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Abstract  

Metal-organic frameworks (MOFs) are prepared by self-assembly of metal ions 

and/or clusters and organic linkers to form three-dimensional frameworks. As a 

subgroup of organo-hybrid materials, they can be utilized as pseudo-organocatalysts 

if functional groups with Lewis basicity or acidity are present in the organic linkers. 

Due to the long-range order present in MOFs, the functionalized linkers are 

homogeneously distributed over the entire framework of the lattice. The high 

crystallinity of MOFs compared to other solid materials reduces the complexity of the 

catalytic system and leads to clear structure-performance relationships in reactions. 

Organocatalysis uses low-molecular weight catalysts in which a metal is not part of 

the catalytic active site or the reaction substrate. Organocatalysts based on MOFs 

are candidates for developing chemical efficiency and high value-added chemical 

synthesis, owing to their advantages: a) they are metal-free low molecular-weight 

catalysts, some of which are natural products, b) they are easily designed for specific 

reactions, and c) there is no contamination of the final products. In this thesis, MOFs 

with Lewis base sites such as an amino or phosphine group were designed and 

synthesized for several targeted organocatalysis reactions. Tunable pore sizes and 

local environment allow the activity of such MOFs to be rationalized via analyzing 

size of substrates and possible intermediates within the MOF cage. Compared to 

their homogeneous analogues, MOF catalysts are isolated easily and can be 

recycled for multiple runs without a significant loss of catalytic activity and show 

interesting selectivity behavior. 

Chapter 4 demonstrates the synthesis, characterization and catalytic application of 

the phosphine-tagged MOF, LSK-3. Coumarin synthesis, Umpolung addition and 

Knoevenagel condensation reactions were performed on LSK-3. The results suggest 

that the framework creates steric hindrance around the phosphine active site and 

determines which molecules react in particular reactions. The catalytic behavior of 

LSK-3 was evaluated with the aid of molecular modeling (DFT) calculations and 

NMR spectroscopy techniques. This work is the first application of phosphine MOFs 

in organocatalysis and explores the potential of framework steric hindrance in 

imposing selectivity on a catalytic reaction. These findings expand the opportunities 

for control and design of the active site in the pocket of heterogeneous catalysts. 

The activity of two bifunctional MIXMOFs with IRMOF-9 topology that contain amino, 

diphenylphosphoryl and methyl groups is described in Chapter 5. The amino group 
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acts as an active site for the Knoevenagel condensation of ortho-, meta- or para-

nitrobenzaldehyde and malononitrile, while the non-active site diphenylphosphoryl or 

methyl group moderate the spatial characteristics inside the MOF pores. The 

functional groups induced a unique catalytic response. An enhancement of reaction 

activity was found when using MOFs as catalysts compared to the homogeneous 

analogue aniline, whereas the diphenylphosphoryl group was observed to slow down 

the formation of the steric hindered ortho-isomer product. 

Chapter 6 presents the first successful catalytic application of PPh3 in the presence 

of amino-containing and/or thiourea functionalized MIXMOFs for the reaction of linear 

aldehydes to give aldol-Tishchenko (AT) products. Neither PPh3 nor amino MOFs 

catalyze the AT reaction. The reaction behavior is confirmed by broad experimental 

results, showing the amino group likely plays a role in stabilizing reaction 

intermediates. Only a specific distance between two non-adjacent amino groups 

within a cage enables anchoring of the intermediates. The confined space in the 

cages of the MOFs and the specific topology that causes the MOFs to behave like 

enzymatic catalysts allow this unique catalytic behavior to occur. 

In summary, the research reported here shows that the flexible MOF framework 

enables the design of catalysts with amino and phosphine functional groups with size 

selectivity and unique activity in organocatalysis. The understanding of structure-

performance relationships in MOF catalysis can be achieved at the atomic level. 

These findings illuminate the importance of research towards designing highly 

selective and effective catalysts via the introduction of known-structured 

heterogeneous solid porous frameworks, to tune the reactivity and selectivity of 

catalysis via functional groups and confined space. 

! !



! V 

!"#$%" &

Les rŽseaux mŽtallo-organiques (MOFs) sont des assemblages molŽculaires 

tridimensionnels prŽparŽs ˆ partir dÕunitŽs secondaires de coordination, formŽ dÕions 

mŽtalliques ou de sous-groupes inorganiques, et de liaisons organiques. Faisant 

partie de la catŽgorie des matŽriaux organo-hybrides, les MOFs peuvent •tre utilisŽ 

en tant que pseudo-organo-catalyseurs lorsque que les lieurs organiques prŽsentent 

des acides ou des bases de Lewis. Gr‰ce ˆ la structure ordonnŽe des MOFs, les 

lieurs fonctionnalisŽs sont gŽnŽralement dispersŽs de fa•on homog•ne ˆ t ravers le 

rŽseau cristallin. Le haut taux de cristallinitŽ des MOFs, en comparaison avec 

dÕautres classes de solides, tend ˆ rŽduire le niveau de complexitŽ des syst•mes 

catalytiques introduits, ce qui permet une analyse plus fine des relations entre la 

structure et les performances de ceux-ci. 

LÕorgano-catalyse est dŽfinie par lÕutilisation de catalyseurs ˆ faible poids 

molŽculaire, pour lequel aucun centre mŽtallique nÕest prŽsent ni sur le site 

catalytique, ni sur le substrat.  Les organo-catalyseurs basŽs sur les MOFs sont de 

bons candidats pour le dŽveloppement durable de produits chimiques ˆ haute valeur 

ajoutŽe gr‰ce ˆ leurs avantages suivant : a) ils ne contiennent aucun mŽtal et sont 

parfois issus de sources naturelles, b) ils peuvent •tre facile ment con•us pour des 

rŽactions spŽcifiques, et c) ils ne contaminent pas le produit fini. Dans ce mŽmoire, 

les MOFs contenant des bases de Lewis, comme par  exemple des groupes amine 

ou phosphine, ont ŽtŽ synthŽtisŽs afin de rŽpondre aux crit•res de diffŽrentes 

rŽactions organo-catalytiques ciblŽes. La taille ajustable des pores ainsi que 

lÕenvironnement local des MOFs permettent de rationaliser leurs activitŽs 

catalytiques en analysant la taille des substrats et des produits intermŽdiaires 

possibles en les comparant avec les cages des MOFs. En comparaison avec les 

catalyseurs homog•nes, les MOFs sont aisŽment sŽparables de la phase liquide, ce 

qui leur permet dÕ•tre recyclŽs de nombreuses fois sans perte significative dÕactivitŽ 

catalytique. De plus ils prŽsentent des comportements sŽlectifs particuliers. 

Le Chapitre 4 rŽsume la synth•se, caractŽrisation et applications catalytiques dÕun 

MOF contenant des groupes phosphines nommŽe LSK-3. DiffŽrentes rŽactions 

types, incluant lÕUmpolung, la condensation de Knoevenagel et la synth•se du 

coumarin, ont ŽtŽ gŽnŽrŽes en prŽsence de LSK-3. Les rŽsultats obtenus sugg•rent 

que le rŽseau induit un encombrement stŽrique autour du site actif de la phosphine 

qui dŽtermine le chemin rŽactif suivit par les substrats sŽlectionnŽs. Le 

comportement catalytique de LSK-3 a ŽtŽ ŽvaluŽ ˆ lÕaide de mod•les 

computationnels (DFT) et vŽrifiŽ expŽrimentalement par spectroscopie RMN. Cette 

recherche constitue la premi•re application de MOFs contenant des phosphines en 
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organo-catalyse et explore leur potentiel dÕinduction dÕencombrement stŽrique 

permettant dÕimposer une sŽlectivitŽ ˆ la rŽaction catalytique. Ces dŽcouvertes 

permettent dÕŽtendre les opportunitŽs de dŽveloppement de sites actifs dans les 

poches de catalyseurs hŽtŽrog•nes. 

Le Chapitre 5 dŽcrit lÕactivitŽ catalytique de deux MIXMOFs bi-fonctionnels 

possŽdant la topologie de IRMOF-9 et contenant des groupes amine, oxyde de 

diphenylphosphine et mŽthyl. Le groupe amine agit en tant que site actif pour la 

condensation de Knoevenagel des isom•res ortho- meta- ou para- du 

nitrobenzaldŽhyde avec le malonitrile, alors que les groupes non-rŽactifs restants 

servent ˆ modŽrer les caractŽristiques spatiales des MOFs. La combinaison de ces 

groupes a permis de gŽnŽrer une rŽponse catalytique unique. Une amŽlioration des 

performances catalytiques a ŽtŽ observŽe lorsque que les MOFs ont ŽtŽ utilisŽs, en 

contraste avec la rŽaction catalysŽe de fa•on homog•ne par lÕaniline. La fonction 

oxyde de phosphine a quant ˆ elle permit de ralentir la format ion de lÕisom•re ortho, 

encombrŽ stŽriquement. 

Le chapitre 6 prŽsente la premi•re application fructueuse de la triphenylphosphine 

(PPh3), en prŽsence de MIXMOFs contentant des groupes amines et/ou thiourŽe, 

pour la transformation catalytique dÕaldŽhydes linŽaires en produits aldol-Tishchenko 

(AT). La seule prŽsence de PPh3 ou des amino-MOFs nÕont pas catalysŽ la rŽaction 

AT. Le comportement rŽactionnel a ŽtŽ confirmŽ par de nombreuses analyses qui 

montrent que le groupe amine joue un r™le probable de stabilisation des 

intermŽdiaires rŽactionnels. Seule une distance spŽcifique entre deux groupes amine 

non-adjacents permet aux intermŽdiaires de sÕaccrocher. Le confinement induit par 

leurs cages ainsi que leurs topologies spŽcifiques permettent aux MOFs dÕagir tel 

des enzymes, permettant ainsi ˆ ce comportement catalytique unique dÕŽmerger.  

En rŽsumŽ, cette recherche dŽmontre que la flexibilitŽ des rŽseaux mŽtallo-

organiques permet le dŽveloppement de catalyseurs contenant des groupes amine 

ou phosphine qui engendrent des propriŽtŽs uniques de sŽlectivitŽ et dÕactivitŽ en 

organo-catalyse. La comprŽhension de la relation entre lÕactivitŽ catalytique et la 

structure des MOFs peut •tre atteinte ˆ un niveau atomistique. Ces rŽsultats 

illustrent lÕimportance des recherches consacrŽes au dŽveloppement de catalyseurs 

ˆ haute performances et sŽlectivitŽ via lÕintroduction de rŽseaux poreux cristallins 

ainsi que la modification de leurs propriŽtŽs en milieu confinŽ. 
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Metal-organic frameworks (MOFs), also known as coordination polymers,[1] are 

prepared by self-assembly of secondary building units (SBU, metal ions/clusters) and 

organic linkers to form three dimensional frameworks (Figure 1.1).[2Ð4] Since the well-

known [Zn4O(BDC)3]n (MOF-5, H2BDC = 1,4-benzenedicarboxylic acid) reported by 

Yaghi and co-workers in late 1990s,[5] publications related to synthesis, 

characterization and applications of MOFs have grown exponentially. 

 

Figure 1.1.  Schematic model of the preparation of a MOF. 

MOFs are conventional synthesized using solvothermal method defined by 

Rabenau,[6] where reactions take place in a closed vessel under autogenous 

pressure (Figure 1.1). MOFs can also be prepared by other methods such as 

microwave-assisted, electrochemical, mechanochemical, and sonochemical 

synthesis.[7]  

The MOF structure is versatile: the topology, pore size (Figure 1.2) and chemical 

properties can be varied by modifying the metal ions/clusters and organic linkers 

through control of reactants, post-synthetic modification (PSM) and post-synthetic 

linker exchange (PSE).[8Ð11] The variation of metal ions/clusters (such as zinc, 

copper, zirconium, chromium, manganese, nickel, palladium and iron) and multitopic 

organic linkers yield a virtually unlimited number of possible structures. There are 

currently more than 10,000 MOF structures published on the Cambridge Structural 

Database (CSD). 

MOFs possess high surface area with BET number above 250 m2/g measured by N2 

physisorption at 77 K.[12] Hupp et al. recently reported NU-110 [Cu3(L-1)(H2O)3]n, L-1 

with the highest BET number up-to-date of around 7000 m2/g.[13] Various MOFs are 

thermally and chemically stable. MIL-53-Al [Al(OH)(BDC)]n is stable above 500 oC as 

demonstrated by thermogravimetric analysis (TGA),[14] whereas [Ni3(BTP)2]n (BTP = 
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1,3,5-tris(1H-pyrazol-4-yl)benzene) is stable in boiling water under acidic (pH = 2) 

and basic (pH = 14) conditions for two weeks retaining both crystallinity and surface 

area.[15] The stability of a MOF is determined by the bond strength between the 

inorganic unit and the organic building block. For the most-studied Zn-carboxylate 

MOFs, such as MOF-5 [Zn4O(BDC)3]n, IRMOF-3 [Zn4O(NH2-BDC)3]n, UMCM-1-NH2 

[Zn4O(NH2-BDC)(BTB)4/3]n (BTB = 4,4',4''-benzene-1,3,5-triyl-tribenzoate), the Zn-O 

bond between the Zn4O
6+ cluster and the terephthalate linker is easily decomposed 

in the presence of protic solvents, which causes hydrolysis of the Zn-O bond in 

[Zn4O(OOC-C6H4-COO)3]n to [Zn4O(OOC-C6H4-COO)3]n-x[Zn4O(OH)(OOC-C6H4-

COOH)3]x (x corresponds to the amount of H2O).[16]  

 

Figure 1.2. Schematic model of MOFs with pore-tuning. 

'('(' & &>?*%23,-&</.<*/+2*#&.4&)89#&

The chemical flexibility of the organic linkers in MOFs allows the introduction of 

nucleophilic and electrophilic functional groups by isoreticular synthesis, linker 

design, mixed-linker MOFs and post-synthetic modification (PSM).[10] Isoreticular 

synthesis and linker design involves introducing functional groups on the organic 

linker, which generate MOF frameworks with various functions. The designation of 

mixed-linker MOFs (MIXMOFs) refers to the mixing of more than one organic linker 

during the synthesis of the MOFs. Post-synthetic modification (PSM) relates to 

transformation of the functional groups in the produced MOFs (functional group 

grafted on the organic linkers) to include a desired functionality.[11,17]  

'('('(' &&@#./*+23$-,/&)89#&

Isoreticular MOFs (IRMOFs) are prepared by altering the functionality and chemical 

composition of the organic linkers without changing the skeleton of the MOF 

frameworks (Figure 1.3).[8] To design ideal isoreticular structure extended from a 

MOF, the starting organic linkers should be derivatives of the original organic linker, 



Chapter I! ! !

!4 

which react similarly during the synthesis. Yaghi et al. reported a group of IRMOFs 

[Zn4O
6+(OOC-(R-C6H4)-COO)3]n, extended structure of MOF-5 with functionality (R) 

Br, NH2, OC3H7, OC5H11, C2H4, which correspond to IRMOF-2, IRMOF-3, IRMOF-4, 

IRMOF-5, and IRMOF-6, respectively. The chemical properties of IRMOFs were 

tuned by the functional groups on the organic linker. Moreover, the pore size of the 

MOFs was varied by expanding the molecular backbone from benzyl to biphenyl, 

tetrahydropyrene, pyrene, terphenyl, which resulted IRMOF-10, IRMOF-12, IRMOF-

14 and IRMOF-16 accordingly.[8] 

 

Figure 1.3.  Schematic model of the synthesis of an IRMOF. 

'('('(A&)@B)89# &

MIXMOFs as well as multivariate MOFs (MTV-MOFs) play an important role in 

designing functional MOFs. MIXMOFs are prepared by varying the functionality of 

different organic building blocks with the same size. Thus, the framework is identical, 

while more than one functionality co-exists in the same framework. Figure 1.4 shows 

the schematic model of a MIXMOF. Non-quantitative PSM and linker exchange also 

generate MIXMOFs. Several research groups including ours, have successfully 

prepared individual MIXMOFs containing different functional groups.[18,19] MIXMOFs 

with up to 8 functional groups have been prepared.[20] 

 

Figure 1.4.  Schematic model of a MIXMOF preparation. 
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An example of how MIXMOFs can be tuned to have specific catalytic properties has 

been reported by Baiker et al., who published a series of MOF-5 based MIXMOFs 

with NH2-BDC linker content varying from 0 to 90 %.[21] The amino groups are 

randomly distributed within the framework and their amount is tunable by varying the 

ratio of the NH2-BDC and H2-BDC linkers. The MOFs were used as catalysts in the 

formation of propylene carbonate via insertion of CO2 into propylene oxide. The 

highest activity, with a 63 % yield of the formation of propylene carbonate was 

obtained at 140 oC, in the presence of 40 % MIXMOF and NEt4Br for 3 h (Scheme 

1.1). 

 

Scheme 1.1.  Formation of propylene carbonate catalyzed by MIXMOFs. 

'('('(C&D.#+E#F1+?*+23&%.=2423,+2.1&.4&./0,123&-216*/&)89#&

PSM is an effective method to modify MOFs with functional groups. PSM has been 

demonstrated with a number of functional groups such as amino, alkyne, aldehyde, 

and halogen.[22] Among the many practical reaction strategies, the click reactions 

draw the most attention. Click chemistry is a powerful, highly reliable, and selective 

method for the rapid synthesis of various compounds through heteroatom links (C-X-

C).[23,24] It generally refers to the 1,3-dipolar cycloaddition between an azide and an 

alkyne to produce a triazine and it has been used as a powerful and versatile method 

to introduce functional groups or catalytic centers into MOFs.[25] 

Farrusseng and co-workers described the introduction of a lipophilic functional group 

into DMOF-NH2 [Zn2(NH2-BDC)2(dabco)]n (dabco = 1,4-diazabicyclo[2,2,2]octane) by 

click chemistry.[26] The strategy was to first functionalize amino groups on DMOF-NH2 

to azide groups (DMOF-N3), and then react them with phenylacetylene and 

propargylamine to give the functionalized DMOF-Fun (Figure 1.5). Two different 

functional groups, 1,2,3-triazolyl substituted with phenyl and tertiary amine at the 4-

position were formed by reacting DMOF-N3 with phenylacetylene and 

propargylamine, respectively. The functionalized MOFs showed outstanding 

performance in the transesterification reaction of ethyldecanoate with methanol 

(Scheme 1.2). With a degree of 60 % functionality (30 % of 1,2,3-triazolyl substituted 

with phenyl and 30 % of tertiary amine at 4-position), a conversion of 84 % was 

achieved.  

+ CO2
140 oC, 3 h

O MIXMOF, NEt4Br O

O

O
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Figure 1.5.  Schematic model of the click reaction on a DMOF. 

 

Scheme 1.2.  Transesterification reaction catalyzed by DMOF-Fun. 

Duan et al. also reported examples of L- and D-proline functionalized Zn-MOFs 

produced via click reaction for heterogeneous asymmetric aldol catalysis.[27] The 

prepared parent MOF [Zn(DPYI)(4,4'-dipyridine)]n, (Zn-DPYI, DPYI = dimethyl-5-

(prop-2-ynyloxy)isophthalic acid) was treated with L-N-2-azidomethyl-pyrrolidine (L-

AMP) or D-N-2-azidomethylpyrrolidine (D-AMP) with the aid of Cu(CH3CN)ClO4 to 

perform the click reaction. The L- or D-proline functionalized Zn-DPYI (Zn-MOF1 and 

Zn-MOF2) was further used for the aldol reaction between nitrobenzaldehyde and 

cyclohexanone, which gave up to 75 % yield with 70 % ee for the anti product 

(Scheme 1.3). In comparison, no aldol product was observed when the non-

functionalized MOF Zn-DPYI was used as catalyst. 

 

Scheme 1.3.  Aldol reaction catalyzed by Zn-MOFs. 

In addition to click chemistry, N-heterocyclic carbene sites can also be introduced 

within MOF lattices by treating tripodal imidazolate framework-1 TIF-1 [Co3Cl6(L-2)2]n 

L-2 = 1,3,5-trimethylimidazole-2,4,6-triethyl benzene with n-butyl lithium. The 

carbene-containing MOF showed good catalytic activity with up to 83 % conversion 

in the addition reaction of benzyl alcohol to (E)-hex-4-ene-3-one, while use of the 

non-functionalized TIF-1 resulted in only trace amounts of product.[28] 
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The high surface area, easy preparation and tunable cage size of MOFs make them 

attractive for gas storage and separation,[29,30] drug delivery[31] and heterogeneous 

catalysis (see paragraphs 1.2 and 1.3).[32,33] In 1997, Kitagawa et al. reported the first 

gas adsorption of CH4, N2 and O2 with the three-dimensional framework [M2(4,4'-

bipyridine)3(NO3)4]n! xH2O (M = Cobalt, Nickel, Zinc).[34] The gas adsorptions were 

performed at room temperature (298 K) by varying the pressure from 1 atm to 36 

atm.[35,36] The gas isotherms were of type I (IUPAC classification can be found in 

Chapter 2), and the material could adsorb about 2.3 mmol of CH4 and 0.8 mmol of N2 

or O2 per gram of anhydrous sample at 30 atm. In 2003, Yaghi and co-workers used 

MOF-5 at low temperature of 78 K and room temperature with pressures up to 20 bar 

for H2 storage. The adsorption isotherm was of type I, and a pseudoplateau occurred 

at relatively high pressure. The maximum H2 uptake was 22.5 mmol per gram of 

MOF-5.[37] Besides single gas adsorption and storage, MOFs with unique topologies 

have also been used for gas separation, such as between CO2/N2, CO2/H2, O2/N2 etc. 
[38,39] BASF is working on solutions to enable a natural gas-powered vehicle, in which 

MOFs work as highly efficient gas storage materials.[40] 

MOFs have great potential in heterogeneous catalysis due to their chemical and 

structural versatility and big pores. Catalysis by MOFs is nowadays focused on metal 

catalysis, in which the active sites are from the framework itself, by PSM to form 

metal complexes and by immobilized nanoparticles.[41] MOFs can be also treated as 

organic molecules, because organic functional groups can be easily introduced into 

the porous crystalline structure[8,20,21] and modified by post-synthetic modification 

(PSM).[42] It is therefore straightforward to think of MOFs as pseudo-

organocatalysts.[43Ð47]  

'(A& )89#&, #&?*+*/.0*1*.$#&3,+,-F#+#&

Many examples show that MOFs can work as heterogeneous catalysts. MOF active 

sites may reside on a) the functional groups on the organic linkers, b) the inorganic 

functional groups of organic linkers, c) inorganic node vacancies, and d) guest active 

species encapsulated in the MOF cages.[41,48]  

'(A('&@1./0,123&3.%<-*H&.1&+?*&./0,123&-216*/&

Lin and co-workers reported chiral ligands [Mn-salen-derived dicarboxylic acids, 

bis(4-vinylbenzoic acid)-salen manganese (III) chloride and bis(benzoic acid)-salen 

manganese (III); salen = (R,R)-N,N'-bis(5-tert-butylsalicylidene)-1,2-
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cyclohexanediamine] containing chiral MOFs CMOF-1 {[Zn4O(Mn-

salen)3(DEF)19(EtOH)13(H2O)11]n} and CMOF-2 {[Zn5(H2O)2(OH)2(Mn-salen)4]n, 

Scheme 1.4}.[49] In CMOF-1, the organic ditopic Mn-salen-derived linkers associate 

with zinc-containing SBU forms isoreticular structure (IRMOF). In CMOF-2, Mn-salen 

centers dimerize in a cross-linking way to generate a diamond structure with 

threefold-interpenetration (Scheme 1.4).  

  

Scheme 1.4.  Chemical structure of Mn-salen-derived dicarboxylic acids and 

asymmetric epoxidation catalyzed by CMOF-1. 

The chiral Mn-salen complexes are well-known homogeneous catalysts for 

asymmetric alkene epoxidation. CMOF-1 yielded up to 90 % conversion and 92 % ee 

in the epoxidation of alkenes. It also been used to catalyze cascade regioselective 

epoxide ring-opening reactions with overall conversion up to 41 % and 86 % ee 

(Scheme 1.4).  

'(A(A&8/0,1.%*+,--23&3.%<-*H*#&</.=$3*=&IF&DJ)&

PSM with metal complexes (also known as post-synthetic metalation) is a highly 

efficient strategy to introduce transition metals such as chromium,[50] iron,[50] 

palladium,[51] ruthenium[52], titanium,[53] rhodium,[54] iridium,[54] gold,[55,56] and 

platinum[57] within MOF lattices (Figure 1.6).  

 

Figure 1.6.  Scheme of PSM on a MOF. 
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The strategy is to incorporate metal complexes into MOFs in which the organic 

linkers with primary and/or secondary functional groups favor the chelation of a metal 

center.[58] 

Wu and Lin demonstrated that chiral bridging ligands such as L-3 = (R)-6,6'-dichloro-

2,2'-dihydroxy-1,1'-binaphthyl-4,4'-bipyridine in the MOF [Zn2(L-3)(DMF)(H2O)! 2 

EtOH! 4.3 DMF! 4 H2O]n generated the active catalyst MOF! Ti after treatment with 

excess amounts of Ti(OiPr)4. The catalyst was used in the addition of diethylzinc to 

aromatic aldehydes to produce chiral secondary alcohols upon hydrolytic workup, 

which showed 99 % conversion and up to 30 % ee (Scheme 1.5).[53,59]  

 

Scheme 1.5.  Chemical structure of ligand L-3 and addition reaction of diethylzinc to 

aromatic aldehydes by MOF! Ti. 

Lin and co-workers recently reported a Zr-based phosphine tagged BINAP-MOF 

[Zr6(OH)4O4(BINAP)6! 126DMF! 156H2O]n (BINAP = 2,2'-bis(diphenyl-phosphino)-1,1'-

binaphthyl) and its post-synthetic metalation with Ru(cod)(2-Me-allyl)2 and 

[Rh(nbd)2BF4] to afford highly enantioselective catalysts Ru-BINAP-MOF and Rh-

BINAP-MOF (cod = 1,5-cyclooctadiene, nbd = bicycle[2,2,1]hepta-2,5-diene, Scheme 

1.6), respectively.[60] The rhodium functionalized MOFs were applied to the aryl/alkyl 

addition of ! ," -unsaturated ketones with up to 71 % isolated yield and 98 % ee. The 

catalysts performed asymmetric hydrogenation of " -keto esters upon ruthenium 

coordination yielded quantitative conversion and up to 96 % ee (Scheme 1.7).  
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Scheme 1.6.  Chemical structure of BINAP-MOFs and their PSM products, Ru-

BINAP-MOF and Rh-BINAP-MOF. 

 

Scheme 1.7.  AlMe3 addition of ! ," -unsaturated ketones and asymmetric 

hydrogenation of " -keto esters catalyzed by Ru-BINAP-MOF and Rh-BINAP-MOF. 

'(A(C&>../=21,+2K*-F&$1#,+$/,+*=&#2+*#&7>LJ:&,1=&=*4*3+#&

Although MOFs are generally well-ordered crystalline structures, the presence of 

coordinatively unsaturated sites (CUS) and catalytically defects in the lattice of 

frameworks cannot be excluded. Such sites are potentially active.[61Ð63] The CUS 

and/or defects in MOFs behave as Lewis acid sites, which can be detected by 

infrared spectroscopy via CO adsorption.[64] Corma et al. found that the number of 

CUS can be tuned and parameters such as reactant concentration and the 

temperature have a strong influence on their formation. [65] 

Long et al. investigated the catalytic activity of Mn3[(Mn4Cl)3(BTT)8 (CH3OH)10]2 (BTT 

= 1,3,5-benzene-tristetrazol-5-yl), where Mn2+ ions were exposed on the surface of 

the framework.[66] Two types of active sites were found, a five-coordinated and a two-

coordinated one. The cyanosilylation of carbonyl substrates catalyzed by the MOF 

showed very good activity with up to 98 % yield at room temperature (Scheme 1.8a). 

The MOF catalyst also showed up to 63 % yield for the Mukaiyama-aldol reaction 

between silyl enolate and aldehyde at -45 oC (Scheme 1.8b). 

PPh2PPh2

BINAP = OOC COO

PPh2

PPh2

BINAP-MOF

P

P
Ru(MeOH)2Br 2

PhPh

PhPhPh Ph

Ph Ph

(nbd)Rh
P

P Ru(cod)(2-Me-allyl) 2

Ru-BINAP-MOF

[Rh(nbd) 2](BF4)

Ru-BINAP-MOF

a)

b)

+R1

O

R2

AlMe3
0.4 mol % Cat.

THF, r.t., 24 h
R1

R2

HO Me

R1

O O

OR2

0.5 mol % Cat. 
H2 (40 bar)

MeOH, r.t., 16 h R1

OH O

OR2



! ! Introduction!

! 11 

 

Scheme 1.8.  Cyanosilylation of carbonyl substrates (a) and Mukaiyama-aldol 

reactions (b) catalyzed by Mn-MOF. 

Phan and co-workers reported propargylamine synthesis by direct oxidative C-C 

coupling between N-methylanilines and terminal alkynes catalyzed by the CUS of 

[Cu(BDC)]n, HKUST-1 [Cu3(BTC)2]n (BTC = 1,3,5-benzenetricarboxylic acid), 

[Cu2(BDC)2(BPY)]n and [Cu2(BDC)2(DABCO)]n (BPY = 4,4'-bipyridine) (Scheme 

1.9).[67] By comparing the reaction activity with homogeneous copper analogues, 

Cu(NO3)2 and Cu(OAc)2, a similar activity with higher selectivity was observed over 

each of the Cu-MOFs. In the presence of the MOFs, the direct C-C coupling reaction 

could proceed in 3 h with up to 95 % conversion and 80 % selectivity in N,N'-

dimethylacetamide (DMA) at 120 oC. The direct C-C coupling reaction occurred only 

in the presence of Cu-MOFs and not with dissolved copper (II) species. The MOF 

catalysts can be reused 10 times without losing activity and selectivity.  

 

Scheme 1.9.  C-C coupling reaction between N-methylanilines and terminal alkynes 

catalyzed by Cu-MOFs. 

The same research group also reported the cross-dehydrogenative coupling reaction 

between 2-hydroxybenzaldehyde and 1,4-dioxane catalyzed by [Cu2(BPDC)2(BPY)]n 

(BPDC = 4,4'-biphenyldicarboxylic acid), yielding up to 99 % conversion in 1,4-

dioxane after 2 h at 100 oC.[68]  

! ejka et al. reported similar work with CuBTC and FeBTC as active catalysts for the 

Knoevenagel condensation of cylcohexane carbaldehyde and benzaldehyde, which 

achieved quantitative conversion and yield at 130 oC in 6 h (Scheme 1.10).[69] The 

active sites of CuBTC and FeBTC were initially interpreted as typical Lewis solid 

acids.  
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Scheme 1.10.  Knoevenagel condensation of aldehydes with active methylene 

compounds catalyzed by CuBTC and FeBTC. 

They determined that the actual active sites during Knoevenagel condensation 

reaction were the dynamically formed defects, the Br¿nsted acid (-COOH) out of an 

organic linker and charge compensating Cu2+ ion by a deprotonated reactant.[70] Both 

reactants, aldehydes and methylene, were activated simultaneously and the reaction 

involved two adjacent Cu2+ sites with matching distance (8.2 •). Th ese results were 

obtained by investigating computational reaction processes via a periodic model and 

density functional theory (DFT).  

'(A(M&N$*#+&,3+2K*&#<*32*#&*13,<#$-,+*=&21&+?*&)89&3,0*#&

Guest catalytic active species, such as metal nanoparticles (NPs, e.g. platinum,[71] 

palladium,[72] gold,[73,74] ruthenium,[75] copper,[76] nickel[77] and silver[78] may be 

incorporated into MOFs.[79] Many groups are currently working on encapsulating 

bimetallic alloy nanocrystals[80] and core-shell NPs[76,78] to produce stable and 

selective catalysts for hydrogenation and oxidation reactions. The key point is that 

the rigid cavity and limited dimensions in MOFs may limit the particle growth to nano-

sizes.[81]  

Li, He and co-workers deposited palladium nanoparticles on MIL-101-Cr 

[Cr3F(H2O)2O(BDC)3! 25H2O]n to yield a highly efficient catalyst for the one-pot 

synthesis of methyl isobutyl ketone (MIBK) from acetone and H2 (Scheme 1.11).[82] 

The particles were stabilized by MOFs against metal agglomeration and maintained 

activity after 5 cycles. The best catalytic performance was 74 % conversion and 65 % 

MIBK selectivity with Pd@MIL-101 at 150 oC after 1.5 h. Kempe et al. also reported 

Pd@MIL-101 for the hydrogenation of benzophenone and propiophenone with up to 

92 % conversion at 20 bar.[83]  

 

Scheme 1.11. One-pot synthesis of MIBK catalyzed by Pd@MIL-101. 
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Huang and co-workers successfully prepared Pd@UiO-66-NH2, which behaves as a 

bifunctional catalyst incorporating palladium and amino group for the oxidation of 

benzyl alcohol and acetalization with ethylene glycol (Scheme 1.12).[84] The reaction 

achieved quantitative conversion in both the hydrogenation and the subsequent 

acetalization steps at 0.1 MPa. 

 

Scheme 1.12.  Cascade oxidation of benzyl alcohol and acetalization of 

benzaldehyde with ethylene glycol catalyzed by Pd@UIO-66-NH2. 

'(C& 8/0,1.3,+,-F#2#&&

Organocatalysis uses low-molecular weight catalysts in which a metal is not part of 

the catalytic active site or the reaction substrate.[85] Organocatalysts are candidates 

for developing chemical efficiency and high value-added chemical synthesis, owing 

to their advantages: a) metal-free low molecular-weight catalysts, some of which are 

natural products, b) easy design for specific reactions, and c) no contamination to the 

final products.[86,87] Since the renaissance of organocatalysis in the late 1990s, it has 

emerged as a highly robust and efficient tool for asymmetric enantioselective 

synthesis in addition to biocatalysis and metal catalysis.[88,89] Active sites in 

organocatalysis can be Lewis or Br¿nsted bases or acids, respectively.[90]  

'(C('&O.%.0*1*.$#&./0, 1.3,+,-F#+#&

Lewis base organocatalysis refers to the reactions with activated intermediates, such 

as iminium, enamine, ammonium enolate, phosphate, carbene, S-ylide, in which the 

catalyst compounds contain nitrogen, phosphine, carbon and sulfur, respectively.[90Ð

92] The nitrogen containing organocatalysts are mainly amines (NR3), which play an 

important role in organic synthesis. Primary amines (RNH2) are the simplest form of 

nitrogen containing organocatalysts and have the smallest molecular weight in the 

group of amines. Emil Knoevenagel reported the first example of primary amines 

(aniline) as catalysts for the condensation reaction between aromatic aldehyde and 

malonic acid with yield up to 80 %. This reaction is the well-known Knoevenagel 

condensation (Scheme 1.13).[93]  

HO

O2, 1 atm

Pd NPs
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Scheme 1.13.  Knoevenagel condensation catalyzed by primary amines. 

L-proline catalyzed aldol reaction between ketones and aldehydes receiving up to 89 

% yield and 97 % ee and the Michael addition between ketones and nitro-olefin 

resulting up to 71 % yield and 76 % ee. The catalytic reaction occurs via iminium and 

enamine intermediates (Table 1.1, entries 1 and 2). Tertiary amines are popular in 

Baylis-Hillman reactions between ! ," -unsaturated carboxylic acid derivatives and 

aldehydes (Table 1.1, entry 3).[94] Cinchona alkaloids (tertiary amines),[95,96] 

derivatives of natural product quinidine, are highly reactive catalysts for the reaction 

between 1,1,1,3,3,3-hexafluroroisopropyl acrylate and (S)-N-Fmoc-leucinal resulting 

in 70 % isolated yield and 99 % ee (Scheme 1.14).[97] 

 

Scheme 1.14.  Baylis-Hillman reaction catalyzed by a Lewis base catalyst. 

Organophosphines (PR3) are widely used as nucleophilic catalysts for organic 

synthesis reactions that involve activated multiple bonds as substrates, such as 

Umpolung addition, [3+2] cycloaddition and coumarin synthesis.[91] Many 

organophosphines generally participate into catalysis reactions by firstly generating a 

zwitterionic intermediate with substrates, such as alkenes, alkynes and carbonyl 

groups. The produced intermediate reacts further with a nucleophile or electrophile 

depending on the substrates and reaction environment (Table 1.1 entries 4 and 

5).[98,99] In the presence of oxygen, aliphatic phosphines tend to form phosphine 

oxides, which cause a decrease or loss of catalytic activity. Triphenylphosphine 

(PPh3) and its derivatives are relatively air stable and show interesting results in air 

sensitive organic synthesis reactions.[98]  
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Table 1.1.  Lewis base organocatalysts and their catalysis.[90] 

Entry  Structure  Simplified Reaction Scheme  Ref. 

1 

proline  

[100] 

2 

iminium 
 

[101] 

3 

ammonium  

[102] 

4 

phosphine 
 

[103] 

5  

phosphine  

[104] 

6 

carbene 
 

[105] 

* El = electrophile; Nu = nucleophile  

In addition to amines and phosphines, N-heterocyclic carbenes are also 

organocatalysts. A reaction catalyzed by carbenes is shown in Table 1.1 (entry 6). 

Suzuki et al. reported one example with imidazolidenyl carbene as a catalyst for the 

nucleophilic acylation of arylfluorides to produce benzophenone derivatives. The 
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reactions were performed between aromatic aldehydes and fluorobenzenes, 

receiving up to 77 % yield when imidazolidenyl carbene was used as the catalyst. [106] !

Inoue et al. reported the cyclic dipeptide (S)-phenylalanyl-(S)-histidyl as a catalyst for 

asymmetric addition of hydrogen cyanide to aldehydes, in which the cyclic dipeptide 

functioned as a Br¿nsted base catalyst in the presence of hydrogen cyanide to give 

97 % yield and 97 % ee (Scheme 1.15).[107] 

 

Scheme 1.15.  Asymmetric addition of hydrogen cyanide to aldehydes catalyzed by a 

Br¿nsted base catalyst. 

List and co-workers recently reported a series of designable Lewis acid 

organocatalysts with chiral disulfonimides for the internal activation of alcohol 

groups.[108] The produced Lewis acid catalyst Cat.3 was tested in the Mukaiyama 

aldol reaction of benzophenone, resulting up to 98 % yield in 0.5 h at 0 oC (Scheme 

1.16). 

 

Scheme 1.16.  Mukaiyama aldol reaction catalyzed by a Lewis acid catalyst. 
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dichloro-5-methoxy-2-phenyl-1-indanone from 6,7-dichloro-5-methoxy-2-phenyl-1-

indanone and CH3Cl via the chiral phase-transfer catalyst N-(p-

(trifluoromethyl)benzylcinchoninium bromide with up to 95 % yield, 92 % ee (Scheme 

1.17).  

 

Scheme 1.17.  Organocatalysis catalyzed by a Lewis acid catalyst. 

Br¿nsted acid organocatalysis relates to the activation of imines and carbonyl 

compounds via hydrogen bonding.[109] Takemoto et al. reported a highly 

enantioselective Michael reaction between nitro-olefins and diethyl malonate 

catalyzed by a thiourea catalyst with up to 86 % yield and 93 % ee (Scheme 

1.18).[110] The thiourea group coordinated to the nitro group of the nitro-olefin via a 

hydrogen bond whereas the amine group reacted with the nucleophile diethyl 

malonate.  

 

Scheme 1.18.  Enantioselective Michael reaction catalyzed by Br¿nsted acid organo-

catalyst.  
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Phosphoric acids are also Br¿nsted acid organocatalysts.[111] Terada et al. reported a 

family of phosphoric acid derivatives that activated direct Mannich reactions with high 

enantio-selectivity with up to 99 % yield and 98 % ee (Scheme 1.19).[112] 

 

Scheme 1.19.  Mannich reactions catalyzed by Br¿nsted acid organocatalyst. 

As we discussed in Chapter 1.1, the chemical flexibility of the organic linkers in 

MOFs allows introducing a functional group with nucleophilic and electrophilic active 

sites.[11] The primary and secondary functional organic groups, with Lewis and 

Br¿nsted basicity/acidity, obtained from isoreticular MOF chemistry and post-

synthetic modification can be considered as pseudo-organocatalysts.[113,114] MOFs 

are crystalline materials with long-range ordered structure, which make the 

functionalized linkers are homogeneously distributed in the whole framework 

lattices.[8] Tunable pore sizes and confined local environments allow MOFs to be 

rationalized to fit unique size of substrates and intermediates, which makes them 

behave as highly selective catalysts similar to those of enzymes.[115Ð117] Comparing 

with their homogeneous analogues, MOF catalysts are isolated easily and can be 

recycled for multiple runs without significant decrease of the catalytic activity. 

'(C(A&8/0,1.3,+,-F#2#&IF&)89#&

The first example available in literature for MOFs as organocatalysts was the one 

reported by Kim and co-workers.[118] They reported a homochiral MOF {[Zn3O(L-

4)6]! 2H3O! 12H2O}n also known as POST-1, with the enantiopure chiral organic 

building blocks L-4 ((4R,5R)-(and 4S,5S)-methyl-2,2-dimethyl-5-[(4-

pyridinylamino)carbonyl]-1,3-dioxolane-4-carboxylate) (Table 1.2, entry 1). The 

presence of the pyridyl group exposed in the MOF provides unique catalytic activity 

for transesterification between 2,4-dinitrophenyl acetate and ethanol (Scheme 1.20). 

Ethyl acetate was produced with 77 % yield in carbon tetrachloride at 27 oC for 55 h.  
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Table 1.2.  Topology of MOFs with active organic linkers 

 

Scheme 1.20.  Transesterification catalyzed by POST-1. 

A primary amine is the most versatile and popular functional group used in the 

organic building blocks of MOFs, such as IRMOF-3,[8] UMCM-1-NH2,
[120] DMOF-
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Entry  Topology  Active linker  Reaction  Ref. 

1 

 
[Zn3O(L-4)6! 2H3O 

! 12H2O]n 

 

L-4 

transesterification [118] 

2 

 
 

[Zn4O(NH2-BDC)3]n 

 

NH2-BDC 

Knoevenagel 

condensation 
[113] 

3 

[Cd(4-BTAPA)2 

(NO3)2! 6H2O! 2DMF]n 

 

4-BTAPA 

Knoevenagel 

condensation 
[44] 

4 

[Cu5(PDAI)2]n 

 

PDAI 

cascade 

deacetalization-

Knoevenagel 

condensation 

[119] 
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NH2,
[121] UiO-66 Zr6O4(OH)4(NH2-BDC)6]n,

[122] MIL-53,[123] MIL-101[124] etc. Such 

amino-functionalized MOFs can be used in amino catalyzed Knoevenagel 

condensation reactions under mild conditions. 

Gascon et al. applied amino based MOFs, IRMOF-3 and NH2-MIL-53 (Al) to the 

Knoevenagel condensation reaction between benzaldehyde and ethyl acetoacetate 

(Table 1.2, entry 2).[113] The NH2-MOFs showed activity as high as the active solid 

basic catalysts[125] with >99 % yield of the condensation product after 2 h at 80 oC in 

DMSO. Three years later, Hartmann et al. described that the amino functionalized 

MIL-101 frameworks (Fe-MIL-101-NH2 and Al-MIL-101-NH2) catalyzed the same type 

of reaction between benzaldehyde and ethyl cyanoacetate/malononitirle (Scheme 

1.21).[114] The reactions were performed at 80 oC after 0.5 h in toluene giving 61 % 

and 78 % yield when catalyzed by Al-MIL-101-NH2 and Fe-MIL-101-NH2, 

respectively. 

 

Scheme 1.21.  Knoevenagel condensation reaction catalyzed by NH2-MOFs. 

Kitagawa and co-workers reported an amide containing Cd (II) based MOF [(Cd(4-

BTAPA)2)(NO3)2! 6H2O! 2DMF]n (4-BTAPA = 1,3,5-benzene tricarboxylic acid tris[N-

(4-pyridyl)amide]) for size-selective Knoevenagel condensation reactions between 

benzaldehyde and active methylene compounds (Table 1.2, entry 3).[44] The reaction 

was tested for benzaldhyde and three active methylene compounds (malononitrile, 

ethyl cyanoacetate and cyano-acetic acid tert-butyl ester) in benzene at room 

temperature for 12 h. It was found that the reaction gave 98 % conversion for 

malononitirle, 7 % conversion for ethyl cyanoacetate and no conversion for cyano-

acetic acid tert-butyl ester under the same conditions. In this case, the size of the 

molecule determined the reaction performance. Zhou et al. also reported the catalytic 

application of an amino MOF [Cu5(PDAI)2]n (PCN-124, PDAI = 5,5'-((pyridine-3,5-

dicarbonyl)bis-(azanediyl)-diisophthalate).[119] PCN-124 was applied to a one-pot 

cascade reaction of deacetalization-Knoevenagel condensation (Table 1.2 entry 4). 

The reaction was performed in DMSO-d6 with 0.05 mol% PCN-124 to give full 

conversion in the deacetalization step and quantitative yield for the following 

condensation reaction (Scheme 1.22).  

+ R1 R2H

O

NH2-MOF
+ H2O

R2

R1

R1 = CN, COOMe, COOEt
R2 = CN, COOEt
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Scheme 1.22.  Deacetalization-Knoevenagel condensation catalyzed by PCN-124. 

'(M& !,+2.1,-*&.4&+?*&+?*#2#&

Encouraged by the unique properties of MOFs and their application in catalysis 

mentioned above, the goal of this thesis is to design amino- and phosphine- 

containing MOFs via pre-synthetic and post-synthetic modification and apply the 

resulting frameworks in highly selective heterogeneous organocatalysis. The long 

range ordered crystalline frameworks allow the determination of the defined structure 

and active sites using single-crystal X-ray diffraction (SC-XRD). With the aid of 

nuclear magnetic resonance (NMR) spectroscopies and density functional theory 

(DFT) calculations, understanding of the structure-activity relationship in MOF 

catalysts may be achieved at the atomic level. 

Chapter 2 describes the synthetic strategy, characterization techniques and 

theoretical calculation (DFT) of the MOF catalysts. The characterization techniques 

employed including single crystal X-ray diffraction (SC-XRD), powder X-ray 

diffraction (PXRD), Brunauer-Emmett-Teller (BET), liquid and solid-state NMR 

techniques, infrared (IR), and thermogravimetric analysis (TGA) are described in 

detail. Chapter 3 describes the research methods referring to the synthesis of 

commercially unavailable linkers and catalysis. 

Chapter 4 demonstrates the catalytic application of the phosphine-tagged MOF LSK-

3. Coumarin synthesis, Umpolung addition and Knoevenagel condensation reactions 

were performed on LSK-3, and the results suggest that the framework creates steric 

hindrance around the phosphine active site and determines what molecules react in 

the different reactions. Both experiment and the theoretical calculations confirmed 

that MOF pockets may behave highly selectively in reactions, similar to enzymes. 

Chapter 5 describes the design of MOFs (LSK-6 and LSK-9, topology of IRMOF-9) 

with two functionalities, amino active group, inert methyl and diphenylphosphoryl 

groups. The strategy is to employ the amino-functionalized group as the catalytic 

active center for Knoevenagel condensation and to use the second moiety to tune 

the available reaction space. Tunable regioisomer reactivity in the Knoevenagel 

OCH3
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H
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condensation of ortho-, meta- and para-nitrobenzaldehye with malononitrile is 

demonstrated.  

In Chapter 6, a successful catalytic application of PPh3 together with amino-

containing MIXMOFs or thiourea functionalized amino MOFs for the reaction of linear 

aldehydes towards the product of aldol-Tishchenko reaction is demonstrated. The 

reaction behavior is confirmed by a broad range of experimental results, showing that 

amino-containing MIXMOFs in specific topologies and the correct density of amino 

functional groups are the key factors for the occurrence of aldol-Tishchenko 

reactions. The confined space in the cages of the MOFs plays a significant role in 

size selective aldol-Tishchenko reaction. 

Chapter 7 gives overall on conclusion and outlook for MOFs as potential catalyst 

and/or co-catalysts. 

!



Chapter 2  

Methods for the synthesis and 

characterization of MOFs   
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A('& @1+/.=$3+2.1&

This chapter focuses on the characterization and synthesis of amino (-NH2) and 

phosphine (-PPh2) functionalized MOFs. The characterization methods are powder 

X-ray diffraction (PXRD), single crystal X-ray diffraction (SC-XRD), nitrogen 

physisorption, liquid and solid-state NMR and infrared (IR) spectroscopies, 

thermogravimetric analysis (TGA), and theoretical calculation (DFT). All MOFs 

discussed here are prepared by traditional solvothermal synthesis methods along 

with the isoreticular chemistry and MIXMOFs strategies.[8,19,126,127]  

A(A& >?,/,3+*/2P,+2.1&.4&)89#&

A(A('& BE/,F&=244/,3+2.1&7B!Q:[128] 

XRD is an analytical technique to determine crystalline structures and atomic spacing. 

It is based on the principle that X-rays are scattered by atoms when the incoming X-

ray wavelength is integral multiple of the spacing between ordered atomic planes in a 

crystalline material. The relationship between the X-ray wavelength and ordered 

atomic planes obeys the BraggÕs law (Eqn. 2.1).  

! !! ! ! ! !"# !  (Eqn. 2.1) 

!  is an positive integer (1,2,3," . ) 

!  is the wavelength of incoming X-ray 

!  is the spacing between the planes in the atomic lattice  

!  is the angle between the incoming X-ray and the scattering planes 

 

Figure 2.1.  Schematic presentation of BraggÕs law 

Depending on the nature of the sample, two different XRD techniques can be 

applied: powder X-ray diffraction (PXRD) is used with polycrystalline materials with 

submicrometric size roughly between 10 nm and 10 µm, whereas single crystal X-ray 
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diffraction (SC-XRD) can be used when crystals with submillimetric size, roughly 

between 50 µm and 1 mm, are available.  

A(A('('&D.5=*/&BE/,F&=244/,3+2.1&7DB!Q:&

X-rays are generated in a cathode ray tube by heating a filament to produce 

electrons and accelerating the electrons to impact the target material. The generated 

X-ray beam is then monochromated to give monochromatic, collimated radiation. The 

most common X-ray source for PXRD instruments is copper, which gives a beam 

with wavelength # =1.54 • (CuK $). In addition to copper, cobalt and molybdenum are 

common X-ray sources with wavelengths of # = 1.79 • (CoK $) and # = 0.71 • (MoK $), 

respectively.[129] 

In a Bragg-Brentano PXRD measurement, the incident X-rays are collimated and 

directed onto the flat crystalline sample (30 - 100 mg). As the sample is rotated to 

minimize preferential orientation effects, the intensity of the diffracted X-rays is 

collected by the detector and processed by a computer as a PXRD pattern. The 

pattern reports the intensity of the diffracted X-ray beam as a function of the 

diffraction angle 2#.  

In this study, PXRD analysis was performed at room temperature on a Bruker AXS 

D8 Advance Bragg-Brentano Diffractometer equipped with a Braun detector at 40 kV, 

40 mA with CuK$ (# = 1.54 •) radiation, step size 0.0 2 s and a 2# range of 4-70¡. The 

single crystal data was collected at 230 K on a Bruker SMART Platform 

diffractometer equipped with a CCD-Detector. 

A(A('(A&J210-*&3/F#+,-&BE/,F&=244/,3+2.1&7J>EB!Q:&

The most common source for SC-XRD machines is the K$ radiation of molybdenum 

(# = 0.71 •). As for PXRD, other sources, such as a CuK $ X-ray source can also be 

used for SC-XRD measurement. In a SC-XRD measurement, the sample (cube 

shaped, needle-like or plate-like crystal with dimension between 50 µm and 1 mm is 

mounted on a thin glass fiber, which is attached to a brass pin. The sample is 

adjusted from X, Y and Z orthogonal directions to allow centering the crystal within 

the X-ray beam. The diffraction data are collected for many orientations of the crystal. 

After collecting the diffraction data, the crystal structure can be solved by appropriate 

software, such as SHELXS. The SC-XRD measurement of phosphine-functionalized 

MOF LSK-3 is described as an example. 
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Single crystals of LSK-3 (C54H33O13Zn4P) were selected under a microscope using 

polarized light. Since crystals decompose very quickly due to the loss of solvent, they 

were examined while still covered by the mother liquor. A suitable crystal was 

selected and mounted on the tip of a Mark-tube using perfluorinated polyether oil, 

quickly transferred into the cold nitrogen beam and shock frozen to 230 K.  

Temperature-dependent diffraction experiments show that below 195 K a reversible 

phase transition occurs, characterized by the smearing of high angle reflections 

along the crystallographic c-axis and a strong decrease of the maximum diffraction 

angle (dmin. rises from about 1 • to only about 1.3 •). Therefore the crystal was kept 

at 230 K during data collection (Figure 2.2). The melting point of N,N-

dimethylformamide (DMF) is 212 K, higher than the observed transition at 195 K. 

Accordingly, a possible reason for the decrease in the quality of the diffraction 

pattern at 195 K might be the freezing of the disordered DMF within the cavities. This 

may lead to distortions of the framework.  

 

Figure 2.2.  Reciprocal space reconstruction of 0kl-layer of LSK-3 at 230 K. 

Comparison of a section of the 0kl-layers at 230 K a) and 150 K b). 

The analysis of the systematic absences, the absence of any diffraction intensity at 

specific sets of reciprocal lattice points,[130] leads to the tetragonal P 42/ncm space 

group with the following lattice parameters: a = 17.2209(11) •, c = 34.229(2) •. 

Using Olex2,[131] the structure was solved with the XS (SHELXS-97) structure 

solution program using Direct Methods and refined with the XL[132] refinement 

package using Least Squares minimization.  

As already indicated by the occurrence of diffuse intensities in the diffraction pattern, 

the crystal structure turned out to be heavily disordered. The disorder was described 
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as split positions whenever possible. Therefore, isotropic displacement parameters 

were applied for all C and most of O atoms. The Zn-, P- and some O-atom positions 

were described by anisotropic displacement parameters. H-atoms were placed at 

calculated positions and included in the refinement using the riding model. The 

occupancy factor of the PPh2-substituent was fixed to 0.25, according to the ratio of 

spacer-molecules in the material. The resulting displacement parameters were 

reasonable for this occupancy. Solvent molecules are heavily disordered and were 

described as partially occupied C-atoms. In total about 57 C-atom equivalents were 

found in the unit cell, corresponding to about 8 DMF-molecules per unit cell and 2 per 

formula unit. In the voids of the structure still weak residual electron density 

originating from disordered solvent molecules is present. However, a description by 

partially occupied C-atoms is not possible.  

Crystal Data: refined composition was C68.3025H33O13Zn4P, which corresponds to a 

framework consisting of Zn4O, two unsubstituted biphenyl-linkers and one Ph2P 

substituted linker and about 2.15 DMF molecules in the cavities. M = 1354.03, 

tetragonal, space group P42/ncm (no. 138), a = 17.2209(11) •, c = 34.229(2) •, V = 

10150.8(11) • 3, Z = 4, T = 230.15 K, µ(MoK$) = 0.988, 66340 reflections measured, 

3852 unique (Rint = 0.0668) which were used in all calculations. The final wR2 was 

0.3524 (all data) and R1 was 0.1269 (>2sigma(I)). CCDC 928710 contains the 

crystallographic data (Figure 2.3).  

 

 

Figure 2.3.  LSK-3 with Zn4O
6+ cluster and organic linkers (left) and a cubic unit cell 

with one phosphine substituted group (right). 

C  
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P  
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A(A('(C&R2%2+,+2.1&.4&J>EB!Q&4./&)89#&3?,/,3+*/2P,+2.1&

As observed from the photograph of MOFs under an optical microscope (Chapter 

2.3), most of the crystals showed perfect appearances. However, some of the 

diffraction pattern are fuzzy due to the existence of twinned crystals.[133] The solvent 

in MOF crystals, the functional group on the organic linker and their rotation between 

the bonds have strong influence on the structure solving because of disorder. 

Therefore, the data refinement usually gives an error above 10 %. Moreover, the 

high symmetry of the crystalline structure increases the difficulty to determine the 

defined elements in the data refinement process. In our LSK-6 example, crystals 

possess interpenetrated structure with the topology of IRMOF-9 and two functional 

groups in the organic linkers were randomly distributed in the framework, no single 

crystal structure was solved even by using the very stable X-ray source in the 

European Synchrotron Radiation Facility (ESRF).  

A(A(A& S2+/.0*1&<?F#2#./<+2.1&

The surface area and pore volume of MOFs were obtained by nitrogen physisorption 

at 77 K. The measurement of nitrogen adsorption is based on the ideal gas law (Eqn. 

2.2).  

!" ! ! ! !!"  (Eqn. 2.2) 

!  is pressure of the adsorptive 

!  is volume of the adsorptive  

!  is amount of the adsorptive 

!  is universal gas constant 8.314 J! K-1mol-1 

! !is temperature  

In an adsorption measurement, the temperature of the adsorptive is constant at 77 K 

in liquid nitrogen. Therefore, by measuring the pressure before and after gas 

admission, the adsorbed volume (! !" ) can be calculated on the basis of the classical 

multilayer adsorption Brunauer-Emmett-Teller (BET)[134] equation (Eqn. 2.3). The 

BET equation is a modification of the Langmuir monolayer adsorption equation (Eqn. 

2.4).  

!

! !" ! ! ! ! ! ! !
!

!

! !"#" !
!

! ! !

! !"#" !
!

!

! ! ! (Eqn. 2.3) 

! !" ! ! !"#"
! ! ! ! ! !

! ! ! ! ! ! ! !  (Eqn. 2.4) 
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! !"  is volume of adsorbate 

! !"#"  is volume of adsorbate in one monolayer 

! ! ! !  is relative pressure of adsorbate 

!  is equilibrium constant  

According to Eqn. 2.3, ! !"#"  and !  can be calculated by plotting ! ! ! !  to ! !! !" ! ! ! !

! ! !. Relative pressure ! ! ! !  in the range of 0.05 to 0.35 is the key factor to obtain 

plots close to linearity. Once ! !"#"  is obtained, the surface area of the measured 

material can be calculated via Eqn. 2.5.  

! !"# ! ! !"#" !! ! !! ! !
! (Eqn. 2.5) 

! !  is the constant of Avogadro, 6.2 % 1023 mol-1 

! ! !
 is the area occupied by one nitrogen molecule, 0.16 nm2 at 77 K. 

Figure 2.4 shows the six physisorption isotherms types described by IUPAC.[135] The 

commonly investigated isotherms on heterogeneous catalysts are type I, II and IV. 

The type I isotherm is typical for solid material with micropores (less than 2 nm pore 

diameter) and the adsorption is limited to a few molecular layers. Isotherms of type II 

and IV are for non-porous, mesoporous (pore diameter between 2 and 50 nm) and 

macroporous (pore diameter larger than 50 nm) materials. The MOF frameworks with 

MOF-5 and IRMOF-9 topology show type I isotherms, while frameworks with UMCM-

1 topology show type IV isotherms with a hysteresis loop indicating the existence of 

mesopores. 

��

Figure 2.4.  Six types of physisorption isotherms summarized by IUPAC.[135] 
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Nitrogen adsorption isotherms calculated by the BET method were performed with a 

Micromeritics Tristar II 3020 equipped with a VacPrep 061 degassing station. MOFs 

were dried using a Tousimis Autosamdri 931.GL CO2 critical point dryer. In a 

measurement, a sample of MOF (e.g. LSK-3, ca. 80 mg) in chloroform was 

exchanged with freshly dried, degassed acetone (3 % 10 mL in three days). Acetone 

was purged with a continuous flow of liquid carbon dioxide for 10 min, and then the 

sample was kept in liquid carbon dioxide for 2 h and the cycle was repeated six times 

before the temperature was raised above the supercritical limit. The sample was kept 

under supercritical conditions for 15 min and the chamber was slowly degassed over 

the course of 4 h. The sample was transferred under protective atmosphere into a 

suitable tube for analysis and was activated under vacuum at 60¡C for 24 h to 

remove the residual carbon dioxide present into the pore. The BET equation was 

used in the range of ! ! ! !  = 0.05 - 0.3.  

Although the BET method based on nitrogen at 77 K is commonly used for 

determining the surface area of solid porous materials, it has limitations for MOFs 

with ultra-micropores having pore sizes smaller than 7 • (the thickness of two 

nitrogen atoms). Thus, the BET multilayer physisorption model may not be an 

accurate surface area determination tool for MOFs. The determined surface area of a 

MOF can be drastically changed by calculating it using a different ! ! ! ! !range in 

which the C value needs to be positive.[136] Hirscher and Streppel found that the 

micropore volumes in a MOF are similar by changing the adsorptive gas. MIL-101 

showed pore volume of 1.50 cm3/g and 1.51 cm3/g obtained from hydrogen and 

nitrogen adsorption, respectively.[137] The above-mentioned phenomenon shows that 

the BET numbers obtained from different methods cannot demonstrate accurately 

the actual surface area of MOFs with micropores. Instead, the relative fair way for the 

comparison of MOFs with micropores is the measured pore volume. 

A(A(C& S$3-*,/&%,01*+23&/*#.1,13*&7S)!: [138] 

NMR is based on the fact that nuclei of atoms may absorb and re-emit 

electromagnetic radiation when subject to a magnetic field. The resonance frequency 

depends on the intensity of the magnetic field and magnetic properties of the atoms. 

Subatomic particles such as protons, neutrons and electrons have spin. In some 

atoms such as 12C, 16O, 32S, the nucleus have zero total spin due to the self-

cancellation of paired spins. On the other hand, in many atoms such as 1H, 13C, 31P, 
15N, 19F, 29Si, and 27Al, the nucleus possesses non-zero overall spin.  
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When a nucleus with spin is placed in a magnetic field of strength ! ! , the angular 

velocity (Larmor frequency) can be calculated through Eqn. 2.6. 

! ! !" !  (Eqn. 2.6) 

!  is angular velocity 

!  is magnetogyric ratio  

! !  is magnetic field  

The magnetic moment of a nucleus that aligns with an externally applied magnetic 

field of strength Bo can only assume 2I+1 (I corresponds to the total spin) different 

values based on quantum mechanical terms. The energy difference or resonance 

frequency is given by Eqn. 2.7 (Figure 2.5): 

! ! ! !
! !

! !
! ! ! ! ! ! ! !  (Eqn. 2.7) 

!  is PlanckÕs constant, 6.626%10-34 J! s 

!  

Figure 2.5.  Vectorial representation of angular momentum for spin I = 1/2 nuclei and 

its energy levels. 

A nucleus with low energy orientation can be induced to higher energy orientation to 

produce NMR by irradiating the nucleus with electromagnetic radiation. The NMR 

signal disappears when the number of nuclei at lower energy is equal to the number 

of nuclei at higher energy. The energy difference obeys Boltzmann distribution (Eqn. 

2.8). 

! !"#

! !"#!
! ! !" ! ! ! !  (Eqn. 2.8) 

!  is Bolzmann constant 

!  is temperature  
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The moving charged particles in a magnetic field will also generate their own 

magnetic field. According to LenzÕs law, the generated magnetic field should be the 

opposite direction of the external magnetic field ! ! . This phenomenon has the effect 

of reducing the magnetic moment of the external magnetic field, which causes nuclei 

with different chemical environments to yield different resonance frequencies. 

Therefore, the Larmor frequency of the nucleus can be represented by taking into 

account the generated electronic effects (Eqn. 2.9): 

! ! ! ! ! ! ! ! ! ! !  (Eqn. 2.9) 

! !  is angular velocity of a proton  

! ! is the change in magnetic field caused by opposing electron magnetic moment 

In 1H NMR spectroscopy, the chemically different protons possess different electronic 

environments. Tetramethylsilane (TMS) is chosen as the reference for zero point to 

standardize the NMR scale. Chemical shift of a proton can be calculated based on 

Eqn. 2.10:  

! !
! ! ! ! !"#

! !"#
 (Eqn. 2.10) 

!  is chemical shift of a proton in parts per million (ppm) 

! !  is angular velocity of a nucleus 

! !"#  is angular velocity of zero point standard (here is TMS) in Hz 

! !"#  is the frequency of NMR machine in MHz 

In this study, NMR (1H, 13C and 31P) spectra were recorded on a Bruker Avance 500 

spectrometer. 1H and 13C NMR positive chemical shifts in ppm are downfield from 

tetramethylsilane. 31P NMR spectra are referenced to external 85 % H3PO4. 
31P 

MAS-NMR spectra were recorded on a Bruker Ultra-shield Avance AMX 400 

spectrometer (162 MHz) at a spinning speed of 10 kHz unless otherwise stated or on 

a Bruker Ultra-shield Avance 700 spectrometer (283 MHz). Air-sensitive MOFs were 

dried prepared in a glove box. The structure information of self-prepared compounds 

and MOFs as well as the homogeneous phosphine catalyzed reactions were 

obtained from liquid NMR (1H NMR, 13C-NMR, and 31P NMR) and 31P solid-state 

NMR spectroscopies. In a liquid NMR measurement, 10-20 mg sample was 

dissolved in 0.5-0.6 mL single or mixed deuterated solvents (CDCl3, DMSO-d6, D2O, 

THF-d8, CD2Cl2 etc.). The dissolved solution was placed into a 5 mm diameter NMR 

tube. In a solid-state NMR measurement, certain amount of solid sample (grinded 

MOF powder, ca. 5 mg) was placed into a 2.5 - 4 mm diameter zirconium rotor. 
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A(A(M& @14/,/*=&7@!:&#<*3+/.#3.<F[139]  

IR light has wavenumbers in the range between 400 and 4000 cm-1. IR spectroscopy 

is based on the principle that molecules undergo changes of dipole moment by 

absorbing the IR radiation. The change of dipole moment related to the variation of 

energy state is both vibrational and rotational.  

Assuming that an organic molecule can be simplified to a set of chemical bonds, the 

stretching frequency of the bond can be approximated according to HookeÕs Law 

(Eqn. 2.11), treating the two atoms and the bond as an oscillator connected by a 

spring:  

! !
!

! !

!

!
 (Eqn. 2.11) 

!  is the force constant 

!  is the mass of the atom 

!  is the frequency of the vibration 

A molecule may be an anharmonic oscillator because the two atoms connected in 

the spring are different. Then, !  in HookeÕs law should be the reduced mass 
! ! ! !

! ! ! ! !
, 

which can be simplified as ! .  

The energy of the vibration can be expressed as in Eqn. 2.12. When n = 0, the 

molecule is at its lowest energy level. By absorbing an amount of energy ! ! , an 

energy transition in the molecule will occur:  

! ! ! ! !
!

!
! ! ! ! ! ! !!  (Eqn. 2.12) 

!  is PlanckÕs constant, 6.626%10-34 J! s 

!  is the quantum number 

For an actual molecule, a modified energy equation is needed (Eqn.2.13). Energy 

transitions in the molecule occur by absorbing an amount of energies not limited in 

! !  but ! !! ! !and ! !! !  as well, which explains broad peaks in absorbance IR spectra.  

! ! ! ! ! ! !
!

!
! ! ! ! !

!

!

!
! ! ! ! !

!

!

!
! !  

! !  and ! !  are the compensation coefficients, e.g. in CO ! ! ! ! !!!"# , ! ! ! !! !! !! !! !  

(Eqn. 2.13)!
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Liquid and solid samples can be measured by IR spectroscopy. For MOFs, 1 mg of 

the sample is diluted into 99 mg potassium bromide and grinded to a fine powder. 

The powder is then pressed into a translucent pellet and placed into the sample 

holder. The fourier transform IR spectra were recorded on a Bruker Equinox 55 FTIR 

spectrometer. 

2.2.5 Thermogravimetric analysis (TGA) [140] 

Thermogravimetric analysis (TGA) is the method to record the amount and rate of 

change in mass of a solid sample as a function of temperature (T) and/or time (t). 

Mass spectrometry of the exhaust enables to characterize and quantify compounds 

in the off-gas. The measurement was performed in a programmable heating oven 

equipped with a built-in balance, passing carrier/synthetic gas such as nitrogen, 

oxygen, and helium. Both physical and chemical thermal properties, such as 

sublimation, vaporization, chemisorption, decomposition, and solid-gas reactions, of 

the materials can be detected. TGA was performed under nitrogen atmosphere using 

a Mettler Toledo TGA/SDTA 851 equipped with a TSO800GC1 gas control, a 

TSO801RO sample robot, and a platinum pan. The sample (20 - 30 mg) was heated 

at a rate of 2 oC per minute from room temperature to 800 oC. 

A(A(T& ).-*3$-,/& %.=*-210&

DFT is a computational quantum mechanical modelling method for describing the 

ground state properties of many-body systems, such as atoms, molecules, and solids. 

It is a method to make an approximate solution for Schroedinger equation of a many-

body system. It starts from a theorem stated by Hohenburg and Kohn,[141Ð143] which 

demonstrates that the density of any system determines all ground-state properties 

of the system. In the theory, the exchange correlation energy as a function of the 

electron spin densities can be approximated by the local density (LDA) and 

generalized gradient approximations (GGA). The LDA assumes that the density is 

slowly changing and the heterogeneous phase can be considered as a pseudo-

homogeneous phase. By using this method, the dielectric constant will be 

overestimated by up to 40 % due to neglecting of a polarization-dependent exchange 

correlation field. The GGA approximation retains correct features of LDA and 

combines them with energetically important features of gradient-corrected non-

locality.[144]  

Dmol3 is a method for fast convergent, accurate, and efficient local density functional 

calculation, which uses numerically tabulated functions for the Ritz variation[145] 
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procedure. It facilitates the use of density partitioning and a basis set free expansion 

into atomic density multipoles that allows calculations of the static potential.[146] Dmol3 

relies on direct three-dimensional integration to calculate exchange and correlation 

matrix elements. Since the method was developed, it has been applied on the 

calculation of enthalpy of the formation of molecules and solids.[147,148] The BIOVIA 

company successfully integrated DMol3 into Material Studio, a commercial software 

for DFT calculation. It can be used to simulate chemical processes, predict properties 

of materials, and improve a manufacturing process.[149]  

DFT calculations were performed by the method of DMol3 with GGA in the Materials 

Studio 6.0 package. In Chapter 4, the calculations were performed with periodic 

boundary conditions to study the structure of the intermediates during a catalytic 

reaction on MOFs and calculate the size of pore cages. The space group from single 

crystal X-ray diffraction data of LSK-3 was modified to P1 to allow the modelling of 

one respectively two diphenylphosphino groups in the pocket. After geometry 

optimization using the Forcite package,[150] the GGA correlation functional of 

PerdewÐBurkeÐErnzerhof (PBE)[144] geometry optimization with the precise numerical 

basis set DNP 3.5 (double numerical plus polarization)[151] performed.  

A(C& JF1+?*#2#&.4&)89#&

As shown in Chapter 1, amino-containing MOFs, such as IRMOF-3, UMCM-1-NH2, 

DMOF-NH2, and MIL-101-NH2 have been widely studied for many applications, 

including the reactions of post-synthetic modification[11,18,27] and 

organocatalysis.[41,48,113,114] However, the free phosphine functionalized MOF, 

especially the air stable aromatic phosphines (eg. PPh3) are lacking coverage in the 

literature. PPh3 is a common ligand in homogeneous catalysis and it is active for 

Lewis-base catalyzed reactions.[98] The strategy showed here is to produce MOFs 

with phosphine functional groups by synthesizing the corresponding organic linkers 

(see Chapter 3 for their synthesis). Phosphine-MOFs with MOF-5,[152] IRMOF-

9,[153,154] MIL-101,[152] UMCM-1, DMOF topologies were produced. The generated 

MOFs are utilized as selective heterogeneous organocatalysts and the catalytic 

details will be showed in Chapter 4.  

In addition to introducing phosphine functional groups on MOF frameworks, the 

unique structure and topology of MOFs enables tuning the size of the cage and local 

environment around the active sites through MIXMOF and PSM techniques.[18,155,156]  

!  
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A(C('&JF1+?*#2#&.4&)@B@!)89EUEDD?A&7RJVEC:[153,154] 

 

 [1,1'-biphenyl]-4,4'-Dicarboxylic acid (H2BPDC, 59 mg, 0.24 mmol) and 2-

(diphenylphosphino)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (PPh2-BPDC, 52 mg, 0.12 

mmol) were placed into a 20 mL glass vial. The vial was flushed with Ar and a 

solution of Zn(NO3)2! 4H2O (286 mg, 1.51 mmol) in degassed DMF (15 mL) was 

added. The vial was tightly closed and placed in an oven at 85 ¡C for 72 h. Then, the 

solvent was decanted, the crystals were washed with degassed DMF (3 % 5 mL) and 

degassed CHCl3 (5 mL). Chloroform was exchanged 3 times over three days and the 

crystals were stored in degassed toluene/chloroform until use. SBET = 865 m2/g (dried 

by supercritical CO2) and pore volume Vp = 0.25 cm3/g. SC-XRD confirmed the 

IRMOF-9 topology. 

 

 

Figure 2.6.   LSK-3 under optical microscope (left) and PXRD pattern (right). 

A(C(A& JF1+?*#2#&.4&)@B@!)89EUESOAED8D?A&7RJVET:[156]  

  

2-Amino-[1,1'-biphenyl]-4,4'-dicarboxylic acid (NH2-BPDC, 0.123 g, 0.48 mmol) and 

2-(diphenylphosphoryl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (POPh2-BPDC, 0.212 g, 

0.48 mmol) were placed into a 100 mL Erlenmeyer flask. A solution of 

Zn(NO3)2! 4H2O (1.144 g, 4.32 mmol) in DMF (48 mL) was added. The solution was 
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divided into 4 mL portions and transferred to 12 glass vials (20 mL capacity). The 

vials were placed in a sand bath and the sand bath was transferred to an isothermal 

oven heated at 85 oC. After 72 h, the vials were removed from the oven and left to 

cool to room temperature. The solvent was decanted, the crystals were washed with 

DMF (3 % 10 mL) followed by soaking in CHCl3 (10 mL). Chloroform was exchanged 

3 times over three days and the crystals were stored in CHCl3 until needed. SBET = 

1196 m2/g and pore volume Vp = 0.52 cm3/g. PXRD confirmed the IRMOF-9 

topology. 

 
 

Figure 2.7.   LSK-6 under optical microscope (left) and PXRD pattern (right). 

A(C(C& JF1+?*#2#&.4&)@B@!)89EUEW/ED8D?A&7RJVEX:&&

 

2-Bromo-[1,1'-biphenyl]-4,4'-dicarboxylic acid (Br-BPDC, 0.026 g, 0.08 mmol) and 

POPh2-BPDC (0.035 g, 0.08mmol) were placed into a 20 mL vial. A solution of 

Zn(NO3)2! 4H2O (0.191 g, 0.72 mmol) in N,N-ditheylformamide (DEF, 8 mL) was 

added. The solution mixture was divided into 4 mL portions and transferred by 

syringe to 2 vials. The vials were placed in a sand bath and transferred to an 

isothermal oven heated at 85 oC for 72 h. Then, the solvent was decanted, the 

crystals were washed with DEF (3 % 5 mL) followed by soaking in CHCl3 (5 mL). 

Chloroform was exchanged each 24 h over three days and the crystals were stored 

in CHCl3. SBET = 543 m2/g and pore volume Vp = 0.25 cm3/g. PXRD confirmed the 

IRMOF-9 topology. 
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Figure 2.8.  LSK-7 under optical microscope (left) and PXRD pattern (right). 

A(C(M& JF1+?*#2#&.4&)@B@!)89EUE)* ED8D?A&7RJVEY:&

 

2-Methyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid (Me-BPDC, 0.021g, 0.08 mmol) and 

POPh2-BPDC (0.035g, 0.08mmol) were placed into a 20 mL vial. A solution of 

Zn(NO3)2! 4H2O (0.191 g, 0.72 mmol) in DMF (8 mL) was added. The reaction 

mixture was divided into 4 mL portions and transferred by syringe to 2 vials. The vials 

were placed in a sand bath and transferred to an isothermal oven heated at 85 oC for 

72 h. The solvent was decanted, the crystals were washed with DMF (3 % 5 mL) 

followed by soaking in CHCl3 (5 mL). Chloroform was exchanged each 24 h over 

three days and the crystals were stored in CHCl3. Due to the low yield, no BET and 

PXRD data was available on this sample. 

 

Figure 2.9.  LSK-8 under microscope. 
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A(C(Z& JF1+?*#2#&.4&)@B@!)89EUESOAE)*&7RJVEU:[156]  

 

NH2-BPDC (0.021g, 0.08 mmol) and Me-BPDC (0.021g, 0.08 mmol) were placed into 

a 20 mL glass vial. A solution of Zn(NO3)2! 4H2O (0.191 g, 0.72 mmol) in DMF (8 mL) 

was added. The vial was tightly closed and the solution was divided into 4 mL 

portions and transferred by syringe to 2 vials. The vials were placed into a sand bath 

and transferred to an isothermal oven heated at 85 oC for 72 h. The solvent was 

decanted, the crystals were washed with DMF (3 % 5 mL) followed by soaking in 

CHCl3 (5 mL). Chloroform was exchanged 3 times over three days and the crystals 

were stored in CHCl3 until needed. SBET = 1936 m2/g and pore volume Vp = 0.78 

cm3/g. PXRD confirmed the IRMOF-9 topology. 

!
 

Figure 2.10.  LSK-9 under optical microscope (left) and PXRD pattern (right). 

A(C(T& JF1+?*#2#&.4&)@B@!)89EUESOAEW/&7RJVE'[: &

 

NH2-BPDC (0.103 g, 0.4 mmol) and Br-BPDC (0.129 g, 0.4mmol) were placed into a 

100 mL Erlenmeyer flask. A solution of Zn(NO3)2! 4H2O (0.953 g, 3.6 mmol) in DMF 

(40 mL) was added. The mixed solution was divided into 4 mL portions and 

transferred to 10 vials. The vials were placed in a sand bath and transferred to an 

isothermal oven heated at 85 oC for 72 h. The mother liquor was decanted, the 
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crystals were washed with DMF (3 % 10 mL) and followed by soaking in CHCl3 (10 

mL). Chloroform was exchanged 3 times over three days and the crystals were 

stored in CHCl3. SBET = 131 m2/g and pore volume Vp = 0.06 cm3/g. 

 
 

Figure 2.11.  LSK-10 under optical microscope (left) and PXRD pattern (right). 

A(C(X& JF1+?*#2#&.4&)@B)89 EZESOAEDD?A&7RJVE'C:&

 

Amino terephthalic acid (NH2-BDC, 19.9 mg, 0.11 mmol), 2-

(diphenylphosphino)terephthalic acid and (PPh2-BDC, 38.5 mg, 0.11 mmol) and 

Zn(NO3)2! 4H2O (178 mg, 0.68 mmol) were placed into a 20 mL Ar flushed glass vial. 

Dried and degassed DMF (8 mL) was added in the vial. The vial was tightly closed. 

This procedure was repeated for additional 11 vials. The 12 vials were placed in a 

sand bath and transferred to an isothermal oven heated at 105 oC for 24 h. The 

solvent was decanted, the crystals were washed with DMF (3 % 10 mL) and CHCl3 

(10 mL) was added. Chloroform was exchanged 3 times over three days and the 

crystals were stored in CHCl3. SBET = 1920 m2/g (dried by supercritical CO2) and pore 

volume Vp = 0.80 cm3/g. 

Table 2.1 shows the synthesized LSK-13 based on different ratio of NH2-BDC /PPh2-

BDC. The produced crystals were analyzed by digestion 1H NMR (500 MHz, DMSO-

d6/DCl/D2O) to quantify the percentage of NH2-BDC linker.[18] 
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Table 2.1.  Synthesis of LSK-13 based on mixed linkers 

Entry Temperature 

(oC) 

NH2-/PPh2-BDC 

Ratio in Synthesis 
Phosphine loading in 

crystals (%)1 

1 

105 

1:1 40 

2 4:1 16 

3 6:1 11 

4 8:1 8 

5 10:1 8 

 

Figure 2.12.  LSK-13 under optical microscope. 

A(C(Y& JF1+?*#2#&.4&)@B)89EZESOA
[18,19] 

 

Scheme 2.8 . Synthesis of MIXMOF-5. 

Zn(NO3)2! 4H2O (4.70 g, 18 mmol), H2BDC (0.75 g, 4.5 mmol), NH2-BDC (0.27 g, 1.5 

mmol) were dissolved in 300 mL DMF. The solution was divided into 10 mL portions 

and transferred into 30 glass vials (received from VWR). The vials were placed in a 

sand bath, and then transferred to isothermal ovens heated at 100 oC for 24 h. The 

heating rate was 2 oC/min from room temperature to 100 oC. After cooling down the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
" !Phosphine loading was calculated according to digestion 1H NMR spectroscopy!
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oven to 30 oC, the vials were removed from the oven and the mother liquor was 

decanted. The left crystals were collected together and washed with fresh DMF (3 % 

15 mL) and soaked in DMF (15 mL) for 3 days with the replacement of the fresh DMF 

each 24 h. Then the solvent was changed to CHCl3 following the same procedure 

mentioned above, the left crystals were stored in CHCl3 until use. 1H NMR (500 MHz, 

DMSO-d6/DCl/D2O) after digestion detected ca. 13 % amino loading in the product 

crystals. 

Table 2.2 entries 1 to 3 show the synthesis of amino containing MIXMOF-5 based on 

the various ratio of NH2-BDC/H2-BDC. The resulting crystals were tested in several 

batches, and the error of amino loading after digestion NMR was ± 2 %.  

Table 2.2.  Synthesis of amino MIXMOF with MOF-5 topology. 

Entry NH2-MIXMOF 

NH2 loading (%) 

NH2-BDC:H2BDC After digestion NMR 

1 

MIXMOF-5 

1:3 13* 

2 1:1 35 

3 3:1 62 

4 IRMOF-3 NH2-BDC 100 

*digestion NMR tests of three separate batches show 12.7, 13.1, and 12.9 % 

respectively 

A(C(U& JF1+?*#2#&.4&)@BL)>)E' ESOAEDD?A&7RJVE'T: [157] 

 

Zn(NO3)2! 4H2O (0.14 g, 0.54 mmol), NH2-BDC (0.016 g, 0.09 mmol), PPh2-BDC 

(0.016 g, 0.045 mmol) and 4,4',4''-benzene-1,3,5-triyl-tribenzoic acid (H3-BTB, 0.021 

g, 0.048 mmol) were placed into a argon dried glass vial (20 mL capacity) equipped 
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with a septum. Dried and degassed DMF (5 mL) was carefully added into the vial and 

sealed. The same procedure was repeated 3 times. All vials was placed in a sand 

bath and transferred to an isothermal oven heated at 85 oC for 48 h. After cooling 

down the oven to 30 oC, the vials were removed from the oven and the mother liquor 

was decanted. The left crystals were washed with fresh dried and degassed DMF (3 

% 5 mL) per vial and soaked in CHCl3 (dried and degassed, 5 mL) for 3 days with the 

replacement of the fresh CHCl3 in each 24 h. Because of the small tested batch and 

low yield, no BET and PXRD data was available on this sample. 

 

Figure 2.13.  LSK-16 under optical microscope. 

A(C('[&JF1+?*#2#&.4&)@BL)>)E' ESOA&

 

Zn(NO3)2! 4H2O (2.8 g, 10.80 mmol), H2BDC (0.30 g, 1.80 mmol), NH2-BDC (0.16 g, 

0.90 mmol) and H3BTB (0.42 g, 0.97 mmol) were dissolved in DMF (100 mL). The 

solution was divided into 10 mL portions and transferred into 10 glass vials. The vials 

were placed in a sand bath and transferred into an isothermal oven heated at 85 oC 

for 48 h. After cooling down the oven to 30 oC, the vials were removed from the oven 

and the mother liquor was decanted. The crystals were collected and washed with 

fresh DMF (3 % 15 mL) and soaked in CHCl3 (15 mL) for 3 days with the replacement 

of the fresh CHCl3 each 24 h. The left crystals were store in CHCl3 until use. 
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Table 2.3 entries 1 and 2 show the synthesis of amino-containing MIXUMCM-1 

based on the ratio of NH2-BDC/H2-BDC 1:2 and 2:1, and the resulting MOF crystals 

detected by digestion 1H NMR (500 MHz, DMSO-d6/DCl/D2O) yielded the amino 

loading in 14 and 29 %, respectively. 

Table 2.3.  Synthesis of amino MIXMOF with UMCM-1 topology. 

Entry NH2-MIXMOF 

NH2 loading (%) 

NH2-BDC:H2BDC After digestion NMR 

1 
MIXUMCM-1 

1:2 14 

2 2:1 29 

3 UMCM-1-NH2 NH2-BDC 100 

 

Figure 2.14. MIXUMCM-1 under optical microscope with ratio of NH2-BDC to H2BDC 

1:2 (left) and NH2-BDC to H2BDC 2:1 (right, in DMF mother liquor). 

A(C(''&JF1+?*#2#&.4&Q)89ESOA
[157] 

 

Zn(NO3)2! 4H2O (312 mg, 1.2 mmol) and NH2-BDC (220 mg, 1.2 mmol) were 

dissolved in DMF (30 mL), 1,4-Diazabicyclo[2.2.2]octane (DABCO, 216 g, 1.93 

mmol) was then added to the solution, which immediately generated a large amount 

of white precipitate. The mixture was filtered using a glass funnel of fine porosity 

(Port. 4 received from VWR). The filtrate was placed into two 20 mL scintillation vials 
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and then transferred into a programmable oven heated at 120 oC for 12 h. After the 

oven was cooled to 35 oC, yellowish rod-shaped crystals of DMOF-NH2 were 

generated. The mother liquor from each vial was decanted, and the crystals were 

washed with of DMF (3 % 6 mL) followed by of CHCl3 (3 % 6 mL). The crystals were 

then soaked in of CHCl3 (10 mL) and fresh CHCl3 added every 24 h. After 3 days of 

soaking the crystals were stored in the last CHCl3 solution until needed. Due to the 

small tested batch and low yield, no BET and PXRD data was obtained on this 

sample. 

 

Figure 2.15.  DMOF-NH2 under optical microscope. 

A(C('A&JF1+?*#2#&.4&Q)89EWDQ>ESOA&

 

NH2-BPDC (256 mg, 0.6 mmol) and Zn(NO3)2! 4H2O (156 mg, 0.6 mmol) were 

dissolved in DMF (15 mL). To this solution, DABCO (108 mg, 0.96 mmol) was added, 

forming a white precipitate that was removed by filtration through a fine glass filter 

(Port 4. received from VWR). The solution was placed into two 20 mL scintillation 

vials and then transferred to a programmable oven to heat at 120 oC for 12 h. After 

the oven was cooled to 35 oC, the resulting clear crystals were collected and washed 

with DMF (3 % 10 mL). The solvent was then exchanged by CHCl3 (3 % 10 mL), and 

the crystals were left soaking for 3 days, replacing the solution with fresh CHCl3 

every 24 h. Due to the small tested batch and low yield, no BET and PXRD data was 

available for this sample. 
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Figure 2.16.  DMOF-NH2-BPDC under optical microscope. 

A(C('C&DJ)&.4&,%21.&)89#&+.&+?2.$/*,E)89# [158] 

 

Scheme 2.1.  PSM of NH2-MOFs to thiourea-MOFs. 

Dry crystals of IRMOF-3 (0.6 g, 2.2 mmol -NH2), benzyl isocyanate (0.7 g, 4.4 mmol) 

and DCM (2 mL) were added into a scintillation vial at room temperature, and the 

resulting mixture was left at the same temperature for 48 h. The mother liquor was 

decanted and the solid was washed with fresh DCM (3 % 5 mL), then the crystals 

were left in DCM for 3 days washing with fresh DCM every 24 h. The crystals were 

stored in DCM until use. Figure 2.17 shows the 1H NMR spectra (DCl/D2O/DMSO-d6) 

of NH2-MIXMOF-5 as synthesized in 2.17a and NH2-MIXMOF-5 after PSM by benzyl 

isocyanate in 2.17b after digestion. New signals between 7.18 and 7.26 ppm 

belonging to the single substituted benzyl were detected (benzyl, 5H). The yield of 

the reaction was calculated with the following equation: 

!"#$% !!"#$%&'("#!! ! ! !
! ! !

! ! ! ! !
 % 100%  (Eqn. 2.14) 

A and B correspond to the integral of protons in the range of 7.18-7.26 ppm and 

7.60-7.62 ppm, respectively. 
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Figure 2.17.  Digestion 1H NMR (DCl/D2O/DMSO-d6) of MIXMOF-5-NH2, 35 % NH2-

BDC as synthesized a) and thiourea functionalized MIXMOF-5 b). 

!

Figure 2.18.  PXRD pattern of MIXMOF-5-NH2, 13 % NH2-BDC as synthesized 

(black) and thiourea functionalized MIXMOF-5 (blue). 

 

5 10 15 20 25 30 35 40 45 50 55 60

In
te

ns
ity

 (
a.

u.
)

2 Theta (o)

 MIXMOF-5-Fun
 MIXMOF-5





Chapter 3  

Methods for the synthesis of linkers and 

catalysis of MOFs  

  



Chapter 3! ! !

!50 

C('& @1+/.=$3+2.1&

Amino containing MOFs have been widely studied. IRMOF-3, UMCM-1-NH2, DMOF-

NH2, UiO-66-NH2, and MIL-101-NH2 are found in many publications related to post-

synthetic modifications[56,159,160] and organocatalysis.[113,114] Free phosphine-

containing MOFs which phosphine groups retain the Lewis basicity are quite rare in 

literature. The reason for this might be the difficult synthesis and the lack of 

commercialization of phosphine functional linkers. Triphenylphosphine is a common 

ligand in homogeneous catalysis and also behaves as a Lewis-base catalyst.[98,161,162] 

The synthesis of a phosphine organic linker with terephthalic acid backbone allows 

access to a series of MOFs with MOF-5, UMCM-1, DMOF, and MIL-101 topology. 

Recently, our group developed a microwave mediated, highly efficient C-P coupling 

reaction in high yield,[163] that allows the easy synthesis of 2-(diphenylphosphino)-

terephthalic acid (PPh2-BDC). MOFs with topology of MOF-5 and MIL-101 were 

subsequently prepared using PPh2-BDC.[152] Moreover, to produce MOFs with larger 

cubic topologies, 2-(diphenylphosphoryl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid 

(POPh2-BPDC) and its reduction product, 2-(diphenylphosphino)-[1,1'-biphenyl]-4,4'-

dicarboxylic acid (PPh2-BPDC) were prepared and applied in the synthesis of LSK-3, 

LSK-6 and LSK-9 with IRMOF-9 topology.[154,156] Here, the detailed synthesis of 

POPh2-BPDC and PPh2-BPDC, 4,4',4''-benzene-1,3,5-triyl-tribenzoate (H3-BTB), 

non-commercially available bromo, methyl, and amino biphenyl linkers, and model 

compounds revolved in catalysis reactions are described.  

Using its Lewis basicity, the phosphine-functionalized MOF LSK-3 was applied in 

reactions, such as coumarin synthesis, Knoevenagel condensation, [3+2] cyclization 

and Umpolung addition.[154] Bifunctional amino-MOFs (LSK-6 and LSK-9) with pore 

size fine-tuned via the ancillary methyl and diphenylphosphoryl functional groups 

were used for the size-selective Knoevenagel condensation.[156] Amino-MOFs with 

different topologies and of amino groups density were employed as additives for 

aldol-Tishchenko and selective Morita-Baylis-Hillman (MBH) reactions. 

C(A& JF1+?*#2#&.4&-216*/#&

Chloroform, toluene, and benzene were dried with aluminum oxide[164] and degassed 

by three consecutive freeze-pump-thaw cycles. All other reagents were used as 

received without further purification. All microwave-irradiated reactions were 

performed in a CEM Microwave Accelerated Reaction System, Model MARS in 

closed CEM Xpress reaction vials. The temperature was recorded by a MARS 
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Xpress IR sensor. 1H, 13C and 31P NMR spectra were recorded on a Bruker Avance 

500 spectrometer. 1H and 13C NMR spectroscopy positive chemical shifts in ppm are 

downfield from tetramethylsilane. 31P NMR spectra are referenced to external 85 % 

H3PO4. Elemental analysis was carried out by the Laboratory of Microelemental 

Analysis at ETH Zurich. High-resolution electrospray ionization mass spectrometry 

(HR-ESI-MS) analysis was performed at the MS-service of the Laboratory of Organic 

Chemistry (ETH Zurich). 

C(A('& JF1+?*#2#&.4&CEI/.%. EME2.=.I*1P.23&,32=&

 

N-Bromosuccinimide (3.94 g, 22.1 mmol) was added to a stirred solution of 4-

iodobenzoic acid (5.00 g, 20.1 mmol) in 100 mL conc. H2SO4. The resulting 

suspension was stirred overnight at room temperature. The reaction mixture was 

poured into 300 mL ice water and the precipitate was collected by filtration. The 

product was recrystallized from EtOH/H2O to give 3-bromo-4-iodobenzoic acid as a 

pale brown solid, yield: 4.90 g (75 %). Small impurities (ca. 1 %) were detected by 1H 

NMR spectroscopy. The isolated solid was employed in the next step without further 

purification. 

1H NMR (500 MHz, DMSO-d6) & (ppm): 13.42 (s, 1H), 8.06-8.12 (m, 2H), 7.61 (dd, J 

= 2, 6 Hz, 1H).  

C(A(A& JF1+?*#2#& .4&AE7=2<?*1F-<?.#<?./F-:E\']'^ EI2<?*1F-_EM]MÊ=23,/I.HF-23& ,32=&

7D8D?AEWDQ>:[163] 

 

3-Bromo-4-iodobenzoic acid (360 mg, 1.1 mmol), 10 % Pd/C (12 mg, 0.011 mmol 

Pd), K2CO3 (760 mg, 5.5 mmol) and 4-carboxyphenyl boronic acid (192 mg, 1.16 

mmol) were added to a 20 mL microwave reaction vial CEM Xpress equipped with a 

stirring bar. Degassed deionized water (10 mL) was added, and the reaction mixture 

was stirred for 18 h. Diphenylphosphine oxide (288 mg, 1.4 mmol) was added there 

too, and the reaction mixture was heated in a microwave oven for 2 hours at 160 ¡C 

I COOH

Br

I COOH

Br

B(OH)2HOOC +

Pd/C (1 mol %)
K2CO3

H2O, RT Ph2PH

O

"in situ"
MW, 160 oC O

Ph2P

HOOC COOH

PPO-BPDC
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while stirring. The reaction mixture was allowed to cool down to room temperature 

and combined with seven other identical reactions. The mixture was filtered through 

a short plug of Celite, which was subsequently washed with water (2 % 20 mL). The 

solution was acidified with 10 % HCl solution aq. to pH ~ 5. The precipitate was 

collected and extracted with 300 mL methanol. After filtration the volatiles were 

removed in vacuo and the residue was recrystallized from EtOH/H2O to give 2-

(diphenylphosphoryl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (POPh2-BPDC) as a white 

solid, yield: 0.77 g (20 %).  

1H NMR (500 MHz, DMSO-d6) & (ppm): 13.09 (s, 2H), 8.19 (d, J = 8.0 Hz, 1H), 7.90 

(d, J = 14.1 Hz, 1H), 7.61 (d, J = 8.2 Hz, 2H), 7.55 - 7.45 (m, 7H), 7.42 - 7.35 (m, 

4H), 7.29 (d, J = 8.2 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) & (ppm): 167.5 (s), 

166.8 (s), 150.5 (d, J = 8.5 Hz), 144.3 (d, J = 3.0 Hz), 134.8 (d, J = 12.7 Hz), 133.5 

(s), 133.4 (s), 133.3 (s), 133.0 (d, J = 9.1 Hz), 132.6 (s), 132.6 (s), 132.3 (s), 131.8 

(d, J = 9.2 Hz), 130.6 (s), 130.4 (s), 130.3 (s), 130.2 (s), 129.1 (d, J = 11.9 Hz), 128.6 

(s), 127.8 (s). 31P NMR (202 MHz, DMSO-d6) & (ppm): 27.1. Anal. Calcd. for 

C26H19O5P: C, 70.59; H, 4.33. Found: C, 69.11; H, 4.61. HR-ESI-MS: [MÐH]Ð m/z 

calcd. for C26H19O5P
Ð: 441.0897, found: 441.0883. 

C(A(C& JF1+?*#2#& .4& AE7=2<?*1F-<?.#<?21.:E\']'^ EI2<?*1F-_EM]MÊ=23,/I.HF-23& ,32=&

7DD?AEWDQ>:[163] 

!

Trichlorosilane (8.05 g, 59.4 mmol) was added to a stirred solution of 2-

(diphenylphosphoryl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (1.12 g, 2.5 mmol) in 15 

mL dry and degassed toluene under argon. The reaction mixture was refluxed at 130 

¡C for 48 h, the volatiles were removed in high vacuum and 20 mL of degassed 

ammonia solution was added. The resulting suspension was filtered via cannula and 

acidified with conc. HCl aq. to pH ~ 0. The precipitate was filtered and washed with 

water (2 % 20 mL) to give 2-(diphenylphosphino)-[1,1'-biphenyl]-4,4'-dicarboxylic acid 

(PPh2-BPDC) as a pale yellow solid, yield: 0.92 g (85 %). 

1H NMR (500 MHz, DMSO-d6) & (ppm): 13.08 (s, 2H), 8.02 (d, J = 7.8 Hz, 1H), 7.86 

(d, J = 7.9 Hz, 2H), 7.65 (s, 1H), 7.47 (dd, J = 7.1, 4.7 Hz, 1H), 7.42 - 7.35 (m, 6H), 

7.33 (d, J = 7.7 Hz, 2H), 7.19 - 7.09 (m, 4H). 13C NMR (126 MHz, DMSO-d6) & (ppm): 

O
Ph2P

HOOC COOH HSiCl 3

Toluene

Ph2P

HOOC COOH
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167.6 (s), 167.3 (s), 151.2 (s), 151.0 (s), 145.3 (d, J = 5.3 Hz), 136.7 (s), 136.7 (s), 

136.6 (s), 135.1 (s), 134.1 (s), 133.9 (s), 131.1 (s), 130.9 (d, J = 3.9 Hz), 130.6 (s), 

130.5 (s), 130.1 (d, J = 4.2 Hz), 129.7 (s), 129.5 (s), 129.4 (s), 129.3 (s). 31P NMR 

(202 MHz, DMSO-d6) & (ppm): -12.8. Anal. Calcd. for C26H19O4P: C, 73.24; H, 4.49. 

Found: C, 72.77; H, 4.70. HR-ESI-MS: [MÐH]Ð m/z calcd. for C26H19O4P
Ð: 425.0948, 

found: 425.0942. 

C(A(M& JF1+?*#2#&.4&AE,%21.E\']'^ EI2<?*1F-_EM]MÊ=23,/I.HF-23&,32=&7SOAEWDQ>:&

 

3-Amino-4-bromobenzoic acid (0.238 g, 1.1 mmol), 10 % Pd/C (0.012 g, 0.011 mmol 

Pd), K2CO3 (0.6 g, 4.4 mmol) and 4-carboxyphenyl boronic acid (0.2 g, 1.21 mmol) 

were added to a 20 mL microwave reaction vial CEM Xpress vessel equipped with a 

stirring bar. This operation was repeated eight times. Deionized and degassed water 

(10 mL) was added to each vial, and the reaction mixtures were heated in a 

microwave oven for 2 hours at 100 oC. The mixture was allowed to cool down to 

room temperature. The combined mixture was filtered through a short plug of Celite, 

which was subsequently washed with water (2 % 20 mL). The solution was acidified 

with diluted HCl solution to pH ~ 5. The precipitate was collected and dried in air. 

Recrystallized from EtOH/1,4-dioxane to give 2-amino-[1,1'-biphenyl]-4,4'-

dicarboxylic acid (NH2-BPDC) in light yellow solid, yield: 0.22 g (78 %). 

1H NMR (500 MHz, DMSO-d6) & (ppm): 8.02 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.5 Hz, 

2H), 7.41 (d, J = 1.5 Hz, 1H), 7.21 (dd, J = 1.5, 8 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H); 

1H NMR (500 MHz, DCl/D2O/DMSO-d6) & (ppm): 8.14 (s, 1H), 8.00 (m, 3H), 7.67 (d, 

J = 7.5 Hz, 2H), 7.58 (d, J = 8.0 Hz, 1H); 13C NMR (126 MHz, DMSO-d6) & (ppm): 

168.0, 167.6, 145.9, 143.9, 131.5, 130.7, 130.3 129.9, 129.2, 128.9, 117.9, 116.8; 

Elemental analysis: calcd. for C14H11NO4: C, 65.37; H, 4.31; N, 5.44; O, 24.88; 

Found: C, 65.11; H, 4.28; N, 5.36; O, 25.25; HR-ESI-MS: [M+H]+ m/z calcd. for 

C14H12NO4
+: 258.2488; found: 258.0700. 

C(A(Z& JF1+?*#2#&.4&AEI/.%. E\']'^ EI2<?*1F-_EM]MÊ=23,/I.HF-23&,32=&7W/EWDQ>:&

!

Br COOH
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B(OH)2HOOC +

Pd/C (1 mol %)
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I COOH
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3-Bromo-4-iodobenzoic acid (0.360 g, 1.1 mmol), 10 % Pd/C (0.012 g, 0.011 mmol 

Pd), K2CO3 (0.760 g, 5.5 mmol) and 4-carboxyphenyl boronic acid (0.192 g, 1.16 

mmol) were added to a 20 mL microwave reaction vial CEM Xpress vessel equipped 

with a stirring bar. Deionized and degassed water (10 mL) was added and the 

reaction mixture was stirred for 24 h. The product was added to that of seven other 

identical reactions. The mixture was filtered through a short plug of Celite, which was 

subsequently washed with water (2 % 20 mL). The solution was acidified with diluted 

HCl solution to pH ~ 5. The precipitate was collected and dried in air. Recrystallized 

from EtOH/H2O to give 2-bromo-[1,1'-biphenyl]-4,4'-dicarboxylic acid (Br-BPDC) 

white solid, yield: 0.23 g (65 %). 

1H NMR (500 MHz, DMSO-d6) & (ppm): 8.18 (s, 1H), 8.02 (d, J = 8 Hz, 2H), 7.94 (d, J 

= 8 Hz, 2H), 7.53 (d, J = 8 Hz, 2H), 7.43 (d, J = 8 Hz, 1H). 1H NMR (500 MHz, 

DMSO-d6) & (ppm): 8.131 (s, 1H), 7.97-7.93(m, 3H), 7.49-7.48 (d, 3H). 

C(A(T& JF1+?*#2#&.4&AE%*+?F-E\']'^ EI2<?*1F-_EM]MÊ=23,/I.HF-23&,32=&7)*EWDQ>:&

 

4-Bromo-3-methylbenzoic acid (0.237 g, 1.1 mmol), 10 % Pd/C (0.012 g, 0.011 mmol 

Pd), K2CO3 (0.6 g, 4.4 mmol) and 4-carboxyphenyl boronic acid (0.2 g, 1.21 mmol) 

were added to a 20 mL microwave reaction vial CEM Xpress vessel equipped with a 

stirring bar. This operation was repeated 8 times. Deionized and degassed water (10 

mL) was added to each vial and the reaction mixtures were heated in a microwave 

oven for 2 hours at 100 oC. The mixture was allowed to cool down to room 

temperature and the combined suspensions were filtered through a short plug of 

Celite, which was subsequently washed with water (2 % 20 mL). The solution was 

acidified with diluted HCl solution to pH ~ 5. The precipitate was collected and dried 

in air. Recrystallized from EtOH/1,4-dioxane to give Me-BPDC as a pink solid, yield: 

0.2 (71 %).  

1H NMR (500 MHz, DMSO-d6) & (ppm): 13.0 (s, 2H), 8.03 (d, J = 8 Hz, 2H), 7.91 (s, 

1H), 7.84 (d, J = 7.5 Hz, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 7.5 Hz, 1H), 2.30 

(s, 3H); 1H NMR (500 MHz, DCl/D2O/DMSO-d6) & (ppm): 7.95 (d, J = 8 Hz, 2H), 7.8 

(s, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.42 (d, J = 8 Hz, 2H), 7.28 (d, J = 7.5 Hz, 1H), 2.19 

(s, 3H); 13C NMR (126 MHz, DMSO-d6) & (ppm): 167.6, 167.5, 145.2, 145.1, 135.7, 

131.8, 130.6 130.3, 130.2 129.8, 129.6, 127.5, 20.5; Elemental analysis: Calcd. for 

Br COOH

Me

B(OH)2HOOC +

Pd/C (1 mol %)
K2CO3

H2O, MW, 100 oC

Me

HOOC COOH

Me-BPDC
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C15H12O4: C, 70.31; H, 4.72; O, 24.97. Found: C, 69.78; H, 4.68; O, 24.97; HR-ESI-

MS: [M+H]+ m/z calcd. for C15H13O4
+: 257.2608; found: 257.0747. 

C(A(X& JF1+?*#2#&.4&']C]ZEI*1P*1*+/2,3*+.<?*1.1* [165] 

 

AlCl3 (16.2 g, 123.0 mmol) was dissolved in acetyl chloride (88 mL) and stirred at 0 
oC in an ice bath. 1,3,5-Triphenylbenzene (4.60 g, 15.0 mmol) was dissolved in 

CH2Cl2 (100 mL) and slowly added to the AlCl3/acetyl chloride solution at 0 oC under 

Ar atmosphere. The light brown solution was stirred for 15 min at 0 oC and then 

further stirred at room temperature for 1.5 h. The mixture was poured carefully into 

ice water (300 mL) and stirred at room temperature overnight. CH2Cl2 (250 mL) was 

added and the aqueous phase was separated. The organic phase was washed with 

saturated NaHCO3 aqueous solution (4 % 100 mL), dried over anhydrous Na2SO4, 

and filtered. The solvent was removed under reduced pressure, and the yellowish 

product was washed with toluene (3 % 100 mL) and dried in air yielding a white-

yellowish powder, yield: 3.9 g (60 %). 

1H NMR (500 MHz, CD2Cl2) & (ppm): 2.72 (s, 9H, CH3), 7.92 (d, 6H, J = 8.2 Hz), 8.03 

(s, 3H), 8.20 (d, 6H, J = 8.2 Hz). 

  

O

OO

AlCl 3, CH3COCl

CH2Cl2, 0 oC-65 oC
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C(A(Y& JF1+?*#2#&.4&M]M^]M^ÊI*1P*1* E']C]ZE+/2F-E+/2I*1P.23&,32=&7OCW`W:[165] 

 

NaOH (12.2 g, 304 mmol) was dissolved in deionized water (85 mL) and cooled to 0 
oC in an ice bath. Bromine (5.5 mL) was added, and the solution was stirred for 15 

min at 0 oC. This solution was gradually added to a suspension of 1,3,5-

benzenetriacetophenone (3.9 g, 9.0 mmol) in 1.4-dioxane (170 mL) at room 

temperature and then immediately put in a preheated oil bath at 65 oC. The mixture 

was stirred for 2.5 h and cooled down to room temperature. A solution of 

Na2S2O3! 5H2O (1.4 g) in deionized water (30 mL) was added to quench the excess of 

NaOBr and stirred for additional 15 min. The aqueous phase was separated and the 

organic phase was filtered to remove the unreacted adduct. The filtrate was acidified 

with concentrated HCl and the precipitate was filtered. The powder was washed with 

deionized water (3 % 100 mL) yielding a white product, which was dried in air, yield: 

3.5 g (84 %).  

1H NMR (500 MHz, DMSO-d6) & (ppm): 13.05 (br, 3H), 8.09 (s, 3H), 8.06 (m, 12 H). 

C(A(U& JF1+?*#2#&.4&'EI*1PF-ECE<?*1F-+?2.$/*,[158,166] 

 

Aniline (1.9 g, 20 mmol), benzyl isothiocyanate (3.3 g, 22 mmol) and DCM (5 mL) 

was added into a 10 mL round bottom flask equipped with a stirring bar. The 

dissolved solution was reacted at room temperature for 24 h. The reaction mixture 

was filtrated, and then the precipitate was collected and washed with diethyl ether (2 

% 10 mL) to remove the unreacted substrates. Recrystallization from acetone/H2O 

gave 1-benzyl-3-phenylthiourea in white powder, yield: 4.0 g (83 %).  

O
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1H NMR (500 MHz, DMSO-d6) & (ppm): 7.46-7.22 (m, 10H), 4.89 (s, 2H). 13C NMR 

(126 MHz, CDCl3) & (ppm): 180.76, 137.23, 136.02, 130.23, 128.80, 127.75, 127.64, 

127.37, 125.28, 49.40. 

C(C& >,+,-F+23&/*,3+2.1#&&

In typical catalytic reactions, MOF crystals were firstly dried under a flux of argon at 

room temperature, and then placed into a vacuum oven at 70 oC overnight. The dried 

MOF crystals were placed into a batch reactor (glass vial with capacity in 1 mL, 5 mL 

and 10 mL or round bottom flask in 50 mL) together with reaction substrates, solvent 

and internal standard. If the reaction or the catalysts were air or moisture sensitive, 

the reaction was performed under argon atmosphere by using Schlenk technique.[164] 

Reagents were used directly from commercial suppliers (Sigma-Aldrich, Alfa, Merck, 

VWR, TCI etc.) without further purification. The conversion and selectivity of the 

reactions were detected by GC and quantified using n-dodecane as internal standard. 

The identification of products was achieved by comparing the gas chromatography-

mass spectrometry (GC-MS) spectra of the reaction mixture catalyzed by its 

homogeneous catalyst counterparts. After reaction, crystals were filtrated and 

washed with fresh solvent for several times with replacement of fresh solvent each 

24 h for three days to completely remove any remaining products and substrates. 

The recycled crystals were used for a following catalytic run.  

GC data were collected on an Agilent 6890A GC system equipped with a 7693 Auto 

Sampler, HP-5 GC column, and flame ionization detector (FID). The GC-MS data 

were recorded on an Agilent 7890A GC system equipped with a 7693 Auto Sampler, 

5975 C inert XLMSD, HP-5 GC column, and Triple-Axis Detector.  

C(C('&>.$%,/21&#F1+?*#2#&

 

Cat. = LSK -3 respectively triphenylphosphine  

Synthesis of coumarin mediated by LSK -3.[2] LSK-3 (59 mg, 0.05 mmol -PPh2), 4-

hydroxyacetophenone (6.8 mg, 0.05 mmol), and degassed CHCl3 (1.0 mL) were 

placed into a dried argon-flushed 10 mL glass vial equipped with a septum. The 

suspension was cooled to -5 ¡C, and a solution of dimethyl acetylenedicarboxylate 

(7.1 mg, 0.05 mmol) in degassed CHCl3 (1.0 mL) was added over 20 min using a 

syringe. The reaction solution was warmed slowly to 80 ¡C and left at this 

Ac

OH
+

COOMe

COOMe
CHCl3, 80oC

O

Ac

COOMe

O

Cat.
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temperature for 100 h. After reaction, LSK-3 was washed with degassed CHCl3 (6 % 

2 mL) in three days, with replacement of fresh CHCl3 (2 mL) each 24 h. Solution was 

evaporated under vacuum to remove CHCl3. Conversion of dimethyl 

acetylenedicarboxylate was >99 %. The produced mixture was sublimated under 

vacuum at 140 ¡C to give coumarin in 95 % yield and >99 % purity.  

1H NMR (500 MHz, CDCl3) & (ppm): 9.0 (d, J = 2.1 Hz, 1H), 8.2 (dd, J = 8.7, 2.1 Hz, 

1H), 7.46 (d, J = 8.7 Hz, 1H), 7.07 (s, 1H), 4.07 (s, 3H), 2.69 (s, 3H). 13C NMR (126 

MHz, CDCl3) & (ppm): 196.5, 164.2, 159.6, 157.4, 142.1, 134.1, 132.4, 128.6, 120.9, 

118.1, 116.0, 53.8, 27.0. 

Synthesis of coumarin mediated by triphenylphosphine .[104] Triphenylphosphine 

(12.9 mg, 0.05 mmol) 4-hydroxyacetophenone (6.8 mg, 0.05 mmol) and degassed 

CHCl3 (1.0 mL) were placed into a dried argon-flushed 10 mL glass vial equipped 

with a septum. The suspension was cooled to -5 ¡C, and a solution of dimethyl 

acetylenedicarboxylate (7.1 mg, 0.05 mmol) in degassed CHCl3 (1.0 mL) was added 

over 20 min using a syringe. The reaction solution was warmed slowly to 80 ¡C and 

left at this temperature for 120 h. Conversion of dimethyl acetylenedicarboxylate 

detected by GC was >99 %. The produced coumarin was received in 95 % yield. 

C(C(A&L%<.-$10&,==2+2.1&

 

Cat. = LSK -3 respectively triphenylphosphine  

Umpolung addition catalyzed by LSK -3.[154] LSK-3 (86 mg, 0.07 mmol -PPh2), ethyl 

2,3-butadienoate (36 mg, 0.35 mmol), malononitrile (23 mg, 0.35 mmol), and 

degassed benzene (1.0 mL) were added into a dried argon-flushed 10 mL glass vial 

equipped with a septum. The vial was sealed and the reaction solution was warmed 

slowly to 60 ¡C and left at that temperature for 8 h. No product was detected by GC-

MS and 1H NMR spectroscopy. 

General procedure for U mpolung addition catalyzed by triphenylphosphine. [167] 

A mixture of ethyl 2,3-butadienoate (21 mg, 0.2 mmol), malononitrile (13 mg, 0.2 

mmol), n-dodecane (10 µL) and triphenylphosphine (10 mg, 0.04 mmol) in benzene 

(0.6 mL) was stirred at room temperature under argon for 4 h. The conversion of 

ethyl 2,3-butadienoate was 83 %, yield 73 %. 

EtOOC
+

CN

CN
EtOOC

CN

CN
toluene, rt / 60oC
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1H NMR (500 MHz, C6D6) & (ppm): 6.43 (m, J = 15.6, 7.2 Hz, 1H), 5.65 (dd, J = 15.6, 

1.5 Hz, 1H), 3.93 (q, J = 7.2 Hz, 2H), 2.39 Ð 2.27 (m, 1H), 1.57 (td, J = 7.1, 1.5 Hz, 

2H), 0.93 (t, J = 7.1 Hz, 3H). 

C(C(C& V1.*K*1,0*-&3.1=*1#,+2.1&

 

Cat. = LSK -3 respectively triphenylphosphine  

General procedure for Knoevenagel condensation catalyzed by LSK -3.[154] LSK-

3 (82 mg, 0.07 mmol -PPh2), benzaldehyde (37 mg, 0.35 mmol), malononitrile (25 

mg, 0.38 mmol), n-dodecane (10 µL), and degassed CHCl3 (1.0 mL) were placed into 

a dried argon-flushed 10 mL glass vial equipped with a septum. The vial was flushed 

with argon and sealed. The reaction solution was warmed slowly to 80 oC and 

reacted at same temperature for 110 h. After removing the reaction solution, LSK-3 

was washed with degassed CHCl3 (6 % 2 mL) in three days, with replacement of 

fresh CHCl3 (2 mL) each 24 h for following cycle. The combined solution was 

evaporated under vacuum to remove CHCl3. GC conversion 98 % based on 

benzaldehyde, yield 90 %. 

General procedure for Knoevenagel condensation catalyzed by 

triphenylphosphine. [168] triphenylphosphine (18 mg, 0.07 mmol), benzaldehyde (37 

mg, 0.35 mmol), malononitrile (30 mg, 0.45 mmol), n-dodecane (10 µL), and 

degassed CHCl3 (1.0 mL) were placed into a dried argon-flushed 10 mL glass vial 

equipped with a septum and a stirring bar. The vial was flushed with argon and 

sealed. Then the reaction solution was warmed slowly to 80 oC in carbon bath and 

stirred at same temperature for 110 h. The conversion of benzaldehyde was 37 %. 

General procedure for Knoevenagel condensation catalyzed by bifunctional 

MOFs.[156] LSK-6 or LSK-9 (20 mg, 0.02 mmol -NH2, 20 mol%) was added to a dried 

10 mL glass vial equipped with a septum. para-Nitrobenzaldehyde (17.2 mg, 0.10 

mmol) malononitrile (8.2 mg, 0.11 mmol), n-dodecane (10 µL) as internal standard, 

and CHCl3 (1.0 mL) were added into the vial and sealed. The reaction solution was 

warmed slowly to 80 oC in carbon bath for 6 h. The conversion of benzaldehyde was 

75 % as detected by GC. 

H

O +
CN

CN CHCl3, 80 oCR

H

R

CN

CN

Cat.

R = H, NO2
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General procedure Knoevenagel condensation catalyzed by aniline.  Aniline (2.1 

mg, 0.02 mmol, 20 mol%) was added to a dried 10 mL glass vial equipped with a 

septum and stirring bar. para-Nitrobenzaldehyde (17.2 mg, 0.10 mmol) malononitrile 

(8.2 mg, 0.11 mmol), n-dodecane (10 µL) as internal standard, and CHCl3 (1.0 mL) 

were added into the vial and sealed. The reaction solution was warmed slowly to 80 
oC in carbon bath for 6 h. The conversion of benzaldehyde was 41 % as detected by 

GC. 

C(C(M& \CaA_&3F3-.,==2+2.1&

 

General procedure for [3+2] cycloaddition catalyzed by LSK -3.[154,169] LSK-3 (82 

mg, 0.07 mmol -PPh2), benzaldehyde (37 mg, 0.35 mmol), malononitrile (30 mg, 0.45 

mmol), n-dodecane (10 µL), and degassed CHCl3 (1.0 mL) were placed into a dried 

argon-flushed 15 mL glass vial equipped with a septum. The vial was flushed with 

argon and sealed. The reaction solution was warmed slowly to 80 oC in carbon bath 

and reacted at that temperature for 110 h. Ethyl 2,3-butadienoate (39 mg, 0.35 

mmol) was added in the same vial and reacted at 80 oC for 60 h. No product was 

detected by GC-MS. 

C(C(Z& G-=.-È2#?3?*16.&/*,3+2.1&

!

General pr ocedure for aldol -Tishchenko (A T) reaction catalyzed by 

triphenylphosphine  and amino MOFs. Triphenylphosphine (0.042 g, 0.16 mmol), 

pentanal (0.040 g, 0.47 mmol), 3-buten-2-one (0.017 g, 0.25 mmol), freshly dried 

MIXMOF-5-NH2 (13 %, 0.010 g, 0.05 mmol NH2), n-dodecane (20 µL), and THF (0.7 

mL) were added into a 5 mL glass vial at room temperature. The reaction solution 

was left at room temperature for 18 h. GC-detected conversion based on aldehyde 

was 18 %, selectivity 23 % and 77 % for 1 and 2+3, respectively. The reaction 

mixture was purified by chromatography on silica gel (petroleum ether/ethyl acetate), 

yielding AT products with purity up to 98 %, selectivity 85 % and 15 % for 2 and 3 
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respectively. 1H NMR (500 MHz, CDCl3) & (ppm): 7.81 (dq, J = 28.5, 7.9 Hz, 2H), 

7.69 (dd, J = 12.2, 7.6 Hz, 4H), 7.55 (t, J = 7.5 Hz, 1H), 7.47 (td, J = 7.7, 2.7 Hz, 3H), 

7.32 (s, 22H), 7.30 (d, J = 12.7 Hz, 5H), 4.32 Ð 4.23 (m, 1H), 3.66 Ð 3.55 (m, 1H), 

2.65 Ð 2.53 (m, 1H), 2.43 (t, J = 7.5 Hz, 1H), 2.40 Ð 2.09 (m, 7H), 2.07 Ð 1.90 (m, 

2H), 1.81 (s, 1H), 1.79 Ð 1.69 (m, 1H), 1.63 (p, J = 7.5 Hz, 4H), 1.58 Ð 1.48 (m, 3H), 

1.48 Ð 1.41 (m, 5H), 1.37 (d, J = 9.0 Hz, 6H), 1.34 (s, 3H), 1.28 (s, 3H), 0.98 Ð 0.84 

(m, 14H). 13C NMR (126 MHz, CDCl3) & (ppm): 202.86, 174.93, 174.17, 149.81, 

137.22, 137.13, 135.06, 133.99, 133.80, 133.70, 133.64, 133.41, 132.87, 132.13, 

132.05, 131.98, 131.96, 130.52, 130.42, 128.71, 128.65, 128.56, 128.51, 128.46, 

125.51, 96.34, 93.57, 93.33, 80.25, 78.91, 77.40, 77.35, 77.15, 76.89, 75.47, 75.03, 

73.85, 72.17, 71.88, 70.96, 64.96, 64.00, 62.43, 61.28, 57.24, 44.14, 43.78, 43.60, 

43.13, 42.79, 35.33, 34.41, 34.33, 34.28, 34.24, 34.15, 33.69, 32.47, 31.47, 31.26, 

30.43, 30.35, 29.70, 28.58, 28.31, 28.27, 28.21, 28.11, 27.92, 27.81, 27.22, 27.19, 

27.08, 26.36, 26.00, 25.84, 25.26, 24.14, 23.51, 22.76, 22.72, 22.69, 22.61, 22.53, 

22.47, 22.28, 21.14, 21.04, 20.93, 20.84, 20.59, 20.43, 20.39, 20.03, 19.49, 19.13, 

14.42, 14.39, 14.34, 14.11, 14.05, 14.02, 13.82, 13.72.  EI-MS (2): 55 (20), 57 (31), 

69 (23), 70 (43), 85 (79), 99 (14), 103 (100), 171 (12); EI-MS (3): 55 (25), 57 (41), 69 

(19), 70 (31), 83 (12), 85 (100), 97 (8), 99 (10), 103 (58), 126 (15), 171 (8), 173 (9). 

!

Figure 3.1.  1H detected 13C -1H heteronuclear single quantum coherence (HSQC) 

NMR spectrum of 2 + 3 (mixture with 2 in 85 % and 3 in 15 %). 
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!

Figure 3.2.  1H detected 13C -1H heteronuclear multiple-bond correlation (HMBC) 

NMR spectrum of 2 + 3 (mixture with 2 in 85 % and 3 in 15 %). 

C(C(T& )./2+, EW,F-2#EO2--%,1&7)WO:&/*,3+2.1&

 

General procedure for MBH reacti on catalyzed by DABCO and amino -

containing MOFs. DABCO (5.6 mg, 0.05 mmol) and freshly dried MOF (5 mg) were 

added into a 2 mL glass vial equipped with a septum. 5-Methylfuran-2(5H)-one (9.8 

mg, 0.1 mmol), n-octanal (6.4 mg, 0.05 mmol) n-dodecane (5 µL), and THF (0.05 

mL) were added into the glass vial. The mixed solution was left at room temperature 

for 18 h. Conversion based on n-octanal was 60 % as detected by GC, the MBH 

product selectivity 40 %.  

General procedure of MBH reaction catalyzed by DABCO without additive. [170] 

DABCO (5.6 mg, 0.05 mmol), n-octanal (6.4 mg, 0.05 mmol), 5-methylfuran-2(5H)-

one (9.8 mg, 0.1 mmol), n-dodecane (5 µL), and THF (0.05 mL) were added into a 2 

mL glass vial equipped with septum. The mixed solution was left at room 
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temperature for 18 h. Conversion based on n-octanal was 41 % as detected by GC, 

the MBH product selectivity 29 %. 

!





Chapter 4  

Catalysis I: Selective catalytic behavior of a 

phosphine -tagged MOF organocatalyst  

Based on 

X. Xu, S. M. Rummelt, F. L. Morel, M. Ranocchiari, J. A van Bokhoven, Chem. Eur. 

J. 20 (2014) 15467Ð15472. 

Contributions of X. Xu: experiments, analysis, and write-up. 
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M('&@1+/.=$3+2.1&

Although catalysis by MOFs is mainly focused on metal catalysis,[41] as shown in 

Chapter 1, MOFs can be treated like organic molecules because organic functional 

groups can be easily introduced in the porous and crystalline structure[8,20,21] and 

modified by post-synthetic modification (PSM).[42] It is therefore quite straightforward 

to think of them as pseudo-organocatalysts. Amino functionalized MOFs as 

organocatalysts have been widely studied as demonstrated in Chapter 1.3.2.[43Ð47] On 

the other hand, examples in literature on phosphine functionalized MOFs 

organocatalysis are non-existent prior this work, probably because it is difficult to 

synthesize. 

Phosphines display Lewis-basicity[99] and are employed as ligands in homogeneous 

catalysis, with industrial applications from hydrogenation to hydroformylation of 

olefins.[171Ð173] Phosphines are also playing a relevant role as organocatalysts for the 

reaction of activated alkenes and alkynes.[174] They can be immobilized in polymers, 

dendrimers, and silica supports to produce recoverable and recyclable catalysts.[175] 

Triphenylphosphine (PPh3) analogues were supported onto polysterene and 

successfully applied in the aza-MoritaÐBaylisÐHillman reaction.[176Ð179] However, one 

inevitable consequence of the hetereogeneization of organocatalysts and of other 

molecular catalysts in general, in such amorphous supports is the loss of information 

on the position of the atoms at the molecular level. 

MOFs possess long range ordered structure with tunable pore size, and are ideal 

candidates to support phosphine organocatalysts because they can provide an in-

depth understanding on their catalytic behavior. MOFs provide a unique way to 

behave as molecular catalysts while exploiting the pockets around the active sites 

due to large porosity and high crystallinity. This concept was demonstrated by 

significant publications.[180,181] For instance, Lin and co-workers showed that the 

cavity of a chiral MOF can induce reversed enantioselectivity in asymmetric 

catalysis.[181] MOFs with free phosphine groups exist in the literature. A crystalline 

MOF containing an 4,4',4''-phosphinetriyltribenzoate (ptbc) linker and Zn4O clusters, 

PCM-1, was reported by Humphrey and co-workers.[182] Another MOF based on the 

same organic linker, PCM-10, was discovered by the same group.[183] Our group 

reported the catalytic properties of a highly stable ptbc-zirconium MOF called LSK-1, 

which was used to coordinate single Au(I) atoms onto the framework with 

subsequent catalytic application.[55] More recently, we published the synthesis of 

MOFs with pending diphenylphosphino groups of IRMOF-9, MOF-5, and MIL-101 
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topologies.[152,153]!In this Chapter, the framework of the phosphine functionalized LSK-

3 [Zn4O(PPh2-BPDC)(H2-BPDC)2]n, feature IRMOF-9 topology, creates steric 

hindrance around the active site, which determines what molecules react in different 

phosphine organocatalytic reactions. With this contribution it is confirmed 

experimentally that MOF pockets can behave highly selectively in a similar way as 

enzymes. [115,116] 

M(A(&JF1+?*#2#&,1=&3?,/,3+*/2P,+2.1&.4&RJVEC&

The strategy was to synthesize a P-MOF catalyst that featured the structural and 

electronic properties of PPh3, contained sufficient pore space to accommodate 

sterically hindered groups, and allowed the diffusion of reactants and products during 

catalysis. Diphenylphosphino moieties were used to produce the cubic topology of 

IRMOF-9,[8] derived from MOF-5. The first step was to synthesize the organic linker 

2-(diphenylphosphino)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (PPh2-BPDC) via an in-

situ C-C coupling followed by the previously developed catalytic P-C one with Pd/C 

as catalyst (Chapter 3).[163] The free phosphine functionalized MOF LSK-3 with 

IRMOF-9 topology,[8] was thus produced by reacting PPh2-BPDC, H2-BPDC and 

Zn(NO3)2! 4H2O in dimethylformamide (DMF) under solvothermal conditions (Figure 

4.1).[163]This synthetic procedure yielded a MIXMOF with uniform distribution of 

functional groups within a single crystal, as schematized in (Figure 4.2). Deliberate 

dilution of phosphine groups within the framework reserves sufficient space for 

catalytic processes to occur.  

 

 
Figure 4.1.  Synthesis of LSK-3: Crystal structure obtained from X-ray diffraction with 

Connolly[184] surface analysis, two (above) and one (below) diphenylphosphino 

groups in one cage. 

PPh2

COOH

COOH

+

COOH

COOH

 Zn(NO3)2   4H2O

DMF, 85 oC, 72 h

PPh2-BPDC H2-BPDC
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Single crystal X-ray crystallography of LSK-3 revealed a doubly interpenetrated cubic 

framework with [Zn4O]6+ inorganic units linked by biphenyl linkers (with and without 

P-functionalization). LSK-3 crystallizes in the tetragonal space group P42/ncm with 

lattice paprameters a = 17.2209(11) • and c  = 34.229(2) • (Figure 4.2). The distance 

between the two interpenetrated networks (dF-F) was 12.9 •, which is the largest 

among IRMOF-9 derivatives.[8,153] A large dF-F is needed to accommodate the 

diphenylphosphino groups, which are located exclusively on the linkers oriented in 

the a-b plane. This is a unique example of a MOF in which mixed linkers of the same 

type and size are ordered and in preferential directions of the unit cell. Surprisingly, 

the biphenyl rings in the c direction were highly disordered, while those in the a-b 

plane were not. The Zn-, P-, C- and O-atom positions in the a-b plane could be 

described by anisotropic displacement parameters. 

 

Figure 4.2. A) View of the interpenetrated framework of LSK-3 (diphenyl-groups, 

solvent and split atom positions are omitted for clarity) with P groups only in a and b 

direction; B) Interpenetrated overall structure along the [110]-direction. 

Figure 4.3 shows the PXRD pattern of LSK-3. Comparison between the PXRD and 

the simulated pattern from SC-XRD confirm the crystalline structure of the framework. 

The relative intensity of diffraction peaks is influenced in the presence of solvents, for 

instance, DMF that was used as mother liquor during synthesis.  
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Figure 4.3. PXRD patterns of LSK-3. Simulated from SC-XRD data (a) and as 

prepared (b). 

Nitrogen physisorption measurements carried out at 77 K of the MOF activated with 

supercritical CO2, BET number SBET = 865 m2/g, and micropore volume Vp = 0.25 

cm3/g. It shows the pseudo type-I isotherm (Figure 4.4), which attributes to weak 

mechanical stability of LSK-3 framework under vacuum. 

 

Figure 4.4. Nitrogen isotherm adsorption of LSK-3. 

Figure 4.5 shows the TGA analysis of LSK-3. Two distinguishable weight losses 

were observed in the figure. The first larger decrease in weight of 43 % is due to the 

evaporation of chloroform, and the second weight loss is attributes to the destruction 

of the framework. This is in agreement with the results on Zn-MOFs published by 

Hupp and co-workers.[185] 
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Figure 4.5.  TGA curv e of LSK -3. 

Inductively coupled plasma (ICP) analysis of LSK-3 revealed a P:Zn ratio of 0.24, 

and 1H NMR spectroscopy after digestion of LSK-3 in DCl/DMSO-d6, showed the 

ratio of linkers H2-BPDC to PPh2-BPDC to be two. This value was used to fix the P 

occupation in the single crystal X-ray diffraction analysis (see above). The P amount, 

calculated by combining TGA with 1H NMR spectroscopy data after digestion, was 

1.6 wt%. The combined characterization data confirmed the expected [Zn4O(PPh2-

BPDC)(H2-BPDC)2]n stoichiometry of LSK-3, in agreement with previously reported 

IRMOF-9 and IRMOF-10 structures.[8,153,186] LSK-3 was stable under dried and 

degassed condition. The crystals featured good chemical stability in solvent such as 

chloroform, dichloromethane, benzene, DMF, and diethylformamide. It has been 

observed that completely dried LSK-3 crystals (0.5 - 1 mm) were easily broken into 

smaller pieces (100 µm Ð 300 µm) when a solvent was added back to the dried 

material. For this reason, further treatments on LSK-3 were performed in the 

presence of solvents. 

M(C(&>,+,-F+23&<*/4./%,13*&. 4&RJVEC&

LSK-3 was tested as catalyst in four different types of stoichiometric and catalytic 

reactions with substrates of different type and size. In all reactions described below 

we used samples with relatively big crystals of size 0.5-1.0 mm, as measured by 

optical microscopy to minimize the ratio between phosphine on the surface and 

inside the pores. In this way, we provide an indirect proof that catalysis occurs within 

the pores and not exclusively on the surface of the crystal. The non-functionalized 

IRMOF-9 failed to catalyze any of the reactions in which LSK-3 was active.!
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The synthesis of coumarin methyl 6-acetyl-2-oxo-2H-chromene-4-carboxylate (4) 

from 4-hydroxyacetophenone and dimethyl acetylenedicarboxylate (Scheme 4.1), 

which is a reaction that requires a stoichiometric amount of PPh3 in the 

homogeneous phase.[187] LSK-3 (100 molP%) achieved quantitative conversion to the 

desired coumarin 4 in chloroform after 100 h at 80 ¡C. By comparison, the reaction 

carried out with PPh3 at an identical phosphorus loading produced the equivalent 

amount of product after 120 h. Washing of the MOF with chloroform allowed to re-

use the material in a second cycle, where it mediated 89 % conversion of reactants 

into product compared to stoichiometric reaction of PPh3. 

 

Scheme 4.1.  Coumarin synthesis catalyzed by LSK-3. 

LSK-3 was probed in the Umpolung addition of ethyl 2,3-butanedienoate to 

malononitrile yielding ethyl 5,5-dicyanopent-2-enoate (5, Scheme 4.2). The reaction 

is catalyzed by PPh3 (20 mol%) in the homogeneous phase and affords the product 

in 73 % yield.[188] No detectable conversion was observed when using LSK-3 (20 

molP %) under identical conditions.!

 

Scheme 4.2.  Umpolung addition catalyzed by LSK-3. 

In an effort to further understand the impediment to Umpolung addition reaction we 

investigated the Knoevenagel condensation of benzaldehyde with malononitrile to 

give 2-benzylidene malononitrile (6, Scheme 4.3).[168] This reaction is catalyzed by 

amino MOFs.[189] After 110 h reaction time at 80 ¡C in chloroform, the conversion of 

benzaldehyde was 98 %. The catalyst was recycled four times by consecutive 

washings with dichloromethane yielding a stable productivity of approximately 70 %. 

PXRD confirmed that the structure remained intact after three recycling steps. 

Knoevenagel condensation works with our P-MOF catalyst and it is three times faster 

than the homogeneous reaction catalyzed by PPh3, which converted only 37 % of 

benzaldehyde after 110 h at 80¡C. 
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!  

Scheme 4.3.  Knoevenagel condensation catalyzed by LSK-3. 

In the presence of the Knoevenagel product 6, ethyl 2,3-butanedienoate and PPh3 

can react via a  [3+2] cycloaddition that would yield ethyl 4,4-dicyano-5-

phenylcyclopent-1-enecarboxylate (7, Scheme 4.4). Although the reaction is 

successfully mediated by PPh3 catalyst (20 mol%),[169] LSK-3 (20 molP%) did not 

produce any product after 60 h of reaction at 80 ¡C in chloroform. 

!  

Scheme 4.4.  [3+2] cycloaddition catalyzed by LSK-3. 

M(M(&Q2#3$##2.1&

A number of MOF catalytic systems have shown size selectivity induced by their pore 

size.[190Ð192] The comparison of the relative size of reactants and products (Table 4.1) 

to the available pore opening and void space in LSK-3 (Figure 4.6) excludes such 

considerations. The analysis of the Connolly surface[184] of the material (Figure 4.6) 

showed that 2D channels with rectangular and perpendicular pore openings of 6.1 • 

x 8.4 • (Channel 2 in Figure 4. 6) and 6.9 • x 8.4 • (Channel 1 in Figure 4. 6) are 

formed in the absence of diphenylphosphino moieties. These channels are pitted by 

cavities that could theoretically contain up to two diphenylphosphino moieties 

(depicted in blue in Figure 4.6), and are interconnected by two types of void spaces 

of 5.9 x 6.1 x 8.4 • and 6.7 x 6.9 x 8.4 • (depicted in yellow in Figure 4. 6). While the 

open space in the blue cavities is reduced in the presence of diphenylphosphino 

groups (Figure 4.1), it is clear that plenty of space remains for catalysis in the yellow 

cavities, which do not contain phosphine groups and therefore permit free diffusion of 

relatively large molecules. 31P MAS NMR spectroscopy shows that all P atoms in 

LSK-3 are accessible to react with reactants (Figure 4.8). 

!  
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Table 4.1.  Size and volume of reactants and products of the different organocatalytic 

reactions catalyzed by LSK-3. 

Catalytic Reaction  
Reactant (R)/  

Product (P)  

Size 

(• !  • !  •) a 
Volume (• 3)b 

Synthesis of coumarin 

4-hydroxy acetophenone 

(R) 
4.0 !  6.5 !  9.0 134 

dimethyl acetylene-

dicarboxylate (R) 
4.1 !  7.0 !  9.8 131 

4 (P) 4.1 !  9.2 !  12.5 211 

 Umpolung addition 

Malononitrile (R) 3.7 !  4.6 !  6.9 67 

ethyl 2,3-butanedienoate 

(R) 
4.1 !  5.8 !  11.4 117 

Knoevenagel 

condensation 

Benzaldehyde (R) 3.2 !  5.9 !  8.6 105 

Malononitrile (R) 3.7 !  4.6 !  6.9 67 

6 (P) 3.2 !  7.5 !  11.4 145 

 [3+2] cycloaddition 

6 (R) 3.2 !  7.5 !  11.4 145 

ethyl 2,3-butanedienoate 

(R) 
4.1 !  5.8 !  11.4 117 

a Dimensions of the reactants and products are those of the smallest parallelepiped 

that fits their Connolly surface. b The volume of the molecules is calculated by 

analyzing the volume of their Connolly surface. 

Furthermore, the molecules participating in the Umpolung reaction without any 

apparent conversion are smaller than those reacting in the successfully catalyzed 

coumarin synthesis, which would indicate reversed size-selectivity. Solid-state 31P 

NMR spectroscopy and computational geometry optimization of the intermediates on 

the active sites identified that the orientation of reaction intermediates enable or 

hamper reaction to occur (as described below). 
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Figure 4. 6. Schematic representation of the pore structure of LSK-3. The green and 

red cubes represent the two interpenetrated network of the material. 

DFT calculations with periodic boundary conditions were performed. The space 

group from single crystal X-ray diffraction data of LSK-3 was modified to P1 to allow 

modeling of one or two diphenylphosphino groups into the pocket. Geometric 

optimizations were performed with Materials Studio with the Forcite molecular 

modeling (MM) optimization, which takes account only for steric effects and not 

electronic ones, followed by DMol3 DFT gradient corrected (GGA) correlation 

functional of PerdewÐBurkeÐErnzerhof (PBE)[144] geometry optimization with the 

precise numerical basis set DNP 3.5 (double numerical plus polarization). Similar 

DFT calculations have already been successfully used in MOF geometry 

optimization.[193] The presence of one or two phosphine moieties in one cage did not 

change the overall outcome. We therefore restrict the discussion here to one 

phosphine group. 

The mechanism of the phosphine-catalyzed coumarin synthesis is already 

established in the literature (Figure 4.7).[187] The first step involves the reaction of the 

phosphine with an alkyne to form a zwitterionic phosphonium salt, followed by the 

deprotonation of phenol and formation of the phosphonium-alkene/phenolate ion 

couple. Subsequent aromatic substitution occurs to form the final product by 

cyclization, elimination of methanol, and final regeneration of phosphine. Geometry 

optimization of the zwitterionic intermediate a revealed two possible configurations 

a1 and a2 (Figure 4.7). These are distinguished by the relative orientation of their 
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double bonds. In the reactive intermediate a1, the bond points towards the 

framework, whereas in a2 the double bond points towards the pore. In comparison, 

a2 is slightly more stable than a1 by 2.6 kJ/mol Ð an energy difference associated 

with alternate placement of a single carbon atom residing on the intermediate. 

 

Figure 4. 7. Elementary steps and intermediates a1 and a2 of coumarin synthesis 

catalyzed by LSK-3. The yellow arrow indicates the reactive moiety of the 

intermediate. $E shows the difference between the energy of intermediates and that 

of the intermediate with the lowest in energy. 

In situ 31P MAS NMR and liquid state 1H NMR spectroscopies were carried out under 

reaction conditions to identify the formation of the P-intermediate (Figure 4.8 and 4.9). 

A stoichiometric amount of substrates and LSK-3 were loaded in a sealed glass 

vessel with deuterated dichloromethane and left for 24 h at 80 ¡C under argon 

atmosphere. After approximately 30 % conversion of alkyne had occurred, the NMR 

spectrum of the solid showed no free phosphine peak at Ð12.6 ppm and a new peak 

at 30.1 ppm (Figure 4.8). The latter peak is perceived as the superimposition of 

signals pertaining to the intermediate and the phosphine oxide adduct, which is a by-

product arising from the reaction of the alkyne.[194] The quantitative disappearance of 

the free phosphine signal illustrates that all phosphine sites are available for reaction. 

After completion of the reaction, the portion of the 30.1 ppm signal that relates to the 

adsorbed intermediate reverted into free phosphine (peak at Ð12.6 ppm). The 

phosphine oxide contribution of the 30.1 ppm signal remained and contributed to 

catalyst deactivation. 
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Figure 4. 8.  31P MAS-NMR spectra of the synthesis of coumarin catalyzed by LSK-3 

after 24 h (a) and after 100 h (b) reaction time. 

The analogous homogeneous reaction catalyzed by PPh3 was also monitored by 

NMR spectroscopy in CD2Cl2. The NMR spectroscopy of triphenylphosphine oxide 

(O=PPh3) was also measured at same condition to be a reference (Figure 4.9, up). 

After 24 h of reactivity at 60 ¡C, the 31P NMR spectrum showed both intermediate at 

30.7 and Ð5.0 ppm, which attributed to PPh3
[195] (Figure 4.9, down).  

 

Figure 4. 9. 31P NMR spectra (202 MHz, CD2Cl2) of triphenylphosphine oxide (up) 

and the synthesis of coumarin with PPh3 after 24 h at 60 ¡C (down). 
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The Umpolung addition mechanism starts with the formation of the zwitterionic 

intermediate (b in Figure 4.10), which deprotonates malononitrile before undergoing 

nucleophilic addition. Thus, the zwitterionic intermideate was assumed to be the 

resting state of the reaction. Geometry optimization of the zwitterionic intermediate b 

shows that two possible isomers b1 and b2. In b1 the double bond subject to further 

reaction points into the pore, whereas for b2 the same bond points towards the 

framework. The total energy of b1 is 28.9 kJ/mol higher than that of b2, establishing 

b2 as the favored intermediate. This is explained through the steric hindrance 

generated by the framework, which accounts for the bulkiest part of the intermediate. 

Therefore the reactive carbon is likely to point towards the framework. This inhibits 

the nucleophilic attack of the deprotonated malononitrile to the protonated b2. In this 

example, the energy difference is significant and explains why LSK-3 is an inactive 

catalyst. 

 

Figure 4. 10. Elementary steps and intermediates b1 and b2 of Umpolung addition 

catalyzed by LSK-3. The yellow arrow indicates the reactive moiety of the 

intermediate. 

Solid-state NMR spectroscopy identified an intermediate without concomitant 

formation of product (Figures 4.11 and 4.13) and regeneration of free phosphine, 

which indirectly supported above calculations. 1H NMR spectroscopic analysis of the 

reaction mixture indicated that no product is formed at room temperature after 

heating for 1 h at 60 ¡C, nor after an extended two week period under ambient 

conditions (Figure 4.12). The chemical shift of the intermediate differs from the signal 

of the phosphine oxide adduct (30.1 ppm, Figure 4.13). 
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Figure 4. 11. 31P MAS-NMR spectra (162 MHz, benzene-d6) of the Umpolung 

addition catalyzed by LSK-3 (a) after 5 min (b), 35 min (c), 65 min (d), 185 min (e), 

and 185 min + 60 min at 60 ¡C (f). The reference spectrum is pure LSK-3 before 

reaction. 

 

Figure 4. 12. 1H NMR spectrum (500 MHz, benzene-d6) after 185 min at RT + 60 min 

at 60 ¡C. No product is observed. 
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Figure 4. 13. 31P MAS-NMR spectrum of the Umpolung addition starting from partially 

oxidized LSK-3. The signals of phosphine oxide (31.2 ppm), intermediate (27.4 ppm) 

and free phosphine (-12.6 ppm) are evident.  

In contrast, 1H and 31P NMR spectra of the homogeneous reaction catalyzed by PPh3 

indicated parallel formation of intermediate and product at room temperature. After 

heating of the liquid phase reaction for 1 h at 60 ¡C the signal pertaining to the 

intermediate disappeared with attendant reformation of free PPh3 (Figures 4.14 and 

4.15). 

 

Figure 4. 14. 31P NMR spectra (202 MHz, benzene-d6) of the synthesis of Umpolung 

addition with PPh3 at 40 % conversion. 
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Figure 4. 15. 1H NMR spectrum (500 MHz, benzene-d6) of the synthesis of Umpolung 

addition with PPh3 at 40 % conversion. The spectrum shows both reactants and 

product. 

PXRD patterns after coumarin synthesis and Knoevenagel condensation confirmed 

that LSK-3 retained its crystalline structure (Figure 4.16). 

 

Figure 4.1 6. Comparison of the PXRD patterns of LSK-3. Prepared (a), after 

coumarin synthesis (b), and after Knoevenagel condensation (c). 

A schematic representation of reaction pathway between substrate and the 

diphenylphosphino groups in LSK-3 are illustrated in Figure 4.17. Generally, large 

substituents are oriented toward the pore by the framework and consequently align 

reactive substituents in the same direction. When the reactive part of the 

intermediate is also the largest of the ancillary phosphine ligands - as is the case in 
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our example of coumarin synthesis (Figure 4.17A) - the intermediate is granted 

sufficient space to react with the second substrate. On the other hand, steric 

hindrance imposed by the framework can impede further reactivity of the 

intermediate when the small size of a substituent induces irreversible formation of 

said intermediate, as for Umpolung addition and [3+2] cycloaddition (Figure 4.17B). 

In the case of the Knoevenagel condensation the second substrate is small enough 

to react with a sterically restricted reactive center (Figure 4.17C).  

 

Figure 4.1 7. Schematic model that explains the reactivity of LSK-3 in the coumarin 

synthesis (A), Umpolung and [3+2] cycloaddition (B), and Knšvenagel condensation 

(C). Once the first reactant (blue) approaches the active site in LSK-3 with the large 

substituent pointing towards the pore, it forms the intermediate (red). If the reactive 

part of the intermediate points towards the pores (A), the intermediate can react with 

the second reactant (yellow) and form the product (orange). If the reactive part of the 

intermediate points towards the framework it reacts with the second reactant only if 

the latter is small enough (B, C). 

M(Z&>.13-$#2.1&

In summary, a novel MOF catalyst LSK-3 was designed, which features phosphine 

functionalization and IRMOF-9 topology. This material demonstrates remarkable 

reactivity, which was rationalized by a combination of molecular modeling 

calculations and solid-state NMR spectroscopy. It demonstrated that the steric 

hindrance by the frameworks induces a selective orientation of reaction 

intermediates and influence subsequent reactivity explained by a rational and simple 

schematic model. In this way it was feasible to induce reversed size-selectivity by 

favouring certain reactions while completely inhibiting others. This is a unique feature 

that is observed neither in zeolites nor in previous MOF studies. The modification of 

the local structure inside a MOF cage represents a powerful strategy for tuning 

reaction selectivity to engineer the catalytic environment around the active site.  
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Chapter 5  

Catalysis II: Tuning Regioisomer Reactivity 

in Catalysis using Bifunctional MOFs with 

Mixed Linkers  

Based on 

X. Xu, J. A. van Bokhoven, M. Ranocchiari, ChemCatChem. 6 (2014) 1887Ð1891. 

Contributions of X. Xu: experiments, analysis, and write-up. 
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As described in Chapter 1, the chemical flexibility of the organic linkers in MOFs 

allows introducing functional groups with nucleophilic properties, such as amino 

group. The resulting materials can be considered as pseudo-organocatalyst.[8,113] 

Amino functionalized MOFs obtained from isoreticular MOF chemistry, such as 

IRMOF-3,[113,114] UMCM-1-NH2,
[196] and MIL-101(Al)-NH2

[197,198] have been 

successfully applied as catalysts for the Knoevenagel condensation reactions. 

Moreover, the tunable pore size and local environment allow MOFs to be rationalized 

design to fit the size of substrates, which make them behave as a selective catalyst 

similar to those enzymes.[115Ð117] Kitagawa and co-workers[44] described the 

Knoevenagel condensation reactions catalyzed by [Cd(4-btapa)2(NO3)2]¥6H2O¥2DMF 

(4-btapa = 1,3,5-benzene tricarboxylic acid tris[N-4-(Pyridyl)amide]) with unique size-

selectivity. They tested the base catalytic properties of the MOF in reaction between 

benzaldhyde and three active methylene compounds (malononitrile, ethyl 

cyanoacetate, and cyano-acetic acid tert-butyl ester). It was found that the reaction 

gave 98 % conversion on the smallest methylene compound malononitirle, 7 % 

conversion on larger molecule ethyl cyanoacetate, and no conversion on the largest 

methylene compound cyano-acetic acid tert-butyl ester under same condition. The 

size of the molecule determined the performance of the Knoevenagel condensation 

reactions. Lin and co-workers reported the catalytic activity of isoreticular chiral 

MOFs (CMOFs) on the epoxidation of aromatic alkenes. The channel size was tuned 

by changing the length of the organic linker and by using different solvents 

(dimethylformamide, DMF or diethylformamide, DEF) in the synthesis.[199] With the 

increasing of channel size in CMOFs, the asymmetric expoxidation of 1H-indene to 

(1R,2S)-indene oxide yielded from 54 to 80 % conversion and 47-64 % ee. 

As shown in Chapter 1, MIXMOFs play an important role in designing functional 

MOFs, which are prepared by varying the functionality of different organic building 

blocks at the same size. The framework is thus identical, while more than one 

functionalities can be modified and co-exist in the same framework.[18] Several 

research groups, have successfully prepared and reported individual MOFs 

containing different functional groups, noted as MIXMOFs or multivariate MOFs 

(MTV-MOFs).[20,21] 

It is presented herein the design and synthesis of MOFs with two functionalities: an 

active site and a secondary functional group that tune the space within the pores of 

the material. The strategy was to make the amino functionalized group react as the 
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catalytic active center for the Knoevenagel condensation and the second moiety (Me 

or POPh2) to tune the pore opening by changing the size within the pores. The 

diphenylphosphoryl group has been chosen because of its big steric bulk combined 

with the easy availability of the linker in the lab. The produced MOFs were exploited 

to tune regioisomer reactivity in the Knoevenagel condensation of ortho-, meta- and 

para-nitrobenzaldehye with malononitrile. 

Z(A&JF1+?*#2#&,1=&3?,/,3+*/2P,+2.1&.4&+?*&)89#&RJVET&,1=&RJVEU&

The synthesis of POPh2-BPDC has been described in Chapter 3.[153] Inspired by the 

synthesis of POPh2-BPDC, NH2-BPDC and Me-BPDC were synthesized following the 

first step of the POPh2-BPDC synthesis by C-C coupling in H2O with Pd/C catalyst at 

100 oC with the aid of microwave radiation. After 2 h reaction under such conditions 

and easy workup - which consisted in acidification and filtration - NH2-BPDC and Me-

BPDC were obtained in 78 % and 71 % yield, respectively. To compare with 

previously produced phosphine MOF LSK-3 in Chapter 4, those diphenylphosphoryl, 

amino, and methyl functionalized BPDC linkers were used to produce the cubic 

topology of IRMOF-9,[8] derived from MOF-5. Bifunctional MOFs LSK-6 [Zn4O(NH2-

BPDC)1.5(POPh2-BPDC)1.5]n and LSK-9 [Zn4O(NH2-BPDC)1.2(Me-BPDC)1.8]n were 

synthesized in DMF with an equal amount of two linkers and Zn(NO3)2¥4H2O under 

solvothermal condition at 85 oC for 72 h (Figure 5.1).  

Figure 5.1.  Synthesis of bifunctional MOFs LSK-6 (a) and LSK-9 (b).  

To make each active center in the structure with a maximum equivalent environment, 

the ratio of two linkers was chosen as 1 to 1 in the synthesis of MOFs. After 

synthesis, the crystals were washed three times with fresh DMF and soaked in CHCl3 

for three days, with the replacement of fresh CHCl3 every 24 h. The crystals feature 
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good chemical stability in polar solvents, such as CHCl3, dichloromethane, acetone, 

and DMF. 

PXRD analysis indicated that LSK-6 and LSK-9 were crystalline materials featuring 

similar topology as LSK-3 and IRMOF-9, respectively (Figure 5.2).[153,154] The 

diffraction peaks of LSK-6 and LSK-3 in XRD pattern shifted due to the uniform strain 

coming from the solvent. This phenomenon has already been observed in UiO-67 

topology MOF.[200] 
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Figure 5.2.  PXRD patterns of LSK-6 and LSK-9 comparing with LSK-3 and IRMOF-9 

(simulated from SC-XRD data). 

The 31P MAS-NMR spectrum of LSK-6 confirmed the presence of phosphine oxide at 

29.2 ppm (Figure 5.3).  

 

Figure 5.3.  31P MAS-NMR spectrum (162 MHz) of LSK-6, phosphine oxide (29.2 

ppm). 
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Analysis of digested samples by 1H NMR spectroscopy in DCl/D2O/DMSO-d6 

revealed a 1 to 1 ratio of NH2-BPDC and POPh2-BPDC in LSK-6 and a 1 to 1.5 ratio 

of NH2-BPDC and Me-BPDC in LSK-9 (Figure 5.4, 5.5, and 5.6). Although reaction 

conditions were configured for 1 to 1 distribution of linkers throughout the MOF lattice, 

the actual distribution of these groups deviated. The reason for such difference may 

be due to the variable steric constrains caused by functional groups in the confined 

MOF channels. Moreover, the existence of mixed crystaline phases in the produced 

MOF crystals cannot be completely excluded. The preferential ratio of 1 to 1 in LSK-6 

is most probably because of the steric hindrance of POPh2 compared to Me group.  

 

Figure 5.4.  1H NMR spectra (500 MHz, DCl/D2O/DMSO-d6) of Me-BPDC, NH2-

BPDC, and POPh2-BPDC in chemical shift from 6.7 to 8.3 ppm. Peaks in the color 

rectangles identity the signals used for integration. 
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Figure 5.5.  Digestion 1H NMR spectrum (500 MHz, DCl/D2O/DMSO-d6) of LSK-6 

with POPh2-BPDC and NH2-BPDC 1 to 1. 

 

Figure 5.6.  Digestion 1H NMR spectrum (500 MHz, DCl/D2O/DMSO-d6) of LSK-9 

with Me-BPDC and NH2-BPDC 1.5 to 1. 

Nitrogen physisorption measurements of LSK-6 (SBET = 1200 m2/g and Vp = 0.52 

cm3/g) and LSK-9 (SBET = 1930 m2/g and Vp = 0.78 cm3/g) at 77 K displayed type-I 

isotherms, which revealed the existence of micropores (Figure 5.7 and Table 5.1). 

NH2-BPDC 
Me-BPDC 

POPh2-BPDC NH2-BPDC  
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Comparing with the isotherm of LSK-3 (see Chapter 4), LSK-6 was stable under 

vacuum and PXRD after BET measurement also confirmed the crystalline structure. 

The relative pore volume and size of LSK-6 compared to that of LSK-9 corresponded 

with the respective steric bulk of their POPh2-BPDC and Me-BPDC functional groups. 

 

Figure 5.7.  N2 physisortion isotherms at 77 K of LSK-6 (black) and LSK-9 (blue). 

Table 5.1.  Data of N2 physisorptions at 77 K of LSK-9 and LSK-6 at 77 K. 

Bifunctional 

MOFs 

BET Surface 

area (m' /g) 

Langmuir 

Surface 

area (m' /g) 

Total 

Volume 

(cm3/g) 

Pore Volume 

(cm3/g) 

Pore Size   

(• ) 

LSK-6 1196 1612 0.59 0.52 19.8 

LSK-9 1936 2458 0.90 0.78 18.7 

*N2 physisorptions were calculated based on the classical equations (see chapter 2) 
to be comparable with other MOFs 

The materials also displayed good thermal stability comparable to IRMOF-9, as 

confirmed by TGA (Figure 5.8 and 5.9). The first weight loss is due to the 

evaporation of solvent molecule CHCl3 retained in the pore of MOF, and the second 

weight loss is attributed to the destruction of the framework. 
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Figure 5.8.  TGA curve of LSK-6 

!

Figure 5.9.  TGA curve of LSK-9. 

Z(C&!*#$-+#&,1=&=2#3$##2.1&

LSK-6 and LSK-9 were exploited to tune regioisomer reactivity in the Knoevenagel 

condensation of ortho-, meta- and para-nitrobenzaldehye with malononitrile. All 

reactions were performed with amino loading of 20 mol % in CHCl3 heated in a 

carbon bath at 80 ¡C (Scheme 5.1). Crystals with a size between one and three mm 

in length were used as measured with optical microscope. Aniline was chosen as the 

homogeneous counterpart for the above-mentioned catalytic reactions. All 

benzaldehyde conversions were determined by GC analysis using n-dodecane as 

internal standard.  
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Scheme 5.1.  Bifunctional MOFs (LSK-6 and LSK-9) catalysed Knoevenagel 

condensation reactions, nitrobenzaldehyde (ortho-, meta- and para-

nitrobenzaldehyde regioisomers) with malononitrile. 

 

 

 
Figure 5.10.  Nitrobenzaldehyde conversion as a function of reaction time in the 

Knoevenagel condensation with malononitrile catalyzed by aniline (a), LSK-6 (b) and 

LSK-9 (c). Between 0 hour and 1.5 hours, lines are guide to the eyes.  
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Figure 5.10a, 5.10b and 5.10c compares the performance of the MOFs and of aniline. 

Aniline consumes 30 %, 32 % and 41 % ortho-, meta- and para-nitrobenzaldehye 

after 6 hours. LSK-6 gave 39 %, 61 % and 75 % conversion whereas LSK-9 to 69 %, 

68 % and 82%, respectively. The activity of the three aldehydes on homogeneous 

aniline and heterogeneous LSK-9 (with Me pendant groups) was in the order: ortho (  

meta < para, the activity of the three aldehydes was in the order ortho < meta < para 

on LSK-6 (with POPh2 as pendant group). 

The Connolly surface[184,201] analysis of pore opening in LSK-6 framework revealed 

one 2D channel with open windows of 8.7 • % 9.5 • and 6.0 • % 9.5 • (by measuring 

the two 90 degree crossed channels, Figure 5.11a and 5.11d). To simplify the 

following discussion, we assumed MOFs LSK-6 and LSK-9 with similar 2D channels. 

The channels were dramatically decreased to 6.0 • % 7.9 • with one POPh 2 

functionalization and to 1.9 • % 3.3 • with two POPh 2 (Figure 5.11b and 5.11c). On 

the other hand, the channels did not evidently change when the methyl group was 

the non-active group in framework. The channels were 6.2 • % 9.5 • in one Me -

functionalized framework and 5.5 • % 9.5 • in two Me -functionalized framework 

(Figure 5.11e and 5.11f).  

The size of aldehydes was calculated by taking into account the smallest 

parallelepiped that fits the Connolly surface of the molecules (Table 5.2). In the order 

of ortho, meta and para the sizes are 5.1 • % 7.6 • % 8.5 •, 3.4 • % 8.0 • % 9.7 • and 

3.4 • % 6.7 • % 10.1 • and the size of the product s are 6.3 • % 8.8 • % 11.4 •, 3.6 • 

% 8.1 • % 12.3 • and 5.1 • % 7.6 • % 13.0 • (by taking into account the Connolly 

surface that parallelepiped fits the molecule, Figure 5.11g and 5.11h). 

Since the MOFs are constituted by infinite channels, the highest dimension is not 

relevant for the diffusion of molecules within the pores. We suggest that ortho-, meta- 

and para-aldehydes should easily diffuse by comparing the size of open channels in 

MOFs and molecules related in all reactions. Products derived from meta and para 

nitrobenzaldehydes should also diffuse throughout the frameworks. However, in the 

ortho case, the product of the reaction is diffusion-limited in LSK-6, whereas it is not 

in LSK-9. This is because of the smaller opening in the presence of the POPh2 group. 
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Figure 5.11.  Connolly surface of LSK-6 with one amino functional group without 

POPh2 (a), with one POPh2 (b), and with two POPh2 groups in one cage (c); Connolly 

surface of LSK-6 (90 degree from Figure 5.11a) with one amino functional group 

without Me (d), with one Me (e), and with two Me groups in one cage (f); size of 

ortho-, meta- and para-nitrobenzaldehyde, respectively (g); size of Knoevenagel 

condensation products from ortho-, meta- and para-nitrobenzaldehyde, respectively, 

with malononitrile (h). 

!  
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Table 5.2.  Size and volume of reactants and products of Knoevenagel condensation 

of para-, meta- and ortho-nitrobenzaldehyde and malononitrile. 

Substrates  molecule  
Size 

(• !  • !  •) a 
Volume (• 3)b 

Reactants 

 
Ortho-aldehyde 

5.1 !  7.6 !  8.5 131.2 

 
Meta-aldehyde 

3.4 !  8.0 !  9.7 129.1 

 
Para-aldehyde 

3.4 !  6.7 ! 10.1 128.7 

 
malononitrile 

4.2 !  4.9 !  7.5  64.4 

Products 

 
Ortho-aldehyde product 

6.3 !  8.8!  11.4 173.2 

 
Meta-aldehyde product 

3.6 !  8.1 !  12.3 173.0 

 
Para-aldehyde product 

5.1 !  7.6 !  13.0 173.7 

a Dimensions of the reactants and products are those of the biggest length that fit 

their Connelly surface (based on DFT calculated geometry), height % width % length; b 

Volume of the molecules is calculated by analyzing the Connelly surface of the 

molecules. 

The mechanism of Knoevenagel condensation consists of nitrobenzaldehyde 

electrophilic attacked by the amino active site in the framework with release of H2O to 

form the imine intermediate. The imine further reacts with malononitrile leading to 

molecular arrangement with release of the product from the active site to complete 
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the catalytic cycle. This was confirmed by gas chromatography-mass spectroscopy 

(GC-MS) of the homogeneous reaction catalyzed by aniline, which showed the imine 

intermediate after 1.5 h reaction (Figure 5.12). 

 

Figure 5.12 . MS spectroscopy of the generated intermediate in the reaction of para-

benzaldehyde and malononitrile catalyzed by aniline. 

Since the diffusion of all nitrobenzaldehydes should occur in LSK-6 and LSK-9, we 

expect them to react with the amino active center in the material, according to the 

mechanism reported by Hartmann and Fischer.[114] Gascon et al.[113] also observed 

the intermediate benzaldimine species when IRMOF-3 catalyzed the condensation of 

benzaldehyde and ethyl cyanoacetate.  

In our case, crystals were taken after 0.5 h reaction time and washed with fresh 

CHCl3 for several times to remove the guest molecules in the pores of the framework. 
1H NMR spectroscopy (DCl/D2O/DMSO-d6) after digestion revealed new peaks 

between 8.5 and 9.0 ppm attributed to the imine intermediate (Figure 5.13). 
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Figure 5.13 . Digestion 1H NMR spectroscopies (500 MHz, DCl/D2O/DMSO-d6) of 

LSK-6 after 30 min in situ reaction: fresh LSK-6 (a), after reaction of ortho-

benzaldehyde (b), after reaction of meta-benzaldehyde (c), and after reaction of 

para-benzaldehyde (d). 

In addition to enhanced regioisomer reactivity, the heterogeneous catalysts exhibited 

higher activity than aniline. The formation of an intramolecular hydrogen bond 

between amino and carboxylate oxygen was attributed as the cause of the enhanced 

activity. Corma and co-workers[16] further confirmed that higher activities were also 

due to the presence of defects on MOF framework, and the defects can be tuned by 

different preparation conditions. In our case, the amino group is far away from the 

carboxylate group in both LSK-6 and LSK-9. We exclude enhanced basicity coming 

from the hydrogen bond. The influence of the defects cannot be completely excluded. 

The recycling of LSK-6 after 24 h reaction was also studied. A decreased activity was 

observed in a second run, yielding 10 %, 23 % and 57 % of ortho-, meta- and para-

nitrobenzaldehye product, respectively. The weight of the catalysts slightly increased 

by 3 % after the first 24 h cycle with a distinct color change from yellow to brown or 

black demonstrating that the difference in activity can be attributed to pore occlusion 

by unknown species. This is in agreement with the results of Gacia and co-workers: 

one of the deactivation pathways on MOF catalysts was due to the occurrence of the 

undesired byproduct.[16]  

Although the synthesis of MOFs was under the same condition, the true distribution 

of linkers throughout the lattice of the crystals is probably random and might cause 
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non-reproducible activity. In our case, catalytic results were reproduced by using 

different batch of catalysts, confirming the statistical distribution of the bulky 

functional groups in different batches. 

Z(M&>.13-$#2.1&

In conclusion, MOFs with amino and secondary non-active groups were synthesized 

and applied in the Knoevenagel condensation of para-, meta- or ortho-

nitrobenzaldehyde and malononitirle. POPh2 functionalized amino MOF LSK-6 

slowed the reactivity of ortho-nitrobenzaldehyde reaction more than the methyl 

functionalized amino MOF, LSK-9. Size analysis of open channels and guest 

molecules revealed that the accessibility of the product of ortho-isomer was the 

reason for such reactivity. This finding might further encourage research toward 

tailor-made MOFs, with the aid of mixed linkers, to fine-tune the steric properties of 

porous heterogeneous catalysis. 

Comparing with other solid catalysts of Knoevenagel reaction, such as zeolite,[69] 

Pb/Nb2O5 and K/Al2O3,
[202] LSK-6 and LSK-9 possess a multi-faceted utility. The 

flexibility of functional linkers on MOFs allows to introduce different sizes of 

secondary non-active functional groups that can be used to regulate the space in 

opening channels of MOF frameworks. The amino group acts as active site for 

Knoevenagel condensation reactions between ortho-, meta- and para-

nitrobenzaldehyde and malononitrile, while the second functional group operates to 

tune the pore size. Increasing the steric bulk of the non-active functional groups 

appended to the organic linkers has the effect of constricting the size of MOF pores 

and thereby selectively decreasing the activity of ortho-nitrobenzaldehyde. Steric 

impediments have less of an effect upon reactions involving less hindered meta- and 

para-benzaldehydes. 

 





Chapter 6  

Catalysis III: Tuning selectivity in the direct 

aldol -Tishchenko reaction using space 

constraints in amino  MIXMOFs 
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MOFs show great potential in heterogeneous catalysis due to their structural 

versatility, tunable pore size and chemical stability (Chapters 1, 4, and 5).[41,48] MOFs 

in heterogeneous catalysis mostly act as primary catalysts, in which the active sites 

are located on the functional groups of their organic linkers,[8,25,118,155,156] the 

coordinatively unsaturated sites and/or defects[68,70] and organometallic complexes 

introduced by post-synthetic modification (PSM).[59,60] MOFs can behave as catalystsÕ 

support for the encapsulation of guest active metal-containing species.[71,74] MOFs 

also showed potential as co-catalyst. Wang et al. reported a cooperative system of 

thiourea-functionalized IRMOF-3 and 1,4-diazabicyclo[2.2.2]octane (DABCO) that 

catalyzed acetalization and Morita-Baylis-Hillman (MBH) reaction. The 

heterogeneous thiourea groups stabilized the intermediate and overcame the 

formation of dimer and linear polymer,[203] enhancing yield compared to the 

homogeneous counterpart.[158,204] 

The aldol-Tishchenko (AT) reaction is an over 100-years-old organic synthesis 

reaction, and has been widely used for the synthesis of 1,3-diol monoesters from 

enolizable aldehydes and ketones.[205] Rodr’guez-Solla et al. employed a chiral ! -

amino chloromethyl ketones (derived from natural ! -amino acid) and aldehydes AT 

reaction, catalyzed by samarium diiodide (SmI2) to synthesize 4-amino-1,3-diols, 

which are derivatives of enigmol, an active pharmaceutical ingredient, demonstrating 

good anti-cancer properties (Scheme 6.1).[206] Hon and Chang applied AT reaction as 

a key-step in the synthesis of ! -methylene ketones,[207] core skeletons in many 

natural products exhibiting antibacterial, antifungal, antitumor, and growth regulating 

activities.[208] 

 

Scheme 6.1 . Synthesis of amino acid-derived 4-amino-1,3-diols via AT reaction. 

According to the well-studied reaction mechanism,[205] both basic and acidic sites 

need to co-exist in the catalytic system to achieve reaction. Generally, homogeneous 

catalysts such as [Y5O(µ5-O)(µ3-OiPr)4(µ2-OiPr)4(OiPr)5],
[209] Cp*2Sm(thf)2,

[210] 

[Yb(OTf)3],
[211] [BuTi(OiPr)4Li],[212] and [Zr(OtBu)4]

[213] catalyze AT reaction. 
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Heterogeneous alkaline earth oxides (BaO, MgO, CaO, and SrO) and %-alumina are 

also active for the reaction.[214,215] OrganicÐinorganic hybrid such as the mesoporous 

materials 3-(triethoxysilyl)pyridine FSM-16[216] and [SBA-15]Sm[N(SiMe3)2]x
[217] are 

reported as heterogeneous catalysts. The generated hybrid catalysts display 

selectivity compared to their homogeneous counterparts due to the spatial restriction 

and diffusion control resulted from the ordered supports.[217]  

Bifunctional chiral phosphine-Br¿nsted organocatalysts contain both Lewis base 

phosphine and Br¿nsted acid moiety, such as hydroxyl, amine, and thiourea groups 

in their backbones, and catalyze MBH reaction.[218] Kitagaki et al. reported a group of 

bifunctional organocatalysts based on planar chiral pseudo-ortho-substitued 

aryl[2,2]paracyclophane for aza-MBH reaction yielding high reactivity and good 

enantioselectivity.[219] The design concept was described in Figure 6.1A: a) two 

functional groups located respectively on [2,2]paracyclophane backbone R1 and R2 

(R1, R2 = PPh2, OH, NHAc, NHC(S)NHAr, OMe etc.), b) the backbone provided 

inherent conformational rigidity, and c) the spacer induced by the aryl group itself and 

its characteristic substitutent R3 (R3 = OH, H, and OMe), which not only offered steric 

property, but it also presented conformational flexibility and enabled the distance 

between the two functional groups (R1 and R2) to perform dual activation of the 

substrate and reactant.  

  

Figure 6.1.  Design concept of planar chiral organocatalysts modified from Kitagaki 

(A),[219] one unit cell of an amino-containing MOF (B).  

Inspired by the planar chiral phosphine-Br¿nsted bifunctional organocatalysts, a 

catalytic system with an externally introduced triphenylphosphine (PPh3) and amino-

containing MOFs as additive for MBH reaction between 3-buten-2-one (methylvinyl 

ketone, MVK) and linear aldehydes is described here (detailed mechanism can be 

found in Figure 6.5).[220,221] The strategy is to use PPh3 react as active sites for the 

reaction and the MOFs with topologies of MOF-5 and UMCM-1 to provide steric 
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requirements and the activation of reactants by varying amino loading in their 

frameworks (Figure 6.1 B). Surprisingly, AT products are also observed in addition to 

the MBH product. It is the first successful AT reaction catalyzed by PPh3 in the 

presence of amino-containing MIXMOFs (Scheme 6.2).  

!

Scheme 6. 2. AT reaction catalyzed by PPh3@NH2-MIXMOFs. 

T(A& !*#$-+#&

Amino MOFs with various topologies were produced by either isoreticular chemistry 

or by dispersing the amino functionality in the framework using mixed linker MOFs 

(MIXMOFs). Amino-functionalized MOFs with topologies of IRMOF-3 [Zn4O(NH2-

BDC)3]n,
[18] UMCM-1 [Zn4O(NH2-BDC)(BTB)4/3]n,

[157] and DMOF-1 [Zn2(NH2-

BDC)2(DABCO)]n,
[157] were prepared based on published procedures. Amino 

MIXMOFs with topologies of MOF-5 and UMCM-1 were synthesized by partially 

replacing the non-functionalized terephthalate linker with the corresponding amino-

tagged building block.[19] In this way, the framework kept the same geometry while 

the amount of amino functionality varied from 0 to 100 %. The synthesis procedure 

on amino MIXMOFs was described in Chapter 2. MIXMOF-5-NH2 [Zn4O(BDC)3-

a(NH2-BDC)a]n (a = 0.39, 1.05, and 1.86) with 13, 35, and 62 % amino loading 

(denoted as 13%-MIXMOF-5-NH2, 35%-MIXMOF-5-NH2, and 62%-MIXMOF-5-NH2) 

were synthesized by tuning the ratio of H2-BDC/NH2-BDC to 3:1, 1:1, and 1:3, 

respectively (Scheme 6.3). MIXUMCM-1-NH2 [Zn4O(BDC)1-b(NH2-BDC)b(BTB)4/3]n (b 

= 0.14 and 0.29) containing 14 and 29 % of amino linker (14%-MIXUMCM-1-NH2 and 

29%-MIXUMCM-1-NH2 for short) were synthesized by using H2-BDC/NH2-BDC ratio 

of 2:1 and 1:2 (Scheme 6.4). 

 

Scheme 6. 3. Synthesis of MIXMOF-5-NH2. 
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Scheme 6. 4. Synthesis of MIXUMCM-1-NH2. 

To prove that the amino MOFs had a positive effect in MBH reaction, reaction 

between n-pentanal and MVK was initially investigated using PPh3 in the presence of 

13%-MIXMOF-5-NH2. Surprisingly, in addition to MBH product, AT products were 

observed with 77 % selectivity after 18 h reaction in tetrahydrofuran (THF) at room 

temperature and ambient pressure (at 18 % conversion, Table 6.1, entry 2). A small 

amount of byproduct was observed, which may be formed between aldehyde and 

MVK via Michael addition.[221] The reaction was further expanded to other linear 

aldehydes, such as n-butanal, n-hexanal, n-heptanal, and n-octanal (Figure 6.2). 

Under the same reaction condition as n-pentanal, AT products were observed in the 

cases of n-butanal and n-hexanal, resulting 47 and 21 % conversion, 76 and 82 % 

selectivity, respectively (Table 6.1 entries 1 and 3), whereas n-heptanal and n-

octanal did not show even a trace amount of AT products (Table 6.1 entries 4 and 5). 

This indicates that the size of substrates and/or products had a large influence on the 

activity and selectivity of the AT reaction. 

 

Figure 6.2. GC data of AT reaction products catalyzed by PPh3 and 13%-MIXMOF-

5-NH2. 
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Table 6.1. AT reaction of linear aldehydes catalyzed by PPh3 and 13%-MIXMOF-5-

NH2. 

Entry 
 

Conversion 

(%) 

Selectivity (%) 

AT 1 + AT 2 MBH Others 

1 C2H5 47 76 14 10 

2 n-C3H7 18 77 22 <1 

3 n-C4H9 21 82 17 1 

4 n-C5H11 13 0 >99 <1 

5 n-C6H13 4 0 >99 <1 

 

Reactions were performed under room temperature for 18 h with 0.46 mmol of aldehyde, 
0.25 mmol of MVK, 0.16 mmol of PPh3, and 13%-MIXMOF-5-NH2 (10 mg, 0.05 mmol -NH2) 
in 0.7 mL THF. 

To further determine the role of amino group and topology of MOFs, additives such 

as aniline, DMOF-1-NH2, UMCM-1-NH2, IRMOF-3, and MIL-101-NH2 were applied in 

the above reaction (Table 6.2, entries from 1 to 5). No AT product was generated 

under identical condition in the presence of aniline or amino MOFs in topologies of 

DMOF-1, UMCM-1, IRMOF-3, and MIL-101 as additives. This indicates that 

mechanically mixing amino group and MOF frameworks was not enough to assist 

PPh3 catalyzing the AT reaction and that the amino groups at the defined positions in 

MOF lattice were required. 

Table 6.2. The effect of additives and subunits in AT reaction of n-pentanal catalyzed 

by PPh3. 

Entry Additive 
Conversion 

(%) 

Selectivity (%) 

AT 1 + AT 2 MBH Others 

1 Aniline 17 0 >99 <1 

2 MIL-101(Al)-NH2 17 0 >99 <1 

3 DMOF-1-NH2 8 0 96 4 

4 IRMOF-3 16 0 98 2 

5 UMCM-1-NH2 15 0 >99 <1 

6 No Additive 15 0 >99 <1 

7 No MVK 4 0 0 trace 

8 No PPh3 5 0 0 trace 

a EVK was used as substrate 
Reactions were performed under room temperature for 18 h with 0.46 mmol of n-pentanal, 
0.69 mmol of MVK, 0.16 mmol of PPh3, and 0.05 mmol of amino-containing additive in 0.5 
mL THF. 

H

O

R
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The entries 6, 7, and 8 in table 6.2 show that no AT products were observed without 

either of amino MIXMOF additive, PPh3, or MVK, which indicates all those three 

components play key roles in the catalytic system. 

Table 6.3 summarizes the catalytic activity of PPh3 in AT reaction of n-pentanal and 

MVK for 18 h at room temperature and ambient pressure with amino MIXMOFs. AT 

products were observed only when 13%-MIXMOF-5-NH2 and 29%-MIXUMCM-1-NH2 

were added into the reaction. PPh3 was not active for AT reaction but MBH product 

by using additives of 62%-MIXMOF-5-NH2, 35%-MIXMOF-5-NH2, and 14%-

MIXUMCM-1 (Table 6.3, entries 1, 2, and 6). In addition, identical AT products were 

detected in the GC spectra when 1-penten-3-one (ethyl vinyl ketone, EVK) was used 

instead of MVK as the starting substrate (Table 6.3, entries 3 and 4). This suggests 

that a narrow range of amino loading in topologies of MOF-5 and UMCM-1 was 

crucial for the AT reaction. MVK had little influence on the reaction performance 

although it was necessary to get the AT products. 

Table 6.3. Effect of amino loading in the MIXMOF additives for the AT reaction 

between n-pentanal and MVK catalyzed by PPh3. 

Entry Additive 
Conversion 

(%) 

Selectivity (%) 

AT 1 + AT 2 MBH Others 

1 62%-MIXMOF-5-NH2 16 0 98 2 

2 35%-MIXMOF-5-NH2 19 <1 >99 trace 

3 13%-MIXMOF-5-NH2 29 29 68 3 

4 13%-MIXMOF-5-NH2 39a 36 47 17 

5 29%-MIXUMCM-1-NH2 36 20 77 3 

6 14%-MIXUMCM-1-NH2 14 0 97 3 

 

Reactions were performed under room temperature for 18 h with 0.46 mmol of n-pentanal, 
0.69 mmol of MVK, 0.16 mmol of PPh3, and 0.05 mmol of amino-containing additive in 0.5 
mL THF. 
a EVK was used as substrate 

Figure 6.3 shows the effect of the concentration of n-pentanal in the AT reaction of n-

pentanal and MVK catalyzed by PPh3 and 13%-MIXMOF-5-NH2 at room temperature 

for 18 h. Higher substrate concentration from 0.85 to 1.35 mol! L-1 increases 

conversion while decreasing the selectivity to AT products with concomitant 

increasing yield of MBH product. The selectivity to AT products in the presence of 

PPh3 and 13%-MIXMOF-5-NH2 was similar with substrate concentration between 

0.40 and 0.62 mol! L-1. 
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Figure 6. 3. Effect of substrate concentration in AT reaction of n-pentanal and MVK 

catalyzed by PPh3 and 13%-MIXMOF-5-NH2. 

Thiourea group has been found to be a crucial moiety in homogeneous MBH reaction 

in terms of both yield and enantioselectivity. By varying the substituent group of 

thioureas, MBH reaction of n-butyl acrylate and p-nitrobenzaldehyde could be 

completed in a shorter time with higher yield.[166] To investigate how thiourea group 

functioned in the AT reaction, 35%-MIXMOF-5-NH2 was reacted with benzyl 

isocyanate via PSM to generate a thiourea functional group.[158] The reaction was 

performed with two equivalent of benzyl isocyanate in dichloromethane (DCM) at 

room temperature for 48 h. The reaction converted 18 % amino groups and formed 

the product 35%-MIXMOF-5-thiourea (18%), in which 35 % corresponds to the initial 

amino loading in MIXMOF-5 and 18 % represents the amount of thiourea 

functionality within the MOF. Corresponding 14%-MIXUMCM-1-thiourea with 82 % 

amino conversion was obtained by a similar procedure on 14%-MIXUMCM-1-NH2 

crystals.  

Entries 1 and 2 in table 6.4 demonstrate the effect of thiourea functional group in AT 

reaction of n-pentanal and MVK catalyzed by PPh3 in the presence of MIXMOF-5-

NH2 and 13%-MIXMOF-5-thiourea (7 %), respectively. The results show that the 

thiourea functionalized MIXMOF-5 slightly decreases the overall conversion by 3 % 

but with an increase of 2 % in selectivity for the AT products. There was thus no 

significant effect on the overall performance of the MOF additive.  

  

0.5 mL  
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Table 6.4. PPh3 catalyzed AT reaction between n-pentanal and MVK in the presence 

of MIXMOF-thiourea. 

Entry Additive 
Conversion 

(%) 

Selectivity (%) 

AT 1 + AT 2 MBH Others 

1 13%-MIXMOF-5-NH2 29 29 68 3 

2 

13%-MIXMOF-5-thiourea (7%) 

26a 31 69 0 

3 24b 9 91 0 

4 10c 10 90 0 

5 35-%MIXMOF-5-NH2 27 <1 >99 0 

6 35%-MIXMOF-5-thiourea (18 %) 17 8 92 0 

7 14%-UMCM-1-NH2 16 0 >99 <1 

8 82%-UMCM-1-thiourea 27 8 92 0 

 a, b, and c represent MIXMOF-5-thiourea crystals in 1st run, 2nd run, and grinded fine 
particles, respectively. 
Reactions were performed under room temperature for 18 h with 0.46 mmol of n-pentanal, 
0.69 mmol of MVK, 0.16 mmol of PPh3, and 10 mg of additive in 0.5 mL THF. 

As illustrated in table 6.4 (entries from 5 to 8), AT products were observed in the 

presence of thiourea-functionalized MIXMOF-5-NH2 and MIXUMCM-1-NH2. On the 

other hand, their amino-functionalized counterparts failed to produce or gave only 

trace amount of AT products. This indicates that thiourea functional groups could 

also assist the pathway in the forming of AT products. In the presence of 13%-

MIXMOF-5-thiourea (7 %), the second run of AT resulted was in a similar conversion 

as the first run but with significant decrease of AT product selectivity from 31 % to 9 

% (Table 6.4, entries 2 and 3). The decreasing of the activity in the second run may 

be due to the pore blocking of MOFs by undesired byproducts and/or unreacted 

substrates. It was also observed that both conversion of aldehyde and selectivity of 

AT product dramatically decreased using fine powder of 13%-MIXMOF-5-thiourea (7 

%) as additive instead of originally synthesized crystals (Table 6.4, entry 4). This 

indirectly confirmed that the AT reaction occurred inside the framework rather than 

on the surface of the crystals.  

As described in Chapter 1, coordinatively unsaturated sites (CUS) and defects in Cu-

MOFs could directly catalyze C-C coupling reaction of N-methylanilines and terminal 

alkynes[67] and Knoevenagel condensation reaction of aldehydes and active 

methylene derivatives.[69] The actual structure of CUS and defects is uncertain, while 

zinc is the common metal in the synthesis of MIXMOF-5 and MIXUMCM-1. To 
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investigate the role of defects in MIXMOF-5 and MIXUMCM-1 for the AT reaction, 

Zn(NO3)2! 4H2O and ZnO were chosen as model compounds. 

Table 6.5 (entries 1 and 2) shows that PPh3 and 13%-MIXMOF-5-NH2 themselves 

only gave low activity ca. 5 % conversion with no AT product forming in the reaction 

of n-pentanal and MVK catalyzed by PPh3. Moreover, in the presence of model 

compounds, ZnO and Zn(NO3)2! 4H2O, a slightly increased conversion by 10 % was 

observed but without formation of AT product (Table 6.5, entries 3 and 4). This 

further confirms that defects were not likely active in the AT reaction. 

Table 6.5. Blank reactions and role of defects in the AT reaction of n-pentanal 

catalyzed by PPh3.  

Entry Additive 
Conversion 

(%) 

Selectivity (%) 

AT 1 + AT 2 MBH Others 

1 --- 6 0 83 17 

2 MIXMOF-5-NH2 (13 %) 5a 0 0 0 

3 ZnO 16 0 >99 <1 

4 Zn(NO3)2.4H2O 12 0 >99 <1 

a Without PPh3  
Reactions were performed under room temperature for 18 h with 0.46 mmol of n-
pentanal, 0.25 mmol of MVK, 0.16 mmol of PPh3 and 10 mg of additive in 0.7 mL THF. 

Figure 6.4 shows crystals of 13%-MIXMOF-5-NH2 (a), 13%-MIXMOF-5-thiourea (44 

%, b), and 13%-MIXMOF-5-thiourea after AT reaction (44 %, c) obtained using 

optical microscope. The crystals slightly decreased their transparency after the 

transformation of amino to thiourea group and the transparency was severely 

decreased after AT reaction. Nitrogen physisorption data indicate a reduction of BET 

surface area by 1000 m2/g and total pore volume by half of the original value (Table 

6.6), which may be because of the blockage of the MOF pores by products and/or 

by-products. The existence of hysteresis loop in nitrogen physisorption isotherm 

might attribute to the broken of local O-Zn bond in presence of H2O that was 

generated from the condensation of amino group in MOFs and the substrate of 

aldehydes (Figure 6.5).[114,222] Powder X-ray diffraction (PXRD) patterns 

demonstrated that the crystals of 13%-MIXMOF-NH2 retained crystallinity after PSM 

to 13%-MIXMOF-thiourea (44 %) and AT reaction (Figure 6.6 and 6.7). 
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Figure 6. 4. Pictures obtained under optical microscope of 13%-MIXMOF-5-NH2 (a), 

13%-MIXMOF-5-thiourea (44 %, b), and 13%-MIXMOF-5-thiourea after AT reaction 

(44 %, c). 
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Figure 6.5. N2 physisorption isotherms at 77 K of fresh 13%-MIXMOF-5-NH2 (a), 

used 13%-MIXMOF-5-NH2 (b), fresh 13%-MIXMOF-5-thiourea (44 %, c), and used 

13%-MIXMOF-5-thiourea (44 %, d). 

Table 6.6. Data of N2 physisorptions at 77 K of 13%-MIXMOF-5-NH2 and 13%-

MIXMOF-5-thiourea (7 %) before and after AT reaction. 

MOF 
BET Surface 

area (m' /g) 

Langmuir 

Surface 

area (m' /g) 

Total Pore 

Volume 

(cm3/g) 

Micropore 

Volume 

(cm3/g) 

13%-MIXMOF-5-NH2 (Fresh) 2672 3628 1.3 1.1 

13%-MIXMOF-5-NH2 (Used) 995 1351 0.54 0.40 

MIXMOF-5-thiourea (Fresh) 2199 3043 1.1 0.92 

MIXMOF-5-thiourea (Used) 1010 1398 0.55 0.41 

!  

a) b) c) 
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Figure 6.6. PXRD patterns of 13%-MIXMOF-5-NH2 before (fresh) and after (used) 

AT reaction.!
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Figure 6.7. PXRD patterns of 13%-MIXMOF-5-thiourea (44 %) before (fresh) and 

after (used) AT reaction. 

T(C& Q2#3$##2.1&

Since the AT products was observed only in the presence of PPh3, MVK/EVK, and 

amino MIXMOFs (MOF-5 and UMCM-1 topologies) simultaneously, inspired by the 

known mechanism of MBH and AT reactions,[205,221] a possible mechanism for PPh3 

and MIXMOF system catalyzed AT reaction is proposed (Scheme 6.5). The first step 

is the nucleophilic attack of PPh3 to the MVK generating the phosphonium 

zwitterionic acid, which is stabilized by one amino group on the MOF framework via 

hydrogen bonding.[221] The phosphonium zwitterionic acid activates the first aldehyde 

molecule yielding an enolate and phosphonium betaine (step 2), which further reacts 

with the second aldehyde to produce an aldol intermediate (step 3). With the aid of 

second amino group on the MOF lattice, the third aldehyde is activated and reacts 

with the pre-formed aldol intermediate (step 4). Finally, the AT product is obtained 
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through hydride transfer in a six-membered ring transition state, releasing the 

phosphonium to close the cycle (step 5).  

 

Scheme  6.5. Elementary steps for MBH-AT reaction catalyzed by PPh3 and MVK in 

the presence of MIXMOF-NH2 as additive.[205,221] 

MOFs show size-selectivity for catalytic reactions in many cases because of the 

confined space in the cage,[44,154,156,223] which also indirectly proves that the catalysis 

took place inside the pore. As shown in figure 6.2, AT products were observed not 

only with n-pentanal but also n-butanal and n-hexanal as substrates. On the other 

hand, no AT product was detected when relatively larger aldehydes, such as n-

heptanal and n-octanal were applied. Since producing one mole of AT product 

consumes 3 moles of the corresponding aldehyde, the increase of one carbon in the 
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aldehyde backbone results in the growth of final AT product in three carbons. Hence, 

the quick growth of the AT product size and the confined cage of MOFs lead the AT 

reaction either took place or impeded. 

Figure 6.8 shows the relationship between MIXMOFs with MOF-5 and UMCM-1 

topologies and the number of carbon backbones of aldehydes (CnH2n+1O, n = 3, 4, 5, 

6, 7, and 8) in AT reaction. Surprisingly, AT products of aldehydes C3 and C4 were 

detected in the presence of 13%-MIXMOF-5-NH2, 29%-MIXUMCM-1-NH2, and 

UMCM-1-NH2 under same reaction condition. AT products of aldehydes with 5 and 6 

carbon backbones were observed only with the aid of 13%-MIXMOF-5-NH2 and 

29%-MIXUMCM-1-NH2. The other additives were either inactive or produced only 

trace amount of products.  

 C3 C4 C5 C6 C7 C8 

14%-MIXUMCM-1       

29%-MIXUMCM-1       

UMCM-1-NH2       

13%-MIXMOF-5       

35%-MIXMOF-5       

62%-MIXMOF-5        

IRMOF-3       

Figure 6. 8. The effect of aldehydes and MIXMOF topologies on the productivity of 

AT products (AT products observed in blue, not observed in grey). 

Since MIXMOF-5-NH2 and MIXUMCM-1-NH2 activated AT reaction, they must be 

similar. Analysis of distances between amino groups in the two MOF topologies was 

preformed. Distances between two non-adjacent amino groups (dN-N) in MIXMOF-5-

NH2 and MIXUMCM-1-NH2 were revealed to be close, 18.206 and 18.453 • , 

respectively. Then the possible AT product intermediate of n-pentanal was 

introduced into a unit cell of MIXMOF-5 and MIXUMCM-1, which was simulated by 

density functional theory (DFT) calculation (Figure 6.9). The intermediate was 

performed for geometric optimization primarily by Forcite package in Materials Studio 

that considered only the steric effect, followed by DMol3 with generalized gradient 

approximation GGA and exchange model Perdew-Burke-Ernzerhof (PBE) with 

precise numerical basis set DNP 3.5. As shown in figure 6.9, compared to MIXMOF-

5-NH2 [Zn4O(BDC)3-a(NH2-BDC)a]n (a = 0.39, 1.05), the lager pore in MIXUMCM-1-

NH2 [Zn4O(BDC)1-b(NH2-BDC)b(BTB)4/3]n (b = 0.29, 1.0) thus needed relatively higher 
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amino-containing terephthalate linker to achieve maximum amount of dN-N in 18.453 

• . Figure 6.8 shows that statistically no AT product was observed in the presence of 

UMCM-1-NH2 when n-pentanal and n-hexanal were used as reactants. In this case, 

the amino group in one cage of the MOF stabilized more than one phosphonium 

intermediate, causing the competition among those intermediates. Amino MIXMOFs 

likely behaved as an enzymatic co-catalyst, in which a specific distance between two 

non-adjacent amino groups within the pocket of MOFs enabled the chelating of 

phosphonium intermediates.  

 

MIXMOF-5-NH2 

 

MIXUMCM-1-NH2 

Figure 6. 9. Modeling of reaction intermediate (based on n-pentanal) in a unite cell of 

MIMMOF-5-NH2 and MIXUMCM-1-NH2. 

T(M& >.13-$#2.1&

In conclusion, the system of PPh3 and amino MIXMOFs with MOF-5 and UMCM-1 

topologies was confirmed to be active for the AT reaction of linear aldehydes. The 

catalysis took place inside the pores of the amino MOFs, indicating that space 

confinement in the cage was essential for size-selective reactions. In the AT reaction, 

the system revealed multi-functionality similar to that of enzymatic catalysts. PPh3 

behaved as a Lewis base responsible for activating the active substrate and amino 

MIXMOF presented as solid porous hydrogen donor for accommodation of suitable 

reaction intermediates in three dimensions. This finding not only proved the capability 

of PPh3 as a promising catalyst for AT reaction but also demonstrated a potential 

application of MOFs as co-catalysts for tuning the reaction activity.! It will further 

encourage research towards designing highly selective and effective catalysts via 

N 

N 

N 
N
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introducing known structured heterogeneous porous frameworks to tune the catalytic 

reactivity via functional groups and confined space. 
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Conclusions and outlook  
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Chapter 1 illustrated that MOFs have been utilized in heterogeneous catalysis as 

supports for metal-based catalysis and as organocatalysts thanks to their 

chemical/structural versatility and big pores. Functional groups can be introduced to 

the organic linker of a MOF via organic linker design (the isoreticular MOF), post-

synthetic modification (PSM), and mixed-linker MOF (MIXMOF) strategies. 

Therefore, it is feasible to design heterogeneous MOF-based catalysts for application 

in certain reactions where desired products are favored and by-products are 

eliminated. The aim of this thesis was to achieve design amino- and phosphine- 

containing MOFs and to apply them in highly selective heterogeneous 

organocatalysis. Diverse characterization techniques including X-ray diffraction, 

nuclear magnetic resonance (NMR) spectroscopy, and density functional theory 

(DFT) calculations facilitated understanding of structure-activity relationship in the 

MOF-mediated catalysis at an atomic level. The local environment around active 

sites and reactivity of catalysts was fine-tuned with the aid of confined space, size 

and density of functional groups in the MOF cage. 

Chapter 2 described the characterization techniques, theoretical calculation, and 

synthetic strategy of MOFs. The characterization techniques included single crystal 

X-ray diffraction (SC-XRD), powder X-ray diffraction (PXRD), Brunauer-Emmett-

Teller (BET), liquid and solid-state NMR techniques, infrared (IR), and 

thermogravimetric analysis (TGA). Chapter 3 demonstrated the research methods of 

the synthesis of commercially unavailable linkers and amino and phosphine related 

homogeneous and heterogeneous catalysis. 

In Chapter 4, the MOF catalyst MIXIRMOF-9-PPh2 (LSK-3) was designed and 

synthesized, featuring phosphine functionalization and IRMOF-9 topology. This 

material demonstrated selective reactivity toward several organocatalytic reactions, 

which was rationalized using a combination of molecular modeling calculations and 

solid-state NMR spectroscopy. It was found that selectivity was not only influenced 

by the size of the reactants and products, but also by the steric constraints of the 

framework. Steric hindrance induced a selective orientation of reaction intermediates 

and influenced subsequent reactivity. In this way, certain reactions were favored 

while others were completely inhibited. This is a unique feature never before 

observed in zeolites and in previous MOF studies. The modification of the local 

structure inside a MOF cage represents a powerful strategy for tuning reaction 

selectivity to engineer the catalytic environment around active sites. 
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Chapter 5 demonstrated that MOFs with amino and secondary non-active groups, 

MIXIRMOF-9-NH2-POPh2 (LSK-6) and MIXIRMOF-9-NH2-Me (LSK-9) were 

synthesized. Diphenylphosphoryl functionalized amino MOF LSK-6 slowed the rate 

of the ortho-nitrobenzaldehyde reaction more than the methyl-functionalized amino 

MOF, LSK-9. Size analysis of open channels and guest molecules revealed that the 

accessibility of the product of the ortho-isomer was the reason for such different 

reactivity. This reveals that the steric properties of MOFs can be fine-tuned with the 

aid of mixed linkers, which results in a particular selectivity during Knoevenagel 

condensation reactions. Tailor-made bifunctional MOFs, using the concept of mixed 

linkers, enable fine-tuning the steric properties of the local environment around the 

active site and thus influence catalytic reactivity. 

In Chapter 6, the system of triphenylphosphine (PPh3) and amino MIXMOFs with 

MOF-5 and UMCM-1 topologies was confirmed as active catalysts for the aldol-

Tishchenko (AT) reaction of linear aldehydes. The catalysis indicated that space 

confinement in the cage is essential for size-selective reactions. In the AT reaction, 

the PPh3 and NH2-MIXMOF system revealed multi-functionality similar to that of 

enzymatic catalysts. PPh3 behaved as a Lewis base responsible for activating the 

active substrate and NH2-MIXMOF presented as solid porous hydrogen donor for 

accommodation of reaction intermediates in three dimensions. This finding not only 

proved the capability of PPh3 to be a promising catalyst for the AT reaction but it also 

demonstrated a potential application of MOFs as co-catalysts for tuning reactivity.!

Design of highly selective and effective heterogeneous organocatalysts can be 

achieved by introducing known structured heterogeneous porous frameworks to 

control the catalytic reactivity using functional groups and confined space. 

Based on these results and in depth understanding of catalytic mechanism of 

heterogeneous MOFs, future research may direct towards the synthesis of 

alkylphosphino functionalized IRMOFs (PR2, R = Me, Et, Bu, and Cy) with much 

stronger basicity and activity in comparison to the diphenylphosphino functional 

group. The new phosphine containing linkers will allow the application of phosphine 

MOFs to the asymmetric Morita-Baylis-Hillman (MBH) reaction (Scheme 7.1).[98,224] 

Selectivity in the MBH reaction may be achieved by introducing a secondary 

functional group via MIXMOF synthesis and/or PSM. The steric properties of the 

MOFs may be tuned to facilitate synthesis of a target product and impede by-

products in a manner that is reminiscent of the Òthe lock and keyÓ motif in enzymatic 

catalysis.[225] 
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Scheme 7.1.  Phosphine-containing MOFs for the asymmetric MBH reaction. 

To improve the turnover number of MOFs in catalysis, the chemical stability of active 

sites and thermal or vacuum stability of MOFs framework needs to be considered. 

Metal ions, such as Cr3+, Cu2+, and Zr4+ can be used in MOF synthesis to increase 

chemical stability. However, up-to-date research on the incorporation of high-valence 

metals in MOF synthesis indicates a decrease in crystallinity and increases the 

difficulty associated with characterization of the material.[226] Thus, stable MOFs with 

larger crystal size and development of novel research techniques with more 

comprehensive characterization capabilities are currently on the rise. 

ÒCore-shellÓ technology is a promising strategy by which the stability of zinc MOFs 

may be increased. Inclusion of organic linkers with more hydrophobic functional 

groups and high-valence metal ions within the shell significantly increases the 

stability of MOFs against water or moist air.[227] Moreover, the Òcore-shellÓ technique 

can be used to incorporate more than one metal ion in different layers of the core 

and/or shell. This may be a practical way to achieve the design of a MOF catalyst 

with various steric properties and geometrical configurations in the pocket. 

The AT reaction of pure linear aldehydes was described in Chapter 6, using PPh3 as 

the primary catalyst and amino MOFs as co-catalysts. Screening various aromatic 

aldehydes and/or enolizable ketone substrates in the AT reaction may be carried out 

to probe the functional group tolerance of the reaction, with a view towards applying 

MOFs to the synthesis of high value-added 1,3-diols.[206,228,229] On the other hand, the 

screening of amino MOFs with different topologies may assist development of 

catalysts with diverse pore size, chemical stability, and local environment around the 

active sites. The design of multi-functional phosphine-Br¿nsted acid (amines and 

thiourea groups) containing MOFs may extend the achiral catalysts to behave like 

chiral sources (Figure 7.1), where steric tuning and confined space cage can then be 

coupled to achieve high selectivity in the AT and MBH reactions.  
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Figure 7.1.  Design concept of multi-functional MOF catalyst. 

In addition to phosphines (PR3), tertiary amines (NR3) also catalyze the MBH reaction 

(Chapter 1.3.1). Tertiary amines such as 1,4-diazabicyclo[2.2.2]octane (DABCO) 

might behave as a cinchona alkaloid in the presence of Br¿nsted acid containing 

MOF (amine or thiourea) achieving the MBH reaction with high enantio-selectivity. 

(Scheme 7.2).[97,170]  

 

Scheme 7. 2. Design concept on MOF-based MBH reaction. 

The rational design of MOF-based heterogeneous catalysts can be achieved via the 

approaches of organic linker modification, PSM, and tailor-made multi-functional 

MOFs. The confinement of channels and pores in the MOFs can be fine-tuned by 

introducing functional groups with different sizes using isoreticular chemistry and 

PSM strategies. The use of the confined space in MOF cage facilitates size- and 

shape-selective catalytic reactions. Acidic and basic functional groups on the MOFs 

skeleton can dynamically activate substrates and stabilize reaction intermediates in a 

catalytic process. Although isoreticular chemistry enables to synthesize MOFs with 
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homogeneous distribution of one functional group (e.g. IRMOF-3, UMCM-1-NH2), the 

practically preparation of MOF crystals with the homogeneous distribution of multi-

functional groups at the atomic level is still a great challenge. Undesired by-products 

in reactions can block the pores and channels of MOFs, limited thermal stability may 

impede the regeneration of MOFs via traditional calcination method because that 

requires harsh condition such as high temperature above 400 oC. In addition to 

discover more thermally stable MOFs, the research on developing unique 

regeneration technique based upon MOF structures and the application of 

continuous flow reactor in the relevant catalysis will also be helpful. The use of chiral 

MOFs, prepared from chiral-containing organic linkers, for asymmetric catalysis has 

been well investigated by Lin group among others.[59,230Ð232] Research on asymmetric 

catalysis using achiral MOFs-based catalysts where only the active sites and/or the 

environments around it bear stereogenic centers and that take advantage of the 

confined space as well as the deftly decorated active sites in MOF pocket, is still at 

the preliminary stage although has enormous potential.  
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