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Introduction 

 

1. From molecules to materials: Molecular paddle-wheel synthons of macromolecules 

and metal-organic frameworks 

 

1.1 Abstract 

Metal-organic frameworks (MOF) are becoming a more and more important class of 

functional materials. Yet, very often, the synthesis of MOFs is not easy to control and requires 

a profound knowledge and experience in solid state chemistry. One of the most frequently 

used metal connectors is the so-called ‘paddle-wheel’ (PW) unit, which is a well-known 

molecular compound type in inorganic coordination chemistry.  Depending on the ligands, the 

geometry of PWs strictly directs the assembly of ordered networks. This chapter focuses on 

the question, to what extent ordered network structures can be accessed by typical molecular 

syntheses in solution, starting from molecular PW complexes to ordered macromolecules and 

finally three-dimensional superstructures. 

 

1.2 Introduction 

The research on metal-organic porous coordination polymers, also known as metal-

organic frameworks, has received enormous attention in the last ten years. The beauty of 

the structures as such and the synthetic intricacy make these materials highly attractive in 

the scientific community of inorganic and materials chemistry. Moreover, their potential 

as functional materials is the reason why so many researchers in both industry and 

academia are studying the chemical and physical properties of this class of materials. To 

date, MOFs have been used in catalysis,1 for gas storage and/or separation,2 as host 

materials for molecular compounds and/or nanoparticles,3 and were grown as thin films on 

surfaces.4 Notably, in 2009, one entire issue of the Chemical Society Reviews was devoted 

to the synthesis and applications of porous coordination polymers, showing how rapidly 

an entirely new branch of solid state materials chemistry has evolved.5  

Three-dimensional metal-organic networks usually adopt ‘superstructures’ known from 

inorganic porous solids, such as zeolites or perowskites. Yet, MOFs are considered to be 
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superior to these materials since the metal of the inorganic ‘secondary building unit’ 

(SBU), and the shape and length of the organic linker molecules can be freely varied, 

which not only allows different pore sizes, but also functionalisation of the organic part. 

The Lewis basicity/acidity and the existence of free coordination sites at the SBU play, for 

example, a crucial role in catalysis. [Rh2(OAc)4] and chiral dirhodium (II) carboxylates 

are very efficient catalysts for many reactions such as intramolecular C-C bond 

formations,6 for metal carbene transformations7 or hydrosilylation reactions of 1-alkynes.8 

The metal unit, bearing an open coordination site, is acting as a Lewis acid.  

Considering all structural types of MOFs reported to date, networks having a SBU with a 

so-called ‘paddle-wheel’ (PW) structure are among the most ubiquitous and best studied. 

This term is derived from the long-known dinuclear PW complexes of the type [M2(µ-

O2C-R)4] (with or without a metal-metal bond), where each metal has an octahedral 

coordination sphere and four bidentate ligands adopt the equatorial sites of the octahedral 

(see Figure 1). The simplest representatives of this class of molecules are molybdenum(II) 

and copper(II) acetates; in fact, all MOF structures with dimetal SBUs have the same 

structural root, namely the paddle-wheel unit. Nearly all MOFs are synthesised by 

‘traditional’ solvothermal synthesis, i.e. the treatment of simple metal salts (nitrates, 

halides etc.) with the corresponding organic linkers at high temperatures and pressure for 

several days and a pH control (see the reports of Kaskel9 and Zhou10). Hence, it is difficult 

to predict how the dimetal unit or a certain superstructure, respectively, can selectively be 

formed under these conditions. 

 

 

Fig. 1 Molecular structure of molybdenum acetate with the ‘paddle-wheel’ motif (Mo: blue, O: red, C: grey).11 

The axial coordination sites are usually free or occupied by solvent ligands (THF, water, etc.). 

 

Indeed, the demand for a rational control over the structure of MOFs is high, since the 

abovementioned synthesis protocols are often trial-and-error experiments. Thus, the question 
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whether MOFs can be synthesised ‘bottom-up’ from molecular PW complexes represents an 

attractive synthetic alternative. The electrochemical behavior of certain polygons and the 

resulting reactivity of the dimetal center are also discussed. Hence, this chapter highlights the 

research on the reactions of paddle-wheel complexes with organic linkers to one-, two- and 

three-dimensional macromolecular complexes or polymer networks, which serve as building 

blocks for the rational synthesis of MOFs. 

 

1.3 One-dimensional complexes 

1.3.1 Equatorially bridged dimetal complexes 

The connection of metal-metal multiply bonded paddle-wheel fragment to larger 

macromolecules has extensively been investigated in the group of F. A. Cotton. In 2001, 

Cotton et al. synthesised a series of novel dimolybdenum compounds based on the PW 

structure of [Mo2(OAc)4], which served as starting materials for the synthesis of dimeric, 

dicarboxylate bridged [Mo2]2 complexes.12 The principle for the controlled assembly of 

complex networks is based on the substitution of at least one of four bidentate ligands in 

the equatorial plane of the Mo2 centre. The most primitive reaction is the connection two 

Mo2 units by one linker. This presumes that the other ligands cannot be exchanged. 

Cotton’s single-bridged complexes (see Figure 2) were prepared from the compound 

[Mo2(DAniF)3Cl2] (DAniF = N,N’-di-p-anisylformamidinate) and a series of aromatic and 

aliphatic dicarboxylate linkers. 

 

 

Fig. 2 General structure of dicarboxylate bridged dimers [Mo2(DAniF)3]O2C-X-CO2[Mo2(DAniF)3]. The 

different spacers (acetylene, 2,3,5,6-tetrafluorophenyl, etc.) are marked as X. 

 

The strongly binding DAniF ligand cannot be substituted, thus, the compound 

[Mo2(DAniF)3Cl2] only allows the cleavage of the chloride ligands. This controls the 
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reaction with a dicarboxylate to the selective formation of two dicarboxylate-bridged Mo2 

units. In dependence of the geometry of the linker, e.g. terephthalate vs. orthophthalate, 

linear or bent molecules can be obtained. The compounds, having the general formula 

[Mo2(DAniF)3]O2C-X-CO2[Mo2(DAniF)3] were prepared according to two different 

methods: 1) 1 equiv. [Mo2(DAniF)3Cl2] and 3 equiv. (NBu4)2(O2C-X-CO2) in 

dichloromethane were treated with an excess of NaHBEt3 and the reaction mixture was 

stirred for 24 h at room temperature, and 2) to a solution of 1 equiv. [Mo2(DAniF)3Cl2] in 

acetonitrile, Zn powder was added. After workup, the resulting yellow solution was 

treated with 1 equiv. (NEt4)2(O2C-X-CO2). After stirring for 1 h at room temperature, a 

voluminous precipitate formed. Cotton et al. devoted considerable attention on the redox 

activity of dicarboxylate bridged dimers.13 Reversible, stepwise removing of electrons by 

two successive one electron oxidation processes leads to singly and doubly oxidised 

products. Depending on the nature of the linker the positive charge is either localised or 

delocalised. In case of localisation the second one electron oxidation is on an uncharged 

Mo2 centre (only remotely effected) involving a minor difference between the half-wave 

potentials E1/2(I) and E1/2(II). In case of delocalisation, the second one-electron oxidation 

is on a 0.5+ charged Mo2 centre, bringing a major difference between the half wave 

potentials. The result of this electrochemical study is that pairs of Mo2 units connected 

through linkers such as oxalate, acetylene dicarboxylate and fumarate show greater 

delocalisation than compounds linked via carborane dicarboxylate, ferrocene 

dicarboxylate and trans-1,4-cyclohexanedicarboxylate. In 2003, a series of unsaturated 

dicarboxylate linkers of various lengths such as maleate, cis,cis-muconate, glutinate, 

trans,trans-muconate, octa-2,4,6-trans,trans,trans-hexatriene-1,8-dioate, and deca-

2,4,6,8-trans,trans,trans,trans-octatetraene-1,10-dioate was used to synthesise single-

bridged molecules.14 The latter three molecules complete the five-membered (all trans) 

series [Mo2(DAniF)3](O2C(CH=CH)nCO2)[Mo2(DAniF)3] (n = 0-4). Electrochemical 

communication from end-to-end is demonstrated by these molecules containing highly 

unsaturated, fully conjugated linkers. The first oxidation potential (Mo2
4+ to Mo2

5+) is 

decreasing as n becomes longer (due to the rising contribution of the π system of the 

linker to the molecular orbital undergoing oxidation). Besides bridging dicarboxylate 

ligands, Cotton et al. investigated the connection of two [Mo2(DAniF)3] fragments with 

dioxolene linkers (Figure 3).15 
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Fig. 3 General structure of dioxolene-bridged Mo2 units (X = H, Cl, NO2). 

 

They found that three neutral compounds [Mo2(DAniF)3]2(C6X2O4) (X = H, Cl, NO2) and 

two singly oxidised products {[Mo2(DAniF)3]2(C6X2O4)}PF6 (X = H, Cl) are accessible. 

The starting material for the synthesis of the neutral compounds was either 

[Mo2(DAniF)3Cl2] or [Mo2(DAniF)3(OAc)]. By reacting the compounds 

[Mo2(DAniF)3]2(C6X2O4)  with an excess of ferrocenium or silver salts as oxidising 

reagents, the preparation of the singly oxidised compounds is possible. The crystal 

structures of the C6H2O4 containing dimers reveal a chair conformation in the neutral 

compound, and a flat conformation in the mixed-valence compound. Unusually short Mo-

O distances (~2.05 Å for neutral compounds and ~2.01 Å for singly oxidised compounds) 

result from strong electronic communication of the Mo2 centres via the dioxolene linkers. 

After a one electron oxidation of the neutral compound the Mo-O distance decreases by 

0.04 Å (i.e. the metal-carboxylate bond is stronger), whereas the Mo-Mo distance 

increases by ~0.02 Å. This fact is consistent with the removal of an electron from the δ-

MO.  In 2008, squarate dianions were applied as linkers between two dimolybdenum 

paddle-wheel units (Figure 4).16 The formation of neutral squarate linked Mo2 dimers 

[Mo2(DAniF)3]2(µ4-C4O4) and [Mo2(DmCF3F)3]2(µ4-C4O4) (DmCF3F = N,N’-di(m-

trifluoromethylphenyl) formamidinate), of the singly oxidised compound 

{[Mo 2(DmCF3F)3]2(µ4-C4O4)}SbF6 and the doubly oxidised species {[Mo2(DAniF)3]2(µ4-

C4O4)}(TFPB)2 (TFPB = [B(3,5-(CF3)2C6H3)4]
-) is possible by reacting either the 

predefined [Mo2] with the squarate linker or the corresponding neutral compounds with 

oxidising agents. By means of an excess of oxidising reagent the doubly oxidised 

compound is accessible which is soluble in many common organic solvents.  
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Fig. 4 General structure of squarate-bridged Mo2 units. 

 

Comparing the Mo-Mo and Mo-O distances in the neutral, singly and doubly oxidised 

compounds, the following trends can be found: dMo-Mo < d(Mo-Mo)+ < d(Mo-Mo)2+ and dMo-O > 

d(Mo-O)+ > d(Mo-O)2+. These observations are consistent with the removal of one or two 

electrons from the δ-MO. The increase of the oxidation state in Mo atoms results in the 

shortening of dMo-O and consequently in the shortening of dMo2-Mo2. Nevertheless, the 

energy mismatch between the frontier orbitals of the dimetal units and the squarate linker 

leads to a weak communication between the Mo2 units; hence, the metal-carboxylate bond 

is weak. In the same group, polyamidate-bridged molecular pairs were reported (Figure 

5).17 By reacting [Mo2(DAniF)3(OAc)] with polyamidates such as N,N’-

diethylterephthamide or 1,3-diphenyl-terephthaloyldiamidate single-bridged complexes 

are formed.  

 

 

Fig. 5 General structure of amidate-bridged Mo2 units. 

 

The oxidation of these compounds (including Mo2
4+ with FeCp2BF4 leads to the formation 

of the two-electron oxidation product containing Mo2
5+ units. The decreased bond order from 

4 to 3.5 is indicated by an elongation of the Mo-Mo distances and leads also to the shortening 

of Mo-O distances. Electrochemical measurements suggest the doubly oxidised compound to 

be an electron-trapped species with one unpaired electron localised on each of the two Mo2 

units. 
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1.3.2 Dimers of axially bridged dimetal complexes 

Axial coordination sites of PW complexes (along the M-M bond) are usually either free or 

occupied by weakly bound solvent ligands. Thus, two PW units can also be connected by 

bifunctional linkers, according to Figure 6. The PW:linker ratio is important for the product 

distribution: when a ratio of 2:1 is used, dimeric complexes are obtained, whereas a 1:1 ratio 

leads to 1-D wires. Already in 1992, the group of Cotton prepared the tetranuclear compound 

[{Ru2(chp)4} 2(pyz)](BF4)2 (chp = anion of 6-chloro-2-hydroxypyridine, pyz = pyrazine) by 

substitution of an axial chloride ligand of [Ru2(chp)4Cl] with pyrazine.18 In 1995, Cotton et al. 

isolated the osmium congener.19 Refluxing one equiv. [Os2(chp)4(NCCH3)](BF4) as 

intermediate with 2 equiv. pyrazine in dichloromethane  for 2 h afforded the compound 

[{Os2(chp)4} 2(pyz)](BF4)2(CH2Cl2)2(pyz)2. In 2000, Ren et al. reported the synthesis of 

butadiynediyl- and ethynediyl-bridged tetranuclear compounds.20  

 

 

Fig. 6 General structure of dimers of M2 paddle-wheel compounds containing axially bridging linkers X. 

 

The assembly of two tetra(µ-N,N’-2-anilinopyridinate)-diruthenium (II,III) PW units by 

means of a carbon bridge gives the axially C4-bridged dimer. The complexes were obtained 

by treating [Ru2(ap)4Cl] (ap = 2-anilinopyridinate) with either butadiynediyl lithium or 

ethynediyl lithium in THF at room temperature for 12 h under argon. In 2001, Dunbar et al. 

investigated the assembly of diruthenium (II,III) cores with polycyano anionic linkers such as 

N(CN)2
-, C(CN)3

- and 1,4-dicyanoamido-2,5-dimethylbenzene (DM-Dicyd2-).21 In a reaction 

with a 2:1 ratio of [Ru2(O2CCH3)2(mhp)2(MeOH)](BF4) and [As(Ph)4]2[DM-Dicyd], the 

axially bridged dimer [{Ru2(O2CCH3)2(mhp)2} 2(µ-DM-Dicyd)] was synthesised. In 2010, 

Imhof et al. synthesised a cyanide-bridged heteronuclear coordination compound.22 Treatment 

of mixed valence Ru-tetracarboxylate [Ru2
II,III (O2CR1)2(O2CR2)2]Cl (R1 = R2 = tBu; R1 = Me, 

R2 = 2,4,6-iPr3-Ph) with 2 equiv. [Mn(CO)(CN)(CNtBu)4] yields heterotetranuclear cyanide-

bridged adducts of the general formula {[Ru2
II,III (O2CR1)2(O2CR2)2][Mn I(CO)(CN)-

(CNtBu)4]2}Cl, shown in Figure 7. 
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Fig. 7 Illustration of heterotetranuclear cyanide-bridged complexes, obtained by the axial combination of the 

mixed valence diruthenium compound with [MnI(CO)(CN)(tBuNC)4]. 

 

1.4 Two-dimensional macromolecules 

The formation of two-dimensional macromolecules based on the bridging of paddle-wheel 

units with dicarboxylate (or other) linkers requires two easily replaceable cis-oriented 

equatorial ligands per metal. In dependence of the structure of the linker, macromolecules 

with different polygon shapes can be obtained. 

 

1.4.1 Double-bridged dimetal units – molecular loops 

In 1997, the group of McCann prepared the first dimolybdenum loop by treating 

[Mo2(NCCH3)8][BF4]4 with succinic acid.23 The structure of the non-polymeric complex is 

shown in Figure 8. This electroinactive complex catalyses the ring opening metathesis 

polymerisation of norbornene at room temperature. 

 

 

Fig. 8 Molecular structure of two PW units forming a loop structure.  

 

Later, Cotton et al. linked two quadruply bonded Mo2(DAniF)2 (DAniF = N,N’-di-p-

anisylformamidinate) units with two dicarboxylates as equatorial linkers.18 Cyclic 
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voltammetry measurements indicate that nearly all molecular loops are redox active. The 

probability of building molecular loops is depending on the structure of the linker. Another 

reaction of [Rh2(form)2(O2CCF3)2(H2O)2] with 15,20-di-(4-carboxyphenyl)-5,10-diphenyl-

porphyrin (porphy{CO2} 2) led to the self-assembly of [Rh2(form)2(porphy{CO2} 2)]2.
24,25 

 

1.4.2 Triangular complexes 

In 2001, Cotton et al. prepared the first neutral molecular triangle containing dimolybdenum 

paddle-wheel units (see Figure 9). The treatment of a predefined precursor such as [cis-

Mo2(DAniF)2(CH3CN)4](BF4)2 with dicarboxylates such as (NBu4)2-(trans-1,4-

cyclohexanedicarboxylate) afforded the formation of a neutral metallacycle.13,26,27  

 

 

Fig. 9 General structure of a molecular triangle containing dimetal units. 

 

In 1999, Cotton et al. synthesised a triangular array [Rh2(DArF)2(µ4-C2O4)]3 that is able to 

form a 1-D tube (see Figure 10). The ratio between [Bu4N]2[C2O4] and the 

[Rh2(DArF)2(NCCH3)4][BF4]2 has to be exactly 1:1. If an excess of linker is used the square 

tetramer [Rh2(DArF)2(µ4-C2O4)]4 is formed.26,28 As a consequence of the Rh-Rh single bond 

(see Table 1), rotation around the Rh-Rh axis is possible; for that reason the triangular array is 

about as stable as the square array.29 Cotton et al. used predefined dimetal units such as RS-

cis-[Rh2(C6H4PPh2)2(CH3CN)6](BF4)2 
. 0.5 H2O to fabricate molecular triangles.30 
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Fig. 10 The solid-state stacking of triangles (containing dirhodium paddle-wheel SBUs) generates a 1-D tube. 

Reproduced from ref. 28 with permission of the American Chemical Society. 

 

The reaction of the racemic precursor with tetraethylammonium salts of the linear 

dicarboxylates such as oxalate, terephthalate and 4,4’-biphenyl-dicarboxylate produced 

racemic crystals of triangular arrays [Rh2(C6H4PPh2)2]3(C2O4)3-(py)6 
. 6 MeOH . H2O, RRS-

(SSR)-[Rh2(C6H4PPh2)2]3(O2CC6H4CO2)3(DMF)6 
. 6.5 DMF . 0.5 H2O and 

[Rh2(C6H4PPh2)2]3(O2CC6H4C6H4CO2)3(py)6 
. 4.5 CH3OH . 0.75 H2O. The structural motifs 

are shown in Figure 9. 

In 2005, enantiopure triangular supramolecules with Rh-Rh bonds were prepared by using 

enantiopure starting materials.31  The reaction of R-cis-[Rh2(C6H4PPh2)2(CH3CN)6][BF4]2 or 

S-cis-[Rh2(C6H4PPh2)2(CH3CN)6][BF4]2 with the tetraethylammonium salts of the linear 

dicarboxylates accomplished enantiopure molecular triangles RRR-(SSS)-

[{Rh2(C6H4PPh2)2(dicarboxylate)}3(solvent)]x (see Figure 9). A triangle  of quadruple bonded 

Re2
4+ units was prepared by the reaction of the dirhenium fragment [cis-Re2(OAc)2Cl2(µ-

dppm)2] (dppm = Ph2PCH2PPh2), with an excess of terephthalic acid.32 The precursor contains 

two labile bridging acetate ligands, which are easy to substitute and two inert neutral bridging 

dppm ligands. Using diamidate linkers such as N,N’-diphenylterephthaloyldiamide, a 

triangular array  with cis-Mo2(DAniF)2
2+ as vertex building blocks was constructed.33 The 

treatment of [Mo2(DAniF)3Cl2] with (NBu4)3(1,3,5-C6H3(CO2)3) under reducing conditions 

led to the first propeller-shaped neutral hexanuclear complex  [Mo2(DAniF)3]3(1,3,5-

C6H3(CO2)3).
34 As shown in Figure 11, three dimolybdenum corners are bound to three 

carboxylate groups of the trimesate anion. By directly combining 3 equiv. of 

[Mo2(DAniF)3(OAc)] with 1 equiv. 1,3,5-benzenetricarboxanilide under basic conditions, the 

molecular propeller [Mo2(DAniF)3]3{1,3,5-C6H3[C(O)NPh]3} was prepared.21 
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Fig. 11 Molecular structure of the first molecular propeller with three quadruply bonded blades (top view).  

 

A propeller shape is given to the molecule by attaching three [Mo2] units to the triamidate 

ligand. A chiral double-walled double-decker metallatriangle (see Figure 12) was prepared by 

Janiak et al. in 2008.35 Three Cu2 paddle-wheel SBUs and six enantiomeric dipeptidic ligands 

form a hexanuclear double-layer, triangular prismatic cluster where TBPheH2 = N,N′-

terephthaloyl-bis(L-phenylalanine). Each pair of Cu2+ atoms is bound to four carboxylate 

groups from four different TBPhe2- linkers. 

 

 

Fig. 12 The crystal structure of the C3-symmetric metallacycle synthesised by Janiak et al. Reproduced from ref. 

35 with permission of the Royal Society of Chemistry.  
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1.4.3 Square-shaped complexes 

Paddle-wheel dimetal complexes (where M = Mo, Ru and Rh) are applicable as SBUs for the 

construction of molecular squares (Figure 13). In comparison to the structures described in the 

chapters 1.4.1 and 1.4.2, the formation of molecules with a square structure is only possible 

when the linker is linear and the torsion angle of the linker ligands coordinating to the M-M 

unit is 0°. A list of the linkers used for the synthesis of supramolecular squares is shown in 

Figure 14.  

 

 

Fig. 13 General structure of molecular squares. 

 

In 1999, Cotton et al. prepared supramolecular squares with Mo corners linked via 

dicarboxylate bridges.28,29 The reaction of the quadruply bonded complex [Mo2(cis-

DAniF)2(CH3CN)4](BF4)2 and (Bun4N
+)2(dicarboxylate) led to the formation of complexes 

having a ratio of dimetal unit to dicarboxylate of 1:1. As bifunctional linkers, oxalate, 

fumurate, 4,4’-biphenyldicarboxylate, acetylene dicarboxylate, tetrafluoroterephthalate and 

carborane dicarboxylate were used. The molecular structures of the first three compounds 

confirm the square arrays of the dimolybdenum units. A transformation from the square to a 

triangle in solution cannot be excluded. The structures of the last three complexes are not 

certain because of the inability of obtaining useful single crystals. Cotton et al. focused on the 

electrochemical behaviour of synthesised molecular squares. Cyclic voltammograms indicate 

that these compounds undergo oxidation processes. In comparison to the single bridged 

dimetal units (see Chapter 1.3.1) a shift to higher oxidation potentials is observed. The reason 

for that trend is the replacement of formamidinate by dicarboxylate ligands destabilising the 
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oxidised species. In terms of the oxalate bridged square, the second oxidation is suggested to 

occur on the Mo2 unit diagonally across from the first one rather than adjacent to it (since the 

differences between the first and second oxidation potentials are not large). The Ru2
5+ 

complex [cis-Ru2(µ-DAniF)2(µ-O2CMe)2Cl] was used as building block for the synthesis of 

the first discrete paramagnetic supramolecular squares.36 The structure of the macrocyclic 

assembly is predetermined because of the two labile acetate groups which are cis-coordinated 

to the Ru2 centre. The DAniF ligands serve as protecting groups. The first molecular box 

containing Rh2 SBUs and carboxylates was prepared by Bonar-Law et al. in 1999.37 In order 

to reduce the possibility of uncontrolled polymerisation, [Rh2(DAniF)2(OAc])2 was used as 

connector. Via carboxylate exchange reaction a cyclic tetramer could be obtained by 

connecting the cis-protected corner unit with benzene-1,4-dicarboxylic acid. In 2000, Bonar-

Law et al. synthesised macromolecular PW squares (Figure 13) with substituted benzene-1,4-

dicarboxylate linkers (see Figure 14).38 Lo Schiavo et al. reported the synthesis of dirhodium 

based square molecular boxes.24 The treatment of [Rh2(form)2(O2CCF3)2(H2O)2] (form = 

N,N’-di-p-tolylformamidinate) with disodium terephthalate (bdc) respectively disodium 

oxalate (ox) resulted in the formation of molecular squares of formula [Rh2(form)2(ox)]4  or 

[Rh2(form)2(bdc)]4. According to elemental analysis, the authors suggested a square structure. 

 

 

Fig. 14 Dicarboxylate linkers X used for the synthesis of molecular squares. 

 

In analogy to the dimolybdenum complexes, Cotton et al. investigated the design of square 

tetramers containing single-bonded dirhodium fragments.39 Similar to the dimolybdenum 

square array (vide supra), Cotton et al. reported the synthesis of a dirhodium analogue 

[Rh2(DAniF)2(µ4-C2O4)]4 by stirring a CH3CN solution of [Rh2(DAniF)2(CH3CN)4][BF4]2 and 

[NBu4]2[C2O4] in a 1:10 ratio for 24 h. The structure of the square tetramer was confirmed by 

X-ray crystallography.28 As for the formation of dimeric M2 complexes (see Chapter 1.3.1), 

the formation of molecular squares containing dimolybdenum units is also possible by using 
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diamidate linkers.33 The general structure of diamidate linker containing squares is shown in 

Figure 13. The treatment of equimolar amounts of [cis-Mo2(DAniF)2(O2CCH3)2] and N,N’-

di(p-trifluoromethyl)terephthaloyldiamide alternatively N,N’-di(m-trifluoromethyl)tere-

phthaloyldiamide afforded the formation of square tetramers which resemble the 

tetrafluoroterephthalate-linked [Mo2(DAniF)2]
40 and the terephthalate-linked [Ru2(DAniF)2]

38 

square arrays in shape and size. Due to their redox behaviour, squares in their oxidised 

cationic state can be used to trap anions.13  

 

1.5 Three-dimensional metal-organic frameworks (MOF) with ‘paddle-wheel’ 

secondary building units 

Metal-organic frameworks are three-dimensional, porous coordination polymers with a long-

range order. The crystal structure, and consequently the pore size and physical and chemical 

properties largely depend on two factors: the secondary building unit and the organic linker. 

To date, a plethora of different SBUs, among them the paddle-wheel SBUs, and various 

linkers have been used for the synthesis of MOFs.41 Due to the vast number of different 3D-

MOFs, this chapter will only focus on the most recent and most literature-known 

representatives. To date, ordered porous metal-organic coordination polymers containing 

paddle-wheel SBUs are synthesised solvothermally by two different routes:  

(i) The stacking of 2-D polymer layers with amine-, pyridine- or nitrile-based linkers. 

Usually, the reactions are one-pot mixtures of a metal salt (hydrate), a carboxylic linker and a 

linear linker. The paddle-wheel unit is formed in situ, building up a 2-D layer, whereupon the 

linear linker connects two layers, acting as a pillar (Figure 15). 

(ii) by direct solvothermal reaction of metal salts and di- or trifunctional linkers. Here, the 

shape of the carboxylic acid controls the formation of 3-D networks instead of 2-D layers. 

 

 

Fig. 15 Step-by-step formation of a 3-D porous network. 

 



Introduction - From molecules to materials: Molecular paddle-wheel synthons of macromolecules and metal-organic frameworks 

15 

 

1.5.1 3-D MOFs by stacking of 2-D MOFs 

In 2000, Mori et al. synthesised 3-D polymers from Cu2, Mo2, Ru2, and Rh2 dicarboxylates, 

namely fumarate, naphthalenedicarboxylate, and cyclohexanedicarboxylate.42 In 2002, the 

same group synthesised different 3-D networks from solutions of 2-D layers after addition of 

the axial linker triethylenediamine.43,44  The 2-D layers were made of Cu2 cores equatorially 

linked by fumarate, terephthalate, or 4,4’-biphenyl dicarboxylate. They demonstrated the 

influence of the different length of dicarboxylate on the adsorption properties. Later they 

brought a comprehensive survey on the properties and possible applications of networks 

containing transition metals.44-46 They used Rh2, Ru2, and Mo2 PW units connected by 

metalloporphyrin benzoate with Cu, Ni, or Pd as metal centre of the metalloporphyrin. 

Subsequently, numerous groups have overtaken this synthesis principle and used the MOFs 

for various applications, such as gas storage, magnetic properties or functionalisation of the 

linkers.47-54 Based on the work of Mori et al., Kim et al. presented MOFs with dynamic 

properties based on guest adsorption.55 The 3-D network consisting of Zn2 2-D networks, 

connected with dabco ‘pillars’ (Figure 16), shrinks and expands based on the release or 

adsorption of guest molecules. They analysed the gas sorption behaviour of a series of zinc-

PW-based MOFs containing tetramethyl-terephthalate, 1,4-naphthalenedicarboxylate, 

tetrafluoro-terephthalate, or 2,6-naphthalene dicarboxylates and various axial linkers.56 

Analogously, Lah et al. synthesised a Zn PWMOF using 1,4-Bis(3-carboxylphenylethynyl)-

benzene linkers, obtaining an interwoven network.57 

 

 

Fig. 16 Molecular cut-out of the 3D-network [Zn2(1,4-bdc)(tmbdc)(dabco)] synthesised by Kim et al. from axial 

linkage of layers of the 2D-network [Zn2(1,4-bdc)(tmbdc)]n with dabco ligands (Zn; green, O: red, N: blue, C: 

grey). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from ref.56. 
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In 2007, the groups of Férey and Fedin used chiral Zn2 camphorate and linear N-donor 

ligands (dabco, bipyridyl and pyridyl ethylene) to synthesise a series of 3-D isoreticular, 

porous, homochiral frameworks.58 Analogously, Kaskel et al. synthesised a cobalt-MOF, 

composed of 2D-polymeric [Co2(bdc)2]n units connected by dabco.59 The research group of 

Chen developed porous metal-organic frameworks that operate as molecular recognition 

platforms. The identification of molecules in functionalised pores is governed by weak 

interactions between the network and the host molecule. The microporous network is 

synthesised in a simple self-assembly process of paddle-wheel units, organic dicarboxylic 

acid, and pillar bidentate linkers. Cu2, Co2, and Zn2 nodes were bridged equatorially by 1,4-

cyclohexanedicarboxylate,60 2,6-naphthalenedicarboxy-late,61,62  4,4’-azobenzenedicarboxyla-

te,63 fumarate,64 me-thylglutarate,65 4-carboxy-cinnamic acid,66 and 1,4-benzenedicar-

boxylate67 using axial bipy- or pyridyl ethylene linkers. 

Kitagawa et al. synthesised 2- and 3-D polymers consisting of a Cu2 core and 

tetrafluorobenzene-1,4-dicarboxylic acid (tfbdc) and diazabicyclooctane as equatorial and, 

respectively, axial ligands.68 In analogy to Mori’s synthesis protocol, first, the 2-D network 

was obtained by stirring copper formiate and tfbdc in a MeOH/EtOH solution at 25 °C. 

Thereafter, the 2-D network was treated with dabco, yielding a 3-D MOF according to Figure 

16. The same research group synthesised a similar, photoactive 3-D porous network.69 They 

used anthracene carboxylates and diazabicyclooctane as suitable photoactive ligands to 

connect Zn2 clusters. They observed photoinduced charge transfer interactions between 

anthracene π walls and different adsorbed guests such as N,N-dimethylaniline, N-

methylaniline, and N,N-dimethyl-p-toluidine.  

 

 

Fig. 17 View at LaDuca’s Cu-PW-MOF along the 2-D network plane. Reproduced from ref. 72 with permission 

of the American Chemical Society. 
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By the same method, Kwon et al. synthesised Ni and Co PW-MOFs with bdc and 

naphthalene dicarboxylates, respectively, and bipyridine or trans-1,2-bis(4-

pyridyl)ethylene.70,71 LaDuca et al. used glutaric acid to connect Cu2 PW units to a 2-D 

network, which was subsequently built up to a 3-D network with N,N’-bis(4-

pyridyl)piperazine (see Figure 17).72 

 

 

Fig. 18 Connection of Zn-based 2-D PW polymers by different pillars and the change of the MOF pore size, 

investigated by Hupp et al. Reproduced from ref. 73 with permission of the American Chemical Society. 

 

Hupp and co-workers synthesised a series of MOFs containing Zn2 units with different 

equatorial ligands, namely fumarate, benzoate, naphthalate and biphenlydicarboxylate, and 

bipyridine and 1,4,5,8-naphthalenetetracarboxydiimide pillars (Figure 18).73 Further, they 

used salen-based pillars. Hence, Hupp et al. were able to anchor catalytically active metal 

complexes, such as Jacobsen’s Mn(salen) epoxidation catalyst on the MOF.74 They found that 

the framework containing manganese species enhances the catalyst stability and size 

selectivity and permits catalyst separation and reuse. 

 

1.5.2 Direct formation of 3-D MOFs 

The probably most known example for a MOF composed of paddle-wheel units is the 

HKUST-1 framework by Williams et al. (Figure 19).75 The Cu-based HKUST-1 was 

synthesised from the reaction of Cu(NO3)2 ·  3 H2O with trimesic acid (tma) in a 1:1 water: 

ethanol solution at 180 °C for 12 h in an autoclave. The product (60 % yield) is however 

accompanied by metallic copper as well as by cuprous oxide. Thermal gravimetric 



Introduction - From molecules to materials: Molecular paddle-wheel synthons of macromolecules and metal-organic frameworks 

18 

 

analysis indicates that the framework is stable up to 240 °C. The water ligands can be 

replaced by pyridine without a loss of structural integrity. When exposed to air, the 

anhydrate rehydrates. Subsequently, the magnetic properties as well as the gas adsorption 

of this network have extensively been studied.76  The group of Kaskel synthesised a 

microporous metal-organic framework named TUDMOF-1 (Figure 20) which is based on 

quadruple bonded Mo2 units connected by 1,3,5-benzene tricarboxylates.77 A reversible 

structural transformation of the network upon inclusion or removal of guest molecules 

was observed. Surprisingly, the framework is air sensitive, the desolvated compound is 

reported to be pyrophoric. TGA indicates decomposition above 375 °C. In 2010, the same 

research group studied the effect of the reaction temperature and the presence of acid 

(such as one drop of glacial acetic acid) on the morphology of the MOFs.9 The 

combination of a tetradentate ligand (benzidinetetrabenzoate) and the corresponding zinc, 

copper, or cobalt salt yielded 3-D nets with PW units. However, it is not clear how the 

specific factors influenced the product morphology. 

 

 

Fig. 19 [Cu3(tma)2(H2O)3]n framework view along the (100) lattice plane (Cu: turquoise, O: red, C: grey). 
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Fig. 20 Molecular structure of TUDMOF-1 obtained from powder X-ray diffraction data. Reproduced from ref. 

77 with permission of the Royal Society of Chemistry. 

 

The typical synthesis of MOFs is carried out using metal salts and the linker, i.e. the 

carboxylic acid, either pressureless in solution at elevated temperatures, or 

solvothermally, i.e. in autoclaves and at temperatures above the boiling point of the used 

solvent.  

By this method, nearly all – meanwhile classical – representatives of Yaghi’s MOF 

family were synthesised. In 2000, Yaghi and O’Keeffe introduced a porous metal-organic 

network composed of equatorial 1,3,5,7-adamantane tetracarboxylic acid (H4atc) and a 

Cu2 core, labelled as MOF-11 with the general formula [Cu2(atc) . 6 H2O] (Figure 21).78 

This compound contains open metal sites which do not aggregate due to structural 

rigidity. Hence, MOF-11 represents a promising candidate for catalytic applications. The 

Cu-Cu and Cu-O distances within the anhydrous framework are shortened after removal 

of water ligands (no decomposition below 260 °C) demonstrating the influence of axial 

ligands on the length of M-M and M-O bonds. In general, the presence of axial ligands 

causes elongation of the M-M bond.79 The same research group also synthesised MOFs 

with open metal sites (i.e. without axial ligands) from a diterbium cluster and terephthalic 

acid as building units.80 The terbium complex nevertheless does not exhibit a clear paddle 

wheel morphology. 

 

 



Introduction - From molecules to materials: Molecular paddle-wheel synthons of macromolecules and metal-organic frameworks 

20 

 

 

 

Fig. 21 Structures of Yaghi’s Cu-PW-MOFs MOF-11 (left), MOF-14 (middle) and MOF-101 (right), exhibiting 

different superstructures in dependence of the carboxylate linker. Reproduced from ref.’s 78 (left image) and 83 

(right) with permission of the American Chemical Society. 

 

Later, the same authors synthesised MOF-14, which is composed of Cu2 metal cores and 

4,4’,4’’-benzene-1,3,5-triyl-tribenzoic acids (Figure 21), exhibiting an interwoven 

structure. MOF-14 is stable in air and insoluble in water.81 The intertexturation of 

identical subnetworks induces π-π and C-H···π weak interactions between the tribenzoic 

acid. In 2001, Yaghi and O’Keeffe introduced a series of metal organic frameworks 

(MOF-31 to MOF-39), based on various metal clusters and organic ligands of different 

morphology.82 One of the networks, MOF-36, consists of paddle wheel Zn2 units bridged 

by four methanetetrabenzoates and water ligands at the axial position of zinc.  

In the same year, Yaghi and O’Keeffe used bromine-substituted 1,4-benzenedicarboxylic 

acid and Cu2 clusters to synthesise MOF-101 (Figure 21).83 A year later, the team of 

Yaghi synthesised eleven frameworks (MOF-102 to MOF-112) made of PW SBUs (Cu, 

Zn and Fe) and various dicarboxylates with different angles and organic spacers between 

two carboxylate linkers.84  

The research group of Kitagawa synthesised a 3-D MOF from Cu(NO3)2 and bis(4-

carboxy-benzyl)amine) ligand.85 This multifunctional ligand bears two carboxylate groups 

and one aliphatic amine group simultaneously coordinating the equatorial and, 

respectively, the axial sides of the Cu2 cores (see Figure 22). Zhou et al. synthesised 

MOFs based on Cu2 and triazine-2,4,6-triyltribenzoic acid and investigated their H2 

uptake.86 
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Fig. 22 (a) Coordination environment of the Cu-PW’s in Kitagawa’s MOF, and (b) a view at the Structure of the 

Kagomé-type MOF along the c axis. Reproduced from ref. 85 with permission of the Royal Society of Chemistry. 

 

Notably, the authors faced a very common problem in MOF synthesis, namely the 

network catenation, i.e. the interpenetration of two networks.  

The group of Zhang and Xiong synthesised a 3-D network containing both PW dimeric 

and monomeric copper units.87 The presence of both valences according to the authors 

enabled the linker, 2-pyridylacrylic acid, which contains pyridyl and also carboxylate 

functionalities, to simultaneously coordinate the axial and the equatorial positions of the 

metal core.  

Fröba et al. focused on utilisation and improvement of MOFs in the field of hydrogen 

storage.88 They connected Cu2 units by the organosilicon linker 5,5’-(dimethylsilanediyl)-

diisophthalate. Four carboxyl functionalities of this linker connect four PW dimetal 

centres, resulting in a 3-D network with four different pore sizes. Simulation showed 

preferred adsorption sites on an atomic scale. Fröba affirmed that the incorporation of 

elements with a higher polarisability than carbon positively influence the binding energy 

to hydrogen. 
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1.6 Controlled design of MOFs – A new challenge 

In the last two decades, many research groups have focused on the synthesis of metal-

organic polygons, polyhedra and polymers with paddle-wheel secondary building units, 

given the fact that the coordination environment of the dimetal units of a PW SBU 

theoretically allows the ‘construction’ of frameworks. With respect to the work presented 

in this chapter, it can be concluded that there are just few examples for a real predictable 

design of a macromolecular or infinite framework structure. So far, in nearly all cases, the 

PW SBU is formed in situ, and the framework shape is obtained by the organic linker. 

Yet, although this method afforded a plethora of new MOF structures with different 

metals, there are – to the best of our knowledge – so far no reports on the prediction of a 

certain metal-organic framework structure starting from the pure dimetal unit and a 

particular organic linker. As a single exception, 2-D polymer networks can 

straightforwardly be synthesised, since the equatorial linkage of PW units intrinsically 

leads to 2-D layers. The subsequent stacking of 2-D layers to 3-D MOFs is meanwhile 

well documented in the literature and became a standard synthesis procedure. In spite of 

the wide accessibility of molecular PW-‘edges’, -‘corners’ and polyhedra, there are few 

approaches for their linkage to larger structures. Nevertheless, the facile syntheses of 

MOFs, the easy accessibility of the starting materials and the possibility of 

straightforwardly performing a large variety of only slightly modified reactions cloud to a 

certain extent the need for strategies to synthesise finite or infinite PW frameworks by 

design. 
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2. Objective of this work 

 

A large number of macromolecular coordination compounds and metal-organic frameworks 

(MOFs) containing dinuclear paddle-wheel (PW) units connected by dicarboxylate linkers has 

been synthesised. Nearly all MOFs are synthesised by ‘traditional’ solvothermal synthesis, 

i.e. the treatment of simple metal salts (nitrates, halides etc.) with the corresponding 

organic linkers at high temperatures and pressure for several days and a pH control. 

Hence, it is difficult to predict how the dimetal unit or a certain superstructure, 

respectively, can selectively be formed under these conditions. However, none of them use 

molecular, two-dimensional polygons or three-dimensional polyhedra for a controlled 

assembly of (porous) coordination polymers. Thus, the goal of this work is to answer the 

question whether MOFs can be synthesised ‘bottom-up’ from molecular PW complexes. For 

that purpose, the dimeric PW compound [Mo2(NCCH3)10][BF4]4 is supposed to be treated 

with various dicarboxylic acids in order to synthesise defined oligomeric structures serving as 

potential building blocks for the controlled design of MOFs. On the one hand, the use of 

linear dicarboxylates such as oxalate and terephthalate should lead to equatorially bridged 

dimers and square-shaped complexes. On the other hand, by choosing bent dicarboxylates 

such as isophthalate (linking angle of 120°) and 1,1-cyclobutanedicarboxylate (linking angle 

of 109°), the formation of molecular triangles and loops is expected. Depending on the 

reaction conditions (solvent influences etc.), oligomeric compounds should furthermore be 

assembled to 1D, 2D and 3D coordination polymers by using axial (e.g. DABCO) and 

equatorial linkers (e.g. terephthalate). Finally, the influence of the counter anion BF4 on the 

reactivity of square molecules is supposed to be investigated. To elucidate the molecular 

structure of the crystalline products, X-ray single-crystal diffraction should be used. 
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Results and Discussion 

 

3. Dicarboxylate-bridged (Mo2)n (n = 2, 3, 4) paddle-wheel complexes: Potential 

intermediate building blocks for metal-organic frameworks 

 

This chapter originated from the following publication: 

M. Köberl, M. Cokoja, B. Bechlars, E. Herdtweck and F. E. Kühn,  

Dalton Trans. 2011, 40, 11490. 

 

3.1 Abstract 

The treatment of the dimeric paddle-wheel (PW) compound [Mo2(NCCH3)10][BF4]4 1 with 

oxalic acid (0.5 equiv.), 1,1-cyclobutanedicarboxylic acid (1 equiv.), 5-hydroxyisophthalic 

acid (1 equiv.) (m-bdc–OH) or 2,3,5,6-tetrafluoroterephthalic acid (0.5 or 1 equiv.) leads to 

the formation of macromolecular dicarboxylate-linked (Mo2)n entities (n = 2, 3, 4). The 

structure of the compounds depends on the length and geometry of the organic linkers. In the 

case of oxalic acid, the dimeric compound [(CH3CN)8Mo2(OOC–COO)Mo2(NCCH3)8][BF4]6 

2 is formed selectively, whereas the use of 2,3,5,6-tetrafluoroterephthalic acid affords the 

square-shaped complex [(CH3CN)6Mo2(OOC–C6F4–COO)]4[BF4]8 3. Bent linkers with a 

bridging angle of 109° and 120°, respectively, lead to the formation of the molecular loop 

[(CH3CN)6Mo2(OOC–C4H6–COO)]2[BF4]4 4 and the bowl-shaped molecular triangle 

[(CH3CN)6Mo2(m-bdc–OH)]3[BF4]6 5. All complexes are characterised by X-ray single- 

crystal diffraction, NMR (1H, 11B, 13C and 19F) and UV-Vis spectroscopy. Additionally, solid-

state IR spectra were recorded from compounds 3 and 4. Furthermore, TG-MS was applied 

for molecular square 3. 

 

3.2 Introduction 

In the last decade, a large number of macromolecular coordination compounds and metal-

organic frameworks (MOFs) containing dinuclear PW units connected by dicarboxylate 
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linkers have been synthesised.1,2 This can largely be ascribed to the unique coordination 

behaviour of PW complexes, exhibiting an octahedral coordination environment with four 

bridging equatorial ligands, e.g. carboxylates, and one axial ligand per metal (usually solvent 

ligands). The angles between two cis-oriented equatorial ligands are usually 90°, which is 

why the linkage of PW units with dicarboxylates leads to well-ordered lattice structures. Thus, 

PW secondary building units have become so important for the construction of larger 

coordination networks.3-7 Yet, it has so far not been attempted to synthesise coordination 

polymers from molecular PW entities. The group of Cotton performed pioneering work in 

creating oligomeric structures such as dimers,8,9 molecular loops,10 triangles (Mo,11 Rh,12-14 

Re15), propellers16 and squares (Mo,12,17 Ru,18 Rh19) by connecting PW complexes with 

various dicarboxylate linkers to form dimeric molecules, triangular or square arrays. In 

Cotton’s reports, at least one equatorial coordination site (per PW metal) at the M2 centre is 

blocked by strongly bound bridging ligands, such as DAniF (N’N-di-p-anisylformamidinate). 

The remaining equatorial positions are occupied by solvent molecules and thus are available 

for the substitution by other ligands. The character of these accessible coordination sites 

determines the geometry of the product: a PW complex with two available, cis-oriented sites 

leads – dependent on the linker – either to dimeric molecular loops, or to tetrameric squares. 

The advantage of such precursors is their templating character, allowing the controlled design 

of discrete metal-organic arrays. The disadvantage, however, is the low reactivity of the 

product for further reaction with dicarboxylates to form larger networks. The synthesis of 

such coordination oligomers or polymers requires PW precursors, which only exhibit labile 

solvent ligands, such as [Mo2(NCCH3)10][BF4]4.
20 To date, there is only one report on the use 

of this compound for the synthesis of dicarboxylate-linked PW complexes. In 1997, McCann 

et al. investigated the reactivity of [Mo2(NCCH3)10][BF4]4 with aliphatic dicarboxylic acids to 

create the first molecular loop with dimolybdenum units.21 Yet, the geometry of this 

molecule, predetermined by the flexible dicarboxylate ligand, does not allow the formation of 

ordered networks. 

Our research focuses on the selective synthesis of molecular dimers, triangles and squares 

containing Mo2 PW units bridged by linear or bent dicarboxylate ligands from 

[Mo2(NCCH3)10][BF4]4 as intermediate building blocks for three-dimensional frameworks. 

Unlike Cotton’s structural congeners, the complexes described here should exhibit solvent 

molecules in the equatorial coordination sites of the PW core, allowing further controlled 

substitution and thus a framework growth along the coordination sphere. 
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3.3 Results and Discussion 

The blue dimolybdenum complex [Mo2(NCCH3)10][BF4]4 (1) selectively reacts with oxalic 

acid in acetonitrile to the dimeric complex 2 in a yield of 94 % (Scheme 1a). The 1H NMR 

spectrum (see Figure 1) shows one singlet at 1.96 ppm due to free acetonitrile, which is a 

consequence of a fast scrambling with CD3CN. The 11B spectrum (Figure 3.5, appendix) 

shows one resonance at 7.39 (BF4
-). According to the isotope effect of the boron atom (10B, 

19.9% and 11B, 80.1%), two adjacent singlets in the 19F NMR with an integral ratio of ~ 1:4 

are observed at -145.59 and -145.64 ppm (see Figure 2). 

 

 

Fig. 1 1H NMR of 2 in CD3CN. 
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Fig. 2 19F NMR of 2 in CD3CN. 

 

 

Scheme 1 Synthesis of a) [(CH3CN)8Mo2(OOC‒COO)Mo2(NCCH3)8][BF4]6 (2) and b) [(CH3CN)6Mo2(OOC‒

C6F4‒COO)]4[BF4]8 (3). 
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Compound 2 is well soluble in benzonitrile (56 g/L) and dimethylformamide (50 g/L) and 

fairly soluble in acetonitrile (3.3 g/L). Due to the low solubility of 2, 13C NMR measurements 

in CD3CN were not successful. UV-Vis experiments of the red dimer show a maximum 

absorbance at 424 nm. Considering the lability20 of the coordinating acetonitrile ligands 

adequate elemental analysis is obtained for 2–6MeCN. Attempts to synthesise a square-

shaped compound by either treating 1 with an excess of oxalic acid, or reacting 2 with 1 

equiv. oxalic acid were so far not successful. The molecular structure of compound 2 is 

presented in Figure 3. 

 

 

Fig. 3 Molecular structure of 2 in the solid state. The BF4
- anions have been removed for clarity. 

 

It crystallises in the monoclinic space group P21/n with an inversion centre located in the 

middle of the oxalate C–C bond. Two dimolybdenum units are linked by the oxalate linker 

and the Mo2 axes are assembled parallel to each other (torsion angle Mo1–Mo2–Mo1’–Mo2’ 

= 0°). The Mo2 units and the linker atoms are all situated almost in one plane. In fact, 

compound 2 can be regarded as the smallest metal-organic unit, i.e. an ‘edge’ of a three-

dimensional network such as [Zn2(bdc)2(bipy)]22 or [Zn2(ndc)2(dabco)]23 (bdc = 1,4-

benzenedicarboxylate, bipy = 4,4’-bipyridine, ndc = 1,4-naphthalenedicarboxylate and dabco 

= 1,4-diazabicyclo[2.2.2]octane). As shown in Table 1, all molybdenum atoms exhibit an 

octahedral coordination environment. The Mo–Mo, Mo–Neq and Mo–Nax bond lengths are 

very similar to those found in the precursor [Mo2(CH3CN)10][BF4]4 (deviations of ±0.01 Å).20 

The Mo–Mo bond lengths of similar dimers described by Cotton et al. (average of 2.09 Å),8 

which are also listed in Table 1 are shorter than those in 2. In comparison to Cotton’s oxalate-
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bridged dimer, the elongation of the Mo–Mo bond distance in 2 is probably due to axial 

coordination of electron-donating acetonitrile ligands. The Mo–O distance in 2 is about 0.05 

Å shorter than in Cotton’s oxalate-bridged dimer whereas the Mo–Neq bond lengths are 

similar. Comparing the distances d between centroids of Mo2 units within compound 2 (d = 

6.86 Å) and Cotton’s dimer (d = 6.95 Å), a difference of 0.09 Å is found. The Mo–Neq–C 

bond angles in 2 and [Mo2(NCCH3)10]4[BF4]4 are all close to 180° while the Mo–Nax–C 

angles in 2 (average of 175°) are about 20° larger than in 1. The angle Mo1–Mo2–N7ax is 

169.6° and about 7° smaller than the angle in the starting material. Labels are given in the 

appendix, Figure 3.1. 

 

Table 1 Comparison of bond distances (Å) in the precursor 1,20 compounds 2, 4 and 5, Cotton’s (FAC) oxalate-

linked dimer8 and malonate-bridged loop.10 

dmin-max 1 2 
FAC’s 

dimer 
3# 4 FAC’s loop 5# 

Mo–Mo 2.187(1) 2.1760(2) 2.090(1) 
2.159-

2.160 
2.1529(2) 2.088(1) 

2.145-

2.152 

Mo–O --- 
2.075(1)-

2.082(1) 

2.115(3)-

2.145(3) 

2.072-

2.093 

2.079(1)-

2.093(1) 

2.130(6)-

2.144(6) 

2.053-

2.106 

Mo–Neq 
2.11(1)-

2.14(1) 

2.130(2)-

2.151(2) 

2.119(4)-

2.168(5) 

2.145-

2.155 

2.150(2)-

2.159(2) 

2.098(8)-

2.124(7) 

2.134-

2.164 

Mo–Nax 2.60(1) 
2.606(2)-

2.613(2) 
--- 

2.533-

2.636 

2.648(2)-

2.700(1) 
--- 

2.507-

2.701 

Mo–F --- --- --- 2.661 --- --- 2.624 

Mo–OH --- --- ---  --- --- 2.902 

# Data are from the aborted refinements. 

 

The treatment of 1 equiv. [Mo2(NCCH3)10][BF4]4 with 1 equiv. perfluoroterephthalic acid 

(see Scheme 1, b) in acetonitrile at 60 °C leads to the formation of the square-shaped complex 

3 in 82 % yield. Below 60 °C, the reaction rate is significantly slower. Surprisingly, the 

treatment of 2 equiv. [Mo2(NCCH3)10][BF4]4 with 1 equiv. dicarboxylic acid does not afford 

the terephthalate-bridged analogue of compound 2, but the tetramer 3 instead (1 equiv. of 

unreacted [Mo2(NCCH3)10][BF4]4 can be isolated). The reaction of 1 equiv. of 3 with 20 

equiv. perfluoroterephthalic acid at 60 °C results in the precipitation of a red solid which 

could not be convincingly identified. Obviously, the product structure is dependent on the 

length of the linker; in the case of the oxalate-bridged PW complexes, a square-shaped 

molecule is thermodynamically less favourable than the single-bridged complex 2.  
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The purity of the compound was confirmed by 1H NMR spectroscopy in CD3CN. The 

spectrum (Figure 3.7, appendix) shows only one singlet at 1.96 ppm originating from free 

acetonitrile. Compound 3 exhibits a higher solubility in acetonitrile (577 g/L) than the starting 

material 1 (11 g/L), but is barely soluble in other organic solvents such as benzonitrile (3.6 

g/L) and pyridine (2.3 g/L). In the 13C NMR (see Figure 4) two shifts at 172.3 (COO-) and 

147.8 ppm (Carom) can be observed. The 11B NMR signal of BF4
- is found at 2.04 ppm. The 

19F NMR (see Figure 5) shows one singlet at -132.9 ppm (attributed to 16 aromatic fluorine 

atoms of the linker) and two singlets at -146.3 and -146.4 ppm (arising from the 32 fluorine 

atoms of 8 BF4
-). The ratio of integral intensities of C6F4 and BF4 is 1:2 and confirms the cis-

configuration of 3.  

 

 

Fig. 4 13C NMR of 3 in CD3CN. 
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Fig. 5 19F NMR of 3 in CD3CN. 

 

UV-Vis experiments of the red tetramer show a maximum absorbance at 432 nm. Since the 

coordinating acetonitrile ligands are very weakly bound to the Mo centre and thus easily 

removed from the complex as has been documented before,20 elemental analysis values are 

not in good agreement with the calculated values. Furthermore, the thermal behaviour of 

compound 3 was examined by thermogravimetric analysis in combination with online 

fragment detection via coupled mass spectroscopy (TG-MS), applying a temperature program 

with a heating rate of 10 °C/min between 30 and 1000 °C. Total weight loss of about 68 % of 

the original mass was detected (see Figure 6). Thermogravimetric analysis reveals a 

maximum in the MS curve of acetonitrile at ~ 240 °C. Compound 3 shows its first 

decomposition onset at about 350 °C followed by further decompositions starting at 600 and 

700 °C. These steps originate from a stepwise release of CO2
+ as shown by related maxima in 

the MS curves of CO2
+ at 427, 623 and 776 °C. 
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Fig. 6 TG plot (green) of 3 and the MS intensity of fragments of the mass 41 (red, CH3CN+) and 44 (black, 

CO2
+). 

 

 

Fig. 7 Molecular structure of 3 in the solid state with a pore aperture width of around 9.5 Å which is partially 

coordinated by BF4
- anions in axial positions. The remaining six BF4

- anions are omitted for clarity. 
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Table 2 Selected NMR shifts in compounds 3-5 and in corresponding free linkers in acetonitrile-d3. In 

comparison to free acids, a general trend to low field shifted peaks can be observed. 

δ (ppm) 3 free acid 3 4 free acid 4 5 free acid 5 

1H --- --- 
3.35 CH2 

2.37 CH2 

2.48 CH2  

1.94 CH2 

8.66 OH  

7.99 CarH 

7.45 OH  

7.61 CarH 

19F -132.9 Far -135.1 Far ---         ---         ---        --- 

 

The molecular structure of compound 3 is shown in Figure 7. It crystallises in the triclinic 

space group P1� with one formula unit in the unit cell and an inversion centre located at the 

centre of the cationic molecule. Each dimolybdenum unit represents a corner of the square 

with two cis-arranged linking perfluoroterephthalate dianions as equatorial ligands. All 

remaining equatorial and most axial positions are occupied by acetonitrile molecules; BF4
- 

anions occupy two of the eight axial positions. The Mo2 axes are arranged parallel to each 

other. Like compound 2, 3 can also be regarded as a macromolecular subunit of typical three-

dimensional PW-MOFs, such as Kim’s [Zn2(bdc)2(dabco)]n.
4 The molybdenum atoms exhibit 

an octahedral coordination environment. The planes of the carboxylic group and the aromatic 

ring of the linker are twisted to each other. The cis-coordinated carboxylic groups form a right 

angle and enforce the square array of 3. The coordination of BF4
- anions raises the question 

whether the reactivity of 3 is influenced by axially coordinating BF4
-anions.24-26 This 

assumption is supported by the unusually poor reactivity of 3. For instance, 3 is inert to an 

excess of (di)carboxylates, or to linear linkers such as 1,4-dicyanobenzene. This is contrary to 

the chemical intuition, a substitution of nitrile ligands by (di)carboxylates should be possible. 

According to 1H NMR spectroscopy, the acetonitrile ligands can be replaced by benzonitrile. 

The design of cubes or 1D-tubes via stacking molecules of 3 along the Mo–Mo bond, 

however, was not yet successful. Similarly, the passivation of the equatorial coordination sites 

via replacing acetonitrile molecules by carboxylates, as well as the extension of 3 into a two-

dimensional plane did so far not succeed. In the structure of compound 3, the area of the 

square formed by the four Mo2 cores is estimated to be around 11 x 11 Å2. Cotton’s tetramers 

have areas from 7 x 7 (oxalate-bridged square) to 15 x 15 Å2 (4,4’-biphenyldi-carboxylate 

square).17 There is no substantial difference between the length of the lateral edge of 3 

(Mo2
…Mo2 is ca. 11 Å) and the distance between centroids of Mo2 units within 

perfluoroterephthalate-bridged dimer of Cotton et al. (Mo2
…Mo2 =11.3 Å).8 Hence, the 

number of carboxylic groups coordinating to one Mo2 unit does not seem to influence the 
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Mo–O bond length (see Table 1). This fact is also confirmed by comparison of Mo–O bond 

lengths within Cotton’s dimers8 and tetramers.17 

The reaction of 1 equiv. [Mo2(NCCH3)10][BF4]4 with 1 equiv. 1,1-cyclobutanedicarboxylic 

acid leads to the formation of the molecular loop [(CH3CN)6Mo2(OOC–C4H6–COO)]2[BF4]4 

4 in yields of 75% (Scheme 2a). Compound 4 is characterised by 1H, 11B, 13C and 19F NMR 

spectroscopy. As expected, the 11B NMR (Figure 3.9, appendix) shows one singlet at 7.25 

ppm (related to BF4
-) and the 19F NMR exhibits two adjacent singlets at -146.4 and -146.5 

ppm (originating from BF4
-). The 1H NMR (see Figure 8) shows three singlets at 3.35 ppm (t, 

-CquartCH2-, 8H), at 2.37 ppm (m, -CH2CH2CH2-, 4 H) and at 1.96 ppm (s, free CH3CN, ca. 30 

H) with an integral ratio of 2:1:7.5 indicating the removal of two axially coordinating 

acetonitrile ligands upon drying under vacuum. In case of removing five acetonitrile ligands, 

calculated values for elemental analysis concur with 4–5MeCN. In comparison to the free 

dicarboxylic acid (see Table 3), the methylene signals are shifted to low field. Four signals in 

the 13C NMR spectrum (see Figure 9) can be assigned to compound 4, i.e. the carboxyl group 

(187.9 ppm), the quaternary carbon atom (147.6 ppm) and the methylene groups (60.0 and 

32.7 ppm). Complex 4 is pink and exhibits a maximum absorbance at 533 nm in the UV-Vis 

spectrum. 

 

 

Fig. 8 1H NMR of molecular loop 4 in CD3CN. 
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Fig. 9 13C NMR of molecular loop 4 in CD3CN.  

 

 

Scheme 2 Synthesis of a) [(CH3CN)6Mo2(OOC–C4H6–COO)]2[BF4]4 (4) and b) [(CH3CN)6Mo2(m-bdc–

OH)]3[BF4]6 (5). 
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The molecular structure of 4 is shown in Figure 10. The compound crystallises in the 

triclinic space group P1� with one formula unit per unit cell and an inversion centre located at 

the centre of the molecule. Two dimolybdenum units are linked by two bent 1,1-

cyclobutanedicarboxylate linkers forming a molecular loop 4. The midpoints of the Mo2 

bonds and the quaternary C atoms C2 and C2’ of the linker molecules define a rhombus 

having four almost equidistant sides (d = 4.35 Å). The rhombic triangle exhibits two angles 

99.04(4)° for Mo2–C2–Mo2’ and 80.81(4)° for C2–Mo2–C2’ whose opposite angles are 

equal. The area of the rhombus defined by the midpoints of Mo2 bonds and the quaternary C 

atoms is 17.7 Å2. The Mo2 units are oriented parallel to each other and form a rectangle with 

four right angles. Since the average Mo–O bond length in 4 (2.09 Å) is shorter and stronger 

than in Cotton’s malonate loop [cis-Mo2(DAniF)2]2-(O2CCH2CO2)2 (2.14 Å) the Mo2 entities 

in 4 (d = 6.3 Å) are about 0.2 Å closer to each other than in Cotton’s loop (d = 6.5 Å).10 Due 

to the bent nature of the linker (angle C6–C2–C1’ of 103.3° in 4), the geometry of 4 is 

predetermined. Labels are given in the appendix. Similar to compounds 1-3, the four Mo 

atoms exhibit an octahedral coordination environment. The parallel oriented Mo2 units are 

surrounded by two cis-oriented carboxylate groups and six acetonitrile ligands. The molecular 

rhombus 4 is the first example of a molecular loop containing a 1,1-cyclobutanedicarboxylate 

linker. Cotton et al. synthesised a similar loop by using malonate as linker.10 

 

 

Fig. 10 Molecular structure of 4 in the solid state. The BF4
- anions have been removed for clarity. 

 

Up to now, the passivation of 4 with stoichiometric amounts of glacial acetic acid was not 

successful. If an excess of glacial acetic acid is used, 4 reacts to [Mo2(OAc)4] as confirmed by 

a single resonance at 2.59 ppm related to the methyl groups of the coordinating acetates in the 
1H NMR spectrum (in THF-d8). Similarly to 3, it is possible to substitute all acetonitrile with 

benzonitrile ligands.  

The reaction of equimolar amounts of 1 and 5-hydroxyisophthalic acid (m-bdc–OH) yield 
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the bowl-shaped molecular triangle [(CH3CN)6Mo2(m-bdc–OH)]3[BF4]6 5 in yields of 50 % 

(see Scheme 2b). The purity of compound 5 is confirmed by NMR spectroscopy. The 11B and 
19F NMR spectra show typical shifts, related to the BF4

- anion. Low field shifted singlets 

(compared to free 5-hydroxyisophthalic acid, see Table 2) in the 1H NMR can be assigned to 

the hydroxyl group (8.66 ppm) and to aromatic hydrogen atoms (7.99 and 7.82 ppm) of the 5-

hydroxyisophthalate linker (see Figure 11). Since the hydroxyl group is interacting with Mo 

in solution, a sharp and low field shifted singlet is observed. As usual, a singlet at 1.96 ppm 

can be observed, originating from free acetonitrile molecules. The 13C NMR spectrum (see 

Figure 12) shows signals at 181.4, 159.0, 147.5 and 132.6 ppm which are assigned to COO-, 

COH, Cquart and CH. Again, the coordination of the ligand to the Mo2 units causes low field 

shifts. UV-Vis experiments of the red complex reveal a maximum absorbance at 416 nm. 

According to elemental analysis, the drying of 5 in vacuo leads to the removal of eight 

acetonitrile ligands. 

 

 

Fig. 11 1H NMR of molecular triangle 5 in CD3CN. 
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Fig. 12 13C NMR of molecular triangle 5 in CD3CN. 

 

The molecular structure of compound 5 is shown in Figure 13. It crystallises in the 

monoclinic space group P21/c with four formula units per unit cell. Each dimolybdenum unit 

represents a corner of the triangular bowl-shaped array with two cis-oriented bridging 5-

hydroxyisophthalate linkers and either five or six coordinating acetonitrile molecules. 

 

 

Fig. 13 Molecular structure of 5 in the solid state with a pore width of 6.3 Å. One BF4
- anion coordinates to axial 

position of one Mo2 corner. The remaining five BF4
- anions have been removed for clarity. 
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Fig. 14 Bowl-shaped triangles 5 are interacting by weak HO…Mo-bonding to form molecular chains bearing 

O…Mo bonds which are also present in solution. 

 

The Mo2 units define an equilateral triangle exhibiting Mo2–Mo2–Mo2 angles of ~ 60° and 

average distances d between centroids of Mo2 bonds of ~ 9.5 Å. Thus, the distances between 

the midpoints of the Mo2 bonds in Cotton’s triangle [cis-Mo2(DAniF)2]3(trans-1,4-

O2CC6H10CO2)3
11 are about 1.7 Å longer than in 5. The Mo–Mo bond lengths are 2.145, 

2.150 and 2.152 Å and therefore similar to those in 4 and about 0.04 Å smaller than in 1 (see 

Table 1). Again, the coordination of carboxylic groups to the Mo2 centre causes a shortening 

of the Mo2 bond. The Mo–O bonds in 5 (average bond length of 2.08 Å) are shorter than in 

Cotton’s triangle (average bond length of 2.15 Å). In two of the three Mo2 units one axial 

position is not occupied by acetonitrile. In one case, a BF4
- anion coordinates to the Mo atom 

Mo5–F7 bond length of 2.624 Å) as in 3. The unoccupied axial position of the second Mo2 

unit allows a weak intermolecular HO…Mo interaction (Mo3–O15 bond length of 2.902Å) 

between the triangles leading to the formation of molecular chains in the solid state and in 

solution (see Figure 14). Since the Mo2 corners are surrounded by different ligands, the Mo–

Nax bond lengths vary from 2.507 for Mo4–N11, 2.585 for Mo6–N16, 2.630 for Mo2–N6 to 

2.701 Å for Mo1–N5. This variation is due to electronic effects arising from the different 

nature of coordinating ligands. In general, molecular triangles based on linear linkers such as 

oxalate or terephthalate exhibit bridging angles of 180°. The bent nature of m-bdc–OH in 5 

leads to the connection of the Mo2 units with an angle of 120° and an unusual bowl-shaped 

structure. Labels are given in the appendix, Figure 3.4. 
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3.4 Experimental 

All experiments were carried out under a dry nitrogen atmosphere using standard Schlenk 

techniques. The solvents were dried and distilled under nitrogen following conventional 

methods. Chemicals were purchased from Aldrich (tetrafluoroterephthalic acid, 97%), Alfa 

Aesar (oxalic acid, 98% and 1,1-cyclobutanedicarboxylic acid, 99%) and Acros Organics (5-

hydroxyisophthalic acid, 99%) and used as received. The precursor [Mo2(NCCH3)10][BF4]4 1 

was prepared according to literature procedures.20 The NMR spectra were recorded on a 

Bruker Avance DPX 400 (1H: 400.13 MHz, 11B: 128.38 MHz, 13C: 100.61 MHz and 19F: 

376.5 MHz). UV-Vis measurements were performed on a JASCO photometer V-550. IR 

spectra were recorded on a Varian FTIR-670 spectrometer, using a GladiATR accessory with 

a diamond ATR element. Thermogravimetric analysis in combination with online fragment 

detection via coupled mass spectroscopy (TG-MS) was conducted utilising a Netzsch-STA 

409 PC/PG. 

 

Synthesis of [(CH3CN)8Mo2(OOC-COO)Mo2(NCCH3)8][BF4]6 (2) 

An acetonitrile solution (17 mL) of 1 equiv. [Mo2(NCCH3)10][BF4]4 (150 mg, 0.158 mmol) 

and 0.5 equiv. oxalic acid (7.1 mg, 0.079 mmol) is stirred for 20 h at 60 °C to yield a red 

solution. After solvent removal in vacuo, the residue is washed with diethylether (3 x 6 mL) 

and pentane (3 x 6 mL). Upon drying under vacuum, 122 mg (94 % yield, 0.074 mmol) of 

compound 2 are isolated as a red solid. By slow diffusion of pentane into a concentrated 

acetonitrile solution of 2, red crystals are obtained within one week. 1H NMR (δ ppm, in 

CD3CN): 1.96 (s, CH3CN). 11B NMR (δ ppm, in CD3CN): 7.39 (s, BF4
-). 19F NMR (δ ppm, in 

CD3CN): -145.59 (s, BF4
-) and -145.64 (s, BF4

-). Anal. Calcd. for C22H30B6F24Mo4N10O4 = 

[(CH3CN)3Mo2(OOC-COO)Mo2(NCCH3)3][BF4]6: C, 18.83; H, 2.15; N, 9.98. Found: C, 

18.87; H, 2.20; N, 9.59. UV-Vis (CH3CN): λmax = 424 nm. 

 

Synthesis of [(CH3CN)6Mo2(OOC-C6F4-COO)]4[BF4]8 (3) 

A solution of 1 equiv. [Mo2(NCCH3)10][BF4]4 (986 mg, 1.038 mmol) and 1.1 equiv. 

perfluoroterephthalic acid (271 mg, 1.138 mmol) in 90 mL acetonitrile is stirred for 20 h at 60 

°C. The colour of the solution changes from blue to red. After solvent removal in vacuo, a red 

solid is isolated and washed with diethyl ether (4 x 10 mL) until the filtrate is clear to remove 

any residual HBF4
.Et2O. The solid is further washed with pentane (3 x 10 mL). Upon drying 
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under vacuum, 721 mg (82 % yield, 0.213 mmol) of 3 are obtained. Compound 3 can be 

further purified by crystallisation by overlaying a concentrated solution with pentane. 1H 

NMR (δ ppm, in CD3CN): 1.96 (s, CH3CN). 11B NMR (δ ppm, in CD3CN): 2.04 (s, BF4
-). 13C 

NMR (δ ppm, in CD3CN): 172.3 (COO-) and 147.8 (Carom). 19F NMR (δ ppm, in CD3CN): -

132.9 (s, 16 F, Far), -146.3 (s, 6F, BF4
-) and -146.4 (s, 26 F, BF4

-). Anal. Calcd. for 

C66H51B8F48Mo8N17O16 = [(CH3CN)4.25Mo2(OOC-C6F4-COO)]4[BF4]8: C, 25.54; H, 1.66; N, 

7.67. Found: C, 24.53; H, 1.76; N, 8.19. UV-Vis (CH3CN): λmax = 432 nm. Selected IR (cm-

1): ν(CN) = 2321vw and 2288w; νa(COO) = 1540m, νs(COO) = 1397s; ν(BF) = 1058s, 1024s 

and 998vs (see Figure 3.13, appendix). 

 

Synthesis of [(CH3CN)6Mo2(OOC-C4H6-COO)]2[BF4]4 (4) 

A solution of 1 equiv. [Mo2(NCCH3)10][BF4]4 (117 mg, 0.123 mmol) and 1 equiv. 1,1-

cyclobutanedicarboxylic acid (17.8 mg, 0.123 mmol) in 10 mL acetonitrile is stirred for 24 h 

at room temperature, whereupon the colour of the solution changes from blue to purple. The 

solution is layered by a solution of hexane/diethylether = 4:1 to yield pink crystals within 72 

h. The crystalline product is collected and washed with diethylether (3 x 4 mL) and hexane (3 

x 4 mL). Upon drying under vacuum, 47 mg (51 % yield, 0.031 mmol) of pink crystals of 4 

are isolated. It is possible to increase the yield to 75 % by precipitating 4 as a non-crystalline 

solid from the initial reaction solution. 1H NMR (δ ppm, in CD3CN): 3.35 (t, CH2, 8 H), 2.37 

(m, CH2, 4 H) and 1.96 (s, CH3CN, ca. 30 H). 11B NMR (δ ppm, in CD3CN): 7.25 (s, BF4
-). 

13C NMR (δ ppm, in CD3CN): 187.9 (COO-), 147.6 (Cquart), 60.0 (CH2) and 32.7 (CH2). 
19F 

NMR (δ ppm, in CD3CN): -146.4 (s, BF4
-) and -146.5 (s, BF4

-). Anal. Calcd. for 

C26H33B4F16Mo4N7O8 = [(CH3CN)2.5Mo2(OOC-C4H6-COO)]2[BF4]4: C, 23.97; H, 2.55; N, 

7.53. Found: C, 23.90; H, 2.71; N, 7.16. UV-Vis (CH3CN): λmax = 533 nm. Selected IR (cm-

1): ν(CN) = 2317vw and 2285w; νa(COO) = 1520m, νs(COO) = 1381s; ν(BF) = 1052s and 

1020vs (see Figure 3.14, appendix). 

 

Synthesis of [(CH3CN)6Mo2(m-bdc-OH)]3[BF4]6 (5) 

An acetonitrile solution (10 mL)of 1 equiv. [Mo2(NCCH3)10][BF4]4 (102 mg, 0.108 mmol) 

and 1 equiv. 5-hydroxyisophthalic acid (m-bdc‒OH) (19.6 mg, 0.108 mmol) is stirred for 24 h 

at room temperature, whereupon the colour of the solution changes from blue to red. The 

concentrated solution is layered by a solution of hexane/diethylether = 4:1 to yield red crystals 

within 4 d. The crystalline product is collected and washed with diethylether (3 x 3 mL) and 
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hexane (3 x 3 mL). Upon drying under vacuum, 41 mg (50 % yield, 0.018mmol) of red solid 

5 are isolated. 1H NMR (δ ppm, in CD3CN): 8.66 (s, OH), 7.99 (s, CH, 2 H), 7.82 (s, CH, 1 

H) and 1.96 (s, CH3CN, ca. 10 H). 11B NMR (δ ppm, in CD3CN): 7.13 (s, BF4
-). 13C NMR (δ 

ppm, in CD3CN): 181.4 (COO-), 159.0 (COH), 147.5 (Cquart) and 132.6 (CH). 19F NMR (δ 

ppm, in CD3CN): -146.68 (s, BF4
-) and -146.74 (s, BF4

-). Anal. Calcd. for 

C44H42B6F24Mo6N10O15 = [(CH3CN)3.33Mo2(m-bdc-OH)]3[BF4]6: C, 25.81; H, 2.07; N, 6.84. 

Found: C, 25.88; H, 2.21; N, 7.17. UV-Vis (CH3CN): λmax = 416 nm. 

 

Crystallographic data 

Single crystal X-ray structure determinations: 2: red prism, C50H72B6F24Mo4N24O4, 

Mr=1977.94; monoclinic, space group P21/n (No. 14), a=14.9896(4), b=18.3686(5), 

c=15.5071(4) Å, β=92.7229(14)°, V=4264.9(2) Å3, Z=2, λ(MoKα)=0.71073 Å, µ=0.680 mm-1, 

ρcalcd=1.540 gcm-3, T=123(1) K, F(000)=1972, θmax: 25.46°, R1=0.0220 (7572 observed data), 

wR2=0.0537 (all 7880 data), GOF=1.079, 536 parameters, ∆ρmax/min=0.76/-0.56 eÅ-3. 3: red 

prism, C38H33B4F24Mo4N11O8, Mr=1654.75; triclinic, space group P1� (No. 2), a=14.2639(6), 

b=16.9759(8), c=17.5316(7) Å, β=96.067(2)°, β=98.424(2)°, β=99.904(2)°, V=4099.3(3) Å3, 

Z=2, λ(MoKα)=0.71073 Å. At R1=0.0571 and wR2=0.1721 the refinements were aborted due 

to unresolvable disorder problems. 4: red fragment, C40H54B4F16Mo4N14O8, Mr=1589.97; 

triclinic, space group P1� (No. 2), a=10.6698(4), b=10.7944(5), c=15.1873(6) Å, 

α=89.095(2)°, β=86.007(2)°, γ=64.711(2)°,  V=1577.52(11) Å3, Z=1, λ(MoKα)=0.71073 Å, 

µ=0.880 mm-1, ρcalcd=1.674 gcm-3, T=123(2) K, F(000)=788, θmax: 26.01°, R1=0.0231 (5979 

observed data), wR2=0.0628 (all 6159 data), GOF=1.058, 395 parameters, ∆ρmax/min=0.90/-

0.68 eÅ-3. 5: red fragment, C70H78B6F24Mo6N23O15, Mr=2578.05; monoclinic, space group 

P21/c (No. 14), a=14.7364(6), b=32.6112(13), c=22.5349(9) Å, β=104.233(2)°, V=10497.2(7) 

Å3, Z=4, λ(MoKα)=0.71073 Å. At R1=0.0658 and wR2=0.1523 the refinements were aborted 

due to unresolvable disorder problems. CCDC-830421 (2) CCDC-830422 (4). For more 

details, see appendix. 

 

3.5 Conclusions 

The compound [Mo2(NCCH3)10][BF4]4 serves as building unit for defined oligomeric 

structures 2-5. The molecular loop 4 and the triangle 5 are novel compounds with regard to 
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the linker and the shape. Compounds 2-5 formally represent the first steps toward the 

synthesis of more complex architectures such as polygons or 1D-, 2D- and 3D-network 

structures. In comparison to Cotton’s ‘passivated’ compounds (due to bulky and strongly 

coordinating ligands) the substitution of labile acetonitrile ligands in complexes 2-5 by 

dicarboxylic acids should be much easier in order to create highly ordered frameworks. The 

role of the anion, especially the influence of larger, less coordinating anions such as B(C6F5)4
- 

on the reactivity of 3 is currently investigated. In general, the possibility of substituting 

weakly bound acetonitrile ligands leads to numerous connection possibilities. Compounds 2-

5, especially 2 and 3, are potential building blocks for MOFs. So far, in nearly all cases, 

MOFs are prepared under solvothermal conditions and in the case of PW MOFs the M2 unit is 

formed in situ. Hence, the controlled assembly of the ‘lego bricks’ 2 and 3 to larger 

architectures would represent a novel access to MOFs. 
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4. From molecules to polygons: Design of triangular arrays with paddle-wheel corners 

 

This chapter contains unpublished results: 

M. Köberl, D. Höhne, M. Cokoja, E. Herdtweck and F. E. Kühn 

 

4.1 Abstract 

The assembly of the paddle-wheel (PW) complex [Mo2(NCCH3)10][BF4]4 1 with 5-

bromoisophthalic acid (m-bdc-Br) and 5-aminoisophthalic acid (m-bdc-NH2) respectively in 

acetonitrile solutions leads to the formation of triangular arrays of general formula 

[(CH3CN)6Mo2(m-bdc-X)]3[BF4]6 (where X = Br 2, NH2 3). The use of bent organic linkers 

such as isophthalic acid with a bridging angle of 120° allows the controlled design of bowl-

shaped triangles. The hexanuclear compounds are characterised by X-ray crystallography, 

NMR, IR and UV-Vis spectroscopy. Furthermore, elemental analysis and SEM-EDX are 

applied. TGA-MS is used to examine the thermal stability of the triangular arrays 2 and 3. 

 

4.2 Introduction 

A plethora of beautiful structures (i.e. metal-organic frameworks (MOFs), metal-organic 

polyhedra (MOPs), two-dimensional macromolecules and polymers, one-dimensional 

complexes and polymers) composed of paddle-wheel units [M2] and organic linkers is 

known.1,2 Starting from precursors with templating character,3 the group of Cotton performed 

pioneering work in creating two-dimensional macromolecules such as squares and triangles 

based on [Mo2] and [Rh2] units.4 Afterwards, several reports about triangular arrays (Mo,5,6 

Rh,7,8 Re9 and Cu10) followed. Notably, in 2008, Allesio et al. gave a comprehensive 

overview of trinuclear metallacycles, emphasising the formation of triangles bearing 

mononuclear corners and bidentate linkers via self-assembly.11 Previously, we reported the 

synthesis of dicarboxylate-bridged [Mo2]n (n = 2, 3, 4) paddle-wheel complexes as potential 

intermediate building blocks for metal-organic frameworks.12 This report focuses on the 

controlled design of triangular arrays based on the self-assembly of [Mo2(NCCH3)10][BF4]4 

and derivatives of isophthalic acid.  
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4.3 Results and Discussion 

Triangular arrays 2 and 3 are synthesised according to Scheme 1 in high purity by the 

controlled assembly of equimolar amounts of 1 with dicarboxylic acids ‘m-bdc-X’ (where X = 

Br 2, NH2 3) in acetonitrile as solvent in good yields (71% 2, 96% 3). In case of 2, small scale 

reactions give higher yields. The reactions are either done at room temperature within 16 

hours or at elevated temperatures in 16 hours. The products can be isolated in form of red 

crystals which are air and moisture sensitive and should be handled in the glove box.  

 

 

Scheme 1 Synthesis of molecular triangles 2 and 3.  

 

NMR samples were measured in CD3CN with concentrations of 0.01 M (2) and 0.04 M (3). 

Selected 1H and 13C NMR chemical shifts of compounds 2 and 3 and their related free acids 

are summarised in Table 1. Corresponding NMR spectra are shown in Figures 1–4. 11B and 
19F NMR spectra of compound 2 are attached (see Figures 4.3 and 4.4, appendix). 

Comparison between free acids and corresponding linked carboxylates shows the influence of 

the dimolybdenum core on the electronic characteristics of the equatorial linker. Triangular 

assembly of free acids 2 and 3 with 1 can be observed by the chemical shifts in the data 

presented in Table 1. The low-field shift of the aromatic protons is typical for bridging 

dicarboxylates. Additionally, a low-field shift of the carbon atoms of the carboxyl groups is 

visible. The 1H NMR values of the molecular triangles 2 and 3 are low-field shifted by 0.4 - 

1.4 ppm compared to those observed in free acids, indicating a more pronounced electron 

deficiency within the aromatic ring. The largest chemical shifts of the aromatic protons can be 

detected for compound 3 (linker: 7.81 to 9.17 ppm and 7.46 to 8.58 ppm). The 13C NMR 

chemical shifts of the carboxylic carbon atoms in 2 and 3 are in average 179.5 ppm. Hence, 

the 13C NMR shift difference between free and coordinated linker is about 13.8 ppm.  
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Table 1 Selected NMR shifts in compounds 2 and 3 and in corresponding free linkers in CD3CN. In comparison 

to free acids, a general trend to low field shifted peaks can be observed. 

δ (ppm) 2 Free acid 2 3 Free acid 3 

1H (CH) 9.04, 8.69 8.48, 8.33 9.17, 8.58 7.81, 7.46 

13C (COO-) 179.6 165.7 179.4 --- 

 

 

Fig. 1 1H NMR spectrum of the molecular triangle [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2) in CD3CN. 
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Fig. 2 13C NMR spectrum of the molecular triangle [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2) in CD3CN. 

 

 

Fig. 3 1H NMR spectrum of the molecular triangle [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) in CD3CN. 
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Fig. 4 13C NMR spectrum of the molecular triangle [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) in CD3CN. 

 

Compounds 2 and 3 are further characterised by means of IR spectroscopy. The shifts 

corresponding to the νCN adsorption (CN asymmetric stretching vibration) in the IR spectra 

are changed from 2254 and 2293 cm-1 for free acetonitrile to 2287 and 2318 cm-1 for 

compound 2 (see Figure 5). These results are in good agreement with 1 exhibiting two shifts 

at 2291 and 2322 cm-1 (see Figure 6). Additionally, the IR spectrum of 2 contains νasym (COO-

) and νsym(COO-) bands at 1510 and 1373 cm-1. The frequency difference (∆ν) of 137 cm-1 

reflects the bridging nature of the carboxylic groups.13 The IR data of 1 and triangles 2 and 3 

are listed in Table 2. Comparing the bands for free and coordinated acetonitrile molecules in 2 

and 3 (see Figure 7), a general shift to higher energy is observed. Related ∆ν values are in the 

range of 139 and 130 cm-1 and are typical for bridging complexes. 
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Table 2 Selected IR data of compounds 1-3 and of free acetonitrile. The bridging nature of the carboxyl groups 

is reflected by typical frequency differences ∆ν. 

ν (cm-1) Free acetonitrile 1 2 3 

CN 2293, 2254 2322, 2291 2318, 2287 2319, 2289 

asymCOO- ___ ___
 1510 1518 

symCOO- ___ ___ 1373 1388 

∆ν ___ ___ 137 130 

 

 

Fig. 5 Infrared spectra of [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2). 
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Fig. 6 Infrared spectra of [Mo2(NCCH3)10][BF4]4 (1). 

 

 

Fig. 7 Infrared spectra of [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3). 

 

The crystal structures of 2 and 3 (see Figures 8 and 9) reveal triangular assemblies of 

acetonitrile ligated Mo2 corners connected via cis-arranged 5-bromoisophthalic acid and 5-

aminoisophthalic acid linker molecules, respectively. Molecular triangles exhibit a bowl-

shaped structure originating from equally oriented substituents X of isophthalic acid (X = Br 
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and NH2). In contrast to equilateral triangles composed of m-bdc-OH (one of three [Mo2] is 

coordinated with one BF4) and m-bdc-F (each [Mo2] is coordinated with one BF4), all 

coordination sites in 2 are occupied by acetonitrile ligands (for 3: axial ligands are unknown). 

Hence, the molecular triangle [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 is described to be 

coordinated with 18 acetonitrile ligands (see Figure 8). However, elemental analysis indicated 

the presence of only 12 acetonitrile and six water ligands. For [(CH3CN)6Mo2(m-bdc-

NH2)]3[BF4]6, elemental analysis values do not agree with calculated values. Closer values 

can be reached if acetonitrile molecules are substituted by water ligands. The average bond 

lengths in 2 are 2.155 for Mo-Mo (in 3: 2.151), 2.094 for Mo-O, 2.147 for Mo-Neq, 2.622 Å 

for Mo-Nax and are in the typical range of molecular triangles.12 

 

 

Fig. 8 Molecular structure of [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2) in the solid state. The BF4
- anions have been 

removed for clarity. Average bond lengths (Å): Mo–Mo 2.1548, Mo–O 2.0940, Mo–Neq 2.1469 and Mo–Nax 

2.6223. 
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Fig. 9 Ortep drawing of [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) with 50% ellipsoids. The BF4
- anions have been 

removed for clarity. Selected bond lengths (Å): Mo1–Mo2 2.154(3) and Mo3–Mo4 2.148(5). 

 

Samples of 2 were characterised by scanning electron microscopy (SEM). Figure 10 shows 

hexagonal plates of 2 bearing angles of 120°, side lengths of ca. 100 µm and an average size 

of 30 µm. The hexagonal shape could have its seeds in the hexagonal array of triangles of 2 

(see 3D polymer {[(CH3CN)6Mo2(m-bdc-F)]3[BF4]6} n).
14 Figure 11 reveals square-shaped 

crystals of compound [(CH3CH2CN)6Mo2(OOC-C6Br4-COO)]4[BF4]8 which is supposed to be 

either a molecular square or a 1D polymer. Consequently, the molecular structure might 

influence the shape of the superstructure. 
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Fig. 10 SEM image of 2.  

 

 

Fig. 11 SEM image of square-shaped compound [(CH3CH2CN)6Mo2(OOC-C6Br4-COO)]4[BF4]8. 
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When applying EDX (energy-dispersive X-ray spectroscopy) to compound 2, the mean 

Mo/Br ratios were 3.35 (range 3.26 – 3.42; n = 3) and deviate from the calculated value of 

2.45 (see Figure 12). 

 

 

Fig. 12 EDX spectrum of [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2). 

 

Triangular arrays 2 and 3 were examined by thermogravimetric analysis in combination with 

online fragment detection via coupled mass spectroscopy (TG-MS), applying a temperature 

program with a heating rate of 10 °C/min between 30 and 1000 °C. Total weight losses of 

about 75 (2) and 69 (3) % of the original mass were detected (see Figures 13 and 14). 

Thermogravimetric analysis reveals maxima in the MS curves of acetonitrile at 251 (2) and 

245 (3) °C. Compounds 2 and 3 show their first decomposition onsets at about 375 (2) and 

350 (3) °C followed by further decompositions starting at 650, 830 (2) and 575, 670 (3) °C. 

These steps originate from a stepwise release of CO2
+ as shown by related maxima in the MS 

curves of CO2
+ at 510, 712, 910 (2) and 520, 623, 679 (3) °C. Additionally, the release of 

benzene molecules is shown by small maxima in the MS curves of benzene+ at 514 (2) and 

551 (3) °C. 
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Fig. 13 TG plot of [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2) and the MS intensity of fragments of the mass 41 

(CH3CN+), 44 (CO2
+) and 78 (C6H6

+). 

Fig. 14 TG plot of [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) and the MS intensity of fragments of the mass 41 

(CH3CN+), 44 (CO2
+) and 78 (C6H6

+). 
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The thermal stabilities of molecular triangles 2 and 3 were compared with the thermal 

behavior of the molecular square [(CH3CN)6Mo2(OOC-C6F4-COO)]4[BF4]8
12 (Table 3). The 

first decomposition temperatures of triangle 3 and molecular square are similar to each other, 

whereas triangle 2 exhibits the highest stability.  

  

Table 3 Decomposition onsets of triangles 2 and 3 and [(CH3CN)6Mo2(OOC-C6F4-COO)]4[BF4]8.  

Compound 
1st decomp. 

Tonset [°C] 

2nd decomp. 

Tonset [°C] 

3rd decomp. 

Tonset [°C] 

Total weight loss 

[w%] 

Triangle 2 375 650 830 75 

Triangle 3 350 575 670 69 

Square 350 600 700 68 

 

4.4 Experimental 

All experiments were carried out under a dry argon atmosphere using standard Schlenk 

techniques. The solvents were dried and distilled under argon following conventional 

methods. Chemicals were purchased from Acros Organics (5-aminoisophthalic acid, 98+% 

and 5-bromoisophthalic acid, 96%) and used as received. The precursor 

[Mo2(NCCH3)10][BF4]4 1 was prepared according to literature procedures.15 NMR 

measurements were performed on a Bruker AVANCE-DPX-400 MHz spectrometer (1H: 

400.13 MHz, 11B: 128.38 MHz, 13C: 100.61 MHz and 19F: 376.5 MHz). Chemical shifts were 

reported in ppm and are referenced to the solvent as internal standard. IR spectra were 

recorded on a Varian FTIR-670 spectrometer, using a GladiATR accessory with a diamond 

ATR element. Energy-dispersive X-ray spectroscopy (EDX) and scanning electron 

microscopy (SEM) were performed using a Hitachi TM-1000 Tabletop Microscope. 

Elemental analyses were carried out at the micro analytical laboratory of the TU München. 

UV-Vis spectra were recorded with a Jasco V-550 spectrometer. Solution spectra were 

measured in a quartz cell with a 1 cm path length; background: solvent vs. solvent. 

Thermogravimetric analysis in combination with online fragment detection via coupled mass 

spectroscopy (TG-MS) was conducted utilising a Netzsch-STA 409 PC/PG; typically about 

10 mg of each sample were heated from 30 to 1000 °C at 10 °C min-1.  
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Synthesis of [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2) 

A solution of 1 equiv. [Mo2(NCCH3)10][BF4]4 (134 mg, 0.141 mmol) and 1 equiv. 5-

bromoisophthalic acid (m-bdc-Br) (36 mg, 0.141 mmol) in 11 mL acetonitrile is stirred for 16 

h at room temperature, whereupon the colour of the solution changes from royal blue to bright 

red. The concentrated solution is layered by a solution of pentane/diethylether = 4:1 to yield 

red crystals within 3 weeks. The crystalline product is collected and washed with diethylether 

(3 x 5 mL) and pentane (3 x 5 mL). Upon drying under vacuum, 85 mg (71 % yield, 0.033 

mmol) of 2 are obtained. 1H NMR (δ ppm, in CD3CN): 9.04 (t, 4JHH = 1.5 Hz, 1H, CH), 8.69 

(d, 4JHH = 1.5 Hz, 2H, CH) and 1.96 (s, 12H, CH3CN). 11B NMR (δ ppm, in CD3CN): 1.80 (s, 

BF4
-). 13C NMR (δ ppm, in CD3CN): 179.6 (COO-), 147.7 (Cquat), 138.0 (CH), 132.9 (CH) 

and 123.9 (CBr). 19F NMR (δ ppm, in CD3CN): -152.26 (s, BF4
-) and -152.31 (s, BF4

-). Anal. 

Calcd. for C48H45B6Br3F24Mo6N12O12 = [(CH3CN)4Mo2(m-bdc-Br)]3[BF4]6
.6H2O: C, 23.76; 

H, 2.37; N, 6.93. Found: C, 22.85; H, 2.51; N, 5.83. UV-Vis (CH3CN): λmax (nm) = 455 and 

545. Selected IR (cm-1): ν(CN) = 2318vw and 2287w; νa(COO) = 1510m, νs(COO) = 1373s; 

ν(BF) = 1063vs, 1027vs. EDX data: calcd. mass ratio of Br to Mo = 29 / 71, found: 23 / 77.  

 

Synthesis of [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) 

A solution of 1 equiv. [Mo2(NCCH3)10][BF4]4 (524 mg, 0.552 mmol) and 1 equiv. 5-

aminoisophthalic acid (m-bdc-NH2) (102 mg, 0.552 mmol) in 43 mL acetonitrile is stirred for 

at least 16 h at 55 °C to yield a bright red solution. The concentrated solution is treated with 

ca. 40 ml diethylether to precipitate a red solid which is collected by filtration, washed with 

diethylether (3 x 20 mL) and pentane (2 x 20 mL). Upon drying under vacuum, 417 mg (96 % 

yield, 0.176 mmol) of compound 3 are isolated as a red solid. By layering the initial reaction 

solution (10 mL) with 8 mL pentane and 2 mL diethylether, red crystals of 3 are obtained 

within a day. 1H NMR (δ ppm, in CD3CN): 9.17 (t, 1H, CH), 8.58 (d, 4JHH = 1.3 Hz, 2H, CH) 

and 1.96 (s, 18H, CH3CN). 11B NMR (δ ppm, in CD3CN): -1.21 (s, BF4
-). 13C NMR (δ ppm, 

in CD3CN): 179.4 (COO-), 147.7 (Cquat), 134.4 (CNH2), 132.8 (CH), 130.1 (CH) and 1.8 

(CH3CN). 19F NMR (δ ppm, in CD3CN): -150.9 (s, BF4
-) and -151.0 (s, BF4

-). Anal. Calcd. 

for C48H51B6F24Mo6N15O12 = [(CH3CN)4Mo2(m-bdc-NH2)]3[BF4]6: C, 27.11; H, 2.42; N, 9.88. 

Found: C, 18.27; H, 3.42; N, 5.68. UV-Vis (CH3CN): λmax (nm) = 454 and 541. Selected IR 

(cm-1): ν(CN) = 2319vw and 2289w; νa(COO) = 1518m, νs(COO) = 1388s; ν(BF) = 1059vs, 

1025vs. 
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4.5 Conclusions 

The synthesis of air and moisture sensitive triangular polygons [(CH3CN)6Mo2(m-bdc-

Br)]3[BF4]6 (2) and [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) is reported. NMR spectra and X-

ray crystallography prove selectivity of the reactions. Elemental analysis is not in agreement 

with calculated values. Considering a substitution of acetonitrile by water ligands, an 

approximation can be achieved. In comparison to [(CH3CN)6Mo2(m-bdc-OH)]3[BF4]6 and 

[(CH3CN)6Mo2(m-bdc-F)]3[BF4]6, the axial coordination sites in 2 are exclusively coordinated 

with acetonitrile ligands. Molecular triangle 2 starts to decompose at 375 °C and exhibits 

higher thermal stability than 3 (350 °C) and the molecular square [(CH3CN)6Mo2(OOC-C6F4-

COO)]4[BF4]8 (350 °C). IR spectra show typical absorption bands indicating the presence of 

bridging carboxyl groups. SEM images reveal hexagonal-shaped superstructures of 2. 
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5. From polygons to polymers: Assembly of metal-organic ‘paddle-wheel’-compounds to 

supramolecular coordination polymers 

 

This chapter originated from the following publication: 

M. Köberl, M. Cokoja, E. Herdtweck and F. E. Kühn,  

Chem. Commun. 2012, submitted. 

 

5.1 Abstract 

Reaction of [Mo2(NCCH3)10][BF4]4 (1) with tetrafluoroterephthalic acid in propionitrile 

solution affords a 1D-polymer consisting of macromolecular squares connected by BF4 

anions. The reaction of 1 with 5-fluoroisophthalic acid leads to formation of a 3D-polymer 

composed of triangular building blocks linked via C-H…F interactions, forming a hexagonal 

array of channels. 

 

5.2 Introduction 

The archetypical way to obtain coordination polymers with paddle-wheel (PW) units is the 

connection of compounds such as [M2(OOC–R)4] or [M2(OOC–R–COO)2]n via the free axial 

coordination sites of the PW with Lewis bases bearing two σ-donor atoms.1 In the last decade, 

a plethora of metal-organic frameworks (MOFs) containing dinuclear PW units have been 

synthesised.2 In 1974, the first pyrazine-bridged polymer chains of [Cu2(OAc)4] were 

reported.3 Subsequently, numerous on one-dimensional (1D) chain polymers of the type 

[M 2(OOC–R)4](Lax)∞ were reported (Lax = linear linker).4-7 We reported the syntheses of 1D-

polymers consisting of Mo2 and Rh2 carboxylates linked by Re(I) complexes,8 as well as by 

ferrocene-based linkers.9,10 More recently, we and others have reported the synthesis of 

molecular, 2D-polygons consisting of M2 PW units connected by dicarboxylates, such as the 

square-shaped compound [(CH3CN)6Mo2(O2C–C6F4–CO2)(BF4)2]4
11 and similar (Rh2)4 

compounds.12 The (Mo2)n compounds have the potential to act as building blocks for the 

assembly of larger frameworks, as they exhibit weakly bound nitrile ligands, which can 

further be substituted for building larger networks. Similar compounds, and 1D-polymers are 

known from reports by Cotton et al.,13 however, they have not been used for the synthesis of 
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3D-networks, since they do not contain accessible coordination sites allowing further 

substitution.  

In this work, we report on the unprecedented and reversible formation of polymeric 

framework structures formed by assembly of positively charged square- and trigonal-shaped 

molecular synthons. 

 

5.3 Results and Discussion 

The air sensitive 1D tubular polymer (2) is synthesised by treatment of the compound 

[Mo2(NCCH3)10][BF4]4 (1) with tetrafluoroterephthalic acid in propionitrile in 40 % yield 

(Scheme 1). The 1H NMR spectrum of 2a shows two signals at 2.36 ppm (q, 3JHH = 7.6 Hz, 

CH3CH2CN, 2H) and 1.12 ppm (t, 3JHH = 7.6 Hz, CH3CH2CN, 3H) of free propionitrile, as a 

consequence of a fast scrambling with CD3CN (Figure 5.4, appendix).  

 

 

Scheme 1 Synthesis of 2 by stacking the square-shaped macromolecule with BF4 anions. Propionitrile ligands at 

Mo2 centers in 2a are omitted for clarity. 

 

Five signals in the 13C NMR spectrum (see Figure 1) can be assigned to compound 2a, i.e. 

the carboxyl group (172.2 ppm), the quaternary C atom (147.8 ppm) and the C atoms of free 
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propionitrile (122.4, 11.3 and 10.8 ppm). The 19F NMR (Figure 5.5, appendix) shows one 

singlet at -138.2 ppm (attributed to aromatic F atoms of the linker) and two singlets at -151.67 

and -151.72 ppm (BF4). The 11B NMR spectrum exhibits only one singlet at -1.13 ppm (see 

Figure 2), indicating that polymer 2b is not stable in solution and dissolves in its components, 

square-shaped building units and BF4 anions. This assumption is confirmed by the agreement 

of the NMR data of 2a with the complex [(CH3CN)6Mo2(O2C–C6F4–CO2)(BF4)2]4.
11 Two 

adjacent singlets at -0.93 and -2.65 ppm in the 11B MAS NMR (see Figure 3) indicate that 

polymer 2b exhibits two different BF4 anions – stacking BF4 acting as pillars and non-

coordinating BF4 anions. Elemental analysis corroborates the calculated values. Hence, each 

Mo2 PW unit in the crystalline compound 2b exhibits four coordinated propionitrile ligands. 

UV-Vis experiments of 2b show absorbances at 456 and 419 nm. 

 

 

Fig. 1 13C NMR of 2a in CD3CN. 
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Fig. 2. 11B NMR of 2a in CD3CN. 

 

 

Fig. 3 11B solid-state NMR of polymer 2b. 
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A fragment of the X-ray single crystal structure of the 1D-polymer 2b is shown in Figure 4. 

Polymer 2b is consisting of molecular entities of the square-like complex, which are linearly 

connected via axial coordinating BF4 anions to form a straight 1D-channel (Figure 5) with a 

pore aperture width of around 8 Å. This deviation of 1.5 Å from the width of the single 

molecular square (9.5 Å) can be explained by the different orientation of the fluorinated 

benzene rings in the solid state. Single squares in 2b, bearing lateral lengths of ~ 11 Å, are 

stacked via bidentate BF4 anions in a distance of around 7 Å (= axial Mo2
…Mo2 distance). 

 

 

Fig. 4 View of the X-ray single crystal structure of the one-dimensional polymer 2 in the solid state towards the 

(101) plane. Propionitrile and BF4 molecules of the channel are omitted for clarity. 

 

 

Fig. 5 View of the stacking pattern in 2 along the (010) axis. Propionitrile molecules and free BF4 anions are 

omitted for clarity. 

 

Comparing the atomic distances in the BF4 linker, two different bond lengths B…Fax (~1.41 

Å) and B…Ffree (~1.38 Å) can be observed. While three of four anions are non-coordinating 

and localised outside the channel, one BF4 anion is untraceable. The data for 2 are of rather 
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poor quality due to the nature of the crystals. Unbalanced charges, unresolvable disordered 

solvent molecules and unknown solvent molecules forced us to abort the refinements. 

Attempts to grow crystals of better quality were so far unsuccessful. The data were refined to 

an error factor of wR2 = 0.2399 allowing to establish with certainty atom connectivity, even 

though the accuracy in the measurements of bond lengths and angles is limited.  

In the solid-state infrared (IR) spectrum of compound 2b (see Figure 6), the bands 

corresponding to the νBF vibrations ‘linking’ BF4, which is part of the framework, and ‘free’ 

BF4 can be distinguished. In the precursor 1, strong shifts at 1055 and 1016 cm-1 indicate νBF 

vibrations of non-coordinating BF4 anions. In comparison to 2b, related BF4 bands at 1053 

and 996 cm-1 are shifted to lower energies due to BF4 axially bridging two [Mo2]4 square 

units. This trend is in good agreement with previously reported dimolybdenum(II) complexes 

bearing coordinating and non-coordinating BF4 molecules.14 The νCN vibration is shifted from 

2248 cm-1 for free propionitrile to 2284 cm-1 for compound 2b, showing the coordination to 

[Mo2]. Additionally, the IR spectrum of 2b contains νasym (COO-) and νsym(COO-) bands at 

1540 and 1399 cm-1. The frequency difference of 141 cm-1 reflects the bridging nature of the 

carboxylic groups. 

 

Fig. 6 Solid-state infrared spectrum of 2b. 

 

Thermogravimetric analysis of 2b reveals a total weight loss of about 77 % of the original 

mass between room temperature and 1000 °C (Figure 7). The residual mass of 23 % can be 
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assigned to elemental molybdenum. The TG curve indicates that 2b loses propionitrile ligands 

above 100 °C. The polymer shows its first decomposition onset at 270 °C, followed by further 

decompositions starting at 500, 720 and 800 °C. These steps originate from a stepwise release 

of CO2
+ as shown by related maxima in the MS curves of CO2

+ at 430, 630, 770 and 830 °C.  

 
Fig. 7 TG plot (green) of 2b and the MS intensity of fragments of the mass  44 (black, CO2

+) and mass 55 (red, 

CH3CH2CN+). 

 

Samples of 2b were characterised by scanning electron microscopy (SEM, Figure 8). The 

images reveal a rod-shaped, rectangular layer structure of 2b with a particle size of ca. 1000 x 

300 x 50 µm. The shape of the microcrystals appears to be caused by the linear connection of 

squares via BF4 units. Taking a closer look on the surface of the crystalline rod, a layer 

structure is observed. 
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Fig. 8 SEM images of polymer 2b. 

 

The treatment of 1 with stoichiometric amounts of 5-fluoroisophthalic acid in acetonitrile 

solution affords the three-dimensional polymer 3 in a yield of 62 %. Compound 3 is air 

sensitive and should be handled and stored under inert gas. Elemental analysis of red crystals 

of 3 supports the formula {[(CH3CN)3.66Mo2(m-bdc-F)]3[BF4]6
.1.3Et2O}n. UV-Vis spectra of 

the red compound show absorptions at 454 and 543 nm.  

NMR spectra of 3 were measured in CD3CN. Selected 1H NMR, 13C and 19F NMR chemical 

shifts of compound 3 and its related free acid are shown in Table 1. The 1H NMR resonances 

of 3 (see Figure 9) are low-field shifted by 0.58 and 0.36 ppm, respectively, compared to 

those observed in free acids, is typical for bridging dicarboxylates, indicating a more 

pronounced electron deficiency within the aromatic ring. The 13C NMR chemical shift of the 

carboxylic carbon atoms in 3 is 179.9 ppm. Hence, the 13C NMR shift difference between free 

and coordinated linker is about 14.0 ppm. Additionally, the 19F NMR shift difference between 

free and coordinated linker in 3 is 2.3 ppm (Figure 5.8, appendix).  

 

Table 1 Selected NMR shifts in compound 3 and in free linker in CD3CN. In comparison to free acid, a general 

trend to low field shifted peaks can be observed. 

δ (ppm) 3 Free acid 3 
1H (CH) 8.95, 8.29 8.37, 7.93 
13C (COO-) 179.9 165.9 
19F (CF) -110.9 -113.2 

 



Results and Discussion – From polygons to polymers: Assembly of metal-organic ‘paddle-wheel’-compounds to supramolecular 
coordination polymers 

 

77 

 

 

 

Fig. 9 1H NMR of polymer 3 in CD3CN. 

 

It can safely be assumed that analogously to the case of compound 2, compound 3 is 

monomeric in solution, exhibiting a bowl-shaped, triangular PW polygon, as shown in Figure 

10a. The triangle crystallises in the trigonal space group P-3 with two formula units per unit 

cell. Note that the three Mo2 units are not oriented parallel to each other, as is the case in 

compounds 2a/2b, but are rather arranged conically, giving rise to the shape of the linker. 

Bond distances within the equilateral triangle are in the typical range of dicarboxylate-bridged 

PW compounds such as the bowl-shaped triangle [(CH3CN)6Mo2(m-bdc-OH)]3[BF4]6
11 and 

are thus not further discussed. Labels are given in the appendix. 
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Fig. 10 (a) Crystal structure of the triangular building unit in 3. Axial and equatorial acetonitrile ligands are 

omitted for clarity. (b) Related contacts in the two-membered “linking unit”.  

 

 

Fig. 11 Bowl-shaped triangular building block with sterically separated BF4 and aromatic fluorine atoms. 

 

In each Mo2 unit one axial position is occupied by center oriented BF4 anions (dMoF = 2.67 

Å, Figures 10b and 11). Consequently, the intermolecular packing (Figure 10b) of triangular 

‘Lego bricks’ via C–H…F interactions15 between equatorial coordinated acetonitrile (dMoNeq = 

2.14 Å) and axially coordinated BF4 molecules (NCCH2–H…F-BF3, dHF = 2.29 Å) leads to the 

formation of hexagonal-shaped 2D layers, which are stacked forming a 3D-polymer. The 

H…F interaction most presumably originates from the increased acidity of the acetonitrile 

proton, which is a consequence of the coordination to the electrophilic [Mo2]
2+ PW core. The 
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assembly of coordination compounds to supramolecular polymers via hydrogen bonds is well 

known,16 however, this type of M–NCCH2–H…F–BF2–F–M interactions leading to 

supramolecular frameworks has not been reported before. Similar contacts are observed in 

precursor 117 (dHF = 2.20 Å), in [Cu(NCCH3)4][BF4]
18 (2.45 Å), in [Mo2(NCCH3)6(O2C-C4H6-

CO2)]2[BF4]4
11 (2.28 Å, Figure 12) and 1,3-diisopropyl-4,5-dimethylimidazolium BF4 (2.37 

Å).19  

 

 

Fig. 12 Supramolecular assembly of molecular loops [Mo2(NCCH3)6(O2C-C4H6-CO2)]2[BF4]4 along (010) axis. 

The loops are connected via three-membered NCCH3
…BF4

…H3CCN linkage. 

 

The hexagonal assembly of the triangular building blocks is shown in Figure 13. Since the 

orientation of the triangles within a hexagonal subunit is alternating, the 2D layers adopt a 

non-planar shape, analogous to the chair conformation of cyclohexane (Figure 14). The 3D-

polymer is formed via stacking of the 2D layers by means of H…F interactions (NCCH2–

H…F–B(F2)–F…H–H2CCN, dHF = 2.48 and 2.54 Å). 
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Fig. 13 Left: assembly of hexagonal subunits (composed of six triangular building blocks) to a 3D-framework 

(view along the (001) plane). Right: The cut-out of one layer of the 3D polymer 3 viewed along the (001) plane. 

24 triangles are assembled to form a hexagon. 

 

 

Fig. 14 Hexagonal subunit in 3 viewed along the (110) axis. The non-planar shape is analogue to the chair 

conformation of cyclohexane. 

 

Notably, axial and equatorial coordinating acetonitrile molecules (dMoNax = 2.62 and dMoNeq = 

2.14 Å) are part of the three-membered linking unit (Figure 5.3, appendix). The stacking 

pattern of 3 is shown in Figure 15. Ion channels exist within the 2D layers due to BF4 

accumulation. Consequently, all aromatic fluorine atoms are directed to the upper and lower 
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surface of each 2D layer, respectively. Hence, the distance of 2D layers should be controlled 

via suitable linker molecules through C–H…F interactions. Figure 13 shows a micropore of 

the 3D polymer with a pore aperture of around 15 Å, which is, for instance, smaller than in 

the microporous copper trimesate MOF HKUST-120 (18 Å). The hexagonal array of uniform 

micropores leads to the formation of the 3D polymer, which is similar to MCM-41.21 A lateral 

view of the micropore reveals additional cavities in 3 (Figure 16). 

 

 

Fig. 15 View at the coordination polymer towards the 2D network of 3 (010) plane (left). Cavities are observed 

when 3 is viewed along (010) axis (right). The 3D polymer is formed by stacking of 2D layers via a three-

membered NCCH3
…BF4

…H3CCN linkage. Each layer bears an ion channel (green area, distance of two ion 

channels is about 38 Å) originating from BF4 anions. 

 

 

Fig. 16 Lateral view of hexagonal channel in 3D polymer emphasising the porous structure (left) and ion 

channels of BF4 anions within four stacked hexagonal subunits (right), respectively. 
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Thermogravimetric analysis of 3 shows that compound 3 exhibits its decomposition onset at 

about 350 °C (Figure 17). A total weight loss of about 70 % of the original mass is observed. 

According to the TG-MS plot (Figure 5.9, appendix), mass fragments of benzene+ and 

fluorobenzene+ can be detected. Compound 3 is further characterised by means of solid-state 

IR spectroscopy. The νCN absorption bands are changed from 2254 cm-1 for free acetonitrile to 

2285 cm-1 for 3 ( Figure 18). The higher energy vibration in the νCN region (2293 and 2318 

cm-1 for free acetonitrile and 3, respectively) can be assigned to combination bands resulting 

from the symmetrical CH3 deformation and the C–C stretch intensified by the νCN band. These 

results are in good agreement with 1, exhibiting two bands at 2291 and 2322 cm-1. 

Additionally, the IR spectrum of 3 contains νasym (COO-) and νsym(COO-) bands at 1513 and 

1380 cm-1. The frequency difference (∆ν) of 133 cm-1 reflects the bridging nature of the 

carboxylic groups. Analogously to 2, one of the BF4 bands in 3 at 970 cm-1 is shifted to lower 

energies due to axial coordination of BF4 molecules. 

 
Fig. 17 TG (green) and MS curves (red acetonitrile, black CO2) of 3D polymer 3. 
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Fig. 18 Solid-state infrared spectrum of 3D polymer 3. 

 

5.4 Experimental 

All preparations and manipulations were carried out under argon atmosphere using standard 

Schlenk techniques and all solvents were dried using standard procedures. Chemicals were 

purchased from Aldrich (tetrafluoroterephthalic acid, 97 %) and ABCR (5-fluoroisophthalic 

acid, 98 %) and used as received. The precursor [Mo2(NCCH3)10][BF4]4 1 was prepared 

according to literature procedure.17 NMR measurements were performed on a Bruker 

AVANCE-DPX-400 MHz spectrometer (1H: 400.13 MHz, 11B: 128.38 MHz, 13C: 100.61 

MHz and 19F: 376.5 MHz). Chemical shifts were reported in ppm and are referenced to the 

solvent as internal standard. IR spectra were recorded on a Varian FTIR-670 spectrometer, 

using a GladiATR accessory with a diamond ATR element. Scanning electron microscope 

(SEM) images were taken using a Hitachi TM-1000 Tabletop Microscope. Elemental analyses 

were carried out at the micro analytical laboratory of the TU München. UV-Vis spectra were 

recorded with a Jasco V-550 spectrometer. Solution spectra were measured in a quartz cell 

with a 1 cm path length; background: solvent vs. solvent. Thermogravimetric analysis in 

combination with online fragment detection via coupled mass spectroscopy (TG-MS) was 

conducted utilising a Netzsch-STA 409 PC/PG; typically about 10 mg of each sample were 
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heated from 30 to 1000 °C at 10 °C min-1. 11B single pulse NMR spectra were recorded at 

96.29 MHz (800 scans) using a Bruker BioSpin spectrometer with a spinning rate of 12 kHz 

and 5 s relaxation delay. 13C CPMAS spectra were recorded at 75.47 MHz (5300 scans) with 

a spinning rate of 10 kHz and 2 s relaxation delays.   

 

Synthesis of {[(CH3CH2CN)4Mo2(O2C-C6F4-CO2)(BF4)2]4}n (2) 

A propionitrile solution (60 mL) of 1 equiv. [Mo2(NCCH3)10][BF4]4 (555 mg, 0.584 mmol) 

and 1 equiv. tetrafluoroterephthalic acid (143 mg, 0.584 mmol) is stirred for 24 h at room 

temperature to yield a dark red solution. The initial reaction solution is layered with 30 mL 

pentane to obtain dark red crystals within 3 d. The crystalline product is collected and dried 

under vacuum to isolate 193 mg (40 % yield, 0.059 mmol) of red solid 2. 1H NMR (δ ppm, in 

CD3CN): 2.36 (q, 3JHH = 7.6 Hz, 2H, CH2) and 1.21 (t, 3JHH = 7.6 Hz, 3H, CH3). 
11B NMR (δ 

ppm, in CD3CN): -1.13 (s, BF4
-). 13C NMR (δ ppm, in CD3CN): 172.2 (COO-), 147.8 (Cquat), 

122.4 (CN), 11.3 (CH2) and 10.8 (CH3). 
19F NMR (δ ppm, in CD3CN): -138.2 (s, Far), -

151.67 (s, BF4
-) and -151.72 (s, BF4

-). UV-Vis (CH3CN): λmax (nm) = 456 and 419. Anal. 

Calcd. for (C80H80B8F48Mo8N16O16)n = {[(CH3CH2CN)4Mo2(O2C-C6F4-CO2)(BF4)2]4} n: C, 

29.23; H, 2.45; N, 6.82. Found: C, 29.74; H, 2.59; N, 6.84. Selected IR (cm-1): ν(CN) = 

2284w; νa(COO) = 1540s, νs(COO) = 1399s; ν(BF) = 1053s, 996vs.  

 

Synthesis of {[(CH3CN)6Mo2(m-bdc-F)]3[BF4]6}n (3) 

An acetonitrile solution (20 mL) of 1 equiv. [Mo2(NCCH3)10][BF4]4 (252 mg, 0.265 mmol) 

and 1 equiv. 5-fluoroisophthalic acid (m-bdc-F) (50.0 mg, 0.265 mmol) is stirred for 72 h at 

room temperature to yield a bright red solution. The concentrated solution is layered by a 

solution of pentane/diethylether = 4:1 to yield red crystals within one week. The crystalline 

product is collected and washed with diethylether (3 x 6 mL) and pentane (2 x 5 mL). Upon 

drying under vacuum 130 mg (62%, 0.055 mmol) of red solid 3 are isolated. 1H NMR (δ ppm, 

in CD3CN): 8.95 (dd, 4JHH = 1.4 Hz, 1H, CH), 8.29 (dd, 3JFH = 8.6 Hz, 4JHH = 1.4 Hz, 2H, 

CH) and 1.96 (s, 12H, CH3CN). 11B NMR (δ ppm, in CD3CN): -1.27 (s, BF4
-). 13C NMR (δ 

ppm, in CD3CN): 179.9 (COO-).19F NMR (δ ppm, in CD3CN): -110.9 (t, CF), -152.27 (s, 

BF4
-) and -152.32 (s, BF4

-). Anal. Calcd. for C50H52B6F27Mo6N11O13 = [(CH3CN)3.66Mo2(m-

bdc-F]3[BF4]6
.1.3Et2O: C, 28.07; H, 2.53; N, 7.03. Found: C, 27.79; H, 2.53; N, 7.10. UV-Vis 



Results and Discussion – From polygons to polymers: Assembly of metal-organic ‘paddle-wheel’-compounds to supramolecular 
coordination polymers 

 

85 

 

(CH3CN): λmax (nm) = 454 and 543. Selected IR (cm-1): ν(CN) = 2318vw and 2285w; 

νa(COO) = 1513m, νs(COO) = 1380s; ν(BF) = 1057s, 1020vs and 970s. 

 

5.5 Conclusions 

In this work, new crystalline 1D- and 3D coordination polymers are obtained via connection 

of triangular and square-shaped PW [Mo2]3 and [Mo2]4 precursors by BF4 anions, forming 

supramolecular coordination frameworks. This is a novel access to supramolecular 

coordination polymers, nicely showing the potential of a “bottom-up” synthesis of MOFs 

starting from defined macromolecular building units. 
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6. Synthesis and Characterisation of Imidazolium Salts with the Weakly Coordinating 

[B(C6F5)4]
- Anion 

 

This chapter originated from the following publication: 

Bo Zhang‡, Mathias Köberl‡, Alexander Pöthig, Mirza Cokoja, Wolfgang A. Herrmann and 

Fritz E. Kühn, 

Z. Naturforsch. 2012, 67b, 1030. 
‡ Equally contributing authors 

 

 

6.1 Abstract 

The crystallisation of [Li(OEt2)4][B(C6F5)4] from acetonitrile yields [Li(NCCH3)4][B(C6F5)4] 

(1). The application of 1 and [Ag(NCCH3)4][B(C6F5)4] (2) as salt metathesis reagents is 

demonstrated in the synthesis of two different imidazolium salts with the weakly coordinating 

[B(C6F5)4]
- anion, [Bmim][B(C6F5)4] (Bmim = 1-butyl-3-methylimidazolium) (3) and 

[Dbmim][B(C6F5)4] (Dbmim = 1,2-dimethyl-3-butylimidazolium) (4). Organic salts 1, 3 and 4 

were characterised, including the solid-state structures, by NMR spectroscopy, elemental 

analysis, single-crystal X-ray diffraction, DSC, and TGA-MS. According to DSC, the 

imidazolium salts 3 and 4 are thermally stable to temperature > 240 °C. However, 

[Ag(NCCH3)4][B(C6F5)4] has been found to be a better metathesis reagent than 

[Li(NCCH3)4][B(C6F5)4] for the synthesis of the imidazolium salts 3 and 4. 

 

6.2 Introduction 

Weakly coordinating anions (WCAs) have been a subject of intensive research in the past 

decade due to their increasing importance in coordination chemistry and catalysis.1-6 These 

applications have grown out of basic research into the special properties of anions containing 

hydrocarbon and fluorocarbon functionality such as [SO3CF3]
-, [B(C6F5)4]

- and [OTeF5]
-.7 

Owing to the importance of WCAs both in fundamental and applied chemistry, a new class of 

WCAs has recently been developed. Robert et al. reported the anions [(C6F5)3M-LN-

M(C6F5)3]
-, with M = B or Al and the linking group LN being azide, dicyanamide, and 

imidazolide, which were found to be the most stable and effective activators for olefin 

polymerisation reaction.8,9 [CB11H12]
- and related carborane anions developed by Reed et al. 



Results and Discussion – Synthesis and Characterisation of Imidazolium Salts with the Weakly Coordinating [B(C6F5)4]
- Anion 

 
 

88 

 

were applied in many systems, despite the expensive and time-consuming multistep procedure 

of their preparation.10 

 The [B(C6F5)4]
- anion, commonly abbreviated as BArF, is much more stable compared to 

the other anions and frequently used as a counteranion for electrophilic cations.7,11 It can be 

introduced by salt metathesis reaction of reagents such as Li[B(C6F5)4], which was first 

reported in 1963,12 [Mn(NCCH3)6][B(C6F5)4]2,
13 [H(OEt2)2][B(C6F5)4],

14 [Li(OEt2)4]-

[B(C6F5)4],
15 [HNnBu3][B(C6F5)4],

16 [nBu4N][B(C6F5)4],
17 the superacid [C6Me3H4]-

[B(C6F5)4],
18 [Cp2Zr(CH3)][B(C6F5)4],

19,20 [Ag(NCCH3)4][B(C6F5)4]
21 and [M(NCCH3)6]-

[B(C6F5)4] (M = Cr, Fe, Co, Ni, Cu, Zn)22,23 with labile or sometimes even covalently bound 

halides. Recently, imidazolium-based ionic liquids (ILs) have received considerable attention 

in different research fields.24-30 The synthesis of ILs bearing [B(C6F5)4]
- anions and organic 

cations such as imidazolium could represent an approach to combine the advantages of 

unreactive and stabilising WCAs and eco-friendly ILs with low vapor pressure. Since 

[B(C6F5)4]
- - based organic salts with imidazolium cations are quite rare,31,32 we focused on 

the synthesis of new ionic compounds consisting of imidazolium cations and [B(C6F5)4]
- 

anions via metathesis reactions. In this report, we present the precursors 1 and 2 as metathesis 

reagents for the conversion of imidazolium bromides [Bmim]Br and [Dbmim]Br (Bmim = 1-

butyl-3-methylimidazolium; Dbmim = 1,2-dimethyl-3-butylimidazolium) to yield the 

imidazolium-based salts 3 and 4 with the [B(C6F5)4]
- anion. 

 

6.3 Results and Discussion 

Synthesis of [Li(NCCH3)4][B(C 6F5)4 ] (1) 

The alkali metal salt [Li(OEt2)4][B(C6F5)4] was prepared according to literature procedures,23 

but using C6F5I instead of C6F5Br. The reaction of 1 equiv. LiC6F5 with 0.25 equiv. BCl3 in a 

mixture of diethyl ether/hexane at low temperatures leads to the formation of 

[Li(OEt2)4][B(C6F5)4] under precipitation of LiCl. Subsequent crystallisation of [Li(OEt2)4]-

[B(C6F5)4] from a concentrated solution in acetonitrile yields [Li(NCCH3)4][B(C6F5)4 ] (1) as 

colorless crystals in a moderate yield of 41% (Scheme 1). Compound 1 exhibits very good 

solubility in polar organic solvents such as acetonitrile and diethyl ether. It is stable at room 

temperature and can be handled in air for a short period of time (5 min). The 1H NMR 

spectrum (Figure 6.1, appendix) shows one broad singlet at 1.96 ppm originating from free 

acetonitrile, as a consequence of a fast scrambling with CD3CN solvent molecules. The 19F 
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NMR (see Figure 1) exhibits one broad singlet at -133.8 ppm (arising from 8 o-F atoms), one 

triplet at -164.0 ppm (attributed to 4 p-F atoms) and one multiplet which can be assigned to 8 

m-F atoms. According to elemental analysis, the number of coordinated acetonitrile molecules 

to the lithium cation is four (see Experimental). 

  

 

Fig. 1 19F NMR of compound 1 in CD3CN. 

 

Compound 1 has further been characterised by means of IR spectroscopy. The νCN 

absorption band in the IR spectrum (Figure 6.4, appendix) is shifted from 2254 for free 

acetonitrile to 2279 for compound 1. The higher energy vibration in the νCN region (2293 and 

2306 cm-1 for free acetonitrile and 1, respectively) can be assigned to combination bands 

resulting from the symmetrical CH3 deformation and the C-C stretch intensified by the νCN 

band. These results are in good agreement with what has previously been reported for related 

Cu(I)33 and Ag(I)21 complexes.  
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4 C6F5I

n-BuLi, Et2O 
-78 °C

- 4 n-BuI

BCl3, Et2O 
-78 °C

- 3 LiCl
[Li(OEt2)4][B(C6F5)4]

[Li(NCCH3)4][B(C6F5)4]

1

CH3CN-25 °C

4 LiC6F5

 

Scheme 1 Synthesis of the precursor [Li(NCCH3)4][B(C6F5)4 ] (1). 

 

Crystal structure of 1 

The molecular structure of compound 1 is presented in Figure 2. The compound crystallises in 

the monoclinic space group P21/n with one ion pair in the asymmetric unit. Both central 

atoms (lithium and boron) exhibit a tetrahedral coordination environment. Selected bond 

lengths are given in Table 1. The Li-N bond lengths (in average 2.03 Å) are longer than the 

Li-O bond lengths of [Li(OEt2)4][B(C6F5)4] described by Martin et al. (in average 1.95 Å),15 

which are also listed in Table 1. According to the non-coordinating nature of the [B(C6F5)4]
- 

anion, the B-C bond lengths in 1 and [Li(OEt2)4][B(C6F5)4] are similar. Since the steric 

demand of the “end-on” - coordinated linear acetonitrile molecules is lower than that of the 

“side-on” - coordinated diethyl ether molecules, the N-Li-N bond angles in 1 exhibit a broader 

range (103 to 122°) than the related O-Li-O bond angles in Martin’s diethyletherate (104 to 

117°). 

 

Table 1 Comparison of selected bond lengths (Å) and angles (deg) in 1 and [Li(OEt2)4][B(C6F5)4]
15. 

Selected bond lengthsmin-max 1 [Li(OEt2)4][B(C6F5)4] 

Li−O ___ 1.936(4)-1.957(4) 

Li−N  2.010(3)-2.044(3) ___ 

B−C 1.654(2)-1.657(2) 1.651(3)-1.658(3) 

Selected bond anglesmin-max   

O−Li−O ___ 104.2(2)-116.9(2) 

N−Li−N  103.0(2)-121.6(2) ___ 

C−B−C 100.8(1)-114.5(1) 101.6(2)-114.5(2) 

 

 

 

 



Results and Discussion – Synthesis and Characterisation of Imidazolium Salts with the Weakly Coordinating [B(C6F5)4]
- Anion 

 
 

91 

 

 

 

Fig. 2 ORTEP view of 1 showing vibrational ellipsoids at the 50 % probability level. H atoms are omitted for 

clarity. Selected bond lengths (Å) and angles (deg): Li1−N1 2.033(3), Li1−N2 2.041(3), Li1−N3 2.010(3), 

Li1−N4 2.044(3), Li1−N1−C25 160.2(2), Li1−N2−C27 169.1(2), Li1−N3−C29 169.9(2), Li1−N4−C31 

175.5(2), N1−Li1−N2 104.6(2), N2−Li1−N3 103.2(2), N3−Li1−N4 105.5(2), N1−Li1−N4 103.0(2), 

N1−Li1−N3 121.6(2), N2−Li1−N3 103.2(2).  

 

Synthesis of the new imidazolium-BAr
F
 compounds 3 and 4 

In order to obtain the imidazolium salts 3 and 4, two different starting materials,  

[Li(NCCH3)4][B(C6F5)4 ] and [Ag(NCCH3)4][B(C6F5)4] (2), were used (Scheme 2). The latter 

was prepared according to the literature.21 

 

[Bmim]Br]
CH2Cl2, r. t.

[Bmim][B(C6F5)4]

M = Li, Ag

3
- MBr

M[B(C6F5)4]

 

Scheme 2 Synthesis of [Bmim][B(C6F5)4 ] (3). 

 

The metathesis reaction of 1 with [Bmim]Br leads to the formation of 3 in a yield of 62 % 

within 2 h at room temperature. In order to increase the yield and reduce the reaction time, we 

selected [Ag(NCCH3)4][B(C6F5)4] as precursor for the synthesis of the imidazolium-BArF 

compound. In the metathesis reaction, silver cations were exchanged by imidazolium cations. 
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The metathesis was performed using dry CH2Cl2 in the dark at room temperature. The 

reaction mixture was stirred for 10 min, and then filtered through siliceous earth through a 

Schlenk frit. The solvent was removed under high vacuum. The product was washed with dry 

hexane and then dried in vacuo. Typical yields of the purified product were around 89 %. In 

the 19F NMR spectra of compounds [Bmim][B(C6F5)4] and [Dbmim][B(C6F5)4] the fluorine 

signals are shifted about 2 ppm toward low field, compared to those of 

[Ag(NCCH3)4][B(C6F5)4] (Table 2), indicating that the bromide salts ([Bmim]Br and 

[Dbmim]Br) have reacted with [Ag(NCCH3)4][B(C6F5)4]. 

 

Table 2 19F NMR chemical shifts (ppm) of [Ag(NCCH3)4][B(C6F5)4], [Bmim][B(C6F5)4] and [Dbmim][B(C6F5)4] 

in DMSO. 

Compound δ (19F) (ppm) 

[Ag(NCCH3)4][B(C6F5)4] -168.4 -164.0 -133.8 

[Bmim]B(C6F5)4 -165.6 -161.7 -131.3 

[Dbmim]B(C6F5)4 -166.0 -161.5 -132.4 

 

Crystal structures of compounds 3 and 4 

Crystals of [Bmim][B(C6F5)4]  and [Dbmim][B(C6F5)4] suitable for X-ray crystal structure 

analysis were obtained by slow diffusion of hexane into a dichloromethane solution of the 

corresponding compound. 3 and 4 are very stable in air for a long time (at least one day) and 

soluble in polar organic solvents such as ethers and dichloromethane. The molecular 

structures of 3 and 4 are presented in Figures 3 and 4, respectively. Both compounds 

crystallise in the monoclinic space group P21/c. The asymmetric unit consists of one anion 

and one [Bmim]+ cation (3) or of two ion pairs [Dbmim]+[B(C6F5)]
- (4). No significant 

cation…anion contacts are observed. 
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Fig. 3 ORTEP view of 3 showing vibrational ellipsoids at the 50 % probability level. H atoms are omitted for 

clarity.  

 

 

Fig. 4 ORTEP view of 4 showing vibrational ellipsoids at the 30 % probability level. H atoms are omitted for 

clarity.  

 

Thermal characterisation of compounds 1, 3 and 4 

Samples of compounds 1, 3 and 4 were examined by thermogravimetric analysis (TGA) in 

combination with online fragment detection via coupled mass spectroscopy (MS), applying a 

temperature program with a heating rate of 10 °C/min between 30 and 1000 °C. For 
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compound 1, a total weight loss of about 87 % of the original mass was detected. Complex 1 

shows its first decomposition onset at 135 °C and is associated with a weight loss of ca. 9 % 

of the original mass. The second and final decomposition starts at 220 °C and corresponds to a 

weight loss of 70 % at 400 °C. The first step originates from the loss of CH3CN molecules as 

indicated by detection of CH3
+ and CN- fragments (see Figure 5). The second maximum in the 

MS curves of CH3CN, CH3
+ and CN- fragments is at 285 °C. Simultaneously, maxima in the 

MS curves of Li.(CH3CN)+ and C6F5
+ fragments, resulting from the stepwise decomposition 

of the [B(C6F5)4]
- anion, are observed at 285 °C (Figures 6.2 and 6.3, appendix).  

Fig. 5 TG curve (green) of compound 1 and MS curves (m15, m26 and m41) originating from CH3
+, CN+ and 

CH3CN+. 

 

The ionic compounds 3 and 4 exhibit thermal stabilities beyond 240 °C (245 °C for 3, 

270 °C for 4). Furthermore, the thermal behavior of the salts was studied by differential 

scanning calorimetry (DSC), as shown in Figure 6. Both crystalline salts displayed a sharp 

melting transition on heating, and crystallised on cooling from the melt. The melting and 

crystallisation points of 3 and 4 are 145, 97 °C and 151, 70 °C, respectively. 
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Fig. 6 Characteristic DSC trances for 3 and 4 showing the melting and crystallisation points. 

 

6.4 Experimental 

General methods 

All reactions were performed in an argon atmosphere using standard Schlenk techniques. 

Solvents were dried by standard procedures (n-hexane and diethyl ether over 

Na/benzophenone; CH2Cl2 over CaH2), distilled under argon and used immediately or stored 

over molecular sieves. 1H, 11B and 19F NMR spectra were recorded on a Bruker Avance DPX-

400 spectrometer. IR spectra were recorded on a Varian FTIR-670 spectrometer, using a 

GladiATR accessory with a diamond ATR element. Elemental analyses were performed with 

a Flash EA 1112 series elemental analyzer. Thermogravimetric analysis in combination with 

online fragment detection via coupled mass spectroscopy (TGA-MS) was conducted utilising 

a Netzsch-STA 409 PC system. Typically, about 10 mg of each sample were heated from 30 

to 1000 °C at 10 °C min-1. Differential scanning calorimetric analysis (DSC) was performed 

on a DSCQ 2000 from TA instrument (Waters) in the temperature range from 0 to 200 °C at 

10 °C min-1. Fast atom bombardment mass spectrometry (FAB-MS) was carried out with a 

Finnigan MAT 90 mass spectrometer. The compound [Ag(NCCH3)4][B(C6F5)4] was 

synthesised according to the literature.21 All chemicals were purchased from Aldrich, Acros 

Organics and ABCR and used without further purification.  
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Single-crystal X-ray structure determinations  

Intensity data were collected on an X-ray diffractometer equipped with a CCD detector 

(APEX II, κ-CCD), a rotating anode (Bruker AXS, FR591) or a fine-focus sealed tube with 

MoKα radiation (λ = 0.71073 Å), and a graphite monochromator using the SMART software 

package.34 The measurements were performed on single crystals coated with Paratone oil and 

mounted on glass capillaries. Each crystal was frozen under a stream of nitrogen. A matrix 

scan using at least 20 centered reflections was used to determine the initial lattice parameters. 

Reflections were merged and corrected for Lorenz and polarisation effects, scan speed, and 

background using SAINT.35 Absorption corrections, including odd and even ordered spherical 

harmonics were performed using SADABS.36 Space group assignments were based upon 

systematic absences and successful refinement of the structures. The structures were solved 

using the Bruker APEX suite of programs37 and were refined against all data using SHELXL-

9738 in conjunction with SHELXLE.39 Hydrogen atoms were assigned to ideal positions and 

refined using a riding model with an isotropic thermal parameter 1.2 times that of the attached 

carbon atom (1.5 times for methyl hydrogen atoms). If not mentioned otherwise, non-

hydrogen atoms were refined with anisotropic displacement parameters. Full-matrix least-

squares refinements were carried out by minimising Σw(Fo2-Fc2)2 with the SHELXL-97 

weighting scheme. Neutral atom scattering factors for all atoms and anomalous dispersion 

corrections for the non-hydrogen atoms were taken from International Tables for 

Crystallography.40 Images of the crystal structures were generated by PLATON.41 Further 

details are summarised in Table 3. 

Crystallographic data (excluding structure factors) for the structures reported in this paper 

have been deposited with The Cambridge Crystallographic Data Centre as supplementary 

publication nos. CCDC 889186 (1), 889187 (3) and 889188 (4). Copies of the data can be 

obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif 

 

Synthesis of [Li(NCCH3)4][B(C 6F5)4 ] (1)  

A 2.5 M solution of n-BuLi in hexane (6.8 mL, 17 mmol) is slowly added to a mixture of 

C6F5I (5.0 g, 17 mmol) in 15 mL diethyl ether via syringe at -78 °C. After 1 h of stirring at -

78 °C, a 1 M solution of BCl3 in hexane (4.3 mL, 4.3 mmol) is transferred to the pale yellow 

reaction mixture via a syringe within 5 min. The resulting suspension (LiCl is precipitating 

immediately) is allowed to warm to room temperature. After filtration the solution is dried 
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under vacuum to yield a sticky colorless solid that is washed several times with pentane. A 

concentrated solution in acetonitrile is stored at -25 °C to yield colorless crystals of 1. The 

crystalline product is collected and washed with hexane. Upon drying under vacuum, 1.5 g 

(41 % yield, 1.8 mmol) of a colorless solid 1 are isolated. - 1H NMR (400 MHz, CD3CN, 298 

K, ppm): δ = 1.96 (s, 12H, 4 CH3CN). - 19F NMR (377 MHz, CD3CN, 298 K, ppm): δ = -

133.8 (s, 8F, o-F), -164.0 (t, 4F, p-F) and -168.4 (m, 8F, m-F). - C32H12BF20LiN4 (850.2): 

calcd. C 45.21, H 1.42, N 6.59; found C 44.21, H 1.36, N 6.22. - Selected IR: ν = 2279 (w, 

CN), 2306 (w) cm-1. 

 

Method 1 for the synthesis of 3 and 4 

In a Schlenk tube, [Li(NCCH3)4][B(C6F5)4] (72 mg, 90 µmol) and [Bmim]Br (20 mg, 90 

µmol) are dissolved in 10 mL CH2Cl2. The mixture is stirred at room temperature for 2 h, and 

then filtered via a cannula. After removal of the solvent under high vacuum, the product is 

washed with dry hexane three times and then dried in a high vacuum for 4 h. 

 

Method 2 for the synthesis of 3 and 4 

To a solution of [Ag(NCCH3)4][B(C6F5)4] (for Bmim: 0.738 g, 1 mmol; for Dbmim: 0.738 g, 

1 mmol) in CH2Cl2, a solution of imidazolium bromide (Bmim: 0.218 g, 1 mmol; Dbmim: 

0.223 g, 1 mmol) in CH2Cl2 is added at room temperature and the mixture is stirred for 10 

min under exclusion of light, whereupon a colorless precipitate forms. The solution is filtered 

via a cannula and the solvent removed in vacuo. The product is washed with dry hexane three 

times and then dried in a high vacuum for 4 h. 

 

Yield [Bmim][B(C6F5)4]: 0.73 g (89 %). - 1H NMR (400 MHz, [D6]-DMSO, 296 K, ppm): δ = 

0.89 (t, 3H, CH2CH3), 1.25 (m, 2H, CH2), 1.76 (m, 2H, CH2), 3.85 (s, 3H, NCH3), 4.16 (t, 2H, 

NCH2), 7.71 (m, 1H, NCH), 7.77 (m, 1H, NCH), 9.12 (s, 1H, NCHN). - 19F NMR (377 MHz, 

[D6]-DMSO, 296 K, ppm): δ = -131.3 (s, 8F, o-F), -161.7 (t, 4F, p-F), -165.6 (m, 8F, m-F). - 
11B NMR (128 MHz, [D6]-DMSO, 296 K, ppm): δ = -16.7 (s). - C32H14N2BF20 (818.3): calcd. 

C 46.91, H 1.97, N 3.42; found C 46.25, H 2.10, N 3.87. - IR: ν = 480 (w), 573 (w), 660 (m), 

683 (m), 739 (m), 772 (m), 974 (vs), 1082 (vs), 1272 (m), 1373 (w), 1486 (vs), 1513 (s), 1642 

(m), 1953 (w), 2159 (w), 2545 (vw) cm-1. - FAB-MS: m/z (%) = 138.8, [Bmim]+, 678.8, 

[B(C6F5)4]
-. 
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Yield [Dbmim]B(C6F5)4]: 0.76 g (92 %). - 1H NMR (400 MHz, [D6]-DMSO, 296 K, ppm): δ 

= 0.89 (t, 3H, CH2CH3), 1.27 (m, 2H, CH2), 1.68 (m, 2H, CH2), 2.58 (s, 3H, NCH3), 3.75 (s, 

3H, NC(CH3)N), 4.11 (t, 2H, NCH2), 7.61 (m, 1H, NCH), 7.64 (m, 1H, NCH). - 19F NMR 

(377 MHz, [D6]-DMSO, 296 K, ppm): δ = -132.4 (s, 8F, o-F), -161.5 (t, 4F, p-F), -166.0 (m, 

8F, m-F). - 11B NMR (128 MHz, [D6]-DMSO, 296 K, ppm): δ = -16.8 (s). - C33H17N2BF20 

(832.3): calcd. C 47.56, H 2.18, N 3.36; found C 46.63, H 2.48, N 3.89. - IR: ν = 477 (vw), 

573 (w), 621 (w), 659 (m), 683 (w), 830 (m), 975 (vs), 1081 (s), 1163 (m), 1274 (m), 1374 

(w), 1458 (vs), 1512 (s), 1567 (w), 1592 (w), 1642 (m), 1957 (m), 2158 (m), 2547 (w) cm-1. - 

FAB-MS: m/z (%) = 152.9, [Dbmim]+, 678.8, [B(C6F5)4]
-. 

 

Table 3 Crystallographic details of 1, 3 and 4. 

 1 3 4 

Formula C32H12BF20LiN 4 C32H15BF20N2 C33H17BF20N2 

Mr 850.21 818.27 832.30 

Cryst. size, mm3 0.45 × 0.62 × 0.74 0.36 × 0.54 × 0.65 0.18 × 0.22 × 0.72 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/n P21/c P21/c 

a, Å 11.4260(5) 18.53177(5) 32.4863(10) 

b, Å 16.3172(7) 11.0850(3) 11.0613(3) 

c, Å 19.1740(9) 17.8002(5) 18.7999(6) 

β, deg 106.537(2) 104.890(2) 105.476(2) 

V, Å3 3426.9(3) 3533.81(17) 6510.6(3) 

Z 4 4 8 

Dcalcd, g cm–3 1.65 1.54 1.70 

µ(MoKα), mm–1 0.2 0.2 0.2 

F(000), e 1680 1624 3312 

hkl range ±13, ±19, ±23 ±22, ±13, ±21 ±39, ±13, ±22 

((sinθ)/λ)max, Å
–1 0.604 0.603 0.603 

Refl. measd / unique / Rint  78515 / 6347 / 0.021 70191 / 6486 / 0.022 202926 / 11919 / 0.037 

Param. refined 526 500 1015 

R(F) / wR(F2)a (all refls.) 0.0312 / 0.0788 0.0356 / 0.0847 0.0468 / 0.1061 
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GoF (F2)b 0.93 1.04 1.02 

∆ρfin (max / min), e Å–3 0.28 / -0.21 0.31 / -0.19 0.46 / -0.28 

a R1 = ||Fo|–|Fc||/Σ|Fo|, wR2 = [Σw(Fo
2–Fc

2)2/Σw(Fo
2)2]1/2, w = [σ2(Fo

2)+(AP)2+BP]–1, where P = (Max(Fo
2, 

0)+2Fc
2)/3; b GoF = [Σw(Fo

2–Fc
2)2/(nobs–nparam)]

1/2 

 

6.5 Conclusions 

In summary, the imidazolium-BArF compounds 3 and 4 were synthesised using two different 

precursors. Compounds 3 and 4 are imidazolium salts bearing the BArF anion which were 

characterised by X-ray single crystal structure analysis. Whereas the yield of 3 is about 62 % 

when using 1 as starting material (after 2 h at 25 °C), the yield increases to 89 % when 2 is 

employed (after 10 min at 25 °C). The crystal structure of 1 was also elucidated by single-

crystal X-ray diffraction. The two new imidazolium salts 3 and 4 have decomposition 

temperatures (at 245 °C for 3 and at 270 °C for 4) indicative of high thermal stability. 
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Summary 

 

Synthesis of molecular building blocks bearing paddle-wheel corners 

The treatment of [Mo2(NCCH3)10][BF4]4 with linear and non-linear dicarboxylates in 

acetonitrile solutions led to the formation of several dicarboxylate-bridged macromolecules. 

By using oxalate and perfluoroterephthalate as linear linker molecules, the dimeric compound 

[(CH3CN)8Mo2(OOC–COO)Mo2(NCCH3)8][BF4]6 and the square-shaped complex 

[(CH3CN)6Mo2(OOC–C6F4–COO)]4[BF4]8 were obtained. The assembly of 

[Mo2(NCCH3)10][BF4]4 with 1,1-cyclobutanedicarboxylate (109° bridging angel) resulted in 

the formation of the molecular loop [(CH3CN)6Mo2(OOC–C4H6–COO)]2[BF4]4. Bowl-shaped 

triangles of the general formula [(CH3CN)6Mo2(m-bdc–X)]3[BF4]6 (X = OH, Br, NH2) were 

synthesised by the reaction of 5-hydroxyisophthalic acid, 5-bromoisophthalic acid and 5-

aminoisophthalic acid (120° linking angle) with the dimetal precursor.  

Attempts to synthesise oligomeric compounds with phthalic acid (60° bridging angle) and 

the perfluorinated derivative failed. Furthermore, the application of trimesin acid acting as 

tricarboxylate linker did not yield crystals suitable for X-ray crystallography. The reaction of 

flexible aliphatic linkers, such as malonic and succinic acid, led to the formation of a twisted 

tetramer [(CH3CN)6Mo2(OOC–CH2–COO)]4[BF4]8 (poor quality of X-ray data) and a 

molecular loop [(CH3CN)6Mo2(OOC–C2H4–COO)]2[BF4]4 which is already known in 

literature.  

 

Supramolecular coordination compounds via assembly of molecular building blocks 

Via BF4 and H-F interactions 

The synthesis of 1D and 3D coordination polymers via assembly of molecular building blocks 

is possible. The 1D polymer with the general formula of {[(CH3CH2CN)6Mo2(OOC–C6F4–

COO)]4[BF4]8} n is composed of square-shaped building blocks axially connected via BF4 

anions. Noteworthy, in this context, the kind of solvent determines the product structure. If 

acetonitrile is used instead of propionitrile, the molecular square building unit is formed.  

The hexagonal array of triangular building blocks (see Figure 1) via intermolecular H-F 

interactions leads to the formation of the 3D polymer, formulated as {[(CH3CN)6Mo2(m-bdc–
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F)]3[BF4]6} n, which is similar to MCM-41. H-F interactions between acetonitrile and BF4 

molecules play an active role in the assembly of triangular building blocks. 

  

 
Fig. 1 Left: micropore of the 3D-framework (view along the (001) plane). Right: The cut-out of one layer of the 

3D polymer viewed along the (001) plane. 24 triangles are assembled to form a hexagon.    

 

Via σ-donor linkers 

The stacking of molecular building blocks bearing axially coordinated BF4 anions and 

acetonitrile molecules via σ-donor linkers (DABCO, 4,4-bipyridine and 1,4-dicyanobenzene) 

is challenging and faces problems. On the one hand, the axial coordination of BF4 anions may 

hinder the substitution of BF4 by axial σ-donor linkers. For this reason, the exchangeability of 

the BF4 anion was investigated (see below). On the other hand, the substitution of axially 

ligated acetonitrile molecules in nitrile solutions is difficult since nitrile molecules are in 

excess. Due to bad solubility, the use of other solvents instead of nitriles was not successful. 

Furthermore, the strength of the σ-donor plays an important role. While the reaction of the 

square with 1,4-dicyanobenzene yields a crystal of the starting material, a conversion with 

DABCO (stronger σ-donor than 1,4-dicyanobenzene) could be observed. A reaction proof was 

done by 1H NMR showing only one single peak at 3.09 ppm that can be assigned to bond 

DABCO (2.66 ppm for free DABCO in CD3CN). A closer look on the 19F NMR reveals 

additional peaks, which are coexistent with characteristic shifts originating from the 

molecular building block. Hence, the design of cubes or 1D-tubes via stacking square 

molecules along the Mo–Mo bond was not yet successful. 
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Substitution of the BF4 anion 

In order to increase the reactivity of the axial coordination site of the Mo2 unit in molecular 

squares, several metathesis reactions with anions have been tested. For instance, the 

substitution of BF4 with an excess of [B(C6F5)4]
- did not lead to a complete anion exchange 

(more than one BF4 cannot be exchanged). Metathesis reactions with an excess of [PF6]
- and 

[O3SCF3]
-, respectively, were not successful as the 19F NMR shows coexistent BF4 and related 

anions. In this context, it is very important to extract BF4 with suitable solvents.   

In order to get rid of BF4 and introduce less coordinating anions, several attempts to 

synthesise new precursors [Mo2(NCCH3)10][X] 4 with X = [B(C6H5)4]
- and [B(C6F5)4]

- were 

accomplished without success.   

 

Reactivity of equatorial coordination sites  

Beside axial coordination sites, molecular polygons exhibit free equatorial positions making a 

substitution of acetonitrile molecules by (di)carboxylates possible. In regard of selective 

reactions with σ-donor linkers, the blocking of free equatorial sites by monocarboxylates 

makes sense. The passivation of the molecular loop [(CH3CN)6Mo2(OOC–C4H6–

COO)]2[BF4]4 with stoichiometric amounts of glacial acetic acid was not successful. When an 

excess of glacial acetic acid is used, the molecular loop reacts to [Mo2(OAc)4] as confirmed 

by a single resonance at 2.59 ppm related to the methyl groups of the coordinating acetates in 

the 1H NMR spectrum (in THF-d8).  

The reactivity of the equatorial sites within the 1D polymer {[(CH3CH2CN)6Mo2(OOC–

C6F4–COO)]4[BF4]8} n was investigated by the reaction of the 1D polymer with stoichiometric 

amounts of disodium terephthalate. The reaction was done in acetonitrile at room temperature 

and yielded a red precipitate totally insoluble in common solvents. XRD measurements of the 

red precipitate confirm the partial crystalline character of the sample. The IR data of the crude 

product show the presence of bridging carboxylic groups (frequency difference of 153 cm-1). 

Additionally, traces of BF4 and acetonitrile, which arise from insufficient washing, can be 

observed. Apart from the H value in the elemental analysis, calculated values (C, 32.0; H, 0.7; 

N, 0.5; F, 13.9) for a potential 2D network with the general formula [Mo2(O2C-C6F4-

CO2)(O2C-C6H4-CO2)0.9(BF4)0.2(CH3CN)0.2] are in good agreement with the found values (C, 

31.3; H, 1.5; N, 0.5; F, 14.1).  
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Outlook 

In regard of square-shaped molecular building blocks, further work should be focused on the 

reactions of stoichiometric amounts of [Mo2(NCCH3)10][BF4]4 with tetrabromoterephthalate 

in propionitrile solution. The SEM image of the red precipitate with proposed formula of 

[(CH3CH2CN)6Mo2(OOC-C6Br4-COO)]4[BF4]8 reveals square-shaped crystals. If an 

acetonitrile solution of the compound is layered with pentane, red crystals suitable for X-ray 

crystallography are obtained within one day. In comparison to the perfluoroterephthalate-

bridged analogue, the quality of the X-ray measurement should be higher due to heavier 

bromine atoms. 

Further work should focus on the synthesis of 1D polymers composed of square units 

connected via BF4 anions. Red rod-shaped crystals are obtained by layering the propionitrile 

solution of [Mo2(NCCH3)10][BF4]4 and tetrachloroterephthalate with pentane. The same 

applies to 2,5-hydroxyterephthalate. The reaction of the latter is selective as confirmed by 1H 

NMR in CD3CN, showing two singlets of equal intensity at 9.73 and 7.94 ppm. 

As acetonitrile molecules are involved in the hexagonal array of triangular building blocks, 

the size of the micropores in the 3D coordination polymer could be tuned by the variation of 

the solvent. The use of propionitrile instead of acetonitrile could lead to larger pores.  

Furthermore, it is suggested to have a closer look at the superstructures of the molecular 

triangles in order to potentially determine the well-regulated orientation of triangles. 
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Appendix 

 

Supplementary data for chapter 3 

 

General methods  

X-ray crystal data were collected on an X-ray single crystal diffractometer equipped with a 

CCD detector (Bruker APEX II, κ−CCD), a rotating anode (Bruker AXS, FR591) with MoKα 

radiation (λ = 0.71073 Å), and a graphite monochromator by using the SMART software 

package.1 The measurements were performed on a single crystal coated with perfluorinated 

ether. The crystal was fixed on the top of a glass fiber and transferred to the diffractometer. 

The crystal was frozen under a stream of cold nitrogen. A matrix scan was used to determine 

the initial lattice parameters. Reflections were merged and corrected for Lorenz and 

polarisation effects, scan speed, and background using SAINT.2 Absorption corrections, 

including odd and even ordered spherical harmonics were performed using SADABS.2 Space 

group assignments were based upon systematic absences, E statistics, and successful 

refinement of the structures. Structures were solved by direct methods with the aid of 

successive difference Fourier maps, and were refined against all data using WinGX3 based on 

SIR-92.4 Hydrogen atoms were assigned to ideal positions and refined using a riding model 

with an isotropic thermal parameter 1.2 times that of the attached carbon atom (1.5 times for 

methyl hydrogen atoms). If not mentioned otherwise, non-hydrogen atoms were refined with 

anisotropic displacement parameters. Full-matrix least-squares refinements were carried out 

by minimising Σw(Fo
2-Fc

2)2 with SHELXL-975 weighting scheme. Neutral atom scattering 

factors for all atoms and anomalous dispersion corrections for the non-hydrogen atoms were 

taken from International Tables for Crystallography.6 Images of the crystal structures were 

generated by PLATON.7 
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Fig. 3.1 Ortep drawing of 2 with 50% ellipsoids.7 Selected bond lengths (Å): Mo1–Mo2 2.1759(0), Mo1–O1 

2.0748, Mo2–O2 2.0814(0), Mo1–N4 2.1411(0), Mo1–N5 2.1564(1), Mo1–N6 2.1301(0), Mo2–N1 2.1444(0), 

Mo2–N2 2.1515(0), Mo2–N3 2.1431(0) and Mo2–N7 2.6138(0). 
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Table 3.1 Crystallographic data, collection parameters and refinement parameters of compound 2. 

Compound 2 

Sum formula [(C34 H48 Mo4 N16 O4)
6+], 6[(B F4)

-], 8(C2 H3 N) 

Mr (g/mol) 1977.94 

Crystal description Red prism 

Crystal dimensions (mm3) 0.30 × 0.41 × 0.56   

crystal system, space group Monoclinic, P 21/n (I.T.-No.: 14) 

a (Å) 14.9896(4) 

b (Å) 18.3686(5) 

c (Å) 15.5071(4) 

α(°) 90 

β (°) 92.7229(14) 

γ(°) 90 

V (Å3) 4264.9(2) 

Z 2 

Dcalc (g/cm3) 1.540 

F000 1972 

µ  MoKa (mm-1) 0.680 

  

Temperature (K)  123±1 

Radiation (Å) MoKa 0.71073 

Θ-ranges (°) 1.72–25.46 

Dataset -18/18 , -22/22 , -18/18 

Tot., Uniq. Data, R (int) 82672, 7880, 0.021 

Observed data [Io > 2σ(Io)] 7572 

  

Nref, Npar 7880, 536 

R, wR2, S 0.0241, 0.0622, 1.09 

w-1 = σ2(Fo
2)+(a*P)2+b*P 

with a: 0.0175; b: 5.3086; P: [Maximum(0 or 

Fo
2)+2*Fc

2]/3 

Max. and Av. Shift/Error < 0.001 

Resid. Electron Density [e0
-
 /Å

3] -0.56; 0.76 
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Fig. 3.2 Ortep drawing of compound 3 with 50% ellipsoids.7 Since the disorder of non-coordinated acetonitrile 

molecules could not be resolved, SQUEEZE was applied to remove 297 electrons corresponding to 13.5 

acetonitrile molecules per unit cell. Furthermore, a disorder of the tetrafluorophenyl ring of one of the bridging 

ligands was resolved. The refinement, however did not lead to reasonable values. The non-hydrogen atoms C2a, 

C2b, C5a, C5b, C6b, and C36 were refined isotropically, since anisotropic refinement led to negative anisotropic 

displacement parameters. These problems did not allow a full structure refinement. Hence, bond distances and 

angles are not discussed in any detail.  
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Fig. 3.3 Ortep drawing of compound 4 with 50% ellipsoids.7 Selected bond lengths (Å): Mo1–Mo2 2.1529(3), 

Mo1–O1 2.0932(14), Mo1–O3 2.0825(13), Mo1–N1 2.1585(20), Mo1–N3 2.1497(17), Mo2–O2 2.0791(14), 

Mo2–O4 2.0896(13), Mo2–N2 2.1507(16) and Mo2–N4 2.1562(18). Full refinement was possible without 

running into problems.  

 

 

Fig. 3.4 Ortep drawing of compound 5 with 50% ellipsoids.7 Only for two of the four disordered 

tetrafluoroborate molecules a reasonable model was found to describe the disorder. This gives rise to additional 

electron density that could not be assigned. 



Appendix 

112 

 

Table 3.2 Crystallographic details of compounds 3, 4 and 5. 

Compound 3 4 5 

Sum formula 
C76H66Mo8N22O16F16, 

8(BF4) 

C36H48Mo4N14O8, 

4(BF4), 2(C2H3N) 

C56H57Mo6N16O15, 

6(BF4), 7(C2H3N) 

Mr (g/mol) 1654.75 1589.97 2578.05 

Crystal description Red fragment Red fragment Red fragment 

Crystal size (mm3) 0.22 x 0.22 x 0.33 0.18 x 0.51 x 0.51 0.10 x 0.13 x 0.25 

T (K) 173(1) 123(1) 173(1) 

crystal system, 

space group 

Triclinic, 

P1 (I.T.-No.: 2) 

Triclinic, 

P1 (I.T.-No.: 2) 

Monoclinic, 

P21/c (I.T.-No.: 14) 

a (Å) 14.2639(6) 10.6698(4) 14.7364(6) 

b (Å) 16.9759(8) 10.7944(5) 32.6112(13) 

c (Å) 17.5316(7) 15.1873(6) 22.5349(9) 

α(°) 96.067(2) 89.095(2) 90 

β (°) 98.424(2) 86.007(2) 104.233(2) 

γ(°) 99.904(2) 64.711(2) 90 

V (Å3) 4099.3(3) 1577.53(1) 10497.2(7) 

Z 1 1 4 

Dcalc (g/cm3) 1.341 1.674 1.631 

F000 1612 788 5108 

µ (mm-1) 0.693 0.880 0.803 

Index ranges(±h, 

±k, ±l) 
15/-15, 17/-17, 18/-18 13/-13, 13/-13, 18/-18 17/-17, 39/-39, 27/-27 

Θ-ranges (°) 1.18-22.02 1.34-26.00 1.12-25.43 

Collected reflections 83623 27873 171685 

Unique reflections 

[all data] 
9338 6159 19264 

Rint/Rσ 0.0294/0.0155 0.0300/0.0223 0.0416/0.0248 

Unique reflections 

[I0>2 σ(I0)] 
8299 5979 16530 

Data/Restraints/Para

meter 
9338/81/878 6159/0/395 19264/0/1377 

GoF (on F2) 1.111 1.058 1.178 

R1/wR2 [I0>2 σ(I0)] 0.0571/0.1721 0.0231/0.0622 0.0658/0.1442 

R1/wR2 [all data] 0.0611/0.1679 0.0238/0.0628 0.0787/0.1523 

Max./Min. residual  

electron density 
1.46/-0.69 0.90/-0.68 1.74/-1.02 

Remarks Refinements aborted  Refinements aborted 
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Fig. 3.5 11B NMR of 2 in CD3CN. 

 

 

Fig. 3.6 13C NMR of 2 in CD3CN. 
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Fig. 3.7 1H NMR of 3 in CD3CN. 

 

 

Fig. 3.8 11B NMR of 3 in CD3CN. 
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Fig. 3.9 11B NMR of 4 in CD3CN. 

 

 

Fig. 3.10 19F NMR of 4 in CD3CN. 
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Fig. 3.11 11B NMR of 5 in CD3CN. 

 

 

Fig. 3.12 19F NMR of 5 in CD3CN. 
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Fig. 3.13 Solid-state IR spectrum of 3. 

 

 

Fig. 3.14 Solid-state IR spectrum of 4.  
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Fig. 3.15 Red crystals of 4.
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Supplementary data for chapter 4 

 

 

Fig. 4.1 Ortep drawing of [(CH3CN)6Mo2(m-bdc-Br)]3[BF4]6 (2) with 50 % ellipsoids.7 The refinement of 2 was 

aborted due to unresolvable disorder problems. 

 

 

Fig. 4.2 Ortep drawing of [(CH3CN)6Mo2(m-bdc-NH2)]3[BF4]6 (3) with 50 % ellipsoids.7 The refinement of 3 

was aborted due to unresolvable disorder problems. 
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Table 4.1 Crystallographic details of compounds 2 and 3. 

Compound  2  3 

Sum formula 
[(C60H63Br3Mo6N18O12)

6+], 6[(BF4)
-], 

2(C2H3N) 

[(C48H51Mo6N15O12)
6+], 6[(BF4)

-], 

n(C2H3N) 

Mr (g/mol) 2646.60 2208.70 (n = 2) 

Crystal description Red fragment Red fragment 

T (K) 123±1 123±1 

crystal system, 

space group 

Monoclinic, 

C 2/c (I.T.-No.: 15) 

Orthorhombic, 

P nma (I.T.-No.: 62) 

a (pm) 2459.67(8) 4188.95(11) 

b (Å) 2903.40(10) 2324.62(6) 

c (Å) 3044.63(11) 1258.94(4) 

β (°) 96.213(2) 90 

V (pm3) 21615.2(13). 106 12259.6(6). 106 

Z 8 4 

Dcalc (g/cm3) 1.627 --- 

F000 10366 --- 

Remarks Unresolvable disorder Unresolvable disorder 

 

 

Fig. 4.3 11B NMR of 2 in CD3CN. 
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Fig. 4.4 19F NMR of 2 in CD3CN. 
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Supplementary data for chapter 5 

 

 

Fig. 5.1 Ortep drawing of compound [(CH3CN)6Mo2(m-bdc-F)]3[BF4]6 (3) with 50% ellipsoids.7 Selected bond 

lengths (Å): Mo1–Mo2 2.1486(4), Mo1–O2 2.0798(28), Mo1–O3 2.0668(33), Mo1–N1 2.1531, Mo1–N3 

2.1406(44), Mo1–N5 2.6227(38), Mo2–O1 2.0774(29), Mo2–O4 2.0885(33), Mo2–N2 2.1444(42), Mo2–N4 

2.1589(46) and Mo2–F6 2.6658(51). 

 

 

Fig. 5.2 Building block with two-membered “linking unit” for hexagonal array of triangles. 
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Table 5.1 Crystallographic data, collection parameters and refinement parameters of compounds 2 and 3.  

Compound 2 3 

Sum formula 
[(C80H80F16Mo8N16O16)

8+], 8[(BF4)
-], 

n(C3H5N) 

[(C48H45F3Mo6N12O12)
6+], 6[(BF4)

-], 

4(C2H3N) 

Mr (g/mol) 3287.5 + n(C3H5N) 2299.80 

Crystal description Red prism Red fragment 

Crystal dimensions (mm3) --- 0.18×0.36×0.51 

crystal system, 

space group 

Monoclinic,  
C2/c (no. 15) 

Trigonal, 

P3 (No. 147) 

a (Å) 47.459(2) 20.6355(3) 

b (Å) 9.4457(4) 20.6355(3) 

c (Å) 44.603(2) 13.6658(2) 

α(°) 90 90 

β (°) 111.035(2) 90 

γ(°) 90 120 

V (Å3) 18662.4(14) 5039.60(13) 

Z 4 2 

Dcalc (g/cm3) --- 1.516 

F000 --- 2252 

µ   MoKa (mm-1) --- 0.826 

   

Temperature (K)  123 123 

Radiation (Å) MoKa 0.71073 MoKa 0.71073 

Θ-ranges (°) --- 1.14–25.41 

Dataset --- -24: 24 ; -24: 24 ; -16: 16 

Tot., Uniq. Data, R (int) --- 123391, 6214, 0.022 

Observed data [Io > 2σ(Io)] --- 5935 

   

Nref, Npar  6214, 398 

R, wR2, S 0.0857, 0.2399, --- 0.0437, 0.1207, 1.06 

w-1 = σ2(Fo
2)+(a*P)2+b*P --- 

with a: 0.0593; b: 21.0221; P: 

[Maximum(0 or Fo
2)+2*Fc

2]/3 

Max. and Av. Shift/Error --- 0.00, 0.00 

Resid. Electron Density [e0
-
 

/Å3] 
--- -0.91/2.18 

Remarks Unresolvable disorder  
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Fig. 5.3 Three-membered “linking unit” for stacking of 2D layers with bond distances. 

 

 

Fig. 5.4 1H NMR of 2a in CD3CN. 
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Fig. 5.5 19F NMR of 2a in CD3CN. 

 

 

Fig. 5.6 13C CPMAS NMR of 2b.  
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Fig. 5.7 11B NMR of 3 in CD3CN. 

 

 

Fig. 5.8 19F NMR of 3 in CD3CN. Due to proton coupling, the signal at -110.9 ppm (CF) appears as a triplet.  



Appendix 

127 

 

 

 

Fig. 5.9 TG (green) and MS curves (purple: benzene+, brown: fluorobenzene+) of 3. 
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Supplementary data for chapter 6 

 

 

Fig. 6.1 1H NMR spectrum of 1 in CD3CN. 

 

Fig. 6.2 TG curve (green) of compound 1 and MS curve (m48) originating from [Li(NCCH3)]
+. 



Appendix 

129 

 

 

 Fig. 6.3 TG curve (green) of compound 1 and MS curve (m169) originating from pentafluorobenzene+. 

 

 

Fig. 6.4 Solid-state IR spectrum of 1. 
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