the solid samples at 2
ton cm™2 in air prior to recording the spectra. In some cases the sample was
mixed with SiO, as binder. Then, the samples were placed in a quartz cell
equipped with KRs-5 (thallium bromoiodide) windows. The cell was
connected to a vacuum line for activation (Pesiquar = 10° mbar for 2 h) prior
to CO or CDsCN adsorption. For the CO adsorption experiments, the
temperature of the pellet was decreased to about -170 °C by cooling the
sample holder with liquid N,. CDsCN adsorption experiments have been
carried out at room temperature. The addition of CO in the cell was from 0
to 2.56 mbar, approximately. CD3CN adsorption was performed at 0.26 or
0.82/0.35 mbar for MIL-101(Cr/Fe) or MIL-101(Cr), respectively.
Transmission IR spectra were recorded in the 4000-400 cm™ range, at 4 cm?
resolution, on a VERTEX 70 spectrophotometer equipped with DTGS

(Deuterated triglycine sulfate detector).

3.5.4 Catalytic reaction

Prins reaction. Prior to its use as catalyst, the corresponding amount of
the solid (typically 0.02 mmol of Cr + Fe metal) was dried in a two-necked
round bottom flask (25 mL) at 100 °C for 12 h. Then, the system was heated
at 150 °C under vacuum for 16 h. Subsequently, the system was cool down
to 80 °C and the reagents added to the system under continuous magnetic
stirring in the following order: acetonitrile (1.26 mL), formaldehyde (750 pL,

5 mmol) and B-pinene (800 pL, 5 mmol).
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Selective quenching experiments were carried out as described above,

but adding pyridine at 20 mol % respect to the substrate.

Reuse experiments were carried out under the general reaction
conditions. At the end of each run, the catalyst was recovered by filtration
through a Nylon membrane (0.2 pm). The retained solid was washed by
flushing hot acetonitrile (50 °C, 400 mL) and, then, ethanol (20 °C, 600 mL).
The resulting solid was dried in an oven at 100 °C for at least 12 h before

being employed in a subsequent catalytic cycle.

The progress of the reaction was followed by gas chromatography (GC)
using a flame ionization detector (FID). During the reaction several aliquots
(100 pL) were sampled, then diluted with acetonitrile (0.5 mL) and filtered
using syringe filters (0.2 um Nylon). Nitrobenzene was finally added as
external standard (10 plL) to each reaction aliquot. Quantification was
carried out using a calibration plot for each commercially available
compound. The samples were analyzed immediately after being taken from

the reaction mixture.
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Fig. SI-1 Normalized PXRD patterns (A= 1.54 A) of
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Fig. SI-2 Normalized PXRD patterns (A= 1.54 A) of the obtained products using as metal sources
Cr(NO3)3:9H,0 and Fe® with different concentrations of AcOH (0.17-0.9 M). Hydrothermal
conditions: 220 °C for 8 h; metal ratio 3Cr:1Fe (top) and 4:Cr:Fe (down).
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Hydrothermal conditions: 180 °C for 48 h; [TMAOH] = 0.0125-0.06 M (top) and 0.07-0.09 M (down).
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Fig. SI-4 SEM-EDX analysis of MIL-101(Cr/Fe) (4:1) and MIL-101(Cr/Fe) (5.9:1).
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Fig. SI-5 TGA curves of MIL-101(Cr/Fe) (4:1), MIL-101(Cr/Fe) (5.9:1) and MIL-101(Cr), under O, flow.
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Fig. SI-6 BJH pore size distribution of MIL-101(Cr) and MIL-101(Cr/Fe) (5.9:1). Sample activation:
150 2C/16 h, under vacumm.
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Fig. SI-7 Mossbauer transmission spectra of MIL-101(Cr/Fe) (4:1), recorded at 300 K and 77 K with 2
fitting models.
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Fig. SI-8 Mdssbauer transmission spectra of MIL-101(Cr/Fe) (4:1) and MIL-100(Fe), recorded at 300 K
and 77 K.
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Fig. SI-9 PXRD of fresh (a) and used in the Prins reaction (b) MIL-101(Fe). Reaction conditions:
Catalyst (0.02 mmol metal), B-pinene (800 pL, 5 mmol), formaldehyde (750 uL, 5 mmol), CHsCN
(1.15 mL), reaction temperature (80 C).
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Fig. SI-10 Represedntation of Nopol (lefts), 10-pinen-3-ol (middle) and B-pinene (right) molecules
with selected largest atomic distances. The measured solvent accessible surface is represented in
place orange and calculated as de Van der Waals distances + 1.4 Angstrom. Calculations performed

using the molecular calculator software MolCalc.
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Fig. SI-11 (a) Adsorption isotherms and (b) BJH pore size distribution of fresh MIL-101(Cr/Fe) (5.9:1)
and after catalysis with (0) or without (A) washing. Sample activation: 80 2C/1 h, under vacuum.
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Fig. SI-12 FT-IR spectra of CO adsorbed in MIL-101(Cr/Fe) (a) or MIL-101(Cr) (b). Red line spectra
show the equilibrated CO adsorbed in the two MOFs; other color line spectra show the retained CO
after outgassing the corresponding MOF for 1 h periods.
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Fig. SI-13 Influence of the presence (m) or absence (0) of pyridine as Lewis acid sites quencher in the
resulting catalytic activity for the Prins reaction using MIL-101(Cr/Fe) (4:1) as catalyst. Reaction
conditions: Catalyst (0.02 mmol of Fe+Cr), B-pinene (800 uL, 5 mmol), formaldehyde (750 uL,
5 mmol), pyridine (1 mmol) acetonitrile (1.26 mL), 80 C.
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Table S1. Summary of the Nopol and 10-pinen-3-ol yields achieved using several catalysts under

study.?
Entry Catalyst Yield (%)
Nopol 10-pinen-3-ol
1 MIL-101(Cr) 25.18 0.31
2 MIL-101(Fe) 25.41 7.59
3 MIL-88(Fe) 32.95 2.05
4 MIL-101(Cr/Fe) (4:1) 63.75 21.25
5 Fe(lll) acetate 41.60 10.40
6 MIL-100(Fe) 62.32 13.68
7 MIL-101(Cr/Fe) (5.9:1) 38.92 4.07
8 MIL-101(Cr/Fe) (36:1) 29.08 2.33
9 Cr*3 acetate hydroxide 88.50 10.05
10 Cr,03 5291 35.27
11 Fe,0s3 42.84 35.62

aReaction conditions: Catalyst (0.02 mmol of metal), B-pinene (800 pL, 5 mmol), formaldehyde
(750 pL, 5 mmol), acetonitrile (1.26 mL), 80 oC, reaction time 30 h.
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Chapter 4

4.1 Abstract

In the present work, nitro functionalized chromium terephthalate
[MIL-101(Cr)-NO,] metal-organic framework is prepared and characterized by
powder X-ray diffraction (XRD), elemental analysis, infrared spectroscopy (IR),
X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and
Brunauer—-Emmett-Teller (BET) surface area. The inherent Lewis acidity of
MIL-101(Cr)-NO; is confirmed by FT-IR spectroscopy using CD3CN as a probe
molecule. The performance of MIL-101(Cr)-NO; as bifunctional catalyst (acid and
redox) promoting the synthesis of wide range of benzimidazoles has been
examined by catalyzed condensation on acid sites and subsequent oxidation
dehydrogenation. The catalytic activity of MIL-101(Cr)-NO; is found to be superior
than analogues catalysts like MIL-101(Cr)-SOsH, MIL-101(Cr)-NH,, UiO-66(Zr),
Ui0-66(Zr)-NO,, MIL-100(Fe) and Cus(BTC), (BTC: 1,3,5-Benzenetricarboxylate)
under identical reaction conditions. The structural stability of MIL-101(Cr)-NO; is
supported by leaching analysis and reusability tests. MIL-101(Cr)-NO; solid is used
five times without decay in its activity. Comparison of the fresh and five times
used MIL-101(Cr)-NO; solids by powder XRD, SEM and elemental analysis indicate
identical crystallinity, morphology and the absence of chromium leaching,

respectively.

4.2 Introducion

Metal organic frameworks (MOFs) are crystalline porous materials whose
crystal structure is assembled by the coordination of metal ions or clusters with
rigid organic linkers defining one, two and three-dimensional structures. Since the
discovery of MIL-101 (MIL: Materiaux de I'Institute Lavosier) by Ferey and co-

workers,! this solid has been extensively used as Lewis acid for wide range of
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organic reactions®® including acetalization, condensation, oxidation, CO; fixation
and coupling reactions due to its robust stability.” ® The catalytic activity derives
from the presence of coordinatively unsaturated metal centres around Cr* ions
upon removal of solvent molecules by thermal activation and its robust structure.
Furthermore, isostructural MIL-101 MOFs were also prepared by replacing
terephthalic acid present in the parent MIL-101 by 2-aminotherephthalic acid or
2-hydroxysulfonylterephthalic acid, among others, to obtain MIL-101(Cr)-NH; or
MIL-101(Cr)-SOsH, respectively. The activity of MIL-101(Cr)-NH, and

MIL-101(Cr)-SOsH has been studied in base catalyzed reactions including

9-14 15-17

Knoevenagel condensation and Bronsted acid catalyzed reactions™",
respectively. Besides introducing active sites on the ligand, the Lewis acidity
around Cr®* can also be enhanced by electron withdrawing substituents on the
linker, thus, increasing the catalytic performance of MIL-101(Cr)-H®. Hence,
compared to MIL-101(Cr)-H, MIL-101(Cr)-NO> has shown improved activity in the
oxidative coupling of benzyl amine'® and acetalization of benzaldehyde.?®

However, the number of examples determining the promotional effect in the

catalytic activity of MIL-101(Cr)-H due to the presence of NO; is still limited.

Many biologically relevant compounds, natural products and drug molecules

20,21 35 3 common core unit and hence considerable efforts

contain benzimidazole
have been made to develop new and efficient methods for the synthesis of
benzimidazole and its derivatives. Benzimidazoles have been synthesised through
the reaction between benzaldehydes and o-phenylenediamine, either with
homogeneous or heterogeneous catalysts which include sulfamic acid,?
FeCl3-6H,0,2 In(OTf)s3,%* Sc(OTf)s,® ionic liquids,?® iodine,?” activated carbon,®
clayzic,®® and FeCls/Al,03.3° On other hand, benzimidazole has also been

synthesised by a series of MOFs as heterogeneous catalysts with different active

centres. For example, a zinc-based MOF was reported to promote the
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condensation of aldehyde with diamines to obtain benzimidazoles.3! [,@Cd-MOF
was used as heterogeneous catalyst to perform the condensation of aldehydes
and amines to give benzimidazoles.3> On other hand, UiO-66(Zr)-NHSOsH (UiO:
University of Oslo) was reported as a heterogeneous Bronsted acid catalyst for
the synthesis of benzimidazole derivatives.®® In another report,
UiO-66(Zr)-NH,.TC-Cu (TC: thiophene-2-carbaldehyde) was employed as solid
catalyst for the synthesis of various benzimidazoles.3* These catalysts require
post-synthetic modification of the as-synthesised material to install the active

sites while such post-synthetic treatment is not required in the present work.

MOFs comprising Lewis acid metal nodes as part of a highly porous lattice are
currently under investigation as solid catalysts.3>3” One of the current interests in
heterogeneous catalysis by MOFs is to show the ability of these materials to act as
multifunctional catalysts promoting reactions in where the reaction mechanism
requires more than one type of active site.3¥* Multifunctionality in MOFs can
arise from the activity of transition metal centers as Lewis acid as well as their
ability to act as oxidation centers to promote oxidation reactions.** In a previous
study, we have shown that MOFs can promote aerobic oxidations by activation of
molecular oxygen and generation of hydroperoxyl and other reactive oxygen
species.*** Moreover it has been shown that the catalytic activity to promote
aerobic oxidations is also strongly influenced by the presence of substituents on
the linker. Inductive effects can increase the electronegativity of the linker and, as

consequence, the oxidation potential of the nodal metal cation.® %0

In the present study two robust MOF solids are used to demonstrate the
bifunctional catalytic activity. These MOFs were selected based on their catalytic
and structural stability. Specifically herein we have used MIL-101 both of the Cr
and Fe forms and UiO-66(Zr) as solid catalysts due to their high stability. Both
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MOFs have in common terephthalic acid as organic linker and for both types of
structures preparation of isostructural materials with organic substituents in the
terephthalic acid has been reported in the literature.® Other common points
between these two MOFs are their large specific BET surface area and their high
porosity that allow easy diffusion of the reagents and products within the internal
pores. Therefore, the catalytic performance of a series of MOFs like
MIL-101(Cr)-H, MIL-101(Cr)-NO,, MIL-101(Cr)-SO3H, MIL-101(Cr)-NH,, UiO-66(Zr),
UiO-66(Zr)-NO;, MIL-100(Fe) and Cus(BTC); is studied in the cyclocondensation
between benzaldehyde and o-pheneylenediamine to achieve

2-phenylbenzimidazole involving Lewis and redox active sites.

4.3 Experimental

4.3.1 Materials

All the reagents, solvents were purchased from Sigma-Aldrich with analytical

or HPLC grade and used as received.

4.3.2 Catalyst preparation

MIL-101(Cr)-X (X: H, NO, NH, SOs3H) solids have been prepared according to
previous reports.’ ! Briefly, the corresponding amount (1.5 mmol) of terephthalic
acid or 2-nitroterephthalic acid and Cr(NOs);:9H,0 (for the synthesis of
MIL-101(Cr)-H) or CrCl; (for the synthesis of MIL-101(Cr)-NOz) (1 mmol) were
introduced into a Teflon autoclave containing demineralized water (8 mL). Then,
HF (10 uL) was added for the synthesis of MIL-101(Cr)-H. The autoclave was
closed and heated at 200 2C for 8 h or 180 oC for 120 h for the preparation of
MIL-101(Cr)-H and MIL-101(Cr)-NO, respectively. Then, the autoclave was cooled

down to room temperature and the obtained solid was washed two consecutive
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times using dimethylformamide (DMF, 120 2C for 1 h) and then, three consecutive
times with ethanol (80 9C) both under continuous magnetic stirring.
MIL-101(Cr)-NH; was prepared by the post-synthetic reduction of the nitro groups
present in preformed MIL-101(Cr)-NO; solid with SnCl,-H,0 according to previous

52 Further, MIL-101(Cr)-SOsH was obtained by post-synthetic

reports.’®
sulfonation of the parent MIL-101(Cr)-H with chlorosulfonic acid as previously

reported.'® >3 These resulting solids were dried in an oven at 100 2C for 24 h.

Ui0-66(Zr)-X (X: H or NO3) solids have been prepared by adopting previously

48 54 Briefly, terephthalic acid or 2-nitroterephthalic acid

reported procedures.
(1 mmol) and ZrCl, (1 mmol) were added to a Teflon autoclave containing DMF
(3 mL). The autoclave was closed and heated at 220 °C for 12 or 24 h for the
preparation of Ui0-66(Zr) and UiO-66(Zr)-NO,, respectively. Once the autoclave
was cooled to room temperature by standing at the ambient, the resulting solids
were collected and washed with DMF at 60 eC for 1 h. Then, the solids were

submitted to Soxhlet extraction using methanol as solvent for 12 h. The resulting

solids were dried in an oven at 100 2C for 24 h.

4.3.3 Catalyst characterization

Powder XRD of MIL-101(Cr)-X (X: H, NO,, NH, SOsH) and UiO-66(zr)-X (X: H or
NO,) were recorded using a Philips XPert diffractometer equipped with a graphite
monochromator (40 kV and 45 mA) employing Ni-filtered CuK, radiation. ATR-FTIR
spectra of the MIL-101(Cr)-X and UiO-66(Zr)-X series were measured with a Bruker
Tensor 27 instrument. Prior to ATR-FTIR measurements the solid samples were
dried in an oven at 100 °C for 16 h to remove physisorbed water. X-ray
photoelectron spectra (XPS) of the solids prepared were collected on a SPECS

spectrometer with a MCD-9 detector using a monochromatic Al (K,= 1486.6 eV)
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X-ray source. Spectra deconvolution was performed with CASA software using the
C 1s peak at 284.4 eV as binding energy reference. Isothermal nitrogen adsorption
measurements were collected at 77 K using a Micromeritics ASAP 2010 apparatus.
The metal content of the MOFs was determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). The solid MOF samples were digested in
concentrated HNOs; (15 mL, 80 °C, 24 h) prior to ICP-AES analyses.
Thermogravimetric analyses (TGA) were measured on a TGA/SDTA851e Mettler

Toledo station. SEM images were captured using a Zeiss instrument.

4.3.4 Reaction procedure

In a typical reaction procedure, 1,2-benzenediamine (1, 0.5 mmol) and
benzaldehyde (2, 0.55 mmol) were dissolved in 2 mL of solvent. To this solution
30 mg (0.1 mmol of Cr) MIL-101(Cr)-NO; catalyst was added. The catalyst loading
of other tested catalysts was 0.1 mmol of metal. This suspension was placed in
hot plate preheated at 70 °C. The progress of the reaction was monitored by gas
chromatography by sampling periodically aliquots of the reaction mixture using
known amounts of nitrobenzene as internal standard. The conversion of 2 and the
selectivity of the final product were determined by gas chromatography using
calibration plots. Product identity was confirmed by GC-MS and H-NMR

spectroscopy.

Hot-filtration experiment was performed following the typical reaction
procedure as described above. However, the catalyst was filtered after 10 min
reaction time and the reaction mixture without solid was allowed to react further
for the remaining time. Also, the course of the reaction was followed as indicated

above determining the reaction mixture at identical time intervals as in the case
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when the MOF was not filtered. Kinetic plots with and without solid catalyst were

compared.

Reusability experiments were performed following the typical reaction
procedure as described above. After the reaction time, the catalyst was recovered
by filtration and repeatedly washed with acetonitrile and dried at 100 2C in an
oven for 24 h. Then, this used catalyst was employed for subsequent runs with

fresh reactants and solvents.

4.4 Results and discussion

4.4.1 Structural description of catalysts

MIL-101(Cr)-H and its isostructural materials were prepared following earlier
reported procedures.” ¥ 31 Powder XRD confirms that the MIL-101(Cr)-X (X: H,
NO,, NH; and SOsH) are isostructural with the parent MIL-101(Cr)-H (Fig. 1). FT-IR
spectroscopy shows the presence of the corresponding functional groups on the
terephthalate ligand by providing their characteristic vibrations peaks (Fig. S1-54).
The chromium metal content was determined by ICP-AES of previously digested
MIL-101(Cr)-X samples and the values are in good agreement with the theoretical
formula of these MOFs (Table 1). Isothermal nitrogen adsorption measurements
confirm the high surface area and pore volume of the parent MIL-101(Cr)-H solid.
The presence of functional groups on the terephthalate linker decreases these
values reflecting the space occupied by the substituents. Thermogravimetric
analysis of MIL-101(Cr)-H and MIL-101(Cr)-NO, are provided in Fig. S5. No
significant differences in thermal stability were observed for both materials. XPS
of the MIL-101(Cr)-X (X: H, NO,, SOsH and NH,) solids confirms the presence and
types of the individual atoms expected for the corresponding MOF (C, O, Cr, N or

S) in agreement with previous reports (Fig. S6-59).*® Specifically, it shows the
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presence of two individual components attributed to the aromatic carbons at
284.6 eV and carboxylate groups at 288.06 eV. The experimental O 1s peak
contains in some cases a single component attributed to the carboxylate groups.
All the samples also present a single component for Cr based on the Cr 2p peak
with only very minor shift in the binding energy. In contrast, the position of the N
1s peak in MIL-101(Cr)-NH; compared to that of MIL-101(Cr)-NO, undergoes a

remarkable change in binding energy from 395.0 to 405.5 eV, respectively.

Similar to powder XRD (Fig. 1), metal content determination by ICP-AES (Table
1), isothermal nitrogen adsorption (Table 1) and XPS also support the successful

preparation of UiO-66(Zr) and UiO-66(Zr)-NO, samples (Fig. S10-511).%8

a) b)

MIL-101(Cr)-NO5 VJ me

MIL-101(Cr)-NHs

M|L-101(CI’)-SO3H LWOZ
.

MIL-101(Cr)-NH,
¢ 10 20 30 4 50 &0 70 0 10 20 30 40 50 60

20 20

Fig. 1 Powder XRD of (a) MIL-101(Cr)-X and (b) UiO-66(Zr)-X solids.
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Table 1 List of MOFs employed as catalysts in this work together with some relevant
textural and analytical data.

Entry Catalyst BET Surface Pore Theoretical
area (m2g1?) volume  metal content (%) /
(cm3g?) Calculated by
ICP (%)
1 MIL-101(Cr)-H 2740 2.20 21.77/22.84

{CrsF(H,0),0(BDC)3)}

2 MIL-101(Cr)-NO, 1848 1.47 17.73 / 16.40
{Cr3CI(H20)20(BDC—NOz)g)}

3 MIL-101(Cr)-SOsH 1550 1.30 16.96 /17.01
{Cr3CI(HZO)ZO(BDC-503H)3)}

4 MIL-101(Cr)-NH; 1555 1.15 20.97 /21.50
{Crgcl(Hzo)zo(BDC-NHz)g)}

5 Uio-66(zr) 1258 0.73 32.80/34.70
6 Ui0-66(Zr)-NO; 700 0.23 28.20/ 32.60
7 MIL-100(Fe) 1205 0.55 23.00/22.20
{FesF30(BTC)3}
8 Cus(BTC), 1250 0.57 31.20/ 32.40
4.4.2 Catalytic activity

Aimed at demonstrating the influence of substituents on the activity of MOFs
as bifunctional catalysts, the present study has focused on a model reaction of
general interest in heterocyclic chemistry such as the cyclocondensation of
o-phenylendiamine (1) with benzaldehyde (2) to form 2-phenylbenzimidazole (4).
Benzimidazoles are nitrogenated heterocycles that find application as therapeutic
agents and pharmaceutical compounds.> The reaction mechanism leading to the
formation of the benzimidazole from 2 and 1 is well understood and comprises
one step leading to the dihydrobenzimidazole that is catalyzed by acids and a
subsequent step involving the oxidative dehydrogenation of the
dihydrobenzimidazole intermediate resulting in the final heterocycle.®® In those

cases in where the oxidation step does not occur at a sufficient rate, formation of
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byproducts such as N,N’-dibenzylidenediimine (5) and
1-benzyl-2-phenyl-1H-benzoimidazole (6) can be observed. Scheme 1 illustrates
the elementary steps of the accepted reaction mechanism involved in the

formation of the various products.
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Scheme 1 Elementary steps with indication of the nature of the catalytic site in the reaction pathway
leading to 4 from 2 and 1 and by-products 5 and 6.

According to the reaction mechanism shown in Scheme 1, a suitable catalyst
for the cyclocondensation of 1 and 2 leading to 4 should be able to promote two
elementary steps, the acid-catalyzed formation of 2-(benzylidendeamino)aniline 3
and its oxidative aromatization towards 4.°® In principle imine formation does not
require strong acid sites and can be promoted by acids of weak or medium acid
strength. Regarding the oxidative step, although aromaticity of the ring is driving

towards the final benzimidazole product, oxidation sites are required, particularly
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to avoid by-product formation. Considering that earlier results have shown the
positive influence of electron withdrawing groups on the linker on the catalytic
activity, it can be expected that the same trend should be found here in the
benzimidazole formation. The results presented below confirm the bifunctional
activity of MOF in this cyclocondensation/oxidation showing the beneficial
influence of nitro groups on the terephthalate linker to promote the oxidative

steps in the mechanism.

The reaction of 1 with 2 to obtain 4 is typically catalyzed either by Lewis®* >’ or
Brénsted acids and redox centers.”® *® Initials attempts were made to synthesize
these compounds using Cus(BTC); MOFs, due to its intrinsic Lewis acid sites and
redox activity of dimeric Cu metal centres. However, the chemical stability of
Cus(BTC), MOFs used for the condensation of 1 and 2 for benzimidazole synthesis
is limited and the solid decomposes.>® Hence, the present work aims to employ
some of the structurally most robust MOFs as heterogeneous solid catalysts for
the synthesis of benzimidazole. The results achieved are summarized in Table 2.
The reaction of 1 and 2 in the presence of MIL-101(Cr)-H at room temperature
afforded 32 % selectivity of 4 at room temperature after 5 h (entry 1, Table 2).
Under identical conditions, the use of MIL-101(Cr)-NO, afforded 42 % selectivity
(entry 2, Table 2). These results show the increase of activity for the synthesis of
product 4 when using MIL-101(Cr)-NO, (TOF 0.38 h) respect to MIL-101(Cr)-H
(TOF 0.21 h'!) working at room temperature. In a related work, Hamadi and co-
workers also showed the benefits of using the heterogeneous UiO-66(Zr)-NHSOsH
solid as Bronsted acid catalyst respect to the parent UiO-66(Zr)-NH, for the
preparation of benzimidazole.?® The reaction of 1 with 2 in the presence of MIL-
101(Cr)-H and MIL-101(Cr)-NO; was carried out at 70 2C and the selectivity were
54 and 79 %, respectively after 5 h (entries 3 and 5, Table 2). Then, the activity of

MIL-101(Cr)-NO, was screened for the reaction between 1 and 2 under identical
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conditions in various solvents including acetonitrile/ethanol and toluene,
observing 55 and 37 % selectivity of 4, respectively (entries 4 and 6 Table 2). The
highest selectivity (82 %) was achieved after 4 h in acetonitrile (entry 8, Table 2). It
is likely that protic solvents such as ethanol interact strongly with the acid and
basic sites, therefore decreasing the catalytic activity, while aromatic solvents may
interact with the organic ligand and are typically strongly adsorbed in some MOF.
A control experiment for the reaction of 1 and 2 under argon atmosphere resulted
in a conversion of about 94 % with around 10 % selectivity of 4. This result
reinforces the need of oxygen to promote the oxidative dehydrogenation to form
the imidazole ring. This oxidative dehydrogenation could involve either metal-
oxygen adducts such as metaloxirane or metalo hydroperoxide and together with
Lewis acidity required in the amino-carbonyl condensation, determines that MIL-
101(Cr)-NO; acts as bifunctional (acid and redox) catalyst. In agreement with the
role of oxygen as reagent to promote dehydrogenation, an additional control
reaction was performed with similar conditions in the presence of pure oxygen
atmosphere (Table 2, entry 20). A selectivity of 90 % to 4 with 100 % conversion of
1 (Fig. S12) was observed under pure oxygen atmosphere, thus reinforcing the
role of the oxygen to promote imidazole formation as indicated in the Scheme 1.
Table S1 summarizes the obtained turnover number (TON) and turnover
frequency (TOF) values for the series of catalysts tested in this work at 70 2C. SEM
images comparing the morphology of MIL-101(Cr)-NO, before and after catalytic
uses showed no significant differences suggesting catalyst stability (Fig. S13).
Further, SEM images of the recovered after one use of MIL-101(Cr)-H,
MIL-101(Cr)-NH,, MIL-101(Cr)-SOsH, MIL-100(Fe), UiO-66(Zr), Ui0-66(Zr)-NO, and
solids showed almost similar morphology compared to their respective fresh
catalysts (Figs. S14-19) while Cus(BTC), indicated some change in its morphology
(Fig. S20).
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Table 2 Summary of the catalytic results for the cyclocondensation of 1 and 2 to form 4 using
MIL-101(Cr)-H and UiO-66(Zr)-based solid catalysts.2

Entry Catalyst Solvent Time (h) T (°C) Conversion Selectivity (%)
(%)b 3 4 5 6
1 MIL-101(Cr)-H CHsCN 5 rt 72 4 32 36 28
2 MIL-101(Cr)-NO; CHsCN 5 rt 79 7 42 24 27
3 MIL-101(Cr)-H CH3CN 5 70 78 5 54 23 18
4 MIL-101(Cr)-NO; CH3CN 5 70 67 3 55 8 34
/EtOH
5 MIL-101(Cr)-NO; CHsCN 2 70 93 1 79 11 9
6 MIL-101(Cr)-NO; Toluene 3 70 88 2 37 25 36
7 MIL-101(Cr)-NO; CH3CN 3 70 82 6 56 22 16
8 MIL-101(Cr)-NO; CH3CN 4 70 100 2 82 6 10
9 MIL-101(Cr)-SOsH CHsCN 4 70 93 18 67 9 6
10 MIL-101(Cr)-NH; CHsCN 4 70 99 30 40 8 22
11  MIL-100(Fe) CH3CN 4 70 99 15 54 14 17
12 Ui0-66(Zr) CH3CN 4 70 90 26 19 47 8
13 Ui0-66(Zr)-NO; CHsCN 4 70 99 17 59 22 2
14 Cus(BTC)2 CHsCN 4 70 98 31 51 15 3
15 Cr,03 CH3CN 4 70 95 22 51 23 4
16  Cr(OAc)s CH3CN 4 70 96 15 47 30 8
17 - CH3CN 4 70 98 27 44 25 4
18  2-nitroterephthalic CH3CN 4 70 100 1 6 1 92
acid
19  MIL-101(Cr)-NO,¢ CH3CN 4 70 100 4 69 0 27
20  MIL-101(Cr)-NO3¢ CH3CN 4 70 100 0 90 0 10

2 Reaction condition: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal), solvent (2 mL).
bDetermined by GC.

‘Reaction was performed in the presence of pyridine (0.1 mmol).

eReaction was performed in the pure oxygen atmosphere.

As commented earlier, a wide range of Lewis and Bronsted acids have been

reported as catalysts for the synthesis of benzimidazole derivatives. Therefore, it

was of special interest to study the activity of MIL-101(Cr)-SO3H that combines the

Lewis acidity of Cr metal nodes with the Bronsted acid sites of sulfonic groups. In

this context, MIL-101(Cr)-SOsH has already been reported as an efficient Bronsted

acid catalyst for a series of reactions particularly in biomass valorisation.

60, 61 It

was observed that MIL-101(Cr)-SOsH exhibits 67 % of selectivity for the reaction of

1 and 2 in acetonitrile at 70 oC after 4 h (entry 9, Table 2). Further, the use of

MIL-101(Cr)-NH, afforded 40 % selectivity of 4 under similar reaction conditions

(entry 10, Table 2). On other hand, the reaction of 1 with 2 using MIL-100(Fe) as
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catalyst reached 54 % selectivity of 4 under identical reaction conditions (entry 11,

Table 2).

To further expand the study on the influence of substituents on the catalytic
activity of robust MOFs, UiO-66(Zr) was also tested as catalyst for the
condensations between 1 and 2. The selectivity of 4 was 19 % with UiO-66(Zr)
under the optimized reaction conditions (entry 12, Table 2) which is comparatively
lower than using MIL-101(Cr)-H and MIL-100(Fe) as catalysts. Interestingly, the
selectivity of product 4 under identical conditions increased to 59 % using UiO-
66(Zr)-NO; as solid catalyst under identical conditions (entry 13, Table 2). These
control experiments have clearly demonstrated that under identical reaction
conditions the activity of MIL-101(Cr)-H or UiO-66(Zr) is lower compared to MIL-
101(Cr)-NO2 or Ui0-66(Zr)-NO, solid catalysts. This higher activity of nitro-
functionalized MIL-101(Cr)-NO; or UiO-66(Zr)-NO; is attributed due to the higher
strength of the Lewis acid centres in these catalysts due to the electron-
withdrawing effect of NO, group on the aromatic ring. Furthermore, Cus(BTC),
was also employed as solid catalyst for this reaction, observing 51 % selectivity of

4 (entry 14, Table 2) under identical conditions.

In order to understand the role of MIL-101(Cr)-NO; in this reaction, a series of
control experiments were performed and the results are given in Table 2. The use
of homogeneous metal salts such as Cr,03 and Cr(OAc)s as catalysts resulted in 51
and 47 % selectivity of 4 under identical conditions (entries 15-16, Table 2). On
other hand, the reaction of 1 with 2 under similar conditions in the presence of
2-nitroterephthalic acid afforded 6 % selectivity of the product (entry 18, Table 2).
These experiments clearly reveal that the catalytic activity of MIL-101(Cr)-NO;
originates from the Lewis acidity around the nodal Cr®* atoms in MIL-101(Cr)-NO,.

These results are in agreement with earlier reports in a wide range of
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reactions.’® % Fig. 2 shows the evolution of selectivity of 4 from 1 and 2 using MIL-
101(Cr)-H and MIL-101(Cr)-NO, as catalysts. Furthermore, the activity of MIL-
101(Cr)-NO, was significantly reduced for the reaction of 1 with 2 upon addition
of pyridine as a catalyst poison. This lower activity of MIL-101(Cr)-NO; in the
presence of pyridine can be explained considering neutralization of Lewis sites

(Cr*) by pyridine (entry 19, Table 2).

100
[ )

75
S
< 50
o
o [
>

25

0 1 2 3 4
Time (h)

Fig. 2 Time-yield plot for benzimidazole formation using MIL-101(Cr)-NO; (e) or MIL-101(Cr)-H (m) as
catalysts. Control experiments using pyridine in the presence (o) or in the absence of
MIL-101(Cr)-NO; (0) are also shown. Reaction condition: 1 (0.5 mmol), 2 (0.55 mmol), catalysts
(0.1 mmol of metal), CH3CN (2mL), 70 °C.

Reusability tests using the most active MIL-101(Cr)-NO; catalyst show that the
activity decreases from the first to the third catalytic cycle, while, then, the
activity is maintained up to the fifth cycle. Importantly, it was observed that the
catalyst retains its initial crystallinity upon extensive use as catalyst and SEM
analysis of the samples show no changes in the particle morphology (Fig. S13).
Furthermore, elemental analysis by ICP-AES of the liquid phase after removal of
the solid indicated negligible amount of Cr 0.02 wt%, thus supporting the
heterogeneity of the process in the case of MIL-101(Cr)-NO,. Combustion
elemental analysis of the used MIL-101(Cr)-NO, catalyst showed slight increase of
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the nitrogen content, even though it has been thoroughly washed with CH3CN
(see experimental section), respect to the fresh sample. This increase of nitrogen
content has been attributed to the occurrence of strong adsorption of the basic
nitrogen reagents and intermediates on to the acid sites of the MIL-101(Cr)-NO;
and, therefore, partially blocking the active sites (Table S2).

a) 100 b)
)
75
s 50 d
°
2 C
>
Bdfo—0o b
a
0-f : : : :
0 1 2 3 4 0 10 20 30 40 5 60
Time (h) 26

Fig. 3 a) Reusability of the MIL-101(Cr)-NO, for the condensation of 1 with 2 to form the
corresponding benzimidazole 4; b) PXRD of the fresh (a), 1t use (b), 3™ use (c) and 5t use (d)
MIL-101(Cr)-NO; catalyst. Reaction condition: 1(0.5 mmol), 2 (0.55 mmol), catalysts (0.1 mmol of
metal), CHsCN (2mL), 70 oC.

An important issue in heterogeneous catalysis is to confirm that the process is
promoted by the active sites on the solid or not by any possible leached metal
species present in the solution. To address this point, hot-filtration experiment
was performed starting the reaction under the conventional conditions and
removing the solid catalyst by filtration at about 50 % conversion. Then, the
reaction mixture was stirred in the absence of catalyst for the remaining time. The
results are presented in Fig. 3. It was observed that the reaction did not progress
without the solid catalyst and the product yield remains constant. These data are
compatible with the conclusion that the reaction is being promoted exclusively by

the active sites of MIL-101(Cr)-NO; solid rather than by any leached species.

Table 3 provides a comparison of the catalytic performance of MIL-101(Cr)-NO,

with some of the catalysts reported in the literature for the synthesis of 4 in terms
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of solvent, reaction temperature, time and the number of reuses. As it can be
seen there, the activity of MIL-101(Cr)-NO; is slightly lower or comparable to
other reported catalysts. However, MIL-101(Cr)-NO appears as a stable catalyst at
least for five uses. Further, MIL-101(Cr)-NO; is one of the few examples in where

the solid is used without the requirement of post-synthetic modification.

Table 3 Comparison of the catalytic activity of MIL-101(Cr)-NO, with other
catalysts for the synthesis of 4.

Catalyst Conditions Yield  Reuses Ref.
(%)

Cu0/SiO, MeOH, RT, 4 h 93 5 [62]
Ag>COs/celite EtOH,70°C,3 h 94 - [63]
Fe(Il1)-Schiff base/SBA-15 H,0, reflux, 3 h 92 6 [64]
N,N-DMA/graphite EtOH, 75°C, 3 h 67 3 [65]
(DMA: N,N-dimethylaniline)
CoO EtOH,RT,6 h 93 4 [66]
Nano ZnO EtOH, reflux, 2 h 88 3 [67]
Nano sulphated zirconia EtOH,78°C,5h 92 3 [67]
Nano-y-alumina EtOH, 75°C,5h 85 3 [67]
Nano ZSM-5 EtOH, 75°C,5h 75 3 [67]
Si0,-0SOsH EtOH, 80 °C, 0.5 h 92 3 [68]
Ui0-66(2Zr)-NH-SOsH EtOH, RT, 1 h 97 5 [33]
TiClzOTf EtOH, RT, 1.25h 84 - [69]
VOSO.4 EtOH,RT, 1 h 92 4 [70]
MIL-101(Cr)-NO; ACN, 70°C, 4 h 82 5 This work

After screening different catalysts and various reaction conditions for the
synthesis of 4, the scope of MIL-101(Cr)-NO; was explored as heterogeneous solid
catalyst for the synthesis of a wide range of benzimidazole derivatives (Table 4).
The reaction of 1-naphthylbenzaldehyde with 1 using MIL-101(Cr)-NO; as catalyst
afforded the corresponding naphthyl benzimidazole derivative in 84 % yield.
2-Hydroxy- and 4-methoxybenzaldehydes were reacted successfully with 1 in the
presence of MIL-101(Cr)-NO; to afford 71 and 78 % yields of their corresponding
products. On other hand, the reaction between 2-hydroxy-5-chlorobenzaldehyde
and 1 afforded the expected benzimidazole in 60 % vyield. Furthermore,
4-phenylbenzaldehyde also reacted with 1 to give 54 % yield of the corresponding

product. These lower yields may be due to the bulkier nature of these aldehydes
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which may experience some diffusion limitations to reach the active sites.
Interestingly, aldehydes bearing electron withdrawing substrates like 2-fluoro-,
2-bromo- and 3-nitrobenzaldehydes reacted with 1 to provide respective
benzimidazoles in 80, 71 and 92 % vyields under the optimized conditions. The
enhanced activity of these aldehydes respect to aldehydes with electron donating
groups may be due to the rapid formation of the corresponding imine due to the
higher reactivity of carbonyl groups with higher positive charge density.
Analogously, 3-styrylbenzaldehyde reacted with 1 in the presence of
MIL-101(Cr)-NO; to give the respective product in 91 % yield. This enhanced yield
is highly promising since the final heterocyclic product bears vinyl groups which
can be readily used as monomers in the synthesis of polymers. Heterocyclic
aldehydes like 2-thiophenenecarbaldehyde, 2-furfural and
2-pyridinecarbaldehyde also reacted with 1 using MIL-101(Cr)-NO, as catalyst to
afford the corresponding benzimidazoles in 72, 64 and 51 % yields under identical
conditions. These lower yields may be due to the competitive binding of
heteroatoms with the Lewis acid sites, but further studies are necessary to prove
this hypothesis. 4-Ethoxy-3-methoxybenzaldehyde and
3-t-butyl-2-hydroxybenzaldehydes also gave the respective benzimidazoles in 84
and 70 % vyields using MIL-101(Cr)-NO; as solid catalyst without much diffusion
limitations. Finally, the reaction between 1-heptanal and 1 exhibited 53 % vyield of
the hexylbenzimidazole under identical conditions. This moderate activity may be
due to the lower reactivity of aliphatic aldehyde than aromatic aldehydes. These
results indicate that MIL-101(Cr)-NO; is a general and convenient solid catalyst for

the synthesis of wide ranges of benzimidazoles in moderate to high yields.
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Table 4 Structures and the corresponding yields of benzimidazole derivatives prepared using
MIL-101(Cr)-NO; as a multifunctional solid catalyst.2

H
N H HO H
Cro N :
W i !
84

71 78
H HO, H Br H
L CL<0) C-0-0
Cl N
60 71 54
F A\ NO
50 @ S
N/ @EN/ N/
80 91 92
s N o B n
< L=< CL—O
72 64 51
b | o o
N N/ N/
84 70 53

a Reaction conditions: aldehyde (0.5 mmol), 2 (0.55 mmol), MIL-101(Cr)-NO, (0.1 mmol Cr), ACN
(2mL), 70°C, 4 h.
bDetermined by GC.

4.4.3 Characterization of the Lewis acid centers

In order to get some understanding of the higher catalytic activity achieved
with ~ MIL-101(Cr)-NO, as solid Lewis acid catalyst respect to the parent
MIL-101(Cr)-H, infrared spectroscopy was employed as a spectroscopic tool for
CDsCN as a probe molecule to determine the relative Lewis acid sites.”* Prior to
the FT-IR measurements, the solid samples were activated at 150 2C under
vacuum for 3 h to remove the water molecules coordinated to the Cr** metal
centers.”> 7 Subsequently, CDsCN was supplied to the thermally activated solids.

Fig. 4 shows the equilibrated curve corresponding to the adsorption of CD3CN on
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the activated solids. In agreement with previous reports, the characteristic v(CN)
and v(CDs) vibration bands corresponding to CDsCN physisorbed or coordinated to
the Cr¥ Lewis centers can be clearly distinguished.”® It should be noted that for
the FT-IR experiments the same amount of solid was employed, thus, the higher
intensity of the band at about 2323 cm™ for the MIL-101(Cr)-NO, respect to the
MIL-101(Cr)-H indicates the higher population of Cr3* Lewis centers present in this
sample. In addition, the higher v(CN) wavenumber measured for MIL-101(Cr)-NO;
solid respect to that observed for MIL-101(Cr)-H (2320 cm™) is an indication of the
stronger Lewis character of the former sample. Interestingly, the Lewis acidity of
the MIL-101(Cr)-NO; characterized by the v(CN) at 2323 cm™ is higher than that
observed for related MIL-100(Fe) or MIL-100(Al) material with analogous metal
nodes.” It is well-known that the Lewis acidity of Al** ions is higher than that of
Cr3* ones, while in this case the presence of the nitro group in the terephthalate
organic ligand of the MIL-101(Cr)-NO, has a positive effect inducing a stronger
acidity on the Cr® metal centers respect to AI** ones. All these observations
support that the higher catalytic activity observed for the MIL-101(Cr)-NO; solid
derives from the increased Lewis acidity around Cr® nodes that enhances both

the acid and redox steps in benzimidazole formation.
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a) Cr3* Lewis acid sites b)
D3C-C=N--[]

v(CN)
2323 Physisorption
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Fig. 4 a) FT-IR spectra of CD3CN adsorbed in MIL-101(Cr)-NO; at 6 mbar and -170 2C; Blue line
spectra show the CDsCN desorption from MIL-101(Cr)-NO,. b) Comparison of the FT-IR spectra of
CD3CN adsorbed on MIL-101(Cr)-NO; (red line) or MIL-101(Cr)-H (black line) at 6 mbar and -170 °C.

4.5. Conclusions

The results provided here show that the activity and selectivity of
MIL-101(Cr)-H for the cyclocondensation of 1 and 2 to give 4 can be improved by
nitro substitution on the terephthalate linker resulting in MIL-101(Cr)-NO,. The
process requires a bifunctional (Lewis acid and oxidation sites) catalyst.? Further,
MIL-101(Cr)-NO; is stable up to five uses without activity decay as shown by
leaching tests to prove the heterogeneity of the reaction. The catalyst exhibited a
wide scope respect to the benzaldehyde derivatives to obtain different
benzimidazole derivatives. MIL-101(Cr)-NO, does not need any post-synthetic
treatment, while some of previously reported catalysts require post-synthetic
modifications.3* 3* 59 Qverall, the present catalytic data provide additional insights
to the existing literature in using MIL-101(Cr)-NO; as heterogeneous bifunctional

catalyst for the synthesis of nitrogen heterocycles.
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4.8 Supporting information
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Fig. S1 FT-IR spectrum recorded for MIL101(Cr)-H. The inset shows an expansion of the 1700-
1400 cm™ region. The arrows show some of the characteristic vibration bands.
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v (NO;) 4ym 1500 cm?
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4000 3500 3000 2500 2000 1500 1000 500
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Fig. S2 FT-IR spectrum recorded for MIL101(Cr)-NO,. The inset shows an expansion of the 1600-
1300 cm™! region. The arrows show some of the characteristic asymmetric and symmetric vibration
bands.
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v (5=0) 1160 cm!

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Fig. S3 FT-IR spectrum recorded for MIL101(Cr)-SOsH. The inset shows an expansion of the 1300-
1100 cm™ region. The arrows show some of the characteristic vibration bands.
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Fig. S4 FT-IR spectrum recorded for MIL101(Cr)-NH,. The inset shows an expansion of the 1700-
1500 cm region. The arrows show some of the characteristic vibration bands.
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Fig. S5 Thermogravimetric profiles of the MIL-101(Cr)-H (a), % Cr (experimental) = 21.77 %; % Cr (theoretical)
= 22.84 %, and MIL-101(Cr)-NO; (b), % Cr (experimental) = 18.28 %; % Cr (theoretical) = 17.89 %, fresh
materials.
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Fig. $6 XP spectra of MIL-101(Cr)-H. (a) C1s, (b) O1s and (c) N1s peaks with the corresponding best fit
to individual components.
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Fig. S7 XP spectra of MIL-101(Cr)-NH,. (a) C1s, (b) O1s, (c) N1s and (d) Cr2p peaks with the
corresponding best fit to individual components.
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Fig. S8 XP spectra of MIL-101(Cr)-NO,. (a) C1s, (b) O1s, (c) N1s and (d) Cr2p peaks with the
corresponding best fit to individual components.
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Fig. S9 XP spectra of MIL-101(Cr)-SOsH. (a) Cls, (b) Ols, (c) Cr2p and (d) S2p peaks with the
corresponding best fit to individual components.
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Fig. S10 XP spectra of UiO-66(Zr)-H. (a) C1s, (b) O1s and (c) Zr2p peaks with the corresponding best
fit to individual components.
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Fig S11 XP spectra of UiO-66(Zr)-NO,. (a) Cls, (b) Ols, (c) N1s and (d) Zr2p peaks with the
corresponding best fit to individual components.
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Fig. S12 Time-yield plot for the formation of benzimidazole (4) and other byproducts with pure
oxygen atmosphere (a) and air atmosphere (b); yield 3 (0); yield 4 (e); yield 5 (4); yield 6 (m).
Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (30 mg, 0.1 mmol of metal, 20 wt%),

ACN (2 mL).
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Fig. $13 SEM images of the fresh MIL-101(Cr)-NO; catalyst (a, b), after one use (c, d) and after five
uses (e, f) in the synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol
of metal), ACN (2 mL).
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Fig. S14 SEM images of the fresh MIL-101(Cr)-H catalyst (a, b) or after one use (c, d) as catalyst for
the synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal),
ACN (2 mL).
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Fig. S15 SEM images of the fresh MIL-101(Cr)-NH, catalyst (a, b) or after one use (c, d) as catalyst for
the synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal),
ACN (2 mL).
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Fig. S16 SEM images of the fresh MIL-101(Cr)-SOsH catalyst (a, b) or (c, d) after one use (c, d) as
catalyst for the synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol
of metal), ACN (2 mL).
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Fig. S17 SEM images of the fresh MIL-100(Fe) catalyst (a, b) or after one use (c, d) as catalyst for the
synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal),
ACN (2 mL).
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Fig. S18 SEM images of the fresh UiO66(Zr)-H catalyst (a, b) or after one use (c, d) as catalyst for the
synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal),
ACN (2 mL).

129



C. Vallés-Garcia et al, J. Colloid Interf. Sci., 2020, 560

Fig. S19 SEM images of the fresh UiO66(Zr)-NO; catalyst (a, b) or after one use (c, d) as catalyst for
the synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal),
ACN (2 mL).
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Fig. S20 SEM images of the fresh Cus(BTC), catalyst (a)-(b) or (c, d) after one use as catalyst for the
synthesis of 4. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (0.1 mmol of metal),
ACN (2 mL).

Table S1. TON and TOF values for the different catalysts under study.?

Entry Catalyst TON TOF (h)
1 MIL-101(Cr)-NO> 4.1 13.2¢
2 MIL-101(Cr)-SOsH 3.3 2.0d
3 MIL-101(Cr)-NH; 2.0 3.0¢
4 MIL-100(Fe) 2.7 1.7¢
5 Uio-66(zr) 0.9 0.8¢
6 Uio-66(2r)-NO, 2.9 0.9¢
7 Cus(BTC), 2.5 0.6¢
8 Cr,03 2.5 2.0d
9 Cr(OAc); 2.3 2.6¢
10 MIL-101(Cr)-NOzP 4.5 14.4¢

aReaction condition: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (30 mg, 0.1 mmol of metal, 20 wt%),
solvent (2 mL), reaction temperature (70 2C).

bReaction was performed in the pure oxygen atmosphere.

“Values at 0.25 h.

dvalues at 1h.

131



C. Vallés-Garcia et al, J. Colloid Interf. Sci., 2020, 560

Table S2 Elemental analysis of fresh MIL-101(Cr)-NO; catalyst and after being used before and
after washings. The data show that after the washing there is still NH, adsorbed in the
catalyst. Reaction conditions: 1 (0.5 mmol), 2 (0.55 mmol), catalyst (30 mg), ACN (2 mL).

N % C% H % 0%
Fresh catalyst 4.5 34 2.7 58.8
Catalyst before washed 10.5 57.4 3.6 28.5
Catalyst 6.3 36.5 2.4 54.8

After washed
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Chapter 5

5.1 Abstract

A series of MIL-101(Cr)-X functionalized with electron withdrawing (NO2, SOsH
or Cl) or electron donor (NH, or CHs) groups has been tested for the solvent-free
oxidative coupling of thiophenol to disulfides. No byproducts were observed. A
relationship between the catalytic activity of these MOFs with the substituent
meta Hammet constant on the terephthalate ligand and with their redox potential
was found, MIL-101(Cr)-NO, being the most active catalyst. NO,-substituted
MIL-101 is also more efficient than the parent MIL-101(Cr) to promote the
aerobic desulfurization of dibenzothiophenes in n-dodecane or commercial diesel
as solvent. No byproduct formation was observed. Mechanistic studies reveal that
MIL-101(Cr)-NO; is acting as heterogeneous catalyst in thiophenol oxidation and
as radical initiator for the aerobic desulfurization. For both reactions, the
catalyst can be reused without deactivation, maintaining its crystallinity and

with negligible metal leaching.

5.2 Introduction

Metal-organic frameworks (MOFs) are a class of crystalline porous materials
constituted by metal ions or metal clusters coordinated to multipodal organic
ligands'®. Since the first reports about the preparation and characterization of
MOFs at the end of 90s, a vast number of these materials combining many types of

organic linkers and inorganic units have been reported.®’” MOFs have found

applications in different areas® including adsorption and separation®,

11,12 14,15

catalysis!'?, photocatalysis®®, sensing or biological applications®, among

others. The superior catalytic activity of MOFs respect to other alternative solids

has been frequently reported.t’-2°
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In particular, the interest of MOFs as heterogeneous catalysts is continuously
increasing due to their fascinating possibilities to tune their composition and
structure to each specific reaction.?**® Among them, MIL-101(Cr) (MIL: Materiaux
de l'institut Lavoisier) prepared by Férey and co-workers has attracted a large
interest due to its remarkable porosity, surface area and structural stability.!
MIL- 101(Cr) is constituted by terephthalate ligands and Crs-psO-carboxylate
nodes where octahedrally coordinated metal ions are bond to carbox- ylate
groups and to water molecule or one fluoride ion.>3132

Assembly of the nodes and linkers results in supertetrahedral units forming
two mesoporous cavities of 1.6 and 1.2 nm diameter accessible through
hexagonal (8.6 A) and pentagonal (5.5 A) windows, respectively (Fig. 1a). The wide
MIL-101(Cr) windows allow the diffusion of substrates through the large surface
area (2700 m? g?) and pore volume (2.1 cm3 g?) of the solid. Of special interest in
catalysis is the possibility to remove adsorbed molecules present in the MOF by
thermal treatment (150 °C) under vacuum resulting in the formation of
coordinatively unsaturated sites (CUS) that can act as Lewis acid or redox
centers (Fig. 1b).333* More recently it has been reported that the presence of
electron donor and electron acceptor functional groups at the terephthalate
linker can tune the Lewis acidity®® and the redox properties®® of MIL-101(Cr)
metallic nodes. In particular, the NO, substitution on the terephthalate linker
enhances the catalytic activity with respect to the parent terephthalate for three
common Lewis-catalyzed reactions as well as for the oxidative coupling of

benzylamine using molecular oxygen as oxidant (Fig. 1).353®
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Fig. 1 a) Schematic 3D representation of the MIL-101 structure made of smaller (green) and
larger (red) cages connected through supertetrahedra (ST). Left: the ensemble of the two types
of cages. Right: isolated cages of each type of cavity. b) Formation of CUS in the MIL-101(Cr)
metal node by thermaltreatment under vacuum. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article). Reprinted with
permission from ref. 1

In previous studies, some of us have reported the aerobic oxidation of
organosulfur compounds using MIL-101(Cr or Fe) and MIL-100(Fe).>” MIL-100(Fe)
(BET 1800 m? g?! and 0.9 cm?® g! pore volume) is a MOF constituted by
benzene-1,3,5-tricarboxylate as ligand and Fes-us0 as metal nodes. In particular,
MIL-101(Cr) solid has been reported as a stable catalyst to promote the aerobic
oxidative desulfurization of di- benzothiophenes in n-dodecane or diesel.3® The
applicability of the system is, however, somehow limited due to the need of long
reaction times, especially in diesel solution (~ 48 h). In other study, the aerobic
oxidation of thiols to disulfides was promoted by MIL-100(Fe) as catalyst in
acetonitrile as solvent and molecular oxygen as oxidant.?® Regardless the good
results obtained in that study, it is always of interest to develop alternative
system to perform the reaction under solvent-free conditions, while still

presenting a high catalytic activity.
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With these precedents, in the present work it is reported that
MIL- 101(Cr)-NO: solid while still stable is more efficient catalyst than the parent
MIL-101(Cr) to promote both the solvent-free oxidative coupling of thiophenols to
disulfides and the aerobic oxidative desulfurization of fuels using
dibenzothiophenes as model substrates in n-dodecane or commercial diesel as
solvent. Importantly, the catalytic activity of MIL-101(Cr)-NO; is higher than that
of isoreticular MIL-101(Cr)-X (X: SOsH, Cl, CHs, H), MIL-100(Fe) solid, or the
corresponding Cr,0s oxide. Importantly, the activity of MIL-101(Cr)-NO; is higher
or comparable tothat obtained using the homogeneous chromium acetate salt. In
addition, MIL-101(Cr)-NO; can be reused several times for both reactions without
observing decrease of the resulting catalytic activity or metal leaching from the

solid to the solution and maintaining the initial crystallinity of the solid.

5.3 Materials and methods

5.3.1 Materials

The reagents such as Cr,03 powder (ref. 393,703) and solventsemployed in the
present study were of analytical or HPLC grade and supplied by Sigma-Aldrich.
Commercial diesel was provided by Repsol. The MIL-101(Cr)-X (X: NO,, SOsH, Cl,
CHs, NH,) materials employed inthis work are the same batch as those previously
prepared and characterized by us (see Fig. S1 in supporting information for XRD

patterns of the samples used).3>%

5.3.2 Catalyst characterization

Powder XRD measurements were recorded with a Philips XPert diffractometer
equipped with a graphite monochromator (40 kV and 45 mA) employing

Ni-filtered CuK, radiation.
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5.3.3 Catalytic experiments

The corresponding amount of catalyst (i.e. 20 mg) was previously dried in an
oven at 100 °C for 24 h and, then, immediately introduced in a dried two neck round-
bottom flask (25 mL). The catalyst was further activated by heating at 150 °C under
vacuum for 12 h. Subsequently, the flask was heated at the reaction
temperature (120, 130, 140 or 150 °C). The required reaction atmosphere was
obtained by purging the system with a balloon containing molecular O, or Ar. In the
case of the aerobic oxidation of thiophenol the reaction started by the addition of
the substrate (20 mmol). In the case of the aerobic oxidation of dibenzothiophenes
(DBTSs) the reaction started by the addition of a solution of DBT (200 mg L; 20 mL)
prepared in n-dodecane or commercial diesel. During the catalytic experiments the

reactions were magnetically stirred at 500 rpm with a magnetic bar.

To study the catalyst reusability, the catalyst was recovered at the end of the
reaction by filtration, washed with acetonitrile (thiophenol oxidation) or with
thioanisole and acetonitrile (DBT oxidation) and, then, dried before use in a new

catalytic cycle.

The reactions have been carried out at least in duplicate. The catalytic data
presented in this article corresponds to the average values of independent runs.
Standard deviations have been included in the plots. In all cases, mass balances

were higher than 95 %.

5.3.4 Product analysis

Aliquots of the reaction mixture (100 ulL) at different times were diluted in 2 ml
of a solution of acetonitrile (for thiophenol oxidation) or anisole (for the oxidative

desulfurization of DBT) containing a known amount of nitrobenzene as external
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standard. Subsequently, the samples were filtered to remove the catalyst
(Nylon filter 0.2 um adapted toa syringe) and analyzed by gas chromatography
(GC) using a flame ionization detector and a methyl-phenyl silicone column
(TRB-5MS; 30 m x 0.32 mm X 0.25 um). Quantification was carried out by using
calibration curves of commercial samples and nitrobenzene as the standard.
Identity of the products was confirmed by injecting the mixture in a GC-MS
(Agilent 5973) with quadrupole and comparing the retention time with

authentic samples.

Analyses of the posible metal leaching were carried out at the end of the
reaction by quantitative ICP-OES determination. Briefly, at the end of the
reaction the catalyst was removed by filtration using a 0.2 um Nylon filter.
Then, a nitric acid aqueous solution (30 mL, 3 M) was added to the organic
phase and the System heated under magnetic stirring at 80 2C for 24 h.

Finally, the aqueous phase was analyzed by ICP-OES.

5.4 Results and discussion

5.4.1 Catalyst properties

As commented before, the catalysts employed for this study are from the
same batch that those previously reported by some of us.33¢ Table 1
summarizes the composition and porosity of these solids employed in the
present study. Commercially available Cr,Os; powder was also employed as

catalyst for comparison.
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Table 1 List of catalysts employed in the present study?

Catalyst / Formulab BET surface Pore volume
area (m2 g1) (cm3 g1)
MIL-101(Cr)-H {Cr3F(H,0),0(bdc)s)} 2750 2.2
MIL-lOl(Cr)-NOz {Cl’gcl(HzO)zO(de-N02)3)} 1850 1.3
MIL-101(Cr)-SO3H {Cr3CI(H,0),0(bdc-SO3H)s)} 1900 1.4
MIL-101(Cr)-Cl {CrsCI(H,0),0(bdc-Cl)3)} 1300 1.1
MIL-101(Cr)-CHs {CrsCl(H,0),0(bdc-CHs)s)} 1800 1.8
MIL-101(Cr)-NH, {CrsCl(H,0),0(bdc-NH,)3)} 1950 2.0
MIL-100(Fe) {FesCI(H,0),0(btc)s)} 1700 0.8

a For preparation and additional characterization data see refs.3536
b bdc: benzenedicarboxylate; btc: 1,3,5-benzenetricarboxylate.

5.4.2 Aerobic oxidation of thiophenols to disulfides

As commented in the introduction, the MIL-101(Cr) and MIL100(Fe)
materials are characterized by their excellent chemical and thermal stability
and the possibility to be employed for the molecular oxygen
activation.?>3738 With these precedents, in the first stage of this work, the
influence of substituents at the 1,4-benzenedicarboxylate (bdc) linkers on
the catalytic activity of MIL-101(Cr)-X (X: NOz, SOsH, Cl, CHs, NH;) for the
solvent-free aerobic oxidative coupling of thiophenol to diphenyl disulphide
was explored. Previous studies have established that the functionalization
of the terephthalate organic ligand of the MIL-101(Cr) with electron donor
or electron withdrawing groups influences the redox properties of the metal
nodes and, therefore, their catalytic activity for oxidation reactions.3® A
blank control in the absence of catalyst reveals that thiophenol conversion
is lesser than 12 % under the reaction conditions employed in the study.
This observation can be attributed to the occurrence of same degree of
spontaneous autoxidation.?” The presence of several substituents in the
organic ligand of the MIL-101(Cr)-X (X: NO, SOsH, Cl, H, CHs, NH,) influences
both the initial reaction rate and the substrate conversion at a given

reaction time (Fig. 2). In all cases the only observed product was diphenyl
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disulphide with complete selectivity and mass balances, without
observation of any byproduct formation. MIL-101(Cr)-NO; resulted the most
active catalyst to promote the solvent-free aerobic oxidation of thiophenol
with an initial reaction rate 4 times higher than that of the parent
MIL-101(Cr)-H and a final yield at 24 h of 90 %, about 3 times higher than
that of the parent MIL-101(Cr)-H.

SH
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Fig. 2 a) Oxidative coupling of the aerobic oxidation of thiophenol to diphenyl disulphide by oxygen.
b) Time-conversion plot for the aerobic oxidation of thiophenol to diphenyl disulphide using
MIL-101(Cr)-H (®), MIL-101(Cr)-SOsH (4), MIL-101(Cr)-Cl (o), MIL-101(Cr)-NO, (M), MIL-101(Cr)-NH,
(V), MIL-101(Cr)-CH5 (0) and without catalyst (0). Reaction conditions: Catalyst (0.04 mmol Cr),
thiophenol (2 mL, 20 mmol), O, atmosphere (balloon), reaction temperature (140 °C).

In order to understand the observed catalytic activity using the series of
MIL-101(Cr)-X (X: NO3, SOsH, Cl, H, CHs, NH>) solids, the logarithm of the relative
first order rate constant (k«/ko) as a function of the different meta Hammett
constant for each substituent in MIL- 101(Cr)-X catalysts was plotted. A good
linear relationship between log k«/ky vs o was observed for the MIL-101(Cr)-X

catalysts having both electron donor or electron withdrawing groups in the
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organic ligand. This observation is compatible with previous reports showing
that the presence of electron donor or electron withdrawing groups at the
organic ligand of the MIL-101(Cr) solids decreases or increases, respectively,
the Lewis acidity of the metal center, due to inductive effects of the
terephthalate linker on the metal ions of the nodes.?3%4° |n connection with
the previous finding, a good relationship between the initial reaction rate and
the reported oxidation potential of the MIL-101(Cr)-X (X: H, NO3, SOs3H, Cl) was
also found here, the higher the redox potential the higher the catalytic

activity (Fig. 3).

2
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Fig. 3 a) Plot of the logarithm of the relative first order rate constant measured at initial reaction
time for thiophenol oxidation versus the meta Hammett constant of each substituent on the
terephthalate linker of MIL-101(Cr)-X solids; Regression coefficient (R2) 0.9147; b) Plot of the initial
reaction rate versus the halfwave potential (E1/2) for the aerobic oxidation of thiophenol promoted
by MIL-101(Cr)-X solids with different substituent at the bdc ligand; Regression coefficient (R2)
0.8313.

Importantly, the initial reaction rate for thiophenol conversion using
MIL-101(Cr)-NO is five times higher than that of the homogeneous chromium
acetate and six-times higher than that of the heterogeneous Cr;0s. This
comparison highlights the benefits of using functionalized MIL-101(Cr)-X solid

with nitro groups as heterogeneous catalysts respect to the use of analogous
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soluble metal salts or heterogeneous metal oxides. Even though MIL-100(Fe)
solid possesses higher Lewis acidity and, therefore, -catalytic activity
(ro 1.21 mM h) than MIL-101(Cr)-H (ro 1.13 mM hl), the presence of the nitro
group in the MIL-101(Cr)-NO; increases its catalytic activity in a large extent
(ro 4.8 mM h). The superior catalytic activity observed for MIL-101(Cr)-NO,
should be a reflection of the higher Lewis acid strength of the Cr** ions with
coordinatively unsaturated sites, resulting in a decrease of the apparent
activation energy (Ea) for the solvent-free aerobic oxidation of thiophenol. From
the Arrhenius plot of the influence of the temperature on the reaction rate for

MIL-101(Cr)-NO; a value of 32 kJ mol* was estimated (Fig. 4).
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Fig. 4 a) Comparison of the catalytic activity for the aerobic oxidation of thiophenol to dis- ulphide
using MIL-101(Cr)-NO, (M), MIL-100(Fe) (o), commercial Cr,03 (®) or Cr(lll) acetate (o). b) Time
profile of thiophenol conversion in the presence of O, (W), Air () or Ar (e). The inset show a plot of
the initial reaction rate vs the O, pressure showing a first order relationship. c) Time conversion
plots for the aerobic oxidation of thiophenol in the presence of MIL-101(Cr)-NO, at different
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reaction temperatures: 140 °C (o), 130 °C (W), 120 °C (o), 110 °C (e). d) Arrhenius plot of the natural
logarithm of the initial reaction rate obtained from panel c versus vs 1/T (K'1). Reaction conditions:
catalyst (0.04 mmol Cr), thiophenol (2 mL, 20 mmol), O, atmosphere (balloon) and reaction
temperature (140 °C for panels a, b); Regression coefficient (R2) 0.9088.

The influence of the reaction atmosphere on the resulting catalytic activity
using MIL-101(Cr)-NO; was evaluated. Fig. 4 shows a good linear relationship
between oxygen pressure and the initial reaction rate, indicating that that relation

is first order respect to oxygen pressure.

The heterogeneity of the reaction using MIL-101(Cr)-NO, as catalyst was
confirmed by performing the so-called hot filtration test. In this experiment the
reaction was started under typical conditions and once conversion has reached
about 25 %, a portion of the reaction medium is filtered to remove the solid
catalyst and placed in a parallel reaction setup and the reaction allowed to
proceed further on the absence of anysolid. Fig. 5 shows that once the catalyst
is removed the reaction stops, confirming that the reaction is truly
heterogeneous. Furthermore, the stability of the MIL-101(Cr)-NO; catalyst was
evidenced by performing ten consecutive catalytic reactions without observing
any decrease of the catalytic activity. Powder XRD measurements of the fresh
and used catalysts confirm that the solid retains its initial crystallinity upon
reuse. The almost absence of chromium leaching from the solid to the solution
at the end of the reaction (ICP-OES analytical data in the supporting
information, Table S1) reinforces the stability of the heterogeneous
MIL-101(Cr)-NO; catalyst. Also ICP-OES analysis of the MIL-101(Cr)-NO, sample
after the catalysis confirms that the Cr content of the solid does not decrease
after the reaction. To put the stability of MIL-101(Cr)-NO; into context, it should
be commented that Cus(btc),, also frequently reported as catalyst, undergoes a
complete decomposition in a single run under similar conditions.** Fig. S3 in

supporting information provides a comparison of the SEM images of the fresh
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and reused MIL-101(Cr)-NO, catalyst showing no significant changes in

morphology.
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Fig. 5 a) Hot filtration test (black squares) and reusability experiments (ten times, open circles)
for the aerobic oxidation of thiophenol to disulphide using MIL-101(Cr)-NO, as catalyst. b) PXRD
of the fresh (b1), six-times (b2) and ten-times (b3) used MIL-101(Cr)-NO; catalyst.

To further address catalyst stability, a productivity test in where theamount
of substrate was increased by a factor of 25 times and the reaction was allowed
running for more than three weeks was performed. The results are present in
the Fig. S7 in supporting information. No deactivation was observed even under

these unfavourable conditions, thus confirming catalyst stability.

Based on the present experimental data and previous results using
MIL-101(Cr)-X materials, Fig. 6 summarizes a plausible reaction pathway for the
aerobic oxidation of thiophenol to diphenyl disulphide using MIL-101(Cr)-NO..
The observation that the higher the electron withdrawing character of the
terephthalate substituent in the MIL-101(Cr)-X, the higher the redox potential
of the metal center and consequently the higher the catalyst activity is
rationalized with the proposed electron transfer process from the electron rich

SH functional group to the catalyst.3® The catalytic cycle is restored by the
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presence of O; that becomes reduced to O,". Then, the O, can lead to the
formation of HOO' radicals that eventually will form H,0, and/or H,0 by a series
of consecutive electron and proton transfer steps through the intermediacy of
the corresponding reactive oxygen species.®>3¢ It should be noted that any of
these reactive oxygen species would react with thiophenol forming the
phenylsulphide radical due to the relative strength of O-H bonds respect to SH-
bonds.

+ HOO’
0, 0, EI/

-

€ a3
MIL-101(Cr)-NO, MIL-101(Cr)-NO,
>
S S, LS g
O OOt

Fig. 6 Proposed pathway for the aerobic oxidation of thiophenol to benzene disulphide using
MIL-101(Cr)-NO; as catalyst.

The MIL-101(Cr)-NO; can be also employed as catalyst for the solvent-free
oxidative coupling of a series substituted thiophenols having electron donor

(CHs) or electron withdrawing groups (Fig. S2).
5.4.3 Aerobic oxidative desulfurization of disel fractions. Use of DBTs

The second part of the work is focused on the study of the applicability of
MIL-101(Cr)-NO; solid to promote the aerobic oxidation of DBTs in both
n-dodecane or commercial diesel, a process that has been proposed for the deep

oxidative desulfurization of gasoil (Fig. 7).3%42
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O O MIL-101(Cr)-NO,
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Fig. 7. Aerobic oxidation of DBT to DBT-O; using MIL-101(Cr)-NO, as catalyst.

Initially, a blank control in the absence of catalyst using n-dodecaneas solvent
shows that DBT conversion is less than 10 % under the reaction conditions
employed in the present study. Analogously to the results obtained for the
aerobic oxidation of thiophenol, it was also observed that the catalytic activity of
MIL-101(Cr)-NO; is about 3 times higher than that of MIL-101(Cr) to promote the
aerobic oxidation of DBT to DBT-O; in n-dodecane as solvent. Formation of the
corresponding DBT sulfoxide or any other byproduct was not observed. In good
agreement with this observation, the estimated Ea value for the aerobic oxidation
of DBT in n-dodecane using MIL-101(Cr)-NO; catalystis lower (117 kJ mol™; Fig. S8)
than that previously reported for MIL- 101(Cr)-H under the same conditions
(137 k) mol™).®® SEM analysis of the used MIL-101(Cr)-NO, samples at different
reaction temperatures does not reveal any significant morphology change respect
to the fresh one (Fig. S5-S6). ICP-OES of the acid digested MIL-101(Cr)-NO;
samples reveal a chromium content of the used samples at different reaction
temperatures almost coincident with that of the ideal MOF formula
(CrsCI(H20),0(CsH304-NO,). Notably, the catalytic activity of MIL-101(Cr)-NO, was
also higher than that of the MIL-100(Fe) or Cr,0s3 solids as heterogeneous catalysts

or the soluble Cr(lll) acetate salt(Fig. 8).
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Fig. 8 DBT oxidation (a, c) to DBT-O; (b, d) acetate (¢#). A control experiment in the ab- sence of
catalyst (A) is also shown. Reaction conditions: Catalyst (0.04 mmol Cr), DBT (11.5 mg, 200 ppm S),
n-dodecane (10 mL), O, atmosphere (balloon), reaction temperature (140 °C).

The stability of the MIL-101(Cr)-NO, was assessed by performing five
consecutive reaction cycles without observing any decrease of catalytic activity for
DBT disappearance or DBT-O, formation, while thesolid crystallinity is maintained

as revealed by powder XRD (Fig. 9).
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Fig. 9 Reusability experiments of MIL-101(Cr)-NO2 for the aerobic ocidation of DBT (a) to DBT-O; in
n-dodecane as solvent. Legend: 1%t use (0), 3t use (o), 4t use (M) and 5t use (®). The inset in panel
a shows from bottom to top the XRD of the fresh (al) and three-times used catalyst (a2). Reaction
conditions: Catalyst (0.04 mmol Cr), DBT (115 mg), n-dodecane (10 mL), O, atmosphere (Ballon),
reaction temperature (140 2C).

ICP-OES analysis of the liquid phase at the end of the reaction shows that
chromium leaching occurs in negligible amounts (0.7 pg L; Table S1). Fig. S4 in
supporting information provides a comparison of the SEM images of the fresh

and used MIL-101(Cr)-NO; catalyst.

As in the case of thiophenols, also for DBTSs, catalyst stability was confirmed by
performing a productivity test, increasing by five times DBT concentration and
running the reaction for one week. The temporal profile of this productivity test is
presented in Fig. S7. As it can be seen there, even under these unfavourable
conditions the MIL-101(Cr)-NO; catalyst does not deactivate, and the reaction
progresses until complete DBT conversion without any sign of catalyst
deactivation. Non-detectable chromium leaching from the solid to the solution
was observed under the present reaction conditions. In this case, however, the
hot filtration test reveals that the reaction still progresses once the solid catalyst is
removed from the reaction. If TEMPO is added to the filtered reaction, however,
the reaction stops. In addition, the presence of organic hydroperoxides was
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confirmed indirectly by their quenching with PPh; resulting in the formation of
(Ph3)P = 0.3 Thus, it can be proposed that the MIL-101(Cr)-NO; solid is acting in
the aerobic oxidation of DBT to DTB-O; in n-dodecane as a radical initiator rather
than a real catalyst. In addition to DBT oxidation, some solvent oXxidation to the

positional isomeric ketone derivatives occurs (about 1 %) during the reaction.

Previous studies have reported that MIL-101(Cr)-NO; activates molecular
0, leading to the formation of O°/HOO" species.® In this work, a control
experiment using an inert N, atmosphere instead O; reveals that the
catalytic oxidation does not occur in the absence of O,. With these data Fig.
10c summarizes a plausible reaction mechanism for the aerobic oxidation of
DBT to DBT-O; by MIL-101(Cr)-NO; as radical initiator that is in accordance

with previous proposals.3®
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Fig. 10 a) Hot filtration experiment showing DBT oxidation (o, ®) to DBT-O; (o, W) in the
presence of catalyst (open symbols) or once the catalyst is removed by filtration (close
symbols). b) Hot filtration experiment showing DBT oxidation (o) to DBT-O, (O) in the presence
of catalyst (open symbols) or once the catalyst is removed by filtration and TEMPO as radical
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quencher is added (close symbols). Reaction conditions: Catalyst (0.04 mmol Cr), DBT (115 mg),
n-dodecane (10 mL), O; atmo-sphere (balloon), reaction temperature (140 °C), when the catalyst
is filtered and TEMPO added (20 mol%. c) Proposed pathway for the aerobic oxidative of DBT to
DBT-0; in the presence of MIL-101(Cr) solid and n-dodecane as solvent.

Fig. 11 shows that MIL-101(Cr)-NO; is also catalytically more active than
MIL-101(Cr)-H to promote also the 4-MeDBT and 4,6-diMeDBT oxidation to
their corresponding sulfones. The observed order of reactivity
4,6-diMeDBT > 4-MeDBT > DBT can be rationalized considering the
increase of the electron density on the sulfur atom due to the presence of
electron donor methyl groups in positions 4 and/or 6.3 This relative
reactivity order compares favourably respect to the conventional
hydrodesulfurization process in which the methyl substituted DBTs are
increasingly more difficult to be removed due to stericencumbrance around
the S atom, thus requiring high hydrogen pressures (200 atm) combined
with high temperaturas (> 300 2C) to make 4-MeDBT and 4,6-diMeDBT
reactive.”®*** In addition, the above reactivity in where the electronic
density of DBT prevails over kinetic dimensions suggests that the reaction
takes place in the same site without diffusion control. Considering the high
activity of MIL-101(Cr)- NO; as catalyst, the most reasonable sites are those
present on the internal pores. Otherwise, either the activity of
MIL-101(Cr)-NO,; would be much lower, or the larger kinetic diameter of
methyl substituted DBTs would have made these compounds less reactive
due to diffusion limitations less reactive in comparison with the parent

DBT.
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Fig. 11 Oxidation of 4-DBT (a) and 4,6-DBT (b) to their corresponding sulfones (a, b) using
MIL-101(Cr)-NO, (M) or MIL-101(Cr)-H (o). Reaction conditions: Catalyst (0.04 mmol Cr), 4-DBT
(200 ppm S) or 4,6-DBT (200 ppm S), n-dodecane (10 mL), O, atmosphere (balloon), reaction
temperature (140 °C).

Importantly, the oxidative desulfurization of DBT using MIL-101(Cr)-NO, as
catalyst can be carried out efficiently in commercial diesel exhibiting higher
activity respect to MIL-101(Cr)-H (Fig. 12). Theincrease of reaction time required
for the conversion of DBT and formation of DBT-O, in commercial diesel respect
to the n-dodecane is easily rationalised considering the chain length in diesel that
is constituted by a complex mixture of alkanes and/or the presence antioxidant
additives. In any case, oxidative desulfurization process is about two times higher

using MIL-101(Cr)-NO, as catalyst respect to its parent MIL-101(Cr)-H.3®
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Fig. 12 Aerobic oxidation of DBT to DBT-O, using MIL-101(Cr)-NO, (M) or MIL-101(Cr) (o) in
commercial diesel as solvent. Reaction conditions: Catalyst (0.04 mmol Cr), DBT (200 ppm S),
diesel (10 mL), O, atmosphere (balloon), reaction temperature (140 °C).

5.5 Conclusions

The present work has shown that the catalytic activity of the benchmark
MIL-101(Cr)-H MOF can be tuned by the presence of electron donor (CHs or NH,)
or withdrawing (NO,, Cl or SOsH) substituentson the terephthalate organic ligand.
MIL-101(Cr)-NO; is the most active catalyst of the series by a factor of 4 and 3
respect to MIL-101(Cr)-H, promoting the solvent-free aerobic oxidation of
benzenethiol to diphenylsulfide and the aerobic oxidation of dibenzothiophenes
in n-dodecane or commercial diesel, respectively. No new products were
observed for any of two reactions. The activity of MIL-101(Cr)-NO; is also higher
than MIL-101(Fe), Cr,0s or soluble Cr(lll) salts for the aerobic oxidation of
thiophenol and the aerobic  desulfurization of dibenzothiophenes. Catalytic
experiments reveal that MIL-101(Cr)-NO; is acting as a truly heterogeneous
catalyst in the case of aerobic oxidation of thiophenol, while for the oxidation of
dibenzothiophenes it is acting as a radical initiator. For both processes, the
catalyst can be reused several times without any decrease in activity, maintaining
its initial crystallinity with negligible metal leaching. In summary, this work
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exemplifies how the activity of the benchmark MIL-101(Cr) solid to promote
oxidations using exclusively molecular oxygen can be enhanced by introducing

NO; groups on the organic ligand.
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Fig. S1 XRD patterns of MIL-101(Cr)-X sample study in the present Word; MIL-101(Cr)-H (a);
MIL-101(Cr)-NO; (b); MIL-(101)-SOsH (c); MIL-(101)-Cl (d); MIL-101(Cr)-CHs (e); MIL-101(Cr)-NHs (f).
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Fig. S2 Time-conversion plot for the aerobic oxidation of benzenethiol (o), 4-fluorothiophenol (e),
4-chlorothiophenol (m) and 4-methylbenzenethiol (o) to corresponding disulphides, using

MIL-101(Cr)-NO,. Reaction conditions: Catalyst (0.04 mmol Cr), substrate (20 mmol), O; atmosphere
(balloon), reaction temperature (140 2C).
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Fig. S3 SEM images of the fresh and used MIL-101(Cr)-NO; catalyst. (a)-(b) Fresh catalyst; (c)-(d)
after productivity test of thiophenol by the factor 25 times.
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Fig. S4 SEM images of the MIL-101(Cr)-NO, material after (a)-(b) after productivity test of DBT by the
factor 5 time; (c)-(d) after 5 use of DBT.
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Fig. S5 SEM images to MIL-101(Cr)-NO; after oxidative desulfuration of DBT a different temperature,
(a)-(b) 120 9C and (c)-(d) 130 ©C.
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Fig. S6 SEM images to MIL-101(Cr)-NO; after oxidative desulfuration DBT a different temperature,
(a)-(b) 140 2C or (c)-(d) 150 °C.
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Fig. S7 Time-conversion plot for productivity test to (a) oxidative coupling of the aerobic oxidation of
thiophenol and (b) oxidative desulfurization of DBT; DBT (m) or DBT-O; (0).
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Fig. S8 Influence of the temperature in the oxidation of DBT (a) to DBT-O; (b) in n-dodecane as
solvent, 120 C (o), 130 oC (m), 140 2C (o) and 150 °C (e). c) Plot of the logarithm of the relative
initial reaction rate versus the 1/T (K!) of each reaction temperature. Reaction conditions: Catalyst
(0.04 mmol Cr), DBT (200 ppm S), n-dodecane (10 mL), 02 atmosphere (balloon).

Table S1 ICP-OES analytical data of Cr concentration in the liquid phase after
reuses of MIL-101(Cr)-NO,.

Reaction Number of reuses  Cr (mg/L)
Aerobic oxidation of thiophenols 10 9-10%
Oxidative desulfurization of DBTs 5 7-10*
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Chapter 6

6.1 Abstract

Sustainable reduced graphene oxide (rGO) carbocatalysts for molecular
oxygen activation have been developed based on the concept that chemical
reduction of graphene oxide to rGO introduces functional groups that can
become active sites. Thus, a series of rGOs prepared using hydroquinone
(HQ), hydrazine (HZ) and ascorbic acid (ASC) as reducing agents have been
tested as catalysts in the aerobic oxidations of thiophenol and indane. In both
oxidation reactions, rGO reduced by HQ (rGO-HQ) exhibited the highest
catalytic activity and stability. A high selectivity of ol/one (90 %) at around 30
% indane conversion in the absence of transition metals was achieved.
Reusability test showed that the activity of rGO-HQ is mostly retained in
three consecutive runs. Quenching experiments indicated that the reaction
proceeds with the generation of hydroxyl and carbon centered radicals. The
higher activity of rGO-HQ was attributed to the covalent anchoring of some
HQ molecules on rGO during the chemical reduction. This knowledge has been
used to develop a HQ-functionalized Merrifield resin that in spite of its very
different textural properties compared to rGO also exhibits catalytic activity
for O, activation. The present work illustrates the potential to develop rGO
carbocatalysts with an increased density of active sites by selecting an
appropriate reducing agent during the chemical reduction of graphene

oXide.

6.2 Introduction

Reduced graphene oxide is among the most widely used carbocatalysts due
to its availability and the catalytic activity to promote a large variety of

reactions, including oxidations,®* reductions®® and acid catalyzed
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reactions,'®!! among others.'>” In recent years, rGO was also used as support
for the deposition of metal and metal oxide nanoparticles and their activity was
reported in the oxidation as well as oxidative degradation of pollutants.’®%
Furthermore, rGO can be conveniently obtained in multigram scale by
exfoliation of graphite oxide and subsequent chemical reduction of single
layer graphene oxide (GO).2%25

Due to the mild reaction conditions, hydrazine in aqueous solution has
been among the most widely used reducing agents, but other chemicals such
as ASC*®?” and HQ have also been used to convert GO into rGO.%3! The
mechanism of the reduction of GO into rGO has been studied in detail and it
has been shown that the resulting rGO can incorporate some groups from the
reducing agent in its lattice during its formation. These functional groups present

in rGO would depend on the nature and conditions of the reduction from

GO 8,32-34

As consequence of the specific functionalization introduced during its
formation,®3¢ rGO could exhibit distinctive catalytic activity depending on the
conditions employed for the reduction of GO.*2® The active sites of rGO are
structural defects and adventitious functional groups and, therefore, from the
catalytic point of view, the possibility to introduce certain functional groups
represents an opportunity to obtain rGO with the optimal catalytic activity for
each process. Thus, it has been recently shown that the rGO obtained by HQ
reduction (rGO-HQ) of GO is a more efficient catalyst for benzylamine oxidation
than other two rGO solids obtained using other reducing agents.3* This higher
activity catalytic activity of rGO-HQ was justified as derived from the presence of
HQ-like units covalently anchored on the rGO sheet during the conversion of GO

into rGO.
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Continuing with  this line of research and considering that
hydroquinone/quinone moieties have been proposed as active centres for
aerobic oXxidations, it would be of interest to extend the above methodology to
other process showing that rGO-HQ outperforms twin rGO prepared by other
reductive treatments. Accordingly, the present study shows that rGO-HQ is the
most active among other four related rGOs to promote the aerobic oxidation of
thiols to disulfides and the benzylic oxidation of indane to indanol/indanone. The
role of HQ as active centres in the process has been supported by preparing a
Merrifield resin with covalently anchored HQ units, observing that, in spite of the
difference in particle morphology and size, this resin behaves also as a solid

catalyst for those processes.

6.3 Experimental section

6.3.1 Materials

The reactants and reagents used in this work were purchased from
Sigma-Aldrich and were of analytical or HPLC grade. In particular, the
Merrifield resin  (100-200 mesh) is a chloromethylpolystryrene-
divinylbenzene copolymer. Substrates used in this study like thiophenol,
indane, HQ and other reducing agents were also purchased from Sigma
Aldrich. These reactants were used without further

purification/modification processes.

6.3.2 Catalyst preparation

The various carbocatalysts and their functionalized materials employed
in this work were prepared by adopting procedures reported elsewhere.?*

The detailed experimental procedures for the preparation of various
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carbocatalysts and their characterization data are provided in the
supporting Information. GO was prepared by the Hummers method. In
brief, commercial graphite powder was subjected to a chemical oxidation in
the presence of KMnO4, KNOs and H,SO; and the resulting solid was
subsequently exfoliated to obtain GO by ultrasonication. Later, GO was
transformed into rGO either by thermal or chemical methods. The thermally
reduced GO (rGO-T) was obtained by heating GO (200 mg) in a tubular
furnace under argon atmosphere at 200 °C for 4 h.3* In addition, the
structural analysis of GO and rGO-T by elemental analysis clearly indicated a
significant changes introduced upon thermal reduction (Table S1). Further,
the as-prepared GO was also reduced with a series of chemical reducing
agents like HQ, HZ and ASC and the resulting solids were named as rGO-HQ,
rGO-HZ and rGO-ASC, respectively. In addition, the rGO-HQ solid was
further submitted to a thermal treatment under inert atmosphere at 300 or
700 °C for 4 h and the samples were labelled as rGO-HQ-300 and rGO-HQ-

700, respectively.

HQ-functionalized Merrifield resin has been prepared via synthesis of
Williamson. Briefly, the resin as fine powder (500 mg) was suspended in
dimethylsulfoxide (DMSO) (20 mL) by sonication (450 W, 20 min) using a
round-bottom flask (100 mL). Then, HQ (500 mg, 4.55 mmol) and NaOH
(4.55 mmol) were added to the resin suspension. The mixture was heated at
140 °C for 16 h and, then, cooled down to room temperature. The solid was
recovered by filtration (Nylon membrane, 0.45 um) and washed under
stirring with Milli-Q under neutral pH. The resin was further washed in a
Soxhlet system using acetonitrile as solvent for 16 h. Finally, the resin was
dried in an over at 100 °C for 16 h. The same washing procedure has been

applied to the as received Merrifield resin before use.
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6.3.3 Instrumentation

X-ray photoelectron (XP) spectra were recorded on a SPECS spectrometer
equipped with a MCD-9 detector using a monochromatic Al (Ko = 1486.6 eV)
X-ray source. Spectra deconvolution has been performed with the CASA
software using the C 1s peak at 284.4 eV as binding energy reference.
Attenuated total reflectance Fourier transform infrared (ATR-FT-IR)
measurements were carried out with a Bruker Tensor 27 spectrophotometer.
Diffuse reflectance UV-vis spectra of previously compressed powders were
recorded using a Cary 5000 Varian spectrophotometer having an integrating

sphere.

6.3.4 Aerobic oxidation of thiophenol

In a typical reaction, thiophenol (1 mmol), 20 mg of catalyst and 2 mL of
acetonitrile were placed in a 25 mL of round bottom flask. Thiswas connected
to oxygen balloon and the reaction was maintained in oxygen atmosphere. This
reaction mixture was placed in a preheated oil bath maintained at 70 °C. The
reaction was monitored by gas chromatography (GC) and the oxidized product

was confirmed by GC coupled with mass spectrometer (GC—MS).

6.3.5 Aerobic oxidation of indane

In a 25 mL round bottom flask, 20 mg of catalyst was placed and indane
(20 mmol) was added to this flask. This reaction flask was connected to oxygen
atmosphere. This heterogeneous reaction mixture was placed in a preheated oil
bath maintained at 130 °C. The reaction progress was monitored by sampling at
different time intervals using nitrobenzene as internal standard. The oxidized

products were confirmed by co-injection with authentic samples and
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analyzing by GC-MS.

Quenching experiments with (2,2,6,6-tetramethylpiperidin-1-yl) oxyl (TEMPO)
and DMSO were performed under identical conditions in the presence of 20 mol
% of these quenchers. Further, reusability tests were conducted under identical
conditions described above except by the use of recovered catalyst. After the
catalytic reaction, the solid was separated by filtration, washed with acetonitrile
and dried at 90 °C. This solid was reused in subsequent cycles with the fresh

reactants.

The catalytic data presented in this work correspond to the values of at least

two independent experiments.

6.4 Results and discussion

6.4.1 Functionalizations of rGO

One of the main objectives of this work is to study the influence of different
active sites present in rGO on the resulting catalytic activity for the aerobic
oxidation of thiophenol and for the solvent-free oxidation of indane. Active site
engineering on rGO has been performed by reducing GO to rGO using different
reducing agents like thermal treatment (rGO-T), HQ (rGO-HQ), HZ (rGO-HZ)
and ASC (rGO-ASC). The detailed preparation of these catalysts and their
characterization data have been recently reported.®* Fig. 1 illustrates the
procedures employed to obtain different rGO samples employed in this study
having different functional groups. Table S1 in the supplementary material
summarizes the experimental procedure employed for the preparation of the
graphene-based catalysts employed in this study together with some

characterization data obtained from elemental analysis and XPS.3* These results
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indicate that both thermal and chemical methods are convenient treatments to
promote the reduction of GO as revealed by an increase of the carbon content
and concomitant decrease of the oxygen proportion in the rGO samples (Table
S1). Further characterization of the rGO-HQ sample by thermogravimetric
analysis, FT-IR, 3C-NMR and temperature programmed desorption (TPD) coupled
to a mass-spectrometer (TPD-MS) analysis confirmed the presence of HQ-like
moieties (8 wt%) covalently grafted to the rGO sheet.>* Furthermore, rGO-HQ
was subjected to thermal treatmentunder argon atmosphere at 300 or 700 °C and
the resulting solids rGO-HQ-300 and rGO-HQ-700 were found to contain lower
oxygen contents (Table S1), thus meaning lower density of active sites. In
addition, the removal of oxygen-functional groups including the HQ-like moieties
from rGO-HQ was highly dominant at 700 °C (Table S1). In order to demonstrate
the differences in the catalytic activity of rGO solid catalysts depending on its
reduction conditions, two model aerobic oxidation reactions of thiophenol and

indane were selected and the observed results are discussed below.
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Fig. 1 Procedures used to obtain the rGO samples under study and plausible functional groups
present on their structure: (a) HQ; (b) HZ; (c) ASC as reducing agents, or (d) by thermal
treatment. Reprinted with permission from ref.34

For comparison, the Merrifield resin has been functionalized withHQ units in
basic medium forming an ether bond. Merrifield resin is constituted by particles
between 100-200 mesh of cross-linked polystyrene. The presence of HQ
covalently anchored through the ether bond to the Merrifield resin was
confirmed by ATR-FT-IR spectroscopy by observing two new FT-IR bands
appearing at 3330 and 1225 cm™ attributable to the presence of phenolic and
phenyl ether groups, respectively (Fig. S1a). In agreement with the FT-IR data,
diffuse reflectance UV—vis spectrum of the HQ-functionalized Merrifield resin
exhibits a red shift absorbance respect to the pristine resin due to the

presence of HQ molecules anchored through an ether bond (Fig. S1b).

178



Chapter 6

6.4.2 Aerobic oxidation of thiophenol

Selective aerobic oxidation of thiophenol 1,2-diphenyldisulfide is an important
reaction in organic chemistry (Fig. 2). This oxidation reac tion has often been
catalyzed by various transition metals and replacing these transition metals by
carbocatalysts would certainly contribute to the green chemistry principles by
using renewable catalysts. Further, this reaction is also one of the model

reactions to compare various catalysts prepared by different methods.

e

SH
Catalyst (20 mg) S<g
CH4CN, 70°C, O,

1 mmol

Fig. 2 Aerobic oxidation of thiophenol to 1,2-phenyldisulfide using differentrGO catalysts.

Hence, this reaction is selected to rank the series of catalysts prepared in this
work and the observed catalytic data are given in Table 1. The aerobic oxidation of
thiophenol was performed with these solid catalysts in acetonitrile at 70 °C. In
the absence of catalyst thiophenol conversion was negligible (Table 1, entry 1).
In agreement with previous studies, GO is able to catalyze thiophenol oxidation to
its corresponding disulfide (Table 1, entry 2).2° Interestingly, the catalytic activity
for thiophenol conversion strongly depends on the solid employed as catalyst.
rGO-HQ solid was the most active catalyst of the series with full conversion and
selectivity after 24 h (Table 1, entry 3). Considering the loading of HQ-like
moieties as active sites in rGO-HQ (8 wt%), this solid showed turnover frequency
(TOF) value of 6.6 h* [turnover number (TON): 68] while other metal-based
catalysts like Co catalyst (49.2 h?),%® Au/CeO, (14.2 h?),*® Fe,Os/silica
(1143 h'1)*? provided comparable or significantly higher TOF values. Although

these data cannot be directly compared since carbocatalysts and metal-based
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catalysts are operated through different reaction mechanisms, the main focus of
this work is to forecast the possibility to tune carbocatalysts to promote aerobic
oxidation reactions rather than ranking with reported catalysts. On other hand,
the aerobic oxidation of thiophenol in the presence of rGO-HQ-300 and rGO-
HQ-700 solid catalysts showed 58 and 14 % conversions under identical
conditions (Table 1, entries 4-5). These results indicate that the HQ moieties
attached to rGO act as active sites for the aerobic oxidation of thiophenol to
1,2-diphenyldisulfide, while thermally treated rGO-HQ-300 and rGO-HQ-700
resulted in decreased activity due to partial decomposition of the HQ moiety,
thus lowering the population of active sites. On the other hand, the activity of
rGO-HZ or rGO-ASC (Table 1, entries 6-7) as catalysts in the conversion of
thiophenol to its respective disulfide was 60 and 10 %, respectively, under similar
conditions. In addition, the catalytic performance of rGO-T or HQ (Table 1, entries
8-9) as catalysts in the aerobic oxidation of thiophenol was 47 and 12 %,
respectively, which is comparatively much lower than the activity observed with
rGO-HQ. These results clearly infer that the synergism between rGO and HQ
is dominant by generating high density of active sites which are capable of
producing the radicals to promote this aerobic oxidation. Interestingly, the activity
of rGO-HQ catalyst in the 1 run (Table 1, entry 3) was retained for at least three

catalytic cycles (Table 1, entries 10 and 11).
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Table 1 Selective aerobic oxidation of thiophenol to 1,2-diphenyldisulfide by
several carbocatalysts.?

S. No Catalysts Conversion (%)b
1 - <2
2 GO 70
3 rGO-HQ 100
4 rGO- HQ-300 58
5 rGO- HQ-700 14
6 rGO- Hz 60
7 rGO- ASC 10
8 rGO-T 47
9 HQ 12
10 rGO-HQ¢ 100
11 rGO-HQ4 100

2 Reaction conditions: thiophenol (1 mmol), catalyst (20 mg), CH3CN (2 mL), oxygen
purged, 70 2C, 24 h.

b Determined by CG. The conversions are the average values of two independent
experiments. Selectivities were 100 % for all entries.

¢Second use.

dThird use.

In order to rationalize the importance of the presence of HQ-like active sites
dispersed in a solid, the HQ molecule was anchored to the so-called Merrifield
resin (Fig. 3a) and the resulting solid tested as catalyst for the aerobic oxidation of
thiophenol. Notice that the textural properties of the Merrifield resin in terms of
particle morphology and size, surface area and porosity are totally different
from rGO. However, if the structure of the active sites promoting the aerobic
oxidation is related to the quinone/hydroquinone redox pair, both materials

rGO-HQ and Merrifield-HQ could promote the aerobic oxidation.
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Fig. 3 a) Merrifield resin functionalization using HQ units; b) Time-conversion plot for the
aerobic oxidation of thiophenol under different conditions: rGO-HQ as catalyst in the absence
(o) or in the presence of DMSO (V); hot filtration test using rGO-HQ as catalyst at 43 %
conversion (0); HQ-functionalized Merrifield resin (M) as catalyst. c) Simplified illustration of
redox catalytic cycle for HQ/phenoxyl-like radical anchored on rGO-HQ catalyst during the
aerobic oxidation of thiophenol to 1,2-diphenyldisulfide (d).

Importantly, the HQ-gunction alized Merrifield resin i sable to efficiently
promote the aerobic oxidation of thiophenol to 1,2-diphenyldisulfide (Fig.3b).
Control experiments using the as-received Merrifield resin as catalyst results in a
negligible thiophenol conversidn. These results highlight the role of anchored HQ

moieties on support as active sites to promote molecular 0% activation.

To obtain some evidence about the reaction pathway for the aerobic oxidation
of thiophenol using rGO-HQ as carbocatalyst some additional experiments
including the hot filtration test and the selective quenching of hydroxyl radicals
have been performed (Fig. 3b). In the hot filtration test, once the reaction as
initiated the catalyst is removed by filtration at 43 % conversion of thiophenol and

the reaction supernatant allowed to react under the standard reaction. It was
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observed that the reaction only partially stopped (Fig. 3b). This observation is in
agreement with the general radical reaction mechanism involving the formation
of thyil radicals during the aerobic oxidation of thiophenol to
1,2-diphenyldisulfide. In order to get some evidences of the presence of oxygen
radical species a quenching experiment using DMSO as selective hydroxyl radical
scavenger has been carried out. Thus, if once the reaction is initiated, the
conservion of thiophenol considerably decreases upon addition of DMSO, a fact
that indirectly indicates the presence of HO. In the reaction medium. These
experimental data together with the known ability of rGO-HQ to activate O, to
0,73* allows to propose a reaction pathway for the oxidation of thiophenol to
1,2-diphenyldisulfide (Fig. 3c-d). he HQ moieties in rGO-HQ with the presence of
O, leads to the formation of O," that subsequently promotes the formation of
reactive oxygen species (ROS) (Fig. 3d). These ROS are responsable of the
thiophenol oxidation to thiyl radicals that couple forming 1,2-diphenyldisulfide.
The catalytic cycle is restored by the reduction of the phenoxyl-like radical present

in rGO to rGO-HQ.

6.4.3 Aerobic oxidation of indane

The preliminary catalytic results on the aerobic oxidation of thiophenol
highlight the efficient role of rGO-HQ solid in which HQ units covalently
attached to the rGO sheet act as active sites to promote the aerobic oxidation
of thiophenol to 1,2-diphenyldisulfide. To further demonstrate the ability of
rGO-HQ to activate molecular 0,, the aerobic oxidation of benzylic
hydrocarbon, namely, indane was selected and the aerobic oxidation

reactions were performed under solvent-free conditions (Fig. 4).
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Fig. 4 Aerobic oxidation of indane to indanol and indanone.

Aerobic oxidation of benzylic hydrocarbons to their corresponding
alcohol/ketone (ol/one) products is one of the challenging industrial processes
that often requires transition metal catalysts either in the homogeneous or
heterogeneous nature.*** However, development of sustainable catalytic
systems consisting carbocatalysts is one of the appropriate alternatives to the
use of transition metal catalysts,* without compromising the ol/one
selectivity. With these objectives in mind, the aerobic oxidation of indane was
performed with these solid carbocatalysts under solvent-free conditions. The
observed results are summarized in Table 2. In agreement with previous
reports, an inefficient indane autoxidation reaction takes place working at
130 °C under molecular oxygen (1 bar). Importantly, the presence of rGO-HQ
in the reaction medium boosted the conversion of indane (90 %) to 1-indanol
and 2-indanone (Fig. 5a). The TON and TOF values for indane oxidation using
rGO-HQ catalyst were 1215 and 388 hl, respectively. Interestingly, this TOF
value is comparable to Pd@C (452 h)* in the absence of any additive, but
however, is lower with Pd@C with 2-acetylpyridine as an additive (863 h).%®
These data imply that carbocatalysts can also be tuned to achieve activity at
par with metal-based catalysts. As in the case of thiophenol oxidation using
rGO-HQ, a thermal treatment of rGO-HQ especially at 700 °C decreases the
activity (56 %) due to the removal of oxygen-functional groups including
HQ-like units. These experiments indirectly show that HQ-like groups present

in rGO are active sites for O, activation and indane oxidation. The use of rGO
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solids prepared using ASC or HZ as reducing agents or by hydrothermal GO
reduction (rGO-T) results in a lower catalytic activity. These data highlight the
importance of an adequate GO reduction to obtain an rGO solid with the
reduction of specific functional groups by lowering the active sites for the O,

activation.

Table 2 Aerobic oxidation of indane to indanol and indanone by several
carbocatalysts.?

S. No Catalysts Conversion (%) Selectivity (%)°
1 - 16 -

2 GO 31 88

3 rGO-HQ 90 80

4 rGO-HQ-300 70 83

5 rGO-HQ-700 56 88

6 rGO-Hz 60 88

7 rGO-ASC 52 87

8 rGO-T 68 81

9 rGO-HQ¢ 85 81

10 rGO-HQM 84 82

a Reaction conditions: indane (20 mmol), catalyst (20 mg), oxygen purged, 130 2C,7
h.

b Determined by CG. The numbers are the average values of three independent
experiments.
¢Second use.

d Third use.
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Fig. 5 a) Time-conversion profile for the aerobic oxidation of indane using differentrGO-HQ (A)
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or HQ-functionalized Merrifield resin (0) as catalysts. The inset shows the selectivity-conversion
plot using rGO-HQ catalyst. b) Time profile for the conversion of indane during three
consecutive cycles using rGO-HQ as catalyst. Reaction conditions: Catalyst (10 mg), indane
(20 mmol), oxygen (1 bar), 130 °C. The bars indicate the standard deviation of two independent
experiments.

Importantly, the use of the HQ-functionalized Merrifield resin have resulted an
active solid for the aerobic oxidation of indane (Fig. 5a). Control experiments
using the non-functionalized Merrifield resin show an inefficient indane
conversion attributed to the autooxidation process using O,. These experiments
reinforce the possibility to anchor HQ molecules in a solid for its use as

heterogeneous catalyst for the molecular oxygen activation.

One of the effective strategies to study the catalyst stability in
heterogeneous catalysis is to perform reusability tests under the optimized
reaction conditions. In this context, the reusability test of rGO-HQ was
performed in the oxidation of indane under oxygen atmosphere in solvent
free conditions at 130 °C. The time conversion plot for the aerobic oxidation
indane in the 1%, 2"¥ and 3™ runs are shown inFig. 5b. It can be seen that the
conversion of indane slightly decreased during these three runs. Further, the
activity loss of rGO-HQ in promoting the aerobic oxidation for indane
conversions was 6 and 7 % for2"9, 3™ run, respectively compared to 1% run. In
order to assess this decrease of activity the three times used catalyst was
characterized by XPS. Fig. 6, shows the XPS Cls and O1s for the fresh and used
rGO-HQ catalysts. The XPS Cls and O1s of the three-times used rGO-HQ
catalyst shows a decrease of the C=C component, accompanied by an increase
of the bands related with the C-OH, C=0 and -COO respect to the fresh catalyst.
Considering the presence of the HQ-like moieties in the fresh rGO-HQ of about
20.2 % (Fig. 6b), it is reasonable to propose their partial oxidation to quinone-

like moieties (Fig. 6d) and, therefore, decrease of activity.
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Fig. 6 XPS C1s (a, c) and O1s (b, d) for the fresh (a, b) and three-times used (c, d) rGO-HQ
catalyst. The best deconvolution for fresh and three-times used rGO-HQ sample is shown.
Legend: (a) C sp2, (b) alcohol/ether, (c) carbonyl, (d) carboxyl. Panels a-b are reprinted with
permission from ref.34

A series of control experiments were also performed to gain some insights on
the reaction pathway for the aerobic oxidation of indane using rGO-HQ as
carbocatalyst (Fig. 7). A hot filtration test shows that once the reaction has been
initiated reaching 23 % conversion, oxidation does not completely stop if the
catalyst is removed and the clear supernatant is allowed to react under the
same reaction conditions. In addition, if TEMPO is added to the filtered reaction
and the mixture is allowed to react further under the same reaction conditions,
the reaction completely stops. These experiments indirectly indicate that the

reaction proceeds via carbon centred radicals that can be quenched by TEMPO.
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Fig. 7 a) Time-conversion plot for the aerobic oxidation of indane using rGO-HQ as catalyst (A ), after
catalyst removal at 23 % conversion (e), in the presence of catalyst and DMSO (o), addition of
TEMPO at 23 % conversion of indane (o). The indanyl hydroperoxide yield evolution in the reaction
in the presence of catalyst is also shown in the graph (0). Reaction conditions: indane (20 mmol),
catalyst (20 mg), reaction temperature (130 °C); b) Proposed reaction mechanism for the aerobic
oxidation of indane using rGO-HQ catalyst.

In order to get further evidence about the reaction mechanism of indane
oxidation by rGO-HQ, the possible presence of indanyl hydroperoxide was
analyzed. As previously reported, indanyl hydroperoxide can be indirectly
determined by monitoring the formation of triphenylphosphine oxide upon
addition of triphenylphosphine to the reaction aliquots sampled at different
reaction times. It should be noted that indanyl hydroperoxide cannot be directly
determined by GC due to its decomposition to indanol and/or indanone. Using the
triphenilphosphine reagent, formation of indanyl hydroperoxide with a selectivity
of 12 % at about 32 % conversion was estimated in the presence of rGO-HQ as
catalyst. Furthermore, the addition of DMSO to the reaction medium at 30 %
conversion results in partial decrease of indane conversion. These catalytic data
are attributed to the presence of hydroxyl radicals in the reaction system.

Similarly, the initiated reaction (23 % conversion) was completely quenched upon
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addition of TEMPO to the reaction medium, thus indicating the presence of

carbon center radicals in the reaction system.

Based on these observations, Fig. 7 shows a plausible reaction pathway
for the oxidation of indane with molecular O, using rGO-HQ as catalyst.
According to a recent report,® the formation of free hydroperoxides and
semiquinone-like radicals on the rGO-HQ catalyst is proposed to occur in the
initial reaction steps. Then, these radicalscan react with the benzylic position of
indane leading to the formation of indanyl hydroperoxide, indanol and indanone.
In addition, indanyl hydroperoxide can decompose leading to the formation of
hydroxyl radicals that can be quenched using DMSO as selective radical
scavenger. It should be noted that once the reaction is initiated hydroxyl radicals

as well as semiquinone like radicals can promote the benzylic oxidation of indane.

6.5 Conclusions

The present study has shown that the catalytic activity of rGO samples
prepared by different procedures differs depending on the GO reduction
conditions. Considering that among the most active sites for aerobic oxidations on
rGO are unsaturated ketones with quinone-like structure, the possibility exists to
introduce extra density of these cen-tres by performing the GO reduction to rGO
with HQ. Hence, rGO-HQ isthe most active catalyst for the two aerobic oxidation
reactions like thiophenol and indane. Furthermore, the catalytic activity of
thermally treated rGO-HQ is decreased due to the lower density of HQ sites
than rGO-HQ catalyst. Rationalization of the nature of the active sites has
served not only to engineer the most active rGO, but also to prepare a
Merrifield resin with remarkable catalytic activity to promote aerobic

oxidations by grafting HQ units in the aryl rings. Overall, this study shows the

189



C. Vallés-Garcia et al, Mol. Cat. 2020, 493

ability to design metal-free catalysts based on the understanding of the

structure of the active sites.
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6.8 Supplementary information
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Fig. S1 ATR-FT-IR (a) and diffuse reflectance UV-Vis (b) spectra of pristine (1, black colour) and
hydroquinone-functionalized (2, red colour) Merrifield resin.
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Table S1 Summary of the catalysts employed and their characterization data. Reprinted

with permission from ref.!

Preparation method Elemental analysis
C(wt %) H (wt %) O (wt %)
GO Graphite oxidation by ~ 50.0 (46)° 2.3 47.7 (54)°
Hummers method
rCO-HQ GO chemical 80.9 (79.5)° 1.0 18.1(20.5)b

reduction using HQ
(32 mmol) at 100 °C

in water for 24 h

rCO-HQ-300 rGO-HQ1pyrolysis at 83.0 (75.6)° 1.1 15.9 (24.4)b
300°Cfor2h

rCO-HQ-700 rGO-HQ pyrolysis at 92.9 (86.6)° 1.1 6.0 (13.4)°
700 °Cfor2h

rCO-Hza GO chemical 81.4 (82)° 0.9 14.8 (15.8)°

reduction using
hydrazine hydrate (32
mmol) at 100 °Cin
water for 24 h

rCO-ASC GO chemical 78.7 (75.2)° 1.4 19.9 (24.8)b
reduction using
ascorbic acid (32
mmol) at 100 °Cin
water for 24 h

rCO-T GO thermal reduction  81.1 (74.2)° 0.95 17.95
at 200 °C under argon (25.8)b
atmosphere

32.9 wt % of nitrogen has been found in this sample

bValues in parentheses indicate C/O wt % from XPS analysis

1).C. Espinosa, M. Alvaro, A. Dhakshinamoorthy, S. Navalén, H. Garcia, ACS Sustainable
Chem. Eng. 7 (2019) 15948-15956
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Chapter 7

In view of the results of the present thesis it can be concluded that MOFs
and graphene-base materials are excellent cantidates to engineer their active
sites and develop active solid catalysts to promote condensation and

oxidation reactions.

More specifically the conclusions of each chapter are the following:

The development of mixed-metal MIL-101(Cr/Fe) materials results in the
formation of stable and reusable heterogeneous catalysts with enhanced
catalytic activity for the Prins reactions with respect to the pattern
MIL-101(Cr) or the unstable MIL-101(Fe) catalysts. In situ FT-IR spectroscopy
using CO and CDsCN as probe molecules indicates that the presence of Fe3* in
the mixed-metal MIL-101(Cr, Fe) and this increases the density and
strengthens Lewis acidity with respect to MIL-101(Cr). The presence of Cr(lll)
ions in the MOF metal node provides stability during the catalytic reaction

while the presence of Fe(lll) enhances the catalytic activity.

The presence of electron withdrawing (i.e., NO, or SOsH) or donor (i.e.,
NH2) substituents in the terephthalate organic ligand of MIL-101(Cr)
influences the catalytic activity for the synthesis of benzimidazoles using
o-phenylendiamine and benzaldehydes. MIL-101(Cr)-NO; was the most active
catalyst of the series. In situ FT-IR spectroscopy using CDsCN reveals that the
presence of the NO; group in the terephthalate organic ligand of
MIL-101(Cr)-NO; increases the density and strength of the Lewis acid sites
with respect to the MIL-101(Cr) pattern. This material acts as a bifunctional
catalyst (acid and redox) facilitating the catalysed condensation and oxidative
dehydrogenation during the synthesis of benzimidazoles. The catalytic activity

of MIL-101(Cr)-NO; slightly decreases during the initial reuses due to the
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strong adsorption of the basic nitrogen compounds in the Lewis acid sites of
the catalyst during the reaction. The five-times used catalyst retains its
crystallinity and morphology as revealed by PXRD and SEM measurements,

respectively, and the absence of metal leaching.

The MIL-101(Cr)-NO> material is an efficient catalyst for the aerobic
oxidation of thiophenols in acetonitrile as a solvent and the oxidative
desulfuration of dibenzothiophenes in n-dodecane or commercial diesel. The
series of MIL-101(Cr)-X (X: NOz, SOsH, Cl, NH, or CHs) prepared a good
relationship between the substituent meta Hammet constant on the
terephthalate ligand and their redox potential was found for the aerobic
oxidation of thiophenol to diphenyl disulphide. Regarding the mechanism, the
available data indicates that MIL-101(Cr)-NO; is acting as a truly
heterogeneous catalyst for the aerobic oxidation of thiophenol, while it acts
as an initiator in the aerobic desulfurization of dibenzothiophenes. For both
reactions, MIL-101(Cr)-NO, is a reusable material without observed
deactivation and maintains its crystallinity as revealed by PXRD and with

negligible metal leaching.

Hydroquinone is an adequate reagent to promote the reduction of GO to
rGO and introduce hydroquinone/quinone-like functional groups that act as
active sites for the aerobic oxidation of thiophenol and indane. The
preparation of rGO by using hydrazine or ascorbic acid as reducing agents or
by thermal methods resulted in samples with relatively low catalytic activity.
The reuse experiments using the most active catalyst revealed that most of
the initial catalytic activity is retained. Selective radical quenching
experiments revealed the generation of hydroperoxyl and hydroperoxyl

radicals during the aerobic oxidations as well as carbon-centred radicals in the
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case of indane oxidation.
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Chapter 8

8.1 Abstract

The present doctoral thesis has shown the possibility of engineering the
active sites of MOFs and graphene-based materials as catalysts with enhanced
activity for oxidation and condensation reactions. Specifically, the
development of a mixed-metal MIL-101(Cr, Fe) has resulted in a catalyst with
enhanced catalytic activity for the Prins reaction between B-pinene and
formaldehyde with respect to the use of MIL-101(Cr) or the unstable
MIL-101(Fe) under the studied reaction conditions. The presence of Fe® ions
in the metal nodes of the MIL-101(Cr, Fe) increases the density and strength
of the Lewis acid sites of the material and the presence of Cr®* in the metal
nodes provides catalyst stability. Furthermore, this thesis has demonstrated
that the presence of NO, groups in the terephthalate organic ligand of
MIL-101(Cr) increases the density and strength of Lewis acid sites of the
material. Thus, MIL-101(Cr)-NO; exhibits a superior catalytic activity for the
synthesis of benzimidazoles from o-phenylenediamines and benzaldehyde
derivatives, as well as for the aerobic oxidation of thiophenol and the aerobic
oxidative desulfuration of dibenzothiophenes. This thesis has also shown that
the selection of an appropriate reducing agent (such as hydroquinone) for the
preparation of rGO from GO increases the density of active sites and

promotes the aerobic oxidations of thiophenol and indane.
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8.2 Resumen

La presente tesis doctoral ha mostrado la posibilidad de disefiar sitios activos
de MOFs y materiales basados en grafeno para ser utilizados como catalizadores
con actividad mejorada para reacciones de oxidacién y condensacion.
Especificamente, el desarrollo de una combinaciéon de metales MIL-101(Cr,Fe) ha
dado como resultado un catalizador con actividad catalitica mejorada para la
reacciéon de Prins entre B-pineno y formaldehido con respecto al MIL-101(Cr) o el
inestable MIL-101(Fe) en las condiciones de reaccidn estudiadas. La presencia de
iones Fe** en los nodos metalicos del MIL-101(Cr, Fe) aumenta la densidad vy la
fuerza de los sitios acidos de Lewis del material, mientras que la presencia de Cr*3
en los nodos metalicos proporciona estabilidad al catalizador. Ademas, esta Tesis
ha demostrado que la presencia de grupos NO; en el ligando organico tereftalato
de MIL-101(Cr) aumenta la densidad y la fuerza de los sitios acidos de Lewis del
material. Por lo tanto, MIL-101(Cr)-NO; exhibe una actividad catalitica superior
para la sintesis de bencimidazoles a partir de o-fenilendiaminas y derivados de
benzaldehido, asi como para la oxidacién aerébica del tiofenol y la desulfuraciéon
oxidativa aerdbica de dibenzotiofenos. Esta Tesis también ha demostrado que la
seleccion de un agente reductor apropiado como la hidroquinona para la
preparacion de rGO a partir de GO aumenta la densidad de los sitios activos para

promover las oxidaciones aerdbicas de tiofenol e indano.
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8.3 Resum

La present Tesi doctoral ha mostrat la possibilitat de dissenyar llocs actius de
MOFs i materials basats en grafe per ser utilitzats com a catalitzadors amb
activitat millorada per a reaccions d’oxidacié i condensacié. Especificament, el
desenvolupament d’una combinacié de metalls MIL-101(Cr,Fe) ha donat com a
resultat un catalitzador amb activitat catalitica millorada per a la reaccié de Prins
entre B-pine i formaldehid pel que fa a MIL-101(Cr) o I'inestable MIL-101(Fe) en
les condicions de reaccid estudiades. La preséncia de ions Fe3* en els nodes
metal-lics de MIL-101(Cr,Fe) augmenta la densitat i la forca dels llocs acids de
Lewis del material, mentre que la preséncia de Cr** en els nodes metal-lics
proporciona estabilitat al catalitzador. A més a més, aquesta Tesi ha demostrat
que la preséncia de grups NO, al lligam organic tereftalat de MIL-101(Cr)
augmenta la densitat i la forca dels llocs acids de Lewis del material. Per tant,
MIL-101(Cr)-NO, exhibeix una activitat catalitica superior per a la sintesis de
bencimidazols a partir de o-fenilendiamines i derivats de benzaldehid, aixi com
per a l'oxidacid aerobica del tiofenol i la desulfuracié oxidativa aerobica de
dibenzotiofens. Aquesta Tesi també ha demostrat que la sel-leccié d’un agent
reductor apropiat com la hidroquinona per a la preparacié de rGO a partir de GO
augmenta la densitat dels llocs actius per a promoure les oxidacions aerobiques

de tiofenol i indano.
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