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Abstract

Cross coupling reactions catalyzed by transition metals are currently among the most
widely used transformations in organic synthesis. In most of these reactions, the coupling
involves the reaction of two complementary functional groups, particularly boronates and
halides. For the sake of atom economy and simplicity of the starting materials, it is more
advantageous when the coupling involves C-H activation of one substrate lacking a reactive
functional group. The present review focuses on the use of metal organic frameworks (MOFs)
as solid reusable catalysts to promote cross-coupling reactions involving C-H activation. After
general considerations, the review is organized according to the bond formed in the coupling,
either C-C or C-heteroatom (N, O, B and X). The purpose of this mini review is to show the
performance of MOFs as heterogeneous catalysts in these reactions, combining a high activity
due to the large percentage of accessible metal sites and high stability allowing the reuse of the
material in consecutive cycles. Comparison with homogeneous analogous catalysts indicates
that this improved performance derives from the porosity, large surface area and site isolation
and immobilization occurring in the MOFs. Considering the growing interests in these

reactions the last section forecasts future developments in these areas in near future.
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1. Introduction

Modern organic synthesis has considerably progressed since the development of
transition metal-catalyzed cross-coupling reactions, allowing for the easy formation of C-C and
C-Y (Y: O, N, Si, X) among other bonds.!® These cross-coupling reactions are generally
carried out in the presence of minimal percentages of metal catalysts under mild conditions that
are compatible with a large variety of functional groups. The reactions can take place affording
high product yields and exhibiting wide substrate scope. Typical examples of cross-coupling
reactions are Suzuki-Miyaura coupling® # to form biaryls by coupling of phenylboronic acids

and aryl halides, Heck-Mirozoki reaction’

of aryl halides with activated C=C groups and
Sonogashira coupling!® of terminal acetylenes with aryl halides, among other reactions
(Scheme 1). In many cases, these coupling reactions involve two substrates having
complementary functional groups that are removed in the coupling. Conventional strategies in

traditional cross-coupling reactions use functionalized starting materials, like organic halides

and organometallic reagents.
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Scheme 1. Some conventional cross-coupling reactions catalyzed by Pd catalysts.

In recent years, considerable effort has been made to avoid either functionalized halides
or organometallic reagents by developing suitable conditions and reagents that activate the C-
H bond of the substrate at the coupling position. In this regard, one step forward in these
coupling reactions is the use of substrates with C-H bond (either sp? or sp®) as reactant in
combination with another substrate that possesses a leaving group. Examples of these reactions
are oxidative couplings of arenes with organometallic reagents catalyzed by Pd complexes!'! or

radical C-H activation of substrates followed by cross coupling.'?

Probably, the ideal method would involve coupling of two partners with C-H bonds that
would undergo simultaneous activation, leading to C-C bond formation by the liberation of
hydrogen, but such a hypothetical process still has be to developed as a general coupling
process. At the moment, avoiding functionalization of just one of the two coupling substrates
represents an improvement regarding atom economy, minimization of by-products and

simplicity in synthesis design.

As indicated above, cross-coupling reactions require transition metal catalysis, Pd
complexes being the most common catalysts. One logical evolution in catalysis is to transform
a reaction requiring homogeneous soluble catalysts into an analogous process based on
insoluble solids that can promote the reaction heterogeneously.!* By employing a catalyst in a
separate phase, the active species can be easily recovered from the reaction mixture. This
allows the design of continuous flow processes or the reuse of the catalyst in consecutive batch
reactions.

Of importance for the present review is the increasing use of metal organic frameworks

(MOFs) as heterogeneous catalysts, particularly for liquid phase reactions.'*!® MOFs are



crystalline porous materials in where the structure is constructed by metallic nodes of a few
atoms that are coordinated, generally through Columbic and coordinative bonds, with rigid
bipodal or multipodal organic ligands.!”>! Among the most important properties of MOFs from
the catalytic viewpoint, those related to porosity, high surface area and stability are the most
important ones. Scheme 2 illustrates the structural building blocks and how the lattice is formed

by the association of nodes and linkers.
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Scheme 2. Structure and components of MOFs. Copyright 2014 American Chemical Society.??

Due to a combination of composition and structural features, MOFs are considered
among the most promising and versatile materials in heterogeneous catalysis under conditions
compatible with their structure. Scheme 3 summarizes some of the positive properties that
MOFs offer as heterogeneous catalysts, including high surface area, large pore volume and
accessibility of a large density of active sites. Obviously, these properties are also important
for the application of MOFs in cross-coupling reactions, particularly the presence of transition

metals with oxidizing activity and Lewis acidity in a highly porous and accessible framework.
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Scheme 3. Advantages offered by MOFs as heterogeneous catalysts, particularly for coupling

reactions.

The large flexibility in the composition and diversity in the structure of the organic
ligands determine the possibility to design MOFs for specific catalytic applications, such as C-
H activation to promote coupling reactions.!”-?? In addition, besides the synthesis, MOFs can
also be submitted to post-synthetic modifications?* 2* that allows to introduce, once the solid
has been formed, additional metals in the composition of the material. One of the main
advantages of MOFs is the large percentage of transition metal that can be present in the
composition. In some cases, these transition metals complete some of their coordination sphere
with ligands that are not involved in the structure of the material. In these cases, these ligands
different from the linkers can be removed or exchanged by reagents and substrates. This

situation is denoted indicating that the MOF contains coordinatively unsaturated positions.>

In addition to the presence of coordinatively unsaturated positions in MOFs, it is
becoming increasingly recognized that structural defects are playing a crucial role in
catalysis.'® 2527 The current state of the art allows also to tune the density of defects by adding

during the synthesis of the MOFs some modulating agent that controls the crystal growth.



These modulators can become reversibly attached to the metal nodes instead of the organic

linker, disrupting in this way the crystal structure of the material.

This large transition metal content characteristic of MOFs, the large diversity of metals
that can be used, together with the presence of coordinatively unsaturated positions in some
cases or defects in others determine that MOFs exhibit in general a wide applicability as solid
Lewis acids or as catalysts for oxidation reactions.?® > The present review is focused on the
use of MOFs as heterogeneous catalysts to promote cross coupling reactions by C-H

functionalization.

As it will be shown below, there are several pathways to promote cross coupling
reactions by C-H activation. One possibility for C-C bond formation, C-H at a position to a
nitrogen atom in aromatic heterocycles becomes activated. Typical examples are indoles or
benzimidazoles. This activated o position can react, in the presence of MOFs as catalysts, with
aryl halides, arylboronic and other reagents with leaving groups without the need of oxidizing
reagent. However, in other cases in where no heteroatoms are present, sp> C-H bonds can also
be activated to form C-C bonds through an oxidative mechanism that requires the presence of
oxidizing reagents, sometimes in over stoichiometric amounts. In this reaction mechanism, the
metal is playing a role of redox site and radical intermediates are generally involved. Other
general C-H activation pathway for C-C bond formation is that involving acidic C-H bonds,
the reaction occurring through conventional aldolic condensations. For this general reaction
mechanism, MOFs are acting as solid Lewis acids. The advantages of all these process
involving C-H activation are atom economy, wider availability of substrates without
complementary functional group and the lack of formation of by-products arising from the

leaving group.



While the above-commented three pathways of C-H activation can lead to the formation
of C-C bonds, for generation of C-N, C-O, C-B and C-X bonds by C-H activation the presence
of oxidants are needed. The most widely used oxidizing agent in C-X bond formation is tert-
butylhydroperoxide (TBHP), although other reagents such as diphenyliodonium
tetrafluoroborate, phenyl-N-tosyliodinane and oxygen can also be used. In this context, there
is still a need of developing general oxidative cross-coupling reactions based on the use of

molecular oxygen to activate these C-H bonds.

The main body of the present review is organized according to the type of bond that is
formed in the coupling reaction. Due to their large application in organic synthesis and for the
preparation of organic compounds with therapeutical properties, cross-coupling reactions
leading to C-C and C-N bond formation using MOFs as catalysts represent the cases that have
attracted more attention, particularly in comparison of the reported studies on C-O bond

formation. Examples of these three reactions will be discussed in the following three sections.

Another part of this review deals with formation of C-B bonds. Since boronic acids and
boronates have become important reagents for couplings, there is a considerable interest in
establishing synthetic methods for the preparation of these important reagents. It will be shown
below that in most of the cases, bis(pinacolato)diboron is the reagent of choice for the reactions
developed so far. The last cross-coupling reaction presented will be the formation of C-X bond
that constitutes an alternative to the use of halogens. The final section summarizes the review

and forecasts future developments in this area.

The purpose of the present review is to show the current state of the art in the use of
MOFs as heterogeneous catalysts for C-H activation leading to C-C and C-Y cross coupling
reactions, showing the potential and advantages that these porous materials offer as catalysts

for these types of reactions. When possible a comparison with the activity of homogeneous



catalysts will also be made. Table 1 summarizes the various MOFs used as heterogeneous solid

catalysts or as supports for the formation of C-C, C-N, C-O, C-B and C-X bonds through the

activation of sp*/sp> C-H bonds. In addition, stability evidences of these MOFs have been also

indicated.

Table 1. List of various MOFs used as solid catalysts or supports for the formation of C-C, C-

N, C-O, C-B and C-X bonds.

Catalyst Reaction | Reaction TON/ Stability | Ref
category TOF(h!) | evidence |.
Ni2(BDC)2(DABCO) C-C | C-H arylation of | - XRD, 30
benzoxazoles BET
{(H30)[Cu2(CN)(TTB)o5]1.5H, C-H arylation of | - XPS, 31
O}n benzothiazole ICP-
AES,
XRD
Cux(BPDC)2(BPY) C-H arylation of | - XRD, 32
benzoxazole FT-IR
Pd@F15-NU-1000 C-H arylation of | - XRD, 33
indoles TEM
Pd/MIL-101(Cr) C-H arylation of | - XRD, 34
N-methylindoles BET
Pd**@MOF-5(0Oh) C-H phenylation | - TEM 35
of naphthalene
Fe3(BTC)(NDC),6.65H,0 coupling of | - XRD 36
(VNU-20) coumarin  with
N,N-
dimethylaniline
Fes;O(BPDC); synthesis of 2- |- XRD, 37
alkenylazaarenes FT-IR




Ui0-67-Pdbpydco s/bpdco s Suzuki-Miyaura | - ICP- 38
OES,
XRD
Pd(II) doped UiO-67 Suzuki-Miyaura | - XRD, 39
and Heck XPS
Ui0-67-3-PI-Pd Suzuki-Miyaura | 1852 h! | XPS, 40
and Heck ICP-AES
MOF-199 C-N coupling of N- |- XRD 4
benzoyl-8-
amino-quinoline
and morpholine
Cu-CPO-27 coupling of | - XRD, 42
quinoxalin- FT-IR
2(1H)-one with
morpholine
537-MOF Synthesis of - XRD 43
benzimidazoles
VNU-18 coupling of ethyl | - leaching | #*
phenyl  ketone
and morpholine
Mn21(TZBA)12(HCO2)18(H20)12 C-H amination of | 120000, | XRD, 45
(CPF-5) tetrahydrofuran | 48000 h! | ICP-MS
UiO-supported NacNac-Cu C-H amination of | 150 XRD, 46
cyclohexene reuse
Cux(BPDC)2(BPY) C-0 Coupling of 2-|- XRD, 47
hydroxybenzalde FT-IR
hyde and 1,4-
dioxane
Fex(dobdc) Activation of C- | - XRD, 48
H bond in ethane BET
mBPV-MOF-Ir C-B Borylation of m- | 17000 XRD, 49
xylene reuse




CoClL.TPY-MOL C-H borylation | ~ 40 XRD, 50

of methylarenes ICP-MS
Pd@MIL-101-NH»(Cr) C-X Halogenations of | - XRD, 31
2-phenylpyridine TEM
UiO-Pd-TCAT Halogenation of | - reuse 52
2-phenylpyridine
PCN-602 Halogenation of | - XRD, 53
cyclohexane reuse

Abbreviations: BDC: 1,4-benzenedicarboxylic acid; DABCO: 1,4-diazacyclo[2.2.2]octane;
H4TTB:1,2,4,5-tetra-(2H-tetrazole-5-yl)-benzene; BPDC: biphenyldicarboxylic acid; BPY:
bipyridine; NDC: 2,6-naphthalenedicarboxylic acid; NacNac: p-Diketiminate; CPF:
coordination porous framework; TZBA: 4-tetrazolate-benzoic acid; dobdc*: 2,5-dioxido-1,4-

benzenedicarboxylate.

2. C-C Bond Formation
2.1 sp? C-H Activation

As indicated previously, there are three different cross-coupling mechanisms through
which C-H can be activated to form C-C bonds. One of them requires the presence of a nitrogen
atom at the a position. Thus, direct C-arylation of heterocycles using transition metals as
homogeneous catalysts through activation of C-H bond has received considerable attention,
since it does not require functionalization of the parent heterocycle.’* >° In one of the recently
reported examples, Nio(BDC)2(DABCO) was prepared by solvothermal method and its crystal
structure contains secondary building units (SBUs) of two 5-coordinate nickel cations as
central metal ions bridged in a paddle wheel-type configuration as shown in Figure 1. SEM
images revealed the formation of crystalline solid while TEM images showed porous structure.
Gas adsorption measurements indicated a median pore width of 6.1 A with a BET surface area
of around 1473 m?g"'. Nio(BDC)»(DABCO) exhibits catalytic activity in the direct C-H

arylation of benzoxazoles and arylboronic acids to afford 2-arylbenzoxazoles (Scheme 4) at
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100 °C in dimethylacetamide and K3POs4 as a base.>® The obvious advantage of this reaction
compared to the possible Suzuki-Miyaura coupling as alternative is that it does not require the
use of the corresponding aryl halides as reagents. Interestingly, Ni2(BDC)2(DABCO) showed
significantly higher activity than other analogous Ni MOFs like Ni3(BTC), (BTC: 1,3,5-
benzenetricarboxylate) and Ni(BTC)(BPY) (BPY: 4,4’-bipyridine) under identical conditions.
This difference in the activity between Ni2(BDC)>(DABCO) and related MOFs may be due to
their different structure imposing diffusion limitation to reach the metal centre. On other hand,
the activity of Ni2(BDC)2(DABCO) was also higher than homogeneous Ni*" salts, such as
NiClz, Ni(NO3)2, N12SO4 and Ni(OAc), taken as reference for homogenous catalysts. The
activity of Nio(BDC)2(DABCO) was maintained for seven cycles without significant activity
loss. Powder XRD and pore size distribution measurements of the exhaustively used catalyst
indicated that the crystallinity and pore volume were unaltered by its use as catalyst compared
to the fresh material. The catalyst stability was further established by leaching experiments that

support the heterogeneity of the process.

o) Ni»(BDC)2(DABCO) 0
(g = Do -0
N

DMAc

Scheme 4. Direct C-H arylation of benzoxazole with phenylboronic acid using

Niz2(BDC)2(DABCO) as solid catalyst.
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Figure 1. Illustration of the coordination geometry of paddle wheel building units in
Ni2(BDC)2(DABCO). M stands for metal ion, L stands for bicarboxylate linker (BDC) and P
is N-containing bidentate pillar linker (DABCO). Reprinted with permission from ref. 56.

Copyright 2012, American Chemical Society.

An anionic porous zeolite-like, three-dimensional MOF with molecular formula
{(H30)[Cu'2(CN)(TTB)o5]1.5H,0}n was prepared containing free H3;O' ions as guest
molecules.’! The catalytic performance of this Cu-MOF sample was evaluated in the C-H
arylation of benzothiazole with iodobenzene through C-H activation (Scheme 5). Optimization
of the reaction conditions leads to 90 % yield of the 2-phenylbenzothiazole using K>COs3 as the
base in DMF at 140 °C. Interestingly, the crystallinity of {(H30)[Cu2(CN)(TTB)o.5]1.5H20}x
was retained during the course of the reaction. XPS analysis of the recovered sample did not
reveal any change in the oxidation state of Cu. ICP-AES analysis indicated less than 0.1% of
copper in the filtrate, thus, supporting the heterogeneity of the reaction. Although the yield
slightly diminished during the reusability experiments, powder XRD of the five times reused
sample did not show any sign of decomposition or collapse of MOF structure. Furthermore,
this Cu MOF catalyst exhibits a wide scope, promoting the coupling of heteroarenes with a
wide range of substituted aryl or heteroaryl halides to their respective heterocyclic derivatives

in moderate to high yields (Scheme 6).

N {(H30)[Cu'2(CN)(TTB)0.5]1.5H20}n N
O+ O - OO0
7 Z

K,CO5, DMF, 140 °C

Z=0, S, NMe X=1,Br

Scheme 5. The C-H arylation of azoles with iodobenzene using a Cu-MOF as solid catalyst.

12



0 O OO0

87% 62% 52%

CLo-O<0 T (IN;

51% 91% 45%

Scheme 6. Structure of heterocyclic compounds that can be obtained by C-H activation using

{(H30)[Cu2(CN)(TTB)o.5]1.5H,0 1, catalyst.

In recent years, the synthesis of pillared layer, also called as ‘pillared-grid’, MOFs
consisting bimetal paddle-wheel units (Figure 2) has attracted increasing attention.>’ The
crystal structure of these types of MOFs reveals that dicarboxylates behave as grid-forming
ligands and diamines or diimines acts as pillars, thus allowing the reactants to diffuse
favourably to reach the active sites. In one of these examples, C-H arylation between
benzoxazole and iodobenzene (Scheme 7) was reported using Cux(BPDC)>(BPY) as solid
catalyst at 120 °C in DMSO and K3PO4 as the base, reaching complete conversion and
selectivity.’? Control experiments with homogeneous copper salts indicated that the yield of
the reaction is comparatively superior with heterogenecous MOF catalyst than with
homogeneous copper catalysts. For instance, the coupling reaction in the presence of Cul
afforded 80 % conversion, while CuCl provided 77 % conversion under similar experimental
conditions. On the other hand, CuCl> showed even lower activity than the above salts by giving
only 54 % conversion. Further, the catalytic activity of the Cux(BPDC)2(BPY) was compared
with that of a series of analogous Cu-MOFs. Under identical reaction conditions, conversions

of 79, 67, 11 and 45 % were reached using Cu3(BTC),, Cu(BDC), Cu(BPDC), and
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Cux(BDC)2(BPY) as catalysts, respectively. The distinctive catalytic behaviour between
Cu(BPDC)2(BPY) and Cu(BPDC) suggests that the 4,4’-bipyridine linker is acting as a bridge
to prevent diffusion limitation or the formation of catalytically inactive Cu-MOF.*® The
catalytic activity of Cux(BPDC)2(BPY) was retained for six cycles without noticeable decrease
in activity. The reused catalyst exhibited identical absorption spectra and crystallinity as those
of the fresh catalyst as evidenced by FT-IR spectroscopy and powder XRD analysis,
respectively. The optimized reaction conditions using Cux(BPDC)2(BPY) as heterogeneous

solid catalyst can be further exploited to obtain the series of heterocycles shown in Scheme 8.

o) Cuy(BPDC)2(BPY) o)
o - O - IO
N N

Scheme 7. The C-H arylation of benzoxazole by iodobenzene promoted by Cux(BPDC)»(BPY)

as solid catalyst.

CH-O O DO OO

80% 32% 39% 46%

Scheme 8. Cux(BPDC)>(BPY) catalyst mediated synthesis of wide range of heterocycles via

C-H activation.

14



Figure 2. Pictorial representation of pillared-grid MOFs. Circles indicate bimetal
paddlewheels, dark lines indicate grid-forming ligands (dicarboxylates) and lighter lines
represent pillar ligands (diamines or diimines). Reprinted with permission from ref.57.

Copyright 2007 Royal Society of Chemistry.

The structure of NU-1000 with the molecular formula of Zrs(n3-OH)s(OH)3s(TBAPYy)2
(TBAPy = 1,3,6,8-tetrakis(p-benzoate)pyrene)) consists in mesopores (3 nm) with
considerably high thermal stability to around 500 °C, as well as chemical stability in boiling
water. Interestingly, the available eight terminal OH groups on Zr nodes can be facilely
modified by postmodification with perfluoroalkyl chains as shown in Figure 3. Later, ultrafine
Pd nanoparticles (NPs) were encapsulated on hydrophobic perfluoroalkyl-functionalized
mesoporous MOF NU-1000 (Fn-NU-1000; n=9, 15 and 19). The activity of these fluorinated
MOFs was examined in the C-H activation of indoles in water.>> Pd NPs were embedded in
NU-1000 and Fn-NU-1000 by incipient-wetness impregnation followed by reduction with
hydrogen. The average particle size was around 2.5 nm which is compatible with the inclusion
of Pd NPs within the mesopores of F15-NU-1000 MOF. The catalytic activity of the series of
Pd NPs@Fn-NU-1000 was studied in the C-H arylation of indole by iodobenzene (Scheme 9)
using potassium acetate at 100 °C in water. It was observed that the perfluoroalkyl
functionalized NU-1000 promoted C-H activation more efficiently than the parent Pd@NU-
1000. For instance, Pd@F9-NU-1000 afforded around two fold enhancement in the yield (24
%) than the Pd@NU-1000 (12.5 %) under identical conditions. Interestingly, Pd@F15-NU-
1000 showed even higher activity (87.1 %) and selectivity than other tested catalysts. Further,
Pd@F19-NU-1000 exhibited slightly lower activity (84.2 %) due to the lower surface area and
pore volume of the MOF. Under the same conditions, Pd(acac)>@F15-NU-1000 and Pd@MIL-
101(Cr) catalysts showed of 11 and 33 % yields for the coupling product that indicates a much

lower activity than PA@F15-NU-1000. These activity data clearly show the importance of the
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hydrophobicity of the internal pores of NU-1000 to enhance the activity. A series of indole
derivatives were converted to their respective 2-phenylindoles with moderate to high yields
under optimal reaction conditions. Hot filtration test was in agreement with the heterogeneity
of the process. Pd@F15-NU-1000 was recycled for six runs in the C-H activation of N-
methylindole and iodobenzene. The powder XRD patterns of the six-times recycled catalyst
indicated maintenance of the crystallinity of MOF structure. Further, TEM images of the six-
times recycled catalyst showed that the average Pd NP size is retained. Gas adsorption
measurements also showed that there was no decrease in the surface area and pore volume after
six recycles. Thus, all the available characterization data of the used catalyst indicates the

stability of Pd@F15-NU-1000 under the reaction conditions.

SALI method Pd(acac),
RCOOH, DMF (1) Incipient-wetness
impregnation method
(2) Hy, 200 °C
S o B EE BB G 5
R=Fc” “E: . FsE” ‘“E:’ “g’ “er, R A
FO-NU-1000 F15-NU-1000 F19-NU-1000

Figure 3. Schematic representation of introduction of perfluoroalkyl chains into the pores of
NU-1000 by solvent-assisted ligand incorporation method followed by immobilization of the
Pd NPs into the pores of perfluoroalkyl functionalized NU-1000 using incipient-wetness

impregnation method. Reprinted with permission from ref.33 Copyright 2016 Elsevier.

@ , O| Pd@F15-NU-1000 O N\ O
N >
H H

Water, 100 °C

Scheme 9. C-H activation of indole with iodobenzene catalyzed by Pd@F-15-NU-1000 as

catalyst in water.
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MIL-101(Cr) was synthesised by Ferey and co-workers using Cr** as the metal ion and
BDC as the linker, resulting in formation of highly crystalline structure with molecular formula
as Cr3(F,OH)(H20),0[BDC]3'nH20 (n=25).>° The structure of MIL-101(Cr) exhibits extra
large BET surface area (3447 m?g™!) and two types of mesoporous cages (2.9 and 3.4 nm)
accessible through microporous windows (1.2 and 1.4 nm). Highly dispersed Pd NPs with the
mean diameter of 2.6+0.5 nm were encapsulated over MIL-101(Cr) (Pd/MIL-101(Cr)) and
their activity was tested in the C-H activation of N-methylindoles with arylboronic acids

(Scheme 10) using oxygen or TEMPO as oxidant.*

Optimization of the reaction conditions
allowed to reach 98 % yield of 2-phenyl-N-methylindole for the coupling of N-methylindole
with phenylboronic acid using Pd/MIL-101(Cr) as solid catalyst under aerobic conditions in
dichloromethane/acetic acid medium at 60 °C. In comparison, a control experiment with Pd/C
catalyst (5 wt% Pd) gave only 19 % yield of the desired product under identical conditions. On
the other hand, Pd/MIL-101(Cr)-NH: as catalyst showed a moderate activity of 51 % yield
under the optimized conditions. The higher catalytic activity of PdA/MIL-101 compared to Pd/C
and Pd/MIL-101-NH> was attributed to the larger specific surface area and accessible cages
and windows of MIL-101, thus, favouring a high dispersion of Pd NPs and minimizing
diffusion limitations. Furthermore, Pd(NO3), and Pd(OAc), adsorbed on MIL-101 also
afforded much lower product yields of 9 and 16 %, respectively, to the coupling product under
same conditions. These results are in line with the requirement of Pd NPs rather than isolated
Pd>" ions to promote this reaction. The catalytic reaction was heterogeneous and the leached
Pd content was 0.9 ppm. Pd/MIL-101(Cr) was reused six cycles with no decay in its activity.
Powder XRD and gas adsorption measurements showed no changes in the crystallinity and

pore volume of MIL-101(Cr), respectively, after six cycles. In addition, Pd/MIL-101(Cr)

exhibited wide substrate scope converting a series of indole derivatives containing electron
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donating and withdrawing substituents to their respective 2-phenylindole derivatives in

moderate to high yields.
Pd/MIL-101
Ly Orson 2 OO
N N
\ \

Scheme 10. PA/MIL-101 catalyzed C-H activation of N-methylindole with phenylboronic acid.

Besides activation of heterocycles at a-position of the nitrogen atom, other type of
C(sp?)-H activation of aromatics requiring the assistance of oxidizing reagents has also been
reported. In these cases, oxidative reaction conditions are required to promote the C-C
coupling. One of these examples is the phenylation of naphthalene by diphenyliodonium
tetrafluoroborate. A crystalline MOF-5(0Oh) was prepared with similar structure as that of
MOF-5 by the reaction of Zn** with BDC in the presence of a certain proportion of 1,3,5-tris(4-
carboxyphenyl)benzene (H3;BTB) (Figure 4). The structure of MOF-5 is constituted by the
coordination between Zn** clusters with BDC ligands. In the case of MOF-5(Oh), the presence
of BTB originates a number of defective sites consisting in the presence of dangling
carboxylates that can be used to anchor metal cations.>®> After its synthesis, MOF-5(Oh) was
treated with Pd(OAc): to obtain a Pd>@MOF-5(Oh) solid. It is assumed that in Pd** @MOF-
5(Oh) the Pd** ions are associated to the dangling carboxylate groups introduced by BTB. The
activity of Pd**@MOF-5(0Oh) was tested in the phenylation of naphthalene through C-H
activation using diphenyliodonium tetrafluoroborate (Scheme 11). C-H arylation of
naphthalene can be performed using Pd(OAc), as homogeneous catalyst in nitrobenzene at 120
°C, affording a total yield of 13 % phenylnaphthalene with 15:1 selectivity for the a isomer
over the B isomer after 30 min. The yield slightly increased (17 %) but the selectivity (a:p =
8:1) lowered after 17 h. On the contrary, the phenylation of naphthalene in the presence of

Pd**@MOF-5(0h) was significantly improved to 64 % after 12 h. Interestingly, Pd**@MOF-
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5(0Oh) catalyst exhibited different regioselectivity (a:p = 3:1) compared to homogeneous
Pd(OAc), reaction. These activity data clearly show the superior performance of MOF catalyst
by enhancing the yield, preserving the active sites and controlling the selectivity in a greater
extent than the homogeneous Pd*" salts. Hot-filtration test confirmed the heterogeneity of the
reaction in the case of PA@MOF-5(0Oh). TEM analysis of the recovered solid indicated the
presence of relatively large Pd NPs of around 20 nm. Considering the large Pd NP size, these
results still allow the design of more robust MOFs that could exhibit better C-H arylation yields

and selectivity, while being stable under the reaction conditions.

Ph
.. Pd*@wmoF-5(0n) . Ph
+ Ph2| BF4 -
®jsomer B-isomer

Scheme 11. Pd**@MOF-5(0h) catalyzed oxidative phenylation of naphthalene using

diphenyliodonium tetrafluoroborate.

CO,H

Zn(NO3),"6H,0
DEF, 100 °C
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Figure 4. (a) Synthesis of BTB-incorporated MOF-5 crystals by addition of BTB to the reaction
mixture of BDC and Zn(NO3)2.6H>O (b) Photographs of crystals showing the dependence of
the morphology upon the percentage of BTB in the feed (scale bar is 100 um). Reprinted with

permission from ref.35 Copyright 2011 American Chemical Society.

Recently, mixed-linker iron-based MOF, namely, VNU-20 with the molecular formula
Fe3(BTC)(NDC)2-6.65H>0 has been synthesized. The structure of VNU-20 is constituted from
the mixed linkers of BTC and NDC connecting the sinusoidal [Fe3(CO2)7]« iron-rod secondary
building units (Figure 5). These sinusoidal rods are linked by BTC?" to expand horizontally.
Further, these layers are pillared vertically by NDC? linkers to obtain three-dimensional VNU-
20 (Figure 5). The structure consists of open rectangular window of 6.0 x 8.7 A2 and a BET
surface area of 680 m?g!. The activity of Fe3(BTC)(NDC)2-6.65H,0 was investigated for the
coupling of coumarin with N,N-dimethylaniline through oxidative C-H bond activation
(Scheme 12). A yield 0of 94 % to the corresponding product was achieved at 120 °C using TBHP
as oxidant and DABCO as cocatalyst. A series of control experiments firmly established that
the oxidative C-C coupling requires the assistance of TBHP as oxidant, temperature about 120
°C and the use of DABCO. Homogeneous catalysts afforded moderate product yields, while
heterogeneous catalysts like Fe(BTC) (80 %), FesO(BDC)s (62 %) and FesO(BPDC)3 (82 %)
exhibited comparable yields as VNU-20 under identical conditions. These catalytic data clearly
illustrate the active role played by Fe** as Lewis acid sites activating TBHP. As shown in
Figure 6, hydrogen was abstracted from N,N’-dimethylaniline by TBHP to give respective
radical which was stabilized in the form of iminium. Later, this radical attacks to coumarin and
gives a stable benzylic radical that later release a proton to form the desired final product by
regenerating Fe(III) species in VNU-20. This proposal was further supported by homogeneous
catalysts. Reusability tests indicated the stability of VNU-20 as it can be conveniently used for

five cycles with no noticeable decay in its activity. Furthermore, VNU-20 exhibits a wide
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substrate scope, since a series of coumarins can be facilely coupled with N,N-dimethylanilines

to obtain the desired products in high yields.

o_0 VNU-20 o_0
= / P N
TBHP \©

Scheme 12. VNU-20 catalyzed coupling of coumarin with N,N-dimethylaniline using TBHP

as oxidant.

(a) o, 0oH (b)

(d)

VMU-20 Crystals

Figure 5. (a) Linker structures and (b) secondary building unit of VNU-20, (¢) crystal structure
of VNU-20 and (d) SEM image of VNU-20 crystals. Reprinted with permission from ref.36

Copyright 2018 Royal Society of Chemistry.
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Figure 6. A proposed reaction mechanism for the coupling of N,N’-dimethylaniline with
coumarin by VNU-20. Reprinted with permission from ref.36 Copyright 2018 Royal Society

of Chemistry.
2.2 sp? C-H Activation

In a different type of C-C coupling based on nucleophilic attack to carbonyl groups,
Lewis acid sites at the metal nodes can act as catalytic sites. In one of the reported examples, a
porous iron MOF with molecular formula of FesO(BPDC)s; was prepared by the reaction
between iron(Ill) chloride hexahydrate and biphenyl-4,4’-dicarboxylic acid. Fes3O(BPDC)3
exhibits a rigid solid structure with an accessible three-dimensional pore system having BET
surface area of around 1700 m’g™! (Figure 7).°° Furthermore, infrared spectroscopy revealed
the existence of coordinatively unsaturated Fe sites in the oxidation states of +2 and +3 by
using NO and acetonitrile as probe molecules. The catalytic performance of Fe3O(BPDC)3 was
tested in the synthesis of 2-alkenylazaarenes via condensation of 2-alkyl substituted azaarenes
with carbonyl compounds through C-H bond activation (Scheme 13) in toluene at 120 °C under

argon atmosphere.’” Using FesO(BPDC); as catalyst a yield of (E)-2-styrylquinoline of 75 %

was obtained, while a related Fe MOF with BDC ligands, Fe;O(BDC);, afforded 50 % yield
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under identical conditions. The enhanced activity observed for FesO(BPDC); as catalyst may
be due to its higher surface area and larger pore windows (0.7 nm) compared to FesO(BDC);3
(0.4 nm). The study was completed by including other MOFs of different metals. Thus, the
catalytic reaction with Cu(BDC)2(DABCO) provided 49 % yield of (E)-2-styrylquinoline,
whereas Cuz(NDC)2(DABCO) solid afforded 34 % yield under identical conditions. Although
Zn-MOF-74 exhibited identical activity to FesO(BDC)3 by giving 50 % yield, the use of
Ni2(BDC)2(DABCO) showed only 22 % of (E)-2-styrylquinoline. These data clearly infer that
this reaction is highly dependent on the nature of metal ion as well as the structure of the MOFs,

presumably due to the influence of surface area and pore volume.

This proposal was further confirmed by performing a control experiment with
homogeneous FeCls and observing 45 % yield of (E)-2-styrylquinoline under similar
conditions. These catalytic data are compatible with the involvement of Fe*" acting as a Lewis
acid catalyst. Further, the catalytic activity of pyridine soaked Fe3O(BPDC); was significantly
reduced to around 40 % yield, supporting the role of Lewis acidity in promoting this reaction.
Heterogeneity test confirmed that there was no contribution of leached iron species that could
be present in the reaction mixture. The catalyst was still active up to the 7™ cycle. Powder XRD
and FT-IR spectra of the reused solid did not reveal changes, either in the crystallinity or IR
spectra, compared to those of the fresh solid, thus, showing the stability under these
experimental conditions. Regarding catalyst scope, Fe;O(BPDC); was employed as solid

catalyst to prepare a series of styrylquinolines in moderate to high yields.

CHO
+ ? o
N7 N O
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Scheme 13. FesO(BPDC)3 promoted coupling of 2-methylquinoline and benzaldehyde to form

styrylquinoline.

Figure 7. Organization of the two orthogonally interpenetrated trigonal bipyramidal building
units in the crystal structure of FesO(BPDC)s. Reprinted with permission from ref. 60

Copyright 2012 American Chemical Society.
2.3 Suzuki-Miyaura and Heck Cross-Coupling Reactions

As commented earlier in the introduction, Suzuki-Miyaura and Heck cross-coupling
reactions are very often employed as general C-C bond forming reactions®' using MOFs as
solid catalysts.®> 9 Hence, the reader is referred to the existing reviews for more detailed
description on the use of MOFs as heterogeneous catalysts for these types of reactions.!® ¢4
However, some of the selected examples of these types of reactions are discussed below to
demonstrate the tunability of MOFs to promote these reactions effectively. In one of these

examples, two different approaches were reported to prepare a highly crystalline UiO-67-bpydc

with open 2,2’-bipyridine chelating centres. UiO-67-bpydc was subsequently treated with
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PdCl, to achieve highly active and recyclable Pd catalyst promoting Suzuki—Miyaura cross-
coupling reaction (Figure 8).>® Powder XRD of these MOFs indicated their isoreticular nature
and high crystallinity. Furthermore SEM analysis showed that UiO-67-bpydcy/bpdci
materials have a uniform morphology with a crystal size around 1 um. BET surface area values
for UiO-67-bpydco.s/bpdcos (containing 50 % bpydc, 2346+134 m?g™!) and UiO-67-bpydc
(containing 100 % bpydc, 2051+102 m?g™!) were comparable to that of UiO-67 (2299+54 m*g’
1. These results indicate that UiO-67 does not lose its structural integrity during the linker
exchange process. The Suzuki-Miyaura cross-coupling reaction between phenylboronic acid
and 4-bromotoluene (Scheme 14) using UiO-67-Pdbpydco.s/bpdcos as solid catalyst afforded
89 % yield of 4-phenyltoluene at 95 °C. In contrast, the pristine UiO-67 and UiO-67-
bpydco.s/bpdco.s (without Pd metal) showed no product formation. Furthermore, controls using
PdCl; and Pd(OAc), as homogeneous catalysts resulted in lower yields (51-54 %) under
identical conditions. A comparatively lower yield of 63 % was observed with a commercial
10 % Pd/C catalyst. ICP-OES analysis indicated less than 0.1 ppm Pd and less than 0.1 ppm
Zr leaching in the reaction solution, thus supporting the superior stability of UiO-67-
Pdbpydco.s/bpdco.s compared to Pd/C. UiO-67-Pdbpydco.s/bpdcos catalyst retained its activity
after three cycles. Powder XRD and SEM of UiO-67-Pdbpydco.s/bpdco.s indicated high
crystallinity of the MOF sample used as catalysis compared to fresh material, thus highlighting

the robust UiO structure.

UiO-67-Pdbpydcy s/bpdco s

Toluene, K,CO3

Scheme 14. UiO-67-Pdbpydco.s/bpdco.s catalyzed Suzuki-Miyaura cross-coupling reaction.
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Figure 8. Preparation of UiO-67-bpydc either by direct synthesis or postsynthetic exchange

method. Reprinted with permission from ref.38 Copyright 2014 Royal Society of Chemistry.

In another precedent, a mixed-ligand strategy was adopted to prepare UiO-67 MOF
containing isolated Pd*" active sites in a homogeneous distribution. This material was used to
promote efficient C-C forming reactions through Suzuki-Miyaura and Heck cross-coupling
reactions (Figure 9).%° Pd(II) doped UiO-67 was isostructural to its parent UiO-67 framework
with a BET surface area around 2000 m?g ! and a pore volume of 0.79 cm®g!. XPS analysis
revealed the existence of divalent Pd(I) in doped UiO-67. Among the various reaction
conditions screened for the Heck reaction between 4-chloroacetophenone and styrene (Scheme
15), a maximum of 99 % conversion of 4-chloroacetophenone with more than 99 % selectivity
to 4-aceto-1,1'-biphenyl was achieved at 100 °C. On other hand, parent UiO-67 did not show
any conversion under identical conditions, suggesting that the catalytic activity is derived from
the ligand doped with Pd grafted to the UiO-67 structure. The wide substrate scope of Pd(II)
doped UiO-67 was investigated by employing different aryl chlorides having various
substituents with styrene and observing more than 85 % yields under identical conditions. In
particular, 2-chloropyridine was successfully coupled with styrene to produce the desired
product in 90 % yield. The Pd(II)-doped UiO-67 was reused for five cycles with no decay in

its yield. Powder XRD patterns of the five times used catalyst showed identical pattern as the
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fresh catalyst indicating the robust structure of UiO-67 under catalytic conditions. XPS
measurements of the reused solid confirmed the presence of palladium in divalent state.
Furthermore, Pd(IT)-doped UiO-67 was also effective in promoting the Suzuki-Miyaura cross-
coupling reaction of 4-nitrochlorobenzene and phenylboronic acid (Scheme 15) using KoCOs
in a DMF-EtOH mixture affording 97 % yield of the desired product. Under identical
conditions, Pd(II)-doped UiO-67 promoted the cross-coupling reaction between different aryl

chlorides with phenylboronic acid to afford the corresponding cross-coupling products in 80-

97 % yields.

vd
clI ¢l ZrCly
Hal 4
DMF,100°C
Huzccczl-l
H,L,

Figure 9. Synthesis of Pd(II)-doped UiO-67. The structure model (right) of Pd(II)-doped UiO-
67 shows the incorporation of the L1 ligand into the framework. Reprinted with permission

from ref. 39 Copyright 2014 Royal Society of Chemistry.
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Scheme 15. Pd(Il)-doped UiO-67 promoted Heck and Suzuki-Miyaura cross-coupling

reactions.

Amine-functionalized Zr-based mixed-linker MOFs, namely, UiO-66-Mix and UiO-
67-Mix were synthesized and subsequently the free amino groups were post-synthetically
modified by reacting with pyridine-2-carboxaldehyde. Later, these pyridylimine moieties in

the MOF strut were used as ligands to anchor Pd metal centers (Figure 10).%

The activity of
Ui0-66-Mix-PI-Pd and UiO-67-Mix-PI-Pd in the Heck and Suzuki-Miyaura cross-coupling
reactions were investigated. In general, the activity of UiO-66-Mix-PI-Pd was slightly lower
than UiO-67-Mix-PI-Pd for both Suzuki-Miyaura and Heck cross-coupling reactions. For
instance, Ui0-66-3-PI-Pd afforded 78 and 61 % conversion of bromobenzene in the Suzuki-
Miyaura and Heck coupling reactions, respectively. In contrast, UiO-67-3-PI-Pd showed 95
and 93 % conversions of bromobenzene for Suzuki-Miyaura and Heck coupling reactions,
respectively, under identical conditions. Among the various reaction conditions screened, UiO-
67-3-PI-Pd (0.054 mol %) afforded a TOF value of 1852 h'! for the reaction between
iodobenzene and phenylboronic acid (Scheme 16). Similarly, UiO-67-3-PI-Pd (0.054 mol %)
exhibited a TOF value of 1852 h™! for the reaction between iodobenzene and styrene (Scheme
16). Furthermore, UiO-67-3-PI-Pd was utilized to prepare wide range of biphenyl and stilbene
derivatives containing electron donating and electron withdrawing substituents with more than
90 % yields. The catalytic reaction was heterogeneous in both cases as evidenced by hot-
filtration test. Furthermore, ICP-AES analysis showed no presence of Pd in the reaction
mixture. The UiO-67-3-PI-Pd catalyst was reused for ten cycles without significant decay in
its activity. In addition, XPS of the recovered UiO-67-3-PI-Pd indicated the existence of Pd in
the divalent state which further confirms the robust nature of this catalyst for ten successive

cycles under the conditions required for the C-C coupling reactions.
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Figure 10. Post-synthetic modification of UiO-66-Mix and UiO-67-Mix to obtain UiO-66-Mix-
PI-Pd and UiO-67-Mix-PI-Pd, respectively. Reprinted with permission from ref. 40 Copyright

2016 Wiley.

|
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Scheme 16. UiO-67-3-PI-Pd catalyzed Heck and Suzuki-Miyaura cross-coupling reactions.
3. C-N bond formation

Among the various cross-coupling reactions and after the C-C cross-coupling, C-N is
most probably the second most important coupling reaction, attracting widespread interest due
to the application of the resulting products in the preparation of functional materials, sensors
and as synthetic intermediates in the pharmaceutical industry.®>%” The reaction involves the

use of oxygen or oxidizing agents to promote the coupling.

3.1 sp? C-H Activation
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Direct amination of C-H bonds has been reported with homogeneous catalysts using
palladium, iridium, and ruthenium complexes with appropriate ligands.®® ¢° In one of these
examples, the coupling between N-benzoyl-8-amino-quinoline and morpholine was effectively
promoted by MOF-199 in 99 % yield using 20% AgOAc with N-methylmorpholine oxide as
oxidant in N-methyl pyrrolidine as solvent at 90 °C (Scheme 17).*! The structure of MOF-199
(identical to HKUST-1) is constituted between Cu?* clusters and BTC as linkers resulting in
the formation of Cus(BTC)2 possessing surface area around 1500 m?g™!. Interestingly, other
Cu-based MOFs, like Cu(BDC), Cux(BDC)(DABCO), Cux(BPDC)(BPY) and
Cu(PDA)(BPY) (PDA: 1,3-phenylenediacetic acid) also afford the same coupling product in
more than 90 % yield under identical conditions. In contrast, Ni3(BTC). and Co-MOF-74
(prepared by the reaction of cobalt nitrate hexahydrate with 2,5-dihydroxy
benzenedicarboxylic acid) afforded 6 and 2 % yields under similar reaction conditions. The
current catalytic data point to the superior activity of Cu-based MOFs in the presence of oxidant
in polar solvent medium. The most probable reason of the Cu?" MOFs superiority as catalyst
to promote this C-N coupling is their ability to coordinate with the reagents, activating them in

this way.

An analogous coupling in homogeneous phase using Cu(NOs)2 and CuCl; afforded,
under identical conditions, 86 and 79 % yield, respectively. Comparing of the catalytic data
between homogenous and heterogeneous catalysts, MOFs present many potential advantages,
like tunability of composition and structure that could result in higher activity and reusability.
Leaching experiments indicated that the activity of MOF-199 is due to the sites present in the
solid. The catalyst was reused for five cycles without considerable decrease in its activity.
Furthermore, powder XRD pattern of the five-times reused sample showed negligible changes

in its crystallinity compared to that of the fresh material. Regarding the scope of the catalyst, a
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large number of substituted benzoic acid derivatives were conveniently coupled with primary

and secondary amine using morpholine oxide as oxidizing agent in moderate to high yields.

MOF-199
. HN_ O

HN 0 i o o

—/ NMO, NMP, 90 °C N_

Y

Scheme 17. C-N coupling between N-benzoyl-8-amino-quinoline and morpholine using MOF-

199 as catalyst through oxidative C-H activation in NMP as solvent.

Quinoxalinone derivatives are synthetic intermediate for the preparation of important
drug molecules with application in the formulation of pharmaceutical and agricultural
products.”®’? The structure of Cu-CPO-27 was reported by series of researchers and
corresponds to a honeycomb-like MOF based on the coordination between Cu(Il) ions with
2,5-dihydroxyterephthalic acid.”® ™ In this context, recently, a Cu-based MOF, Cu-CPO-27
(Figure 11) was reported as a solid heterogeneous catalyst promoting the coupling between
quinoxalin-2(1H)-one with morpholine to give 3-morpholinoquinoxalin-2(1H)-one with 84 %
yield using DMA as solvent at 80 °C under aerobic conditions (Scheme 18).** Furthermore, the
activity of Cu-CPO-27 was compared with that of a series of MOFs under identical
experimental conditions. For instance, Fe-MOF-235 and Nix(BDC)>(DABCO) showed no
activity for the direct C-H amination to give 3-morpholinoquinoxalin-2(1H)-one. Also, Co-
ZIF-67 as catalyst afforded an insatisfactorily low 17 % yield. In contrast, Cu MOFs displayed
better performance than Fe-, Ni-, and Co-based MOFs. The use of Cu3(BTC); as solid catalyst
afforded 39 % yield of the desired product under identical conditions, while the yield was
increased to 47 % with Cu(BDC) as solid catalyst. Further, Cuz(BDC)2(DABCO) exhibited 63

% yield under similar conditions. Comparing these catalytic data, Cu-CPO-27 exhibits much
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superior activity than any other tested Cu-MOF to activate C-H bond leading to 3-
morpholinoquinoxalin-2(1H)-one. Interestingly, the optimized experimental conditions
employing Cu-CPO-27 were also applied to the synthesis of a series of 3-aminoquinoxalin-
2(1H)-ones reaching moderate to high yields of the coupling product. Leaching experiments
confirmed that the reaction is successful only in the presence of Cu-CPO-27. Reusability tests
indicated that Cu-CPO-27 can be recycled five times with no deterioration in its activity. The
reused Cu-CPO-27 showed in FT-IR spectroscopy comparable vibration bands to that of the
fresh sample while powder XRD analysis disclosed the unchanged crystallinity of the
framework in the reused material compared to fresh one. A possible mechanism (Figure 12)
has been proposed for this transformation promoted by Cu-CPO-27, but, however, further

studies are required to validate these assumptions.

Figure 11. The structure of Cu-CPO-27. Reprinted with permission from ref.42 Copyright 2017

Elsevier.
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Scheme 18. C-N bond formation between quionoxalin-2(1H)-one with morpholine using Cu-

CPO-27 as solid catalyst.
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Figure 12. A possible mechanism for the C-N bond formation by Cu-CPO-27. Reprinted with

permission from ref.42 Copyright 2017 Elsevier.

A highly porous MOF, 537-MOF with molecular formula {[Cux(TPPB).](DMF)s} was
synthesised. Single-crystal X-ray diffraction analysis indicated that 537-MOF crystallizes in
the triclinic space group. The Cul and Cu2 atoms in its structure are bridged by four
carboxylate groups from TPPB? ligand. Each TPPB? ligand (see Figure 13) binding to three
6-connected paddlewheel dimers leads to the assembly of a (3,6)-connected rtl network with
pores of 0.51 nm as shown in Figure 13. The catalytic activity of 537-MOF was tested in the
synthesis of benzimidazoles through the activation of C-H bond under air atmosphere.*’
Among the various conditions tested for the conversion of amidine to 2-phenylbenzimidzole
(Scheme 19), the yield of the final product was 96 % in a mixed solvent of DMSO/DMF and

benzoic acid as additive. It was believed that the use of benzoic acid suppressed the
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decomposition of products under this condition. Furthermore, functionalized amidines
possessing electron-withdrawing, and donating substituents were converted under optimal
reaction conditions into their corresponding benzimidazoles in moderate to high yields. The
catalyst was recycled for three runs with no drop in the yield. In addition, powder XRD of the
recovered catalyst showed identical crystalline pattern compared to that of the fresh solid

sample suggesting the stability during the course of the reaction.

Figure 14 shows two possible paths for the conversion of aldimines to 2-
phenylbenzimidazole. In the first path, 537-MOF is coordinated to amidines which is followed
by electrophilic addition to copper center to N-phenyl ring to provide the intermediate B. Later,
B undergoes reductive elimination of the metal centre followed by rearomatization to give final
product D. In the second path, the amidine reacts with 537-MOF to generate copper nitrene
intermediate C. Later, this intermediate undergoes series of concerted steps like insertion of
the nitrogen into a C—H bond of amidine, electrocyclic ring closure and subsequent [1,3]-shift

of a hydrogen to afford the final product D.
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Figure 13. (a) Illustration of the coordination mode of TPPB? ligand and (b) view of (3,6)-
connected rtl topology of 537-MOF. Reprinted with permission from ref.43 Copyright 2017

Royal Society of Chemistry.
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Scheme 19. Conversion of amidine to 2-phenylbenzimidazole using 537-MOF in DMF/DMSO

with benzoic acid as additive.

Figure 14. A proposed mechanism for the C—H functionalization of amidine by 537-MOF.

Reprinted with permission from ref.43 Copyright 2017 Royal Society of Chemistry.
3.2 sp? C-H Activation

Among the most extensively used MOFs as catalysts in organic transformations,

copper-based MOFs with coordinatively unsaturated metal sites>® 7> 76

exhibited a wide range
of catalytic activity. Most of the reported Cu-based MOFs have been synthesized using a
copper salt and aromatic carboxylates as linkers resulting in Cu-oxo cluster with four
coordination positions either in tetrahedral, distorted tetrahedral, or square planar geometry.’’
Generally, these Cu MOFs exhibit low chemical stability under vigorous reaction conditions

or in the presence of the reagents and solvents that can act as Cu ligands or reducing agents.’®

7 In this context, recently, a copper-based MOF was prepared (VNU-18) starting from copper
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nitrate and using a 3,5-pyridinedicarboxylic acid (PDC) as linker. The structure of VNU-18 is
presented in Figure 15. The activity of VNU-18 with regard to their catalytic activity in the
oxidative cross coupling between ethyl phenyl ketone and morpholine was compared with
those of a series of other Cu-based MOFs possessing tetrahedral sites.** Activity data revealed
that VNU-18 exhibits 84 % yield with around 5 ppm of Cu, while other MOFs like Cu3(BTC)>,
Cu(BDC), Cux(BDC)2(BPY), Cux(BDC)2(DABCO) and Cux(BPDC)(BPY) afforded the
expected product with lower yields in the range of 35-65 %. Moreover, except VNU-18, the
other Cu MOFs exhibited considerable Cu leaching (56 to 105 ppm) under identical conditions.
These catalytic data clearly prove the superiority of VNU-18 providing high efficiency in this
oxidative C-N coupling reaction as heterogeneous catalyst. In contrast, other Cu-MOFs
possessing four coordination sites were not sufficiently stable under the reaction conditions
leading to a considerable percentage of free Cu species in the solution. Interestingly, VNU-18
was used as catalyst to prepare a series of molecules of interest as therapeutical drugs. The
synthesis starts from commercial substrates to produce racemic mixtures of clopidogrel
(Plavix), amfepramone, a-pyrrolidinovalerophenone and other dopamine transporters in

reasonable yields (Scheme 20).
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Figure 15. Structure of PDC (a), three kinds of Cu building blocks (b) and the formation of

VNU-18 (c). The yellow balls display the pore size of 14 A as calculated for VNU-18.

Reprinted with permission from ref.44 Copyright 2017 Royal Society of Chemistry.
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Scheme 20. Synthesis of medicinally important molecules using VNU-18 as a solid catalyst.

Recently, CPF-5 was synthesised®® by the reaction between MnCl,, TZBA and

ammonium formate resulting in the formation of a MOF with the molecular formula

Mn21(TZBA)12(HCO2)1s(H20)12 containing unsaturated Mn!' sites. The crystal structure

reveals that three framework tetrazolate rings bind one Mn'' center on each corner of the SBU

to form an isolated tripodal Mn'! site with pores about 1.3 nm (Figure 16). The catalytic activity

of CPF-5 (1 mol%) was examined in the intermolecular C-H amination between

tetrahydrofuran and phenyl-N-tosyliodinane (PhI=NTs, Scheme 21) in acetonitrile at room

temperature in 30 min.*> Analysis of the reaction mixture by '"H-NMR spectroscopy and GC-
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MS indicated the expected product formation of N-(tetrahydro-2-furanyl)-4-
toluenesulfonamide at 85 % yield. The structural integrity of CPF-5 after catalysis was also
confirmed by powder XRD and gas sorption measurements. Hot filtration tests proved the
heterogeneity of the reaction. ICP-MS analysis indicated Mn leaching in a concentration
around 5 ppb. On the other hand, homogeneous Mn'' complexes (5 mol %) provided lesser
yields of the corresponding amination products with values ranging between 32-38 % after 1 h
under identical conditions. A series of Mn salts [(Mn(acac);, MnCO3z, Mn(OAc),)] and a
selection of MOFs [UiO-66(Zr), ZIF-8(Zn), ZIF-67(Co)] were also tested for this reaction
under similar experimental conditions, but no product was observed. The substrate scope using
CPF-5 was wide as shown in Scheme 22. Interestingly, a large-scale reaction between PhI=NTs
and dihydroisobenzofuran was performed in the presence of 1 mg of CPF-5 catalyst under
identical conditions. This reaction afforded 89 % yield after 2.5 h with a turnover number
(TON) of about 120000 and turnover frequency (TOF) value of around 48000 h™' (Scheme 23).
This productivity experiment with a large excess of substrate clearly demonstrated that CPF-5
is an extremely efficient catalyst compared to the homogeneous and other heterogeneous MOF

counterparts.
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Figure 16. Structure of CPF-5 showing complex SBUs and large 13.6 A pores (top left). The
SBUs contain four crystallographically independent Mn'! ions (top right, labelled as Mn1-4),
with the tripodal active (Mnl) active site highlighted in darker color. The facially coordinated
Mn" in CPF-5 possesses open coordination sites for substrate binding (bottom, depicted as
different colored shapes). Mn orange, C gray, H white, N blue, O red. Reprinted with

permission from ref.45 Copyright 2018 Wiley.
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Scheme 21. CPF-5 catalyzed amination of tetrahydrofuran at room temperature.
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Scheme 22. Scope of the toluenesulfonamide coupling catalyzed by CPF-5.

\ - A\ N
©/l\\N,§ CPF-5, CHiCN é
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TON: 120000
TOF: 48000 h™"

0 O
N

Scheme 23. Amination of dihydroisobenzofuran with PhI=NTs using CPF-5 as catalyst.

B-Diketiminate ligands known as NacNac are a useful class of bidentate ligands with
the ability to form coordination complexes with a wide range of metals.®! In this aspect, a post-
synthetic installation of the B-diketiminate functionality was performed in a UiO-based MOF
(Figure 17).*¢ Metalation of the NacNac-MOF (I) with copper metal salt resulted in the
formation of the expected MOF-supported NacNac-Cu. The NacNac-Cu-MOF catalyst was
highly active in catalyzing the intermolecular C-H amination of cyclohexene (Scheme 24) with
aniline to provide secondary amine in excellent selectivity.*® The use of 2 mol % NacNac-Cu-

MOF for the reaction of aniline and cyclohexene resulted in 22% yield of N-(cyclohex-2-en-
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I-yl)aniline in benzene. The yield of the desired product was enhanced to 67% in neat
cyclohexene conditions. Further, increasing the loading of NacNac-Cu-MOF to 3 mol %
afforded 90 % yield under identical conditions. Interestingly, NacNac-Fe-MOF did not show
any activity for this reaction, thus suggesting the dependence of the metal attached to NacNac
linker. On other hand, control experiments using homogeneous and heterogeneous NacNac-
Cu-MOF catalysts for the reaction of 2,4,6-trimethylaniline and cyclohexene exhibited size-
selective intermolecular amination reaction. The activity of NacNac-Cu-MOF (3 mol %) was
retained for five cycles with no decrease in product yield. Powder XRD studies revealed that

the MOF crystallinity is retained during the course of reaction.

»e
© O NacNac-Cu-MOF
+ > [ j

Scheme 24. NacNac-Cu-MOF catalyzed C-H amination of cyclohexene.
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(b)

i
3
3

TPDC-NH,-UiO NacNac-MOF (I) (H-T)eMX, TeM(Y)

Figure 17. (a) Structural model showing the octahedral cage of NacNac-functionalized MOF;
(b) Synthesis route showing NacNac installation and metalation: (i) Et3OBF4 (1.1 equiv of
w.r.t. amino ligand), 4-N-phenylamino-3-penten-2-one (1.1 equiv of w.r.t. amino ligand),
DCM. (ii) KOtBu (0.7 equiv of w.r.t. amino ligand). (ii1) Cu(MeCN)4PF¢ (0.6 equiv of w.r.t.
amino ligand) in THF. (iv) KOtBu (1 equiv of w.r.t. Cu). Reprinted with permission from ref.

46 Copyright 2016 American Chemical Society.
4. C-O Bond Formation

Cross-coupling reactions leading to the formation of carbon—carbon and carbon—
heteroatom bonds are often catalyzed by transition metals and considered as a versatile method
in organic chemistry.®?®> After C-C and C-N bond formations, other C-heteroatom bonds are
also important and can be promoted using MOFs as heterogeneous catalysts. Regarding C-O
bond formation also the presence of oxidants is needed. Thus, the reaction between 2-
hydroxybenzaldehyde and 1,4-dioxane has been reported to be efficiently catalyzed by
Cuz(BPDC)2(BPY) MOF, achieving 100 % conversion at 100 °C using TBHP as oxidant
through the C-H activation of 1,4-dioxane The C-O bond formation between 2-
hydroxybenzaldehyde and 1,4-dioxane is shown in Scheme 25.4” Furthermore, the activity of

Cux(BPDC)2(BPY) was superior than that of Cuz(BTC),, Cu(BDC), and Cu(BPDC) MOFs
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under identical conditions. The activity of Cuz(BPDC)2(BPY) was retained without significant
decay for eight runs. Powder XRD of the reused Cu(BPDC)2(BPY) showed identical pattern
as the fresh solid, while the FT-IR spectra of fresh and reused samples were similar. The
process was heterogeneous in nature. Interestingly, Cux(BPDC)>(BPY) was able to promote
this coupling reaction with complete conversion in 100 min, while Cu(OAc); required 120 min
to reach 87 % conversion under identical conditions. These results indicate the superiority of
MOF catalyst in terms of activity. In addition, Cux(BPDC)2(BPY) can be readily reused without

loss in activity.

0
©:CHO . O/\J) Cu(BPDCR(BPY) d Jioj
OH K/ TBHP O~ ~O

Scheme 25. The dehydrogenative cross-coupling between 2-hydroxybenzaldehyde and 1,4-

dioxane promoted by TBHP using Cux(BPDC)2(BPY) as catalyst.

Recently, the iron-based MOF Fey(dobdc) (dobdc*:  2,5-dioxido-1,4-
benzenedicarboxylate) and its mixed-metal analogue Feo.1Mgi.9(dobdc) has been reported as
heterogeneous solid catalysts to effect the activation of C-H bonds in ethane using nitrous oxide

).*® The flow of a mixture of N2O: ethane: Ar over the

as the terminal oxidant (Scheme 26
framework of Fex(dobdc) resulted in the formation of ethanol, acetaldehyde, diethyl ether and
other oligomers at 75 °C. It was believed that the formation of complex mixture of oxygenated
products is due to the close proximity of reactive iron centres with ethane. In contrast, the
interaction of Feo.1Mgio(dobdc) with N>O and ethane under similar conditions showed the
exclusive formation of ethanol and acetaldehyde in a 10:1 ratio with a yield of 60 %. In
addition, detailed reactivity studies, characterization of decay products and theoretical
calculations indicated that Fex(dobdc) and Feo.1Mgi 9(dobdc) are very likely capable of forming

an active oxidant of iron(IV)-oxo species having an unusual S=2 spin state. In another report,
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a detailed mechanistic study has proved that Feo.1Mgi.9(dobdc) activates the strong C—H bonds

in ethane through the formation of iron(IV)-oxo sites.5¢

"S>

N

N .
S A o H Hg / HoH
'J-ell

"-Le'V |]:e||| = |]:e||
1-N,0 4 2 1-H0
H3C—CH3 /\OH

Scheme 26. N>O activation and reactivity of Fex(dobdc) in the oxidation of ethane and 1,4-
cyclohexadiene. Heating of N2O-bound Fex(dobdc) (1-N2O) to 60 °C results in the formation
of a transient high-spin Fe(IV)-oxo species (4), which can react with the strong C—H bonds of
ethane. In the absence of a hydrocarbon substrate, the Fe(IV)-oxo quickly decays via hydrogen-
atom abstraction into an Fe(Ill)-hydroxide (2), which is isolable and well characterized. This
hydroxide species can react with weak C-H bonds, such as those in 1,4-cyclohexadiene, to form

benzene and H>O-bound Fex(dobdc) (1-H20). Adapted from ref. 48
5. C-B Bond Formation

A series of robust and porous MOFs with UiO-67 topology using bipyridyl- (BP) and
phenanthryl- (PT) based ligands (BPV-MOF, mBPV-MOF, and mPT-MOF; “m” stands for
mixed) were synthesised as illustrated in Schemes 27 and 28. Subsequent post-synthetic
metalation allowed to form an Ir complex attached to the MOF ligands resulting in BPV-MOF-
Ir, mBPV-MOF-Ir, and mPT-MOF-Ir.** A mixed linker strategy was used for the preparation
of these MOFs combining in the synthesis of functionalized (4,4’-biphenylenedicarboxylic
acid) and unfunctionalized linkers to obtain mixed-linker MOFs possessing much larger open

channels and pores and a controlled density of active sites which can facilitate the diffusion of
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reactants and products within the porous MOFs respect to the analogues material prepared
exclusively with the BP or PT ligands. The activity of these Ir-containing mixed ligand MOFs
was investigated in the C-H borylation of arenes with Bopino. BPV-MOF was obtained from
only bipyridyl-functionalized dicarboxylate linker, whereas both mBPV- and mPT-MOFs were
constructed using a mixture of bipyridyl- or phenanthryl functionalized and unfunctionalized
4,4’-biphenylene dicarboxylate linkers (Schemes 27 and 28). Interestingly, mBPV-MOF-Ir and
mPT-MOF-Ir catalysts exhibited significantly higher activity than their corresponding
homogeneous analogues in the borylation of m-xylene with Bopina (Scheme 29) at 115 °C
under nitrogen atmosphere. The kinetic data revealed that mBPV-MOF-Ir was 95 times more
active than [bpy(CH=CHCO:Me),]Ir(COD)-(OMe) as soluble analogue with a TON value of
17000. In contrast, [bpy(CH=CHCO:Me);]-Ir(COD)(OMe) gave only 9 % conversion under
identical conditions. On other hand, the activity of mPT-MOF-Ir was twice than that of its
homogeneous counterpart. The mBPV-MOF-Ir catalyst was recycled more than 15 times
without significant decay in its activity in the borylation of indole with Bopino at 115 °C.
Further, powder XRD did not show any loss in its crystallinity after recycling. The catalysis
using mBPVMOF-Ir was found to be heterogeneous in nature and leaching of Ir and Zr during
the course of the reaction could not be observed. In another experiment, mPT-MOF-Ir was
recycled 15 times in the borylation of m-xylene. However, although powder XRD of recovered
mPT-MOF-Ir after 17" cycles showed that the crystal structure of MOF is still preserved, the
activity loss was interpreted as being derived from the decomposition of Ir complex anchored

in mPT-MOF-Ir upon many consecutive runs.
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ZrgO4(OH)4(BPV)6
y BPV-MOF

Zrg04(OH)4(BPHV)4(BPV)2

mBPV-MOF

OOH

H,BPV

Scheme 27. Synthesis of BPV-MOF and mBPV-MOF. Reaction conditions: (i) methyl
acrylate, Pd(OAc)., P(o-tol)s, NEt3, DMF, 120 °C, 2 d; (i1)) NaOH, EtOH, H>O, reflux; (iii)

ZrCls, DMF, TFA, 100 °C, 5 d; (iv) H.BPHV, ZrCls, DMF, TFA, 100 °C, 5 d.

COOMe COOH  COOH

Lj O NO, i) ZrgO4(OH)4(TPHN)4(PT)2
+ Em—

mPT-MOF

H,PT H,TPHN

Scheme 28. Synthesis of mPT-MOF. Reaction conditions: (i) Brz, S2Clo, pyridine, n-BuCl,
reflux, 12 h; (i1) 4-methyl carboxyphenylboronic acid, Pd(PPh3)4, CsF, DME, 100 °C, 3 d; (iii)

aq. NaOH, EtOH; (iv) ZrCls, DMF, TFA, 100 °C, 5 d.

mBPV-MOF-Irf(COD)(OMe)
+  Bopinz >

Bpin

Scheme 29. Borylation of m-xylene with Bopin using mBPV-MOF-Ir catalysts.
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Organoboronic compounds have been conveniently prepared by C-H borylation with
Bopin,. Although sufficient methods have been developed for C-H borylation with arenes in

last decades,?”®

no much attention has been paid to the benzylic C-H borylation. In this aspect,
recently, a terpyridine-based metal-organic layer (TPY-MOL) was prepared. Metalation of
TPY-MOL with CoCl, provided CoCl.. TPY-MOL.>® Figure 18 shows the structure of this
CoCl. TPY-MOL. The activity of CoCl..TPY-MOL was examined in the benzylic C—H
borylation of methylarenes with Bopina (Scheme 30). Upon activation with NaEt;BH,
CoCL. TPY-MOL (0.5 mol%) promoted m-xylene borylation with B2pin: to achieve 42 % yield
with a 4.2 : 1 selectivity favouring the benzylic position at 100 °C. Further, the yield of the
borylated products was enhanced to 95 % with a higher selectivity for benzylic borylation (4.6
: 1) with 1 mol% catalyst. This borylation reaction failed if the activation of CoCL,. TPY-MOL
is not performed with NaEtsBH. The CoCl,. TPY-MOL was activated by NaEt;BH in THF to
afford CoH,. TPY-MOL(II) intermediate, which quickly undergoes reductive elimination to
provide H» as shown in Figure 19. On the other hand, a control experiment with TPY-MOF,
whose structure is isostructural to BTB-MOF (BTB: 1,3,5-benzenetribenzoate) in which 2D
layers connected in a staggered fashion resulting in 3D MOF?° afforded no conversion under
identical conditions. This lack of catalytic activity of the TPY-MOF may be due to the diffusion
limitations experienced by the substrates to reach the active sites in a 3D material. In contrast,
homogeneous CoCL.TPY exhibited 2 % of the arene C-H borylation product. These catalytic
data indicate that active site isolation in metal-organic layers not only enhances the TON more
than 20 times compared to homogeneous catalyst, but also provides unusual borylation
selectivity towards benzylic C-H bond. CoCL. TPY-MOL efficiently converted in high yields
a series of methylarenes to their respective borylated products under the optimized reaction
conditions. The activity of CoCl,. TPY-MOL was maintained for at least ten cycles without any

noticeable decay in activity in the C-H borylation of p-xylene. Powder XRD of the recovered
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CoCL.TPY-MOL remained identical to that of the fresh material. Available data support that
the catalysis was a heterogeneous process and ICP-MS showed that the Co and Hf leaching to

the liquid reaction mixture was 0.092 and 0.037 %, respectively.

Bpin 1
g M-TPY-MOL R}(i?
R R’
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Figure 18. Structure of Hfs secondary building units and TPY forming TPY-MOL followed by
metalation to obtain M.TPY-MOLs (M=Co?" or Fe?"). Reprinted with permission from ref.50

Copyright 2018 Royal Society of Chemistry.
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Figure 19. Proposed mechanism for the CoCl.. TPY-MOL catalyzed C-H borylation of arenes

with Bopina. Reprinted with permission from ref.50 Copyright 2018 Royal Society of

Chemistry.
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Scheme 30. C-H borylation of m-xylene using Bopin, by CoCl.. TPY-MOL catalyst.
6. C-X Bond Formation

MIL-101(Cr)-NH> was analogous structure to MIL-101(Cr) which has the pore size
distribution of 1.54 and 1.99 nm, which are smaller than with MIL-101(Cr) due to the presence
of amino groups occupying into the pores. MIL-88B-NH>(Fe) was synthesised by the reaction
between Fe’" with 2-aminoterephthalic acid as a linker. Halogenation of organic compounds is
a key reaction in many organic syntheses. Hence, a convenient and selective method has been
reported for heterogeneous C-H halogenation with Pd NPs immobilized over MIL-88B-
NH(Fe) [Pd@MIL-88B-NHz(Fe)] and MIL-101-NH>(Cr) [Pd@MIL-101-NH>(Cr)] (Figure
20).°! The TEM images revealed the existence in both MOFs of uniformly distributed Pd NPs
with the average size of 2 nm. This particle size is compatible with the presumed incorporation
of Pd NPs inside the pore voids of these MOFs. Powder XRD confirmed that the crystallinity

of these MOFs is not disturbed during the encapsulation of Pd NPs.

Figure 20. Pd NPs supported in MIL-101-NH2(Cr) cages (left, green) and MIL-88B-NH»(Fe)

channels (right, red). Reprinted with permission from ref.51 Copyright 2016 Wiley.

The catalytic performance of these MOFs was investigated in the halogenations of 2-
phenylpyridine through C-H activation using N-iodosuccinimide as iodine source. The use of
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Pd@MIL-101-NH2(Cr) as catalyst under optimized reaction conditions afforded 74 % yield of
2-(2-iodophenyl)pyridine at 50 °C in acetic acid. In contrast, the product yield enhanced to 98
% towards 2-(2,6-diiodophenyl)pyridine using Pd@MIL-101-NH2(Cr) catalyst at 80 °C in 1,2-
dichloroethane and p-toluenesulfonic acid as additive. Similarly, Pd@MIL-88B-NHx(Fe) also
efficiently promoted the reaction to achieve 81 % yield of 2-(2-iodophenyl)pyridine at 50 °C
in acetic acid. In contrast, the use of Pd/C (10 wt%) afforded only 16 % yield of 2-(2-
iodophenyl)pyridine under identical conditions. These results clearly suggest that the use of
MOFs as support for Pd NPs provides a convenient platform to achieve an optimal activity of
Pd with minimal reactant diffusion limitations due to their large pore size. Thus, these MOF
catalysts favour a high yield of the desired products. Scheme 31 shows the various halogenated

compounds prepared using these catalysts.

Stability of Pd containing MOFs was established by performing reusability tests using
N-(3-bromophenyl)pyrrolidin-2-one as a model substrate under the optimized reaction
conditions (Scheme 32). Although both catalysts exhibited around 99 % conversion for five
runs, powder XRD analysis indicated significant changes in the crystallinity of MIL-101(Cr)-
NHo. In contrast, MIL-88B-NH, framework retained its crystallinity, but, a shift of the peaks
to lower 260 values was, however, observed. Furthermore, TEM images of the reused sample

showed considerable agglomeration of Pd NPs, thus indicating instability of catalyst.
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Scheme 31. Catalytic activity of Pd@MIL-88B-NH»(Fe) and Pd@MIL-101-NH2(Cr) MOF to

promote ortho halogenations of 2-phenylpyridines.
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Scheme 32. Reusability of Pd@MIL-88B-NH(Fe) catalyst under optimized reaction

conditions.

Similarly, Cohen and co-workers have reported a convenient method for halogenation

of 2-phenylpyridines with N-halosuccinimides using UiO-Pd-TCAT (see structure in Figure

21) as solid catalyst.>?> The reaction between benzo[h]quinoline and N-chlorosuccinimide

(NCS) using UiO-Pd-TCAT as catalyst achieved 95 % yield (Scheme 33) of monochlorinated

benzo[h]quinoline product. In contrast, a control experiment with UiO-66-TCAT lacking Pd
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showed no product formation under similar conditions. Recyclability tests indicated that the
catalyst can be reused five runs without significant activity decay. This catalyst was able to
promote halogenations of a series of benzo[h]quinolines and 2-phenylpyridines to their

respective derivatives using in moderate to high yield.
UiO-66-Pd-TCAT
\ 85 °C, CH3CN \ /

Scheme 33. Chlorination of benzo[h]quinoline catalyzed by UiO-66-Pd-TCAT.
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Direct Metalation
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Catalytically Acitve

Figure 21. Synthesis of UiO-66-TCAT and UiO-66-PdTCAT. Reprinted with permission from

ref.52 Copyright 2015 American Chemical Society.

Recently, a porphyrin MOF, namely PCN-602, was synthesized (Figure 22) by reacting

a  12-connected [Nig(OH)4(H20),Pz12] (Pz = pyrazolate) cluster and a
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pyrazolate-based porphyrin ligand, 5,10,15,20-tetrakis(4-(pyrazolate-4-yl)-
phenyl)porphyrin. The structure of PCN-602 possesses a larger window size of 6.3x14.2 A
whereas PCN-601 has much smaller window size, around 2.1x8.0 A. The catalytic activity of
PCN-602 was studied for the C-H halogenation of cycloalkanes.>® The activity of PCN-602
was examined in the chlorination of cyclohexane using NaClO and tetrabutylammonium
chloride in dichloromethane at room temperature, whereby 92 % of chlorocyclohexane yield
was achieved (Scheme 34). In contrast, this reaction exhibited only 57 % yield with Mn(TPP)CI
(H.TPP = meso-tetraphenylporphyrin) under identical conditions. The enhanced activity
shown by PCN-602 is due to its porous and rigid structure, while the homogeneous catalyst

undergoes fast dimerization that causes the loss of its active centres.

To develop an environmentally more benign procedure avoiding dichloromethane a
series of control experiments using other solvents were carried out. A yield of 93 % of
chlorocyclohexane was achieved at room temperature in acetone. In comparison, the use of
Mn(TPP)CI as homogeneous catalyst exhibited only 8 % yield under identical conditions,
which again indicates the superior performance of PCN-602. On the other hand, PCN-601(Mn)
was employed as catalyst for cyclohexane chlorination, reaching 15 % yield under identical
conditions. This inferior activity of PCN-601(Mn) is ascribed to diffusion limitations
experienced by substrates and reagents through the smaller pore windows of PCN-601(Mn)
compared to PCN-602(Mn) MOF. PCN-602(Mn) exhibited high activity after three
consecutive cycles, giving 92 % yield. The structural integrity of the recycled PCN-602 was

confirmed by powder XRD pattern and isothermal gas adsorption measurements.
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[Nig] cluster TPPP*

Figure 22. Reticular design and structure of PCN-602: (a) ftw-a topological net; (b) 12-
connected node with On symmetry; (c) 4-connected node with Day symmetry; (d) TPP* ligand;
(e and h) [Nig] cluster; (f) structure of PCN-601 (Ni atoms in the porphyrin center are omitted
for clarity); (g) proposed structure of PCN-602; and (i) TPPP* ligand. Reprinted with

permission from ref.53 Copyright 2017 American Chemical Society.

O PCN- 602(Mn)
NaClO, acetone

Scheme 34. Conversion of cyclohexane to chlorocyclohexane catalyzed by PCN-602(Mn)

Cl

using NaClO as oxidant.

7. Conclusions
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Considering the importance of cross coupling reactions in current organic synthesis and
the obvious advantages in terms of availability and simplicity of reagents using C-H activation,
it can be expected that the importance and types of cross coupling reactions based on C-H
activation will grow in the coming years. The present review has shown that due to the presence
of metals with coordinatively unsaturated positions or to the presence of structural defects,
MOFs are general catalysts for these types of reactions. Depending on the reaction mechanism,
the catalytic centre may involve Lewis acidity or oxidizing sites and transition metal ions in
MOFs exhibit general activity for both reaction types. In addition, MOFs are also suitable
supports to encapsulate small size metal nanoparticles with catalytic activity in promoting C-H

activation.

In the current state of the art, there is a prevalence of MOFs catalysts based on Cu over
other transition metals. However, it is well known that Cu MOFs are not among the most stable
materials, and therefore, it is still of interest to develop novel MOFs of metal ions of higher
Coulombic charge for which the structural stability is much higher. Also, in some other cases,
the active sites are noble metals as NPs or complexes. Again, it can be anticipated that noble

metals will be replaced in future catalysts for more abundant and affordable metals.

Concerning the oxidative coupling, the general tendency should be to use oxygen or air
as reagents. Alternatively organic hydroperoxides are considered also green oxidizing reagents
to promote oxidative coupling, particularly compared to halonium ions or oxidizing reagents

containing other elements that after the reaction form by-products.

In any case, it can be anticipated that the field will grow in the near future and the
impact in these reactions in organic synthesis will increase also, MOFs appearing as general
solid catalysts for these reactions. The final goal will be to develop general methodologies to

couple two C-H bonds to form C-C and C-Y bonds with some catalytic process resulting in
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high yields and wide scope from the substrate point of view due to the mild reaction conditions
and the absence of corrosive reagents. It can be expected that versatility in the composition and
design in MOFs will make these materials also suitable heterogeneous catalysts for these

hypothetical coupling processes.
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