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PREFACE 

 

The work presented in this dissertation has been performed at the Institute 

of Chemical Research of Catalonia (ICIQ), during the period from October 

2018 until December 2022 under the supervision of Professor Julio Lloret-

Fillol. The thesis is divided into seven sections: a general introduction, the 

objectives of the thesis, four research chapters and a chapter in which the 

overall conclusions of the work are presented. Each of the research chapters 

includes a brief introduction on the topic, followed by the collected results 

and their discussion, the main conclusions, and finally a detailed 

experimental section. References and their numbering are independently 

organized by chapters. 

  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



 
 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



 

1 
 

TABLE OF CONTENTS 

Abstract ……………………...………..……………….……….....5  

List of abbreviations…………..……..……………………………6  

Chapter I: General Introduction 

1.1. Reticular chemistry .............................................................. 13 

1.2. Metal-organic frameworks .................................................. 15 

1.2.1. Historical overview ................................................... 16 

1.2.2. Synthesis of MOFs ................................................... 18 

1.3. Covalent organic frameworks .............................................. 20 

1.3.1. Synthesis of COFs .................................................... 21 

1.4. MOFs and COFs as single-site heterogeneous catalysts ..... 23 

1.4.1. MOF catalysts ........................................................... 24 

1.4.2. COF catalysts ............................................................ 28 

1.2. Bibliography ........................................................................ 35 

 

Chapter II: Thesis Objectives………………..……….…………47 

 

Chapter III: Preparation of photocatalytically active Metal-

Organic Frameworks through crystal-to-crystal transformations 

3.1. General insight ..................................................................... 51 

3.2. Results and Discussion ........................................................ 56 

3.2.1. Crystal-to-crystal modification of MOF-520 ............ 56 

3.2.2. Characterization of bulk MOF-520-PCs ................... 62 

3.2.3. Pinacol coupling promoted by MOF-520-PCs ......... 67 

3.2.4. Substrate scope of aldehydes, ketones and imines ... 71 

3.2.5. Catalyst recycling in batch ........................................ 74 

3.2.6. Photocatalysis in flow ............................................... 75 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



 

2 
 

3.2.7. Photophysical and electrochemical characterization. 78 

3.2.8. Mechanistic studies ................................................... 84 

3.3. Conclusions ......................................................................... 91 

3.4. Experimental section ........................................................... 92 

3.4.1. Materials and methods .............................................. 92 

3.4.2. Synthetic procedures ................................................. 99 

3.4.3. Catalytic experiments ............................................. 104 

3.5. Bibliography ...................................................................... 126 

 

Chapter IV: Development of imine Metal Covalent Organic 

Frameworks based on N-donor ligands  

4.1. General insight ................................................................... 137 

4.2. Results and Discussion ...................................................... 141 

4.2.1. Synthesis and characterization of bipyridine COFs 141 

4.2.2. Synthesis and characterization of terpyridine COFs

 152 

4.2.3. Synthesis and characterization of N,N-bispyridine-

cyclohexyldiamine polymer .............................................. 160 

4.3. Conclusions ....................................................................... 166 

4.4. Experimental section ......................................................... 167 

4.4.1. Materials and methods ............................................ 167 

4.4.2. Synthesis procedures .............................................. 170 

4.4.3. PXRD of tables 4.1 and 4.2 .................................... 181 

4.2. Bibliography ...................................................................... 183 

 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



 

3 
 

 Chapter V: Low Oxidation State Cobalt Center Stabilized by a 

Covalent Organic Framework to promote Hydroboration of 

Olefins 

5.1. General insight ................................................................... 193 

5.2. Results and Discussion ...................................................... 201 

5.2.1. Hydroboration catalysis with cobalt bipyridine COFs

 201 

5.2.2. Alkene substrate scope ........................................... 209 

5.2.3. Catalyst recyclability .............................................. 211 

5.2.4. Study of the COF-BPY-1-Co reduced species ....... 212 

5.2.5. Mechanistic studies ................................................. 219 

5.2.6. Computational studies ............................................ 222 

5.2.7. Modification of the reactivity by a second ligand 

coordination. ..................................................................... 225 

5.2. Conclusions ....................................................................... 232 

5.3. Experimental section ......................................................... 233 

5.3.1. Materials and methods ............................................ 233 

5.3.2. Synthetic procedures ............................................... 236 

5.3.3. Catalytic experiments ............................................. 237 

5.3.4. Computational details ............................................. 249 

5.4. Bibliography ...................................................................... 250 

 

Chapter VI: Terpyridine Covalent Organic Frameworks as 

efficient C-H borylation catalysts  

6.1. General insight ................................................................... 265 

6.2. Results and Discussion ...................................................... 272 

6.2.1. Arylic and benzylic C-H borylation catalyzed by 

TPY-COFs ........................................................................ 272 

6.2.2. Arene substrate scope ............................................. 276 

6.2.3. Catalyst recycling ................................................... 277 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



 

4 
 

6.2.4. Study of the COF-BPY-1-Co reduced species and 

mechanistic studies ........................................................... 279 

6.3. Conclusions ....................................................................... 281 

6.4. Experimental section ......................................................... 282 

6.4.1. Materials and methods ............................................ 282 

6.4.1. Catalytic experiments ............................................. 283 

6.5. Bibliography ...................................................................... 292 

 

Chapter VII: General Conclusions………………………………299 

 

 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



 

5 
 

Abstract 

Metal-organic frameworks (MOFs) and covalent organic frameworks 

(COFs) are new porous materials that have attracted great attention due to 

their unique properties: high porosity, good chemical stability, well-ordered 

structures and remarkable structural tunability. Among their many possible 

applications, catalysis is one of the most promising due to the potential of 

MOFs and COFs to form single-site catalysts that are well-defined and 

remain accessible in the solid state. In this line of research, the current thesis 

aims to develop and study new MOF and COF-based catalysts for organic 

transformations.  

The work presented in this thesis shows a simple method to immobilize 

photocatalytically active perylene ligands inside MOF-520, allowing this 

way to study the ligands as isolated units, and to employ the MOFs as 

heterogeneous photocatalysts for the reductive coupling of C=O and C=N 

bonds.   

This thesis also describes the synthesis and characterization of a series of 

COFs bearing N-donor ligands in their structure. Incorporating cobalt 

centres into these structures resulted in MCOFs active as hydroboration and 

borylation catalysts. Finally, studies were performed to explore the single-

site nature of the catalytic centers.  

This work showcases the potential of MOFs and COFs as efficient and 

recyclable heterogeneous catalysts for organic transformations, and paves 

the way for the development of new single-site catalytic systems.    
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LIST OF ABBREVIATIONS 

 

In this doctoral thesis, the abbreviations and acronyms most commonly 

used in organic chemistry are based on the recommendations of the ACS 

“Guidelines for authors” which can be found at 

https://pubs.acs.org/userimages/ContentEditor/1218717864819/joceah_ab

breviations.pdf 

General Abbreviations 

2D 2 dimensional 

3D 3 dimensional 

[ ] Concentration 

Å angstrom 

abs absorbance 

Ac acetyl 

AcOH acetic acid 

Ac2O acetic anhydride 

Anal. combustion elemental analysis 

anhyd anhydrous 

aq aqueous 

Ar aryl 

atm atmosphere 

A. U arbitrary units 

B3LYP 3-parameter hybrid Becke exchange/ Lee–Yang–Parr correlation 

functional 

BET Brunauer-Emmett-Teller (absorption isotherm) 

Bipy 2,2’-bipyridine or 2,2’-bipyridyl 

Bn benzyl 

Boc tert-butoxycarbonyl 

bp boiling point 

Bpin pinacolborane 

bpy 2,2’-bipyridine or 2,2’-bipyridyl 

Bu butyl 
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BuLi butyl lithium (also n-BuLi) 

°C degrees Celsius 

calcd calculated (for MS analysis) 

cat catalytic 

cc cubic centimeters 

COF covalent organic framework 

CI chemical ionization 

CIF crystallographic information file 

cm centimeter 

cm-1 wavenumbers(s) 

13C NMR carbon NMR 

cod 1,5-cyclooctadiene 

Cp cyclopentadienyl 

CP/MAS cross-polarization/magic angle spinning (NMR) 

cryst crystalline 

CV cyclic voltammetry 

 chemical shift (ppm) downfield from TMS 

d days; doublet (spectral) 

d density 

DCM CH2Cl2  

DFT density functional theory 

DIPEA N,N-diisopropylethylamine 

DMA dimethylacetamide 

DMF dimethylformamide 

DMSO dimethylsulfoxide 

 molar absorptivity 

E1/2 electrochemical potential 

ee enantiomeric excess 

EPR  electron paramagnetic resonance 

eq or equiv equivalent 

ESI electrospray ionization 

Et ethyl 

et al. and others (co-authors) 
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EtOH ethanol 

EXAFS extended X-ray absorption fine structure 

FT Fourier transform 

Fc ferrocene 

g gram(s); gas 

GC gas chromatography 

h  hours(s) 

1H NMR proton NMR 

HPLC high-performance liquid chromatography 

HRMS high-resolution mass spectrometry 

ICP-OES inductively coupled plasma optical emission spectroscopy 

IR infrared  

J Joule 

J coupling constant in NMR 

k kilo 

K Kelvin 

K equilibrium constant 

L liter; ligand 

max max UV-vis wavelength 

m meter; milli; multiplet (spectral) 

M molar (moles per liter) 

M+ parent molecular ion (in MS) 

 micro 

max maximum 

MCOF metal covalent organic framework 

MCP dimethyl- bis(pyridinylmethyl)cyclohexane-1,2-diamine 

Me methyl 

MeCN acetonitrile 

MeOH Methanol 

MHz megahertz 

min minute(s); minimum 

mL milliliter 

mm millimeter 
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mM millimolar (moles per liter) 

mmol millimole(s) 

MOF metal-organic framework 

mp melting point 

MS mass spectrometry; molecular sieves 

MW weight average molecular weight 

m/z mass to charge ratio (in MS) 

n-Bu normal butyl (primary) 

NBS N-bromosuccinimide 

NMP N-methyl-2-pyrrolidinone 

PC photocatalyst 

pH proton log units 

Ph phenyl 

ppm part per million 

Pr propyl 

PSM post-synthetic modification 

PTSA p-toluenesulfonic acid 

PXRD powder x-ray diffraction 

q quartet (spectral) 

quin quintet (spectral) 

R gas constant 

R alkyl group 

redox reduction-oxidation 

rt room temperature 

s seconds; singlet (spectral); solid 

SALI solvent-assisted ligand incorporation 

SBU secondary building unit 

s-Bu    sec-butyl 

SEM scanning electron microscope 

SET single electron transfer 

sext sextet (spectral) 

τ lifetime 

t triplet (spectral) 
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t time or temp in °C 

T temperature in kelvin 

TAS transient absorption spectroscopy 

t-Bu    tert-butyl  

TBS tert-butyldimethylsilyl 

Tf trifluoromethanesulfonyl 

TFA trifluoroacetic acid 

TGA thermogravimetric analysis 

THF tetrahydrofuran 

TMS trimethylsilyl 

Tol toluene 

TOF turnover frequency 

TON turnover number 

TPY 2,2′:6′,2′′-terpyridine 

UV-vis ultraviolet-visible absorption spectroscopy 

vol volume 

vs. versus 

v/v volume to volume ratio 

wt weight 

XPS x-ray photoelectron spectroscopy 

XRD x-ray diffraction 
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1.1. Reticular chemistry 

Reticular chemistry is related to forming porous crystalline 2D and 3D 

frameworks such as metal-organic (MOFs) and covalent organic (COFs) by 

linking molecular building blocks by strong bonds.1,2 These structures were 

unknown and challenging due to the need to employ strong directional 

bonds to crystallise porous frameworks. However, the challenge was 

overcome by combining organic and inorganic synthesis concepts. 

Covalent bonding, typically employed in organic synthesis, facilitates 

complex molecules and polymers. However, the usual lack of microscopic 

reversibility makes the crystallisation of extended 2D and 3D lattices 

challenging. For this reason, organic synthesis was mainly restricted to 1D 

polymeric structures before the advent of reticular chemistry.3,4 On the 

other hand, inorganic synthesis facilitates the formation of highly 

symmetric extended structures from simple precursors in a single step. This 

reactivity favours the formation of dense crystals at the expense of 

complicating structures' rational design.  

The development of the first MOFs (Figure 1.1) was enabled by combining 

aspects of organic and inorganic synthesis.5,6 In these first examples, the 

crystallisation of the material was achieved through the bond formation of 

the constituent inorganic secondary building units (SBUs). At the same 

time, the organic terephthalate linkers provided rigidity and opened up the 

structure, leading to materials with permanent porosity. The key to creating 

permanently porous frameworks with surface areas superior to previous 

materials was the linkage through strong (charged metal-carboxylate) and 

directional (bridging carboxylate binding mode) bonds. 
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Figure 1.1. Structure of MOF-5. Reproduced with permission.7 Copyright 2004, Elsevier.  

On the other hand, COFs are reticular materials formed entirely by organic 

building blocks connected through covalent bonds. The first synthesis of a 

COF (Figure 1.2) was achieved in 2005 by employing boronic esters as 

linkages between organic linkers.8 The reaction conditions allowed for the 

microscopic reversibility of covalent bond formation, enabling the 

crystallisation of a framework, while the rigid linkers led to the formation 

of open cavities with high surface areas.  

  

Figure 1.2. Structure of COF-5. Reproduced with permission.9 Copyright 2021, Elsevier.  
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The process of designing a reticular material begins with identifying a target 

structure, which is deconstructed into geometric units to determine the 

topology and identify the shape and connectivity of the components. 

Reticulation involves assembling these units through strong bonds, forming 

the desired crystalline structure.10 The structure can be optimised according 

to the isoreticular principle2 and extra functionality can be introduced by 

post-synthetic modification.11 Control over the structure in reticular 

materials can also be extended to the nanoscale (nanocrystals or films).12 

1.2. Metal-organic frameworks 

Metal-Organic Frameworks (MOFs) are two or three-dimensional porous 

crystalline materials formed by coordination bonds between metal cation 

salts or clusters and multidentate organic ligands (Figure 1.3).1,13 The large 

number of possible combinations of organic and inorganic building blocks 

that can be used to form MOFs means that there is a huge number of 

possible unique structures. Indeed, since their discovery in 1998, more than 

20000 different MOFs have been synthetised and characterised.14 MOFs 

have been employed in a variety of fields such as gas storage, separation, 

sensors, biomedicine, and, of particular interest to this work, catalysis.13,15–

18  

 

Figure 1.3. Schematic structure of a MOF.  

One of the remarkable features of MOFs is their high porosity, presenting 

exceptional surface area values and very low density. These properties are 
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fundamental for gas storage applications but are also very important for 

other applications such as separation, sensors and catalysis. In addition, 

high porosity facilitates the diffusion of chemicals through the material and 

improves the accessibility of functional sites in the framework.  

Compared to Zeolites, MOFs present more versatility and flexibility in their 

design. The framework topology, as well as the pore size, can be adjusted 

by the selection of organic linkers and metal nodes. This facilitates the 

tuning of host-guest interactions in the cavities of MOFs. The presence of 

well-defined functionalities can be employed to enhance properties like 

chemisorption, conductivity, chirality, stability, etc.19,20  

The strong bonds in MOFs endow the materials with high thermal stability, 

typically ranging from 250° to 500°C. However, chemical stability is harder 

to achieve due to the tendency of some MOFs to undergo link-displacement 

reactions when submerged in solvents over long periods or when treated 

with harsh chemicals. These limitations have been overcome by some 

MOFs, like the UiO-66 MOFs based on Zr(IV) cuboctahedral SBUs, which 

display good stability to acid or basic conditions.21 

1.2.1. Historical overview 

The origin of the modern field of synthetic metal-organic chemistry comes 

from coordination polymers.22 According to the IUPAC definitions, 

coordination polymers are ‘coordination compounds with repeating 

coordination entities extending in 1, 2, or 3 dimensions’, while MOFs are 

‘coordination networks with organic ligands containing potential voids’. 

The first example of a coordination polymer was Prussian Blue, a blue 

pigment formed by cyanide and iron ions ((Fe3+)4 [Fe2+(CN)6]3⋅H2O) that 

was discovered at the beginning of the eighteenth century by Diesbach. 

Another early example of coordination polymer is the Hoffman clathrates, 
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first reported by Karl A. Hoffman in 1897.23 The original Hofmann 

clathrate consists of 2D layers of alternating octahedral and square planar 

Ni2+ ions linked by CN− ions. The layers are separated by benzene 

molecules, which act as a template. And consequently, the removal of 

benzene leads to a structural collapse of the clathrate. Although the field of 

coordination polymers progressed over the years, the occurrence of 

structural collapse after the evacuation of the pore content prevented the 

formation of materials with permanent microporosity until the 1990s. 

 

Figure 1.4. Structure of Prussian blue (left), the structure of Hofman clathrate (right). Color 

code (right): Ni, blue and orange spheres; C, gray; N, green; benzene guest, light gray. 

Reproduced with permission.22 Copyright 2019, Wiley. 

Two main features were necessary to establish permanent porosity in these 

materials: first, rigidity and directionality of the framework’s constituents, 

and second, increased bond strength between them. During the 1990s there 

was great progress in this direction, culminating in the first MOF being 

reported by Yhagi in 1998 (Figure 1.5).5 The most significant difference 

between this new material and previous coordination polymers is the 

replacement of single metal ions by polynuclear clusters, referred to as 

secondary building units (SBU). The SBUs offered several advantages 

toward realising more robust structures: the chelation of metal ions to make 

polynuclear clusters provided rigidity and directionality, while the charge 

on the linker led to increased bond strength and the formation of neutral 
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frameworks. The increase in rigidity allowed the removal of the solvent 

molecules in the pores without causing structural collapse, which led to a 

material with high and permanent porosity. The proof of permanent 

porosity in Yhagi’s MOF signalled a turning point in the chemistry of 

extended metal-organic solids and led to the use of the term MOF to 

emphasise their distinct stability and porosity. 

 

Figure 1.5. Crystal structure of MOF-2. Color code: Zn, blue; C, gray; N, green; O, red. 

Reproduced with permission.22 Copyright 2019, Wiley. 

1.2.2. Synthesis of MOFs 

MOFs are formed by combining a metal salt with an organic linker. Rigid 

molecules bearing carboxylic acid groups (Figure 1.6) are usually 

employed as linkers, although nitrogen-donor organic linkers such as 

pyridine and azole derivatives can also be employed.24 Traditionally, MOFs 

are prepared by solvothermal synthesis, inspired by the conditions 

employed in synthesising zeolites. Solvothermal synthesis employs a 

closed vessel under heating above the boiling point of the solvent. However, 

other methods have also been developed for the synthesis of MOFs, 

including slow diffusion, mechanochemical and microwave synthesis.13 
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Most MOF synthesis procedures involve dissolving metal precursors, such 

as metal nitrates or chlorides, and organic linkers in an organic solvent. 

Polar aprotic solvents like DMF or DMA are very popular in MOF 

synthesis, but mixtures with alcohol or water can also be used. Optimisation 

of the synthesis variables (molar ratio of reactants, solvent, pH, 

concentration, type of reaction container, reaction time and temperature) is 

crucial. For this reason, high-throughput methods are used more frequently 

to screen synthesis conditions faster and more efficiently.  

 

Figure 1.6. Examples of ditopic carboxylate linkers employed in the synthesis of UiO-

MOFs. Reproduced with permission. 24 Copyright 2014, Royal Society of Chemistry. 

Additives play a crucial role in the synthesis of MOFs. They can be used to 

improve the crystallinity and porosity by controlling the reaction kinetics 

and the growth of the material. Carboxylic acid additives like benzoic acid, 

acetic acid or formic acid are usually employed as capping agents, which 

slow down the rate of nucleation and crystal growth rate by coordinating 

with the metal centres.25  

After synthesis, the pores of a MOF will be filled with guest molecules: 

solvents and starting materials. MOF are typically washed to remove the 

starting materials or to exchange high boiling point solvents like DMF with 

more volatile solvents. Volatile guest molecules can be easily removed by 
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heating under vacuum; however, in some cases, this leads to the collapse of 

the pores. Solvent removal with supercritical CO2 presents a gentler 

alternative that usually results in a higher surface area of the MOF.26 

1.3. Covalent organic frameworks 

Covalent organic frameworks (COFs) are crystalline and porous organic 

polymers constructed from light elements (C, N, H, O and B). These 

materials enable the integration of organic building blocks into well-

defined structures, offering a platform for the design of periodically ordered 

organic structures. The choice of monomers and linkages determines the 

structure of the framework; thus, COFs are, in theory, fully predesignate 

and controllable.27–30 

The covalent bonds in COFs can grow in two or three dimensions (2D or 

3D COFs). Most of the reported COF structures present 2D frameworks 

composed of layers stacked through non-covalent π– π interactions that lead 

to staggered or eclipsed stacking conformations. 2D COFs usually require 

planar and rigid linkers to restrict the growth of covalent bonds to a plane 

and facilitate the stacking of layers. 3D COFs are less common due to the 

difficulty synthesising building blocks with 3D symmetries. Additionally, 

it is challenging to control the interpenetration of structures in 3D COFs.29 

One of the most exciting properties of COFs is their porosity. COFs present 

very high surface area values and low density, similar to MOFs. However, 

the pore structure in 2D COFs is unique compared to other porous materials. 

2D COFs present 1D channels perpendicular to the layers. These channels 

are entirely separated from each other due to the short interlayer distance, 

leading to independent channels free of interpenetration. The walls of these 

channels can support a high density of active sites that remain accessible to 

molecules diffusing through the pores.   
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Figure 1.7. Typical structure of 1D channels present in COFs. Reproduced with 

permission.28 Copyright 2020, Royal Society of Chemistry. 

1.3.1. Synthesis of COFs 

The synthesis of COFs, first described by Yaghi in 2005,8 relies on 

reversible covalent bonds to connect organic linkers. Reversibility of the 

bond formation under thermodynamic control allows error correction to 

afford the thermodynamically most stable product under certain reaction 

conditions. Employing this strategy, crystalline COFs can be obtained after 

self-healing and error-checking. 

Most COFs are synthesised under solvothermal conditions, relying on high 

temperatures to achieve thermodynamic control over the reaction. Many 

reaction parameters like temperature, concentration, catalyst and reaction 

time will influence the crystallisation process of COFs.29 The choice of 

solvent or solvent mixture plays a key role in this process as it determines 

the solubility of the monomers, and solvents can have a templating effect 

that improves COF crystallinity.31 Other methods for COF synthesis have 

been developed, including microwave and mechanochemical synthesis,32,33  

and some catalysts or additives have been employed to develop room-

temperature synthesis methods.34–36  
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COFs are formed by connecting one or more types of building blocks in an 

organised manner through linkages. Several linkages have been employed 

in the design and synthesis of COFs. The most common ones are 

represented in Scheme 1.1.  

 

Scheme 1.1. Common COF linkages 

The linkages originally employed in COF synthesis, boroxine and boronate 

ester, are formed by self-condensation of boronic acids or by condensation 

of boronic acids and catechol derivatives. This type of linkage allows for 

the formation of highly crystalline COFs thanks to the high reversibility of 

the reaction. However, the high reversibility of the bonds also leads to lower 

chemical stability. Indeed, this type of COF is easily hydrolysed under 

humid or protic conditions.37  

Another type of linkage involves the formation of a triazine ring by 

cyclotrimerisation of nitrile groups. This has been used to form highly 

stable COFs, although the reported harsh conditions usually prevent the 

formation of crystalline and porous materials.38  

Imine COFs, formed by condensation between aromatic aldehydes and 

amines in the presence of an acid catalyst, represent the most widely used 

type of linkage. Their popularity can be attributed to a combination of high 
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crystallinity with good thermal and chemical stability.39 Banerjee and co-

workers improved even further the stability of imine COFs by employing 

1,3,5-triformylphloroglucinol as aldehyde in the condensation reaction.40 

The resulting imine underwent irreversible proton tautomerism, resulting in 

the keto-enamine form. This form showed excellent stability in acidic and 

basic conditions.  

More recently, there has been an increased interest in developing C=C 

linked fully π-conjugated COFs.41–44 This has been achieved via the 

Knoevenagel condensation of aldehydes and cyanides, or the reversible 

aldol condensation of aldehydes and s-triazine derivatives. The robust 

skeleton and the π-extended conjugation in olefin-linked COFs confer 

excellent thermal and chemical stability.  

1.4. MOFs and COFs as single-site heterogeneous 

catalysts 

Catalysis is one of the most predominant fields in chemistry. Developing 

new catalysts with improved efficiency, selectivity and stability is 

important in academia and industry to reduce costs, minimise waste and 

save energy. Given the importance of finding new catalysts, and especially 

solid ones, it is no surprise that heterogeneous catalysis was one of the 

earliest demonstrated applications of MOFs and COFs.16,18,45–55  

The characteristics of a MOF or COF-based catalyst can be considered as a 

mixture of homogeneous and heterogeneous catalysts. When looking at 

their structure, these materials present similar features to homogeneous 

catalysts but with the catalytic sites as isolated units in the framework. 

These catalytic sites are dispersed uniformly through the material thanks to 

the periodicity of the frameworks, and they are easily accessible by 

substrates and products due to their high porosity. On the other hand, being 

solid materials, MOFs/COFs have advantages similar to other 
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heterogeneous catalysts, such as recyclability, stability and robustness. 

Compared to traditional porous catalysts, such as zeolites, silica or activated 

carbon, MOFs/COFs present more diversified structures with pores of 

regular and tunable size. 3,13,51,56 

Most MOF/COF catalysts can be considered single-site heterogeneous 

catalysts. These catalysts present isolated catalytic centres dispersed onto 

material support, possessing well-defined active sites at a nanoscale or sub-

nanoscale.45 The well-defined nature of the single-site catalytic centers and 

of the structure of the material is an important factor, since it facilitates the 

understanding of underlying mechanisms and makes it possible to establish 

relations between structure and catalytic performance. Another important 

factor is the isolated nature of the catalytic centers in MOF/COFs; the 

mechanical constraint imposed by the framework separates the catalytic 

centers from each other, preventing potentially undesirable interactions. In 

homogeneous catalysts, intermolecular interactions between metallic 

catalytic centers can form inactive species by processes like dimerisation, 

disproportionation or aggregation. Indeed, highly reactive metal complexes 

often require bulky ligands to protect the metal centers, but this steric 

protection can also become an unfavorable steric hindrance with the 

substrates, hampering their reactivity. Thus, single-site catalysts like MOFs 

and COFs offer a unique opportunity to stabilise reactive catalytic sites and 

to study them in detail.16,45,46  

In the following sections, some relevant examples of MOF and COF 

catalysts from the literature will be shown.47,51 

1.4.1. MOF catalysts 

The strategies for creating MOFs with catalytic activity can be divided into 

three groups: 1) developing MOFs with intrinsic catalytic sites at their metal 
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nodes, 2) developing MOFs with intrinsic catalytic sites at their organic 

linkers, 3) introducing catalytic sites into MOFs through post-synthetic 

modification.  

For catalysts in the first category, MOFs present metal ions in the SBU that 

are coordinated by organic linkers and terminal ligands like water or 

solvents. Solvents can be removed by heat or vacuum, forming open metal 

sites which can be used as catalytic sites. Figueroa, Cohen and co-workers 

reported an important example of this type of catalyst.57 They developed a 

Mn MOF with open metal sites capable of catalysing the amination of 

activated C(sp3)−H bonds using a nitrene precursor, achieving TONs (up to 

105) and TOFs (above 104/h) superior to benchmark homogeneous catalysts 

(Figure 1.8). The performance of the MOF catalyst is attributed to the site-

isolation of the active sites, which prevents self-deactivation.  

  

 

Figure 1.8. Structure of CPF-5 MOF with Mn (II) open sites (top). C-H amination catalysed 

by CPF-5. Reproduced with permission.57 Copyright 2018, Wiley. 

For the second category, synthesising MOFs with catalytically active 

linkers provides an opportunity to immobilise molecular catalysts. The 

immobilisation process can sometimes lead to the formation of catalysts 
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with selectivity different from homogeneous catalysts. This was observed 

by Ranocchiari and co-workers, who described a complete change in the 

selectivity of an organocatalyst when it is immobilised in a MOF.58 The 

authors employed a MOF with amino groups in its organic linker as a co-

catalyst on the Morita−Baylis−Hillman reaction. The MOF produced a 

drastic change in the reactivity, leading to an unexpected aldol-Tischenko 

product, while the same organic linker in solution did not affect the 

reactivity significantly (Figure 1.9). Mechanistic investigations revealed 

that the confinement of a reaction intermediate in the cavities of the material 

through noncovalent interactions was the cause of the change in selectivity 

when employing the MOF.   

 

Figure 1.9. Structure of MIX-UMCM-1-NH2 MOF (top), changes in reactivity in the 

presence or absence of MOF (bottom).58  

The introduction of catalytic sites through post-synthetic modification 

(PSM) presents a versatile approach to transforming inactive MOFs into 

efficient heterogeneous catalysts. Coordinating active metal moieties with 
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ligands in the MOF is a popular and simple way to achieve this. Lin and co-

workers employed this strategy to stabilise Ir phosphine catalysts and 

prevent intermolecular deactivation processes in homogeneous catalysts.59 

In this work, a MOF with phosphine ligands (Zr-P1) was post-synthetically 

metalated with [Ir(COD)Cl]2 to generate Zr-P1-Ir (Figure 1.10). The 

metalated MOF was used as catalyst for the borylation of methane, a 

challenging reaction due to reactivity and selectivity issues. The Ir MOF 

outperformed other Ir catalysts, producing CH3Bpin with a TON of 127.  

 

 

Figure 1.10. Synthesis and structure of Zr-P1-Ir MOF (top), methane borylation catalysed 

by Zr-P1-Ir MOF (bottom). Reproduced with permission.59 Copyright 2019, American 

Chemical Society. 

Another effective approach to introducing new catalytic sites through PSM 

involves the formation of covalent bonds. In this type of functionalisation, 

the organic linker usually has a functional group that is used as an anchoring 

point for new molecules to be immobilised by covalent bonds formed by 

classical organic reactions. A few functional groups used for this purpose 

are amines, alcohols, aldehydes and azides. However, deprotection 

reactions can also obtain functional groups incompatible with the synthesis 

conditions. One interesting example of covalent PSM used for MOF 

catalysis comes from Yaghi and co-workers, in which seven sequential 

reaction steps were performed on a MOF to create an enzyme-like catalyst 

(Figure 1.11).60 A MOF containing an NHBoc group was subjected to a 
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series of deprotection and peptide coupling reactions, producing MOF-Ala-

Gly-Pro-NH2. This modified MOF could catalyse the cleavage of peptides 

in specific chain positions. The active sites in the material resemble the ones 

found in enzymes in their spatial arrangement and compositional 

heterogeneity. Indeed, this study suggests that the complexity achieved in 

this material can affect reactions that previously could only be achieved by 

enzymes.   

 

Figure 1.11. Post-synthetic modification on the pores of MTV-MOF to achieve enzyme-

like complexity (top). Catalytic cleavage of pentapeptide 1 by Cat. C [MTV-IRMOF-74-III-

(CH3)0.6(CH2NH-Asp-His-Cys-NH2)0.1] in the specific sequence containing serine (bottom). 

Reproduced with permission. 60 Copyright 2016, American Chemical Society. 

1.4.2. COF catalysts 

COF catalysts can be divided into two categories. The first one 

encompasses COFs with intrinsic catalytic activity, and the second one 

includes COFs which have been functionalised through post-synthetic 

modification (PSM) to introduce catalytic activity.51  

For the first category, the catalytic activity of the COF relies on the organic 

linkers that compose the structure of the framework. COFs in this category 

have been widely used as metal-free photocatalysts, although there are also 
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some examples of COFs used as acid or basic catalysts.51,52,61–64  In this 

context, Liu and co-workers developed a triazine-based COF photocatalyst 

(COF-JLU5) employed in the light-driven cross-dehydrogenative coupling 

of N-aryltetrahydroisoquinolines (Figure 1.12a).65 This material presented 

an interesting photocatalytic system because of its periodic columnar p-

array structure resulting from stacking the 2D COF sheets, which could 

allow for good exciton diffusion and migration. Additionally, the 

methoxide group improved the chemical stability of the linkage and the 

electron donor–acceptor structure enhanced the photocatalytic properties. 

Likewise, the same group later designed an imine COF (COF-JLU22) 

composed of an electron donor and acceptor (Figure 1.12b).66 The 

combination of an electron-rich pyrene linker and an electron-poor 

benzothiadiazole linker led to a red shift in the absorption wavelength, 

which could improve the photocatalytic activity of the material. As a result, 

the COF was a highly efficient photocatalyst for the reductive 

dehalogenation of phenacyl bromide derivatives and α-alkylation of 

aldehydes under visible-light irradiation. 

 

Figure 1.12. a) Structure of COF-JLU5 (top),65 light-driven cross-dehydrogenative coupling 

catalysed by COF-JLU5 (bottom). b) Structure of COF-JLU22 (top),66 light-driven reductive 

dehalogenation of phenacyl bromide catalysed by COF-JLU22 (bottom). 

a) b)
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Post-synthetic modification (PSM) is a powerful tool that can introduce 

catalytic activity into an existing COF without dramatically altering its 

structure. This technique reduces the time spent finding the conditions for 

the synthesis of new COFs, since the same COF can be functionalised in 

many different ways, and allows for introducing functional groups and 

geometries incompatible with direct synthesis.67 This strategy was 

employed by Jiang and co-workers to immobilise chiral organocatalysts in 

a COF (TPB-DMTP-COF, Figure 1.13).68 In this work, a COF was 

designed with ethynyl units connected to one of the linkers. Pyrrolidine 

derivatives were immobilised through the reaction between ethynyl units 

and azide compounds using click chemistry. By adjusting the incorporation 

of organocatalytic sites on the material's walls, they obtained [(S)-Py]0.17-

TPB-DMTP-COF, which worked as an efficient chiral catalyst for the 

Michael reaction. The immobilised catalyst produced excellent 

enantiomeric excess values and could be recycled several times without 

losing catalytic activity or selectivity. 

 

Figure 1.13. Post-synthetic modification of TPB-DMTP-COF. Reprinted with permission.68 

Copyright 2015, Nature Publishing Group 

The most common way to introduce catalytic sites into COFs is through the 

coordination of metal ions to organic ligands present in the framework, 

leading to metal-COFs (MCOFs) formation.50,56,69–80 The versatility of 
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COFs makes it possible to incorporate various molecular building blocks, 

which can be used as organic ligands uniformly distributed throughout 

COFs. Additionally, the uniform distribution of ligands with metal ions 

provides effective site isolation of the active catalytic sites at a molecular 

level. Many metal ions, including V, Mn, Fe, Co, Ni, Cu, Zn, Mo, Rh, Pd, 

Re, and Ir have been immobilised in COFs to form catalytically active 

MCOFs.67 The first example of an organic reaction catalysed by a COF, in 

2009, was developed by immobilising Pt2+ into a covalent triazine 

framework and employing it to oxidise methane into methanol. Another 

important example of MCOF catalysis was reported in 2011 by Wang and 

co-workers. They developed a 2D COF that could be easily metalated by 

post-treatment with Pd(AcO)2 to form Pd/COF-LZU1, which proved to be 

an efficient catalyst for the Suzuki–Miyaura coupling reaction (Figure 

1.14). Pd/COF-LZU1 produced excellent yields of the coupling products 

with a wide substrate scope and good catalyst recyclability. The efficiency 

of the material was attributed to its well-ordered porous structure, which 

improves the accessibility of the catalytic sites and facilitates diffusion of 

reactants and products.  
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Figure 1.14. Schematic representation for the synthesis of Pd/COF-LZU1 materials. 

Reprinted with permission.67 Copyright 2019, Royal Society of Chemistry. 

When designing COF-based catalysts, the topology and dimensionality 

play a crucial role in the performance of the material. The work of Wang 

and co-workers clearly shows this.70 The authors prepared a 2D and a 3D 

COF with Pd-porphyrin in their structure and compared the performance of 

the materials as photocatalysts for the oxidation of sulfides to sulfoxides 

(Figure 1.15). Interestingly, they found that the 2D COF produces much 

lower yields than the 3D COF, despite having the same type of catalytic 

centers. This difference was attributed to stacking the palladium porphyrin 

units in the 2D COF, which led to a fast quenching of the photocatalyst 

excited state. However, the 3D COF produced lower yields than the 2D 

COF when bulky substrates were employed due to the smaller cavities. 
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Figure 1.15. Photocatalytic selective oxidation of sulfides to sulfoxides by 2D and 3D Pd-

COFs. Reprinted with permission.56 Copyright 2020, Wiley. 

Cooperation between photoredox catalysts and transition metal catalysts 

has become a very popular approach in synthetic methodology over the past 

decade.81 Van Der Voort and co-workers combined these two types of 

catalysts into one metallaphotoredox COF, presenting light harvesting 

triazine moieties within the framework plus nickel catalytic active sites 

(Figure 1.16).76 The COF presented high catalytic activity in the visible-

light-driven catalytic sulfur-carbon cross-coupling reaction, as well as good 

recyclability and stability due to the ordered structure and proximity of the 

photosensitiser and the nickel catalytic active sites. 
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Figure 1.16. Structure of Ace-COF-Ni. Reprinted with permission.76 Copyright 2021, 

Wiley. 

Incorporating multiple metal centers in a COF is an attractive strategy that 

could allow for the development of more elaborate catalysts. However, 

obtaining a homogeneous distribution of different catalytic centers in close 

proximity is challenging while maintaining good crystallinity and porosity. 

Alemán and Mas-Ballesté employed this strategy to develop a sophisticated 

Ni/Ir COF photocatalyst (Figure 1.17).79 The material was prepared by 

metalation of a phenanthroline COF with [(dF(CF3)ppy)2-Ir-μ-Cl]2 and 

NiCl2·glyme in the presence of acetic acid. The dual metallic system proved 

an effective and recyclable photocatalyst for light-driven Csp3−Csp2 cross-

couplings. In addition, the proximity of the Ni and Ir catalytic centers 

enhanced the efficiency of the combined system, while the separation 

between Ni centers prevented the formation of nanoparticles through the 

aggregation of reduced nickel species. 
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Figure 1.17. Structure of Ni-Ir COF photocatalyst employed in Csp3−Csp2 cross-couplings. 
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Reticular materials like metal-organic frameworks (MOFs) and covalent 

organic frameworks (COFs) are two emerging types of porous materials 

with excellent properties: high diversity of building blocks, tunable and 

predictable structure, high porosity, and good stability. Thanks to their 

unique properties, these materials have applications in various fields, 

particularly in catalysis. Therefore, MOFs and COFs could be ideal bridges 

between homogeneous and heterogeneous catalysts. However, further 

research is needed to understand how isolated catalytic sites in reticular 

materials behave to develop their full potential.    

Based on these premises, the main objectives of the current thesis are: 

• Study the immobilization of isolated photoactive organic ligands 

inside single-crystals of MOF-520 towards the development of 

MOF-based photocatalytic systems, in batch or flow conditions, for 

the reductive homocoupling of C=O and C=N bonds (Chapter III). 

• Synthesize and characterize a series of COFs with single-catalytic 

sites based on cobalt. To this end, imine COFs will be formed by 

condensation between amine and aldehyde linkers with N-donor 

ligand moieties in their structure (bipyridine, terpyridine or 

bispyridine-cyclohexyldiamine), followed by coordination of 

cobalt to the frameworks through post-synthetic metalation 

(Chapter IV). 

• Explore the catalytic activity of the developed COFs in the 

hydroboration and borylation of simple alkenes and arenes based 

on Co COFs (Chapter V and Chapter VI). 
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3.1. General insight 

Within the last decades, there has been an increased interest in the field of 

photocatalysis, in which electronically excited species created by light 

absorption are employed as catalysts of organic transformations.1–5 A 

general photoredox catalytic cycle is shown in Figure 3.1. The reaction 

begins with the absorption of a photon by the photocatalyst (PC) to form 

the excited species PC*. If the excited state is long-lived (τdeact > 10 ns), it 

can undergo oxidative quenching (*PCn → PCn+1) by transferring an 

electron to an electron acceptor or reductive quenching (*PCn → PCn-1) by 

receiving an electron from an electron donor. The resulting oxidized 

(PCn+1) or reduced (PCn-1) photocatalyst can be reduced or oxidized back to 

the ground state (PCn) in the presence of a suitable electron-donating or 

accepting molecule, closing in this way the photoredox cycle. 

 

Figure 3.1. General photocatalytic cycle including reductive and oxidative electron-transfer 

quenching processes.  
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Ru and Ir iridium polypyridyl complexes compose among the most 

commonly used class of photocatalysts.1,3,4 Nevertheless, there are some 

drawbacks regarding the employed metal complexes, such as high cost and 

toxicity. Alternatively, organic photoredox catalysts present an exciting 

class of catalysts due to their relatively lower cost, wide availability, and 

properties that can, in some cases, outperform their inorganic and 

organometallic counterparts.6–10 The advantages of metal-free 

photocatalysts can be combined with the benefits of a MOF platform, such 

as porosity, modularity, tunability, high surface area, and crystallinity.11 

However, there is a limited number of examples of MOFs which contain 

organic photocatalysts in their structure.12–24  

In one of the earliest examples, Duan and co-workers reported a MOF (Zn-

PYI1) which combined a triphenylamine photoredox group with a 

stereoselective organocatalyst (pyrrolidin-2-ylimidazole) into a single 

framework (Figure 3.2a).16 The MOF could catalyze the asymmetric α-

alkylation of aliphatic aldehydes under light irradiation, displaying superior 

enantioselectivity compared to the homogeneous control (Figure 3.2c). The 

same group later developed a MOF (Zn-PDI) constituted by perylene 

diimide ligands (PDI) (Figure 3.2b).15 This heterogeneous approach tackled 

several issues of PDI as a photocatalyst, like its poor solubility and tendency 

to aggregate. As a result, Zn-PDI MOF achieved excellent yields in the 

photoreduction of aryl halides (Figure 3.2d) and in the photooxidation of 

alcohols and amines.  
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Figure 3.2. Illustration of Zn-MOFs with organic dyes in their structure: a) Zn-PYI1,16 b) 

ZN-PD1.15 Reactions photocatalyzed by the MOFs: c) asymmetric α-alkylation of aliphatic 

aldehydes, d) reduction of aryl halides. 

The direct synthesis of MOFs with photoactive ligands has its limitations 

since the ligands need specific geometries and functional groups to form a 

well-ordered material.25 Thus, only a fraction of the known photocatalysts 

can constitute the framework of a MOF.26 A promising technique that can 

immobilize various ligands inside MOFs is solvent-assisted ligand 

incorporation (SALI).27 The first example of functionalization via SALI 

entailed an acid–base reaction between a carboxylic acid ligand and a pair 

of terminal hydroxide ligands of the SBU in MOF-NU-1000, resulting in a 

material where the new charge compensating acid ligands are strongly 

bound to the NU-1000 node (Figure 3.3).28,29 Farha and co-workers 

demonstrated how this technique could attach several photoactive ligands 

inside MOF-NU-1000 (Figure 3.3c). After performing this 

a) b) 

c) 

d) 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER III: Preparation of photocatalytically active 

Metal-Organic Frameworks through crystal-to-crystal 

transformations 

 

54 

 

functionalization, the resulting MOFs were used as photocatalysts to 

degrade contaminants efficiently.22,23,30  

 

 

Figure 3.3. a) Structure of MOF-NU-1000,28 b) coordination of carboxylic acid ligands via 

SALI, c) photoactive ligands included in NU-100 via SALI. 

In 2016, O. Yaghi employed SALI to crystallize molecules inside the pores 

of MOF-520.31 The SBUs of this MOF contain formate ligands that can be 

replaced by other ligands like carboxylic acids or alcohols. After 

performing this transformation on crystals of MOF-520, the new ligands 

inside the cavities could be studied by single-crystal X-ray diffraction. The 

reduced motional degrees of freedom obtained with this coordinative 

alignment method facilitated the structural determination of the ligands, and 

RCOOH 

a) 

b) 

c) 
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the chiral nature of the MOF made it possible to crystallize racemic 

mixtures of ligands enantioselectively. Later, this strategy expanded to 

include azolates, sulfur oxoacids and phosphorous oxoacids as ligands.32 

 

Figure 3.4. structure of MOF-520 (left), an example of a molecule crystallized inside MOF-

520 (right).31 

Inspired by these studies, we hypothesized the advantage of including 

photoredox catalysts in MOF-520. Coordination of the guest molecule into 

the SBU places the PC in a confined environment, which may allow for 

crystallographic characterization, and, therefore, aid in providing a 

mechanistic understanding. Another interesting aspect of the coordination 

of guest molecules into MOF-520 is that the material can be composed of a 

collection of isolated units, acting as single-site catalysts in a heterogeneous 

material. In general, mechanistic studies on heterogeneous phases are more 

challenging than those on homogeneous ones. However, heterogeneous 

reticular materials with well-defined single catalytic sites may clarify 

mechanistic aspects that are otherwise tough to address in a homogeneous 
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phase. For instance, it could be helpful to elucidate the active catalytic 

species in PCs based on π-conjugated molecules. The tendency to form π-

stacking aggregates in solution introduces uncertainty into the catalytic 

species since the dynamics of excited states are very complex.33 In those 

systems, the catalytic activity can result from the monomer, the dimer, 

larger aggregates, or a combination thereof.  

In this chapter, we isolate a series of perylene ligands inside the cavities of 

MOF-520. Perylene is a polyaromatic hydrocarbon previously used as an 

efficient photoredox catalyst in the reductive coupling of aldehydes, 

ketones and imines.34 Thus, immobilization of perylene in a MOF provides 

an interesting opportunity to study the PC as an isolated unit.  

3.2. Results and Discussion 

3.2.1. Crystal-to-crystal modification of MOF-520 

Single crystals of MOF-520 of adequate size were grown following the 

previously reported method with slight variations (Figure 3.5, see the 

experimental section for details).31 As previously reported, the X-ray 

analysis showed that the SBUs ([Al8(OH)8(HCOO)4(BTB)4]) are 

constituted by a ring of eight aluminum octahedra sharing corners through 

eight -OHs, twelve BTB linkers (4,4′,4′′,-benzene-1,3,5-triyl-tris(benzoic 

acid)) and four formate ligands, with wide window openings (13.7 Å) and 

cavities. Each BTB is connected to three SBUs to form a three-dimensional 

(3D) porous framework. The formates are exchangeable and offer 

anchoring points for other ligands with carboxylic acids.  
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Figure 3.5. Structure and building blocks of MOF-520. H atoms and solvent molecules are 

omitted for clarity. Color code: gray, C; red, O; orange octahedra, Al. 

The formates in the SBU were exchanged by incubating crystals of MOF-

520 in DMF at 100 C for five days in the presence of an excess amount of 

a carboxylic acid ligand (Scheme 3.1). Then, the crystals were washed with 

DMF before SXRD measurements. A series of commercially available 

ligands (L1-L6) were incorporated into MOF-520 to confirm the validity 

of this method for crystallizing molecules and to observe their arrangement 

in the cavities of the material. 
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Scheme 3.1. Ligand exchange in MOF-520. Incoming ligands and outgoing formic acid are 

highlighted in red and blue, respectively. 

The successful incorporation of ligands L1, L2 and L3 was confirmed by 

SXRD (Figure 3.6), validating this method for crystallizing small 

molecules. The occupancy factor of the ligands was determined to be 100%, 

corresponding to the coordination of 4 ligands on each SBU. The 

introduction of L4 into the MOF resulted in a different coordination mode 

(Figure 3.6), in which the ligand was bonded to two adjacent SBUs in 

agreement with previous reports.35 This arrangement is possible thanks to 

the similarity between the length of L4 (10.1 Å), and the distance between 

formate ligands in adjacent SBUs (9.5 Å). Despite having a larger size, L5 

fits nicely into the MOF cavities, resulting in a 100% incorporation rate. 

Interestingly, the pyrene ligands in adjacent SBUs formed π-stacking 

dimers with a distance of 3.58 Å (Figure 3.6), which is in good agreement 
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with crystal structure data of stacked pyrenes featuring a distance of 3.53 

Å.36,37 Similarly, L6 formed π-stacking dimers. However, other 

conformations were also detected due to the high degree of freedom of the 

alkyl chain (Figure 3.6). L7 was successfully incorporated into MOF-520 

and detected by XRD, presenting a similar coordination mode as L4 (Figure 

3.6). Then, MOF crystals modified with L7 were placed in solutions of 

metal salts such as NiCl2, NiNO3, Ni(OTf)2, Co(OTf)2 and Fe(OTf)2; to 

form bipyridine metallic complexes. However, the coordination of these 

metals could not be detected by XRD. The reason for this is not fully clear, 

and further work is needed to study these systems. Incorporation of larger 

nitrogen-donating ligands or phosphines was also unsuccessful (structures 

of all ligands are shown in the experimental section, Figure 3.25) 

Next, we prepared a series of carboxylic acid-modified perylene ligands 

following reported procedures with modifications (Scheme 3.2). III.1 was 

obtained by bromination of perylene with NBS. Then, an ester group was 

incorporated on the 3-position with n-BuLi, yielding III.2, which was 

hydrolyzed to produce PC1.38 III.3 was prepared by Friedel-Crafts 

acylation of perylene. Finally, reduction with hydrazine and hydrolysis of 

III.3 afforded PC2.39 PC340 was obtained by hydrolysis of bis(2-

methylpropyl) perylene-dicarboxylate. The NMR spectra of all compounds 

agree with previously reported data38–40 (see the experimental section for 

details).  

The perylene ligands were incorporated into crystals of MOF-520 

according to the conditions mentioned previously (Scheme 3.1), followed 

by SXRD analysis (Figure 3.7). 
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Figure 3.6. Representation of the single-crystal X-ray diffraction structures of ligands L1-

L6 crystallized in MOF-520. BTB ligands and solvent molecules are omitted or painted 

white for clarity. In the case of positional disorder, only one conformation of bound 

molecules is shown for clarity. Color code: gray, C; red, O; white, H; blue, N; purple, I; pale 

red octahedra, Al.  
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Scheme 3.2. Synthesis of perylene ligands PC1, PC2 and PC3.38–40 

Although PC1 and L5 are pretty similar, the slightly larger perylene relative 

to pyrene leads to two interesting differences in the arrangement of 

molecules inside MOF-520. First, the larger size of PC1 leads to steric 

hindrance from the BTB linker. This prevents the formation of perylene pi-

staking dimers, featuring a large distance of 6.35 Å between PC1 molecules 

(Figure 3.7b). In contrast, the shortest distance between the BTB linker and 

perylene is only 3.2 Å. Second, the incorporation rate of PC1 is only 40%, 

since the larger size of PC1 prevents a second ligand from incorporating on 

the same SBU. The potential collision between PC1 neighbouring positions 

within the same SBU is highlighted in Figure 3.7c. In the case of PC2, 

although single-crystal data collection was successful for detecting the 

ligand, it was impossible to resolve the structure, most probably due to the 

high degree of freedom of the flexible -(CH2)3- units. However, x-ray 

analysis revealed that the ligand PC3 was connected to two adjacent SBUs, 

acting as a bridge similar to L4 (Figure 3.7d). 
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Figure 3.7. Representation of the single-crystal X-ray diffraction structure of ligands PC1 

(a-c) and PC3 (d), crystallized in MOF-520. c) Representation of the structure of MOF-

520-PC1 highlighting the potential collision between PC1 neighboring positions within the 

same SBU. X-ray single-crystal diffraction structure of MOF-520-PC1 contains only green 

or purple PC1s 

3.2.2. Characterization of bulk MOF-520-PCs 

MOF-520-PC1, MOF-520-PC2 and MOF-520-PC3 were obtained as 

colored powders by incorporating PC1, PC2 and PC3, respectively, into 

bulk MOF-520 (Figure 3.8). The bulk materials were employed for further 

characterization and catalysis.  

a) b)

c)

PC1

PC3

PC1

PC1 d)

6.35 Å

3.20 Å
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Figure 3.8. Structure of PC ligands incorporated into MOF-520 (top), images of MOF-520-

PCs in powder (bottom). 

The powder X-Ray diffraction (PXRD) pattern of the MOF-520-PCs 

exhibited sharp diffraction peaks that were identical to those of MOF-520, 

which indicated that the porous framework maintained its crystalline 

integrity (Figure 3.9a). The stability of the MOF was tested by dispersing 

samples in acetone, tetrahydrofuran, methanol, acetonitrile, 

dichloromethane, or DMF for 3 days at room temperature. After such 

treatment, the materials maintained their crystalline integrity, as confirmed 

by PXRD (Figure 3.9b). Dinitrogen adsorption/desorption isotherms (77 K) 

of MOF-520, MOF-520-PC1 and MOF-520-PC2 indicate a porosity 

decrease in the materials after modification (Figure 3.9c), with BET surface 

areas determined to be 2438, 1448, and 1081 m2g-1, respectively. The 

decrease of BET surface area is consistent with the steric bulk of guest 

perylene ligands residing in the pores of MOF-520. In contrast, MOF-520-

PC3 exhibited only a small porosity decrease, with a BET surface area of 

MOF-520 MOF-520-PC1 MOF-520-PC2 MOF-520-PC3
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2312 m2g-1. The different behavior of MOF-520-PC3 can be assigned to 

the lower number of perylene ligands per SBU and the different 

coordination modes of the dicarboxylic acid ligand.35 Thermogravimetric 

analysis (TGA) of as-synthesized MOF-520 exhibited an initial loss of 

mass at 90 C, likely due to the release of DMF molecules. All MOFs 

displayed a decomposition step beginning at 280 C, and a second larger 

step at 530 C, which could be assigned to the loss of the guest ligands or 

the BTB linkers (Figure 3.9d).  
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Figure 3.9. a) PXRD patterns of MOF-520-PCs, b) PXRD patterns of MOF-520-PC2 

collected during stability tests in different solvents at room temperature for three days, c) N2 

sorption isotherms at 77 K of MOF-520-PCs. d) TGA profile of MOF-520-PCs.  

Solution 1H-NMR spectroscopy of digested MOF-520-PCs samples was 

performed to quantify the amount of guest ligand binding in the bulk 
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materials (Figure 3.10). The samples were digested in a mixture of d6-

DMSO and NaOH 1M in D2O, followed by heating at 120 °C over 18 h. 

The final clear solution was used to record the 1H NMR spectrum. Perylene 

incorporation was determined by the ratio between the perylene and BTB 

linker measured in the digestion mixture (Figure 3.10). Based on the above 

results, we observed a 44%, 71% and 50% incorporation of PC1 PC2 and 

PC3, respectively, postulating the formulas [Al8(-

OH)8(HCOO)2.2(PC1)1.8(BTB)4], [Al8(-OH)8(HCOO)1.2(PC2)2.8(BTB)4] 

and [Al8(-OH)8(HCOO)2(PC3)1(BTB)4], respectively.  
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Figure 3.10. 1H-NMR in d6-DMSO of digested MOF-520-PCs: a) PC1, b) PC2, c) PC3.  
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3.2.3. Pinacol coupling promoted by MOF-520-PCs 

To test the photocatalytic activity of the encapsulated perylene ligands 

inside the MOFs, we selected the light-driven pinacol coupling of 4-

methylbenzaldehyde (III.1a) as a model reaction (Table 3.1). The reactions 

were performed under blue-led light irradiation over 16 h and with 

diisopropylethylamine (DIPEA) as electron donor. Moderate yields of 

III.2a were obtained when employing MeCN, MeOH or EtOH as solvents 

(Table 3.1, entries 1-9). DCM and THF, however, did not prove to be 

suitable solvents for this transformation (Table 3.1, entries 10-15). The 

yield was further improved by employing solvent mixtures of MeCN and 

MeOH or EtOH, achieving 82% yield with MeCN:MeOH (3:2, v:v) and 

1% mol of MOF-520-PC2 (mols of catalysts are calculated based on the 

formulas shown previously). Based on these results, the reactivity of the 

catalysts compares as follows: MOF-520-PC2> MOF-520-PC1>MOF-

520-PC3. The differences in reactivity could be rationalized by the different 

incorporation rates and redox potentials (Section 3.2.7). 
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Table 3.1. Optimization of the homocoupling of III.1a catalyzed by MOF-520-PCs 

 

 

Entry Photocatalyst (mol%) Solvent DIPEA equiv. Yield III.2a (%) 

1 MOF-520-PC1 (1) MeCN 14 17 

2 MOF-520-PC2 (1) MeCN 14 44 

3 MOF-520-PC3 (1) MeCN 14 14 

4 MOF-520-PC1 (1) MeOH 14 29 

5 MOF-520-PC2 (1) MeOH 14 45 

6 MOF-520-PC3 (1) MeOH 14 35 

7 MOF-520-PC1 (1) EtOH 14 30 

8 MOF-520-PC2 (1) EtOH 14 35 

9 MOF-520-PC3 (1) EtOH 14 27 

10 MOF-520-PC1 (1) DCM 14 0 

11 MOF-520-PC2 (1) DCM 14 0 

12 MOF-520-PC3 (1) DCM 14 0 

13 MOF-520-PC1 (1) THF 14 5 

14 MOF-520-PC2 (1) THF 14 4 

15 MOF-520-PC3 (1) THF 14 2 

16 MOF-520-PC1 (1) MeCN/MeOH 1/1 14 63 

17 MOF-520-PC2 (1) MeCN/MeOH 1/1 14 74 

18 MOF-520-PC3 (1) MeCN/MeOH 1/1 14 51 

19 MOF-520-PC1 (1) MeCN/EtOH 1/1 14 61 

20 MOF-520-PC2 (1) MeCN/EtOH 1/1 14 68 

21 MOF-520-PC3 (1) MeCN/EtOH 1/1 14 46 

22 MOF-520-PC1 (1) MeCN/MeOH 3/2 14 74 

23 MOF-520-PC2 (1) MeCN/MeOH 3/2 14 83 

24 MOF-520-PC3 (1) MeCN/MeOH 3/2 14 51 

25 MOF-520-PC2 (1) MeCN/MeOH 3/2 11 80 

26 MOF-520-PC2 (1) MeCN/MeOH 3/2 8 72 

27 MOF-520-PC2 (1) MeCN/MeOH 3/2 5 64 

28 MOF-520-PC2 (1) MeCN/MeOH 3/2 2 31 

29 MOF-520-PC2 (2) MeCN/MeOH 3/2 14 79 

30 MOF-520-PC2 (0.7) MeCN/MeOH 3/2 14 81 

31 MOF-520-PC2 (0.4) MeCN/MeOH 3/2 14 71 

Conditions: Substrate III.1a (10.6 mg, 0.1 mmol), photocatalyst and DIPEA in a selected 

solvent (2 mL) was irradiated for 16 h (LED 1 W, λ = 447±20 nm). Yields calculated by 1H 

NMR using an internal standard (1,3,5-trimethoxybenzene). 
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Blank experiments in the dark, without DIPEA, or without catalyst did not 

produce III.2a; and MOF-520 (without PC) was equally inactive (Table 

3.2, entries 2-6). Interestingly, the catalytic reaction mediated by MOF-

520-PC2 was also effective in an aerobic environment, with a similar 

catalytic performance as under anaerobic conditions. However, reductive 

transformations under aerobic conditions are uncommon and usually need 

to elaborate, sophisticated strategies to avoid the reaction of O2 with the 

reduced catalyst.  

Next, we directly compared the MOF-520-PCs with the corresponding 

homogeneous PCs under the optimized reaction conditions (Table 3.2, 

entries 7-11). Interestingly, the heterogeneous materials exhibit similar 

activity to the homogeneous counterparts. These results suggest that 

although immobilization of the catalysts has not improved their activity, 

most of the catalytic sites remain accessible. Additionally, the MOF does 

not seem to significantly quench or inhibit the PC. 
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Table 3.2. Control experiments 

 

Entry 
Deviation from standard 

conditions 
%Yield 

1 None 82 

2 Under air 79 

3 Under dark 0 

4 Without DIPEA 0 

5 No catalyst 0 

6 MOF-520 as catalyst 0 

7 MOF-520-PC1 as catalyst 74 

8 MOF-520-PC3 as catalyst 51 

9a PC-1 as catalyst 75 

10a PC-2 as catalyst 81 

11 PC-3 as catalyst 82 

Conditions: Substrate III.1a (10.6 mg, 0.1 mmol), photocatalyst (1 µmol) and DIPEA (180 

mg, 1.4 mmol) in a selected solvent (2 mL) was irradiated for 16 h (LED 1 W, λ = 447±20 

nm). Yields calculated by 1H-NMR using an internal standard (1,3,5-trimethoxybenzene). 

a2 µmol or 3 µmol of PC1 or PC2, respectively, were added. 

Analysis of the meso:dl product ratio by NMR revealed that the coupling of 

III.1a proceeds with a slight preference for the dl diastereomer for all 

catalysts (Table 3.3). The source of this selectivity is not clear at present. In 

previous reports, the selectivity of this reaction has been linked to 

interactions between the amine electron donor and the carbonyl group,41,42 

although the choice of catalyst and substrate also have a strong effect over 

the selectivity. Interestingly, all MOF-520-PCs show a small increase in dl 

selectivity compared to their respective homogeneous PCs. This small 

difference could be tentatively attributed to an effect of the cavities of the 

MOF. 
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Table 3.3. meso:dl product ratio for the coupling of III.1a. 

Catalyst Meso:dl 

MOF-520-PC1 46:54 

PC1 49:51 

MOF-520-PC2 40:60 

PC2 46:54 

MOF-520-PC3 47:53 

PC3 49:51 

 

3.2.4. Substrate scope of aldehydes, ketones and imines 

Next, we extended the reaction scope to include aromatic aldehydes with 

different substituents (Table 3.4). MOF-520-PC2 was the chosen catalyst 

for the isolation of products because of the better yield compared to MOF-

520-PC1 and MOF-520-PC3. In order to facilitate the product isolation, 

the formed diols III.2(a-m) were converted into the corresponding 

diacetates III.3(a-m) using acetic anhydride. Moderate to excellent yields 

were obtained for the pinacol coupling with aromatic aldehydes bearing 

electron-donating and electron-withdrawing groups. Interestingly, products 

with bulky substituents (III.3f and III.3j) were obtained in good yield, 

indicating that diffusion through the cavities of the material is not 

excessively hampered by these substituents. Heteroaromatic aldehydes 

III.1l and III.1m were compatible with the reaction conditions, although 

only moderate to low yields were obtained. The developed methodology 

was incompatible with aliphatic aldehyde III.1n. Having outlined the scope 

for the homocoupling of aldehydes, we wanted to expand the reactivity to 

include the homocoupling of ketones and imines as well (Table 3.5). 

Benzophenones III.4a-d produced lower yields of the corresponding diols, 

despite the lower reduction potential of benzophenone (E1/2
red = -1.87 V vs. 

Fc) compared to benzaldehyde (E1/2
red = -2.11 V vs. Fc).43 The lower yields 

are caused by a more prevalent competing H radical abstraction, generating 
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1,1-diphenylmethanol as a side product.34 Acetophenone (III.4e) could not 

be reduced due to its higher potential (E1/2
red = -2.48 V vs. Fc) relative to 

benzaldehyde.43 On the other hand, diamines III.7a and III.7c could be 

obtained in good yield using benzyl imines as substrates. Substrates III.4d 

and III.6e with electron rich -OMe substituents were not tolerated.  

Table 3.4. Substrate scope of the homocoupling of aldehydes catalyzed by MOF-520-PC2. 

 

Reaction conditions: MOF-520-PC2 (3 mg, 1 mol%), aldehyde (0.1 mmol), DIPEA (180 

mg, 1.4 mmol), in CH3CN/CH3OH (v:v = 3:2, 2 mL) at 30 ℃, under N2 during 16 h of 

irradiation (LED 447 nm). Yields are referred to isolated products. 
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Table 3.5 Substrate scope of the homocoupling of ketones and imines catalyzed by MOF-

520-PC2. 

 

Reaction conditions: MOF-520-PC2 (3 mg, 1 mol%), ketone or imine (0.1 mmol), DIPEA 

(180 mg, 1.4 mmol), CH3CN/CH3OH (v:v = 3:2, 2 mL) at 30 ℃, under N2 during 16 h of 

irradiation (LED 447 nm). Yields refer to isolated products.  

Next, we wanted to ascertain if a size-exclusion effect from the cavities of 

the MOF could be employed to change the selectivity of a heterocoupling 

reaction. For this purpose, reactions were carried out using an equimolar 

mixture of a small substrate (III.1b) and a bulky substrate (III.1j). To 

observe better differences in reactivity, the reaction time was reduced to 8 

h. In Table 3.6 is shown a comparison of the product distribution obtained 

when MOF-520-PC2 or PC2 are employed as catalysts. Although in both 

cases a mixture of homo- (III.2j, III.2b) and heterocoupling (III.2o) 

products were obtained, there was a remarkable difference in selectivity for 

the bulkier substrate, III.2j. A product selectivity III.2b/III.2j value of 4.6 

was obtained for MOF-520-PC2, whereas it was 1.0 for PC2. This 4.6-fold 
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increase for III.2b formation versus III.2j suggests a size-exclusion effect 

of the cavities of MOF-520-PC2. 

Table 3.6. Light-induced pinacol coupling reaction between III.1j and III.1b promoted by 

PC2 or MOF-520-PC2. 

 

 

Subs. 

(µmol) 

Products 

(µmol) 

Yield 

(%) 
Selectivity 

 III.1b III.1j III.2b III.2j III.2o III.2o 
III.2b/ 
III.2j 

III.2o/( III.2b+ 

III.2j) 

PC2 100 100 19 19 22.5 23 1.0 0.6 

MOF-520-PC2 100 100 16 3.5 20 21 4.6 1.0 

Conditions: Substrate III.1b (0.1 mmol), substrate III.1j (0.1 mmol), photocatalyst (PC = 

MOF-520-PC2 or PC2, 1 mol% regarding III.1b) and DIPEA (1.4 mmol) in MeCN/MeOH 

(3:2 v:v; 2 mL) irradiated for 8 h (LED 1 W, λ = 447±20 nm). Yields calculated by 1H-

NMR using an internal standard (1,3,5-trimethoxybenzene). 

3.2.5. Catalyst recycling in batch 

MOF-520-PC2 could be easily separated and recovered from the reaction 

mixture through filtration. Therefore, we studied the potential recycling of 

the catalyst after the pinacol coupling of III.1a. After washing twice with 

methanol and acetone, the recycled MOF-520-PC2 was subjected to 

another catalytic run with the same substrate. The catalytic activity was 

maintained for the first two runs (79 and 75 %) and dropped in the third one 

to 34 % of III.2a (Figure 3.11a). This yield reduction was accompanied by 

a significant reduction in the crystallinity of the catalyst, as confirmed by 

PXRD analysis (Figure 3.11b). We rationalize that prolonged stirring under 

the catalytic conditions may be responsible for the structural degradation of 

MOF-520-PC2, which then diminishes the catalytic activity since the 
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catalytic sites are no longer accessible to the organic substrates. Indeed, 

MOF-520 has been previously reported to be mechanically fragile.35 A very 

small amount of PC2 was found in the filtered solution after catalysis. 

Quantification by UV-vis determined that only 1.3% of the photocatalyst 

had leached from the MOF. This suggests that the leaching of PC2 into the 

solution is not the source of the diminishing catalytic activity of MOF-520-

PC2. 
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Figure 3.11. a) Yield for the pinacol coupling of III.1a catalyzed by MOF-520-PC2 over 

several runs. The conditions employed are identical to Table 3.2. b) PXRD patterns of MOF-

520-PC2 after different catalytic runs. 

3.2.6. Photocatalysis in flow 

Taking advantage of the heterogeneous nature of MOF catalysts, we studied 

the potential use of MOF-520-PC2 as a photocatalyst under flow 

conditions.44–46 Indeed, flow chemistry has many advantages, such as easy 

scaling and automation.47 However, low light penetration is probably the 

reason for the few photocatalysis applications with heterogeneous materials 

under flow conditions.  

The nature of the developed material (MOF-520-PC2) encouraged us to 

develop a heterogeneous photocatalytic system operative under flow 

conditions. We selected prototype substrates with different electronic 
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properties, III.1i and III.1a, for testing. To set up the flow reactor, we 

prepared a 1% dilution of MOF-520-PC2 in Celite and directly packed it 

into a column (20x0.6 cm) with glass beads to facilitate light diffusion 

(Figure 3.12). Packing was carried out under aerobic conditions without any 

particular precautions. The reaction mixture contained the substrate and 

electron donor under identical conditions to those already discussed and 

optimized for batch reactions. The photoreactor was irradiated 

perpendicular to the surface from two light sources (Kessil lamp, λ = 450 

nm) at 180 ° to each other (Figure 3.13). The first solution containing III.1i 

(0.55 g) was pumped through the photoreactor (flow rate of 1.5 mL·h-1), 

followed by III.1a (0.55 g) after washing. Notably, sample preparation and 

photoreactions were performed in air, which further demonstrated the 

robustness of the catalytic system. As a result, the two consecutive 0.55 g 

scale reactions led to the isolation of products III.3i and III.3a in good 

overall yields (0.49 and 0.38 g, respectively, corresponding to 70 and 51% 

yield after two reactions, respectively), which validated the effectiveness of 

the system. 
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Figure 3.12. a) Consecutive photocatalytic reduction of aldehydes III.1i and III.1a to the 

corresponding pinacols in flow with the same MOF-520-PC2/celite packed column. b) 

Schematics of the experimental setup. 
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Figure 3.13. Image of the flow experimental setup. 

3.2.7. Photophysical and electrochemical characterization.  

To better understand the nature of the catalytic sites, we have investigated 

the photophysical and electrochemical properties of the materials, focusing 

on MOF-520-PC1 and MOF-520-PC2, as well as their homogeneous 

analogues PC1 and PC2 

First, spectroscopic studies were performed to give insights into potential 

interactions between perylenes, or perylenes and the MOF matrix. Diffuse 

reflectance spectra of PC1 and PC2 showed broad absorption bands 

characteristic of the perylene monomer and a sharper band at λ ≈ 430 nm 

(Figure 3.14).48 In both cases, encapsulation in MOF-520 only induced 

minor changes in absorbance, which suggested that the electronic structure 

of the PC was not significantly altered in the solid state.  
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Figure 3.14. Solid-state absorption spectra of a) PC1 and MOF-520-PC1 and b) PC2 and 

MOF-520-PC2, were obtained after normalizing the transmittance spectra with Kubelka 

Munk transformations. 

Absorption and luminescence studies in solution, or suspensions in the case 

of MOFs, were more informative regarding potential aggregation 

processes. The UV/Vis features of PC1 and PC2 are located in the visible 

region, without overlap with the MOF-520 absorption of the BTB linkers 

(λ=276 nm), facilitating analysis of the postmodified MOFs (Figure 3.15). 
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Figure 3.15. a) Absorption spectra of PC1, PC2 and MOF-520 in CH3CN, [PC] = 30µM, 

b) the respective absorption spectra of MOF-520, MOF-520-PC1 and MOF-520-PC2 

suspension in CH3CN, [MOF-520-PCs] = 1 mg·mL-1. 
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The UV/Vis absorption spectra of PC1 and PC2 show broad bands (λ = 

360–470 nm). In the case of PC1 (Figure 3.16a), the characteristic 

vibrational fine structure of the perylene is not resolved, even at 

concentrations as low as 1 µM, whereas, in the case of PC2 (Figure 3.16a), 

the characteristic vibrionic spectra of perylene monomers is present (1–25 

µM). Presumably, the difference arises from the different capacities of PC1 

and PC2 to form p-stacking structures, which is likely to be more favorable 

for PC1, since the formation of carboxylic acid homodimers duplicates the 

size of the p-conjugated structure. This agrees with the fact that the presence 

of a base, such as DIPEA (5 mM), resolves the characteristic vibrionic 

spectra of perylene monomers for PC1 (Figure 3.16a), since it disrupts the 

formation of homodimers. Interestingly, in the absorption spectra of the 

MOF-520-PCs, perylene vibronic features are present for both cases; this 

suggests negligible perylene–perylene interactions or MOF–perylene 

interactions.  
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Figure 3.16. Absorption spectra of a) PC1 b) PC2 measured upon increasing its 

concentration and further compared with the same in the presence of DIPEA or with a 

suspension of a) MOF-520-PC1 b) MOF-520-PC2 (1 mg/mL), Solvent CH3CN, DIPEA (5 

mM). 
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To further understand the aggregation behavior of perylenes inside the 

MOF matrix, we also recorded fluorescence spectra of PCs in the 

concentration range from 1 to 100 µM, as well as suspensions of MOF-520-

PCs (Figure 3.17). Similar to the UV/Vis absorption spectra, fluorescence 

spectra of PC1 showed unresolved vibronic features, which appeared in the 

presence of DIPEA and perfectly matched the spectrum of the suspended 

MOF-520-PC1 (Figure 3.17a). Also, the fluorescence spectra of PC2 and 

MOF-520-PC2 were informative (Figure 3.17b). As the concentration 

increases, the luminescence vibronic bands at λ = 445 nm decrease and the 

feature at λ = 475 nm rise, revealing an aggregation process between 

perylene units, which is not revealed in the studied UV/Vis spectral range 

(Figure 3.16b). The fluorescence spectrum of MOF-520-PC2 matches with 

that of PC2 only at low concentration (1 µM photocatalyst), which indicates 

that PC2 behaves as a monomer inside of the MOF-520.49–51 

450 500 550 600 650

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

. 
In

te
n

s
it
y
 /

 a
. 

u
.

Wavelength / nm

 1 M

 PC1 (1 M)+ DIPEA

 2 M

 3 M

 6.25 M

 12.5 M

 25 M

 50 M

 100 M

 MOF-520-PC1

PC1 @ different concentrationa)

450 500 550 600

0.0

0.2

0.4

0.6

0.8

1.0
PC2 @ different concentration

N
o
rm

. 
In

te
n
s
ity

 /
 a

. 
u
.

Wavelength / nm

 1 M

 2 M

 3 M

 6.25 M

 12.5 M

 25 M

 50 M

 100 M

 150 M

 250 M

 MOF-520-PC2

b)

  

Figure 3.17. Fluorescence spectra of a) PC1 b) PC2 measured upon increasing its 

concentration and further compared with the same in the presence of DIPEA or with a 

suspension of a) MOF-520-PC1 b) MOF-520-PC2 (1 mg/mL), Solvent CH3CN, DIPEA (5 

mM), λex = 410 nm. 
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Cyclic voltammetry (CV) experiments showed apparent differences 

between perylene precursors (Figure 3.18a). The first reduction wave of 

PC2 is shifted by 340 mV to more negative potentials than PC1 (E0
PC2 = -

1.80 V and E0
PC1 = -1.45 V, respectively). All redox values are given versus 

a standard calomel electrode (SCE), unless stated otherwise (Table 3.7). 

Although the cyclic voltammograms of the MOFs follow a similar trend to 

that of the perylene precursors, the interpretation is not straightforward. The 

CV results for MOF-520 show two reduction waves that shift to positive 

and negative redox potentials in MOF-520-PC1 and MOF-520-PC2, 

respectively (Figure 3.18b). We observed that the extension of the shifts 

depended on the perylene. The shift was more significant in the case of 

MOF-520-PC1, in which the perylene is electronically connected to the 

carboxylate and then to the aluminum centers. Conversely, for MOF-520-

PC2, the perylene–Al centers are electronically disconnected by an alkyl 

spacer, which barely affects the redox process of the MOF.48 Nevertheless, 

because the absorption and fluorescence spectra do not undergo significant 

changes, we estimate that the redox potentials of PCs within the MOF do 

not significantly deviate from those of the free PCs. Therefore, we 

hypothesize that the redox difference between the two materials can be 

ascribed as the main factor for the differences in catalysis. 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER III: Preparation of photocatalytically active 

Metal-Organic Frameworks through crystal-to-crystal 

transformations 

 

83 

 

-2.0 -1.5 -1.0 -0.5

Perylene

PC1

i 
(

A
)

E vs SCE (V)

PC2

20

a)

-1.5 -1.0 -0.5

MOF-520

MOF-520-PC1

b)

i 
(

A
)

E vs SCE (V)

MOF-520-PC2

50

 

Figure 3.18. a) CV of PC1, PC2 and perylene, b) CVs of MOF-520-PC1, MOF-520-PC2 

and MOF-520. Conditions are shown in the experimental section. 

Finally, we characterized the excited states using time-correlated single-

photon counting in the solid state (Figure 3.19). In both cases, the 

multiexponential lifetime decay of PCs is similar to that of the MOF-520-

PCs (Table 3.7); the slowest  is about 6 ns for PC1 and 5 ns for 

PC2.50,52,53 This result, together with those previously reported, is in 

agreement with the fact that both PCs behave as isolated units inside the 

MOF-520. 
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Figure 3.19. Normalized solid-state lifetime decay of a) PC1, MOF-520-PC1, and b) PC2, 

MOF-520-PC2 measured by time-correlated single-photon counting and its exponential 

fits. ex = 470 nm laser, em = 560 nm. (IRF = instrument response function from the laser 

source). [PC] = 50 µM, [MOF-520-PC] = 1 mg/ml. Solvent CH3CN. 
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Table 3.7. Summary of the redox processes and excited-state lifetimes in solution.   

Sample abs
a 

[nm] 

em
b 

[nm] 

1
c 

[ns] 

E1/2
(0/-) 

[V vs. SCE] 

E(*/-) d 

PC1 442 452 5.5 -1.45 1.30 

PC2 440 446 4.9 -1.80 0.98 

MOF-520 275 390 - - - 

MOF-520-PC1 445 454 6 - - 

MOF-520-PC2 440 448 5 - - 
a Values obtained from the maximum absorption peak; b values obtained from the maximum 

fluorescence peak; c lifetime obtained from the single exponential function fit at the em. 

Absorption and fluorescence spectra are collected CH3CN/CH3OH (v:v = 3:2). d Calculated 

as Eº(*PC / PC−)= Eº(PC / PC−) + E0-0, Section 3.2.8. 

3.2.8. Mechanistic studies  

To gain insights into the reductive coupling reaction of aldehydes, we 

examined key steps of the catalytic cycle with the help of steady-state, time-

resolved fluorescence quenching studies and transient spectroscopy 

experiments. To this end, we have focused on the model reaction of III.1a 

with MOF-520-PC2, in the absence and presence of DIPEA.  

Quenching studies were performed on MOF-520-PC1 and MOF-520-PC2 

by measuring the lifetime decay and fluorescence spectra with increasing 

amounts of DIPEA (Figure 3.20). The lifetime of the MOF-520-PCs* 

excited states was long enough to be quenched by DIPEA, as observed by 

the gradual decrease in lifetime and fluorescence intensity (Figure 3.20a 

and Figure 3.20d). Similar bimolecular quenching rate constants (kq) were 

obtained by Stern-Volmer analysis (Figure 3.20c, Figure 3.20f and Table 

3.8) for MOF-520-PC1 (6.0 ± 0.3 109 M-1s-1) and for MOF-520-PC2 (5.9 

± 0.3 109 M-1s-1, see experimental section for calculation details), suggesting 

that quenching occurs at similar speeds for both photocatalysts.  
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Figure 3.20. Titration lifetime decay (a,d); titration fluorescence decay (b,e) and Stern-

Volmer quenching analysis (c,f) of MOF-520-PC1 (a-c) and MOF-520-PC2 (d-f) with 

DIPEA in CH3CN/CH3OH solvent mixture (v:v = 3:2, 2 mL). ex = 405 nm laser, em = 460 

nm, [MOF-520-PCs]=1 mg/ml, cell path length 1 cm, T = 25 oC. 
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Table 3.8. Biexponential fitting parameters of excited state lifetime decay  

 MOF-520-PC1 MOF-520-PC2 

DIPEA 

mM 

1 

ns 

A1 

% 

2 

ns 

A2 

% 
2 

1 (ns) A1  

(%) 

2  

(ns) 

A2  

(%) 

2 

0a 6 100   1.2 5 100   1.2 

10 0.04 5 3.4 95 1.1 0.77 4 3.8 96 1.2 

20 0.03 6 2.64 94 1.2 0.72 6 3.12 94 1.2 

30 0.0012 2 2.21 98 1.08 0.21 5 2.55 95 1.3 

50 0.001 1 1.72 99 1.04 0.41 8 2.0 92 1.3 

70 0.03 10 1.34 90 0.98 0.36 10 1.67 90 1.3 

150 0.001 20 1.04 80 1.3 0.2 12 1.29 88 1.3 

200 0.05 30 0.65 70 1.4 0.42 15 1.15 85 1.4 

A1 and A2 correspond to the relative contributions of the two lifetimes, τ1 and τ2. 

Upon studying III.1a as a quencher, we could not observe quenching at 

concentrations relevant for catalysis (Figure 3.21). This shows that an 

electron transfer between the excited photocatalyst (PC*) and the substrate 

is not a relevant process for the catalytic cycle.  
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Figure 3.21. Oxidative electron transfer between MOF-520-PC2 and substrate III.1a. a) 

Fluorescence spectra and b) Fluorescence lifetime changes during the titration of MOF-520-

PC2 with different amounts of III.1a (under constant stirring on the sample holder), solvent 

CH3CN and MeOH (40 %) mixture, [MOF-520-PC2] = 1 mg/ml, ex = 405 nm laser, em= 

460 nm, cell path length 1 cm, Temperature = 25 oC. 
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The excited state reduction potentials for the PCs were calculated as Eº(*PC 

/ PC−)= Eº(PC / PC−) + E0-0. The E0-0 energy was determined as 2.75 and 

2.78 eV for PC1 and PC2, respectively, based on the wavelength of the 

first emission peak (Table 3.7). Combining this result with the redox 

potentials in the ground state measured by CV (Table 3.7) produced the 

following redox values in the excited state: E(*PC1/PC1
-
) = 1.25 V and 

E(*PC2/PC2
-
) = 1.0 V. A comparison of these values with the redox potential 

of DIPEA (E(DIPEA)
0 = 0.72 V)54 suggests that a single electron transfer 

(SET) between DIPEA and PC* is thermodynamically feasible. Likewise, 

SET from DIPEA to MOF-520-PC* should also be thermodynamically 

feasible.55,56 

Transient absorption spectroscopy (TAS) was employed to study the 

formation and decay of the radical anion PC2•- and MOF-520-PC2•- 

(Figure 3.22, Table 3.9). In the case of PC2, laser excitation at λ = 355 nm 

in the presence of a large excess of DIPEA led to the formation of a new 

absorption band at λ = 570 nm, assigned to PC2•- (Figure 3.22a). A negative 

band also appears at λ = 450 nm, corresponding to the consumption of PC2. 

As expected, the formation of the radical anion is not detected in the 

absence of DIPEA. Monitoring the radical anion at λ = 570 nm presented a 

biexponential decay time of about 0.75 and 3.6 ms (Figure 3.22c and Table 

3.9), which could be rationalized as recombination on the millisecond 

timescale. Strangely, the negative signal at λ = 450 nm changes rapidly and 

becomes a positive signal after 0.15 ms, reaching a maximum at 0.6 ms and 

decaying slowly afterwards (Figure 3.22e). This could indicate that another 

transient species with an absorbance band at λ = 450 nm is being generated, 

although its identity is yet unknown. The TAS spectrum of MOF-520-PC2 

shows similar characteristics, with absorption bands at λ = 450 and 570 nm, 
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but presenting a shorter lifetime (Figure 3.22b and Table 3.9). Interestingly, 

the absorbance at λ = 450 increases much more rapidly in MOF-520-PC2, 

suggesting that immobilization of the PC has a strong effect over this 

process. Lastly, measurements were performed in the presence of III.1a, 

leading to shorter lifetimes for PC2 and MOF-520-PC2 (Figure 3.22c-d 

and Table 3.9). This is consistent with the occurrence of a SET between the 

radical anion (PC2•-) and III.1a.  

 

Table 3.9. Biexponential fitting parameters of transient absorption decay of PC2 and MOF-

520-PC2 with DIPEA in the presence or absence of III.1a. 

Sample 
1 

ms 

A1 

% 

2 

ms 

A2 

% 
2 

PC2+DIPEA 0.75 54 3.6 46 0.97 

PC2+DIPEA+III.1a 0.44 63 3.0 37 0.95 

MOF-520-PC2+DIPEA 0.25 37 1.7 63 0.93 

MOF-520-PC2+DIPEA+III.1a 0.25 50 2.3 50 0.66 
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Figure 3.22. Transient absorption spectra for: a) PC2 (50µM) and DIPEA (200 mM); b) 

MO-520-PC2 (50µM) and DIPEA (200 mM). Transient absorption decay probed at 570 nm 

for: c) PC2 (50µM), DIPEA (200 mM) and III.1a (40 mM), d) MOF-520-PC2 (1 mg/mL), 

DIPEA (200 mM) and III.1a (40 mM). All measurements were performed in CH3CN under 

anaerobic condition. Laser excitation at 355 nm. 
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Based on the results shown in this section, a mechanism for the 

photocatalytic reductive coupling was proposed (Scheme 3.3). The reaction 

starts with the excitation of MOF-520-PC2 (λ = 447 nm) into MOF-520-

PC2*. This process was studied by absorbance, fluorescence and lifetime 

decay experiments (Figure 3.15, Figure 3.16, Figure 3.17 and Figure 3.19). 

The excited state undergoes reductive quenching with DIPEA yielding 

MOF-520-PC2•-, as shown by the quenching studies, the transient 

absorption measurements and the redox values (Figure 3.20, Figure 3.22, 

Table 3.8 and Table 3.9). A successive SET from MOF-520-PC2•- onto the 

substrate (Figure 3.22) results in the reduction of the carbonyl group, 

followed by the C-C homocoupling reaction.42 

 

Scheme 3.3. Proposed mechanism of visible-light-driven reductive coupling reaction of 

aromatic aldehydes, acetophenones, and imines using MOF-520-PC2 photoredox catalyst. 
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3.3. Conclusions 

In this chapter, we have shown a straightforward postsynthetic 

transformation of MOF-520 with differently substituted perylene 

molecules to introduce a photoredox functionality to the material. As 

determined by the redox potential, differences in the catalytic activity 

between MOF-520-PC1 and MOF-520-PC2 can be ascribed to the redox 

potential differences between the reduced state of the PCs; PC2 is more 

reductive than PC1.  

The new heterogeneous organo-photocatalysts performed the light-driven 

reductive coupling of aldehydes, ketones, and imines efficiently to give 1,2- 

diols and 1,2-diamines, with similar catalytic activity to their homogeneous 

counterpart. Moreover, continuous-flow photocatalytic conditions 

highlight the potential of this technique to enhance the recyclability of the 

catalyst and to perform gram-scale reactions.  

Combining steady-state and time-resolved spectroscopy revealed that 

perylenes immobilized in MOF-520 acted as an isolated unit, and therefore, 

the catalytic activity could be exclusively ascribed to the perylene 

monomer, whereas in the homogeneous phase the potential aggregation of 

perylenes complicated the assignment of the real catalytically active 

species.  
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3.4. Experimental section 

3.4.1. Materials and methods 

Materials. Reagents and solvents were purchased from commercial 

sources and used as received unless otherwise stated. Aluminium nitrate 

nonahydrate, Al(NO3)3·9H2O, N,N-dimethylformamide (DMF) (purity ≥ 

99.9 %) and formic acid (ACS reagent, reag. Ph. Eur., ≥98 %) were 

purchased from Sigma Aldrich. 1,3,5-benzenetribenzoic acid (H3BTB) and 

perylene were purchased from Alfa Aesar and Fluorochem, respectively. 

All chemicals obtained were used without further purification. Scintillation 

vials (20 mL) and polypropylene caps with foil liner were purchased from 

Wheaton. 

Nuclear magnetic resonance (NMR). NMR spectra were recorded on 

Bruker AV500/AV400 spectrometer using standard conditions (300 K). All 

1H chemical shifts are reported in ppm and have been internally calibrated 

to the residual protons of the deuterated solvent. The 13C chemical shifts 

have been internally calibrated to the carbon atoms of the deuterated 

solvent. The coupling constants were measured in Hz. 

Powder X-ray diffraction (PXRD). PXRD patterns were recorded on a 

D8 Advance Series 2Theta/Theta powder diffraction system using CuKα1-

radiation in transmission geometry. The system is equipped with a 

VÅNTEC-1 single-photon counting PSD, a Germanium monochromator, a 

ninety positions auto changer sample stage, fixed divergence slits and a 

radial soller. 

Single X-ray diffraction (SXRD).  

Sample preparation: The crystals used for structure determination were 

selected using a Zeiss stereomicroscope using polarized light and handled 
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under inert conditions immersed in perfluoropolyether as protecting oil for 

manipulation. 

Data collection: Crystal structure determination for MOF samples were 

carried out using an Apex DUO Kappa 4-axis goniometer equipped with an 

APPEX 2 4K CCD area detector, a Microfocus Source E025 IuS using 

MoK radiation, Quazar MX multilayer Optics as monochromator and an 

Oxford Cryosystems low-temperature device Cryostream 700 plus (T = -

173 °C). Fullsphere data collection was used with  and  scans. Data 

collection was performed with APEX-2. Data reduction was performed 

with Bruker Saint V/.60A. Absorption correction was performed with 

SADABS.  

Structure Solution and Refinement: Crystal structure solution was achieved 

using the computer program SHELXT. Visualization was performed with 

the program SHELXle. Missing atoms were subsequently located from 

difference Fourier synthesis and added to the atom list. Least-squares 

refinement on F2 using all measured intensities was carried out using the 

program SHELXL 2015. All non-hydrogen atoms were refined including 

anisotropic displacement parameters. 

Thermogravimetric analysis (TGA). TGA curves were measured using 

Mettler Toledo TGA/SDTA/851 in N2 with heating ramp 5 C/min. 

Gas Sorption. Nitrogen sorption isotherms were measured on Autosorb iQ 

adsorption analyzer (Quantachrome). Nitrogen measurements were 

performed at 77 K and the temperature was held constant using liquid N2. 

The pressure range used to calculate the BET surface area was selected to 

fulfil the two “consistency criteria.” 
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In-house developed parallel photoreactor. Light source: The reactions 

were performed using Royal-Blue ( = 447±20 nm) LUXEON Rebel ES 

LED, mounted on a 10mm Square Saber - 1030 mW @ 700 mA (Datasheet: 

https://www.luxeonstar.com/assets/downloads/ds68.pdf) as a light source. 

Temperature Control: Reaction temperature was controlled by a high 

precision thermoregulation Hubber K6 cryostat. Likewise, to guarantee 

stable irradiation the temperature of the LEDs was also controlled and set 

up at 30 °C. For the flow process was run with the Kessil LED lamp. 

Photophysical Studies. UV-Vis measurements were carried out on a 

Shimadzu UV-2401PC spectrophotometer equipped with a photomultiplier 

tube (PMT) detector, double beam optics and D2 and W light sources. The 

solid-state diffuse reflectance spectra (240-800 nm) were recorded by 

diluting the solid samples with BaSO4 powder while equipped Shimadzu 

UV-2401PC spectrophotometer connected with a diffuse reflectance 

accessory. The samples were loaded in an integration sphere and utilized 

for all experiments. 

Solid-state fluorescence measurements were carried out on an Aminco-

Bowman Series 2 Luminescence spectrofluorometer equipped with a high 

voltage PMT detector and continuum Xe light source with detector under 

parallel mode. Sample preparation was the same as that of absorption 

experiments. Fluorescence lifetimes were determined using an Edinburgh 

Instruments LifeSpec-2 luminescence spectrometer equipped with a PMT 

detector, double subtractive monochromator and picosecond pulsed diode 

lasers source (470 nm). Exponential deconvolution fit was used to fit the 

emission decay by the FAST software from Edinburgh Instruments Ltd., 

with χ2 values and intensity residuals used to determine goodness of fit. For 

all fitting results reported here, χ2 values were close to unity. Where a single 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER III: Preparation of photocatalytically active 

Metal-Organic Frameworks through crystal-to-crystal 

transformations 

 

95 

 

exponential fit result was unsatisfactory, a dual-exponential fit was used. 

The sample preparation was the same as above. 

Solid-state photophysical experiments were measured by loading a solid 

sample in 0.5 mm cuvette unless otherwise mentioned. The quenching 

experiments were performed by making fine heterogeneous suspension of 

MOFs in acetonitrile after sonication of 15 minutes. Prior to this, materials 

were ball milled for 15 minutes to get fine powders. 

The lifetime decay is fitted with monoexponential or biexponential function 

depending on the absence or the presence of DIPEA in solvent acetonitrile 

and methanol suspension. 

The Stern-Volmer analysis is based on eqs. 1-2: 

𝐼0

𝐼𝑄
(𝑜𝑟 

𝜏0

𝜏𝑄
) = 1 + 𝐾𝑆𝑉[𝐷𝐼𝑃𝐸𝐴]                                                           (1) 

𝐾𝑆𝑉 = 𝑘𝑞𝜏0                                                                              (2) 

Where I0, IQ, 0 and Q are the luminescence intensities and excited-state 

lifetime at emission peak in the absence or in the presence of DIPEA, 

respectively, and KSV is the Stern-Volmer quenching constant. The KSV is 

calculated from the slope of the linear fitting of the plot, 
𝐼0

𝐼𝑄
(𝑜𝑟 

𝜏0

𝜏𝑄
) − 1 

versus DIPEA. The bimolecular quenching rate constant (kq) is obtained 

from the value of KSV and using the eq. (1), τ0 is the lifetime of MOF-520-

PC2 or MOF-520-PC1. 

Laser Flash Photolysis.  Laser flash photolysis was carried out by a pump-

probe transient absorption spectroscopy (TAS) system involving Nd:YAG 

laser (355 nm, 6 ns pulse duration) from 25 ns to 100 ms. A two-

monochromator setup with single wavelength detection was chosen to 
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minimize the samples exposition to probe light and to remove most of the 

fluorescence from the dye. A halogen bulb (640−890 nm) and a white light 

LED (500−640 nm), which provide very stable output power, were used as 

probing light sources. The light probe is selected by two Visible-IR 

motorized monochromators from Dongwoo Optron (DM500i model) 

placed before and after the sample holder. The probe light was detected 

with an amplified silicon photodiode (Hamamatsu S3883, 320−1000 nm 

spectral response range, 300 MHz bandwidth), and the dc signal was 

digitized with a 125 MHz bandwidth (200 MS/s, 16 bit resolution) transient 

recorder. The sample was stored in a sealed, 2 mm quartz cuvette under 

inert atmosphere and stirred between laser shots. The complete system was 

controlled by our home-build TAS software, and all kinetics were also 

processed by home-built software. The laser experiments were performed 

with fine heterogeneous suspension MOF-520-PC2 under constant stirring. 

Electrochemical studies. Cyclic voltammetry (CV) experiments were 

carried out on a Biologic potentiostat/galvanostat connected to a three-

electrode glass cell equipped with a glassy carbon as a working electrode, 

platinum wire as a counter electrode and an Ag/AgCl pseudo-reference 

electrode. A solution of tetrabutylammonium hexafluorophosphate 

(TBAFP6) 0.1 M in CH3CN was used as an electrolyte and kept under Ar 

flow during the measurements. For the CV of the perylene derivatives, a 

stock solution was obtained by dissolving the corresponding PC (ca. 0.8 

mg, 3 μmol) and TBAPF6 (38.7 mg, 0.1 mmol) in 1 mL of DMF. After that, 

500 μL of this solution was injected to a 2.5 mL solution of electrolyte in 

CH3CN (for a final concentration of 0.5 mM). The electrochemical 

measurements carried out on MOF-520 and MOF-520-PCs were realized 

with the same configuration as before, but this time a MOF suspension (1 

mg of the powder in 200 μL of a solution (1:1) (Nafion/CH3CN) was 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER III: Preparation of photocatalytically active 

Metal-Organic Frameworks through crystal-to-crystal 

transformations 

 

97 

 

sonicated 20-30 minutes before drop-casting 10 μL onto the surface of a 

glassy carbon electrode and allowing it to rest 2 hours to dry. CVs were 

recorded at a scan rate between 100 to 1000 mV/s. All the potentials were 

referred to ferrocene couple (Fc/Fc+), measured by direct injecting 100 μL 

of a solution containing Fc (10 mM) and TBAPF6 (0.1 M). 

Photoreactor description: The photoreactor is made up of aluminium 

support with an array of 5x5 cavities where vials can be placed. At the 

bottom of each cavity there is a Royal-Blue (λ = 447±20 nm) LUXEON 

Rebel ES LED, mounted on a 20 mm Saber - 1030 mW @ 700 mA 

(Datasheet: https://www.luxeonstar.com/assets/downloads/ds68.pdf) as a 

light source. Reactions were performed at a current intensity of 700 mA per 

LED, which corresponds to a 2.05·10-3 mmol·hγ/s photons per second 

through the vials at the volume of the reaction as reported.57 The 

temperature around the vials is controlled by a high precision 

thermoregulation Hubber K6 cryostat, using a mixture of water/glycol as a 

cooling fluid. Likewise, aiming at ensuring stable irradiation, another 

cryostat is used to maintain the temperature of the LEDs at 22 ºC. The 

reactor sits on a mechanical stirrer, which is used to stir simultaneously all 

the vials placed on the reactor. 
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Figure 3.24. In-house developed parallel photoreactors. 

 

 

Figure 3.25. Failed attempts of incorporating ligands into MOF-520. 
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3.4.2. Synthetic procedures 

 

3-Bromoperylene (III.1): III.1 was synthesized according to the published 

procedure.58 Perylene (1.034 g, 4.106 mmol) was dissolved in dry N,N-

Dimethylformamide (160 mL). After stirring for 15-20 minutes under 

nitrogen atmosphere, a solution of N-Bromosuccinimide (0.73 g, 4.101 

mmol) in dry N,N-Dimethylformamide (30 mL) was injected through a 

syringe. The solution was stirred at room temperature for 24 h under a slow 

flow of nitrogen. Water (600 mL) was added, and the solution was stirred 

for 1 hour at room temperature. The resulting precipitate was separated 

through suction filtration, rinsed with water, and dried under vacuum. The 

precipitate was then recrystallized from hexane to afford 3-Bromoperylene 

as yellow crystals (yield: 1.27 mg, 93 %). 1H NMR (500 MHz, CDCl3) δ, 

ppm: 8.24-8.08 (m, 4H), 8.00-7.98 (d, 1H, J = 8.1 Hz), 7.77-7.75 (d, 1H, J 

= 8.0 Hz), 7.72-7.70 (m, 2H), 7.60-7.56 (m, 1H), 7.51-7.46 (m, 2H); ESI-

MS : m/z (%): 331. (100) [M+1]. 

Ethyl perylene-3-carboxylate (III.2): This compound was synthesized 

similarly to the procedure of pyrene-1-carboxylic acid.59 Dry 3-
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bromoperylene (0.5 g, 1.51 mmol) was dissolved in anhydrous THF (600 

mL). This solution was placed into a Schlenk flask and cooled to −78 C 

under argon. A solution of n-BuLi in hexane (1.6 M in hexanes, 1.0 mL) 

was added to the solution. The mixture obtained was stirred at –78 C for 

10 min, followed by addition of ethyl chloroformate (0.151 mL, 1.58 mmol) 

and stirring for 16 h at room temperature. After that, the reaction mixture 

was washed with an aqueous solution of NH4Cl. The intermediate ethyl 

ester (III.2) was extracted with ethyl acetate (3 × 50 mL). The extract was 

dried with anhydrous sodium sulfate. The solvents were evaporated at 

reduced pressure. The crude product was directly used for the next step, 

without further purification to yield III.2 as a dark orange powder (0.357 g, 

73 %). 1H NMR (400 MHz, CDCl3) δ, ppm: 8.84 (d, J = 8.5 Hz, 1H), 8.28-

8.24 (m, 3H), 8.22-8.16 (m, 2H), 7.78-7.60 (m, 4H), 7.54-7.46 (m, 3H), 

4.49 (q, 2H), 1.48 (t, 3H). 13C NMR (101 MHz, CDCl3) δ, ppm: 167.6, 

135.8, 134.6, 133.2, 131.4, 130.8, 130.5, 129.3, 128.2, 128.1, 127.0, 126.8, 

126.7, 125.9, 121.9, 121.1, 120.7, 120.4, 119.1, 61.2, 14.6.; ESI-MS: m/z 

324 (100) ([M+1]). 

Perylene-3-carboxylic acid (PC1): Potassium hydroxide (1.5 g, 26.7 

mmol) and ethyl perylene-3-carboxylate (0.250 g, 0.77 mmol) in water (10 

mL) was added to ethanol (50 mL) and the mixture obtained was stirred 

with reflux for 24 h. The solution was filtered while hot. Water (100 mL) 

and hydrochloric acid (10% aqueous, to pH = 4) were sequentially added to 

the filtrate. A red precipitate was filtered off, washed with water several 

times, and dried in vacuum pump. The crude product was purified by 

column chromatography on silica gel, eluting with chloroform, to 

chloroform-methanol (15% chloroform) to give perylene-3-carboxylic acid 

(PC1) as a dark red powder (0.128 g, 56 %). m.p. 338 C. 1H NMR (400 

MHz, DMSO-d6) δ, ppm: 13.25 (br, 1H), 8.81 (d, J = 8.5 Hz, 1H), 8.45-
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8.40 (m, 4H), 8.14 (d, J = 7.9 Hz, 1H), 7.89-7.83 (m, 2H), 7.68 (dd, J = 8.0 

Hz, 1H), 7.61-7.56 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ, ppm: 168.4, 

134.5, 134.0, 132.4, 130.7, 130.5, 130.2, 129.5, 129.2, 128.3, 128.2, 128.0, 

127.5, 127.1, 126.9, 125.5, 122.3, 121.5, 120.9, 119.7; ESI-MS: m/z 295 

(100) ([M-1]. 

3-perylenoylpropanoic acid methyl ester (III.3): This compound is 

synthesized according to the published procedure.39 To a solution of methyl 

4-chloro-4-oxobutyrate (2.08 mL, 16.6 mmol) in dry dichloromethane (200 

mL), was added aluminium chloride (2.54 g, 19.04 mmol) while stirring at 

0 C under nitrogen. The mixture was stirred at 0 °C for an hour before 

perylene (3.98 g, 15.84 mmol) was added. Then, the reaction mixture was 

stirred at room temperature for 18 hours. The solution was poured over ice 

(600 g) and acidified with concentrated hydrochloric acid. The product was 

extracted with dichloromethane (4 × 200 mL), and washed with water (2 × 

50 mL). The organic layer was dried over MgSO4 and filtered before 

removing the solvent under vacuum. The crude yellow solid was purified 

by column chromatography on silica gel, eluting with chloroform, to give 

III.3 as a dark orange powder (5.08 g, 88%). 1H NMR, (400 MHz, CDCl3) 

δ: ppm: 8.57 (1H, d, J = 8.5 Hz), 8.28-8.19 (4H, m), 7.97 (1H, d, J = 7.9 

Hz), 7.93 (1H, d, J = 8.0 Hz, Ar-H), 7.78-7.71 (2H, m), 7.62-7.58 (1H, m), 

7.55-7.50 (2H, m), 3.75 (3H, s), 3.31 (2H, t, J = 6.5 Hz), 2.86 (2H, t, J = 

6.6 Hz); 13C NMR (CDCl3, 101 MHz) δ, ppm: 201.5, 173.9, 135.6, 134.6, 

134.2, 132.0, 131.3, 131.1, 130.3, 130.2, 129.3, 128.8, 128.4 (2C), 128.3, 

127.0, 126.7, 125.9, 121.9, 122.2, 120.9, 118.9, 52.0, 36.5, 28.7. 

Perylene-3-butyric acid (PC2): PC2 was synthesized according to the 

published procedure.39 To a suspension of 3-perylenoylpropanoic acid 

methyl ester (1.20 g, 3.27 mmol) in diethylene glycol (20 mL), hydrazine 
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hydrate (0.49 g, 9.85 mmol) and powdered potassium hydroxide (1.38 g, 

24.58 mmol) were added under nitrogen. The reaction mixture was heated 

to 140 °C for 2 hours, before heating at 190 °C for 18 hours. The solution 

was cooled to room temperature and diluted with water (100 mL) before 

acidifying with concentrated hydrochloric acid (5 mL). The resulting 

precipitate was filtered off and washed with water to pH 7.0, followed by 

acetone. The filtrate was then washed with a mixture of chloroform and 

methanol (8:2, v/v), and concentrated under vacuum. The crude dark solid 

was purified by flash chromatography, eluting by gradient with chloroform 

to chloroform/methanol (8:2) to give perylene-3-butyric acid (0.67 g, 61%); 

m.p. 338 C. 1H NMR, (CDCl3, 400 MHz δ, ppm = 8.23-8.12 (4H, m, Ar-

H), 7.90 (1H, appt d, J = 8.5 Hz, Ar-H), 7.68-7.65 (2H, m, Ar-H), 7.53-7.47 

(3H, m, Ar-H), 7.35 (1H, d, J = 7.5 Hz, Ar-H), 3.10 (2H, t, J = 7.5 Hz, 

CCH2CH2CH2C(O)), 2.50 (2H, t, J = 7.0 Hz, CCH2CH2CH2C(O)), 2.13 

(2H, quin, J = 8.0 Hz, CCH2CH2CH2C(O)); 13C NMR (CDCl3, 101 MHz) 

δ, ppm: 180.0, 142.7, 139.3, 137.7, 136.9, 134.1, 133.6, 133.0, 132.7, 132.5, 

132.2, 131.8, 131.5, 131.4, 131.3, 128.7, 124.9, 124.8, 124.5, 38.5, 37.3, 

30.3; ESI-MS: m/z 337 (100) ([M-1]. 

Perylene-3,9-dicarboxylic acid (PC3): Perylene-3,9-dicarboxylic acid 

was synthesized with slight modification of the published procedure. 

Solvent green 5 (1 g, 2.2 mmol) and KOH (0.369 g, 6.6 mmol) were taken 

in 5 ml EtOH and 5 ml water, and heated to reflux for 16 h. After cooling 

down, the mixture was neutralized with 2 N HCl. The resulting red solid 

was washed with water (3  10 mL) and dried over vacuum. Yield: 0.821 g 

(89 %). 1H NMR (400 MHz, DMSO) δ 8.87 (dd, J = 31.2, 8.4 Hz, 2H), 8.61 

– 8.49 (m, 4H), 8.19 (dd, J = 8.0, 2.6 Hz, 2H), 7.74 (dt, J = 8.5, 7.0 Hz, 2H). 
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Synthesis of MOF-520 single crystals: MOF-520 was synthesized with a 

slight modification of the published procedure of Yaghi et al.39 In a 20 mL 

scintillation vial, the mixture solution of Al(NO3)39H2O (30 mg, 0.080 

mmol), H3BTB (25 mg, 0.056 mmol), formic acid (450 L, 119 mmol) in 

DMF (4 mL) was prepared. The vial was capped and incubated at 140 °C 

for 5 days. Block shaped clear single crystals were obtained. The single 

crystals were first washed with DMF (5 mL) two times per day for two days 

to remove the unreacted reagents in the pores. These crystals were used 

directly for the inclusion of guest molecules. Moreover, DMF solvent in the 

pore was exchanged with anhydrous acetone by washing the crystals with 

anhydrous acetone (5 mL) two times per day for three days.  

Bulk scale synthesis: In the same vial type, a mixture containing 

Al(NO3)39H2O (90.0 mg, 0.240 mmol), H3BTB (75.0 mg, 0.170 mmol) in 

DMF (18 mL) was prepared. The vial was sonicated for 1 min and formic 

acid (1.40 mL, 0.037 mol) was added under air atmosphere. The vial was 

capped and placed in a preheated oven to 140 °C for 5 days. The crystalline 

MOF-520 material was washed as above and collected. 

Ligand exchange of MOF-520: 0.01 mmol of the corresponding 

carboxylic acid ligand was dissolved in DMF (0.5 mL) in a GC vial. Good 

quality crystals of MOF-520 (1.0 mg) were added to the solution. The vial 

was capped and placed pre-heated oven at 50C for 5 days. SXRD data was 

collected with a single crystal from this vial.  

Bulk scale synthesis of MOF-520-PCs: the synthesis was run in a sealed 

20 mL scintillation vial containing either PC1, PC2 or PC3 (300 mg), and 

bulk MOF-520 (100 mg) in DMF as a solvent for 5 days at 100 C. The 

crystalline material was collected and washed with DMF and acetone for 
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two times per day for three days to remove unreacted linker. The bulk 

material was dried in vacuum. 

3.4.3. Catalytic experiments 

General procedure for catalysis: All the catalytic reactions were 

conducted in a 10 mL septum-capped vial placed in an orbital stirrer using 

in-house developed parallel photoreactor equipped with a LED light ( = 

447±20 nm) in a nitrogen atmosphere at 30 °C, unless otherwise indicated. 

III.1a (0.1 mmol, 12 mg), catalyst (1 µmol), DIPEA (180 mg, 1.4 mmol) 

and the solvent (1.25 mL MeCN, 0.75 mL MeOH) were added to the vial. 

After irradiating the vials for 18 h, the solution was concentrated under 

reduced pressure. A known amount of 1,3,5-trimethoxybenzene, internal 

standard (I.S.) was added before measuring 1H-NMR spectra for 

quantification. 

Leaching test: After carrying out a catalytic reaction following the general 

procedure with MOF-520-PC1 or MOF-520-PC2 as catalyst (3 mg, 1 

µmol), the solution was filtered to remove the catalyst and the solvent was 

evaporated. The residue was dissolved in 2 mL of acetonitrile and an aliquot 

of this solution was diluted 80:1 (v:v). The quantification of PC’s leaching 

was performed by calculating the concentration of the PCs in the diluted 

solution from the absorption spectra (peak position at 435 nm). According 

to the Beer-Lambert law, the PCs concentration in the supernatant is 

approx. 0.24 μM for both (ε = 105 M-1cm-1), that corresponds to overall 

concentration of 19.2 μM (due to the 80:1 dilution). Since the concentration 

of the MOF-520-PCs in the reaction vial is 0.47 mM (corresponding to 0.95 

μmol in 2 mL of solvent mixture), the total concentration of the PCs in the 

MOF, based on a 44% and 71% incorporation of PC1 and PC2, 

respectively, is [PC1] = 0.83 mM and [PC2] = 1.33 mM. Therefore, the 
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percentage of leaching corresponds to 2.3 % and 1.4 % for MOF-520-PC1 

and MOF-520-PC2, respectively.  

Recyclability test: The reductive coupling of 4-methylbenzaldehyde 

(III.1a) was carried out over 6 hours under the general conditions using 

MOF-520-PC2 as a catalyst. The catalyst was recovered from the reaction 

medium by filtration and it was washed with methanol and acetone twice. 

Several samples of MOF-520-PC2 obtained this way were combined in 

order to have more amount of sample. Part of the solid sample was 

submitted for PXRD analysis and the rest was used for the next catalytic 

cycle. This process was repeated three times. 

Flow chemistry: MOF-520-PC2 (247 mg), celite (257 mg) and glass dust 

(494 mg) (weight ratio = 1:1:2) are mixed together to make a homogeneous 

mixture. Glass balls are used to enhance the reflection of light. A glass tube 

(20 cm long and the diameter 0.6 cm) is added first with glass wool at the 

bottom part and then with the glass balls (size: 2.5-3.5 mm, company: 

VWR) up to 15 cm. The solid mixture was filled in the void space of the 

tube containing glass balls. This glass tube is connected with a flow pump. 

Under illumination of light with two Kessil lamps (=450 nm), the fluid is 

moved at the rate of 1.5 mL·h-1 into the column under aerobic conditions.  

General procedure of reductive coupling for aromatic aldehydes. 

Aromatic aldehyde III.1(a-m) (0.1 mmol), MOF-520-PC2 (1 mol%, 3 mg), 

DIPEA (180 mg, 14 equivalents respect to the substrate), and CH3CN (1.2 

ml) and MeOH (0.8 ml) were added to a 5 mL vial under N2. The resulting 

solution was irradiated using a LED light ( = 447 nm) under stirring at 30 

°C. After 16 h, the solution was concentrated under reduced pressure to 

obtain a mixture containing diol III.2(a-m). To the mixture, acetic 

anhydride (2 mL), pyridine (2 mL), and DMAP (2 mg) were added, and the 
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solution was left at room temperature for 16 h. Then, it was concentrated 

under reduced pressure. The residue was purified by silica gel column 

chromatography (Eluent: Hexane/EtOAc 9/1). The fractions were 

combined and concentrated under reduced pressure, affording diacetate 

III.3(a-m). Each substrate was run in three vials in parallel reactions and 

combined together after the end of the reaction for isolation. 

 

Reductive coupling reaction of 4-methylbenzaldehyde (III.1a). The 

reductive coupling reaction of III.1a (36 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3a (mixture of dl- and meso-

diastereomers; 36 mg, 73% yield) as yellow solid. 1H NMR (CDCl3, 400 

MHz) δ, ppm: 7.14-7.04 (m, 16H), 6.06 (meso, s, 2H), 6.04 (dl, s, 2H), 2.35 

(meso, s, 6H), 2.30 (dl, s, 6H), 2.09 (dl, s, 6H), 2.01 (meso, s, 6H). 13C NMR 

(101 MHz, CDCl3) δ, ppm: 169.84, 169.61, 138.08, 138.04, 133.26, 133.22, 

128.91, 128.75, 127.57, 127.55, 77.21, 76.36, 21.20, 21.17, 21.07, 20.98 

 

Reductive coupling reaction of benzaldehyde (III.1b). The reductive 

coupling reaction of III.1b (32 mg, 0.30 mmol) was performed under the 

same conditions as mentioned in the general procedure. The mixture was 

purified by silica gel column chromatography (eluent: hexane/ethyl 

acetate), furnishing III.3b (mixture of dl- and meso-diastereomers; 35 mg, 

78% yield) as pale-yellow solid. 1H NMR (400 MHz, CDCl3) δ, ppm: 7.63-

7.59 (m, 4H), 7.57-7.54 (m, 8H), 7.36-7.31 (m, 4H), 6.19 (meso, s, 2H), 

6.16(dl, s, 2H), 2.15 (dl, s, 6H), 2.08 (meso, s, 6H). 13C NMR (101 MHz, 

CDCl3) δ, ppm: 169.84, 169.67, 135.13, 135.03, 128.80, 128.76, 128.08, 

128.03, 127.08, 127.05, 76.87, 76.27, 21.09, 21.02. 
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Reductive coupling reaction of 2-methoxybenzaldehyde (III.1c). The 

reductive coupling reaction of III.1c (41 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3c (mixture of dl- and meso-

diastereomers; 32 mg, 59% yield) as yellow solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.39 (d, J = 7.6 Hz, 2H), 7.21 (dd, J = 8.3, 5.5 Hz, 4H), 

7.05 (d, J = 7.7 Hz, 2H), 6.92 (t, J = 7.5 Hz, 2H), 6.83 (t, J = 7.5 Hz, 2H), 

6.75 (t, J = 8.3 Hz, 4H), 6.67 (meso, s, 2H), 6.63 (dl, s, 2H), 3.74 (dl, s, 6H), 

3.58 (meso, s, 6H), 2.13 (meso, s, 6H), 2.01 (dl, s, 6H). 13C NMR (101 MHz, 

CDCl3) δ 169.67, 169.63, 156.75, 156.45, 128.98, 128.82, 127.79, 127.62, 

125.37, 124.69, 119.89, 119.76, 110.28, 109.78, 70.62, 69.70, 55.46, 55.25, 

21.11, 20.89. 

 

Reductive coupling reaction of 3-methoxybenzaldehyde (III.1d). The 

reductive coupling reaction of III.1d (41 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3d (mixture of dl- and meso-

diastereomers; 30 mg, 56% yield) as yellow oil. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.24-7.14 (m, 4H), 6.86-6.69 (m, 12H), 6.07 (meso, s, 2H), 

6.02 (dl, s, 2H), 3.77 (meso, s, 6H), 3.73 (dl, s, 6H), 2.11 (meso, s, 6H), 

2.05(dl, s, 6H). 13C NMR (101 MHz, CDCl3) δ, ppm: 169.76, 169.57, 

159.36, 159.28, 137.68, 137.51, 129.25, 129.06, 119.98, 119.83, 114.08, 

113.99, 113.12, 112.98, 77.21, 76.24, 55.21 (2C), 21.04, 20.97. 
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Reductive coupling reaction of 4-methoxybenzaldehyde (III.1e). The 

reductive coupling reaction of III.1e (41 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3e (mixture of dl- and meso-

diastereomers; 28 mg, 53% yield) as yellow solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.16 (meso, d, J = 8.7 Hz, 4H), 7.09 (dl, d, J = 8.7 Hz, 4H), 

6.84 (meso, d, J = 8.7 Hz, 4H), 6.76 (dl, d, J = 8.7 Hz, 4H), 6.03 (meso, s, 

2H), 6.02 (dl, s, 2H), 3.82 (meso, s, 6H), 3.77 (dl, s, 6H), 2.09 (dl, s, 6H), 

2.01 (meso, s, 6H). 13C NMR (101 MHz, CDCl3) δ, ppm: 169.89, 169.62, 

159.53, 159.47, 128.98, 128.93, 128.40, 128.34, 113.62, 113.46, 76.83, 

76.12, 55.21, 55.16, 21.11, 21.00. 

 

Reductive coupling reaction of 4-(tert-butyl)benzaldehyde (III.1f). The 

reductive coupling reaction of III.1f (49 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3f (mixture of dl- and meso-

diastereomers; 39 mg, 64% yield) as pale-yellow solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.32-7.28 (m, 4H), 7.24-7.20 (m, 4H), 7.19-7.15 (m, 4H), 

7.10-7.06 (m, 4H), 6.06 (meso, s, 2H), 6.04 (dl, s, 2H), 2.07 (dl, s, 6H), 1.97 

(meso, s, 6H), 1.31 (meso, s, 18H), 1.26 (dl, s, 18H). 13C NMR (101 MHz, 

CDCl3) δ, ppm: 170.00, 169.77, 151.37, 151.34, 133.41, 127.51, 127.31, 

125.12, 125.06, 76.40, 34.69, 34.62, 31.44, 31.38, 21.21, 21.10. 

 

Reductive coupling reaction 4-(trifluoromethyl)benzaldehyde (III.1g). 

The reductive coupling reaction of III.1g (52 mg, 0.30 mmol) was 

performed under the same conditions as mentioned in the general 
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procedure. The mixture was purified by silica gel column chromatography 

(eluent: hexane/ethyl acetate), furnishing III.3g (mixture of dl- and meso-

diastereomers; 49 mg, 75% yield) as light-yellow solid. 1H NMR (400 

MHz, CDCl3) δ, ppm: 7.59-7.50 (m, 8H), 7.32-7.27 (m, 8H), 6.13 (meso, s, 

2H), 6.08 (dl, s, 2H), 2.10 (dl, s, 6H), 2.06 (meso, s, 6H). 13C NMR (101 

MHz, CDCl3) δ, ppm: 169.58, 169.51, 139.86, 139.63, 127.98, 127.90, 

125.55, 125.51, 125.40, 125.36, 76.12, 75.76, 20.98, 20.96. 

 

Reductive coupling reaction 4-fluorobenzaldehyde (III.1h). The 

reductive coupling reaction of III.1h (36 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3h (mixture of dl- and meso-

diastereomers; 36 mg, 71% yield) as pale-yellow liquid. 1H NMR (400 

MHz, CDCl3) δ, ppm: 7.19-7.13 (m, 9H), 7.13-7.07 (m, 4H), 7.02-6.88 (m, 

14H), 6.02 (meso, s, 2.3x 2H), 5.99 (dl, s, 2H), 2.09 (dl, s, 6H), 2.02 (meso, 

s, 2.3x 6H). 13C NMR (101 MHz, CDCl3) δ, ppm: 169.81, 169.61, 164.06, 

161.60, 131.84, 131.81, 129.51, 129.43, 115.40, 115.19, 76.50, 75.82, 

21.05. 

 

Reductive coupling reaction 4-chlorobenzaldehyde (III.1i). The 

reductive coupling reaction of III.1i (42 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3i (mixture of dl- and meso-

diastereomers; 41 mg, 74% yield) as pale-yellow solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.52-7.48 (m, 4H), 7.33-7.28 (m, 6H), 7.25-7.19 (m, 14H), 

6.64 (s, 4H), 2.07 (dl, s, 6H), 2.01 (meso, s, 1.6x 6H). 13C NMR (101 MHz, 
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CDCl3) δ, ppm: 169.28, 169.23, 134.14, 134.12, 133.81, 133.13, 129.69, 

129.67, 129.62, 129.29, 129.21, 128.91, 126.71, 126.53, 72.06, 71.97, 

20.97, 20.83. 

 

Reductive coupling reaction 3,5-di-tert-butylbenzaldehyde (III.1j). The 

reductive coupling reaction of III.1j (41 mg, 0.20 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3j (mixture of dl- and meso-

diastereomers; 39 mg, 75% yield) as white solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.30 (meso, t, J = 1.8 Hz, 2H), 7.21 (dl, t, J = 1.8 Hz, 2H), 

7.02 (meso, d, J = 1.8 Hz, 4H), 6.89 (dl, d, J = 1.8 Hz, 4H), 6.16 (meso, s, 

2H), 6.03 (dl, s, 2H), 2.14 (dl, s, 6H), 2.07 (meso, s, 6H), 1.27 (meso, s, 

36H), 1.20 (dl, s, 36H). 13C NMR (101 MHz, CDCl3) δ, ppm: 170.07, 

169.72, 150.48, 150.27, 135.39, 134.99, 121.81, 121.65, 78.64, 76.82, 

34.74, 34.68, 31.42, 31.40, 21.24, 21.07. 

 

Reductive coupling reaction 4-cyanobenzaldehyde (III.1k). The 

reductive coupling reaction of III.1k (39 mg, 0.30 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.3k (mixture of dl- and meso-

diastereomers; 41 mg, 78% yield) as pale-yellow liquid. 1H NMR (400 

MHz, CDCl3) δ, ppm: 7.67-7.55 (m, 14H), 7.25-7.20 (m, 5H), 6.09 (meso, 

s, 2H), 6.04 (dl, s, 2H), 2.10 (dl, s, 6H), 2.07 (meso, s, 6H). 13C NMR (101 

MHz, CDCl3) δ, ppm: 169.40, 140.86, 140.60, 132.40, 132.27, 128.23, 

128.12, 126.54, 126.52, 113.00, 112.96, 75.78, 75.47, 20.92. 
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Reductive coupling reaction nicotinaldehyde (III.1l). The reductive 

coupling reaction of III.1l (32 mg, 0.30 mmol) was performed under the 

same conditions as mentioned in the general procedure. The mixture was 

purified by silica gel column chromatography (eluent: hexane/ethyl 

acetate), furnishing III.3l (mixture of dl- and meso-diastereomers; 16 mg, 

35% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.55 (meso, d, 

J = 4.8 Hz, 2H), 8.50 (dl, d, J = 4.8 Hz, 2H), 8.47 (meso, d, J = 2.3 Hz, 2H), 

8.42 (dl, d, J = 2.4 Hz, 2H), 7.47 (meso, dt, J = 7.9, 2.0 Hz, 2H), 7.43 (dl, 

dt, J = 7.9, 2.0 Hz, 2H), 7.24-7.21 (meso, m, 2H), 7.20-7.16 (dl, m, 2H), 

6.09 (meso, s, 2H), 6.07 (dl, s, 2H), 2.10 (dl, s, 6H), 2.04 (meso, s, 6H). 13C 

NMR (101 MHz, CDCl3) δ 150.22, 149.17, 149.02, 135.13, 131.54, 123.40, 

74.53, 74.24, 20.96, 20.92. 

 

Reductive coupling reaction 4-Methyl-3-furancarboxaldehyde 

(III.1m). The reductive coupling reaction of III.1m (22 mg, 0.20 mmol) 

was performed under the same conditions as mentioned in the general 

procedure. The mixture was purified by silica gel column chromatography 

(eluent: hexane/ethyl acetate), furnishing III.3m (mixture of dl- and meso-

diastereomers; 12 mg, 40% yield) as a yellow oil. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 6.36 (dl, s, 2H), 6.30 (meso, d, J = 3.2 Hz, 2H), 6.27 (meso, 

s, 2H), 6.18 (dl, d, J = 3.1 Hz, 2H), 5.93 (meso, d, J = 3.1 Hz, 2H), 5.84 (dl, 

d, J = 3.1, 2H), 2.29 (meso, s, 6H), 2.25 (dl, s, 6H), 2.10 (dl, s, 6H), 1.99 

(meso, s, 6H). 13C NMR (101 MHz, CDCl3) δ, ppm: 169.80, 169.37, 152.83, 

152.76, 147.43, 146.85, 111.24, 111.06, 106.37, 106.29, 67.85, 67.42, 

20.96, 20.80, 13.55, 13.52. 

 

General procedure of reductive coupling for aromatic ketones and 

imines. Aromatic ketone III.4(a-c) or imine III.6(a-c) (1 equiv), MOF-
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520-PC2 (1 mol%), DIPEA (14 equiv), CH3CN (1.2 ml) and MeOH (0.8 

ml) were added to a 5 mL vial under N2. The resulting solution was 

irradiated using a LED light ( = 447 nm) under stirring at 30 °C. After 16 

h, the solution was concentrated under reduced pressure and the residue was 

purified by silica gel column chromatography (Eluent: Hexane/EtOAc 9/1). 

The fractions were combined and concentrated under reduced pressure, 

affording diol III.5(a-c) or diamine III.7(a-c). Each substrate was run in 

two vials in parallel reactions and combined together after the end of the 

reaction for isolation. 

 

Reductive coupling reaction benzophenone (III.4a). The reductive 

coupling reaction of III.4a (18 mg, 0.10 mmol) was performed under the 

same conditions as mentioned in the general procedure. The mixture was 

purified by silica gel column chromatography (eluent: hexane/ethyl 

acetate), furnishing III.5a (mixture of dl- and meso-diastereomers; 7.8 mg, 

43% yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ, ppm: 7.35-7.30 

(m, 8H), 7.23-7.17 (m, 12H), 3.06 (s, 2H). 13C NMR (101 MHz, CDCl3) δ, 

ppm: 144.18, 128.61, 127.30, 126.96, 83.04. 

 

Reductive coupling reaction 4-Benzoyltoluene (III.4b). The reductive 

coupling reaction of III.4b (19.6 mg, 0.10 mmol) was performed under the 

same conditions as mentioned in the general procedure. The mixture was 

purified by silica gel column chromatography (eluent: hexane/ethyl 

acetate), furnishing III.5b (mixture of dl- and meso-diastereomers; 7.8 mg, 

39% yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ, ppm: 7.37-7.31 

(m, 8H), 7.23-7.12 (m, 20H), 7.00 (t, J = 7.9 Hz, 8H), 3.01 (s, 4H), 2.31 (s, 

6H), 2.30 (s, 6H). 13C NMR (101 MHz, CDCl3) δ, ppm: 144.44, 141.24, 
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136.59, 136.49, 128.62, 128.57, 128.51, 128.46, 128.05, 128.02, 127.23, 

127.20, 126.80, 126.73, 82.93, 20.97. 

 

Reductive coupling reaction 4,4'-Difluorobenzophenone (III.4c). The 

reductive coupling reaction of III.4c (21.8 mg, 0.10 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.5c (mixture of dl- and meso-

diastereomers; 8.2 mg, 37% yield) as a white solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.30-7.24 (m, 8H), 6.94-6.86 (m, 8H), 2.87 (s, 2H). 13C 

NMR (101 MHz, CDCl3) δ, ppm: 161.81 (d, J = 247.4 Hz), 139.64 (d, J = 

3.5 Hz), 130.28 (d, J = 8.0 Hz), 114.31 (d, J = 21.2 Hz), 82.57. 19F NMR 

(376 MHz, CDCl3) δ, ppm: -115.11. 

 

Reductive coupling reaction N-Benzylidenebenzylamine (III.6a). The 

reductive coupling reaction of III.6a (39 mg, 0.20 mmol) was performed 

under the same conditions as mentioned in the general procedure. The 

mixture was purified by silica gel column chromatography (eluent: 

hexane/ethyl acetate), furnishing III.7a (mixture of dl- and meso-

diastereomers; 31 mg, 79% yield) as a colorless solid. 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.44-7.16 (m, 68H), 7.12-7.07 (meso, m, 4H), 7.05-6.99 

(dl, m, 9H), 3.81 (dl, s, 2.1x 2H), 3.77 (meso, s, 2H), 3.72 (meso, d, J = 13.3 

Hz, 2H), 3.59 (dl, d, J = 13.7 Hz, 2.1x 2H), 3.55 (meso, d, J = 13.4 Hz, 2H), 

3.35 (dl, d, J = 13.7 Hz, 2.1x 2H), 1.97 (s, 7.39H). 13C NMR (101 MHz, 

CDCl3) δ, ppm: 140.91, 140.43, 129.28, 128.74, 128.51, 128.48, 128.46, 

128.37, 128.34, 128.32, 128.26, 128.13, 128.08, 128.04, 127.79, 127.11, 

126.96, 126.82, 68.43, 67.33, 51.46, 51.09. 
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Reductive coupling reaction N-benzyl-1-(naphthalen-2-

yl)methanimine (III.6b). The reductive coupling reaction of III.6b (49 

mg, 0.20 mmol) was performed under the same conditions as mentioned in 

the general procedure. The mixture was purified by silica gel column 

chromatography (eluent: hexane/ethyl acetate), furnishing III.7b (mixture 

of dl- and meso-diastereomers; 16 mg, 32% yield) as a yellow solid. 1H 

NMR (400 MHz, CDCl3) δ, ppm: 7.96-7.81 (m, 8H), 7.80-7.73 (m, 2H), 

7.73-7.65 (m, 4H), 7.62-7.51 (m, 8H), 7.42 (d, J = 6.2 Hz, 4H), 7.35-7.29 

(m, 6H), 7.28-7.23 (m, 6H), 7.21-7.15 (m, 6H), 6.95-6.89 (m, 4H), 4.07 (dl, 

s, 2H), 4.05 (meso, s, 2H), 3.74 (d, J = 13.4 Hz, 2H), 3.57 (d, J = 13.5 Hz, 

4H), 3.34 (d, J = 13.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ, ppm: 

140.47, 140.12, 138.58, 138.34, 133.36, 133.32, 133.19, 132.80, 128.44, 

128.35, 128.18, 128.13, 127.95, 127.93, 127.84, 127.80, 127.74, 127.56, 

127.13, 126.84, 126.70, 126.07, 125.96, 125.91, 125.88, 125.77, 125.49, 

67.99, 67.05, 51.36, 50.90. 

 

Reductive coupling reaction 4-((benzylimino)methyl)benzonitrile 

(III.6c). The reductive coupling reaction of III. 6c (44 mg, 0.20 mmol) was 

performed under the same conditions as mentioned in the general 

procedure. The mixture was purified by silica gel column chromatography 

(eluent: hexane/ethyl acetate), furnishing III.7c (mixture of dl- and meso-

diastereomers; 35 mg, 79% yield) as a pale-yellow solid. 1H NMR (400 

MHz, CDCl3) δ, ppm: 7.60-7.56 (m, 4H), 7.51-7.47 (m, 4H), 7.36-7.23 (m, 

16H), 7.23-7.18 (m, 4H), 7.17-7.11 (m, 4H), 7.09-7.04 (m, 4H), 3.89 (dl, s, 

2H), 3.73 (meso, s, 2H), 3.66 (meso, d, J = 13.3 Hz, 2H), 3.60 (dl, d, J = 

13.6 Hz, 2H), 3.48 (meso, d, J = 13.3 Hz, 2H), 3.37 (dl, d, J = 13.6 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ, ppm: 146.35, 145.57, 139.55, 139.41, 
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132.08, 132.01, 129.18, 128.60, 128.51, 128.49, 128.01, 127.92, 127.24, 

127.22, 118.69, 118.57, 111.65, 111.36, 67.82, 66.31, 51.33, 51.15. 

 

Synthesis of aromatic imines 

 

Aromatic imines were synthesized with slight modification of the published 

procedure.34 A flame‐dried round‐bottom flask was charged with the 

appropriate aldehyde (20 mmol, 1.0 equiv), benzylamine (21 mmol, 1.05 

equiv), and anhy. MgSO4 (2 equiv) in CH2Cl2 (20 ml). The reaction mixture 

was allowed to stir vigorously at room temperature from 6 to 8 hours. After 

filtration over Celite the collected organic layers were evaporated to dry 

and stored at -5 °C. Spectroscopic and physical data for substrates III.6(a-

c) were in accordance with those previously reported.34  

Synthesis of N-Benzylidenebenzylamine (III.6a) was carried out 

following the general procedure. The product was obtained as a colorless 

solid in 96 % yield. 1H NMR (400 MHz, CDCl3) δ, ppm: 8.41 (t, 1H), 7.80 

– 7.78 (m, 2H), 7.44 – 7.41 (m, 2H), 7.36(s, 2H), 7.34 (s, 2H), 7.29-7.26(m, 

1H), 4.84 (d, J = 1.3 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ, ppm: 162.15, 

139.4, 136.6, 130.9, 128.75, 128.64, 128.43, 128.13, 127.13, 65.2. 

Synthesis of N-benzyl-1-(naphthalen-2-yl)methanimine (III.6b) was 

carried out following the general procedure. The product was obtained as a 

pale-yellow solid in 92 % yield. 1H NMR (400 MHz, CDCl3) δ, ppm: 8.56 

(t, 1H), 8.09 – 8.04 (m, 2H), 7.91 – 7.85 (m, 3H), 7.55 – 7.49 (m, 2H), 7.40 

– 7.34 (m, 4H), 7.30 – 7.28 (m, 1H), 4.89 (d, J = 1.2 Hz, 2H); 13C NMR 

(101 MHz, CDCl3) δ, ppm: 162.19, 139.46, 134.92, 134.0, 133.2, 130.25, 
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128.76, 128.67, 128.6, 128.18, 128.02, 127.31, 127.17, 126.6, 124.11, 

65.28. 

Synthesis of 4-((benzylimino)methyl)benzonitrile (III.6c) was carried out 

following the general procedure. The product was obtained as a pale-yellow 

solid in 91 % yield. 1H NMR (400 MHz, CDCl3) δ, ppm: 8.41 (s, 1H), 7.89 

– 7.87 (m, 2H), 7.71 – 7.69 (m, 2H), 7.38 – 7.33 (m, 4H), 7.30 – 7.27 (m, 

1H), 4.87 (s, 2H); 13C NMR (101 MHz, CDCl3) δ, ppm: 160.0, 140.1, 

138.68, 132.56, 128.8, 128.76, 128.17, 127.41, 118.64, 114.16, 65.26. 
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Crystal data and structure refinement for MOF-520-PC3. 
 

Identification code MOF-520-PC3 (mo_ssm637_0m) 

Empirical formula C37.70 H25.10 Al2 N0.50 O10.50 

Formula weight 707.04 

Temperature 100(2)K 

Wavelength 0.71073 Å 

Crystal system tetragonal 

Space group P 42 21 2 

Unit cell dimensions 
a = 19.1731(7)Å, a= 90° 
b = 19.1731(7)Å, b =90° 
c = 36.1245(14)Å, g = 90° 

Volume 13279.6(11) Å3 

Z 8 

Density (calculated) 0.707 Mg/m3 

Absorption coefficient 0.076 mm-1 

F(000) 2918 

Crystal size 0.100 x 0.080 x 0.080 mm3 

Theta range for data collection 1.502 to 25.430°. 

Index ranges -23<=h<=23,-23<=k<=23,-43<=l<=43 

Reflections collected 277952 

Independent reflections 12259[R(int) = 0.1104] 

Completeness to theta =25.430° 99.7% 

Absorption correction Multi-scan 

Max. and min. transmission 0.74 and 0.71 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12259/ 1438/ 854 

Goodness-of-fit on F2 0.973 

Final R indices [I>2sigma(I)] R1 = 0.0476, wR2 = 0.1283 

R indices (all data) R1 = 0.0643, wR2 = 0.1378 

Flack parameter x =0.07(4) 

Largest diff. peak and hole 0.243 and -0.327 e.Å-3 
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Crystal data and structure refinement for MOF520. 
 

Identification code 
MOF520_GOOD 

Empirical formula 
C28.06 H20.48 Al2 O11.18  

Formula weight 
590.48 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 19.10876(18)Å = 90°. 

b = 19.10876(18)Å  =90°. 
c = 36.7026(6)Å  = 90°. 

Volume 
13279.6(11) Å3 

Z 
8 

Density (calculated) 
0.707 Mg/m3 

Absorption coefficient 
0.076 mm-1 

F(000) 
2918 

Crystal size 
13401.7(3) Å3 

Theta range for data collection 
8 

Index ranges 
0.585 Mg/m3 

Reflections collected 
0.069 mm-1 

Independent reflections 
 2434 

Completeness to theta =25.430° 
 0.100 x 0.100 x 0.050 mm3 

Absorption correction 
1.872 to 31.343°. 

Max. and min. transmission 
-27<=h<=27,-27<=k<=27,-47<=l<=53 

Refinement method 
 111785 

Data / restraints / parameters 
20672[R(int) = 0.0326] 

Goodness-of-fit on F2 
 96.0%  

Final R indices [I>2sigma(I)] 
 Multi-scan 

R indices (all data) 
1.00 and 0.90 

Flack parameter 
 Full-matrix least-squares on F2 

Largest diff. peak and hole 
 20672/ 56/ 444 
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Crystal data and structure refinement for MOF-520-L2 
 

Identification code 
MOF-520-L2(SSM186a) 

Empirical formula 
C33 H21 Al2 N O10  

Formula weight 
645.47 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.5347(3)Å = 90°. 

b = 18.5347(3)Å  =90°. 
c = 37.2612(8)Å  = 90°. 

Volume 
12800.6(5) Å3 

Z 
8 

Density (calculated) 
0.670 Mg/m3 

Absorption coefficient 
0.075 mm-1 

F(000) 
 2656 

Crystal size 
 0.150 x 0.150 x 0.150 mm3 

Theta range for data collection 
2.265 to 29.006°. 

Index ranges 
-24<=h<=24,-24<=k<=25,-50<=l<=46 

Reflections collected 
 122624 

Independent reflections 
15610[R(int) = 0.0634] 

Completeness to theta =25.430° 
 93.4%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.95 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 15610/ 168/ 446 

Goodness-of-fit on F2 
 0.682 

Final R indices [I>2sigma(I)] 
 R1 = 0.0355, wR2 = 0.0944 

R indices (all data) 
 R1 = 0.0593, wR2 = 0.1086 

Flack parameter 
 x =0.20(4) 

Largest diff. peak and hole 
 0.245 and -0.388 e.Å-3 
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Crystal data and structure refinement for MOF520-L3. 
 

Identification code 
MOF520-L3 (ssm204) 

Empirical formula 
C34.75 H22.25 Al2 I O10  

Formula weight 
780.63 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.6530(3)Å = 90°. 

b = 18.6530(3)Å = 90°. 
c = 37.2688(9)Å  = 90°. 

Volume 
12967.1(5) Å3 

Z 
8 

Density (calculated) 
0.800 Mg/m3 

Absorption coefficient 
0.551 mm-1 

F(000) 
 3118 

Crystal size 
 0.150 x 0.150 x 0.150 mm3 

Theta range for data collection 
2.251 to 27.790°. 

Index ranges 
-23<=h<=23,-24<=k<=21,-48<=l<=48 

Reflections collected 
 87150 

Independent reflections 
13951[R(int) = 0.0722] 

Completeness to theta =25.430° 
 93.5%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.89 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 13951/ 420/ 553 

Goodness-of-fit on F2 
 0.717 

Final R indices [I>2sigma(I)] 
 R1 = 0.0396, wR2 = 0.0989 

R indices (all data) 
 R1 = 0.0677, wR2 = 0.1127 

Flack parameter 
 x =0.322(17) 

Largest diff. peak and hole 
 0.319 and -0.461 e.Å-3 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER III: Preparation of photocatalytically active 

Metal-Organic Frameworks through crystal-to-crystal 

transformations 

 

121 

 

Crystal data and structure refinement for MOF-520-L5 
 

Identification code 
MOF-520-L5 (SSM206_twin1_hklf5) 

Empirical formula 
C44.50 H29.75 Al2 O11.35  

Formula weight 
799.99 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.2060(6)Å = 90°. 

b = 18.2060(6)Å  = 90°. 
c = 37.7556(15)Å  = 90°. 

Volume 
12514.4(10) Å3 

Z 
8 

Density (calculated) 
0.849 Mg/m3 

Absorption coefficient 
0.087 mm-1 

F(000) 
 3308 

Crystal size 
 0.075 x 0.075 x 0.050 mm3 

Theta range for data collection 
2.431 to 24.707°. 

Index ranges 
-21<=h<=21,-21<=k<=21,-44<=l<=44 

Reflections collected 
 55408 

Independent reflections 
10669[R(int) = 0.3143] 

Completeness to theta =25.430° 
 99.8%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.71 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 10669/ 395/ 669 

Goodness-of-fit on F2 
 1.019 

Final R indices [I>2sigma(I)] 
 R1 = 0.0825, wR2 = 0.1922 

R indices (all data) 
 R1 = 0.1107, wR2 = 0.2077 

Flack parameter 
 x =0.04(19) 

Largest diff. peak and hole 
 0.305 and -0.274 e.Å-3 
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Crystal data and structure refinement for MOF520-L6 
 

Identification code 
MOF520-L6 (SSM210) 

Empirical formula 
C48.10 H34.20 Al2 O10  

Formula weight 
826.11 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.6043(6)Å = 90°. 

b = 18.6043(6)Å  = 90°. 
c = 37.2073(15)Å  = 90°. 

Volume 
12878.2(10) Å3 

Z 
8 

Density (calculated) 
0.852 Mg/m3 

Absorption coefficient 
0.084 mm-1 

F(000) 
 3430 

Crystal size 
 0.100 x 0.100 x 0.100 mm3 

Theta range for data collection 
2.257 to 23.256°. 

Index ranges 
-18<=h<=19,-20<=k<=19,-40<=l<=40 

Reflections collected 
 39114 

Independent reflections 
9038[R(int) = 0.1159] 

Completeness to theta =25.430° 
 98.5%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.96 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 9038/ 386/ 708 

Goodness-of-fit on F2 
 0.991 

Final R indices [I>2sigma(I)] 
 R1 = 0.0639, wR2 = 0.1505 

R indices (all data) 
 R1 = 0.1049, wR2 = 0.1661 

Flack parameter 
 x =-0.02(13) 

Largest diff. peak and hole 
 0.469 and -0.320 e.Å-3 
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Crystal data and structure refinement for MOF-520-L4. 
 

Identification code 
MOF-520-L4 (SSM352) 

Empirical formula 
C34 H21.37 Al2 O10  

Formula weight 
643.84 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.9350(2)Å = 90°. 

b = 18.9350(2)Å = 90°. 
c = 36.7974(5)Å  = 90°. 

Volume 
13193.1(4) Å3 

Z 
8 

Density (calculated) 
0.648 Mg/m3 

Absorption coefficient 
0.072 mm-1 

F(000) 
 2651 

Crystal size 
 0.100 x 0.100 x 0.100 mm3 

Theta range for data collection 
1.978 to 32.208°. 

Index ranges 
-21<=h<=27,-27<=k<=27,-49<=l<=53 

Reflections collected 
 81126 

Independent reflections 
21803[R(int) = 0.0366] 

Completeness to theta =25.430° 
 95.6%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.91 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 21803/ 108/ 480 

Goodness-of-fit on F2 
 0.671 

Final R indices [I>2sigma(I)] 
 R1 = 0.0319, wR2 = 0.0884 

R indices (all data) 
 R1 = 0.0412, wR2 = 0.0944 

Flack parameter 
 x =0.28(3) 

Largest diff. peak and hole 
 0.209 and -0.392 e.Å-3 
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Crystal data and structure refinement for MOF520-L1 
 

Identification code 
MOF520-L1 (ssm611) 

Empirical formula 
C32.75 H21.50 Al2 O10  

Formula weight 
628.96 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.80977(17)Å = 90°. 

b = 18.80977(17)Å  = 90°. 
c = 36.9016(5)Å  = 90°. 

Volume 
13056.0(3) Å3 

Z 
8 

Density (calculated) 
0.640 Mg/m3 

Absorption coefficient 
0.072 mm-1 

F(000) 
 2592 

Crystal size 
 0.100 x 0.100 x 0.100 mm3 

Theta range for data collection 
1.978 to 27.308°. 

Index ranges 
-23<=h<=23,-23<=k<=24,-46<=l<=47 

Reflections collected 
 232638 

Independent reflections 
13972[R(int) = 0.0617] 

Completeness to theta =25.430° 
 96.4%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.68 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 13972/ 867/ 642 

Goodness-of-fit on F2 
 0.813 

Final R indices [I>2sigma(I)] 
 R1 = 0.0372, wR2 = 0.1040 

R indices (all data) 
 R1 = 0.0517, wR2 = 0.1113 

Flack parameter 
 x =0.11(3) 

Largest diff. peak and hole 
 0.235 and -0.340 e.Å-3 
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Crystal data and structure refinement for MOF520-PC1 
 

Identification code 
MOF520-PC1 (ssm704af_sq) 

Empirical formula 
C36 H23 Al2 O10.50  

Formula weight 
677.50 

Temperature 
100(2)K 

Wavelength 
  0.71073 Å 

Crystal system 
tetragonal 

Space group 
P 42 21 2 

Unit cell dimensions 

a = 18.7463(3)Å = 90°. 

b = 18.7463(3)Å  = 90°. 
c = 36.9186(6)Å  = 90°. 

Volume 
12974.0(4) Å3 

Z 
8 

Density (calculated) 
0.694 Mg/m3 

Absorption coefficient 
0.076 mm-1 

F(000) 
 2792 

Crystal size 
 0.150 x 0.100 x 0.080 mm3 

Theta range for data collection 
2.173 to 27.253°. 

Index ranges 
-22<=h<=23,-23<=k<=23,-47<=l<=47 

Reflections collected 
 219112 

Independent reflections 
13705[R(int) = 0.0904] 

Completeness to theta =25.430° 
 96.1%  

Absorption correction 
 Multi-scan 

Max. and min. transmission 
1.00 and 0.72 

Refinement method 
 Full-matrix least-squares on F2 

Data / restraints / parameters 
 13705/ 748/ 677 

Goodness-of-fit on F2 
 1.004 

Final R indices [I>2sigma(I)] 
 R1 = 0.0739, wR2 = 0.2042 

R indices (all data) 
 R1 = 0.1363, wR2 = 0.2435 

Largest diff. peak and hole 
0.716 and -0.264 e.Å-3 
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4.1. General insight 

Over the last two decades, metal-organic frameworks (MOFs) and, later on, 

covalent organic frameworks (COFs) have emerged as powerful catalysts, 

capable of bridging the gap between homogeneous and heterogenous 

catalysis due to their ability to expand the precision of the discrete 

molecular entities to extended frameworks.1–3 In this regard, MOFs possess 

great potential due to the versatility of their structures and the presence of 

open metal sites. However, their application is sometimes restricted by the 

relative stability of the coordination bonds connecting the framework, 

especially under harsh conditions.4 Indeed, in Chapter III of this work, we 

observed that MOF-520-PC-2 presents limited catalyst recyclability due to 

its instability.  

On the other hand, COFs have been proposed as an appealing alternative 

due to their high stability to harsh chemical environments, including boiling 

water, strong acids and bases, and oxidation and reduction conditions.2,5 

Using COFs as metal-free catalysts is an interesting approach, but their 

reactivity is limited compared to the catalytic ability of transition metals. In 

order to overcome these limitations, metal ions can be introduced into COFs 

to form metal-covalent organic frameworks (MCOFs). Considering the 

catalytic properties, MCOFs can be seen as a bridge between MOFs and 

COFs, exhibiting a combination of stability, porosity, crystallinity and 

tuneability.6  

The most common approach to obtain MCOFs is by post-treatment of COFs 

with metal salts, taking advantage of metal–ligand coordination, although 

it is also possible to form MCOFs by employing metal complexes as 

monomers, or to form the complexes in-situ during the polymerization. 

However, the latter strategies require metal-complexes stable to the 

synthetic COFs conditions, which usually are too aggressive for these 
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systems.7 Therefore, a successful strategy for designing MCOFs is to 

develop frameworks with linkages that can act as ligands by the 

coordination with metal salts (Figure 4.1a-c). In one of the earliest examples 

of MCOF catalysis, imine pairs in adjacent layers formed during the 

condensation of an imine COF could be used as ligands to coordinate to 

Pd(AcO)2 (Figure 4.1a), which was used as a recyclable catalyst in the 

Suzuki Miyaura Coupling reaction.8 The imine groups of a COF can also 

be combined with alcohol groups to obtain salen ligands9 (Figure 4.1b) or 

with pyridine rings to form imino pyridine ligands10 within the framework 

(Figure 4.1c). MCOFs with salen ligands have been employed as chiral 

catalysts in a variety of reactions, including the cyanation of aldehydes, the 

epoxidation of alkenes, and the aminolysis of epoxides.11   

A different approach to obtain more diverse ligand structures in COFs is to 

use monomers that can already function as ligands by themselves (Figure 

4.1d-h). Some examples of ligands used this way include biphenol12 (Figure 

4.1d), dehydrobenzoannulene13 (Figure 4.1e) and phenantroline14 (Figure 

4.1f). We can highlight porphyrin15 (Figure 4.1g) and bipyridine16 (Figure 

4.1h) as two of the most commonly found ligands in the design of MCOFs. 

These two ligands have shown excellent versatility, being used as catalysts 

in a variety of reactions ranging from CO2 reduction to Suzuki cross-

couplings.17–26  

Despite the progress in developing these materials, a comparison of the 

functional groups, coordination environments and geometries present in 

MCOFs versus molecular complexes, clearly shows that the diversity of 

MCOFs is still much more limited.6 This is not only because the 

development and study of COFs is relatively young (The first COF and the 

first catalytic COF were reported in 200527 and 2009,28 respectively), but 

more importantly because not all ligands are suitable monomers for the 
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formation of COFs.29 The ligands need to have specific geometries and 

functional groups to be able to form well-ordered COFs. For example, 

ligands usually need to be flat to facilitate stacking of the material, and they 

cannot have functional groups that would interfere with the polymerization 

reaction. Nevertheless, MCOFs like the one formed with bis-

phenanthroline complexes show that this limitation can be overcome with 

particular designs. For these reasons, developing new MCOFs is still quite 

challenging and requires careful design to obtain materials with the desired 

properties.  

 

Figure 4.1. Examples of ligands used in MCOFs. 
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Previously, our group reported the coordination of a molecular 

{Mn(CO)3Br} moiety onto an imine-linked 2D pyrene-bipyridine COF for 

electrochemical CO2 reduction in water.30 The study shows how the 

mechanical constraint imposed by the framework prevents the formation of 

metallic dimers after the reduction of the manganese centers (Figure 4.2). 

This is an important feature of the manganese MCOF, which leads to 

superior performance compared with analogous homogenous catalysts. 

Furthermore, this work highlights the potential of MCOFs to stabilize 

reactive metal species that can be employed as active catalysts.  

 

Figure 4.2. Mechanical constrain within COFbpy.30 

In this chapter, we address the synthesis and characterization of imine COFs 

with nitrogen ligands in their structure, which are used to immobilize cobalt 

in the framework for further use as catalysts of organic transformations. In 

this first part of the chapter, we studied the synthesis of two different COFs 

based on bipyridine (BPY) as the monomer ligand (COF-BPY-1 and COF-

BPY-2) due to its versatility and capacity to form highly crystalline COFs. 

Then, we selected terpyridine (TPY) as the monomer ligand (COF-TPY-1 

and COF-TPY-2). Although terpyridine is commonly used in molecular 
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complexes, there is only one previous example of a terpyridine MCOF.31 

We hypothesized this ligand has excellent potential for MCOFs, since it has 

a flat geometry, a strong chelating effect and a non-innocent ligand 

behavior.32 Lastly, we selected a bispyridine-cyclohexyldiamine-based 

ligand for the final COF (MCP-polymer). This type of tetradentate ligand 

has been previously employed to stabilize high-valent metal-oxo 

intermediates in oxidation catalysis,33,34 or to create highly active CoI and 

NiI species,35 but it has not been used in MCOFs. Additionally, this ligand 

can be chiral, and potentially useful for asymmetric catalytic 

transformations or chiral separations.36 

4.2. Results and Discussion 

4.2.1. Synthesis and characterization of bipyridine COFs 

Prior to the synthesis of the bipyridine COFs, the amine linkers 4,4′,4″,4‴-

(pyrene-1,3,6,8-tetrayl)tetraaniline (PYTA) and 4,4',4'',4'''-(perylene-

2,5,8,11-tetrayl)tetraaniline (PETA) were prepared. Following the reported 

procedure,16 PYTA was obtained in good yield after a Suzuki cross-

coupling reaction between commercially available tetrabromopyrene and 

aminophenylboronic acid pinacol ester (Scheme 4.1).  

 

Scheme 4.1. PYTA synthetic route.16  

PETA was synthesized as previously reported,37 following the synthetic 

rout shown in Scheme 4.2. Commercially available perylene was borylated 

at the 2-, 5-, 8- and 11- positions with an iridium catalyst, affording 
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compound IV.1. This was followed by a cross-coupling reaction with Boc-

protected aniline bromide to produce IV.2. Deprotection of the amines with 

trifluoroacetic acid afforded PETA. The 1H NMR and 13C NMR spectra of 

both amine ligands agree with previously reported data16,37 (see 

experimental section for details). 

 

Scheme 4.2. PETA synthetic route.37  

The bipyridine COFs were synthesized by a conventional two-component 

condensation catalyzed by acetic acid between 2,2'-bipyridine-5,5'-

dicarbaldehyde (BPY-DCA, commercially available) and an amine linker 

(Scheme 4.3). For the first COF (COF-BPY-1), we selected PYTA as the 

amine linker. For the second COF (COF-BPY-2) we selected PETA as the 

amine linker. Although the PYTA and PETA linkers have similar 

structures, we expected to obtain two COFs with very different topologies 

since PYTA combined with bitopic aldehyde linkers seems to produce 

exclusively rhombic frameworks,16 while PETA combined with bitopic 

aldehyde linkers generates star-shaped COFs (kagome skeleton) with small 

trigonal and large hexagonal pores.37,38  
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Scheme 4.3. Synthesis of COF-BPY-1 and COF-BPY-2. 

Following the reported conditions16 [5:5:1 (v/v) mixture of mesitylene/1,4-

dioxane/(aqueous 6 M AcOH) at 120 °C for 5 d], COF-BPY-1 was isolated 

in 78% yield as a fine orange powder. To obtain the novel COF-BPY-2 as 

a crystalline material, we performed a screening of conditions (Table 4.1). 

The starting reaction conditions employed for COF-BPY-1 were gradually 
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modified to form materials with sharp PXRD peaks, which indicate 

crystallinity (PXRD diffractograms for all materials are shown in section 

4.4.3). Solvent mixture, catalyst (AcOH) concentration and temperature 

were the variables adjusted in this screening of conditions due to their 

strong effect over the materials formation. As a general trend, mixtures of 

mesitylene with 1,4-dioxane or benzyl alcohol (BnOH) produced the best 

crystallinity results, which could be improved by increasing the catalyst 

concentration (Table 4.1, entry 16). Under the optimized conditions [4:2:1 

(v/v) mixture of mesitylene/BnOH/(aqueous 6 M AcOH) at 120 °C for 5 d], 

COF-BPY-2 was isolated in 63% yield as a fine brown powder with 

moderate crystallinity.  

Table 4.1. Screening of conditions for the synthesis of COF-BPY-2. 

Nº Solvent mixture 
aq. AcOH 6 M 

(V %) 

Temp. 

(°C) 

Yield 

(%) 
Crystallinity 

1 Mesitylene:dioxane 1:1 9 120 79 Low 

2 Mesitylene:dioxane 1:2 9 120 73 Low 

3 Mesitylene:dioxane 2:1 9 120 69 Amorphous 

4 Mesitylene:dioxane 1:1 15 120 73 Low 

5 Mesitylene:dioxane 2:1 15 150 44 Amorphous 

6 Mesitylene:dioxane 2:1 15 150 42 Amorphous 

7 Mesitylene:NMP 1:2 15 120 48 Amorphous 

8 Mesitylene:EtOH 1:2 15 120 44 Amorphous 

9 o-DCB:dioxane 2:1 15 120 57 Amorphous 

10 o-DCB:dioxane 1:2 15 120 48 Amorphous 

11 o-DCB:n-BuOH 2:1 15 120 51 Amorphous 

12 o-DCB:n-BuOH 1:2 15 120 55 Amorphous 

13 o-DCB:n-BuOH 2:1 9 120 50 Amorphous 

14 Mesitylene:BnOH 1:2 9 120 71 Low 

15 Mesitylene:BnOH 1:2 15 120 60 Moderate 

16 Mesitylene:BnOH 2:1 15 120 63 Moderate 

17 Mesitylene:BnOH 1:2 15 90 71 Low 

18 Mesitylene:n-BuOH 1:2 15 120 64 Amorphous 

19 o-DCB:BnOH 2:1 15 120 73 Amorphous 

20 o-DCB:BnOH 2:1 9 120 51 Amorphous 

Reaction conditions: PETA (12mg, 0.02 mmol), BPY-DCA (8.5 mg, 0.04 mmol), solvent 

mixture (0.5 mL), aqueous AcOH 6M, 120 °C for 5 d. Crystallinity was estimated based on 

the intensity of the PXRD peaks (Section 4.4.3). 

Post-synthetic metalation of the materials was performed by placing them 

in a CoCl2 solution in MeCN at room temperature for over 18 h, producing 
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COF-BPY-1-CoCl2 and COF-BPY-2-CoCl2 after thorough washing and 

vacuum drying (Scheme 4.4). 

 

Scheme 4.4. Post-synthetic metalation of COF-BPY-1 and COF-BPY-2. 

Next, the pristine and metalated COFs were characterized. FT-IR of COF-

BPY-1 revealed the disappearance of the characteristic C=O stretching 

band centered at 1696 cm-1 and the appearance of a new C=N band around 

1626 cm-1, confirming the condensation reaction (Figure 4.4a). The same 

band is present in COF-BPY-1-CoCl2, suggesting that the imine bond is 

not affected by the metalation. In contrast, the signals on the spectra of 

COF-BPY-2 are more problematic to assign due to overlapping. The 

consumption of the initial aldehyde can be observed by the disappearance 

of the C-H aldehyde vibration bands at 2810 cm-1, while the band at 1612 

cm-1 could be assigned to the new C=N bond (Figure 4.4b). The PXRD 

pattern of COF-BPY-1 shows intense diffraction peaks at 3.16°, 4.58°, 

6.38°, 9.74°, 12.98° and 24.26° assigned to the (110), (020), (220), (330), 

(440) and (001) facets, matching with the reported structure (Figure 4.4c).16 

This structure is mostly unaffected by the metalation, since COF-BPY-1-

CoCl2 presents the same diffraction peaks, although the intensity of the 

peaks is reduced. Simulations based on an eclipsed stacking model of the 

2D layers in COF-BPY-1 (Figure 4.3) reproduced the PXRD peak 

positions and intensity obtained experimentally (Figure 4.4c). This suggests 
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that the material presents a layer staking that leads to open 1D channels, 

which could facilitate the diffusion of reagents.  

 

Figure 4.3. Eclipsed model of COF-BPY-1.   

COF-BPY-2 shows weak diffraction peaks centered at 1.72º, 3.22º and 

6.25º, which can be tentative assigned to (100), (200) and (300) facets by 

comparison with an eclipsed model of COF-BPY-2 (Figure 4.4d). The 

position and relative intensity of the peaks also match the previous report 

for a star-shaped perylene COF.37 Based on the intensity and width of the 

PXRD signals, it appears that COF-BPY-2 is much less crystalline than 

COF-BPY-1. This result could be rationalized by the low solubility of 

PETA, which could hamper the correct formation and purification of the 

material. In addition, the PXRD signals are no longer visible after 

metalation with CoCl2, suggesting that the crystallinity is being reduced due 

to the metalation. 
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Figure 4.4. a-b) Comparison of FT-IR spectra of the bipyridine COFs and their precursors. 

c-d) Comparison of PXRD diffractograms of the bipyridine COFs. 

Previous computational analysis of COF-BPY-1 performed in our group 

indicated that the most stable stacked structure has the layers rotated by 180° 

along the perpendicular axes of the 2D COF, pointing the bipyridyl groups 

toward different pores.30 This particular disposition of the bipyridines in 

adjacent layers of COF-BPY-1, pointing towards opposite directions, can 

prevent repulsion between coordinated metal centers in the bipyridines. 

This 3D packing avoids the repulsion between close CoCl2 units, explaining 

the large metal loading (95%) measured by ICP-OES for the COF-BPY-1-

CoCl2 relative to the bipyridine units in the COF (7.60 wt% Co). This metal 

loading is high relative to other metal-COFs reported, typically 20-

50%.21,39–41 COF-BPY-2-CoCl2 presented a slightly lower metal loading, 

with an occupancy rate of 72% (6.1 wt% Co). The COFs were also 
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successfully metalated with other cobalt salts. Metalation of COF-BPY-1 

with Co(AcO)2 resulted in a slightly lower metal content (6.0 wt% Co), and 

metalation with Co(OTf)2 resulted in even lower metal content (3.7 wt% 

Co), which could be caused by the larger anions size. 

COF-BPY-1 and COF-BPY-1-CoCl2 show isotherms characteristic of 

mesoporous materials, with high values of BET surface areas of 1953 and 

1519 m2g-1, respectively, and total pore volumes of 1.21 and 0.87 cm3g-1 

(Figure 4.5a). The decrease in surface area and volume after metalation is 

consistent with the volume of the pores being partially occupied by CoCl2. 

In contrast, the porosity of COF-BPY-2 and COF-BPY-2-CoCl2 is almost 

negligible, with BET surface areas of only 44 and 47 m2g-1, and pore 

volumes of 0.146 and 0.135 cm3g-1, respectively. The low porosity and low 

crystallinity of these materials suggest that the structure could be collapsed. 

It is also possible that insoluble oligomers are blocking the cavities. 

Nonlocal density functional theory (NLDFT) was used to calculate the 

distribution of pore widths, revealing a maximum at 2.8 and 2.3 nm for 

COF-BPY-1 and COF-BPY-1-CoCl2, respectively (Figure 4.5b). The 

reduction of the pore size by 5 Å could be associated with the high loading 

of CoCl2, reducing the effective pore size. The pore width of COF-BPY-1 

matches well with the cavity diameter calculated from PXRD data (2.79 

nm). Smaller pores could be also observed (1.4 and 1.3 nm), possibly due 

to defects. The distribution of pore widths for the BPY-2 COFs was not 

calculated due to the low BET values.  

TGA results showed excellent thermal stability up to 500°C and 400°C for 

COF-BPY-1 and COF-BPY-1-CoCl2, respectively (Figure 4.5c). 

Additionally, a 20% mass loss between 30-80°C was detected for COF-

BPY-1-CoCl2. Since all COFs were dried under vacuum at 80°C before 

measurements, this mass loss is assigned to the loss of water captured from 
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the air during the analysis preparation. COF-BPY-2 and COF-BPY-2-

CoCl2 showed similar stability, with a gradual loss of mass beginning 

around 500°C (Figure 4.5d).  
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Figure 4.5. a-b) Nitrogen adsorption isotherms of the bipyridine COFs, c-d) TGA under 

nitrogen atmosphere of the bipyridine COFs. 

TEM images of COF-BPY-1 and COF-BPY-1-CoCl2 showed sheet-like 

structures, with some globular features of a few hundred nanometers in size 

(Figure 4.6). Additionally, the square grid structure of the framework could 

be appreciated at higher magnifications. STEM HAADF images and EDX 

elemental mapping of COF-BPY-1-CoCl2 showed no signs of metallic 

nanoparticles (Figure 4.7). In some parts of COF-BPY-2 and COF-BPY-

2-CoCl2, large hexagonal pores could be observed by TEM images, in 

agreement with the expected structure (Figure 4.8).  
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Having synthetized and characterized the two cobalt bipyridine COFs, they 

were employed as catalysts in the hydroboration of alkenes. This reactivity 

study is covered in chapter V.   

   

   

Figure 4.6. TEM images of a-b) COF-BPY-1, c-d) COF-BPY-1-CoCl2.  

 

Figure 4.7. STEM HAADF images and EDX elemental mapping of COF-BPY-1-CoCl2.  

b) 

c) d) 

a) 
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Figure 4.8. TEM images of a-b) COF-BPY-2, c-d) COF-BPY-2-CoCl2. Well-defined 

hexagonal pores are highlighted by a red circle.  

a) b) 

c) d) 
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4.2.2. Synthesis and characterization of terpyridine COFs 

The formation of terpyridine COFs was initiated by the synthesis of a new 

aldehyde terpyridine linker: 4'-(4-formylphenyl)-[2,2':6',2''-terpyridine]-

5,5''-dicarbaldehyde (TPY-CHO) (Scheme 4.5). Terephthalaldehyde and 

bromonicotinaldehyde were protected as acetals with ethylene glycol or 

trimethyl orthoformate to produce IV.342 and IV.4,43 respectively. IV.544 

was obtained by acylation of IV.4 with n-BuLi and DMA. Combining IV.3 

with IV.5 and NH3 in a Kröhnke reaction formed terpyridine IV.6, which 

was deprotected by TFA treatment to produce TPY-CHO. The proper 

formation of the aldehyde ligand was confirmed by the two 1H NMR signals 

corresponding to aldehyde groups (10.26 and 10.17 ppm, see the 

experimental section for details), and by the mass of the product (MS (ESI) 

m/z: calcd for C24H15N3O4 [M+H]+ 394.4; found, 394.1). 

 

Scheme 4.5. TPY-CHO synthetic route.  

PYTA and PETA (Section 4.2.1) were not selected as amine linkers for 

forming COFs with TPY-CHO, since a fully condensed 2D framework 
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cannot be envisaged from a combination of molecules with such 

symmetries,45 and could result in the formation of amorphous materials. 

Similar to the previous section, COF-TPY-1 and COF-TPY-2 were 

synthetized under solvothermal conditions by condensation between TPY-

CHO and the commercially available amine ligands 1,3,5-tris(4-

aminophenyl)benzene (TAPB) or 4,4′,4″-(1,3,5-triazine-2,4,6-

triyl)trianiline (TTA), respectively (Scheme 4.6).   

COF-TPY-1 and COF-TPY-2 were obtained as yellow powders in 85% 

and 75% yield, respectively, under the optimized conditions [5:5:1 (v/v) 

mixture of o-DCB/n-BuOH/(aqueous 6 M AcOH), 120 °C, 5 d for COF-

TPY-1, 3:7:1 (v/v) mixture of o-DCB/n-BuOH/(aqueous 6 M AcOH), 

120 °C, 5 d for COF-TPY-2]. Afterward, the COFs were metalated by 

Co(AcO)2.6H2O in MeOH, forming COF-TPY-1-Co(AcO)2 and COF-

TPY-2-Co(AcO)2 as orange solids. Co(AcO)2.6H2O was selected as the 

metal salt due to the good stability and high activity of Co(II) carboxylate 

borylation catalysts previously reported, which is our targeted 

transformation.46–50  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER IV: Development of imine Metal Covalent Organic 

Frameworks based on N-donor ligands 

 

154 

 

 

Scheme 4.6. Synthesis and metalation of the terpyridine COFs. 

Fourier-transform infrared spectroscopy (FT-IR) of COF-TPY-1 and 2 

revealed the disappearance of the characteristic C=O stretching band at 

1693 cm-1 and the appearance of a new C=N band around 1626 cm-1, 

confirming the condensation reaction (Figure 4.9a-b). After metalation, 

COF-TPY-1-Co(AcO)2 presented new bands around 1552 and 1404 cm-1 
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assigned to the acetate anions. The acetate bands could not be easily 

observed in COF-TPY-2-Co(AcO)2, possibly due to the lower metal 

loading. The powder X-ray diffraction (PXRD) pattern of COF-TPY-1 

showed sharp peaks indicative of a crystalline structure, with signals 

centered at 4.01º, 6.96º, 8.05º, 10.64º, 14.47º and 24.86º (Figure 4.9c). 

COF-TPY-2 presented a diffraction pattern with very similar angles 

(Figure 4.9d), except for the band around ~25º, which is slightly shifted to 

a higher angle (Figure 4.9e. The band is centered at 24.86º and 25.60º for 

COF-TPY-1 and COF-TPY-2, respectively). The change in position of 

this band, usually associated with the (001) facet, suggests an increase in 

the interlayer distance of 0.1 Å (The interlayer distance for COF-TPY-1 

and COF-TPY-2 is 3.58 and 3.48 Å, respectively). This change could be 

rationalized by the slightly different geometries of the linkers; TTA is 

entirely flat, which facilitates stacking, but TAPB presents a dihedral angle 

between the aryl rings.51  

The identical PXRD pattern for the metalated COFs suggests that the 

structure of the framework remains unchanged after cobalt incorporation. 

PXRD predictions using an eclipsed model of COF-TPY-1 and COF-

TPY-2 matched well with the experimental diffractograms (Figure 4.9c-d). 

Additionally, preliminary DFT studies tentatively suggested that stacking 

the COF-TPY-1 layers in an alternating fashion is more energetically 

favorable compared to stacking identical layers, resulting in TABP linkers 

stacked on top of TPY-CHO linkers (Figure 4.10). 
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Figure 4.9. a-b) Comparison of FT-IR spectra of the terpyridine COFs and their precursors. 

c-e) Comparison of PXRD diffractograms of the terpyridine COFs. 
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Figure 4.10. Comparison of the eclipsed model of COF-TPY-1 with identical or alternate 

layers. TABP and TPY-CHO linkers are colored blue and yellow, respectively. 

The presence of cobalt in the metalated COFs was confirmed by ICP-OES 

analysis, with a 3.8 wt% Co for COF-TPY-1-Co(AcO)2 and a 2.9 wt% Co 

for COF-TPY-2-Co(AcO)2, corresponding to an occupancy of 50% and 

37% of the terpyridine, respectively.  

High BET surface areas of 1768 and 2100 cm2/g were measured for COF-

TPY-1 and COF-TPY-2, respectively, based on N2 isotherms (Figure 

4.11a-b). Additionally, the porosity of the materials remains high after 

metalation (1347 and 1519 cm2/g for COF-TPY-1-Co(AcO)2 and COF-

TPY-2-Co(AcO)2, respectively). The total pore volumes were calculated 

as 1.22 cm3g-1, 1.74 cm3g-1, 0.84 cm3g-1 and 0.88 cm3g-1 for COF-TPY-1, 

COF-TPY-2, COF-TPY-1-Co(AcO)2 and COF-TPY-2-Co(AcO)2, 

respectively. Thermogravimetric analysis (TGA) showed that the COFs 

possess good thermal stability up to 500 °C, while the metalated COFs are 

stable up to 300 °C. An initial loss of water at around 50 °C was also 

observed for COF-TPY-1-Co(AcO)2 and COF-TPY-2-Co(AcO)2 (Figure 

4.11c-d). 
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Figure 4.11. a-b) Nitrogen adsorption isotherms of the terpyridine COFs, c-d) TGA under 

N2 of the terpyridine COFs 

The COFs were also characterized with transmission electron microscopy 

(TEM, Figure 4.12 and Figure 4.13), revealing small rod-shaped crystalline 

features with extended porous channels for COF-TPY-2 and COF-TPY-

2-Co(AcO)2. The line profile suggests a pore size of 2 nm, which is shorter 

than the unit cell (a = 2.61 nm, b = 2.63 nm). On the other hand, the porous 

channels of COF-TPY-1 and COF-TPY-1-Co(AcO)2 were harder to 

detect due to having more agglomerated structures. 

After being characterized, the two cobalt terpyridine COFs were employed 

as catalysts in the borylation of arenes. This topic is covered in Chapter VI 

of this thesis.  
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Figure 4.12. TEM images of a-b) COF-TPY-2, c-d) COF-TPY-2-Co(AcO)2. 

   

   

Figure 4.13. TEM images of a-b) COF-TPY-1, c-d) COF-TPY-1-Co(AcO)2. 

2 nm
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4.2.3. Synthesis and characterization of N,N-bispyridine-

cyclohexyldiamine polymer 

A novel tetradentate ligand based on a bispyridine-cyclohexyldiamine 

scaffold with two aldehyde groups (MCP-CHO) was synthethized 

following the synthetic path shown in Scheme 4.7. Coumpound IV.752 was 

prepared by esterification of commercially available pyridine-2,4-

dicarboxylic acid, followed by a selective reduction of the ester group on 

the 2-position by NaBH4, affording IV.8.52 Chlorination of this compound 

with SOCl2 yielded IV.9.52 The NMR spectra of IV.7-IV.9 agree with 

previously reported data.52 The tetradentate ester ligand IV.10 was formed 

by combining (1S,2S)-N,N'-Dimethyl-1,2-cyclohexane-diamine with IV.9 

through nucleophilic substitution. The incroporation of two pyridine rings 

in IV.10 was confirmed by the integration of cyclohexyl to pyridine 1H 

NMR signals. Reduction of the ester groups IV.10 in with NaBH4 resulted 

in the formation of IV.11, as evidenced by the appearance of a -CH2OH 1H 

NMR signal at 5.27 ppm. Finally, the alcohol groups in IV.11 were oxidized 

by MnO2, producing MCP-CHO as an orange oil. The disappearance of 

the -CH2OH signal and the appearance of a new -CHO signal at 9.94 ppm 

on the 1H-NMR spectrum confirmed the confirmed the correct formation of 

the aldehyde groups (See experimental section for details).  

 

Scheme 4.7. MCP-CHO synthetic route.  
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Similar to previous sections, MCP-CHO was combined with different 

amine linkers through condensation reactions to form a COF. A screening 

of reaction conditions was performed to improve the product yield and 

crystallinity (Table 4.2).  

Unlike the rest of the linkers used in this chapter, MCP-CHO is quite 

flexible and can adopt several conformations, which makes the synthesis of 

a well-ordered COF much more challenging. A potential solution for this 

issue, which has been previously used for challenging COFs,11 is to add a 

metal salt to the reaction medium to form in-situ a rigid coordination 

complex. Thus, metal salts were included as an additive in the screening.  

Different amine linkers were also employed in the screening (PYTA, TAPB 

and TAM), to ascertain which linker is more suitable for obtaining an 

ordered material. Despite the extensive screening (Table 4.2), all entries 

produced amorphous solids or liquids. The conditions on entry 24 were 

selected for the synthesis of the MCP-polymer (Scheme 4.8) due to the 

high yield (84 %) and the presence of cobalt in the material. MCP-polymer 

was obtained as a purple powder, characterized and employed in catalytic 

tests.  

 

Scheme 4.8. Formation of MCP-polymer.  
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Table 4.2. Conditions screening for the synthesis of MCP-Polymer. 

Nº Solvent mixture 
Amine 

linker 
Metal salt 

aq. AcOH 

6 M (V %) 

Temp. 

(°C) 

Yield 

(%) 
Result 

1 
Mesitylene:dioxane 

1:1 
PYTA - 9 120 9 Amorphous 

2 o-DCB:n-BuOH 1:1 PYTA - 9 120 - Liquid 

3 
Mesitylene:dioxane 

1:1 
PYTA Zn(AcO)2 9 120 61 Amorphous 

4 o-DCB:n-BuOH 1:1 PYTA Zn(AcO)2 9 120 39 Amorphous 

5 o-DCB:dioxane 1:1 PYTA Zn(AcO)2 9 150 64 Amorphous 

6 
Mesitylene:n-BuOH 

1:1 
PYTA Zn(AcO)2 9 150 - Liquid 

7 DMF:n-BuOH 1:1 PYTA Zn(AcO)2 9 120 - Liquid 

8 Dioxane PYTA Zn(AcO)2 9 120 18 Amorphous 

9 
Mesitylene:dioxane 

1:1 
TAPB  9 120 68 Amorphous 

10 o-DCB:n-BuOH 1:1 TAPB  9 120 - Liquid 

11 
Mesitylene:dioxane 

1:1 
TAPB Zn(AcO)2 9 120 74 Amorphous 

12 o-DCB:n-BuOH 1:1 TAPB Zn(AcO)2 9 120 - Liquid 

13 
Mesitylene:dioxane 

1:1 
TAPB Zn(AcO)2 15 120 - Liquid 

14 
Mesitylene:dioxane 

1:1 
TAPB  15 120 - Liquid 

15 
Mesitylene:dioxane 

3:1 
TAPB Zn(AcO)2 9 120 51 Amorphous 

16 
Mesitylene:dioxane 

1:3 
TAPB Zn(AcO)2 9 120 45 Amorphous 

17 
Mesitylene:dioxane 

1:3 
TAPB  9 90 66 Amorphous 

18 
Mesitylene:dioxane 

3:1 
TAPB  9 120 - Liquid 

19 
Mesitylene:dioxane:n

-BuOH 2:2:1 
TAPB Zn(AcO)2 9 120 69 Amorphous 

20 
Mesitylene:dioxane:n

-BuOH 2:2:1 
TAM  9 120 70 Amorphous 

21 
Mesitylene:dioxane:n

-BuOH 2:2:1 
TAM Zn(AcO)2 9 120 74 Amorphous 

22 
Mesitylene:dioxane:n

-BuOH 2:2:1 
TAM  9 120 69 Amorphous 

23 
Mesitylene:dioxane 

1:1 
TAM Zn(AcO)2 9 120 76 Amorphous 

24 
Mesitylene:dioxane:

n-BuOH 2:2:1 
TAM CoCl2 9 120 84 Amorphous 

25 
Mesitylene:dioxane:n

-BuOH 2:2:1 
TAM CoCl2 15 120 64 Amorphous 

26 
Mesitylene:dioxane:n

-BuOH 3:1:1 
TAM CoCl2 9 120 68 Amorphous 

27 
Mesitylene:dioxane:n

-BuOH 1:3:1 
TAM CoCl2 9 120 80 Amorphous 

28 
o-DCB:dioxane:n-

BuOH 2:2:1 
TAM CoCl2 9 120 73 Amorphous 

29 
o-DCB:dioxane:n-

BuOH 3:1:1 
TAM CoCl2 9 120 69 Amorphous 

 Reaction conditions: amine linker, MCP-CHO (10 mg, 0.026 mmol), solvent mixture (0.5 

mL), aqueous AcOH 6M, metal salt (0.4 mmol), 120 °C for 5 d. Crystallinity was estimated 

based on the intensity of the PXRD peaks (Section 4.4.3). 
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The occurrence of the condensation reaction was checked by FT-IR, which 

displays the disappearance of the C=O band at 1703 cm-1 (Figure 4.14a). 

The peak at 1615 cm-1 could be assigned to the imine bond, although the 

assignment is not clear due to overlapping. The broad signals of the PXRD 

pattern indicate that the material is an amorphous polymer and thus cannot 

be classified as a COF (Figure 4.14b). ICP-OES analysis of the MCP-

polymer revealed a metal content of 5.0 wt% Co, corresponding to a 66% 

loading of the ligands. N2 adsorption isotherms showed that the material is 

non-porous, with a BET area of only 17 m2g−1 and a pore volume of 0.05 

cm3g−1 (Figure 4.14c). TGA showed an initial loss of water around 80°C 

and a sharp loss of mass around 400°C due to decomposition (Figure 

4.14d). TEM images of the material revealed the presence of metal 

nanoparticles, possibly formed due to aggregation of Co during the 

synthesis (Figure 4.14e-f). This result contrasts with the previous COFs of 

this chapter, which shows no signs of metal nanoparticles.  
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Figure 4.14. Characterization of MCP-polymer: a) FT-IR, b) PXRD, c) Gas adsorption, d) 

TGA, e-f) TEM. 

The catalytic performance of the material was evaluated by performing 

preliminary experiments on the hydroboration or borylation of alkenes and 

arenes catalyzed by MCP-polymer (Table 4.3). No product was detected 

for the borylation of toluene, while only traces of product were found for 

e) f) 
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the hydroboration of 1-octene or styrene. This result could be slightly 

improved by activating the catalyst with NaBEt3H before the reaction, but 

the yields were still below 10% (Table 4.3, entry 2). The poor performance 

of MCP-polymer in the reactions tested could be attributed to the low 

porosity of the material which reduces the accessibility of reagents towards 

the catalytic sites, or it could be caused by the agglomeration of the Co 

catalytic centers into nanoparticles.  

Table 4.3. Evaluation of BPCH-polymer as catalyst. 

 
Entry Substrate Boron 

source 

Activator Temperature Conv.

% 

Yield

% 

1 1-octene HBpin - 25 °C 6 1 

2 1-octene HBpin NaBEt3H 25 °C 19 9 

3 Styrene HBpin - 25 °C 5 1 

4 Styrene HBpin NaBEt3H 25 °C 4 2 

5 Toluene HBpin - 100 °C - 0 

6 Toluene HBpin NaBEt3H 100 °C - 0 

7 Toluene B2pin2 - 100 °C 4 0 

8 Toluene B2pin2 NaBEt3H 100 °C 0 0 

Reaction conditions for entries 1-4: 0.25 mmol 1-octene or styrene, 0.32 mmol HBpin, 3.75 

µmol Co, 25 °C, 24 h, under N2. Reaction conditions for entries 5-8: 0.5 mL toluene, 0.3 

mmol B2pin2, 3.75 µmol Co, 100 °C, 24 h, under N2. Conversion and yield were determined 

by GC. On entries where NaBEt3H is used as an activator, MCP-polymer was placed in a 

NaBEt3H (10 eq.) solution in THF for 1 h, then filtered and washed with THF and used as a 

catalyst. 

  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER IV: Development of imine Metal Covalent Organic 

Frameworks based on N-donor ligands 

 

166 

 

4.3. Conclusions 

In this chapter, we have synthetized a series of imine COFs by condensation 

between aldehyde and amine linkers, followed by metalation with cobalt 

through coordination of the ligands present in the structure of the materials. 

FT-IR, PXRD, gas adsorption, TGA, TEM, and ICP-OES were employed 

to characterize all materials. 

First, we synthetized two bipyridine-based COFs. The synthesis of COF-

BPY-1 was successfully reproduced, while the synthesis of COF-BPY-2 

was described for the first time in this work by employing a perylene amine 

linker (PETA). Both COFs could be effectively metalated with CoCl2 in 

solution. However, COF-BPY-2 showed much lower crystallinity and 

porosity, possibly indicating that the structure collapsed or did not properly 

form. We also prepared two terpyridine COFs (COF-TPY-1 and COF-

TPY-2) by employing a new terpyridine aldehyde linker (TPY-CHO). This 

linker allowed for the facile synthesis of highly crystalline and porous COFs 

with terpyridine moieties that were metalated afterward with Co(AcO)2. 

Finally, a bispyridine-cyclohexyldiamine ligand with aldehyde groups was 

prepared (MCP-CHO). The materials prepared with this ligand were 

amorphous and non-porous (MCP-polymer), which explains their poor 

catalytic activity in the reactions tested. This result could be assigned to the 

flexibility of the ligand, which hinders the formation of a well-ordered 

material. 
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4.4. Experimental section 

4.4.1. Materials and methods 

Materials. Commercial reagents were purchased from Sigma Aldrich, Alfa 

Aesar, TCI Chemicals, Fluorochem or abcr and used as received without 

further purification. All solvents were purified by a SPS-400, Innovative 

Technology solvent purification system and stored under argon with 

activated 4 Å molecular sieves after degassing.  

Nuclear magnetic resonance (NMR). NMR spectra were recorded on 

Bruker AV500/AV400 spectrometer using standard conditions (300 K). All 

1H chemical shifts are reported in ppm and have been internally calibrated 

to the residual protons of the deuterated solvent. The 13C chemical shifts 

have been internally calibrated to the carbon atoms of the deuterated 

solvent. The coupling constants were measured in Hz. 

Powder X-ray diffraction (PXRD). Powder X-Ray Diffraction (PXRD) 

PXRD measurements were made using a Siemens D5000 diffractometer 

(Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer) fitted 

with a curved graphite diffracted-beam monochromator, incident and 

diffracted -beam Soller slits, a 0.06 receiving slit and scintillation counter 

as a detector. The angular 2θ diffraction range was between 2 and 40. The 

data was collected with an angular step of 0.02 at 12s per step and sample 

rotation. A low background Si(510) wafer was used as sample holder. Cukα 

radiation was obtained from a copper X-ray tube operated at 40 kV and 30 

mA. 

Gas Sorption. Nitrogen sorption isotherms were measured on Autosorb iQ 

adsorption analyzer (Quantachrome). Samples were degassed under 

vacuum at 100C over 24h. Nitrogen measurements were performed at 77 

K and the temperature was held constant using liquid N2. The pressure 
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range used to calculate the BET surface area was selected to fulfill the two 

“consistency criteria.” 

Scanning Electron Microscopy-Energy Dispersed X-ray Spectroscopy 

(SEM-EDX). The ESEM is from FEI company, model Quanta 600 in low 

vacuum mode (vacuum pressure 0.68 Torr). The EDX is from Oxford 

Instruments. The conditions for the ESEM are 20 kV accelerating voltage 

and a working distance close to 10 mm. 

Inductively Coupled Plasma Optical Emisión Spectrometry (ICP-

OES). ICP-OES measurement was performed on the Perkin Elmer Optical 

Emission Spectrometer Optima 5300 DV (Scott-Chamber/Cross-Flow-

Nebulizer).  

Fourier-Transformed Infrared (FTIR). Spectroscopy FTIR 

measurements were measured using a Bruker Optics FT-IR Alpha 

spectrometer equipped with a DTGS detector, KBr beamsplitter at 4 cm-1 

resolution using a one bounce ATR accessory with diamond windows. 

Thermogravimetric Analysis (TGA). TGA curves were measured using 

Mettler Toledo TGA/SDTA/851 in N2, heating ramp 10 °C /min. 

Transmission Electron Microscopy (TEM). Transmission electron 

microscopy (TEM) images were collected using a Thermo Scientific (FEI) 

Talos F200X G2 TEM operating at 200 kV. TEM images were acquired 

using a Ceta 16M CMOS camera. Samples were prepared by applying 5 μL 

of the suspended sample in an aqueous solution onto continuous carbon 300 

mesh Cu grids. Alternatively, TEM images were collected using a JEOL 

1011 Transmission Electron Microscope operating at 80 kV. Samples were 

dispersed in ethanol and a drop of resultant suspensions was poured on 

carbon coated-copper grids. 
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Computational details. Periodic simulations were performed at the 

Density Functional Theory (DFT) level using the PBE functional and 

Grimme’s D3 dispersion scheme as implemented in the Vienna Ab Initio 

Simulation Package (VASP).53 Core electrons were described by projector 

augmented wave (PAW) and valence electrons by plane waves with a 

kinetic energy cutoff of 600 eV. The models are composed by two layers, 

with a and b > 25 Å and c ≈ 7 Å. The Brillouin zone was thus sampled at 

1×1×3 through the Monkhorst–Pack method.53 PXRD spectra was 

simulated with the VESTA software.53  

Calculation of ligand occupancy rates: Occupancy rates for the MCOFs 

were calculated based on the following equation, where 𝑀𝑊𝐶𝑂𝐹  is the 

molecular weight of a unit cell of the COF containing one ligand, 𝑀𝑊𝑀 is 

the atomic weight of the metal, 𝑀𝑊𝑀𝐿 is the molecular weight of the metal 

plus anions plus coordinated solvents, and 
𝑔𝑀

𝑔𝑀𝐶𝑂𝐹
 is the cobalt content 

determined by ICP-OES.  

𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 =  

𝑀𝑊𝐶𝑂𝐹
𝑀𝑊𝑀

𝑔𝑀
𝑔𝑀𝐶𝑂𝐹

1 −
𝑀𝑊𝑀𝐿
𝑀𝑊𝑀

𝑔𝑀
𝑔𝑀𝐶𝑂𝐹

 (𝑒𝑞. 1) 

Eq. 1 was obtained the following way: 

𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 =  
𝑀𝑜𝑙𝑀

𝑀𝑜𝑙𝑀𝐶𝑂𝐹
=

𝑔𝑀

𝑀𝑊𝑀
𝑔𝑀𝐶𝑂𝐹

𝑀𝑊𝑀𝐶𝑂𝐹

=

𝑔𝑀

𝑀𝑊𝑀
𝑔𝑀𝐶𝑂𝐹

𝑀𝑊𝐶𝑂𝐹 + 𝑀𝑊𝑀𝐿 × 𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦

(𝑒𝑞. 2) 
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Table 4.4. Calculation of occupancy rates in MCOFs. 

 𝑀𝑊𝑀 𝑔𝑀

𝑔𝑀𝐶𝑂𝐹
 

𝑀𝑊𝐶𝑂𝐹 𝑀𝑊𝑀𝐿 Occupancy 

COF-BPY-1-

CoCl2 

58.9 0.076 458 293 0.95 

COF-BPY-2-

CoCl2 

58.9 0.061 484 293 0.72 

COF-TPY-1-

Co(AcO)2 

58.9 0.038 691 177 0.50 

COF-TPY-2- 

Co(AcO)2 

58.9 0.029 693 177 0.37 

MCP-

Polymer 

58.9 0.05 534 130 0.51 

 

4.4.2. Synthesis procedures 

 

Scheme 4.9. PYTA synthetic route.16  

4,4,4,4-(pyrene-1,3,6,8-tetrayl)tetraaniline (PYTA)16: This 

compound was synthetized according to a modified version of the published 

procedure. 1,3,6,8-Tetrabromopyrene (1.24 g, 2.39 mmol), 4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (2.51 g, 11.4 mmol), 

palladium tetrakis(triphenyl phosphine) (0.28 g, 0.24 mmol), and potassium 

carbonate (1.81 g, 13.3 mmol) were added to 20 mL dioxane and 4 mL 

water in a 100 mL round bottom flask. The mixture was stirred under reflux 

in Ar for 3 days. After cooling to room temperature, 30 mL of water were 

added. The precipitate was filtered, washed with water and methanol. The 

solid was dissolved in acetone and filtered through a short silica gel plug. 

The solvent was removed to afford the product in 92% yield. 1H NMR 
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(DMSO, 400 MHz): δ (ppm) 8.09 (s, 4H), 7.75 (s, 2H), 7.32-7.29 (d, 8H), 

6.74-6.72 (d, 8H), 5.28 (s, 8H). 13C NMR (DMSO, 101 MHz): δ (ppm) 

148.3, 137.6, 131.6, 129.5, 128.4, 127.2, 126.6, 125.0, 114.7.  

 

Scheme 4.10. PETA synthetic route.37  

2,5,8,11-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)perylene 

(IV.1)37: Under nitrogen protection, into a 100 mL round bottom flask was 

added perylene (1.7 g, 6.74 mmol, 1.0 eq.), B2pin2 (7.53 g, 29.6 mmol, 4.4 

eq.), [Ir(OMe)COD]2 (45 mg, 0.067 mmol, 1 mol%), 4,4'-dimethyl-2,2'- 

bipyridyl (36 mg, 0.135 mmol, 2 mol%) and THF (30 mL). Then the 

mixture was heated at 80ºC for 16 h. The reaction mixture cooled to room 

temperature, and upon addition of methanol (100 mL) a solid precipitated. 

The material was collected by vacuum filtration and washed with methanol 

to give 6.43 g of 2,5,8,11-tetrakis(4,4,5,5-tertramethyl-1,3,2-dioxaborolan-

2-yl)perylene as a light yellow solid (4.85 g, 95%). 1H NMR (300 MHz, 

CDCl3) δ 8.62 (s, 4H), 8.25 (s, 4H), 1.43 (s, 48H).  

2,5,8,11-tetrakis(4-Boc-aminophenyl)perylene (IV.2)37: A reaction 

mixture containing compound IV.1 (1512 mg, 2.00 mmol, 1.0 eq.), N-Boc-

4-bromoaniline (8708 mg, 32.0 mmol, 16 eq.), K2CO3 (2211 mg, 16.0 

mmol, 8.0 eq.), Pd2(dba)3·CHCl3 (414 mg, 0.40 mmol, 20 mol%), and 
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Sphos (328 mg, 0.80 mmol, 40 mol%) in 64 mL o-xylene and 16 mL H2O 

was stirred under a static argon atmosphere at 100 °C for 40 h. After cooling 

to room temperature, 20 mL MeOH was added to form a homogeneous 

suspension. The precipitate was collected by filtration and washed with 

H2O and MeOH until the washings were clear. The greenish solid was 

dissolved in a 6:4 DCM/EtOAc mixture and passed through a short plug of 

silica gel. The solution was concentrated to ca. 20 mL under reduced 

pressure, causing the product to precipitate. The precipitate was collected 

by filtration and washed successively with 10 mL MeOH and 10 mL DCM. 

For further purification, the product was dispersed in 600 mL EtOAc and 

sonicated for 30 min. The suspension was concentrated to ca. 20 mL under 

reduced pressure. The solids were collected by filtration, washed 

successively with 10 mL EtOAc and 10 mL DCM, and dried under high 

vacuum to yield the title compound as a greenish-yellow powder (1 g, 0.96 

mmol, 48%). 1H NMR (400 MHz, DMSO-d6): 9.52 (s, 4H), 8.73 (s, 4H), 

8.14 (s, 4H), 7.92 (d, J = 8.6 Hz, 8H), 7.66 (d, J = 8.3 Hz, 8H), 1.52 (s, 36H) 

4,4',4'',4'''-(perylene-2,5,8,11-tetrayl)tetraaniline (PETA)37: To a 

suspension of compound IV.2 (829 mg, 0.82 mmol, 1.0 eq.) in 30 mL of 

anhydrous DCM was added 10 mL TFA. The resulting dark yellow solution 

was stirred for 2 h at room temperature. The reaction mixture was 

neutralized by slowly adding a saturated NaHCO3 solution in argon-

saturated H2O, causing the product to precipitate as a dark orange solid. The 

solids were collected by filtration, washed with 500 mL argon-saturated 

H2O and dried under high vacuum to yield the title compound as a bright 

orange powder (487 mg, 0.79 mmol, 97%). 1H NMR (400 MHz, DMSO) δ 

8.56 (s, 4H), 7.97 (s, 4H), 7.69 (d, J = 8.5 Hz, 8H), 6.79 – 6.72 (m, 8H), 

5.32 (s, 8H). 13C NMR (126 MHz, DMSO) δ 149.52, 139.97, 136.44, 

131.52, 128.59, 127.95, 126.03, 124.50, 119.25, 115.07. 
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Scheme 4.11. TPY-CHO synthetic route.  

Synthesis of 4-(1,3-dioxolan-2-yl)benzaldehyde (VI.3)42: To a solution of 

terephthalaldehyde (7 g, 52.2 mmol) and p-toluenesulfonic acid (100 mg, 

0.5 mmol) in toluene (200 mL) was added slowly ethylene glycol (2.9 mL, 

52.2 mmol). After heating at reflux for 6 h under a Dean-Stark trap, the 

solution was cooled down to room temperature. Then, 100 mL of water was 

added and the aqueous layers were extracted with dichloromethane. The 

combined organic solution was washed with brine, dried with MgSO4 and 

the solvent was evaporated. The crude was purified by silica column 

chromatography using hexane/ethyl acetate 95/5 as eluent (1.91 g, 52.2 

mmol, 20%). 1H NMR (400 MHz, CDCl3) δ 10.06 (s, 1H), 7.92 (d, J = 8.3 

Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 5.90 (s, 1H), 4.12 (dd, J = 20.6, 7.5 Hz, 

1H). 13C NMR (101 MHz, CDCl3) δ 190.2, 144.1, 135.3, 129.5, 128.5, 

114.7, 72.3. 
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Synthesis of 2-Bromo-5-(dimethoxymethyl)pyridine (VI.4)43: 2-Bromo-

5-formylpyridine (10 g, 54.2 mmol), p toluenesulphonic acid (204 mg, cat.), 

and trimethylorthoformate (25 mL) were added to a flask and sparged with 

nitrogen. After 100 mL dry methanol was injected with syringe, the mixture 

was refluxed at 68 °C for 4 h. The solution was cooled down to room 

temperature, 80 mL of dichloromethane was added, and the mixture was 

washed with sat. Na2CO3 and water. The aqueous layers were extracted 

with dichloromethane. The combined organic solution was washed with 

brine, dried with MgSO4, and finally evaporated to yield a yellow oil (11.45 

g, 92%).1H NMR (300 MHz, CDCl3) δ 8.45 (dd, J = 2.4, 0.7 Hz, 1H), 7.64 

(dd, J = 8.2, 2.5 Hz, 1H), 7.50 (d, J = 8.3 Hz, 1H), 5.44 (s, 1H), 3.34 (s, 6H). 

Synthesis of 1-(5-(dimethoxymethyl)pyridin-2-yl)ethan-1-one (VI.5)44: 

2-bromo-5-(dimethoxymethyl)pyridine (11.4 g, 49 mmol) was dissolved in 

80 mL Et2O and cooled to -78 °C, then 33.8 mL 1.6 M n-BuLi in hexane 

was added dropwise over 30 min. The mixture was stirred at -78 °C for 90 

min, then 5.7 mL dimethylacetamide was added dropwise over 30 min and 

stirred for another 3 h. The mixture was quenched with NH4Cl (aq.) slowly. 

The reaction mixture was evaporated to obtain the crude product and then 

purified by flash chromatographic column (hexane/ethyl acetate 90/10) to 

afford 3 (5 g, 49 mmol, 50%) 1H NMR (300 MHz, CDCl3) δ 8.76 (d, J = 

2.0 Hz, 1H), 8.06 (dd, J = 8.1, 0.9 Hz, 1H), 7.93 (dd, J = 8.1, 2.1 Hz, 1H), 

5.52 (s, 1H), 3.37 (s, 6H), 2.75 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

199.85, 153.53, 147.92, 137.15, 135.42, 121.20, 100.82, 52.69, 25.85.  

Synthesis of 4'-(4-(1,3-dioxolan-2-yl)phenyl)-5,5''-

bis(dimethoxymethyl)-2,2':6',2''-terpyridine (VI.6): 1-(5-

(dimethoxymethyl)pyridin-2-yl)ethan-1-one (3.1 g, 16 mmol) and 4-(1,3-

dioxolan-2-yl)benzaldehyde (1.4 g, 7.9 mmol) were dissolved in 130 mL of 

ethanol, followed by the addition of KOH (0.88 g, 16 mmol) and aqueous 
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ammonia solution (34 mL, 30%). The reaction was refluxed for 72 h. After 

cooling to room temperature, water was added and the precipitate was 

filtered and washed with water and cold ethanol. The product was 

recrystallized from ethanol (1.7 g, 7.9 mmol, 41%). 1H NMR (400 MHz, 

CDCl3) δ 8.83 – 8.80 (m, 2H), 8.78 (s, 2H), 8.69 (d, J = 8.0 Hz, 2H), 8.01 

– 7.93 (m, 4H), 7.69 – 7.63 (m, 2H), 5.93 (s, 1H), 5.59 (s, 2H), 4.22 – 4.07 

(m, 4H), 3.41 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 156.22, 155.73, 

149.92, 148.00, 139.23, 138.83, 135.57, 133.75, 127.38, 127.09, 120.92, 

119.19, 103.41, 101.29, 65.37, 52.65.  

Synthesis of 5,5''-bis(dimethoxymethyl)-4'-(4-

(dimethoxymethyl)phenyl)-2,2':6',2''-terpyridine (TPY-CHO): 4'-(4-

(1,3-dioxolan-2-yl)phenyl)-5,5''-bis(dimethoxymethyl)-2,2':6',2''-

terpyridine (0.42 g, 0.79 mmol) was dissolved in THF (25 mL) and an HCl 

aqueous solution (24.5 mL, 5%) was added slowly. After stirring the 

reaction overnight, it was quenched with NaHCO3 (aq.). The solid was 

filtered and washed with water and ethanol. (0.30 g, 0.79 mmol, 97%). 1H 

NMR (400 MHz, CDCl3) δ 10.26 (s, 2H), 10.17 (s, 1H), 9.25 – 9.20 (m, 

2H), 8.99 (s, 2H), 8.91 (d, J = 8.3 Hz, 2H), 8.42 (dd, J = 8.2, 2.1 Hz, 2H), 

8.11 (s, 4H). 13C NMR spectra could not be measured due to low solubility. 

MS (ESI) m/z: calcd for C24H15N3O4 [M+H]+ 394.4; found, 394.1 

 

Scheme 4.12. MCP-CHO synthetic route.  
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Diethyl pyridine-2,4-dicarboxylate (IV.7)52: To a solution of pyridine-

2,4-dicarboxylic acid (4,87 g, 29,1 mmol) in EtOH (250 mL) was added 

PTsOH (11,64 g, 61,2 mmol) and the mixture was refluxed for 24 h. The 

mixture was allowed to reach ambient temperature. Then the solvent was 

removed under reduced pressure and CHCl3 (100 mL) was added followed 

by sat. aq. Na2CO3 (60 mL). The organic layer was separated and the aq. 

layer was extracted with CHCl3 (3*30 mL). The combined organic extracts 

were dried over MgSO4 and the solvent was removed under reduced 

pressure to yield the title compound as a colorless oil (6.42 g, 99%). 1H-

NMR (400 MHz, CDCl3): 8.91 (dd, J = 4.9, 0.9 Hz, 1H), 8.64 (dd, J = 1.6, 

0.9 Hz, 1H), 8.03 (dd, J = 4.9, 1.6 Hz, 1H), 4.51 (q, J  = 7.1 Hz, 2H), 4.45 

(q, J= 7.1 Hz, 2H), 1.46 (t, 3H), 1.43 (t, J = 6.5 Hz, 3H). 13C NMR (100 

MHz, CDCl3): 148.7, 139.1, 135.6, 130.7, 127.8, 127.1, 125.2, 123.7, 

118.4, 114.2. 

Ethyl 2-(hydroxymethyl)isonicotinate (IV.8)52:diethyl pyridine-2,4-

dicarboxylate (IV.7) (1 g, 4,48 mmol) was dissolved in anhydrous EtOH 

(30 mL) and cooled to -10 °C. NaBH4 (0.119 g, 3.14 mmol) was added in 

three portions, and a solution of CaCl2 (11 mL, 0.5 M in EtOH) was added 

over the course of 4 h. The mixture was stirred for another hour at the 

indicated temperature. The reaction was quenched by the addition of H2O 

(10 mL) and allowed to reach ambient temperature. The mixture was 

diluted with CHCl3 (15 mL) and extracted with CHCl3 (3*10 mL). The 

combined organic extracts were dried over MgSO4 and the solvent was 

removed under reduced pressure. The crude product was used directly for 

the next step. 1H-NMR (400 MHz, CDCl3): 8.70 (dd, J = 5.2, 1.2 Hz, 1H), 

7.83 (dt, J = 1.7, 0.8 Hz, 1H), 7.76 (ddd, J = 5.1, 1.6, 0.8 Hz, 1H), 4.84 (s, 

2H), 4.42 (dq, J = 7.1 Hz, 2H), 1.41 (td, J = 7.1, 0.6 Hz, 3H), 1.43 (t, J = 

6.5 Hz, 3H).  
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Ethyl 2-(chloromethyl)isonicotinate*HCl (IV.9)52: ethyl 2-

(hydroxymethyl)isonicotinate (IV.8) (2.2 g) was dissolved in CHCl3 (50 

mL) and cooled to 0 °C. A solution of thionyl chloride (3.5 mL, 48,6 mmol) 

in CHCl3 6 mL) was added dropwise at 0 °C. After complete addition 

stirring was continued for 20 h. The solvent was removed under reduced 

pressure and the crude material (1.7 g, 86%) was used directly for the next 

step. 

Bis-(4-CO2EtPy)-(1S,2S)-N1,N2-dimethylcyclohexyldiamine (IV.10): 

ethyl 2-(chloromethyl)isonicotinate*HCl (IV.9) (0.2 g, 1 mmol, 2 eq.) and 

(1S, 2S)-N1, N2-dimethylcyclohexane-1,2-diamine (0.071 g, 0.5 mmol, 1 

eq) were dissolved in acetonitrile (4 mL). To the mixture was added 

Na2CO3 (0.563 g, 5.31 mmol, 5.3 eq) and TBABr (10 mg, 5% mol). The 

mixture was refluxed for 24 h, then, was filtered through sintered glass and 

the filtercake was washed several times with acetonitrile. The filtrate was 

collected and the solvent was removed to yield an oil. The material was 

purified by FCC (neutral Al2O3, Merck) 20%-50% EtOAc in hexane. The 

product is an orange oil. (0.33 g, 50%). 1H-NMR (400 MHz, CDCl3): 8.62 

(dd, J =  5.1, 0.9 Hz, 2H), 8.14 (dd, J = 1.7, 0.9 Hz, 2H), 7.66 (dd, J = 5.1, 

1.7, 1.7 Hz, 2H), 4.24 (m, 4H), 3.98 (d, J = 14.4 Hz, 2H), 3.82 (d, J = 14.4 

Hz, 2H), 2.74-2.64 (m, 2H), 2.32 (s, 6H), 2.04-1.97 (m, 2H), 1.78 (d, J = 

8.4 Hz, 2H), 1.22 (t, J = 7.1 Hz, 6H), 1.35-1.25 (m, 2H). 

Bis-(4-hydroxymethylPy)-(1S,2S)-N1,N2-dimethylcyclohexyldiamine 

(IV.11): Diether (IV.10) (340 mg, 0.73 mmol, 1 eq.) was dissolved in 

anhydrous EtOH (20 mL) and NaBH4 (220 mg, 5.8 mmol, 8 eq.) was added 

at 0 C in three portions. The mixture was stirred for 1h at r.t. and then at 60 

°C for another hour. The mixture was allowed to reach ambient temperature 

and the reaction was quenched by acetone (15 mL). The solvent was 

removed under reduced pressure and the crude material was purified by 
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FCC (DCM, 0-15% MeOH) The product is a light-yellow foam. (0.17 g, 

60%). 1H-NMR (400 MHz, CDCl3): 8.32 (d, J = 5.1 Hz, 2H), 7.70 (s, 2H), 

7.08 (dd, J = 5.2, 1.7 Hz, 2H), 5.27 (s, 4H), 4.68-4.58 (m, 4H), 3.85-3.73 

(m, 4H), 2.66-2.56 (m, 2H), 2.30 (s, 6H), 1.97 (d, J = 12.1 Hz, 2H), 1.80-

1.72 (m, 2H), 1.46-1.05 (m, 1H). 

Bis-(4-carbonylPy)-(1S,2S)-N1,N2-dimethylcyclohexyldiamine (MCP-

CHO): Alcohol (IV.11) (320 mg, 0.32 mmol, 1 eq.) was dissolved in 

CH2Cl2 (30 mL) and the mixture was cooled to 0 °C. MnO2 (2.17 g, 24.97 

mmol, 30 eq.) was added and the cooling bath was removed. The black 

suspension was stirred for 18 h at room temperature. The suspension was 

filtered and the solvent was removed under reduced pressure. The yellow 

oil was taken up with DCM (5 mL) and filtered again. The solvent was 

removed, hexane (3 mL) was added and the solvent was removed. The 

procedure was repeated two times. The product was obtained as an orange 

oil (0.2 g, 55%). 1H NMR (400 MHz, CDCl3) δ 9.94 (s, 2H), 8.76 (d, J = 

4.9 Hz, 2H), 8.01 (s, 2H), 7.56 (d, J = 4.7 Hz, 2H), 4.03 (d, J = 14.8 Hz, 

2H), 3.89 (d, J = 14.8 Hz, 2H), 2.74 (d, J = 9.0 Hz, 2H), 2.35 (s, 6H), 2.05 

(d, J = 12.3 Hz, 2H), 1.83 (d, J = 8.7 Hz, 3H), 1.26 (td, J = 21.7, 21.0, 14.6 

Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 192.08, 150.04, 142.15, 122.06, 

119.83, 77.38, 77.06, 76.74, 64.79, 59.95, 36.83, 25.75, 25.52, 1.02 

COF-BPY-116:  The compound was synthetized following the reported 

procedure. PYTA (0.02 mmol, 11.3 mg) and 2,2'-bipyridyl-5,5'-dialdehyde 

(bpy-CHO) (0.04 mmol, 8.5 mg) linkers were placed in a Schlenk tube (10 

mL) under nitrogen, followed by adding a solution of mesitylene/dioxane/6 

M AcOH (5/5/1 by vol.; 1.1 mL). The mixture was sonicated for 10 min, 

then it was heated at 120 C for 5 days yielding an orange precipitate, which 

was isolated by filtration. The wet sample was then transferred to a Soxhlet 

extractor and thoroughly washed with THF (24 h) and acetone (24 h). The 
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powder was dried at 120 °C under vacuum overnight to give an isolated 

yield of 78%.  

COF-BPY-2:  The material was prepared in a similar way to COF-BPY-

1. PETA (0.02 mmol, 12 mg) and 2,2'-bipyridyl-5,5'-dialdehyde (bpy-

CHO) (0.04 mmol, 8.5 mg) linkers were placed in a Schlenk tube (10 mL) 

under nitrogen, followed by followed by adding a 0.7 mL of a 4:2:1 (v/v) 

mixture of mesitylene/BnOH/(aqueous 6 M AcOH). The mixture was 

sonicated for 10 min, then it was heated at 120 C for 5 days yielding an 

orange precipitate, which was isolated by filtration. The wet sample was 

then transferred to a Soxhlet extractor and thoroughly washed with THF 

(24 h) and acetone (24 h). The powder was dried at 120 °C under vacuum 

overnight to give an isolated yield of 63%.  

COF-TPY-1:  The material was prepared in a similar way to COF-BPY-

1. TAPB (0.047 mmol, 16.3 mg) and TPY-CHO (0.047 mmol, 18.3 mg) 

linkers were placed in a Schlenk tube (10 mL) under nitrogen, followed by 

adding a solution of o-DCB:n-BuOH:AcOH-6Maq (5:5:1, 2.2 mL). The 

mixture was sonicated for 10 min, then it was heated at 120 C for 5 days 

yielding an orange precipitate, which was isolated by filtration. The wet 

sample was then transferred to a Soxhlet extractor and thoroughly washed 

with THF (24 h) and acetone (24 h). The powder was dried at 120 °C under 

vacuum overnight to give an isolated yield of 85%.  

COF-TPY-2:  The material was prepared in a similar way to COF-BPY-

1. TTA (0.047 mmol, 16.5 mg) and TPY-CHO (0.047 mmol, 18.3 mg) 

linkers were placed in a Schlenk tube (10 mL) under nitrogen, followed by 

adding a solution of o-DCB:n-BuOH:AcOH-6Maq (3:7:1, 2.2 mL). The 

mixture was sonicated for 10 min, then it was heated at 120 C for 5 days 

yielding an orange precipitate, which was isolated by filtration. The wet 
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sample was then transferred to a Soxhlet extractor and thoroughly washed 

with THF (24 h) and acetone (24 h). The powder was dried at 120 °C under 

vacuum overnight to give an isolated yield of 75%.  

MCP-Polymer: MCP-CHO (0.05 mmol, 20.0 mg), TAM (0.025 mmol, 

10.0 mg) and CoCl2.6H2O (27 mg, 0.10 mmol) were placed in a Schlenk 

tube (10 mL) under nitrogen and the mixture was dissolved in n-BuOH (0.4 

mL). After 15 min, dioxane (1 mL), mesitylene (1 mL) and AcOH (6M 0.3 

mL) were added. The mixture was sonicated for 10 min, then it was heated 

at 120 C for 5 days yielding a purple precipitate, which was isolated by 

filtration. The wet sample was then transferred to a Soxhlet extractor and 

thoroughly washed with THF (24 h) and acetone (24 h). The powder was 

dried at 120 °C under vacuum overnight to give an isolated yield of 84%.  

COF-BPY-1-CoCl2: Inside a glovebox, COF-BPY-1 (60 mg) was added 

to CoCl2 (30 mg, 0.23 mmol, 2 eq.) in MeCN (7 mL), which caused the 

solid to quickly turn a darker color. After stirring overnight, the mixture 

was filtered and the solid was washed with MeCN until the washings were 

clear. The solid was dried at 80 °C under vacuum overnight to give COF-

BPY-1-CoCl2 as a dark red powder. (89%) 

COF-BPY-2-CoCl2: Inside a glovebox, COF-BPY-2 (30 mg) was added 

to CoCl2 (15 mg, 0.11 mmol, 2 eq.) in MeCN (3 mL). After stirring 

overnight, the mixture was filtered and the solid was washed with MeCN 

until the washings were clear. The solid was dried at 80 °C under vacuum 

overnight to give COF-BPY-1-CoCl2 as a brown powder. (88%) 

COF-TPY-1-Co(AcO)2: COF-TPY-1 (60 mg) was added to 

Co(AcO)2.6H2O (43 mg, 0.17 mmol, 2 eq.) in MeOH (6 mL). After stirring 

overnight, the mixture was filtered and the solid was washed with MeOH 
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until the washings were clear. The solid was dried at 80 °C under vacuum 

overnight to give COF-TPY-1-Co(AcO)2 as an orange powder. (94%) 

COF-TPY-2-Co(AcO)2: COF-TPY-2 (60 mg) was added to 

Co(AcO)2.6H2O (43 mg, 0.17 mmol, 2 eq.) in MeOH (6 mL). After stirring 

overnight, the mixture was filtered and the solid was washed with MeOH 

until the washings were clear. The solid was dried at 80 °C under vacuum 

overnight to give COF-TPY-2-Co(AcO)2 as an orange powder. (90%) 

4.4.3. PXRD of tables 4.1 and 4.2 
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Figure 4.15. PXRDs of samples obtained in table 4.1.  
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Figure 4.16. PXRDs of samples obtained in table 4.2. 
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5.1. General insight 

The hydroboration reaction is among the most widely used transformations 

for upgrading commodity alkenes and producing organoboranes. These 

products are commonly used as building blocks for cross-coupling 

reactions, and are necessary for the synthesis of biologically active 

molecules and materials.1 The reaction involves the addition of a H atom 

and a boron group across the π- system of an unsaturated substrate. 

Originally, highly reactive boranes such as diborane (B2H6) and the borane–

tetrahydrofuran complex (BH3·THF) were employed.2 Although these 

boranes could be used in hydroborations without catalyst, the products are 

extremely air sensitive and incompatible with chromatographic 

purification. Using instead dialkoxyboranes like pinacolborane (HBpin) is 

much more attractive due to the higher stability of the products. However, 

the lower reactivity of dialkoxyboranes means that catalysts are usually 

required. Thus, the development and study of new hydroboration catalysts 

is an important topic.3  

The field of hydroboration catalysis has been traditionally dominated by 

complexes based on precious metals like Ru and Ir.4,5 In this context, 

Wilkinson’s catalyst [(Ph3P)3RhCl] is one of the most well studied alkene 

hydroboration catalysts. The proposed reaction mechanism for this catalyst 

has been described as follows (Figure 5.1): the reaction starts with 

dissociation of one of the phosphine ligands followed by oxidative addition 

of the B-H bond to the coordinatively unsaturated rhodium center.3 Then, 

an alkene is coordinated and inserted into the Rh-H bond. The final 

organoboronate ester product is released after reductive elimination.   
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Figure 5.1. A proposed mechanism for the rhodium-catalyzed alkene hydroboration. 

We can highlight the work published by Miyaura and coworkers,6 in which 

an iridium (I) complex with bidentate phosphine ligands (ddpm = 

Bis(diphenylphosphino)methane or dppe = Bis(diphenylphosphino)ethane) 

was employed as a hydroboration catalyst of alkenes with HBpin. Using 

this catalytic system, they achieved high yields and selectivity in the 

hydroboration of internal or terminal aliphatic alkenes, as well as aromatic 

alkenes (Scheme 5.1).   

 

Scheme 5.1. Iridium-catalyzed hydroboration.6 
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In recent years there has been an increased interest in replacing precious 

metal catalysts with earth-abundant ones, due to their natural abundance, 

low toxicity and ready availability.7 Moreover, earth-abundant metals offer 

the opportunity to develop new reactivity and overcome limitations 

presented by precious metal complexes. In this context, several groups have 

demonstrated the capacity of cobalt complexes to catalyze the 

hydroboration of alkenes.8–16 In Scheme 5.2 is shown a list of selected 

examples of molecular Co catalysts.  

One of the earliest examples of Co-catalyzed alkene hydroboration was 

reported by Chirik and coworkers (A).16 The authors presented several 

bis(imino)pyridine cobalt methyl complexes capable of catalyzing the 

transformation of terminal or internal alkenes into terminal boronates, 

achieving high selectivity and good group tolerance. However, the large 

aryl substituents present in these complexes limited their scope, showing 

poor performance for cyclic alkenes such as cyclohexene and cyclooctene 

due to steric hinderance.7 This work was followed by a study of α-diimine 

Co catalysts (B), which present a more open coordination sphere.14 

Although these catalysts were more active towards trisubstituted substituted 

alkenes, they showed poor performance with styrenes and dienes due to the 

formation of inactive [(dippDI)Co(η6-arene)] and [(dippDI)Co(η3-allyl)] 

complexes. In order to achieve a different selectivity, Chirik employed 

[(Ph3P)3CoH(N2)] (C) as an isomerization-hydroboration catalyst.13 C can 

isomerize terminal alkenes into the thermodynamically preferred internal 

isomers, which then are transformed into internal boronate esters. Huang 

and coworkers reported an extremely active catalyst based on a Co pincer 

complex (D) that becomes active after reduction with NaBEt3H.15 The 

activated catalyst could achieve TONs as high as 19800, surpassing in 

performance even the best precious-metal catalysts. Additionally, the 
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catalytic system presented a wide scope of aromatic and aliphatic alkenes. 

Similarly, Thomas and coworkers reported a Co pincer complex (E) 

activated by a hydride (KBEt3H).8 The catalyst showed good activity but 

limited scope, moreover, it becomes deactivated by dimerization into 

[(PPP)CoH]2 species. Enantioselective hydroboration catalysis has also 

attracted great attention. For examples, Lu and coworkers developed a 

chiral Co complex (F) that could perform asymmetric 

isomerization/hydroboration transformations from terminal alkenes into 

internal boronate esters with excellent values of enantiomeric excess.9  

 

Scheme 5.2. Selected examples of molecular Co hydroboration catalysts.8–16 
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Regarding the mechanism of base-metal-catalyzed alkene hydroborations, 

Fout and coworkers studied a Co(N2) catalyst (H) and proposed a 

mechanism analogous to the one shown in Figure 5.1: oxidative addition of 

HBpin to Co is followed by insertion of an alkene into the Co-H bond, 

finishing with reductive elimination of the alkyl boronate ester.11 Chirik and 

coworkers proposed a slightly different mechanism for the hydroboration 

of internal alkenes with [(PDI)Co(CH3)] complexes (Figure 5.2).16  Entry 

into the catalytic cycle starts with a reaction between the Co-Me complex 

and HBpin to generate a Co-H complex. Then, an internal alkene is inserted 

into the Co-H bond, followed by a chain-walking process through rapid β-

hydrogen elimination−olefin reinsertion steps. One Co is coordinated to the 

terminal position of the chain, it generates the alkyl boronate ester by 

reaction with HBpin through σ-bond metathesis or through oxidative 

addition followed by reductive elimination. 

 

Figure 5.2. Proposed mechanism for Co-catalyzed hydroboration of internal alkenes.16   
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Apart from cobalt, other earth-abundant metal complexes including 

copper,17–20 manganese,21–24 and iron12,23,25–31 have shown promising results 

as alkene hydroboration catalysts. In particular, [(ArPDI)Fe(N2)] complexes 

are highly active and can transform internal alkenes into terminal boronate 

esters, but the complexes have yet to find practical use owing to air 

sensitivity and challenging syntheses.7 

The low oxidation state metal centers required for this type of reactivity are 

usually susceptible to catalyst deactivation pathways via bimolecular 

dimerization, disproportionation, and aggregation processes.32–35 A clear 

example of this behavior was shown by Wang and coworkers, who reported 

a ligand-free cobalt hydroboration catalytic system (Scheme 5.3).36 The 

authors employed an active cobalt species generated in situ by reaction with 

a boron ‘ate’ reductive species,23 and obtained good yields in the 

hydroboration of aromatic alkenes. However, due to the lack of steric 

protection, the catalyst deactivated in the first few minutes of the reaction 

by aggregation into larger nanoparticles, thus limiting the potential of the 

catalytic system. 

 

Scheme 5.3. Ligand-free alkene hydroboration cobalt catalysis.36  

Intermolecular deactivation processes like the one shown previously can be 

minimized by employing bulky ligands. Indeed, many of the complexes 

presented in Scheme 5.2 contain bulky substituents for this purpose. 

However, their production generally requires multiple steps in elaborated 

synthetic processes, and the added steric hindrance to minimize the 

decomposition pathways can also turn into unfavorable steric hindrance 
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with the substrates.37–44 A potential solution for stabilizing low coordinated 

metal complexes with a low oxidation state without hampering their 

reactivity is to isolate them in solid matrices. In this case, the metal centers 

behave like single catalytic sites that do not require steric protection while 

maintaining low coordination indexes and thus enhancing their reactivity. 

Additionally, heterogenization of the catalysts could facilitate recovery and 

recycling of the materials, since homogeneous catalysts are challenging to 

recycle.45  

Following this strategy, Lin and coworkers have developed a series of 

single-site catalysts by isolating metal centers within MOFs. The catalysts 

developed this way could outperform their homogeneous counterparts in 

terms of catalyst stability, catalytic activity, recyclability and reusability.46 

Among these catalysts, Lin reported a series of MOFs with bipyridine or 

phenantroline groups capable of stabilizing reduced cobalt species (Figure 

5.3a).47 The MOFs could be used as catalysts for different reactions, 

including the hydroboration of alkenes, producing excellent TONs thanks 

to the isolated nature of the catalytic centers. Similarly, Manna and 

coworkers reported a phosphine MOF-supported cobalt catalyst for alkene 

hydroborations and arene borylations (Figure 5.3b).48 However, the alkene 

scope presented for both MOF catalysts was limited.  
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Figure 5.3. MOF-based single-site alkene hydroboration Co catalysts. Reproduced with 

permission.47,48 Copyright 2016, American Chemical Society. 

Despite the great potential shown by these systems, there are few examples 

of this strategy being expanded to other materials in order to obtain alkene 

hydroboration catalysts. Sawamura employed a polystyrene-cross-linking 

bisphosphine coordinated with Co or Cu (Figure 5.4a) to hydroborate 

alkenes in good yields, showing a superior performance to homogeneous 

analogs.49 S.Zheng reported a cobalt terpyridine 1D coordination polymer 

(Figure 5.4b) that could achieve excellent TOFs in the markovnikov-

selective hydroboration of aromatic alkenes.50 Even so, recyclability was a 

limitation in both cases.  

a) 

b) 
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Figure 5.4. Materials used as single-site alkene hydroboration catalysts.49,50 

We hypothesized that covalent organic frameworks (COFs), owing to their 

well-defined structure, high porosity, stability, and tunable properties,51–53 

could also support single-site reduced metal catalysts. However, in most 

2D-COFs, the stacked layered structure locates metal centers of adjacent 

layers close enough to engage in interactions, opening potential 

decomposition pathways. In this line, our group has previously studied a 

2D bipyridine COF, showing that the M-M interactions between 

immobilized {Mn(CO)3Br} centers were prevented by the mechanical 

constrains imposed by the framework.54 Therefore, we envision that COFs 

could be used to design efficient catalysts based on cobalt for the 

hydroboration of alkenes, a known reaction that requires cobalt centers in 

low oxidation states that are difficult to stabilize against bimolecular 

decomposition processes.7 

5.2. Results and Discussion 

5.2.1. Hydroboration catalysis with cobalt bipyridine COFs 

To study the catalytic activity of the bipyridine COFs obtained in the 

section 4.2.1 of chapter 4, we selected the hydroboration of 1-octene (V.1a) 

with pinacolborane (HBpin) as a model reaction (Table 5.1). The anti-

Markovnikov product V.2a was obtained in low yield when using 1 mol% 

of COF-BPY-1-CoCl2 or COF-BPY-2-CoCl2 in THF (Table 5.1, entries 

1-2). To improve this result, different additives were added to the reaction 

a) b) 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

202 

 

medium (Table 5.1, entries 3-7). The expected role of these additives is to 

reduce the cobalt catalyst in order to form in-situ low-valent cobalt species 

which are much more reactive in catalysis. A clear increase in the reactivity 

was observed when using NaBEt3H, MeMgCl or sodium naphthalenide as 

reductants. Notably, the reactions presented very high conversions because 

a large portion of the substrate had been isomerized into a mixture of octene 

isomers that were detected as byproducts by GC-MS. 

Table 5.1. Additive screening for the hydroboration of V.1a. 

 

Entry 
Catalyst 

(mol%) 
Additive Solvent Conversion (%) Yield (%) 

1 
COF-BPY-1-
CoCl2 (1%) 

- THF 12 7 

2 
COF-BPY-2-

CoCl2 (1%) 
- THF 10 2 

3 COF-BPY-1-

CoCl2 (1%) 
NaBEt3H THF 87 25 

4 COF-BPY-2-

CoCl2 (1%) 
NaBEt3H THF 78 15 

5 COF-BPY-1-
CoCl2 (1%) 

MeMgCl THF 89 19 

6 COF-BPY-1-

CoCl2 (1%) 

Sodium 

naphtalenide 
THF 90 18 

7 COF-BPY-1-
CoCl2 (1%) 

t-BuOK THF 20 6 

General reaction conditions: V.1a (0.2 M), HBpin (0.24 M), COF-BPY-1-CoCl2 or COF-

BPY-2-CoCl2 (1 mol% [Co]), additive (10 mol%), THF, 25 °C for 24 h. Conversion and 

yield were determined by GC using biphenyl as an internal standard.  

Since the best results in catalysis were obtained using NaBEt3H as additive, 

we wanted to isolate the reduced catalyst species that was being formed. To 

accomplish this, a mixture of COF-BPY-1-CoCl2 and NaBEt3H (10 eq.) in 

THF was stirred for 1 h. The resulting solid was filtered and washed with 

THF, followed by drying under vacuum to produce COF-BPY-1-Co as a 

black powder. We propose that a bis-cobalt hydride intermediate is being 

formed when COF-BPY-1-CoCl2 reacts with NaBEt3H, which quickly 

undergoes reductive elimination to form COF-BPY-1-Co as cobalt species 
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in a formal oxidation state zero (Scheme 5.4). This reduced cobalt species 

is studied in section 5.2.4 of this chapter. 

 

Scheme 5.4. Reduction of COF-BPY-CoCl2 with NaBEt3H. 

For the next experiments COF-BPY-1-Co was used as catalyst instead of 

generating it in-situ, as this produces slightly better yields (Table 5.2). After 

testing several solvents, we observed a significant yield increase by 

performing the reaction without solvent, in a neat mixture of 1-

octene:HBpin (1:1.2), producing V.2a in 76% yield (Table 5.2, entry 6). In 

contrast, only 21% yield was obtained when using COF-BPY-2-Co instead 

of COF-BPY-1-Co (Table 5.2, entry 7). This large difference in reactivity 

could be rationalized by the superior porosity and crystallinity of COF-

BPY-1-CoCl2.  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

204 

 

Table 5.2. Solvent screening for the hydroboration of V.1a. 

 

Entry 
Catalyst 

(mol%) 
Additive Solvent Conversion (%) Yield (%) 

1 
COF-BPY-1-
CoCl2 (1%) 

NaBEt3H THF 87 25 

2 
COF-BPY-1-

Co (1%) 
- THF 100 34 

3 COF-BPY-1-
Co (1%) 

- DCM 40 8 

4 COF-BPY-1-

Co (1%) 
- Toluene 70 14 

5 COF-BPY-1-
Co (1%) 

- MeCN 34 10 

6 COF-BPY-1-

Co (1%) 
- 

Neat 

substrate 
100 76 

7 COF-BPY-2-
Co (1%) 

- 
Neat 

substrate 
74 19 

General reaction conditions: V.1a (0.2 M), HBpin (0.24 M), catalyst (1 mol% [Co]), solvent, 

25 °C for 24 h. Conversion and yield were determined by GC using biphenyl as an internal 

standard.  

Further screening of conditions was performed by increasing the catalyst 

loading, the temperature, or the number of equivalents of HBpin, however, 

no significant increase in the yield of the reaction was observed (Table 5.3). 

After these screenings of variables, we define COF-BPY-1-Co (1 mol% 

[Co]), V.1a (neat), HBpin (neat, 1.2 eq.), 25 °C, for 24 h, as the optimal 

conditions for the model reaction.  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

205 

 

Table 5.3. Screening for the hydroboration of V.1a with COF-BPY-1-Co under neat 

conditions. 

 

Entry 
Catalyst 

(mol%) 
 Nº equiv. HBpin Temp. (°C) Conv. (%) Yield (%) 

1 
COF-BPY-1-

Co (0.5%) 

1.2 
25 

100 69 

2 
COF-BPY-1-

Co (1%) 
1.2 25 100 74 

3 COF-BPY-1-

Co (2%) 

1.2 25 100 78 

4 COF-BPY-1-
Co (1%) 

1.2 35 100 74 

5 COF-BPY-1-

Co (1%) 
1.2 

50 100 79 

6 COF-BPY-1-
Co (1%) 

1 
25 100 70 

7 COF-BPY-1-

Co (1%) 
1.5 

25 100 75 

General reaction conditions: V.1a (0.25 mmol), HBpin (0.3 mmol), COF-BPY-1-Co (2 mg, 

1 mol% [Co]), 25 °C for 24 h. Conversion and yield were determined by GC using biphenyl 

as an internal standard.  

Next, we compared the catalytic activity of COF-BPY-1-Co and molecular 

complexes (Table 5.4). Cobalt chloride complexes formed with 2,2-

bipyridine, 6,6-dimethyl-2,2-bipyridine or 2,2-bipyridine-5,5-

dicarbaldehyde produced very low yields, even after activation with 

NaBEt3H (Table 5.4, entries 6-8). The poor activity of these catalysts has 

been previously attributed to the low stability of the reduced cobalt 

bipyridine complexes, which quickly undergo ligand disproportionation to 

produce bis-bipyridine cobalt complexes and metal nanoparticles.47 Based 

on these results, we can rationalize that the site-isolation of the cobalt sites 

within COF-BPY-1-Co prevents this type of intermolecular deactivation 

from happening, leading to a superior performance in catalysis relative to 

the homogeneous analogs. 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

206 

 

Table 5.4. Catalyst comparison. 

Entry Catalyst %Yield (Conv.) 

1 COF-BPY-1-Co 77 (100) 

2 (bpy)CoCl2 0 (3) 

3 (BPY-DCA)CoCl2 0 (4) 

4 (Me2bpy)CoCl2 0 (5) 

5 CoCl2 1 (6) 

6 (bpy)CoCl2 + NaBEt3H 11 (100) 

7 (BPY-DCA)CoCl2 + NaBEt3H 5 (71) 

8 (Me2bpy)CoCl2 + NaBEt3H 13 (100) 

9 CoCl2 + NaBEt3H 7 (72) 

10 NaBEt3H 4 (16) 

11 COF-BPY-1 0 (5) 
General reaction conditions: V.1a (0.25 mmol), HBpin (0.3 mmol), 1 mol% catalyst, 25 °C 

for 24 h. Conversion and yield were determined by GC using biphenyl as an internal 

standard.  

In order to test the possible catalytic activity of nanoparticles trapped inside 

COF-BPY-1-Co, control experiments were performed with cobalt 

nanoparticles trapped inside COF Py-1P,55 which has a similar structure to 

COF-BPY-1 but it does not contain bipyridine groups (Figure 5.5). Since 

this COF has no ligands to coordinate strongly to the cobalt ions, any cobalt 

present inside the material during the reduction could agglomerate into 

nanoparticles. To form the trapped nanoparticles, COF Py-1P was soaked 

in a THF solution of CoCl2. After stirring for 1h, NaBEt3H was added to 

the mixture. The nanoparticles formed in the COF could be seen by TEM 

(Figure 5.5). This mixture of COF and nanoparticles produced a very low 

yield (13%) when used as catalysts for the hydroboration of V.1a. 

Assuming that trapped nanoparticles in COF Py-1P and COF-BPY-1-Co 

behave similarly, then the results suggest that trapped nanoparticles could 

only have a small contribution to the catalytic activity of COF-BPY-1-Co. 
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Figure 5.5. Schematic representation of COF-Py1P (left), TEM image of nanoparticles 

formed from the reduction of COF-Py1P+CoCl2 (right). 

The catalysis of V.1a with COF-BPY-1-Co was monitored over time to 

gain insight into the formation of V.2a and the byproducts over time (Figure 

5.6). Interestingly, during the first 3 min of the reaction, a quick 

isomerization of 1-octene into Z-2-octene and E-2-octene was observed, 

followed by isomerization to more internal olefins (Scheme 5.5). Despite 

the great abundance of internal alkenes over terminal ones, the 

hydroboration was mostly selective towards terminal alkenes, occurring in 

only 10% of the internal alkenes. By the end of the reaction, almost all 

internal alkenes had been consumed by walk-chain isomerization back into 

1-octene. A minor product from alkene hydrogenation (14%) was also 

detected. Based on these results, it should be possible to obtain terminal 

alkyl boronates starting from internal alkenes thanks to the isomerization 

reaction.  
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Figure 5.6. a) Yield for the byproducts of catalysis with V.1a over time, b) yield for V.2a 

and conversion of V.1a over time. 

 

Scheme 5.5. Isomerization-hydroboration of 1-octene. 

To understand better the possible low coordinated nature of the active sites 

in the COFs, we added increasing amounts of bipyridine in solution (0.1 to 

1 eq.) to a catalytic mixture with preformed COF-BPY-1-Co (Figure 5.7). 

Interestingly, we observed a gradual decrease in yield from 76% to 11% for 

V.2a. We rationalized that the most active catalytic species in COF-BPY-

1-Co should be unsaturated cobalt centers, which are inhibited by a second 

bpy coordination. No leaching from bpyCo species was detected by ICP-

OES. 
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Figure 5.7. Proposed coordination of bipyridine to COF-BPY-1-Co (left). Yield of V.2a 

for catalysis in the presence of bipyridine (right). Number of equivalents relative to cobalt. 

Reaction conditions: 0.25 mmol V.1a, 0.3 mmol HBpin, COF-BPY-1-Co (1% Co), 

bipyridine, 24 h, 25 °C, under N2. 

5.2.2. Alkene substrate scope 

Next, we explored the capacity of COF-BPY-1-Co to hydroborate different 

alkenes (Table 5.5). Good to excellent yields were obtained for simple 

terminal alkenes (V.1a-V.1c). Thanks to the isomerization process 

observed previously, terminal alkyl boronates V.2d and V.2e were obtained 

in good yields starting from internal alkenes V.1d and V.1e. This type of 

remote functionalization is potentially useful for obtaining single products 

starting from olefin mixtures such as the ones obtained by cracking 

processes.56,57 Despite being internal alkenes, cyclic substrates V.1f and 

V.1g underwent hydroboration with excellent yields. On the other hand, 

substrates with functional groups such as chloride (V.1h), silyl ether (V.1i) 

or epoxide (V.1j) were hydroborated with moderate to low yields. Aromatic 

olefins such as styrene (V.1k) also underwent hydroboration, but the 

reaction had poor selectivity with a 30:70 ratio of linear to branched product 

(l:b). Unprotected alcohols and carbonyls (Table 5.5, entries 12-14) were 

not compatible with the catalyst, since only traces of the boronated products 

were detected.  
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Table 5.5. Hydroboration of terminal and internal alkenes with COF-BPY-1-Co.[a] 

 

Entry Alkene Product 
Yield[b] 

(V.2) (%) l:b[c] 

1   69 (V.2a) 90:10 

2 
  

95 (V.2b) 99:1 

3 
  

77 (V.2c) 85:15 

4   62 (V.2d) 81:19 

5   60 (V.2e) 85:15 

6   
77 (V.2f) - 

7 
  

90 (V.2g) - 

8   63[d] (V.2h) 94:6 

9   51[d] (V.2i) 98:2 

10 
  

25 (V.2j) 92:8 

11   
49[e] (V.2k) 30:70 

12  - - - 

13  - - - 

14 
 

- - - 

[a]Reaction conditions: alkene (0.25 mmol), HBpin (38.4 mg, 0.3 mmol), COF-BPY-1-Co 

(2 mg, 2.5 µmol), 24 h, 25 °C, under N2. [b] Yield of products isolated by silica gel column 

chromatography. [c] Linear to branched product ratio (l:b) determined by GC. [d] Reaction 

time increased to 48 h. [e] Total yield of both hydroboration products determined by 1H-NMR 
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5.2.3. Catalyst recyclability 

Recyclability experiments of COF-BPY-1-Co were conducted by 

separating the catalyst from the reaction medium through centrifugation, 

followed by washing, and then re-employing it for the hydroboration of 

V.1a. The catalyst showed good recyclability up to six times without losing 

activity or selectivity (Figure 5.8). Additionally, the catalyst did not suffer 

from leaching, as an ICP-OES analysis of the filtered organic phase did not 

show detectable cobalt traces (<0.005 mg/mL). TEM and SEM images of 

the material recovered from catalysis did not show changes compared to the 

pristine COF (Figure 5.9). 
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Figure 5.8.  Yield and conversion determined by GC for catalysis with recycled COF-BPY-

1-Co. Reaction conditions: 0.25 mmol V.1a, 0.3 mmol HBpin, 1% Co, 24 h, 25 °C, under 

N2. 
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Figure 5.9. a) TEM image of pristine COF-BPY-1-Co, b) TEM image of COF-BPY-1-Co 

after catalysis, c) SEM image of pristine COF-BPY-1-Co, d) SEM image of COF-BPY-1-

Co after catalysis. 

5.2.4. Study of the COF-BPY-1-Co reduced species 

The reduction of COF-BPY-1-CoCl2 was investigated to understand the 

nature of the catalytic species better. First, gas chromatography (GC) 

analysis of the reaction headspace of COF-BPY-1-CoCl2 with NaBEt3H 

revealed the formation of ca. 1 eq. of H2 versus cobalt centers in the COF. 

A metal reduction by a hydride source with concomitant formation of 1 eq. 

H2 is typically interpreted as a two-electron reduction process due to a bis-

hydride reductive elimination reaction.47,58 As mentioned previously, this 

suggests that a bis-cobalt hydride intermediate is being formed when COF-

BPY-1-CoCl2 reacts with NaBEt3H, which quickly undergoes reductive 

elimination to form a cobalt species in a formal oxidation state zero 

(Scheme 5.6). 

a) b) 

c) d) 
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Scheme 5.6. Reduction of COF-BPY-1-CoCl2 with NaBEt3H 

Monitoring the reduction process by UV-vis showed a gradual decrease in 

the absorption band at 650 nm assigned to the consumption of the initial 

cobalt species, along with the growth of a new band at 950 nm assigned to 

the new reduced cobalt species47 (Figure 5.10). 

 

Figure 5.10. UV-vis monitoring of a suspension of COF-BPY-1-CoCl2 in THF (28 µg/ml) 

over 15 minutes after addition of NaBEt3H (6 equivalents). Over time the band at 650 nm 

decreases in intensity and the band at 950 nm increases in intensity. 

FTIR analysis showed that the imine bonds of COF-BPY-1 are being 

reduced to amines during the reaction with NaBEt3H, since the 

characteristic imine band at 1626 cm-1 disappears (Figure 5.11a). The 

reduction of the COF also leads to the disappearance of the PXRD peaks 

(Figure 5.11b). This loss of crystallinity has been previously reported for 
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imine COFs, where the reduction of the imines leads to a disordered 

structure, while the connectivity of the material remains intact.59,60 

Although this loss of crystallinity complicates the study of the structure 

after reduction of the framework, it does not appear to hamper the catalytic 

activity of the material, as it remains active through several catalytic runs.  
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Figure 5.11. a) FT-IR and b) PXRD spectrum of COF-BPY-1 reduced by NaBEt3H. 

EXAFS studies were conducted on COF-BPY-1-CoCl2 and the reference 

complex Co(Me2bpy)Cl2, before and after reduction, to gain insights into 

the coordination environment of the Co center (Figure 5.12). 

Co(Me2bpy)Cl2 undergoes ligand disproportionation after being reduced, 

producing a reduced bis-bipyridine complex Co(Me2bpy)2 and cobalt 

nanoparticles (Scheme 5.7).47  

In contrast to Co(Me2bpy)Cl2, which shows an intense pre-edge feature at 

7710.3 eV consistent with a coordinate tetrahedral environment, COF-

BPY-1-CoCl2 has a very weak pre-edge indicating a centrosymmetric 

environment (Figure 5.12a, Figure 5.13, Table 5.7). A lack of a shoulder on 

the rising edge together with the EXAFS analysis indicates a pseudo-

octahedral environment dominated by N/O scattering atoms. Nevertheless, 

EXAFS analysis indicates the coordination of the bpy ligand to the Co 

center in the COF, as highlighted both by EXAFS fitting as well as the 
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feature at 3.5 A in r-space with a maximum 4.5 A-1 in k-space, clearly 

visible both in Co(Me2bpy)Cl2 and the reduced analog Co(Me2bpy)2 (Figure 

5.12c). These results are consistent with the presence of 

{[(bpy)Co(MeCN)4]Cl2} metal sites in COF-BPY-1-CoCl2. Upon 

reduction, COF-BPY-1-CoCl2 undergoes a coordination environment 

change, resulting in a similar profile to Co(Me2bpy)2, having a 4 coordinate 

first coordination sphere dominated by N/O scattering atoms. In addition, 

the XANES spectra is comparable to the previously reported 4 coordinate 

MOF-bpy based Co encapsulated centers with two coordinating THF 

solvent molecules.
47 Based on these results, we propose that 

{(bpy)Co(THF)2} is the main metallic species present in COF-BPY-1-Co. 

 

Figure 5.12. (a) XANES region XAS spectra highlighting the rising edges, with inset 

showing the pre-edge region due to 1s→3d transitions; (b) Fourier transformed (FT) EXAFS 

spectra; (c) Cauchy wavelet transform of EXAFS spectra highlighting signal dependence on 

both r- and k- space. 
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Scheme 5.7. Reduction of the Co(Me2bpy)Cl2 reference complex into Co(Me2bpy)2. 

Table 5.6. Co K-edge XAS samples and spectral parameters (1s→3d refers to the pre-edge 

transitions; E0
1/2 is the rising edge energy at half intensity, E0’ is the rising edge energy at 

the inflection point of the first derivative). 

 

 

Figure 5.13. Pre-edge fits for Co(Me2bpy)Cl2, COF-BPY-1-CoCl2, and Co(Me2bpy)2. 

Table 5.7. k3-weighted fits carried out in r-space using a Hanning window (dk 1), and an S0 

= 0.9 was chosen. Bond distances and disorder parameters (reff and 2) were allowed to 

float having initial values of 0.0 Å and 0.003 Å2 respectively, with a universal E0 and E0 = 

0 eV. Plots of fits are presented below. 
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Figure 5.14. R-space and k-space of data (green) and fits (black) for samples from Table 

5.7.  

From the EXAFS results, it is evident in both, in the case of Co(Me2bpy)2 

and the reduced COF-BPY-1-Co that the formation of small nanoparticles 

in minor amounts is present upon reduction. Based on EXAFS fitting, Co-

Co scattering coordinations of 0.3 and 1.1 for Co(Me2bpy)2, and COF-BPY-

1-Co, respectively, are observed at 2.47 Å (Table 5.7), which is consistent 

with the presence of a minor amount of disordered Co nanoparticles. XPS 

characterization of COF-BPY-1-Co showed no clear spectral signal for 
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metallic Co (Figure 5.15). However, there is a significant increase in the 

signal width compared to the pristine sample COF-BPY-1-CoCl2. 

Therefore, a small contribution from metallic cobalt could be fitted in the 

spectrum of COF-BPY-1-Co. The distribution of cobalt in COF-BPY-1-

Co determined by STEM-HAADF could also be consistent with the 

presence of small quantity agglomerated cobalt and cobalt single sites 

(Figure 5.16). We interpreted that the formation of a small number of 

nanoparticles is facilitated by the high cobalt loading in the COF, but 

without essential consequences for the outcome of the catalytic 

experiments. Indeed, blank experiments suggested that cobalt nanoparticles 

in a COF (Section 5.2.1) lead to poor catalytic performances. Therefore, the 

catalytically active sites should be the cobalt bipyridine single-sites 

{(bpy)Co(THF)2}. 
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Figure 5.15. XPS of COF-BPY-1-CoCl2 and COF-BPY-1-Co. 
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Figure 5.16. STEM HAADF images and EDX elemental mapping of COF-BPY-1-Co.  

5.2.5. Mechanistic studies 

To gain insight into the reaction mechanism, labeling studies were 

performed with deuterated DBpin (Scheme 5.8). V.1b was used as the first 

substrate for these studies since the cyclohexyl group hinders the 

isomerization, which simplifies the analysis of the results. 2H-NMR 

analysis of the products established partial incorporation of deuterium at 

the 1- and 2-positions in 27% and 66%, respectively, due to 2,1- and 1,2-

insertions. The overwhelming selectivity for the linear borane product over 

the branched one (99:1) suggests that although the 2,1-insertion happens 

about 1/4 of the time (27% D incorporation), it is not a productive pathway 

to form the borane product. Moreover, repeating the experiment with the 

linear substrate V.1a established partial deuterium incorporation along the 

alkyl chain, indicating that a chain walking process occurred.  
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Scheme 5.8. Deuterium-labeled experiments. 

 

Figure 5.17. 1H-NMR of V.2b and 2H-NMR of labeled V.2b. 
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Figure 5.18. 1H-NMR of V.2a and 2H-NMR of labeled V.2a. 

The empirical rate law of the reaction for HBpin, V.1b and COF-BPY-1-

Co was determined by kinetic studies (Figure 5.19). Plots of initial rates 

versus catalyst concentration showed a first-order rate dependence (1.22), 

while the rate dependence for V.1b and HBpin was close to zero-order (0.25 

and 0.24, respectively). The almost independent reaction order versus V.1b 

and HBpin may imply that potential pre-equilibrium processes between 

COF-BPY-1-Co single sites and V.1b and HBpin are shifted towards a 

{Co(V.1b)(HBpin)} intermediate species, and then becoming their 

concentrations kinetically not relevant. We hypothesize that the high 

concentrations of substrate employed could be saturating the catalytic 

centers, or that the COF is helping to pre-concentrate the substrate in their 

pores, increasing the local substrate concentration in the neighborhood of 

the cobalt centers, shifting the pre-equilibrium coordination to the products.  
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Initial rates: order in HBpin 

   

Initial rates: order in V.1b 

 

Initial rates: order in COF-BPY-1-Co 

 

Figure 5.19. Determination of order in substrates and catalyst by the initial rates method for 

the hydroboration of 1b with HBpin using COF-BPY-1-Co as catalyst in THF. 

5.2.6. Computational studies 

Density functional theory (DFT) simulations were performed to propose a 

feasible reaction mechanism for the single-site Co-catalyzed hydroboration 

of alkenes. All calculations were carried out with the M06-L61 density 

functional as implemented in Gaussian 16.62 A cluster model comprised of 
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bipyridine with methyl-aniline groups (to account for imine reduction under 

experimental conditions) was employed to simulate the COF material. 

HBpin and 1-pentene were used as reactants. All structures can be freely 

consulted through the ioChem-BD platform63 in the following link.64 Full 

computational methods are detailed in Section 5.3.4.  

We first study the electronic structure of COF-BPY-1-Co models with a 

formal Co(0) center in doublet and quartet spin states, namely 3. The 

resulting structures and spin densities of the metal (Co) and the bpy-derived 

ligand (L) are shown in Figure 5.20. For the quartet, there are two unpaired 

e− on Co and one unpaired e− on L. Similarly, for the doublet, two unpaired 

e− are present on Co and one unpaired e− is placed antiferromagnetically on 

L (broken symmetry solution). Overall, these models indicate a Co(I) center 

bound to a non-innocent COF fragment. Although spin state energetics are 

sensitive to the density functional (Table 5.8), previous studies 

demonstrated that M06-L is suitable for first-row transition metals,65 

including bpy complexes66 and neutral low-valent species with non-

innocent ligands.67 Thus, we continue the mechanistic study at this level of 

theory. 

 

Figure 5.20. Spin density surfaces (isovalue = 0.004) of 3 for quartet and doublet spin states; 

up (blue) and down (green). 

3 (doublet)

ρ(Co) = 1.9

ρ(L) = −0.9

3 (quartet)

ρ(Co) = 2.0

ρ(L) = −1.0

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

224 

 

Table 5.8. Spin-state energetics and spin densities for species 3 according to different 

density functionals. 

Species 3 quartet doublet 

Density 

functional 

ΔG / kcal 

mol−1 

ρ(Co)|ρ(L) 

/ a.u. 

ΔG / kcal 

mol−1 

ρ(Co) | ρ(L) 

/ a.u. 

PBE-D3 0.0 2.4 | 0.6 −5.0 1.5 | −0.5 

PBE0-D3 0.0 2.0 | 1.0 5.8 1.9 | −0.9 

B3LYP-D3 0.0 2.0 | 1.0 3.6 1.8 | −0.8 

M06-L 0.0 2.0 | 1.0 1.4 1.9 | −0.9 

M06 0.0 2.0 | 1.0 5.1 1.8 | −0.8 

The computed reaction mechanism and Gibbs energies are shown in Figure 

5.21. Considering the previous kinetic studies, we start with a Co center 

bound to HBpin and 1-pentene, as in species 4. The doublet exhibits a 

square-pyramidal structure and is taken as zero of energies. The quartet spin 

state spontaneously dissociates HBpin, thus from now on all intermediates 

and transition states correspond to the doublet. The first step concerns an 

oxidative boryl migration68 via TS4 (22.2 kcal/mol) to form the terminal 

boryl-alkyl complex 5 (anti-Markovnikov product) with H in apical 

position. The isomeric process giving rise to an internal boryl-alkyl 

intermediate (Markovnikov product) via TS4a (23.4 kcal/mol) is slightly 

higher in energy, which is in line with the l:b ratio reported experimentally 

(Table 2, 90:10 for 1-octene and 85:15 for 4-methyl-1-pentene). Alternative 

pathways involving oxidative hydrogen migrations are also higher in 

energy (Figure 5.22). Then species 5, which is very transient, quickly 

isomerizes via TS5 (20.9 kcal/mol) to the more stable intermediate 6 with 

H in equatorial position. The subsequent reductive elimination occurs easily 

via TS6 (16.2 kcal/mol). Finally, the product releases and the new reactants 

coordinate to Co through an exoergic process. Overall, the rate-determining 

step corresponds to the oxidative boryl migration and demands 22.2 

kcal/mol.  
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Figure 5.21. Computed reaction mechanism for the Co-catalyzed hydroboration of 1-

pentene with HBpin ([B] = Bpin). Gibbs energies in kcal/mol. 

 

Figure 5.22. Transition states for oxidative hydrogen migration processes. Gibbs energies 

in kcal/mol.  

Regarding oxidation states, it is quite challenging to unequivocally assign 

them in such complex systems.  By inspecting relative spin density trends, 

we propose that: (i) the oxidative boryl migration provokes a 1-e− oxidation 

of Co and 1-e− oxidation of L; (ii) the isomerization involves a 1-e− transfer 

from Co to L; (iii) the reductive elimination induces a 1-e− reduction of Co 

and 1-e− reduction of L; and (iv) the regeneration via reactants coordination 

triggers a 1-e− transfer from L to Co. These data suggest that the reaction 

occurs through a series of 1-e− processes assisted by the non-innocent COF. 

5.2.7. Modification of the reactivity by a second ligand 

coordination. 

The experiments shown in Figure 5.7 suggested that it could be possible to 

coordinate a second ligand to COF-BPY-1-Co in order to change the 

catalytic activity of the material. The idea of adding in solution a ligand to 

an unsaturated metal in a MCOF is quite interesting, since it would allow 

to modify easily the coordination environment without having to perform 
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changes in the structure of the COF. To explore this idea further, COF-

BPY-1-Co was mixed with different ligands and then it was used in 

catalysis. The hydrosilylation of styrene (V.3a) with SiH2Ph2 was selected 

as the model reaction for this catalysis, in order to observe the effect of 

different ligands over the selectivity of the linear vs branched products. To 

prevent saturation of the cobalt centers, only monodentate ligands were 

selected for the screening (Table 5.9). 

The reaction catalyzed by COF-BPY-1-Co without any added ligands 

resulted in approximately a 1:1 ratio of linear (V.4a) to branched (V.5a) 

products plus a small amount of dehydrogenative silylation product (V.6a) 

(Table 5.9, entry 1). The addition of different ligands had a strong effect 

over the selectivity of the reaction, however the yields were too low (less 

than 10%) for each product (Entries 2-9). To try to improve these results, 

further screening was performed by changing the metal from Co to Ni. 

COF-BPY-1-Ni was prepared and reduced following the same procedure 

as COF-BPY-1-Co but using NiCl2 as metal salt instead (9.2 wt% Ni for 

COF-BPY-1-NiCl2). The use of COF-BPY-1-Ni as catalyst resulted in 

approximately a 1:2 ratio of V.4a to V.5a. Surprisingly, addition of PPh3 as 

a ligand had a drastic effect on the reactivity of the catalyst, producing V.4a 

in 54% yield with a ~8:1 ratio of V.4a to V.5a (Entry 11). After increasing 

the catalyst loading, V.4a was obtained with 86% yield and 89% selectivity 

using COF-BPY-1-Ni (2 mol%) and PPh3 (2.4 mol%) as catalyst. 
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Table 5.9. Ligand screening for the hydrosilylation of V.3a. 

 

Entry Catalyst Ligand 
Yield% 

V.4a 

Yield% 

V.5a 

Yield% 

V.6a 

1 COF-BPY-1-Co - 11 10 2 

2 COF-BPY-1-Co 

 

3 1 2 

3 COF-BPY-1-Co 

 

6 4 5 

4 COF-BPY-1-Co 

 

0 0 0 

5 COF-BPY-1-Co 
 

0 0 0 

6 COF-BPY-1-Co 

 

6 3 3 

7 COF-BPY-1-Co 

 

9 3 4 

8 COF-BPY-1-Co 
 

6 3 4 

9 COF-BPY-1-Co 

 

5 4 4 

      

10 COF-BPY-1-Ni - 6 10 0 

11 COF-BPY-1-Ni 

 

54 7 1 

12 COF-BPY-1-Ni 

 

5 9 0 

13 COF-BPY-1-Ni 

 

5 8 1 

14 COF-BPY-1-Ni 
 

3 7 0 
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15 COF-BPY-1-Ni 

 

4 2 0 

16 COF-BPY-1-Ni 

 

3 1 0 

17 COF-BPY-1-Ni 

 

7 9 0 

18 COF-BPY-1-Ni 

 

2 1 0 

Reaction conditions: V.3a (0.1 mmol, 1M), SiPh2H2 (0.11 mmol), COF-BPY-1-Co or 

COF-BPY-1-Ni (1 µmol), ligand (1 µmol), THF, 24 h, 25 °C, under N2. Yield of products 

determined by GC. 

Encouraged by the previous results, we used the COF-BPY-1-Ni/PPh3 

system for the hydrosilylation of a variety of aliphatic and aromatic alkenes 

(Table 5.10). Aromatic alkenes (V.3a-3f) underwent hydrosilylation with 

moderate to excellent yields and good selectivity, with a linear to branched 

ratio for all aromatic products of more than 9:1. For aliphatic alkenes (V.3g-

3n) good to excellent yields were obtained for the linear products. The 

system also showed excellent selectivity, with no branched products 

detected. Interestingly, 1,7-octadiene could be functionalized twice by the 

addition of 2eq. of silane, giving 94% yield for the disilane V.4m. On the 

other hand, 1,4-hexadiene (V.3n) was only functionalized in the terminal 

double bond, leaving the internal bond intact thanks to the high selectivity 

of the catalyst towards terminal olefins. Sterically demanding substrates 

(V.3o-3r) were not compatible with the catalytic system.   
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Table 5.10. Hydrosilylation of aromatic and aliphatic alkenes with COF-BPY-1-Ni and 

PPh3. 

 

Reaction conditions: alkene (0.1 mmol, 1 M), SiPh2H2 (20.2 mg, 0.11 mmol), COF-BPY-

1-Ni (1.3 mg, 2 µmol), PPh3 (0.6 mg, 2.4 µmol), THF, 24 h, 25 °C, under N2. Yield of 

products isolated by silica gel column chromatography. l/b: linear to branched ratio of 

products determined by GC.  
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COF-BPY-1-Ni/PPh3 was recovered from the reaction with V.3a by 

centrifugation and reused several times to check the recyclability of the 

catalyst (Figure 5.23). After the first cycle, the yield of V.4a suffered a 

reduction of 17%, followed by even lower yields for the next cycles. This 

result indicates that the catalyst is being quickly deactivated or it suffers 

from leaching. 

1 2 3 4
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Figure 5.23. Recyclability test for COF-BPY-1-Ni/PPh3. Reaction conditions: V.3a (10.4 

mg, 0.1 mmol, 1 M), SiPh2H2 (20.2 mg, 0.11 mmol), COF-BPY-1-Ni (1.3 mg, 2 µmol), 

PPh3 (0.6 mg, 2.4 µmol), THF, 24 h, 25 °C, under N2. Yield determined by GC.  

ICP-OES analysis of the filtered solution after catalysis revealed that 15% 

of the nickel in COF-BPY-1-Ni was being leached out after the first cycle. 

The gradual loss of metal from the COF could explain the loss of catalytic 

activity after a few cycles. In order to find if the leached-out Ni is active in 

catalysis, a hot filtration test was performed on the hydrosilylation of 

styrene (Figure 5.24). After 90 minutes of reaction (29% yield), COF-

BPY-1-Ni was removed by filtration and the reaction was continued. The 

speed of the reaction was reduced after filtration, and the yield reached 49% 

after 20 hours. These results show that the leached-out nickel is active in 

catalysis and contributes partially to the overall yield of the reaction.   
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Figure 5.24. Hot filtration test for COF-BPY-1-Ni/PPh3. Reaction conditions: V.3a (10.4 

mg, 0.1 mmol, 1M), SiPh2H2 (20.2 mg, 0.11 mmol), COF-BPY-1-Ni (1.3 mg, 2 µmol), PPh3 

(0.6 mg, 2.4 µmol), THF, 24 h, 25 °C, under N2. 

In order to find if the leached-out nickel is forming phosphine complexes, 

the 31P-NMR spectrum of the filtrate after catalysis with COF-BPY-1-

Ni/PPh3 was measured, and compared to the 31P-NMR spectrum obtained 

when Ni(PPh3)4 is used as catalyst instead (Figure 5.25). The reaction with 

COF-BPY-1-Ni/PPh3 showed peaks at -1.5 and 27.7 ppm assigned to PPh3 

and its oxide, and two doublets at 37.2 and 32.8 ppm which could be 

attributed to a nickel phosphine complex. These last two signals are also 

present in the spectrum of the reaction with Ni(PPh3)4, suggesting that in 

both cases the same nickel phosphine complex is being formed in solution 

during catalysis.  

Based on these results, it is difficult to ascertain if the changes in reactivity 

of the catalyst after addition of PPh3 to COF-BPY-1-Ni are caused by 

coordination of the phosphine ligands to the Ni sites immobilized in the 

framework, or whether they are caused by leaching of catalytically active 

Ni phosphine complexes into solution.  

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

232 

 

 

Figure 5.25. 31P-NMR of the hydrosilylation catalysis with COF-BPY-1-Ni/PPh3 or with 

Ni(PPh3)4 

5.2. Conclusions 

In this chapter, we have developed a new single-site cobalt hydroboration 

catalyst isolated within a covalent organic framework. After reducing the 

cobalt centers with a hydride, the material can effectively transform 

terminal and internal alkenes into terminal boronate esters. Differences in 

reactivity between COF-BPY-1-Co and COF-BPY-2-Co can be ascribed 

to the superior crystallinity and porosity of COF-BPY-1. Compared to 

homogeneous analogs, COF-BPY-1-Co showed better performance in 

catalysis thanks to the isolated nature of the metal centers, preventing 

intermolecular deactivation. Additionally, the catalyst remained active after 

being reused several times. Based on experimental and theoretical studies, 

a highly reactive (bpy•−)CoI(THF)2 species was suggested as the primary 

catalytic species. DFT calculations were used to propose a reaction 

mechanism, beginning with oxidative boryl migration of HBpin and alkene 

onto the cobalt center, followed by isomerization and reductive elimination 

Catalysis with   

COF-BPY-1-Ni/PPh3 

Catalysis with   

Ni(PPh3)4 

PPh3 

PPh3O 
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of the alkyl boronate ester. Finally, catalytic experiments were performed 

in the presence of a phosphine ligand in solution, but the results were 

inconclusive due to excessive leaching. This work highlights the benefits 

of isolating unstable catalytic species within a COF, as a way to obtain new 

and efficient catalytic materials.  

 

5.3. Experimental section 

5.3.1. Materials and methods 

Materials. Commercial reagents were purchased from Sigma Aldrich, Alfa 

Aesar, TCI Chemicals, Fluorochem or abcr and used as received without 

further purification. All solvents were purified by a SPS-400, Innovative 

Technology solvent purification system and stored under argon with 

activated 4 Å molecular sieves after degassing.  

Nuclear magnetic resonance (NMR). NMR spectra were recorded on 

Bruker AV500/AV400 spectrometer using standard conditions (300 K). All 

1H chemical shifts are reported in ppm and have been internally calibrated 

to the residual protons of the deuterated solvent. The 13C chemical shifts 

have been internally calibrated to the carbon atoms of the deuterated 

solvent. The coupling constants were measured in Hz. 

Powder X-ray diffraction (PXRD). Powder X-Ray Diffraction (PXRD) 

PXRD measurements were made using a Siemens D5000 diffractometer 

(Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer) fitted 

with a curved graphite diffracted-beam monochromator, incident and 

diffracted -beam Soller slits, a 0.06 receiving slit and scintillation counter 

as a detector. The angular 2θ diffraction range was between 2 and 40. The 

data was collected with an angular step of 0.02 at 12 s per step and sample 
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rotation. A low background Si(510) wafer was used as sample holder. Cukα 

radiation was obtained from a copper X-ray tube operated at 40 kV and 30 

mA 

Scanning Electron Microscopy-Energy Dispersed X-ray Spectroscopy 

(SEM-EDX). The ESEM is from FEI company, model Quanta 600 in low 

vacuum mode (vacuum pressure 0.68 Torr). The EDX is from Oxford 

Instruments. The conditions for the ESEM are 20 kV accelerating voltage 

and a working distance close to 10 mm. 

Inductively Coupled Plasma Optical Emision Spectrometry (ICP-

OES). ICP-OES measurement was performed on the Perkin Elmer Optical 

Emission Spectrometer Optima 5300 DV (Scott-Chamber/Cross-Flow-

Nebulizer).  

Fourier-Transformed Infrared (FTIR). Spectroscopy FTIR 

measurements were measured using a Bruker Optics FT-IR Alpha 

spectrometer equipped with a DTGS detector, KBr beamsplitter at 4 cm-1 

resolution using a one bounce ATR accessory with diamond windows. 

XAFS analysis: Data was collected at the ALBA synchrotron CLAESS 

beamline at cryogenic temperatures (80 K) using a Si311 double crystal 

monochromator. Samples of COF encapsulated single site Co centers 

(COF-BPY-1-CoCl2) and the reference complex Co(Me2bpy)Cl2 were 

prepared as powders diluted in boron nitride with spectra collected in 

transmission mode. Data was also collected on samples of COF-BPY-1-

Co and Co(Me2bpy)Cl2. These latter samples were run as suspensions in 

THF with spectra acquired in fluorescence mode using a 5 channel SDD 

detector. The Athena69 software package was used for data averaging, 

normalization and energy scale calibration. The energy was calibrated to 

the first inflection point of Co foil taken as 7709.5 eV. EXAFS data was 
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extracted using the AUTOBK algorithm having a spline in the 0 to 16 Å-1 

region and an Rbkg of 1.1, unless otherwise specified. The FEFF6 code70,71 

was used for scattering path generation, and multi  k1,2,3-weighted fits of the 

data were carried out in r-space as specified in the text, using Larch.72  The 

S0
2 value was set to 0.9, and a global E0 was employed with the initial E0 

value set to the inflection point of the rising edge. Single scattering paths 

were fit in terms of a reff and 2 as previously described.73 To assess the 

goodness of the fits both the Rfactor (%R) and the reduced  2 (2
v) were 

minimized, ensuring that the data was not over-fit. Pre-edge features were 

fit using a Gaussian-Lorentzian sum function with 50% Gaussian character. 

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectra 

were recorded with a lab-based spectrometer (SPECS GmbH, Berlin) using 

monochromated Al Kα source (h = 1486.6 eV) operated at 50W as 

excitation source. In the spectrometer, the X-ray is focused with a µ-

FOCUS 600 monochromator onto a 300 μm spot on the sample, and the 

data is recorded with a PHOIBOS 150 NAP 1D-DLD analyser in fixed 

analyser transmission (FAT) mode. The pass energy was set to 40 eV for 

survey scans and 20 eV for high-resolution regions. The binding energy 

scale was calibrated using Au 4f7/2 (84.01 eV) and Ag 3d5/2 (368.20 eV). 

Charge compensation was required for data collection. Recorded spectra 

were additionally calibrated against the C 1s internal reference. Data 

interpretation was done with Casa XPS. Shirley or two-point linear (for the 

Co 2p region) background were used depending on the spectrum shape. 

Surface chemical analysis was done based on the peak area of high-

resolution spectra and the CasaXPS sensitivity factors (where RSF of C 1s 

= 1.000). 
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Transmission Electron Microscopy (TEM). Transmission electron 

microscopy (TEM) images were collected using a Thermo Scientific (FEI) 

Talos F200X G2 TEM operating at 200 kV. TEM images were acquired 

using a Ceta 16M CMOS camera. Samples were prepared by applying 5 μL 

of the suspended sample in an aqueous solution onto continuous carbon 300 

mesh Cu grids. 

UV-vis absorption.  UV-Vis measurements were carried out on a 

Shimadzu UV-2401PC spectrophotometer equipped with a photomultiplier 

tube (PMT) detector, double beam optics and D2 and W light sources. 

5.3.2. Synthetic procedures 

DBpin74: The compound was synthetized following the reported procedure. 

In a round-bottomed flask connected with a dropping funnel and an N2 inlet 

was charged with NaBD4 (0.65 g, 15.5 mmol) in 15 mL of diglyme. The 

flask containing NaBD4 was connected through a Teflon cannula to a 

second flask containing a solution of pinacol (0.61 g, 5.2 mmol) in 10 mL 

of anhydrous THF, maintaining 0 °C temperature. The flask containing 

pinacol was vented through a Teflon cannula bubbling into THF. The 

diglyme solution (10 mL) of I2 (1.90 g, 7.5 mmol) was loaded in a dropping 

funnel and was allowed to add dropwise for over an hour. The steam of N2 

was continued for an additional 2 h after the addition of I2. This step allowed 

complete elimination of any excess trace of polydeuterated diborane in the 

solution of DBPin. The removal of excess THF by a continuous flow of N2 

steam resulted in pure DBpin (0.43g, 8mmol, 42%). 1H NMR (CDCl3, 400 

MHz): δ (ppm) 1.28 (s, 12H). 11B NMR (CDCl3, 160 MHz): δ (ppm) 28, 

22. 

Co(Me2bpy)Cl2
75: The compound was synthetized following the reported 

procedure. A solution of 6,6'-dmbipy (0.25 g, 1.34 mmol) in methanol (15 
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ml) was added to a solution of CoCl2.6H2O (0.37 g, 1.34 mmol) in 

acetonitrile (15 ml) and the resulting blue solution was stirred for 15 min at 

313 K. This solution was left to evaporate slowly at room temperature 

(yield: 0.35 g, 84%). 

COF-BPY-1-Co: Inside a glovebox, NaBEt3H (0.1 ml, 1M in THF) was 

added under stirring to a suspension of COF-BPY-1-CoCl2 (10 mg) in THF 

(1ml). After stirring for 1h, the solid was filtered and washed with THF 3 

times. Due to the air sensibility of the material, COF-BPY-1-Co was stored 

in the glovebox or consumed directly in catalysis.  

COF-BPY-1-Ni: Inside a glovebox, NaBEt3H (0.1 ml, 1M in THF) was 

added under stirring to a suspension of COF-BPY-1-NiCl2 (10 mg) in THF 

(1ml). After stirring for 1h, the solid was filtered and washed with THF 3 

times. Due to the air sensibility of the material, COF-BPY-1-Ni was stored 

in the glovebox or consumed directly in catalysis.  

5.3.3. Catalytic experiments 

General procedure for catalysis. Inside a glovebox, the catalyst was 

placed on a small vial with a stirring bar. After adding HBpin (38.3 mg, 

43.4 µL, 0.3 mmol) and 1-octene (28 mg, 0.25 mmol), the vial was sealed. 

After stirring for 24 h the vial was opened to air and a known quantity of 

1,3,5-trimethoxybenzene was added. The solid was removed by 

centrifugation and an aliquot of the solution was taken to be analyzed by 

GC. 

Control experiments with trapped nanoparticles. In order to test the 

possible catalytic activity of nanoparticles trapped inside COF-BPY-1-Co, 

control experiments were performed with cobalt nanoparticles trapped 

inside COF Py-1P,55 which has a similar structure to COF-BPY-1 but it 

does not contain bipyridine groups. Since this COF has no ligands to 
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coordinate strongly to the cobalt ions, any cobalt present inside the material 

during the reduction will agglomerate into nanoparticles. To form the 

trapped nanoparticles, COF Py-1P (3 mg) was soaked in a THF solution of 

CoCl2 (1mg, 7.7 µmol). After stirring for 1h, NaBEt3H was added to the 

mixture (10 eq. relative to Co). The nanoparticles formed in the COF could 

be seen by TEM (Figure S16). This mixture of COF and nanoparticles 

produced a meager yield (13%) for the hydroboration catalysis. These 

results suggest that trapped nanoparticles could only have a small 

contribution to the catalytic activity of COF-BPY-1-Co. 

Procedure for catalyst recycling. The catalysis was set up following the 

general procedure: inside a glovebox, COF-BPY-1-Co (2 mg, 2.5 µmol) 

was placed on a small vial with a stirring bar. After adding HBpin (38.3 

mg, 43.4 µL, 0.3 mmol) and 1-octene (28 mg, 0.25 mmol), the vial was 

sealed. After stirring for 24 h, the vial was opened inside a glovebox and 

trimethoxybenzene was added as an internal standard. The solid was 

separated by centrifugation, and the solution analyzed by GC to determine 

the yield of V.2a. Next, the solid was washed with THF and centrifuged 

again. Then, the catalyst was reused for subsequent reactions.  

Procedure for determining the reaction order in the hydroboration of 

vinylcyclohexane catalyzed by COF-BPY-1-Co. The kinetic reactions 

were performed in THF, keeping the total volume constant at 400 µL. First, 

the reactions were stirred inside a glovebox at room temperature for an 

appropriate time. Then they were stopped by the removal of the catalyst 

through filtration. The concentration of the product was determined by GC 

using 1,3,5-trimethoxybenzene as the internal standard. To determine the 

rate of HBpin, the concentration of HBpin was varied between 0.4 - 2 M 

while keeping constant the concentration of vinylcyclohexane at 0.5 M and 

the concentration of Co at 0.5 mM. To determine the rate of 
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vinylcyclohexane, the concentration of vinylcyclohexane was varied 

between 0.5 - 2 M while keeping constant the concentration of HBpin at 0.5 

M and the concentration of Co at 2 mM. To determine the rate of Co, the 

concentration of Co was varied between 0.25 - 1 mM while keeping 

constant the concentration of HBpin at 0.5 M and the concentration of 

vinylcyclohexane at 0.5M. 

Procedure for quantification of H2 during reduction of COF-BPY-1-

CoCl2.  Inside a glovebox, NaBEt3H (75 µl, 1M in THF, 10 equiv) was 

added under stirring to a suspension of COF-BPY-1-CoCl2 (5.8 mg, 7.55 

µmol) in THF (1ml) in a closed vial. After stirring for 30 min, the headspace 

gas was analyzed by GC. The amount of H2 produced was calculated as 

7.93 µmol. Repeating the same experiment with COF-BPY-1 produced 

traces of H2.  

General procedure for alkene hydroboration catalysis scope. Inside a 

glovebox, COF-BPY-1-Co (2 mg, 2.5 µmol) was placed on a small vial 

with a stirring bar. After adding HBpin (38.3 mg, 43.4 µL, 0.3 mmol) and 

the alkene (0.25 mmol), the vial was sealed. After stirring for 24 h the vial 

was opened to air and the solid was removed from the solution by filtration. 

The solution was purified by silica gel column chromatography using a 

hexane/ethyl acetate 97/3 mixture as eluent. After removing the solvent, 

V.2a-j was obtained as the product. 

Hydroboration of 1-octene (1a) or E-3-octene (V.1b): The reaction was 

performed following the general procedure using V.1a (28 mg, 0.25 mmol) 

or V.1b (28 mg, 0.25 mmol) as substrate to produce V.2a. (41.4 mg, 0.17 

mmol, 69% for reaction with V.1a), (37.2 mg, 0.16 mmol, 62% for reaction 

with V.1b). 1H NMR (400 MHz, CDCl3) δ, ppm: 1.49-1.35 (m, 2H), 1.34 – 

1.25 (m, 10H), 1.25 (s, 12H), 0.93 – 0.82 (m, 3H), 0.77 (t, J = 7.6 Hz, 2H). 
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13C NMR (101 MHz, CDCl3) δ, ppm: 82.78, 32.42, 31.88, 29.36, 29.24, 

24.78, 23.98, 22.66, 14.08. 

 

 

Hydroboration of Z-3-hexene (V.1c): The reaction was performed 

following the general procedure using V.1c (21 mg, 0.25 mmol) as substrate 

to produce V.2c (33.9 mg, 0.16 mmol, 62%). 1H NMR (400 MHz, CDCl3) 

δ, ppm: 1.46-1.37 (m, 2H), 1.34-1.27 (m, 6H), 1.26 (s, 12H), 0.92–0.86 (m, 

3H), 0.78 (t, J = 7.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 82.80, 32.09, 

31.64, 24.80, 23.96, 22.58, 14.07. 

 

 

Hydroboration of 6-chloro-1-hexene (V.1d): The reaction was performed 

following the general procedure using V.1d (29.5 mg, 0.25 mmol) as 

substrate to produce V.2d (30.8 mg, 0.13 mmol, 50%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 3.54 (t, J = 6.8 Hz, 2H), 1.92-1.75 (m, 2H), 1.48 – 1.41 (m, 

4H), 1.27 (s, 12H), 0.92 – 0.87 (m, 4H), 0.80 (t, J = 7.7 Hz, 2H). 13C NMR 

(101 MHz, CDCl3) δ, ppm: 82.90, 45.14, 32.54, 31.53, 26.63, 24.81, 23.78. 

 

 

Hydroboration of vinyl-cyclohexane (V.1e): The reaction was performed 

following the general procedure using V.1e (27.5 mg, 0.25 mmol) as 

substrate to produce V.2e (56.5 mg, 0.24 mmol, 95%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 1.78-1.60 (m, 5H), 1.35-1.28 (m, 2H), 1.26 (s, 12H), 0.91 
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– 0.81 (m, 2H), 0.83 – 0.73 (m, 2H). 13C NMR (101 MHz, CDCl3) δ, ppm: 

82.79, 39.94, 32.97, 31.35, 26.76, 26.43, 24.78. 

 

 

Hydroboration of cyclopentene (V.1f): The reaction was performed 

following the general procedure using V.1f (17 mg, 0.25 mmol) as substrate 

to produce V.2f (37.7 mg, 0.19 mmol, 77%). 1H NMR (400 MHz, CDCl3) 

δ, ppm: 1.82-1.71 (m, 2H), 1.70-1.57 (m, 2H), 1.56 – 1.40 (m, 4H), 1.25 (s, 

12H), 1.21 – 1.15 (m, 1H). 13C NMR (101 MHz, CDCl3) δ, ppm: 82.76, 

28.50, 26.82, 24.72. 

 

 

Hydroboration of cyclohexene (V.1g): The reaction was performed 

following the general procedure using V.1g (20.5 mg, 0.25 mmol) as 

substrate to produce V.2g (47.2 mg, 0.23 mmol, 90%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 1.72-1.58 (m, 6H), 1.38-1.28 (m, 4H), 1.25 (s, 12H), 1.05 

– 0.95 (m, 1H). 13C NMR (101 MHz, CDCl3) δ, ppm: 82.72, 27.97, 27.14, 

26.77, 24.75. 
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Hydroboration of 4-methyl-1-pentene (V.1h): The reaction was 

performed following the general procedure using V.1h (20.5 mg, 0.25 

mmol) as substrate to produce V.2h (40.4 mg, 0.19 mmol, 77%). (36.0 mg, 

0.15 mmol, 60%). 1H NMR (400 MHz, CDCl3) δ, ppm: 1.59-1.51 (m, 2H), 

1.42 (p, J = 8.2 Hz, 2H), 1.27 (s, 12H), 1.22 – 1.15 (m, 2H), 0.88 (d, J = 6.7 

Hz, 6H), 0.77 (t, J = 7.9 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ, ppm: 

82.82, 41.94, 27.78, 24.81, 24.78, 22.63, 21.77. 

 

 

Hydroboration of 5,6-epoxy-1-hexene (V.1i): The reaction was 

performed following the general procedure using V.1i (24.5 mg, 0.25 

mmol) as substrate to produce V.2i (14.1 mg, 0.06 mmol, 25%). 1H NMR 

(400 MHz, CDCl3) δ, ppm: 2.95-2.89 (m, 1H), 2.75 (dd, J = 5.1, 3.9 Hz, 

1H), 2.47 (dd, J = 5.1, 2.7 Hz, 1H), 1.56-1.44 (m, 6H), 1.26 (s, 12H), 0.84 

– 0.77 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 82.93, 52.35, 47.13, 32.26, 

30.90, 28.58, 24.81, 23.84. 

 

 

Hydroboration of tert-butyl(hex-5-en-1-yloxy)dimethylsilane (V.1j): 

The reaction was performed following the general procedure using V.1j 

(53.5 mg, 0.25 mmol) as substrate to produce V.2j (43.6 mg, 0.13 mmol, 

51%). 1H NMR (400 MHz, CDCl3) δ, ppm: 3.60 (t, J = 6.7 Hz, 2 H), 1.58-

1.47 (m, 2 H), 1.47-1.37 (m, 2 H), 1.36-1.29 (m, 4 H), 1.26 (s, 12 H), 0.90 
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(s, 9 H), 0.78 (t, J = 7.7 Hz, 2 H), 0.06 (s, 6 H). 13C NMR (101 MHz, CDCl3) 

δ, ppm: 82.83, 63.34, 32.84, 32.24, 25.98, 25.58, 24.80, 24.00, 18.37, -5.27. 

 

 

General procedure for alkene hydrosilylation catalysis scope: Inside a 

glovebox, COF-BPY-1-Ni (1.3 mg, 2 µmol) was placed on a small vial 

with a stirring bar. THF (0.13 mL) and PPh3 (0.5 mg, 2 µmol) were added 

and the mixture was stirred for 30min. After adding SiH2Ph2 (40.5 mg, 0.22 

mmol) and the alkene (0.20 mmol), the vial was sealed. After stirring for 

18 hours the vial was opened to air and the solid was removed from the 

solution by filtration. The solution was purified by silica gel column 

chromatography using a hexane/ethyl acetate 97/3 mixture as eluent. After 

removing the solvent, V.4 (a-n) was obtained as the product. 

 

Hydrosilylation of styrene (V.3a): The reaction was performed following 

the general procedure using V.3a (21.2 mg, 0.20 mmol) as substrate to 

produce V.4a (47.9mg, 0.17 mmol, 83%). 1H NMR (400 MHz, CDCl3) δ, 

ppm: 7.70 – 7.63 (m, 4H), 7.50 – 7.42 (m, 6H), 7.37 – 7.31 (m, 2H), 7.29 – 

7.22 (m, 3H), 4.99 (t, J = 3.7 Hz, 1H), 2.89 – 2.81 (m, 2H), 1.64 – 1.54 (m, 

2H). 13C NMR (101 MHz, CDCl3) δ: 144.39, 135.19, 134.13, 129.68, 

128.38, 128.08, 127.88, 125.75, 30.47, 14.30. 
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Hydrosilylation of 4-vinylphenyl acetate (V.3b): The reaction was 

performed following the general procedure using V.3b (32.8 mg, 0.20 

mmol) as substrate to produce V.4b (29.1 mg, 0.08 mmol, 42%). 1H NMR 

(400 MHz, CDCl3) δ, ppm: 7.64 – 7.58 (m, 4H), 7.47 – 7.38 (m, 6H), 7.24 

– 7.19 (m, 2H), 7.05 – 6.98 (m, 2H), 4.94 (t, J = 3.7 Hz, 1H), 2.86 – 2.75 

(m, 2H), 2.32 (s, 3H), 1.60 – 1.48 (m, 2H). 13C NMR (101 MHz, CDCl3) δ: 

169.67, 148.70, 141.91, 135.16, 133.98, 129.72, 128.77, 128.10, 121.33, 

29.87, 21.15, 14.24. 

 

 

Hydrosilylation of allylbenzene (V.3c): The reaction was performed 

following the general procedure using V.3c (24 mg, 0.20 mmol) as substrate 

to produce V.4c (58.7mg, 0.19 mmol, 95%). 1H NMR (400 MHz, CDCl3) 

δ, ppm: 7.64 (dd, J = 7.6, 1.8 Hz, 4H), 7.46 (dq, J = 8.0, 6.2, 5.6 Hz, 6H), 

7.36 (t, J = 7.4 Hz, 2H), 7.31 – 7.20 (m, 3H), 4.99 (t, J = 3.7 Hz, 1H), 2.78 

(t, J = 7.6 Hz, 2H), 1.95 – 1.83 (m, 2H), 1.34 – 1.24 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ: 142.24, 135.23, 134.46, 129.64, 128.62, 128.34, 128.08, 

125.82, 39.32, 26.39, 11.94. 

 

 

Hydrosilylation 1-(tert-butyl)-4-vinylbenzene (V.3d): The reaction was 

performed following the general procedure using V.3d (32.4 mg, 0.20 

mmol) as substrate to produce V.4d (60.6 mg, 0.18 mmol, 88%). 1H NMR 
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(400 MHz, CDCl3) δ, ppm: 7.69 – 7.64 (m, 4H), 7.50 – 7.43 (m, 6H), 7.40 

– 7.36 (m, 2H), 7.24 – 7.19 (m, 2H), 5.01 (t, J = 3.7 Hz, 1H), 2.91 – 2.80 

(m, 2H), 1.67 – 1.59 (m, 2H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ: 

148.59, 141.35, 135.24, 134.27, 129.69, 128.11, 127.57, 125.29, 34.42, 

31.52, 29.93, 14.21. 

 

 

Hydrosilylation 2-vinylnaphthalene (V.3e): The reaction was performed 

following the general procedure using V.3e (31.2 mg, 0.20 mmol) as 

substrate to produce V.4e (62.2 mg, 0.18 mmol, 92%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.89 – 7.79 (m, 3H), 7.70 – 7.65 (m, 5H), 7.52 – 7.37 (m, 

9H), 5.01 (td, J = 3.7, 1.0 Hz, 1H), 3.05 – 2.96 (m, 2H), 1.74 – 1.60 (m, 

2H). 13C NMR (101 MHz, CDCl3) δ: 141.87, 135.24, 134.13, 133.72, 

132.05, 129.74, 128.13, 127.96, 127.65, 127.50, 127.04, 125.92, 125.68, 

125.14, 30.70, 14.23. 

 

 

Hydrosilylation 1-methoxy-4-vinylbenzene (V.3f): The reaction was 

performed following the general procedure using V.3f (27.2 mg, 0.20 

mmol) as substrate to produce V.4f (57. 3 mg, 0.18 mmol, 90%). 1H NMR 

(400 MHz, CDCl3) δ, ppm: 7.68 – 7.64 (m, 4H), 7.50 – 7.41 (m, 6H), 7.21 

– 7.15 (m, 2H), 6.93 – 6.87 (m, 2H), 4.98 (t, J = 3.7 Hz, 1H), 3.91 – 3.78 

(m, 3H), 2.88 – 2.77 (m, 2H), 1.65 – 1.52 (m, 2H). 13C NMR (101 MHz, 
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CDCl3) δ: 157.75, 136.49, 135.19, 134.21, 129.65, 128.77, 128.06, 113.79, 

55.30, 29.57, 14.55. 

 

 

Hydrosilylation of 1-octene (V.3g): The reaction was performed 

following the general procedure using V.3g (24 mg, 0.20 mmol) as 

substrate to produce V.4g (53.3 mg, 0.18 mmol, 90%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.69 – 7.58 (m, 4H), 7.51 – 7.29 (m, 6H), 4.93 (t, J = 3.7 

Hz, 1H), 1.62 – 1.49 (m, 2H), 1.49 – 1.40 (m, 2H), 1.38 – 1.29 (m, 8H), 

1.27 – 1.17 (m, 2H), 0.99 – 0.91 (m, 3H). 13C NMR (101 MHz, CDCl3) δ: 

135.20, 134.80, 129.51, 128.00, 33.25, 31.95, 29.28, 29.25, 24.47, 22.73, 

14.18, 12.22. 

 

 

Hydrosilylation of vinyl cyclohexane (V.3h): The reaction was performed 

following the general procedure using V.3h (22.0 mg, 0.20 mmol) as 

substrate to produce V.4h (44.8 mg, 0.15 mmol, 90%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.69 – 7.57 (m, 4H), 7.50 – 7.36 (m, 6H), 4.91 (t, J = 3.6 

Hz, 1H), 1.89 – 1.65 (m, 5H), 1.47 – 1.36 (m, 2H), 1.35 – 1.12 (m, 6H), 

1.01 – 0.84 (m, 2H). 13C NMR (101 MHz, CDCl3) δ: 135.19, 134.79, 

129.51, 128.00, 40.54, 32.97, 31.90, 26.81, 26.46, 9.26. 
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Hydrosilylation of vinyl cyclohexane (V.3i): The reaction was performed 

following the general procedure using V.3i (42.8 mg, 0.20 mmol) as 

substrate to produce V.4i (68.5 mg, 0.17 mmol, 86%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.63 (dd, J = 7.6, 1.9 Hz, 4H), 7.49 – 7.38 (m, 6H), 4.94 (t, 

J = 3.7 Hz, 1H), 3.65 (t, J = 6.6 Hz, 2H), 1.58 – 1.37 (m, 8H), 1.27 – 1.18 

(m, 2H), 0.98 (s, 9H), 0.12 (s, 6H). 13C NMR (101 MHz, CDCl3) δ: 135.19, 

134.73, 129.54, 128.02, 63.34, 33.01, 32.82, 26.08, 25.46, 24.46, 18.45, 

12.19, -5.16. 

 

 

Hydrosilylation of 5,6-epoxy-1-Hexene (V.3j): The reaction was 

performed following the general procedure using V.3j (19.6 mg, 0.20 

mmol) as substrate to produce V.4j (48.0 mg, 0.17 mmol, 83%). 1H NMR 

(400 MHz, CDCl3) δ, ppm: 7.65 – 7.60 (m, 4H), 7.48 – 7.39 (m, 6H), 4.93 

(t, J = 3.7 Hz, 1H), 2.92 (dt, J = 4.1, 2.1 Hz, 1H), 2.76 (dd, J = 5.0, 3.9 Hz, 

1H), 2.47 (dd, J = 5.1, 2.7 Hz, 1H), 1.59 (td, J = 6.9, 6.2, 3.7 Hz, 6H), 1.28 

– 1.19 (m, 2H). 13C NMR (101 MHz, CDCl3) δ: 135.17, 134.47, 129.63, 

128.06, 52.26, 47.11, 32.12, 29.41, 24.34, 12.21. 

 

 

Hydrosilylation of 1-(allyloxy)-2-chlorocyclohexane (V.3k): The 

reaction was performed following the general procedure using V.3k (35.6 

mg, 0.20 mmol) as substrate to produce V.4k (51.7 mg, 0.14 mmol, 72%). 
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1H NMR (400 MHz, CDCl3) δ, ppm: 7.66 – 7.59 (m, 4H), 7.48 – 7.37 (m, 

6H), 4.94 (t, J = 3.7 Hz, 1H), 3.87 (ddd, J = 9.6, 8.0, 4.3 Hz, 1H), 3.68 – 

3.53 (m, 2H), 3.25 (td, J = 8.4, 4.2 Hz, 1H), 2.29 – 2.01 (m, 2H), 1.86 – 

1.64 (m, 5H), 1.42 – 1.20 (m, 5H). 13C NMR (101 MHz, CDCl3) δ: 135.21, 

134.36, 129.61, 128.03, 81.61, 72.04, 62.76, 34.60, 30.34, 25.05, 24.29, 

23.15, 8.45. 

 

 

Hydrosilylation of 6-chloro-1-hexene (V.3l): The reaction was performed 

following the general procedure using V.3l (21 mg, 0.20 mmol) as substrate 

to produce V.4l (58.2 mg, 0.19 mmol, 96%). 1H NMR (400 MHz, CDCl3) 

δ, ppm: δ 7.68 – 7.61 (m, 4H), 7.48 – 7.41 (m, 6H), 4.95 (t, J = 3.7 Hz, 1H), 

3.56 (t, J = 6.7 Hz, 2H), 1.79 (td, J = 9.1, 8.1, 5.7 Hz, 2H), 1.64 – 1.52 (m, 

2H), 1.48 (tp, J = 6.6, 3.3 Hz, 4H), 1.29 – 1.20 (m, 2H). 13C NMR (101 

MHz, CDCl3) δ: 135.19, 134.60, 129.61, 128.06, 45.15, 32.57, 32.38, 

26.53, 24.34, 12.16. 

 

 

Hydrosilylation of 1,7-octadiene (V.3m): The reaction was performed 

following the general procedure using V.3m (22 mg, 0.20 mmol) as 

substrate to produce V.4m (76.8 mg, 0.19 mmol, 94%). 1H NMR (400 

MHz, CDCl3) δ, ppm: 7.74 – 7.69 (m, 8H), 7.53 – 7.46 (m, 12H), 5.03 (t, J 

= 3.7 Hz, 2H), 1.66 – 1.55 (m, 4H), 1.49 (dq, J = 12.9, 6.7 Hz, 4H), 1.43 – 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER 5: Low Oxidation State Cobalt Center Stabilized by 

a Covalent Organic Framework to promote Hydroboration of 

Olefins 

 

249 

 

1.36 (m, 4H), 1.35 – 1.24 (m, 4H). 13C NMR (101 MHz, CDCl3) δ: 135.29, 

134.86, 129.62, 128.11, 33.28, 29.21, 24.53, 12.31. 

 

 

Hydrosilylation of 1,4-hexadiene (V.3n): The reaction was performed 

following the general procedure using V.3n (16.8 mg, 0.20 mmol) as 

substrate to produce V.4n (47.9 mg, 0.18 mmol, 90%). 1H NMR (400 MHz, 

CDCl3) δ, ppm: 7.61 (dq, J = 6.5, 2.4 Hz, 4H), 7.48 – 7.37 (m, 6H), 5.51 – 

5.38 (m, 2H), 4.91 (t, J = 3.7 Hz, 1H), 2.10 (tdt, J = 8.5, 5.2, 1.4 Hz, 2H), 

1.68 (dt, J = 5.1, 1.3 Hz, 3H), 1.61 – 1.52 (m, 2H), 1.25 – 1.16 (m, 2H). 13C 

NMR (101 MHz, CDCl3) δ: 135.18, 134.63, 131.01, 129.52, 127.98, 

125.35, 35.99, 24.48, 17.96, 11.74. 

 

 

5.3.4. Computational details 

Calculations were carried out at density functional theory (DFT) level using 

the M06-L density functional61 as implemented in Gaussian 16.62 Co atoms 

were described with def2-TZVP and the rest of atoms with def2-SVP (basis 

set BS-1).76 Numerical integrations were performed with an ultrafine grid. 

When necessary, doublet spin states were corrected for spin 

contamination.77 Geometry optimizations were performed without 

restrictions and analytical frequency calculations were computed to confirm 

the nature of minima (intermediates) and maxima (transition states, one 

imaginary frequency). Gibbs energies are reported in gas phase at 298.15 
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K and 1 M. All frequencies below 50 cm−1 were replaced by 50 cm−1 when 

computing vibrational partition functions78 with the GoodVibes script.79 

Single point calculations were performed on previously optimized 

geometries using def2-TZVP for all atoms (basis set BS-2).76 Final Gibbs 

energies are obtained as follows: 

ΔG = ΔE(BS-2) + [ΔG(BS-1) – ΔE(BS-1)] 

Additional density functionals were used to evaluate quartet-doublet spin 

state splitting: PBE80 and PBE081 with dispersion D3,82 B3LYP83 with 

dispersion D3,82 and M06.84 All inputs and outputs are available from the 

open access ioChem-BD platform63 in the following database.64  
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6.1. General insight 

Carbon-hydrogen (C-H) bonds are some of the most common type of bonds 

present in organic compounds, and methods for their direct activation and 

functionalization present attractive ways to efficiently achieve more 

complex molecular entities.1–7 In particular, the borylation of aromatic C-H 

bonds is highly important due to the versatile aryl boronic ester products, 

which are valuable building blocks employed in cross-coupling reactions to 

produce fine chemicals.8 Indeed, aryl boronic esters present properties that 

make them ideal coupling partners: air stability, low toxicity and ease of 

handling or storing. Although the direct borylation of C-H bonds is a very 

efficient approach, it is challenging to achieve due to the relatively 

unreactive nature of C-H bonds, and the presence of multiple C-H bonds 

that can lead to selectivity issues. To overcome these challenges, many 

research groups have worked towards the development of catalysts capable 

of borylating arenes with high efficiency and selectivity.9,10 

Initial studies from Smith and co-workers employed Cp*Ir complexes as 

catalysts for the borylation of benzene.11 This was followed by many 

investigations into Ir catalysts. Notably, the groups of Hartwig and Miyaura 

developed a series of efficient arene borylation catalysts based on the IrI 

dimer [{Ir(OMe)(cod)}2] combined with bipyridine ligands, achieving 

TONs as high as 20000.12–14 For this type of catalysts, the borylation of 

substituted arenes occurs with regioselectivity controlled by steric effects 

(Scheme 6.1a).15 The reaction at the o-position occurs with difficulty due 

to steric hindrance, while the selectivity of the m- or p- the statistical ratio 

mostly determines positions. B2pin2 or HBpin are usually employed as 

boron sources for this reactivity due to their stability and ease of handling. 

Other catalysts based on Rh or Pt complexes showed a different selectivity, 
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activating the Csp3-H bond at the benzylic position in toluene (Scheme 

6.1b).16,17  

 

Scheme 6.1. a) Iridium-catalyzed12–14 and b) Rhodium-catalyzed16 borylation of toluene. 

The mechanism of the Ir-catalyzed borylation was studied systematically 

by Hartwig and Miyaura.13 Their proposed catalytic cycle starts with the 

species [Ir(dtbpy)(COE)(Bpin)3], which is formed by reaction from 

[Ir(COD)(OMe)]2, dtbpy, COE, and HBpin. A reversible dissociation of 

COE is followed by oxidative addition of the arene onto the Ir (I) center. 

Reductive elimination then forms the aryl boronate ester product, and the 

catalyst is regenerated by reaction with B2pin2 to form the HBpin by-

product. 
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Scheme 6.2. Proposed mechanism for the Ir-catalyzed borylation of arenes.13  

The challenge of separating and recycling homogeneous catalysts from the 

reaction medium encouraged researchers to immobilize borylation catalysts 

onto silica.18–21 Sawamur and co-workers employed a silicon-constrained 

monodentate alkylphosphine (SMAP) ligand to immobilize an Ir catalyst 

(Figure 6.1a).18 The resulting heterogeneous catalyst produced excellent 

TONs in the borylation of substituted arenes. Additionally, the borylation 

of methyl benzoate derivatives was o-selective. This selectivity was 

achieved by employing substrates with directing groups and a phosphine 

ligand (SMAP) with low steric hinderance. However, the catalysts showed 

decreased activity after being recovered from the reaction medium because 

of partial decomposition during the recycling process. Likewise, Jones and 

co-workers developed an Ir-bipyridine catalyst attached to mesoporous 

silica through an alkyl linker (Figure 6.1b).20 The catalyst showed moderate 

to good catalytic activity in the aromatic C−H borylation of a variety of 

substrates, but it also suffered loss of activity after being recycled.  
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Figure 6.1. a) Silica-SMAP-Ir catalyst. b) silica-supported Ir-bipyridine catalyst. Figure 

reproduced with permission.21 Copyright 2021, Thieme.  

The development of MOFs presented an attractive alternative support for 

catalysts. Compared to silica supports, MOFs offer higher porosity, well-

defined structure, controlled molecular tailoring and good stability. Lin’s 

group has extensively studied using MOFs as single-site catalysts, 

developing several MOF-based borylation catalysts.22–28 In 2014 Lin and 

co-workers reported the post-synthetic metalation of a bipyridyl-containing 

UiO-type MOF with Ir (Figure 6.2).23 The Ir-MOF was used as a catalyst 

in several reactions, including the borylation of arenes. The catalyst showed 

enhanced activity relative to homogeneous analogues, and it could be 

reused many times due to its high stability. The same group later developed 

other Ir-MOF catalysts with phenantroline or phosphine ligands capable of 

performing arene borylations.24,27 

a) b) 
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Figure 6.2. Structure of bpy-UiO MOF (left), Ir metalation of bpy-UiO MOF. Reproduced 

with permission.23 Copyright 2014, American Chemical Society.  

Replacing precious metal catalysts with earth-abundant metal catalysts has 

attracted considerable attention because of issues attached to precious 

metals like high cost, low abundance and high toxicity.2,4,6 In this context, 

Lin’s group has developed several Co-MOF borylation catalysts.25,26,28 In 

2016, they reported the metalation of MOF secondary building units 

(SBUs) with cobalt salts affording highly active and reusable single-site 

solid catalysts for a range of organic reactions (Figure 6.3a). After being 

activated with NaBEt3H, UiO-Co-MOF could catalyze the borylation of 

methyl arenes with good selectivity towards the benzylic position. The 

selectivity was attributed to a steric effect from the cavities, while the high 

activity and recyclability were attributed to the site-isolated nature of the 

catalytic centres, which prevents intermolecular deactivation processes. 

The same group later developed a terpyridine metal-organic layer (MOL) 

metalated with cobalt that was active as a benzylic or arylic borylation 

catalyst (Figure 6.3b).28 In this work, the authors proposed a diradical 

terpyridine complex CoII(THF)2(TPY••)2- as the catalytically active species 

generated by reduction with NaBEt3H. 
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Figure 6.3. Structure of UiO-Co-MOF25 (a). Structure of Co(THF)2∙TPY-MOL28 (b). 

Reproduced with permission.25  

Manna and co-workers have also worked on the development of MOF-

based borylation catalysts.29,30 They reported the introduction of a 

pyridylimine ligand into a MOF through PMS, followed by metallation 

with CoCl2 (Figure 6.4a). Upon reduction with NaBEt3H, the Co-MOF 

produced excellent TONs in the borylation of arene C-H bonds, as well as 

benzylic C-H bonds. The catalyst presented a broad substrate scope, as well 

as good recyclability.29 The authors proposed a reaction mechanism slightly 

different from that presented in Scheme 6.2: First, B2pin2 undergoes 

oxidative addition to the (Pyrim•−)-CoI(THF) species. Then, a σ-bond 

metathesis of Co−Bpin and arene C−H produces the aryl boronate ester 

product. Finally, the catalyst is regenerated by reductive elimination of 

HBpin (Figure 6.4b).  

a) 

b) 
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Figure 6.4. a) Structure of pyrim-MOF-CoCl2. b) Proposed reaction mechanism for the 

MOF-catalyzed borylation. Figures reproduced with permission.29 Copyright 2020, 

American Chemical Society. 

COFs, owing to their well-defined structure, high porosity, stability, and 

tunable properties, can also make excellent supports for borylation 

catalysts. Cui and co-workers reported a series of COFs with different alkyl 

substituents that were used to control the interlayer stacking of the sheets 

in the material.31 The bipyridine COFs were metallated with 

[{Ir(OMe)(cod)}2] and used as catalysts for the borylation of arenes. 

Interestingly, the COF functionalized with isopropyl chains, which formed 

a) 

b) 
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into an ABC stacking mode, was more catalytically active than the other 

COFs with AA staking (Figure 6.5). This was attributed to its higher 

porosity and superior stability. Likewise, Ma and co-workers also 

developed an Ir-bipyridine COF for arene borylation.32  

 

Figure 6.5. Structure and stacking mode of 4-iPr COF. Reproduced with permission.31 

Copyright 2018, American Chemical Society. 

So far, the use of COFs as borylation catalysts has been limited to precious 

metal catalysis. Thus, in this chapter, we sought to explore using a cobalt-

terpyridine COF as an arene borylation catalyst. We envision that the site 

isolation of the COF could stabilize reactive metal species, and the 

heterogeneous nature of the material could facilitate recycling.  

6.2. Results and Discussion 

6.2.1. Arylic and benzylic C-H borylation catalyzed by TPY-

COFs 

The cobalt-terpyridine COFs presented in chapter 4 (COF-TPY-1-

Co(AcO)2 and COF-TPY-1-Co(AcO)2) were initially evaluated as 

catalysts for the borylation of toluene. Reactions were performed with 

B2pin2 and an excess of toluene at 100°C over 24 h. Using only 1 mol% 

catalyst loading, COF-TPY-1-Co(AcO)2 and COF-TPY-2-Co(AcO)2 

could achieve 92% and 95% yield, respectively, of borylated products 

(Yields relative to 1 equiv. of B2pin2, Table 6.1, entries 1 and 2). Within the 
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first 30 min of the reaction, a colour change from yellow to black was 

observed for the cobalt COFs, indicative of catalyst activation. 

Interestingly, the catalysts did not require additives like NaBEt3H or LiOMe 

to be activated, and their addition did not improve the reaction (Table 6.1, 

entries 3-6). By contrast, most Co(II) borylation catalysts require strong 

reductants or bases to become active or to prevent deactivation.26,28,29,33–37 

Low yields were obtained when THF or hexane was employed as solvents 

instead of neat toluene (Table 6.1, entries 7-8). This result could be 

improved by employing a mixture of 1:1 hexane and toluene (Table 6.1, 

entry 9). The results suggest that a high concentration of arene is required 

for the reaction to proceed smoothly. Meta- and para-substituted toluene 

boronates were obtained in approximately a 3:1 ratio for all reactions. 

Additionally, benzyl-VI.2d was detected as a minor product, presenting a 

rare case of benzylic C-H activation.  
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Table 6.1. Optimization of toluene borylationa 

 

Entry 
Catalyst 

(mol%) 
Additive Solvent 

Arene 

equiv. 

Total 

borylation 

yield (%) 

Selectivity 

(m:p:benzyl) 

1 
COF-TPY-1-

Co(AcO)2 (1) 
 Toluene 25 92 66:20:14 

2 
COF-TPY-2-

Co(AcO)2 (1) 
 Toluene 

25 
95 69:20:11 

3b COF-TPY-1-

Co(AcO)2 (1) 
NaBEt3H Toluene 

25 
76 64:20:16 

4b COF-TPY-1-

Co(AcO)2 (1) 
LiOMe Toluene 

25 
93 66:20:14 

5b COF-TPY-2-

Co(AcO)2 (1) 
NaBEt3H Toluene 

25 
69 64:21:15 

6b COF-TPY-2-

Co(AcO)2 (1) 
LiOMe Toluene 

25 
94 68:20:12 

7c COF-TPY-1-

Co(AcO)2 (1) 
 THF 1 6 58:21:21 

8c COF-TPY-1-

Co(AcO)2 (1) 
 Hexane 1 37 68:20:12 

9d COF-TPY-1-

Co(AcO)2 (1) 
 

Hexane/ 

Toluene 1/1 
6 91 61:21:17 

aReactions were conducted using VI.1d (7.5 mmol), B2pin2 (0.3 mmol) and catalyst (1.2 

µmol) for 24 h at 100°C. b10 mol% of additive (NaBEt3H or LiOMe) relative to B2pin2 was 

added. c0.5 mL of THF or hexane was added. d0.2ml of hexane and toluene were added. 

Borylation yields were determined by GC employing 1,3,5-trimethoxybenzene as an internal 

stand. 

For the subsequent reactions, 2,6-lutidine (VI.1l) was employed as a more 

challenging substrate to convert. Interestingly, COF-TPY-2-Co(AcO)2 

produced better yields than COF-TPY-1-Co(AcO)2 for the borylation of 

VI.1l (Table 6.2, entries 1 and 2). Since both catalysts present almost 

identical structure and porosity, this difference in reactivity and the slight 

difference in selectivity could be attributed to an electronic effect from the 

TAPB or TTA linkers. Lowering the excess of arene positively affected the 

reaction, achieving 98% yield of VI.2l with 1 mol% COF-TPY-2-

Co(AcO)2 (Table 6.2, entries 3 and 4). Under the optimized conditions, the 
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catalyst loading could be reduced to 0.4 mol% without affecting the yield 

(Table 6.2, entry 5). 

Table 6.2. Optimization of VI.1l borylation.a 

 

Entry Catalyst (mol%) Solvent 
Arene 

equiv. 

Total 

borylation 

yield (%) 

1 COF-TPY-1-Co(AcO)2 (1) VI.1l  25 55 

2 COF-TPY-2-Co(AcO)2 (1) VI.1l  25 75 

3b COF-TPY-1-Co(AcO)2 (1) VI.1l  2.5 69 

4 b COF-TPY-2-Co(AcO)2 (1) VI.1l  2.5 98 

5 b COF-TPY-2-Co(AcO)2 (0.4) VI.1l  2.5 96 
aReactions were conducted using 1l (7.5 mmol), B2pin2 (0.3 mmol) and catalyst (1.2 µmol) 

for 24 h at 100°C. b0.75 mmol of 1l were employed. Borylation yields were determined by 

NMR employing 1,3,5-trimethoxybenzene as an internal stand. 

Next, the catalytic activity of COF-TPY-2-Co(AcO)2 was compared 

against analogous homogeneous catalysts (Table 6.3). A molecular 

complex formed from terpyridine and Co(AcO)2 produced only 4% yield, 

while a complex with the terpyridine aldehyde linker employed in the 

synthesis of the COF (TPY-CHO) only gave traces of borylation products 

(Table 6.3, entries 2 and 3). This significant difference in reactivity between 

the COF and a molecular catalyst could be attributed to site isolation of the 

catalytic sites within the COFs. Interestingly, the bipyridine COFs studied 

in chapter 5 of this thesis were not active for this reaction, even after 

reduction (Table 6.3, entries 4 and 5). Using HBpin instead of B2pin2 

produced 10% yield (Table 6.3, entry 6). Since HBpin is obtained as a by-

product of the reactions with B2pin2. This result suggests that some HBpin 

by-products can be consumed as a boron source. 
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Table 6.3. Control experiments 

 

Entry Deviation from standard conditions 
Total borylation 

yield (%) 

Selectivity 

(m:p:benzyl) 

1 None 102 69:20:11 

2 Co(AcO)2.tpy as catalyst 4 55:29:16 

3 Co(AcO)2.TPY-CHO as catalyst - - 

4 COF-BPY-1-CoCl2 as catalyst - - 

5 COF-BPY-1-Co as catalyst - - 

6 HBpin as boron source 10 57:24:19 
aReactions were conducted using VI.1l (7.5 mmol), B2pin2 (0.3 mmol) and catalyst (1.2 

µmol) for 24 h at 100°C. b0.75 mmol of VI.1l were employed. Borylation yields were 

determined by GC employing 1,3,5-trimethoxybenzene as an internal stand. 

6.2.2. Arene substrate scope  

The catalytic activity of the COFs was further investigated by expanding 

the scope of the reaction, obtaining good to excellent yields with arenes and 

methylarenes (Table 6.4). For methylarenes (VI.1d-1i), the selectivity of 

the reaction was strongly influenced by steric hinderance. m- and p-

substituted methylarenes (VI.1f-1i) became selectively borylated at the 

benzylic position due to the steric effect of the substituents, while non-

substituted or m-substituted methylarenes (VI.1d-1e) produced mixtures of 

benzylic and aromatic borylation products. Interestingly, the borylation of 

VI.1j produced more than 1 eq. of aryl boronate relative to B2pin2, 

suggesting that some of the HBpin released as a by-product was consumed 

as a boron source. A small amount of 2-fluorophenyl boronate ester (9%) 

pinacol ester and 3-fluorophenyl boronate ester (3%) were detected as 

products from the borylation of VI.1b, likely due to defluorination-

borylation.36 None of the heterocycles tested in this screening (VI.1q-t) 

were compatible with the methodology, except for VI.1L. We rationalize 

that coordination of the heterocycles to the catalyst as N-donors stops the 
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reaction, but VI.1L presents two methyl groups which prevent coordination 

through steric hindrance. 

Table 6.4. Substrate scope for arene borylation.a 

 

aReported numbers are yields relative to B2pin2 based on 1H-NMR. The value in parenthesis 

is isolated yield. Reaction conditions: B2pin2 (76.2 mg, 0.3 mmol), arene (0.75 mmol), COF-

TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol), 100 °C, 48 h. For products VI.2b-2g: reactions 

performed with 7.5 mmol of arene. bContains 9% and 3% of 2-fluorophenyl boronic acid 

pinacol ester and 3-fluorophenyl boronic acid pinacol ester, respectively. cIsolated as alcohol 

after oxidation with H2O2. dCOF-TPY-1-Co(AcO)2 was used as catalyst. 

6.2.3. Catalyst recycling 

To determine recyclability, COF-TPY-2-Co(AcO)2 was recovered and 

reused several times in the borylation of benzene. Each reaction was 

performed with VI.1c (2 mmol), B2pin2 (0.08 mmol) and 0.8 mol% [Co] at 
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100 °C over 24 h. The catalytic activity of the COF was retained after 7 

cycles (79% yield), albeit with slightly lower yields each run (Figure 6.6a). 

Additionally, no leaching of cobalt into the solution was detected by ICP-

OES (<0.005 mg/mL), and the recovered material retained its crystalline 

structure (Figure 6.6b). Furthermore, no changes were observed by TEM 

on the material before and after catalysis (Figure 6.6c-d). These results 

suggest that COF-TPY-2-Co(AcO)2 is a robust material that can be reused 

as a catalyst several times. Nevertheless, we suspect that the decrease in 

yield observed every run could be associated with material loss during the 

recycling process.  
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Figure 6.6. a) Yield for catalysis with recycled COF-TPY-2-Co(AcO)2. b) PXRD and c-d) 

TEM of COF-TPY-2-Co(AcO)2 before and after the first reuse cycle.  

COF-TPY-2-Co(AcO)2 recycled COF-TPY-2-Co(AcO)2 

a) b) 

c) d) 
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6.2.4. Study of the COF-BPY-1-Co reduced species and 

mechanistic studies 

To gain insight into the reaction mechanism, an intermolecular competition 

experiment was performed between C6H6 (VI.1c) and C6D6 (VI.1c’) in a 

1:1 ratio (Scheme 6.3). Based on the ratio of borylated products, a KIE of 

4.0 was estimated. This effect shows that the C-H bond cleavage occurs in 

the product-determining step.38 This result is consistent with other reported 

cobalt catalysts.34,39 

 

Scheme 6.3. Intermolecular competition experiment 

UV-vis absorption spectroscopy was used to study the catalyst activation 

(Figure 6.7). The spectra of COF-TPY-1-Co(AcO)2 treated with B2pin2 in 

THF exhibited three broad bands centered at  522, 698, and 988 nm, which 

could be assigned to π to π* and π* to π* transitions for the reduced tpy 

ligand,28 although the interpretation of the results is complicated since the 

pristine COF presents an absorption band around 522 nm as well. 

Interestingly, reduction with NaBEt3H led to the appearance of similar 

bands, suggesting that the Co(tpy) complex is being reduced in both cases. 
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Figure 6.7. UV−vis spectrum of COF-TPY-1-Co(AcO)2 suspended in THF before and after 

treatment with NaBEt3H (10 equiv. relative to Co) or B2pin2 (100 equiv. relative to Co).  

We can propose a plausible borylation mechanism based on similar Co 

catalytic systems previously reported (Scheme 6.4).25,28–30 Pre-catalyst 

activation proceeds by reaction of B2pin2 with COF-TPY-Co(AcO)2, 

generating COF-TPY-Co(Bpin)2.40 Then, the aryl boronate ester product 

is formed through a σ-bond metathesis of Co−Bpin and arene C−H. The 

resulting COF-TPY-CoH(Bpin) species releases HBpin by reductive 

elimination, followed by oxidative addition of B2pin2, which regenerates 

the catalyst.  
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Scheme 6.4. Proposed mechanism for COF-TPY-Co-catalyzed borylation. 

 

6.3. Conclusions 

In this chapter, we demonstrated the capacity of two new cobalt-terpyridine 

COFs, COF-TPY-1-Co(AcO)2 and COF-TPY-2-Co(AcO)2, to catalyze 

the borylation of arenes. The catalysts could perform undirected arene C-H 

borylations and benzylic borylations. The arene vs benzyl selectivity on 

methylarenes was strongly determined by steric effects from the substrates. 

The materials presented high catalytic activity and stability and could be 

reused several times. Additionally, no additive was required to activate the 

catalysts. Finally, the COFs produced much higher yields compared to 

homogeneous analogues thanks to the isolated nature of the catalytic 

centers.    
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6.4. Experimental section 

6.4.1. Materials and methods 

Materials. Commercial reagents were purchased from Sigma Aldrich, Alfa 

Aesar, TCI Chemicals, Fluorochem or abcr and used as received without 

further purification. All solvents were purified by a SPS-400, Innovative 

Technology solvent purification system and stored under argon with 

activated 4 Å molecular sieves after degassing.  

Nuclear magnetic resonance (NMR). NMR spectra were recorded on 

Bruker AV500/AV400 spectrometer using standard conditions (300 K). All 

1H chemical shifts are reported in ppm and have been internally calibrated 

to the residual protons of the deuterated solvent. The 13C chemical shifts 

have been internally calibrated to the carbon atoms of the deuterated 

solvent. The coupling constants were measured in Hz. 

Powder X-ray diffraction (PXRD). Powder X-Ray Diffraction (PXRD) 

PXRD measurements were made using a Siemens D5000 diffractometer 

(Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer) fitted 

with a curved graphite diffracted-beam monochromator, incident and 

diffracted-beam Soller slits, a 0.06 receiving slit and scintillation counter 

as a detector. The angular 2θ diffraction range was between 2 and 40. The 

data was collected with an angular step of 0.02 at 12 s per step and sample 

rotation. A low background Si(510) wafer was used as sample holder. Cukα 

radiation was obtained from a copper X-ray tube operated at 40 kV and 30 

mA 

Inductively Coupled Plasma Optical Emisión Spectrometry (ICP-

OES). ICP-OES measurement was performed on the Perkin Elmer Optical 

Emission Spectrometer Optima 5300 DV (Scott-Chamber/Cross-Flow-

Nebulizer).  
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Transmission electron microscopy (TEM). TEM images were collected 

using a JEOL 1011 Transmission Electron Microscope operating at 80 kV. 

Samples were dispersed in ethanol and a drop of resultant suspensions was 

poured on carbon coated-copper grids. 

UV-vis absorption. UV-Vis measurements were carried out on a Shimadzu 

UV-2401PC spectrophotometer equipped with a photomultiplier tube 

(PMT) detector, double beam optics and D2 and W light sources. 

 

6.4.1. Catalytic experiments 

General procedure for aryl borylation: Inside a glovebox, COF-TPY-2-

Co(AcO)2 (2.4 mg, 1.2 µmol) and B2pin2 (75.9 mg, 0.3 mmol) were placed 

on a small vial with a stirring bar. After adding the arene (0.75 mmol), the 

vial was sealed. After stirring for 48 hours at 100 °C, the vial was opened 

to air, ethyl acetate was added, and the solid was removed from the solution 

by filtration. NMR yields were determined by taking an aliquot of the 

solution and adding trimethoxybenzene as internal standard. To obtain the 

isolated yields, the solution was purified by silica gel column 

chromatography using hexane/ethyl acetate mixtures as eluent. After 

removing the solvent, VI.2a-p was obtained as the product. 

Procedure for catalyst recycling: The catalysis was set up following the 

general procedure. Inside a glovebox, COF-TPY-2-Co(AcO)2 (1.3 mg, 

0.64 µmol) and B2pin2 (20.2 mg, 0.08 mmol) were placed on a small vial 

with a stirring bar. After adding VI.1c (0.18 mL, 2 mmol), the vial was 

sealed. After stirring for 24 h at 100 °C, the vial was opened inside a 

glovebox and trimethoxybenzene was added as an internal standard. The 

solid was separated by centrifugation, and the solution was analyzed by GC 
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to determine the yield of VI.2c. Then, the catalyst was reused for 

subsequent reactions.  

Borylation of anisol (VI.1a): The reaction was performed following the 

general procedure using VI.1a (81 mg, 0.75 mmol), B2pin2 (75.9 mg, 0.3 

mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce VI.2a 

as a mixture of meta and para isomers in a 86:14 ratio. (39 mg, 0.17 mmol, 

56%). 1H NMR (400 MHz, CDCl3) m-VI.2a δ: 7.46 – 7.40 (m, 1H), 7.36 

(dd, J = 2.8, 1.0 Hz, 1H), 7.32 (dd, J = 8.2, 7.2 Hz, 1H), 7.04 (ddd, J = 8.2, 

2.8, 1.1 Hz, 1H), 3.86 (s, 3H), 1.38 (s, 12H). p-VI.2a δ: 7.79 (d, J = 8.7 Hz, 

2H), 6.93 (d, J = 8.7 Hz, 2H), 3.85 (s, 3H), 1.36 (s, 12H). 13C NMR (101 

MHz, CDCl3) m-VI.2a δ: 159.06, 128.95, 127.20, 118.73, 117.91, 83.83, 

55.25, 24.87. p-VI.2a δ: 159.06, 136.52, 113.32, 83.55, 55.09, 24.87. 

 

 

Borylation of 1,2-difluorobenzene (VI.1b): The reaction was performed 

following the general procedure using VI.1b (855 mg, 7.5 mmol), B2pin2 

(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce VI.2b as a mixture of 3- and 4- isomers in a 70:30 ratio. (69 mg, 

0.28 mmol, 96%). A small amount of ortho and meta borylated 

fluorobenzene was detected in the 19F NMR, caused by defluoriation.1H 

NMR (400 MHz, CDCl3) 3-VI.2b δ: 7.51 – 7.45 (m, 1H), 7.30 – 7.21 (m, 

1H), 7.12 – 7.05 (m, 0H), 1.38 (s, 12H). 4-VI.2b δ: 7.64 – 7.57 (m, 1H), 

7.57 – 7.52 (m, 1H), 7.20 – 7.12 (m, 1H), 1.35 (s, 12H). 19F NMR (376 

MHz, CDCl3) 3-VI.2b δ: -129.14 (d, J = 21.6 Hz), -139.18 (d, J = 21.7 Hz). 

4-VI.2b δ: -133.99 (d, J = 20.7 Hz), -139.64 (d, J = 20.7 Hz). 
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Borylation of benzene (VI.1c): The reaction was performed following the 

general procedure using VI.1c (585 mg, 7.5 mmol), B2pin2 (75.9 mg, 0.3 

mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce VI.2c. 

(49 mg, 0.24 mmol, 79%). 1H NMR (400 MHz, CDCl3) δ: 7.86 (dt, J = 6.8, 

1.5 Hz, 2H), 7.49 (d, J = 7.4 Hz, 1H), 7.44 – 7.38 (m, 2H), 1.39 (s, 12H). 

13C NMR (101 MHz, CDCl3) δ 134.77, 131.27, 127.73, 83.78, 24.90. 

 

 

Borylation of toluene (VI.1d): The reaction was performed following the 

general procedure using VI.1d (690 mg, 7.5 mmol), B2pin2 (75.9 mg, 0.3 

mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce VI.2d 

as a mixture of meta, para and benzyl isomers in a 63:21:16 ratio. (48 mg, 

0.22 mmol, 73%). 1H NMR (400 MHz, CDCl3) m-VI.2d δ: 7.71 – 7.64 (m, 

2H), 7.34 – 7.30 (m, 2H), 2.40 (s, 3H), 1.39 (s, 12H). p-VI.2d δ: 7.76 (d, J 

= 7.9 Hz, 2H), 7.25 – 7.21 (m, 2H), 2.41 (s, 3H), 1.38 (s, 12H). benzyl-

VI.2d δ: 7.29 – 7.25 (m, 3H), 7.19 – 7.13 (m, 1H), 2.34 (s, 2H), 1.28 (s, 

4H). 13C NMR (101 MHz, CDCl3) m-VI.2d δ: 137.14, 135.37, 132.06, 

131.82, 127.72, 83.73, 24.89, 21.29. p-VI.2d δ: 141.40, 134.85, 128.54, 

83.62, 24.89, 21.74. benzyl-VI.2d δ: 137.14, 129.02, 128.27, 124.85, 83.42, 

24.75. 
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Borylation of o-xylene (VI.1e): The reaction was performed following the 

general procedure using VI.1e (795 mg, 7.5 mmol), B2pin2 (75.9 mg, 0.3 

mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce VI.2e 

as a mixture of 4- and benzyl isomers in a 68:32 ratio. (52 mg, 0.23 mmol, 

75%). 1H NMR (400 MHz, CDCl3) 4-VI.2e δ: 7.65 (s, 1H), 7.61 (d, J = 8.8 

Hz, 1H), 7.20 (d, J = 7.4 Hz, 1H), 2.33 (s, 3H), 2.32 (s, 3H), 1.39 (s, 12H). 

benzyl-VI.2e δ: 7.19 – 7.07 (m, 4H), 2.31 (s, 2H), 1.28 (s, 12H). 13C NMR 

(101 MHz, CDCl3) 4-VI.2e δ: 140.14, 135.99, 135.87, 132.47, 129.20, 

83.60, 24.88, 20.03, 19.49. benzyl-VI.2e δ: 137.54, 135.92, 129.80, 129.48, 

125.88, 125.17, 83.37, 24.76, 20.12. 

 

 

Borylation of mesitylene (VI.1f): The reaction was performed following 

the general procedure using VI.1f (900 mg, 7.5 mmol), B2pin2 (75.9 mg, 

0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce 

VI.2f. To prevent excessive loss of mass during the column purification, 

VI.2f was oxidized into the corresponding alcohol VI.3f by dissolving it in 

ether followed by the addition of 2 ml NaOH (2M aqueous solution) and 2 

ml H2O2 (30% in water). (36 mg, 0.26 mmol, 88%). 1H NMR (400 MHz, 
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CDCl3) δ 7.01 (s, 2H), 6.97 (s, 1H), 4.63 (s, 2H), 2.36 (s, 6H). 13C NMR 

(101 MHz, CDCl3) δ 140.86, 138.17, 129.25, 124.86, 65.35, 21.27. 

 

 

Borylation of p-xylene (VI.1g): The reaction was performed following the 

general procedure using VI.1g (795 mg, 7.5 mmol), B2pin2 (75.9 mg, 0.3 

mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce VI.2g. 

(50 mg, 0.22 mmol, 72%). 1H NMR (400 MHz, CDCl3) δ: 7.13 – 7.05 (m, 

4H), 2.32 (s, 3H), 2.28 (s, 2H), 1.26 (s, 12H). 13C NMR (101 MHz, CDCl3) 

δ: 135.38, 134.11, 128.98, 128.86, 83.36, 24.74, 20.96. 

 

 

Borylation of 4-tert-butyltoluene (VI.1h): The reaction was performed 

following the general procedure using VI.1h (112 mg, 0.75 mmol), B2pin2 

(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce VI.2h (54 mg, 0.20 mmol, 66%). 1H NMR (400 MHz, CDCl3) δ: 

7.31 – 7.28 (m, 2H), 7.17 – 7.14 (m, 2H), 2.30 (s, 2H), 1.33 (s, 9H), 1.28 

(s, 12H). 13C NMR (101 MHz, CDCl3) δ 147.45, 135.36, 128.69, 125.19, 

83.36, 34.25, 31.44, 24.77. 
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Borylation of 4-tert-butyltoluene (VI.1i): The reaction was performed 

following the general procedure using VI.1i (94 mg, 0.75 mmol), B2pin2 

(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce VI.2i (30 mg, 0.12 mmol, 40%). 1H NMR (400 MHz, CDCl3) δ 

7.13 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H), 2.25 (s, 2H), 

1.26 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 157.13, 130.49, 129.81, 

113.76, 83.35, 55.20, 24.74. 

 

 

Borylation of α,α,α-Trifluorotoluene (VI.1j): The reaction was 

performed following the general procedure using VI.1j (111 mg, 0.75 

mmol), B2pin2 (75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 

1.2 µmol) to produce VI.2j as a mixture of meta and para isomers in a 67:33 

ratio. (72 mg, 0.26 mmol, 88%). 1H NMR (400 MHz, CDCl3) m-VI.2j δ: 

8.10 (s, 1H), 8.01 (d, J = 7.4 Hz, 1H), 7.72 (d, J = 7.9 Hz, 1H), 7.50 (t, J = 

7.6 Hz, 1H), 1.38 (s, 12H). p-VI.2j δ: 7.95 (d, J = 7.6 Hz, 2H), 7.64 (d, J = 

7.6 Hz, 2H), 1.38 (s, 12H). 13C NMR (101 MHz, CDCl3) m-VI.2j δ: 138.02, 

131.40, 131.36, 131.33, 131.29, 130.20, 129.88, 128.02, 127.81, 127.77, 

127.74, 127.70, 125.66, 122.95, 84.27, 24.82. p-VI.2j δ: 135.02, 132.99, 

130.20, 129.88, 124.31, 124.27, 122.95, 83.05, 24.51. 19F NMR (376 MHz, 

CDCl3) m-VI.2j δ: -62.73. p-VI.2j δ: -63.15. 
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Borylation of trimethyl(phenyl)silane (VI.1k): The reaction was 

performed following the general procedure using VI.1k (114 mg, 0.75 

mmol), B2pin2 (75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 

1.2 µmol) to produce 2k as a mixture of meta and para isomers in a 72:28 

ratio (63 mg, 0.23 mmol, 76%). 1H NMR (400 MHz, CDCl3) m-VI.2k δ: 

8.03 (s, 1H), 7.89 – 7.84 (m, 1H), 7.68 (dt, J = 7.4, 1.4 Hz, 1H), 7.41 (td, J 

= 7.4, 0.8 Hz, 1H), 1.40 (s, 12H), 0.34 (s, 9H). p-VI.2k δ: 7.89 – 7.84 (m, 

2H), 7.60 (d, J = 8.1 Hz, 2H) 1.39 (s, 12H), 0.33 (s, 9H). 13C NMR (101 

MHz, CDCl3) m-VI.2k δ: 139.66, 139.54, 136.30, 135.37, 127.07, 83.73, 

24.91, -1.00. p-VI.2k δ: 144.25, 133.91, 132.63, 83.75, 24.88, -1.20 

 

 

Borylation of 2,6-lutidine (VI.1l): The reaction was performed following 

the general procedure using VI.1l (84 mg, 0.75 mmol), B2pin2 (75.9 mg, 

0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to produce 

VI.2l. The product could not be separated from the HBpin by-product by 

column chromatography (99% yield based on quantitative NMR with 

trimethoxybenzene as internal standard). 1H NMR (400 MHz, CDCl3) δ 
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7.30 (s, 2H), 2.51 (s, 6H), 1.32 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 

156.93, 125.36, 84.34, 24.80, 23.91. 

 

 

Borylation of n,n-dimethylaniline (VI.1m): The reaction was performed 

following the general procedure using VI.1m (91mg, 0.75 mmol), B2pin2 

(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce VI.2m as a mixture of meta and para isomers in a 75:22 ratio (43 

mg, 0.17 mmol, 58%). Traces of the ortho isomer could also be detected. 

1H NMR (400 MHz, CDCl3) m-VI.2m δ: 7.33 – 7.27 (m, 1H), 7.27 – 7.21 

(m, 2H), 6.91 (ddd, J = 8.2, 2.8, 1.3 Hz, 1H), 3.00 (s, 6H), 1.39 (s, 12H). p-

VI.2m δ: 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.8 Hz, 2H), 6.75 – 

6.72 (m, 2H), 3.02 (s, 6H), 1.37 (s, 12H).  13C NMR (101 MHz, CDCl3) m-

VI.2m δ:  150.18, 128.52, 123.28, 118.73, 115.84, 83.63, 40.80, 24.89. p-

VI.2m δ: 152.59, 136.18, 111.28, 83.17, 40.13, 24.88. 

 

 

Borylation of 4-Fluoroanisole (VI.1n): The reaction was performed 

following the general procedure using VI.1n (94 mg, 0.75 mmol), B2pin2 

(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce VI.2n (59 mg, 0.23 mmol, 78%). A small amount of 2-substituded 

UNIVERSITAT ROVIRA I VIRGILI 
METAL-ORGANIC FRAMEWORKS AND COVALENT ORGANIC FRAMEWORKS AS SINGLE SITE CATALYSTS 
FOR ORGANIC TRANSFORMATIONS 
Luis Gutiérrez Victoriano



CHAPTER VI: Terpyridine Covalent Organic Frameworks as 

efficient C-H borylation catalysts

 

291 

 

product was detected in the 19F NMR. 1H NMR (400 MHz, CDCl3) δ 7.24 

– 7.20 (m, 1H), 6.98 – 6.96 (m, 1H), 6.95 (d, J = 1.8 Hz, 1H), 3.81 (s, 3H), 

1.38 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 162.83, 160.41, 155.25, 

155.22, 119.90, 119.82, 119.33, 119.24, 116.18, 115.92, 83.95, 55.80, 

24.81. 

 

 

Borylation of chlorobenzene (VI.1o): The reaction was performed 

following the general procedure using VI.1o (84 mg, 0.75 mmol), B2pin2 

(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce VI.2o as a mixture of meta and para isomers. The product could 

not be separated from the unreacted B2pin2 by column chromatography 

(49% yield based on quantitative NMR). 1H NMR (400 MHz, CDCl3) m-

VI.2o δ: 7.76 (dd, J = 2.4, 1.1 Hz, 1H), 7.66 (dt, J = 7.3, 1.2 Hz, 1H), 7.41 

(ddd, J = 8.0, 2.3, 1.2 Hz, 1H), 7.29 (dd, J = 8.3, 7.1 Hz, 1H), 1.34 (s, 12H). 

p-VI.2o δ: 7.72 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H). 13C NMR (101 

MHz, CDCl3) m-VI.2o δ: 134.53, 133.99, 132.64, 131.23, 129.16, 83.07, 

24.82. p-VI.2o δ: 137.50, 136.11, 127.96, 84.12, 24.52. 

 

 

Borylation of 1,3-benzodioxol (VI.1p): The reaction was performed 

following the general procedure using VI.1p (92 mg, 0.75 mmol), B2pin2 
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(75.9 mg, 0.3 mmol) and COF-TPY-2-Co(AcO)2 (2.4 mg, 1.2 µmol) to 

produce two separate isomers: 4-VI.2p (43 mg, 0.17 mmol, 55%) and 5-

VI.2p (11 mg, 0.05 mmol ,18%). 1H NMR (400 MHz, CDCl3) 4-VI.2p δ: 

7.26 – 7.19 (m, 1H), 6.92 (dd, J = 7.7, 1.4 Hz, 1H), 6.84 (t, J = 7.7 Hz, 1H), 

6.03 (s, 2H), 1.38 (s, 12H). 5-VI.2p δ: 7.38 (dd, J = 7.7, 1.2 Hz, 1H), 7.26 

(d, J = 1.1 Hz, 1H), 6.85 (dd, J = 7.8, 0.5 Hz, 1H), 5.97 (s, 2H), 1.35 (s, 

12H). 13C NMR (101 MHz, CDCl3) 4-VI.2p δ: 152.57, 146.91, 127.85, 

121.07, 111.16, 100.83, 83.89, 24.83. 5-VI.2p δ: 150.17, 147.53, 129.73, 

113.95, 108.29, 100.73, 83.71, 24.84. 
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In Chapter III, we have immobilized a series of ligands inside the cavities 

of MOF-520 crystals. The single-crystal to single-crystal transformation 

allowed us to detect the ligand arrangement by x-ray diffraction, revealing 

that the perylene ligands (PC1) are isolated. This result agreed with the 

photophysical studies performed in suspension, which suggested that PC1 

and PC2 inside MOF-520 behave as isolated units and do not form 

agglomerates.  

MOF-520-PC2 was employed as a photocatalyst for the reductive coupling 

of aldehydes, ketones and imines, showing good efficiency but limited 

recyclability under batch conditions. The photocatalytic system was also 

employed successfully under continuous flow conditions.  

Finally, a catalytic cycle was proposed based on mechanistic studies: the 

excited photocatalyst (PC*) is reductively quenched by an electron donor, 

generating a radical anion (PC•-) capable of reducing the carbonyl substrate, 

which undergoes radical homocoupling to produce pinacols. 

In Chapter IV, imine COFs containing bipyridine ligands (COF-BPY-1 

and COF-BPY-2), terpyridine ligands (COF-TPY-1 and COF-TPY-2) or 

bispyridine-cyclohexyldiamine ligands (MCP-polymer) were synthesized 

and characterized, followed by incorporation of Co into the materials 

through post-synthetic metalation. The Co content for the COFs ranged 

from 8.3 to 2.9 w%. 

The different choices of amine linkers in COF-BPY-1 and COF-BPY-2 led 

to the formation of a rhombic or kagome skeleton, respectively. COF-TPY-

1 and COF-TPY-2 presented similar structures with high crystallinity and 

porosity. However, MCP-polymer could not be obtained as a crystalline 

material, possibly due to the flexibility of the MCP ligand. 

In Chapter V, we employed COF-BPY-1-Co as an efficient and recyclable 

heterogeneous catalyst for the hydroboration of simple alkenes. The 

superior activity of this catalyst relative to molecular Co-bipyridine 
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complexes was attributed to the site-isolated nature of the catalytic centers, 

which minimized agglomeration of the reduced metal. In addition, EXAFS 

studies confirmed the presence of reduced Co single-sites in the COF after 

activation.   

Experimental and computational studies were performed to gain insight 

into the reaction mechanism. Based on this, we proposed a catalytic cycle 

beginning with oxidative boryl migration of HBpin and alkene onto the 

cobalt center, followed by isomerization and reductive elimination of the 

alkyl boronate ester. 

In Chapter VI, COF-TPY-1-Co(AcO)2 and COF-TPY-2-Co(AcO)2 were 

used as catalysts for the borylation of arenes. The catalysts produced 

arylboronic esters with excellent yields and could be recycled several times. 

In addition, the catalysts could activate the benzylic Csp3-H bond on 

methylarenes, and steric effects strongly influenced the selectivity of 

benzylic versus aromatic borylation. Compared to homogeneous analogues, 

the terpyridine COFs produced much higher yields, which could be 

attributed to the isolated nature of the catalytic centers.
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