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General Introduction 
 
 
 
 
 
 
 
 
 
 
 

 

 

1.1  Background and Aim of this Thesis 
 

 Homogeneous transition-metal catalysts are utilised in countless bench-scale and 
commodity chemical transformations.1 The high product and substrate selectivity that can be 
achieved with homogeneous catalysts, and the possibility of controlling catalyst performance 
by careful selection of the metals and the ligands, are major advantages over heterogeneous 
catalytic systems. However, separation and recycling of homogeneous catalysts is difficult 
and this accounts for the fact that in about 80% of the industrially applied catalytic reactions 
heterogeneous catalysts are employed.2 Among the reasons for the difficulty in separation are 
the homogeneous distribution of catalyst, products and unconverted reactants and the 
decomposition of the catalytic species themselves. An elegant solution to the former problem 
is the “heterogenisation” of homogeneous catalysts, i.e., the immobilisation of catalysts on 
solid or in liquid supports. Catalyst separation using biphasic solvent systems, which operates 
through straightforward phase separation, has proven to be an especially versatile approach. 
Aqueous biphasic systems, where one phase contains the dissolved metal complex and the 
other the products, have been employed with great success, e.g., in the Rhône-Poulenc 
hydroformylation process, operated commercially since 1984.2,3  
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 As many catalysts and substrates do not tolerate water, and because of increasing 
concerns over water pollution, there is a growing need for alternative (solvent) systems that 
allow efficient catalyst recovery and recycling. In this respect, the use of nanofiltration 
techniques,4 fluorous biphasic systems,5 supercritical carbon dioxide (scCO2)6 and room-
temperature ionic liquids,7 and the development of catalysts that can be employed in these 
media, are of great interest.8  

The work described in this thesis was aimed at developing ionic catalysts that can be 
recycled using fluorous biphasic systems or supercritical carbon dioxide. As both fluorous 
solvents and scCO2 are highly apolar, the compatibility of such ionic catalysts has so far 
remained limited as it requires adaptation in order to make them soluble in these media. To 
achieve this goal, lipophilic, highly fluorous, tetraphenylborate-derived anions were designed 
and synthesised to enhance the solubility and the ion dissociation of ionic complexes in these 
highly apolar solvents. The activity of such ionic catalysts in fluorous biphasic systems and in 
supercritical carbon dioxide, as well as their recyclability through fluorous biphasic catalyst 
separation, were assessed. Finally, fluorous tetraphenylborate anions were used in the 
development of a novel class of room-temperature ionic liquids, which were tested as fluorous 
ionic liquid media for catalysis. In the following paragraphs, the considerations for designing 
weakly-coordinating anions and their application in fluorous biphasic systems, scCO2 and 
ionic liquids are briefly introduced. 
 

1.2  The Design of Weakly-Coordinating Fluorous Anions 
 

An anion that is suitable for use in homogeneous catalysis, and as a moiety for 
introducing both fluorophilicity and ‘CO2-philicity’ in a transition-metal complex, should 
fulfil a number of criteria: it has to be stable and chemically inert, weakly coordinating and 
possess sites at which lipophilic or fluorophilic groups can be introduced.9 The stability of the 
anion is important as decomposition, e.g., by reaction with the catalytically active site, can 
destroy the catalyst. Poor coordination properties are also a prerequisite, as a strongly-
coordinating anion would compete with the substrate for an open site at the cationic catalyst, 
thereby inhibiting catalysis (Scheme 1).  

 

[LM]+    [X]- [LM-(solvent)]+ + [X]- [LM-(substrate)]+ + [X]- + solvent
+ solvent + substrate

- solvent - substrate
...

contact ion pair solvent separated
        ion pair  

Scheme 1. Possible coordination modes for the anion in ionic catalysts ([X]- = weakly-coordinating 
anion). 
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An anion with the desired low coordinating strength can be obtained by a creating high 
degree of delocalisation of the negative charge. This ensures the absence of high partial 
charges on individual atoms, which prevents strong Coulombic interactions of a specific 
negatively charged atom with the cation.9 These electrostatic (Coulombic) interactions can be 
further reduced by shielding of the negative charge, e.g., by introducing apolar alkyl- or 
perfluoroalkyl groups at the periphery of the anion. These groups simultaneously increase the 
steric bulk of the anion and consequently the equilibrium distance between the cation and the 
anion. The association of ions, solely based on electrostatic interactions, can be quantified by 
the constant Kass, which can be expressed as follows:10  

 

bA
ass erNK

3000
4 3π

=      where     
kTr

qq
b

04 εεπ

−+

=              (1) 

In this equation, r = the distance between ions, q+ = the charge of cation in Coulombs, 
q- = the charge of anion in Coulombs, ε = the dielectric constant of the solvent, ε 0 = the 
dielectric constant of a vacuum, NA = Avogadro’s constant and k = Boltzmann’s constant.  
 Taking all the prerequisites into consideration, i.e., stability, low overall charge, 
charge delocalisation and steric bulk, derivatives of the tetraphenylborate anion (Figure 1) can 
be regarded as suitable candidates for use as counterion in fluorous biphasic catalyst 
recycling. This class of anions has a single negative charge that is delocalised over the entire 
ion, has only hydrogen atoms on its periphery, is a relatively large and stable anion and has 
already been used extensively as a weakly-coordinating anion in conventional media.9 
Furthermore, this anion is synthetically highly versatile and relatively easy to functionalise, as 
shown by the wide range of derivatives reported. A literature overview on tetraphenylborate 
and directly derived anions, as well as their use in homogeneous catalysis, is presented in 
Chapter 2. Chapter 3 describes the preparation of a range of perfluoroalkyl-, trialkylsilyl- and 
perfluoroalkylsilyl-substituted tetraphenylborate derivatives. Moreover, the effect of these 
anions on the solubility of corresponding ionic transition-metal complexes in apolar solvents 
is presented. 
 

B

 

 

Figure 1. The tetraphenylborate anion. 
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1.3  Fluorous Biphasic Catalyst Separation 
 

 The unusual properties of perfluorocarbons have been known since the 1940s. Their 
limited miscibility with common organic solvents has been successfully used in the separation 
of homogeneous catalysts from reaction products (Figure 2).5,11  

 

 

 

Figure 2. The principle of Fluorous Biphasic Catalyst Separation. 

 

 As traditional catalysts are also poorly soluble in fluorous media, efficient recycling 
requires the functionalisation of the homogeneous catalyst with fluorophilic moieties in order 
to make them preferentially soluble in the perfluorinated phase. A well-established method is 
the attachment of perfluoroalkyl substituents to the ligands of a catalytically active transition-
metal complex.5,6a,b However, perfluoroalkyl substituents are strongly electron withdrawing 
and can therefore interfere with the properties of a very carefully optimised set of spectator 
ligands. In many cases reduction of the catalyst’s activity has been observed due to this effect. 
In order to reduce the influence of the fluorous tails on the properties of the ligand and thus on 
the catalytic centre, the fluorous substituent can be insulated from the ligand by the use of 
spacer linkages. One such spacer, which proved especially efficient, is the –SiMe2-

n(CH2CH2)n- moiety (Figure 3).11 The silicon atom in this spacer has the additional advantage 
that it can function as branching point, providing the possibility to introduce multiple 
perfluoroalkyl groups in a single substituent.  
 Despite the successes of such spacer units, a drawback of ligand functionalisation 
remains unaddressed. Many homogeneous catalysts, especially in asymmetric synthesis, are 
ionic,1 and dissociation of the cation-anion pairs in these complexes will be hampered by the 
low solvating power of a perfluorinated solvent. This will lead to reduced catalytic activity. A 
possible solution for this problem is the functionalisation of both the cation and the anion with 
perfluoroalkyl substituents, which might enhance ion dissociation in fluorous solvents. A 
further interesting aspect of the use of highly fluorous anions is the possibility to develop a  
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Figure 3. Various silicon spacers that insulate the coordinating phosphorus centre from electron-

withdrawing effects of perfluoroalkyl groups. 
 

broad range of lipophilic, ionic catalysts from a single, highly fluorous anion. This could 
significantly reduce the synthetic effort required to obtain a range of highly lipophilic or 
fluorophilic ionic catalysts. The use of fluorous anions with non-fluorous and fluorous 
rhodium diphosphine cations, which are active as hydrogenation catalysts, and their 
compatibility with fluorous biphasic catalyst recycling is discussed in Chapter 4. The use of 
these large, weakly-coordinating anions in the preparation of bis-ortho-chelated 
bis[(dimethylamino)methyl]phenylpalladium complexes and their effect on ion-pairing are 
reported in Chapter 5. 

  

1.4  Catalysis in Supercritical Carbon Dioxide 
 

 Supercritical fluids have properties that are intermediate between those of a liquid and 
a gas.6a They have been used in extractions, separations and also as solvents in a range of 
chemical processes. As properties of supercritical solvents can be gradually tuned by (subtle) 
changes in temperature and pressure,6a they have has also been exploited for catalyst 
recycling.12 For example, selective catalyst or product precipitation can be accomplished by a 
slight drop in pressure. Especially supercritical carbon dioxide (scCO2) is being regarded as 
an environmentally benign reaction medium because it is non-flammable, non-toxic, has a 
relatively mild critical point (Tc = 31 °C, pc = 73.75 bar) and, moreover, has a low price.6 As 
with perfluorocarbons, the polarity of scCO2 is low compared to that of classical organic 
solvents. Consequently, lipophilic substituents are required to achieve sufficient catalyst 
solubility. Reports in the literature showed that the use of the lightly fluorous anion 
tetrakis{3,5-bis(trifluoromethyl)phenyl}borate significantly improves the solubility of 
cationic transition-metal catalysts in this medium.12b,13 In order to assess the influence of the 
extent of the fluorous nature of the anion on the solubility of ionic complexes we studied the 
synthesis and properties of more highly fluorous tetraphenylborate anions. The use of such 
anions might enhance catalyst solubility in CO2 even further, allowing successful application 
of ionic catalysts in liquid CO2 at lower density and overall pressure than currently 
employed.14 In the Appendix a study on fluorous rhodium complexes and their performance in 
asymmetric hydrogenation in scCO2 is presented. In addition, the synthesis of fluorous zinc 
phenoxide complexes that catalyse polycarbonate formation by co-polymerisation of epoxides 
with CO2 receives attention in Chapter 6.  

P Si P Si

3 3
3

CH2CH2C6F13 CH2CH2C6F13
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1.5  Catalysis in Room-Temperature Ionic Liquids 
 

 Room-temperature ionic liquids are organic salts that are liquid at or just above room 
temperature.7 Recently, these salts have been used extensively both as solvent and as liquid 
support for homogeneous transition-metal catalysts. Ionic liquids (IL) are particularly 
interesting from an environmental point of view because of their exceptional low vapour 
pressure.7 However, their ionic and highly polar nature implies low miscibility with apolar 
organic compounds, which limits the usefulness of IL’s as solvents. Since the nature of the 
anion is known to have a large effect on the miscibility of IL’s with (organic) solvents,15 the 
introduction of a lipophilic anion as the counterion of the IL could eliminate this limitation. 
The development of a fluorous room-temperature ionic liquid and its use as an efficient 
immobilisation layer for a fluorous catalyst are presented in Chapter 7. Furthermore, a study 
of the physical properties of a series of 1-butyl-3-methylimidazolium fluorous 
tetraphenylborate salts is described in Chapter 8. 
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Abstract. The importance of weakly-coordinating anions in homogeneous catalysis was 
recognised as early as the 1970s. The traditional anions, such as BF4

-, PF6
- and ClO4

-, still 
display significant interaction with cationic transition-metal catalysts and proved, e.g., 
incompatible with highly reactive metallocene catalysts developed for olefin polymerisation. 
Therefore, the use of more stable and less coordinating counterions was investigated. This 
resulted in the preparation, amongst others, of a broad range of compounds based on the 
tetraphenylborate anion. In this chapter, the development of tri- and tetraarylborate anions and 
the use of these anions in catalysis are reviewed. Special attention is given to the enhancement 
of the solubility of transition-metal complexes in apolar solvents through the use of lipophilic 
tetraarylborate anions. 
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2.1  Introduction 

 

The role of weakly-coordinating anions in the preparation of highly active cationic 
catalysts was recognised early on in homogeneous catalysis.1 However, little attention was 
paid to the differences between the various weakly-coordinating anions and their effect on the 
activity and selectivity of transition-metal catalysts.1c,f With the discovery of metallocene-
based olefin polymerisation catalysts and the quest for isolation of intrinsically unstable 
cations, such as germyl and trialkylsilylium cations, the conventional weakly-coordinating 
anions were found to be unsuitable, because they could interact with such reactive cations.2 
This has led to the development of ever more stable, but also more weakly-coordinating, 
anions, such as carboranes, tetraphenylborates, C60

-, pentafluorooxotellurates and aluminates.3 
Of the large range of anions available to date, the tetraphenylborate anion and its wide range 
of derivatives might be considered the most successful ones, as they can be readily 
functionalised and have been employed successfully in a wide variety of applications. For 
example, tetraarylborate derived anions have been used as counterions in catalysis and 
synthesis,3,4 but also as analytical reagents,5,6 radiation sensitive registration materials,7 
fungicides,8 perspiration inhibitors,9 dental adhesives,10 anion exchangers,11 in cation-sensing 
membranes and electrodes,12 and as non-aqueous electrolytes.13 In this chapter, the 
characteristics that make this family of anions so interesting, the general methods for their 
synthesis and their use in catalysis are discussed. Special attention will be given to the 
properties, e.g., solubility in apolar solvents and high stability, which make them of interest 
for application in novel reaction media, such as supercritical carbon dioxide, ionic liquids and 
perfluorinated solvents.  
 

2.2  A Short History of the Tetraphenylborate Anion 

 

Sodium tetraphenylborate (Na[1]) was first prepared by Wittig et al. who immediately 
recognised the potential of its high stability.14 Its synthesis involved the reaction of 
triphenylborane with phenyllithium.14a An alternative synthetic procedure, based on a reaction 
of phenylmagnesiumhalide with borontrifluoride (Scheme 1), was reported shortly 
afterwards14b and has since remained the most widely employed route for the preparation of 
tetraphenylborate derived anions.  
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MgBr
BF3 Et2O

NaCl
BNa

Na[1]

n

.
5

 

Scheme 1. The preparation of sodium tetraphenylborate.14b 

 

The initial interest in the tetraphenylborate anion was aroused by the poor solubility of 
its potassium salt, which was exploited as a means for estimating the concentration of 
potassium in aqueous solutions.5 However, within a short period of time, interest in the use of 
tetraarylboron compounds widened considerably,15 and it is still very much a subject of 
research today.4b,4d,12,13 The use of the tetraphenylborate anion and the ever-continuing 
development of new derivatives stems from the desire to develop an anion which is as weakly 
coordinating as possible.4b,d It was discovered as early as the 1960s, that conventional ‘non-
coordinating’ anions, e.g., BF4

-, PF6
-, ClO4

-, SbF6
-, can coordinate to a cation in many 

fashions in the absence of water.2 Single crystal structure determinations, IR and NMR 
spectroscopy provided evidence for this coordinating behaviour.2b More recently, the use of 
multidimensional NMR spectroscopy has allowed the study of the position of BF4

- and PF6
- 

anions in palladium- and platinum-diimine-complexes in solution.16 Using this technique, 
inter-ionic H···F interactions and contact ion-pair formation were detected. Similar studies 
revealed the positioning of BF4

- and PF6
- at the back of the bipyridine ligand in 

[Ir(H)2(bipy)(PPh3)2]X complexes (Figure 1).17  
 

Ir

N

H

HN
L

L

L = PPh3 X  =
PF6

-
BF4

-

CF3SO3
-

X

 

 

Figure 1. Ion-pairing in [Ir(H)2(bipy)(PPh3)2]X complexes.17 
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A severe limitation of the use of BF4
-, PF6

-, SbF6
-, and even [B(OTeF5)4]-, is their 

instability towards attack by strong electrophilic cations which can abstract F-.2b,4a,18 This 
property makes these ions incompatible for use in combination with strong Lewis bases. 
However, anions with a low overall charge, delocalisation of the negative charge, large size 
and the presence of only weakly basic sites, e.g., H and F, on the periphery of the anion are 
likely to have reduced coordinating-power and nucleophilicity.4a,19 It is the tetraphenylborate 
anion that combines all of these properties in a single ion, and which therefore is an attractive 
alternative in cases where BF4

- and PF6
- prove to be too reactive.18 

In 1969 it was recognised by Haines et al. that under certain conditions the 
tetraphenylborate anion is not truly non-coordinating anion either (Figure 2).20 He found that 
the tetraphenylborate anion has the ability to interact via its phenyl rings through η2-, η3- or 
η6-coordination.18,21 The most often encountered interaction between the tetraphenylborate 
anion and a cation is via a single phenyl-group in an η6-fashion, although up to four phenyl-
groups can coordinate simultaneously,21a,22 e.g., in {[(C2H4)2Rh(η6-Ph)]4B}(O3SCF3)3

22b
 and 

{[(η5-C5Me5)Ru(η6-Ph)]4B}(O3SCF3)3.22c Although such zwitterionic complexes have found 
applications as catalysts in the hydroboration ([Rh(η6-PhBPh3)(dppe)]),23 
hydrocarbonylation,24 hydroformylation,21c,25 silylformylation,21c and hydrogenation21c,26 
([Rh(η6-PhBPh3)(COD)]) of alkenes, this coordinating behaviour of the tetraphenylborate 
anion is considered to be undesirable, as it results in reduced electrophilicity of the transition-
metal centre, and often in reduced catalytic activity compared to ionic catalysts. 

 

 

Figure 2. η6-Coordination of [BPh4]- in [Rh(P(OMe)3)2(η6-PhBPh3)] (redrawn from data obtained 
from the Cambridge Structural Database).20 

 

Besides its tendency to coordinate, the stability of [BPh4]- is also not optimal; 
metallation at the phenyl ring,27 phenyl transfer to a metal or an organic substrate,4a,21a 
photolytic instability28 and electrochemical oxidation4a have all been reported. Furthermore, 
transition-metal-catalysed transfer of the phenyl group is facile enough to allow the use of 
sodium tetraphenylborate as a reagent in cross-coupling reactions.29 In order to reduce the 
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coordinating ability and the reactivity of [BPh4]- and to increase the hydrophobicity and the 
solubility of its complexes in organic (apolar) solvents, a wide range of derivatives has been 
prepared, most notably fluorine-substituted compounds.4c The development of 
tetraphenylborate derivatives with enhanced stability received a huge impulse at the end of the 
1980s by the discovery that trityl-, anilinium- and oxonium tetraphenylborate salts as well as 
boranes are efficient co-catalysts for metallocene-catalysed olefin polymerisation.4d,30 The 
lipophilicity of these fluorine-substituted borate anions makes them interesting as counterions 
for use in perfluorinated solvents and supercritical carbon dioxide, where they aid in the 
solvation and dissociation of the catalysts’ ions.31 In the following sections, the application of 
anionic tetraphenylborate and alkyltriphenylborate derivatives is discussed, with emphasis on 
the properties that make them interesting as counterions for catalysis in unconventional 
reaction media. The overview will limit itself to complexes and (pre)catalysts in which the 
presence of an arylborate anion was unequivocally established, the wide variety of borate 
counterions formed in situ during catalysis falling outside the scope of this chapter. 
 

2.3  Tetraarylborates as Analytical Reagents 

 

After the success of sodium tetraphenylborate as a reagent for the determination of 
cation concentrations in water, the development of alkyl- and aryl-substituted tetraarylborate 
anions received attention in an attempt to increase the sensitivity and selectivity for alkali-
metals.5d Increased steric bulk of the anion was expected to reduce the aqueous solubility of 
the corresponding salts, especially of salts with large alkali-metal cations, thus enhancing 
selectivity for the larger metal ion. The first derivatives prepared with this goal in mind were 
the tetrakis(o-tolyl)borate (2), tetrakis(m-tolyl)borate (3) and tetrakis(p-tolyl)borate (4) anions, 
prepared by reaction of o-, m- or p-tolyllithium with the corresponding tritolylboranes.5d A 
simplified preparation was described more recently (Scheme 2).32  

 
 

MgBr
KBF4

R R
BK

4Reflux

4
Et2O

 

 
Scheme 2. Preparation of methyl-substituted borates from tolylmagnesiumbromide and KBF4.32 

 

The solubility of the corresponding borate salts in water, as well as their stability, 
increases in the order p < m < o-tolylborate, but the overall stability in water is low. For 
example, lithium tetrakis(p-tolyl)borate starts to decompose immediately upon dissolution.5d 
To improve the stability of the tetraarylborate salts, sterically more demanding substituents, in 
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the form of additional phenyl groups, were introduced around the boron atom (Figure 3),33 
and a range of bisborate anions was developed (Figure 4).33b Besides improved stability, these 
sterically encumbered anions were expected to decrease the aqueous solubility of the 
corresponding alkali-metal salts even further. However, the solubility of the alkali-metal salts 
of the substituted borate anions did not differ significantly from that of the corresponding 
tetraphenylborate salts, and therefore sodium tetraphenylborate remained the most suitable 
agent for the determination of alkali-metal concentrations in aqueous media. 
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Figure 3. A family of aryl-substituted tetraarylborate anions, developed for the precipitation of alkali-
metals from aqueous solutions. 
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Figure 4. Bisborate anions developed in order to reduce the solubility of alkali-metal salts in aqueous 
media. 

 

Another application for alkyl-substituted tetraarylborate anions is their use in cation-
sensing membranes. The successful use of [B(C6H4Cl-4)4]- in membranes that are selective for 
large metal ions sparked the interest for the use of substituted borate anions in this field of 
chemistry. Therefore, a range of lipophilic meta-alkyl-substituted tetraarylborate anions was 
prepared (Figure 5).12a  

 

 

B B BB
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Figure 5. Meta-substituted borates developed for use in cation sensing membranes. 
 
 

The meta-position was chosen as the site for the introduction of the substituents as 
previous results had shown that this yields anions with (kinetically) more stable B-C bonds.12a 

Furthermore, the salts Cs[B(C6H4Me-3)4], Cs[B(C6H4Et-3)4], Cs[B{C6H4(nPr)-3}4] and 
Cs[B{C6H4(nBu)-3}4] were prepared as these were found to be more stable than the 
corresponding sodium salts, which are prone to decomposition. The solubility of these cesium 
salts in a number of solvents was explored (Table 1). Increased solubility in organic solvents 
was observed upon increase of the length of the alkyl groups. However, also in this case, 
cesium tetraphenylborate itself proved to be the most soluble of the salts explored. 
 



 
Chapter 2 

 16 

Table 1: Solubility of cesium tetrakis{m-(R)phenyl}borates in polar solvents. 
 solubility in mol/L 

-R acetone (10-2 M) acetonitrile (10-2 M) water (10-4 M) 

H 2.7 1.5 4 

methyl 0.2 0.2 3 

ethyl 2.4 0.9 5 
npropyl 1.3 0.6 2 
nbutyl 2.2 1.2 4 

 

Because low stability, and in particular protonolysis, hampered the effectiveness of 
[BPh4]- (and the alkyl- and aryl-substituted derivatives thereof) as analytical agents, another 
approach was followed in order to reduce the lability of tetraarylborate anions. Since the 
introduction of substituents with an inductive electron-withdrawing effect significantly lowers 
reactivity, the anions tetrakis(3-fluorophenyl)borate (20),34 
tetrakis{3-(trifluoromethyl)phenyl}borate (21),35 tetrakis{4-(trifluoromethyl)phenyl}borate 
(22)35 and tetrakis(4-fluorophenyl)borate (23)35 were prepared. Their stability was found to 
increase in the order 23 < 22 < 21 < 20, but the effectiveness of these anions as analytical 
reagents has not been reported on.  
 

2.4  Phase-Transfer Catalysis 

 

2.4.1 Fluorine-Substituted Tetraarylborate Anions 
Besides the enhanced stability achieved by the introduction of fluorine substituents in 

tetraarylborate anions, the presence of such hydrophobic moieties also increases the solubility 
of these anions in organic solvents.36 The introduction of even a single fluorine substituent 
already induces a significant increase in solubility in non-coordinating solvents such as 
CH2Cl2,37 toluene37 and cyclohexane.38 Due to both the enhanced stability and solubility of the 
fluorine-substituted tetraarylborate anions, the tetrakis{3,5-(trifluoromethyl)phenyl}borate 
anion (TFPB, 24) (Scheme 3) was designed by Kobayashi et al. to fully exploit these effects.36 
Whereas [BPh4]- is chemically labile, especially in the presence of acids or oxygen, the 
strongly electron-withdrawing effect of the two trifluoromethyl-substituents in TFPB 
suppresses electrophilic attack on the ipso-carbon. This results in an anion that is more stable 
than tetraarylborate anions with a single CF3-substituent. The latter are still prone to reaction 
with acid or oxygen, whereas TFPB is unreactive.37 Furthermore, the fluorine-substitution of 
the tetraphenylborate anion reduces its tendency towards π-coordination through the phenyl 
groups.  
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Scheme 3. Preparation of tetrakis{3,5-bis(trifluoromethyl)phenyl}borate. 
 

 The solubility of the fluorine substituted borate anions in dichloromethane and toluene 
increases in the order 23 < 21 << 24. Furthermore, the partitioning of various alkali metal 
tetraarylborate salts in water/CH2Cl2 and water/toluene biphasic systems was studied. This 
revealed that in a water/CH2Cl2 system, partitioning of the borate salts in favour of the organic 
solvent is more pronounced for TFPB (Corg/Caq ~ 103) than for [BPh4]-, [B(C6H4F-4)4]- and 
[B{C6H4(CF3)-3}4]- (Corg/Caq ~ 0.10)37b whereas this difference is much less distinct in a 
water/toluene system.37b  

The increased solubility of TFPB in hydrocarbon solvents improves its ability to 
extract organic and inorganic cations from aqueous solutions, a feature also observed, but to a 
lesser extent, for [BPh4]-. This led to the extensive use of the 
tetrakis{3,5-bis(trifluoromethyl)phenyl}borate anion as a more stable and more effective 
alternative to [BPh4]- in phase-transfer catalysis in organic media of low polarity.36,39 
Applications as catalyst for azo couplings,37c,d Friedel-Crafts alkylations,37d electron-
transfer37c and sulfonium ylide formation37e have been described by Kobayashi et al.  

 

2.4.2 Higher Derivatives of Tetrakis{3,5-bis(trifluoromethyl)phenyl}borate 
The successful application of TFPB salts in phase-transfer catalysis led to the 

exploration of homologous anions containing a larger number of fluorine-containing groups. 
This was expected to result in derivatives with increased solubility in apolar organic solvents. 
An extensive library of fluorinated tetraarylborate anions (25-31) was prepared (Figure 6).40 
The solubility of the corresponding tetramethylammonium salts and that of a small number of 
sodium salts in halocarbon solvents was reported (Table 2).40 From these studies it can be 
deduced that an increase in the number of fluorinated groups enhances the solubility of the 
borate salts in these non-coordinating solvents.40b The efficiency of these TFPB derivatives as 
phase-transfer catalysts has not been reported. 

The acid stability of TFPB proved higher than for the anions with an increased number 
of fluorinated groups. Since the electron-withdrawing properties of CF3 are most pronounced 
in the derivatives 25-31, the higher stability of TFPB is not fully understood.40  
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Figure 6. Derivatives of [BPh4]- with an increased number of fluorinated groups per anion.40 

 

Table 2: Solubility of tetramethylammonium perfluoroalkyl-substituted tetraarylborates.40 
 solubility in mol/L 

anion CH2Cl2 (10-2 M) CHCl3
 (10-4 M) (CBrF2)2 (10-4 M) 

TFPB 2.0 1.4 < 0.1 

21 14 5.0 < 0.01 

25 4.7 7.6 1.3 

26 14 6.6 2.0 

27 12 5.0 18 

28 0.06 0.1 0.6 

29 7.7 31 2.2 

30 22 36 4.5 

31 0.4 0.2 14 
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2.5  Olefin Polymerisation Catalysed by Early Transition-Metal Complexes 

 

2.5.1 Early Work on Tetraarylborate Anions in Olefin Polymerisation 
Early transition-metal metallocenes are among the most active homogeneous olefin 

polymerisation catalysts known to date.4d In their active form, these catalysts consist of a 
metallocene cation and a weakly-coordinating anion. This ion-pair is formed when the catalyst 
precursor reacts with a Lewis acid co-catalyst. The use of aluminumalkyls such as 
methylaluminoxane (MAO) as co-catalysts has long been an established activation route. 
However, despite its high effectiveness, MAO has largely remained a ‘black box’ as far as 
structure and properties are concerned.4d Well defined alternatives for the aluminoxanes as 
activators for the metallocene catalysts were found in triarylboranes and tetraarylborate salts.  

Turner et al. reported the first use of tetraarylborate salts in combination with 
metallocenes.27,30c The combination of [Cp*

2ZrMe2] with [nBu4N][BPh4], 
[nBu4N][B(C6H4Me-4)4] and [nBu4N][B(C6H4Et-4)4] yielded zwitterionic complexes with the 
borate anion metallated at the meta-position of one of its aryl rings.27,30c These complexes 
showed modest activity in the polymerisation of ethylene, while the borate anion was easily 
degraded.30c,41 Also described was the use of tetrakis(4-fluorophenyl)borate salts in the 
activation of [Cp*2ZrMe2]42

 and [Cp*TiMe3],43 but this proved ineffective as Zr-F interactions 
and other processes led to deactivation of the catalysts. Increasing the fluorine substitution, 
with the fluorine content increasing in the series [B(C6H4F-4)4]- (23) < [B(C6H3F2-2,4)4]- (32) 
< [B(C6H2F3-3,4,5)4]- (33), and, for example, [B{C6F4(CF3)-3}4]- (34) and [B(C6F5)4]- (35), 
improves the effectiveness of the corresponding anilinium tetraarylborate salts as co-catalysts 
in these early transition-metal catalysed polymerisation reactions (Table 3).43 Interestingly, 
the use of TFPB, with two CF3-substituents but no fluorine substituents on the phenyl ring, in 
combination with early transition-metal catalysts has received little attention. This seems to be 
 

 
Table 3: Effects of lightly fluorous borate anions on styrene polymerisation activity of 
Cp*TiMe3 catalyst precursors.43 

borate anion catalytic activity (kg/g Ti) 

[B(C6H5)4]- 0 

23 0 

32 5 

33 10 

34 20 

35 250 

Conditions: Cp*TiMe3: 5 × 10-7 mol, co-catalyst [PhNMe2H][X]: 5 × 10-7 mol, TIBA: 3 × 10-6 mol, T = 70 oC. 
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due to the instability of this anion towards attack by the highly electrophilic metal centres on 
its aryl rings, as has been observed in a reaction of [Ph3C][TFPB] with [Cp2ZrMe2].44 
Nevertheless, the anilinium salt of TFPB could be used in combination with 
[(C5H4SiMe3)TiMe2] and [Ind2TiMe2] (Ind = indenyl), resulting in active ethylene 
polymerisation catalysts.45 However, active catalysts from reaction of TFPB salts with Zr and 
Hf precursors have not been reported so far.  

A more effective co-catalyst in comparison with the partly fluorinated anions was 
found in tris(pentafluorophenyl)borane (B(C6F5)3).46 This activator reacts as a Lewis acid with 
catalyst precursors of the type [L2MR2], forming ion pairs [L2MR]+[RB(C6F5)3]- (L = ligand, 
R = alkyl or phenyl), which are highly active olefin polymerisation catalysts. Still, 
considerable interaction between the thus formed tetraaryl- or alkyltriarylborate anions and 
the cationic, catalytically active, metallocene centre were observed. Using dynamic NMR 
techniques, borane dissociation and ion-pair symmetrisation could be observed (Scheme 4),47 
the dissociation being enhanced with increasing solvent polarity.47b,c Despite the high 
efficiency of this borane co-catalyst in activating metal-alkyl-complexes, subsequent 
interaction between the resulting anions and the metal centre hampers the catalyst activity.4d,48 
This has stimulated the development of co-catalysts based on even more weakly-coordinating 
anions. 
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2.5.2 The Tetrakis(pentafluorophenyl)borate Anion 
This search for an anion with even weaker interactions and increased resistance to 

electrophilic cations led to the rediscovery of the tetrakis(pentafluorophenyl)borate anion 
(PFPB, 35). The synthesis of Li[PFPB] was first reported in 1963 (Scheme 5),49 but the anion 
received little attention until its use as counterion in polymerisation was investigated.50 The 
trityl45b,51 and trialkylammonium45b,52 salts of PFPB proved to be very efficient co-catalysts 
for the activation of metallocenes, e.g., [(Cp’)2TiMe][PFPB] proved 3300 times more active 
in ethylene polymerisation than the corresponding [(Cp’)2TiMe][BPh4].52a The tendency of 
less fluorinated borates to undergo F--abstraction or aryl-transfer is non-existent in the case of 
PFPB. Moreover the use of PFPB yields more active catalysts. For example, the activity of 
bis-Cp metallocene catalysts increases in the order BF4

- ~ [B(C6H5)4]-<< X-MAO (X = Cl, 
Me) < [MeB(C6F5)3]- < [B(C6F5)4]-, reflecting the decrease of the anion coordination strengths 
in this series.4d Furthermore, catalysts equipped with [B(C6F5)4]- proved to be more effective 
in the polymerisation of propylene (with dimethylzirconocenes)53 and styrene (with 
Cp*TiMe3, see Table 3)54 than metallocenes activated by B(C6F5)3. 

 

Li(C6F5)

Li[35]

B(C6F5)3 + Li[B(C6F5)4]

 

Scheme 5. Preparation of lithium tetrakis(pentafluorophenyl)borate.49 

 

2.5.3 Development of Fluorous Triarylborane and Borate Derivatives Directed at Increasing 
the Solubility and Reactivity of Metallocene Polymerisation Catalysts 

Metallocene complexes activated with B(C6F5)3, and especially PFPB salts, are highly 
active in the polymerisation of olefins. However, they are only sparingly soluble in toluene 
and even less soluble in α-olefins and hydrocarbons. Furthermore, as they are difficult to 
crystallise, the characterisation of the catalytically active species is difficult. Complexes 
prepared with these activators suffer from poor thermal stability, resulting in short catalyst 
lifetimes.4d In order to achieve improved solubility, thermal stability, characterisability, as 
well as catalytic efficiency, a range of functionalised fluoroarylborates has been prepared.  
 

Tris(pentafluorophenyl)borate Derivatives 

With the goal of improving the solubility of metallocene complexes in apolar solvents, 
a range of anionic substituents were introduced in B(C6F5)3.55 Hydroxy-, mercapto-, silanol- 
and oxime-derivatives of the PFPB anion were prepared (Scheme 6). The complex 
[(Ind)2ZrMe][38] proved soluble in 1-hexene/toluene (80:1) and 1-hexene/hexane (40:1) 
mixtures in concentrations up to 1 × 10-3 M, and was activity in the polymerisation of 
1-hexene under in these solution. However, no tests in neat monomer were reported. 
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Scheme 6. Borate anions prepared in the search for increased solubility of ionic metallocene catalysts 
in neat olefins.55 

 

 Tetrakis{4-(tert-butyldimethylsilyl)-2,3,5,6-tetrafluorophenyl}borate and Tetrakis{4-
(triisopropylsilyl)-2,3,5,6-tetrafluorophenyl}borate Anions 

The study of ion-pairing behaviour of metallocene cations with [B(C6F5)4]- anions was 
encumbered by the difficulty of isolating the corresponding complexes, as they suffer from 
poor solubility, thermal stability and crystallinity. Therefore, derivatives of [B(C6F5)4]- 
containing silyl functionalities were designed to enhance solubility (Scheme 7).56 As the silyl 
substituents sterically protect the inner sphere of the anion and help in the delocalisation of the 
negative charge on the anion through the π-accepting silicon atom, they also help to stabilise 
the anion. Fluorine substitution of the aryl ring was maintained to ensure δ-delocalisation of 
the negative charge.  
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Scheme 7. Preparation of lithium silyl-substituted tetrakis(2,3,5,6-tetrafluoroaryl)borate salts.56 
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The reaction [Ph3C][44] and [Ph3C][45] with a [Cp2ZrMe2], [(1,2-Me2Cp)2ZrMe2], 
[{(Me4Cp)SiMe2(tBuN)}ZrMe2] and [(Cp*)2ZrMe2] resulted in benzene soluble ionic 
metallocene complexes. Furthermore, [{(Me4Cp)SiMe2(tBuN)}ZrMe][45] even displayed 
solubility in pentane. As the corresponding [B(C6F5)4]- complexes are only poorly soluble in 
these solvents,56a the silyl substituents significantly increase the solubility of these 
metallocene complexes in apolar solvents.  

The coordinating strength of the borate anions 44 and 45 was investigated using NMR 
techniques and proved to be in between that observed for [MeB(C6F5)3]- and [B(C6F5)4]-. 
Furthermore, the results of polymerisation of ethylene and propylene catalysed by 
[Cp2ZrMe]+, [(1,2-Me2Cp)2ZrMe]+, [{(Me4Cp)SiMe2(tBuN)}ZrMe]+ or [(Cp*)2ZrMe]+ 
seemed to be independent of whether the anion 44, 45 or [B(C6F5)4]- was used. The only 
major difference between the metallocenes activated by [Ph3C][44] and [Ph3C][45], or by 
[Ph3C][PFPB], was the increased stability of the former two. This made it possible to isolate 
the catalytically active species, whereas the corresponding [B(C6F5)4]- catalysts had to be 
generated in situ. Nevertheless, the isolation of Zr and Th complexes of the silyl-substituted 
anions still proved difficult and thermal lability remains an issue, as was more recently 
reported for [Me2Si(Ind)2ZrMe][45].57 The reaction of [H(OEt2)2][44] with [Cp'2Zr(H)2]2, 
yielding [Cp'4Zr2(H)3][44], was also reported.58 This compound was prepared as a model for 
[Cp'4Zr2(H)3][B(C6F5)4], which is active in the co-polymerisation of isobutene and isopropene. 
However, the activity in olefin polymerisation of [Cp'4Zr2(H)3][44] itself was not investigated.  
 

Tetrakis{4-(trifluoromethyl)-2,3,5,6-tetrafluorophenyl}borate and Tetrakis{3-
(trifluoromethyl)-2,4,5,6-tetrafluorophenyl}borate Anions 

To arrive at even less coordinating anions, salts of tetrakis{4-(trifluoromethyl)-2,3,5,6-
tetrafluorophenyl}borate (46)59 and tetrakis{3-(trifluoromethyl)-2,4,5,6-
tetrafluorophenyl}borate (34)43 were prepared (Scheme 8). High solubility of various ion pairs 
containing 46, reduced coordinating abilities, and added stability due to the perfluorinated 
nature of the ligand framework of 46 were all claimed.59 However, these qualities have not 
been quantified. When [Ph3C][46] was used as a co-catalyst with [(C2H4)(Ind)2ZrMe2], the 
performance of the resulting catalyst in the polymerisation of ethylene appeared to be inferior 
to that observed for the complex activated with [Ph3C][B(C6F5)4] or MAO. On the other hand, 
the thermal stability of the activated complex was improved, while no catalyst decomposition 
was observed below 0 oC in toluene.59 

The anilinium salt of tetrakis{3-(trifluoromethyl)-2,4,5,6-tetrafluorophenyl}borate 
(34) was used in combination with [Cp*TiMe3] in the polymerisation of styrene (Table 3).43 
The resulting catalyst was an order of magnitude less active than its [Cp*TiMe2][PFPB] 
analogue.   
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Scheme 8. Synthesis of lithium tetrakis{4-(trifluoromethyl)-2,3,5,6-tetrafluorophenyl}borate. 

 

 

Tris(pentafluorophenyl)(2-perfluorobiphenyl)borate Anion 
Attempts by Marks et al. to synthesise an anionic derivative of 

tris(2,2',2"-perfluorobiphenyl)borane, which was prepared as an activator for dialkyl-
metallocenes, did not yield the desired compound. Instead, the trityl 
tris(pentafluorophenyl)(2-perfluorobiphenyl)borate salt ([Ph3C][47]) was isolated (Scheme 
9).4d This salt was employed as a co-catalyst with [(1,2-Me2Cp)2ZrMe2] in ethylene 
polymerisation. The performance of the resulting catalyst was found to be comparable to that 
achieved with the corresponding [Ph3C][PFPB] activated complex. 
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Scheme 9. Preparation of tris(pentafluorophenyl)(2-perfluorobiphenyl)borate.4d 
 
 

Bis(octafluoro-2,2’-biphenyl)borate Anion 
The bis(2,2'-octafluorobiphenyl)borate anion (48) was designed for the preparation of 

supported olefin polymerisation catalysts (Scheme 10).4d,60 Both its anilinium and trityl salts 
were synthesised, and proved to be efficient co-catalysts for an unspecified 
dimethylzirconium complex. Preliminary results indicated that [Ph3C][48] and 
[PhNMe2H][48] are more effective co-catalysts than the corresponding [B(C6F5)4]- salts.4d A 
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related anion (49) was also claimed for a similar purpose, but the nature of the salt used as co-
catalyst, nor its synthesis, were reported.60a 
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Scheme 10. Bis-biphenylborate anions for the preparation of supported catalysts. 
 
 

2.5.4 Bi-functional Borate Anions 
In the quest for more stable and weakly-coordinating anions, a number of bi-functional 

borate anions has been prepared (Scheme 11). In these bi-functional anions, two boron centres 
are linked through an extended π-system, resulting in enhanced delocalisation of the negative 
charge compared to ‘mono’-borates. This was expected to result in higher stability. As high 
stability and low coordination strength are interesting features for anions in early transition-
metal-catalysed olefin polymerisation, the anions 50-56 (Scheme 11) were tested for this 
purpose.4d,61 The reaction of trityl and anilinium salts of the bisborate anions with 
metallocenes yielded catalysts active in the polymerisation of ethylene61a-c,e and propylene.61g 
However, none of the bisborate containing catalysts exhibited better polymerisation rates than 
the corresponding [B(C6F5)4]- complexes.61c Furthermore, [Ph3C][53] yielded inactive 
complexes because of F--transfer. 61e Other examples of bi-functional borate anions (57-61) 
have also been reported (Scheme 12).4d,61f However, these remain untested in catalysis. 
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Scheme 11. Bi-functional borate salts that have been used as co-catalysts in metallocene-catalysed 

olefin polymerisation. 
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Scheme 12. Bi-functional borate salts not tested in catalysis. 
 

2.5.5 Linking Boranes through Monoanionic, Coordinating, Molecules: 
[(C6F5)3B-LN-B(C6F5)3]--Type Anions 

In the search for borate anions with ever higher stability, increased solubility and 
reduced coordinating strength in comparison with PFPB, ever more complex structures were 
devised. As the synthesis of such large and complex perfluoroarylborate salts is both costly 
and synthetically laborious, the generation of bulky anions through more straightforward 
methods was independently studied by the research groups of Bochmann and LaPointe. They 
constructed large anions with multiple boron centres from commercially available B(C6F5)3 
units and small, anionic, bifunctional ligands (Scheme 13).  
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Scheme 13. Construction of large borate anions through the linking of B(C6F5)3 with anionic, 
bifunctional ligands. 

 
Examples of anions obtained using this approach are: [CN(B(C6F5)3)2]- (62),

62a,b,c
 

[M(CNB(C6F5)3)4]2- (M = Ni (63), Pd (64)),
62a,b [imidazolide{B(C6F5)3}2]- (65)62c,d and its 

azide (66), dicyanamide (67), tetra(imidazoyl)borate (68), benzotriazolide (69), 
5,6-dimethylbenzimidazolide (70), benzimidazolide (71), 4,5-dichloroimidazolide (72), 
4,5-dimethylimidazolide (73), 4,5-diphenylimidazolide (74), 1,2,4-triazolide (75) and 
4,4-dimethylimidazolinide (76) analogues.62c,e The trityl salts of 62, 63 and 64 were tested as 
co-catalysts for the polymerisation of ethylene using [Cp2ZrMe2], 
[{rac-Me2Si(indenyl)}2ZrMe2] and [{1,3-(SiMe3)2C5H3}2ZrMe2] as catalyst-precursors.62a 
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While using these co-catalysts, similar activities were observed for all catalysts prepared. This 
was caused by mass-transport limitations of ethylene and prevented any meaningful analysis 
of anion effects on the polymerisation rates. Similar tests in the polymerisation of propylene, 
which were not mass-transport limited under the investigated conditions, showed that 62 is the 
most effective anion in the series 62, PFPB, 63 and [MeB(C6F5)3]-.62a Reduced cation-anion 
association, which is the result of increased charge-delocalisation through the large π-system 
in 62, was proposed as an explanation for its efficiency as weakly-coordinating anion. The 2- 
charge of 63 induced lower activity and lower solubility of the corresponding complexes in 
toluene in comparison with the corresponding compounds with either 62 or PFPB as it results 
in stronger ion-ion interactions. Furthermore, the use of [HNMe(C18H37)2][65] as a co-catalyst 
with [{Me2Si(η5-Me4C5)(tBuN)}TiMe2] yielded a catalyst with increased activity in the co-
polymerisation of ethylene and 1-octene in comparison with 
[{Me2Si(η5-Me4C5)(tBuN)}TiMe][MeB(C6F5)3].62d Disappointingly, the anions 62 and 63 
were prone to slow decomposition when in solution through the dissociation of the anionic 
components.62a 
 

2.5.6 Supported Borates as Co-catalysts in Olefin Polymerisation 
A number of methods have been devised to attach B(C6F5)3 or PFPB to a backbone, 

thus creating supported borate anions. The idea of generating such poly-anionic materials, 
which can be used as activators in metallocene-catalysed polymerisation, stems from the 
search for better polymer morphology, e.g., the formation of beads instead of powders.63 The 
use of a co-catalyst immobilised on the surface of a particle could result in the formation of a 
supported catalyst, which can be employed in slurry polymerisation. When compared to 
homogeneous metallocene catalysts, such a catalyst would allow better control over the size 
of the polymer particles produced. Furthermore, the increase in steric bulk that ensues from 
the creation of such a supported co-catalyst could help in reducing cations-anions association, 
thus enhancing catalyst activity. 
 

Dendrimer-Supported Borate Anions 
With the aim of making anions that are sterically demanding, poly-anionic carbosilane 

dendrimers were prepared (Scheme 14).64 These dendrimers, which are well-defined and 
highly branched molecules, have been functionalised with [RB(C6F5)3]- anionic groups on 
their periphery. The carbosilane backbone appeared suitable for use as a core for stable 
anions, as the C-Si bonds are chemically inert, making side reactions with the support during 
catalysis unlikely. The stable anilinium salts of 77, 78 and 79 were used as co-catalysts with 
[(Ind)2ZrMe2] and [Cp2ZrMe2] in the homo-polymerisation of ethylene and propylene, and in 
the co-polymerisation of ethylene/propylene and ethylene/1-hexene mixtures. In these 
reactions, these poly-borate salts proved themselves to be among the most active co-catalysts 
to date. For example, in combination with [Cp2ZrMe2] the polymerisation rate for ethylene is 
an order of magnitude higher than for the corresponding [PhNMe2H][PFPB] activated 
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catalyst.64 No degradation of the poly-borate anions was observed during these reactions and 
high polymerisation activity in aliphatic solvents such as n-hexane was observed with the salts 
of 77 and 78. This is an indication for the high solubility of the salts of these anion in these 
solvents. The effects of the use of these supports on polymer morphology was not reported. 
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Scheme 14. Carbosilane dendrimers used as a backbone for borate anions. 
 

Silica-Supported Borate Anions and Silsesquioxane Model Systems 
Work on silica-supported anions has remained mostly confined to the patent 

literature65 with reports focusing on the immobilisation of B(C6F5)3 on a silica surface. This 
creates a supported four-coordinated borate anion, which behaves very much like the free 
PFPB anion. The most successful route for immobilisation has been the mixing of the silica 
support with borane in the presence of an amine (Scheme 15). Addition of a dialkylzirconium 
catalyst precursor to thus immobilised borate anions yields catalysts with activity in the 
slurry-phase polymerisation of various alkenes. During catalysis the presence of the amine is 
required as the attachment of B(C6F5)3 to the support is otherwise reversible.65g Trityl salts of 
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the silica-supported anions were prepared by reaction of butyllithium and B(C6F5)3 with silica, 
followed by metathesis with Ph3CCl65b or by ion exchange with [Ph3C][B(C6F5)4].65g

 The 
stability of the B-O bond was investigated using B(C6F5)3

 grafted on silsesquioxanes, which 
have proven to be realistic models for the silica surface.66 Anilinium and triethylammonium 
salts of [{(c-C5H9)7-Si8O13}B(C6F5)3]- (81) and [{(c-C5H9)7Si7(OH)2O10}B(C6F5)3]- (82) were 
prepared. The B-O bonds in these salts displayed a limited stability toward both Brønsted and 
Lewis bases. Furthermore, B-O bond breaking by hydrolysis or alcoholysis was also facile. 
[Cp2Zr(CH2Ph)2] activated by [PhNMe2H][81] rapidly transformed into the inactive 
silsesquioxane complex [{(c-C5H9)7Si8O13}ZrCp2][PhCH2B(C6F5)3]. The subsequent breaking 
of the B-C bond leads to the formation of physisorbed B(C6F5)3, which then acted as co-
catalyst and was responsible for the polymerisation activity observed. 
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Scheme 15. Immobilisation of tris(pentafluorophenyl)borane on silica supports. 
 

A second approach followed for the preparation of silica-supported metallocenes is the 
reaction of B(C6F5)3 with the silanol-groups of silica. This yields a zwitterionic intermediate, 
which reacts with [Cp2ZrMe2] to form an immobilised catalyst. However, thus immobilised 
[Cp2ZrMe2] was active only in the presence of MAO. As the aluminumalkyl co-catalyst 
causes cleavage of the Si-O bonds, thus releasing the catalyst into solution,65f the observed 
polymerisation activity is most likely caused by catalyst in solution,  

A third method employed for the synthesis of silica-supported borate anions is the 
tethering of B(C6F5)3 via a linker. Anilinium {4-(trichlorosilyl)-2,3,5,6-tetrafluorophenyl} 
tris-(pentafluorophenyl)borate, [PhNMe2H][81], was reacted with silica (Scheme 16). The 
resulting supported anilinium borate has been used as co-catalyst with [Ind2ZrCl2], in the 
presence of triisobutylaluminum, yielding a catalytic system that is active in ethylene and 
propylene polymerisation.67 In a similar fashion, triethylammonium 
tris(pentafluorophenyl)(4-hydroxyphenyl)borate and related compounds were reacted with 
MAO-treated silica, yielding supported anions which were used for the preparation of 
supported metallocene catalysts.68  
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Scheme 16. Grafting of a tetraarylborate anion on a silica support. 
 

Alumina-Supported Borates 
Fully hydroxylated alumina was used as a support for borate anions. Reaction of 

B(C6F5)3 with the alumina yields a zwitterionic species which reacts with [Cp2ZrMe2] to form 
a supported catalyst. In contrast to silica treated in an identical fashion, this catalyst was active 
without addition of MAO. The activity of the immobilised catalyst was reported to be much 
higher than that achieved with a mixture of [Cp2ZrMe2], MAO and alumina.65f 
  

Polymer-Supported Borates 
Another class of materials that can be used as an anionic support for polymerisation 

catalysts in slurry-phase polymerisation are borane-substituted (co-)polymers. B(C6F5)3 has 
been attached to various polymer surfaces in order to create supported metallocene catalysts. 
An illustrative example is the use of lightly cross-linked polystyrene beads functionalised with 
a hafnium catalyst (Scheme 17).63 The open structure of this polymer, combined with its high 
polarity relative to the reaction medium resulted in a homogeneous distribution of the cation-
anion pairs throughout the polymer matrix. This means that polymerisation took place inside 
the particle, whereas with other supported catalysts this occurs on the outside. Excellent 
activity, very low catalyst leaching and the formation of discrete spherical polymer beads with 
a diameter in the millimetre range were the result. 
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Scheme 17. Polymer supported metallocene catalysts. 
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Other polymers that were used as anionic supports were prepared through the co-
polymerisation of trialkylammonium tris(pentafluorophenyl-4-vinyl)phenylborates with 
styrene69 and 2,3,4,5,6-pentafluorostyrene (Figure 7),69 the co-polymerisation of ammonium 
tris(pentafluorophenyl-4-vinyl)phenylborates and ammonium tris(pentafluorophenyl)-
norbornenes65a or the introduction of B(C6F5)3 after lithiation of a preformed polymeric core, 
e.g., (chloromethyl)polystyrene and poly(divinyl)benzene.65a 
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[Me3NH]

B(C6F5)3
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[Me3NH]
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[Me3NH][83] [Me3NH][84]  

Figure 7. Examples of co-polymers used as anionic catalyst supports. 
 

2.6  Olefin Polymerisation Catalysed by Late Transition-Metal Complexes using 

Borate Salt Co-Catalysts 
 

Following the discovery of B(C6F5)3 and [B(C6F5)4]- as efficient activators for early 
transition-metal polymerisation catalysts, a separate breakthrough was reported involving the 
development of efficient polymerisation catalysts based on late transition-metal complexes. 
The latter complexes are less oxophilic than early transition-metal complexes, and therefore 
rather than form high molecular weight polymers they tend to dimerise or oligomerise olefins. 
However, Brookhart et al. discovered that nickel and palladium complexes with bulky diimine 
ligands (Scheme 18), when activated through protonolysis by a co-catalyst, are active in both 
the homo- and co-polymerisation of ethylene and α-olefins.70 These catalysts were also the 
first transition-metal complexes capable of co-polymerising functionalised monomers, such as 
alkyl acrylates and methylvinylketone,70 substrates that are not compatible with the more 
oxophilic metallocene catalysts.  
 

2.6.1 TFPB as Anion for Late Transition-Metal Polymerisation Catalysts 
For the activation of late transition-metal dialkyl-diimine-complexes a new co-catalyst 

was required as the trityl and ammonium borates, that are commonly used in the  
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Scheme 18. Brookhart-type catalysts active in the polymerisation of olefins. 
 

activation of dialkyl metallocenes, are generally not capable of activating these catalyst 
precursors.71 This resulted in the development of the [H(OEt2)2]+ salt of TFPB, which can be 
prepared from Na[TFPB] and HCl in diethyl ether.71 Whereas the TFPB anion was instable in 
the presence of highly electrophilic early transition-metals,44 cationic late transition-metal 
complexes proved unreactive towards this anion. This resulted in numerous applications of 
TFPB in catalysis. 
 Besides the Brookhart-type polymerisation catalysts, other examples of late transition-
metal complexes activated by [H(OEt2)2][TFPB] are [Cp*(C2H4)Rh{CH2CH2(µ-H)}][TFPB] 
(dimerisation of methyl acrylate),72 [Cp*(P(OMe)3)Co{CH2CH2(µ-H)}][TFPB] 
(polymerisation of ethylene),71a [(dppp)Pd((C(O)Me)(CO)][TFPB] (co-polymerisation of CO 
and ethylene)73 and [(N∧N)Pd(Me)(MeCN)][TFPB] (N∧N = 2,2’-bipyridine or 
1,10-phenanthroline, co-polymerisation of CO and tert-butylstyrene).74 Both the [H(OEt2)2]+ 
and [PhNMe2H]+ salts of TFPB were used to activate [Ni(C12H18)], yielding complexes that 
are active in the 1,4-cis-polymerisation of butadiene.75 In this example, the oxonium and the 
anilinium salts proved to be equally efficient co-catalysts. Furthermore, [PhNMe2H][TFPB] 
was used in combination with [(N∧N)NiMe2] (N∧N = 
{2,6-(iPr)2}C6H3-N=C(Me)C(Me)=N{2,6-(iPr)2C6H3}), yielding a catalyst active in the 
polymerisation of ethylene.76 

Despite the fact that the TFPB anion proved to be highly stable in the presence of late 
transition-metal catalysts, some examples of its coordination and decomposition have been 
reported. When trans-[(PPh3)2Pt(Me)(OEt2)][TFPB] is refluxed in toluene, transfer of two 
3,5-bis(trifluoromethyl)phenyl groups to the metal centre was observed (Figure 8).77 
Furthermore, π-bonding of the aryl group was observed in [Ag(η3-TFPB)(2,2’-bipy)], 
[Ag(η4-TFPB)(I2C6H4)] and [Rh(η6-TFPB)(COD)].78  
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Figure 8. Molecular structure of [(3,5-(CF3)2C6H3)2Pt(PPh3)2] (redrawn from data obtained in the 
Cambridge Structural Database).77 

 

2.6.2 Other Tetraarylborate Anions as Activators for Late Transition-Metal Polymerisation 
Catalysts 

In the field of late transition-metal-catalysed polymerisation, less attention has been 
given to the influence of the anion on the reaction than for early transition-metal catalysts. 
Whereas, the use of metallocenes resulted in the development of a broad range of substituted 
borate co-catalysts, in the case of the Brookhart-type catalysts little variation in the anions has 
been attempted. The following examples are exceptions where (in addition to TFPB) other 
borate anions were also employed. 
 

Tetrakis(pentafluorophenyl)borate (PFPB) and Tetrakis{4-(α,α’-bis-(pentafluorophenyl)-
fluoromethyl)-2,3,5,6-tetrafluorophenyl}borate Anions 

PFPB was used in the nickel complex [Ni(C12H19)][B(C6F5)4] which proved an 
efficient catalyst for the polymerisation of 1,4-butadiene. Its activity in this reaction was 
comparable to that observed for [Ni(C12H19)]PF6.79 In further examples, 
[(dppp)PdMe(THF)][B(C6F5)4] and [{Ph2Si(CH2PPh2)2}PdMe(THF)][B(C6F5)4] proved active 
in the co-polymerisation of CO and ethylene.80  

Expanding the range of para-substituted tetrakis(perfluorophenyl)borate anions for use 
with metallocene catalysts, Brant et al. prepared [PhNMe2H][B{C6F4(C(C6F5)2F)-4}4] 
(Scheme 19).76 However, as attempts to obtain Group 4 metallocene cations stabilised by 
[B{C6F4(C(C6F5)2F)-4}4]- (85) were unsuccessful, the performance of 
[PhNMe2H][B{C6F4(C(C6F5)2F)-4}4] as co-catalyst for [(N∧N)NiMe2] (N∧N = 
(2,6-(iPr)2C6H3)N=C(Me)C(Me)=N(2,6-(iPr)2C6H3)) in the polymerisation of ethylene was 
investigated. The activity and the molecular weight of the polymer obtained were lower than 
those achieved with this complex activated with the corresponding anilinium TFPB and PFPB 
salts.76  
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Scheme 19. Preparation of anilinium tetrakis{4-(α,α’-bis(pentafluorophenyl)-fluoromethyl)-2,3,5,6-
tetrafluorophenyl}borate. 

 

Tetrakis(pentafluorophenoxy)borate Anion 
The synthesis of borates and boranes with a perfluoroaryl framework will be a serious 

challenge on industrial scale as it entails the use of fluorinated Grignard or lithium 
compounds, which can explode spontaneously when working at room temperature.81 This 
danger exists especially when ortho-fluorine substituents are present, as is the case in many of 
the syntheses described herein. Therefore, the design of anions that are less cumbersome to 
prepare, but equally efficient as weakly-coordinating counterions, has attracted some 
attention. Trimethylammonium tetrakis(pentafluorophenoxy)borate was prepared using a 
straightforward procedure, eliminating hazardous intermediates (Scheme 20).82 Reaction of 
[Me3NH][B(OC6F5)4] with [{2,6-bis(1-(2,6-diisopropyliminophenyl)ethyl)pyridine}Fe(II)Cl2] 
yielded a highly active olefin polymerisation catalyst, which displayed reaction rates more 
than twice as high as observed with the corresponding catalyst activated with 
[PhNMe2H][B(C6F5)4].82 However, a rapid decline in activity during catalysis was observed, 
indicating decomposition of the catalytic species when using the borate anion 86. 
Furthermore, 86 proved incompatible with zirconocenes because of the high oxophilicity of 
these complexes.82  
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Scheme 20. A safe way to prepare a highly efficient borate co-catalyst. 
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2.7  The Use of Substituted Tetraarylborate Anions in other Catalytic Processes 
 

2.7.1 Hydrogenation  
Although in most cationic hydrogenation catalysts traditional anions such as BF4

-, 
PF6

-, triflates or tosylates are used,1i some examples of catalysts with tetraarylborate anions 
have been reported. Enantioselective hydrogenation of (E)-1,2-diphenyl-1-propene is 
catalysed by [(P∧N)Ir(COD)][TFPB] (P∧N = phosphanodihydrooxazole, Figure 9),83 which 
showed better catalytic performance than the corresponding PFPB, 30, SbF6

-, BF4
-, PF6

-, 
BPh4

-, OTf- and halides complexes. HOESY NMR studies, in which the PF6
- and TFPB 

complexes were compared, revealed marked difference in the interaction of these anions with 
the cation.83b Whereas close contact ion-pairs between the TFPB anion and the cation were 
not detected, a regioselective interaction of the anion with the cation at the oxazoline ring was 
detected with PF6

-, indicating tight ion pairing. 
 

P N
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R' Ir

a: R = iPr; R' = Ph
b: R = tBu; R' = p-tolyl

TFPB

 

Figure 9. [Ir(COD)(phosphanodihydrooxazole)][TFPB], an enantioselective hydrogenation catalyst. 
 

The activation of [Cp(CO)2(PR3)MH] (R = phenyl, cyclohexyl or methyl, M = W, Mo) 
with [Ph3C][TFPB] yields complexes that are active in the hydrogenation of acetone and 
3-pentanone.84 Their catalytic performance was compared with that of the corresponding BF4

-, 
PF6

- and OTf- complexes. This demonstrated that the TFPB-equipped complexes have the 
highest catalytic activity. In a further example, [nBu3NH][PFPB] was used as co-catalyst in 
combination with [(Cp’)2ThR2] (R = Me or CH2C6H5), resulting in the formation of 
hydrogenation catalysts for 1-hexene that were 4100 times more active than the corresponding 
[BPh4]- analogues.52a The related complex [(Cp’)2Th(CH3)][tBuCH2CH[B(C6F5)2]2(µ-H)] was 
prepared as well, but its activity only slightly exceeded that of the PFPB analogue.61 
 

2.7.2 Hydrosilylation 
Intramolecular hydrosilylation of alkenyl-silanes and alkenyl-silyl-ethers can be used 

for the preparation of five-membered silicon containing heterocycles. Application of cationic 
Pd(II) complexes in conjunction with a weakly-coordinating anion yielded efficient catalysts 
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for this reaction. The use of [H(OEt2)2][TFPB] to activate [(N∧N)Pd(Me)2] (N∧N = 
1,10-phenantroline, 2,2’-bipyridine or neocuprine) resulted in the formation of catalysts active 
in the intramolecular hydrosilylation of 4-pentenyl- and 5-hexenyl-silanes (Scheme 21).85  
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Scheme 21. Palladium catalysts for the intramolecular hydrosilylation of alkenyl-silanes and alkenyl 

silyl-ethers. 
 

2.7.3 Diels-Alder Reactions 
TFPB has also been used as counterion for organic cationic catalysts, e.g., idinium 

cations86 and oxazaborinane cations (Figure 10),87 which display activity as catalysts for 
Diels-Alder reactions. When using idinium, TFPB proved to be a much more efficient anion 
than either BF4

- (sparingly soluble salt) or [BPh4]- (strong ion-pairing). Furthermore, reaction 
of Na[TFPB] with [CpRu(biphop-F)I] (biphop-F = 
1,2-bis{bis(pentafluorophenyl)phosphanyloxy}-1,2-diphenylethane, Figure 10) afforded 
complex [CpRu(biphop-F)][TFPB], which is also active in the Diels-Alder reaction.88 Studies 
of this Diels-Alder reaction showed that the activity, but not the selectivity, of the cationic 
ruthenium-catalyst was highly dependent on the nature of the anion, with the rate increasing in 
the series OTf - < BF4

- < PF6
- < SbF6

- < TFPB. 
 

2.7.4 Halogenation 
Recently, the use of [Cp2Fe][TFPB] as catalyst for the direct halogenation of aromatics 

was reported.89 This reaction was carried out in the presence of ZnO and makes use of either 
ICl and Br2 for iodination or bromination, respectively. 
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Figure 10. Cationic catalysts for the Diels-Alder reaction employing TFPB as counterion. 
 

2.7.5 Photopolymerisation 
The borate anions PFPB, 52 and 65 were used as weakly-coordinating anions in the 

iodonium-catalysed photopolymerisation of epoxy silicones (Figure 11).90 The salts of PFPB 
and 65 were the most active and most soluble photoacid generators of the group tested, which 
also comprised the anions 7,8,9,10,11,12-hexabromocarborane, 
tetrakis(pentafluorophenyl)gallate, SbF6

- and Cl-. The di-anion 52 proved less efficient as the 
higher charge density reduced the solubility of the corresponding iodonium salt in silicones.  

 

I
X

 

 

Figure 11. Iodonium salts used as catalyst for photopolymerisation of silicones (X = PFPB or 65). 

 

2.8  Catalysis in Supercritical Carbon Dioxide 
 

Because of its high lipophilicity, TFPB has also found application as solubility-
enhancing counterion in supercritical carbon dioxide (scCO2).91 This solvent has emerged as a 
substitute for organic solvents, because of the current view that its low toxicity and chemical 
inertness make it an environmentally friendly alternative to solvents currently employed. As 
scCO2 is highly apolar, most catalysts, in particular the ionic ones, dissolve only poorly in this 
medium. Their solubility can be enhanced by the introduction of lipophilic groups, and the use 
of lipophilic TFPB, in particular, has proved very effective in the solubilisation of cationic 
transition-metal complexes in scCO2. For example [Rh((R,R)-Et-Duphos)(COD)][TFPB] 
((R,R)-Et-DuPhos = (R,R)-1,2-bis(trans-2,5-diethylphospholano)benzene, Figure 12) proved 
to be an active catalyst for the asymmetric hydrogenation of α-enamides.92 The enantiomeric 
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excess achieved (> 90%) was similar to that achieved in conventional solvents, while the ee’s 
achieved in the hydrogenation of β,β-disubstituted enamides were at the time the highest 
reported (> 85%).  
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Et Et

Et Et

Rh
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Figure 12. Rhodium-Duphos-complexes that were employed as catalysts in asymmetric hydrogenation 
in scCO2. 

 

In another example, the application of [(4S)-2-{2-(diphenylphosphanylphenyl)-4-
isopropyl-4,5-dihydroxooxazole}iridium][TFPB] (Figure 9) in the asymmetric hydrogenation 
of imines in scCO2 resulted significantly improved catalyst performance in comparison with 
that achieved with the corresponding PF6

- complex. Enantioselectivity was in the order of 
80%, whereas ee’s in the range of 20-40% were observed with the conventional catalyst in 
CH2Cl2. Besides improving catalyst performance, the use of TFPB as solubilising moiety 
proved more effective than use of a phosphanyl ligand that had been functionalised with two 
–(CH2CH2C6F13) (fluorous) functionalities.93  

Another example of the successful use of TFPB counterions in scCO2, is the activation 
of Wilke’s catalyst (Figure 13) with Na[TFPB]. This yielded a catalyst active in the 
hydrovinylation of styrene.94 Furthermore, this complex was also employed in a solvent 
system that combined the use of scCO2 with that of the ionic liquid [EMIm][TFPB] (EMIm = 
1-ethyl-3-methylimidazolium) as non-volatile liquid phase. This enabled the development of a 
continuous flow catalytic system, with excellent catalyst retainment and only a slight decrease 
in activity after 61 hours of continuous operation.94b 

A last example of the TFPB facilitated catalysis in scCO2 is that of [(Ar-N=C(Me)-
C(Me)=N-Ar)Pd(Me)(OEt2)][TFPB] in the (co-)polymerisation of ethylene and 1-hexene.95 
The performance of this catalyst under supercritical conditions was similar to that in CH2Cl2. 
 

2.9  Concluding Remarks 
 

The recent interest in homogeneous cationic single site catalysts, and especially the 
use of early transition-metal metallocenes, in olefin polymerisation has sparked the interest in 
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Figure 13. Wilkes complex, catalyst for the hydrovinylation of styrene in scCO2. 
 

the influence of the anion on catalyst performance. This has led to the development of a broad 
spectrum of tetraarylborate anions and derivatives thereof. Despite the diversity of anions 
reported, their preparation follows a rather uniform synthetic approach, often entailing the 
reaction of aryl lithium or -Grignard compounds with a trihalo- or triaryl-boranes at some 
stage during the synthesis.   

Although anion effects on catalyst activity and selectivity have been widely 
investigated in olefin polymerisation, the formulation of a general trend is still a difficult task. 
It is clear that, in general, a reduction in the coordinating strength of the anion and an increase 
in its stability improve the activity and robustness of a catalyst. Nevertheless, many examples 
are encountered where, despite an increase in the size of the anion and an increase in the 
fluorine content, no significant influence on the catalyst performance could be discerned. 
Therefore, TFPB and PFPB remain the most widely employed counterions, because they 
combine a relatively straightforward synthesis with the best catalyst activity in all but a few 
examples. Furthermore, despite the performance gains achieved in polymerisation, the 
application of these weakly-coordinating anions in other fields of homogeneous catalysis has 
so far remained limited.  

The use of large and weakly-coordinating anions as solubilising agents for highly 
apolar solvents, such as scCO2 and perfluorinated solvents has hardly been explored. Yet, as 
shown by the few reported examples, introduction of fluorine substituents as well as alkyl 
substituents in borate anions often results in enhanced solubility of the corresponding borate 
salts and ionic metal complexes in non-coordinating and/or apolar solvents. Further 
exploration of the use of tetraarylborate anions with a highly fluorous character could be 
highly rewarding, as it might yield improved solubility of transition-metal complexes in such 
non-conventional solvents and allow studies into the solvent effects of these unique media on 
the performance of ionic homogeneous catalysts. 
   

 



 
Chapter 2 

 42 

References and Notes 
 

(1) (a) Shapley, J. R.; Schrock, R. R.; Osborn, J. A. J. Am. Chem. Soc. 1969, 91, 2816. (b) Schrock, 
R. R.; Osborn, J. A. Inorg, Chem. 1970, 9, 2339. (c) Osborn, J. A.; Schrock, R. R. J. Am. Chem. 
Soc. 1971, 93, 3089. (d) Kunitake, T.; Matsuguma, Y.; Aso, C. Polym. J. 1971, 2, 345. (e) 
Green, M.; Kuc, T. A. J. Chem. Soc., Dalton Trans. 1972, 832. (f) Schrock, R. R.; Osborn, J. A. 
J. Am. Chem. Soc. 1976, 98, 2134. (g) Halpern, J.; Riley, D. P.; Chan, A. S. C.; Pluth, J. J. J. 
Am. Chem. Soc. 1977, 99, 8055. (h) Brown, J. A.; Chaloner, P. A. Tetrahedron Lett. 1978, 19, 
1877. (i) Applied Homogeneous Catalysis with Organometallic Compounds; Cornils, B.; 
Herrmann, W. A., Eds.; VCH: Weinheim, 1996. (j) Ohkuma, T.; Kitamura, M.; Noyori, R. in 
Catalytic Asymmetric Synthesis; Ojima, I., Ed.; Wiley-VCH: New York, 2000. 

(2)  (a) Rosenthal, M. R. J. Chem. Educ. 1973, 50, 331. (b) Beck, W.; Sünkel, K. Chem. Rev. 1988, 
88, 1405. 

(3) Strauss, S. H. Chem. Rev. 1993, 93, 927. 
(4) For recent reviews see: (a) Reed, C. A. Acc. Chem. Res. 1998, 31, 133. (b) Lupinetti, A. J.; 

Strauss, S. H. Chemtracts - Inorg. Chem. 1998, 11, 565. (c) Kobayashi, H. J. Fluorine Chem. 
2000, 105, 201. (d) Chen, E. Y.-X.; Marks, T. J. Chem. Rev. 2000, 100, 1391. 

(5) For some early examples see: (a) Raff, P.; Brotz, W. Z. anal. Chem. 1951, 133, 241. (b) 
Rüdorff, W.; Zannier, H. Z. anal. Chem. 1953, 140, 1. (c) Flaschka, H.; Abdine, H. Z. anal. 
Chem. 1955, 144, 415. (d) Wittig, G.; Herwig, W. Chem. Ber. 1955, 88, 962.  

(6) For more recent examples: (a) Chen, W.; Jiang, Z.; Kong, L.; Xie, J. Guangpu Shiyanshi 1995, 
12, 42. (b) Azeredo, M. A. A.; Da Cunha Azeredo, L.; De Castro Alcantara Soares, J. Quimica 
Nova 1998, 21, 651. 

(7) (a) Kazami, H.; Isao, O.; Makoto, N.; Toru, F. Jpn. Kokai Tokkyo Koho JP 2002178640, 2002. 
(b) Frankowski, A.; Figaszewski, Z.; Czerepko, I. Pol. J. Environ. Stud. 1995, 4, 17. (c) 
Borden, D. G. Ger. Offen. DE 1815868, 1969. 

(8) (a) Wehner, W.; Grade, R. Can. Pat. Appl. 2082994, 1993. (b) Akitomo, W.; Masahiro, S. Jpn. 
Kokai Tokkyo Koho JP 01143807, 1989. 

(9) Loomans, M. E. US Patent 3,726,968, 1973. 
(10) Kimura, M.; Matsushige, H.; Kazama, H. Jpn. Kokai Tokkyo Koho JP 2002161013, 2002. 
(11) (a) Telting-Diaz, M.; Bakker, E. Anal. Chem. 2001, 73, 5582. (b) Kulapin, A. I.; Mikhailova, A. 

M.; Kulapina, E. G. Russ. J. Electrochem. 2002, 38, 384. (c) Issa, V. M.; Rizk, M. S.; Shoukry, 
A. F.; El-Nashar, R. M. Electroanalysis 1997, 9, 74. 

(12) (a) Yoo, A.; Moore, C. E. Talanta 1991, 38, 493. (b) Bobacka, J.; Alaviuhkola, T.; Hietapelto, 
V.; Koskinen, H.; Lewenstam, A.; Lamsa, M.; Pursiainen, J.; Ivaska, A. Talanta 2002, 58, 341. 
(c) Mi, Y.; Mathison, S.; Goines, R.; Logue, A.; Bakker, E. Anal. Chim. Acta 1999, 397, 103. 
(d) Shoukry, A. F.; Abdel-Ghani, N. T.; Issa, Y. M.; Ahmed, H. M. Electroanalysis 1999, 11, 
443. (e) Bakker, E.; Pretsch, E. Anal. Chim. Acta 1995, 309, 7. 

(13) (a) Nirasawa, T.; Ito, H.; Omaru, A. Eur. Pat. Appl. EP 1148570, 2001. (b) Angell, C. A.; Xu, 
K.; Kovalev, I. P.; Skotheim, T. A. PCT Int. Appl. WO 19990422, 1999. (c) Abbott, A. P.; 
Claxton, T. A.; Fawcett, J.; Harper, J. C. J. Chem. Soc., Faraday Trans. 1996, 92, 1747. (d) 
Talukdar, H.; Rudra, S.; Kundu, K. K. Can. J. Chem. 1989, 67, 321. (e) Newman, G. H.; 
Klemann, L. P. Proc. – Electrochem. Soc. 1981, 81, 200. 

(14) (a) Wittig, G.; Keicher, G. Naturwissenschaften 1947, 34, 216. (b) Wittig, G.; Raff, P. Liebigs 
Ann. Chem. 1951, 573, 195. 

 



 
Arylborate Anions; Versatile Counterions in Homogeneous Catalysis with Potential for Use... 

 43 

 

(15) Gerrard, W. in The Organic Chemistry of Boron; Academic Press: London and New York, 
1961, p. 108. 

(16) (a) Macchioni, A.; Bellachioma, G.; Cardaci, G.; Travaglia, M.; Zuccaccia, C. Organometallics 
1999, 18, 3061. (b) Zuccaccia, C.; Macchioni, A. Organometallics 1999, 18, 4367.  

(17) Macchioni, A.; Zuccaccia, C.; Clot, E.; Gruet, K.; Crabtree, R. H. Organometallics 2001, 20, 
2397. 

(18) Bochmann, M. Angew. Chem., Int. Ed. Engl. 1992, 31, 1181. 
(19) Seppelt, K. Angew. Chem., Int. Ed. Engl. 1993, 32, 1025. 
(20) Nolte, M. J.; Gafner, G.; Haines, L. M. Chem. Commun. 1969, 1406. 
(21) (a) Aresta, M.; Quaranta, E.; Tommasi, I. New J. Chem. 1997, 21, 595. (b) Solari, E.; Musso, 

F.; Gallo, E.; Floriani, C. Organometallics 1995, 14, 2265. (c) Zhou, Z.; Facey, G.; James, B. 
R.; Alper, H. Organometallics 1996, 15, 2496. (d) (O-H···Ph hydrogen bonding) Steiner, T.; 
Schreurs, A. M. M.; Lutz, M.; Kroon, J. New. J. Chem. 2001, 25, 174. 

(22) (a) (first report of more than 1 phenyl engaged in coordination) Schaverlen, C. J. 
Organometallics 1992, 11, 3476. (b) Albinati, A.; Aresta, M.; Quaranta, E. Organometallics 
1993, 12, 2032. (c) Fagan, P. J.; Ward, M. D.; Calabrese, J. C. J. Am. Chem. Soc. 1989, 111, 
1698. (d) Calderazzo, F.; Englert, U.; Pampaloni, G.; Rocchi, L. Angew. Chem., Int. Ed. Engl. 
1992, 31, 1235. 

(23) Westcott, S. A.; Blom, H. P.; Marder, T. B.; Baker, R. T. J. Am. Chem. Soc. 1992, 114, 8863. 
(24) (a) van den Hoven, B. G.; Alper, H. J. Am. Chem. Soc. 2001, 123, 10214. (b) van den Hoven, 

B. G.; Alper, H. J. Am. Chem. Soc. 2001, 123, 1017. 
(25) (a) van den Hoven, B. G.; Alper, H. J. Org. Chem. 1999, 64, 9640. (b) Montell, F.; Matsuda, I.; 

Alper, H. J. Am. Chem. Soc. 1995, 117, 4419. 
(26) Zhou, Z.; James, B. R.; Alper, H. Organometallics 1995, 14, 4209. 
(27) Hlatky, G. G.; Turner, H. W.; Eckman, R. R. J. Am. Chem. Soc. 1989, 111, 2728. 
(28) Williams, J. L. R.; Doty, J. C.; Grisdale, P. J.; Regan, T. H.; Happ, G. P.; Maier, D. P. J. Am. 

Chem. Soc. 1968, 90, 53. 
(29) (a) Oguma, K.; Miura, M.; Satoh, T.; Nomura, M. J. Organomet. Chem. 2002, 648, 297. (b) 

Bumagin, N. A.; Korolev, D. N. Tetrahedron Lett. 1999, 40, 3057. (c) Ciattini, P. G.; Morera, 
E.; Ortar, G. Tetrahedron Lett. 1992, 33, 4815. (d) Aresta, M.; Quaranta, E.; Tommasi, I. Gazz. 
Chim. Ital. 1993, 123, 271. 

(30) (a) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113, 3623. (b) Ewen, J. A.; 
Elder, M. J. Eur. Patent Appl. EP 0427697, 1991. (c) Turner, H. W. Eur. Pat. Appl. EP 
0277004, 1988. (d) Jordan, R. F.; Dasher, W. E.; Echols, S. F. J. Am. Chem. Soc. 1986, 108, 
1718. 

(31) (a) Leitner, W. Top. Curr. Chem. 1999, 206, 107. (b) de Wolf, E.; van Koten, G.; Deelman, B.-
J. Chem. Soc. Rev. 1999, 28, 37.  

(32) Slocum, D. W.; Duraj, S. ; Webber, K. Synth. React. Inorg. Met. – Org. Chem. 1980, 10, 261. 
(33) (a) Nenning, P.; Holzapfel, H. Acta. Chim. Acad. Sci. Hung. 1969, 61, 421. (b) Holzapfel, H.; 

Richter, C. J. Prakt. Chem. 1964, 4, 15. 
(34) Moore, C. E.; Cassaretto, F. P.; Posvic, H.; McLafferty, J. J. Anal. Chim. Acta 1966, 35, 1. 
(35) Meisters, M.; Vandeberg, J. T.; Cassaretto, F. P.; Posvic, H.; Moore, C. E. Anal. Chim. Acta 

1970, 49, 481. 
(36) Nishida, H.; Takada, N.; Yoshimura, M.; Sonoda, T.; Kobayashi, H. Bull. Chem. Soc. Jpn. 

1984, 57, 2600. 
 



 
Chapter 2 

 44 

 

(37) (a) Takuma, K.; Sonoda, T.; Kobayashi, H. Chem. Lett. 1984, 243. (b) Kobayashi, H.; Sonoda, 
T.; Iwamoto, H. Chem. Lett. 1982, 1185. (c) Iwamoto, H.; Sonoda, T.; Kobayashi, H. 
Tetrahedron Lett. 1983, 24, 4703. (d) Shiraki, Y.; Onitsuka, K.; Takuma, K.; Sonoda, T.; 
Kobayashi, H. Bull. Chem. Soc. Jpn. 1985, 58, 3041. 

(38) Abbott, A. P.; Griffith, G. A.; Harper, J. C. J. Chem. Soc., Faraday Trans. 1997, 93, 577. 
(39) Kobayashi, H.; Sonoda, T.; Iwamoto, H. Chem. Lett. 1981, 579.  
(40) (a) Fujiki, K.; Kashiwagi, M.; Miyamoto, H.; Sonoda, A.; Ichikawa, J.; Kobayashi, H.; Sonoda, 

T. J. Fluorine Chem. 1992, 57, 307. (b) Fujiki, K.; Ichikawa, J.; Kobayashi, H.; Sonoda, A.; 
Sonoda, T. J. Fluorine Chem. 2000, 102, 293. 

(41) Horton, A. D.; Frijns, J. H. G. Angew. Chem., Int. Ed. Engl. 1991, 30, 1152. 
(42) Horton, A. D.; Orpen, A. G. Organometallics 1991, 10, 3910. 
(43) Yokota, Y.; Inoue, T.; Naganuma, S.; Shozaki, H.; Tomotsu, N.; Kuramoto, M.; Ishihara, A. in 

Metalorganic Catalysts for Synthesis and Polymerisation: Recent Results by Ziegler-Natta and 
Metallocene Investigations; Kaminsky, W., Ed.; Springer-Verlag: Berlin, 1999, p. 435. 

(44) Bahr, S. R.; Boudjouk, P. J. Org. Chem. 1992, 57, 5545. 
(45) (a) Bochmann, M.; Jaggar, A. J. J. Organomet. Chem. 1992, 424, C5. (b) Bochmann, M.; 

Lancaster, S. J. J. Organomet. Chem. 1992, 434, C1.  
(46) (a) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113, 3623. (b) Ewen, J. A.; 

Elder, M. J. Eur. Pat. Appl. 0,427,697, 1991. 
(47) (a) Chen, Y.-X.; Yang, S.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1996, 118, 12451. (b) 

Deck, P. A.; Beswick, C. L.; Marks, T. J. J. Am. Chem. Soc. 1998, 120, 1772. (c) Deck, P. A.; 
Marks, T. J. J. Am. Chem. Soc. 1995, 117, 6128. 

(48) Luo, L.; Marks, T. J. Topics in Catalysis 1999, 7, 97. 
(49) (a) Massey, A. G.; Park, A. J.; Stone, F. G. A. Proc. Chem. Soc. 1963, 212. (b) Massey, A. G.; 

Park, A. J. J. Organomet. Chem. 1964, 2, 245. 
(50) A search in Chemical Abstracts revealed 7 papers mentioning the synthesis and/or use of the 

tetrakis(pentafluorophenyl)borate anion, none of which concern catalysis, between 1964 and 
1988. Since then, over 1600 papers referring to the use of this anion have been published. 

(51) (a) Chien, J. C. W.; Tsai, W.-M.; Rausch, M. D. J. Am. Chem. Soc. 1991, 113, 8570. (b) Hlatky, 
G. G.; Upton, D. J.; Turner, H. W. PCT Int. Appl. WO 9109882, 1991. 

(52) (a) Yang, X.; Stern, C. L.; Marks, T. J. Organometallics 1991, 10, 840. (b) Elder, M. J.; Ewen, 
J. A. Eur. Pat. Appl. EP 0,573,403, 1993. 

(53) (a) Chen, M.-C.; Marks, T. J. J. Am. Chem. Soc. 2001, 123, 11803. (b) Ewen, J. A.; Elder, M. J. 
Makromol. Chem., Macromol. Symp. 1993, 66, 179. 

(54) Kucht, H.; Kucht, A.; Chien, J. C. W.; Rausch, M. D. Appl. Organomet. Chem. 1994, 8, 393. 
(55) (a) Siedle, A. R.; Lamanna, W. M. US Patent 5,296,433, 1994. (b) Siedle, A. R.; Newmark, R. 

A.; Lamanna, W. M. Organometallics 1993, 12, 1491. 
(56) (a) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. J. Organometallics 1997, 16, 842. (b) Jia, L.; 

Yang, X.; Ishihara, A.; Marks, T. J. Organometallics 1995, 14, 3135. 
(57) Hahn, S.; Fink, G. Macromol. Rapid Commun. 1997, 18, 117. 
(58) Carr, A. G.; Dawson, D. M.; Thornton-Pett, M.; Bochmann, M. Organometallics 1999, 18, 

2933. 
(59) Kaul, F. A. R.; Puchta, G. T.; Schneider, H.; Grosche, M; Mihalios, D.; Herrmann, W. A. J. 

Organomet. Chem. 2001, 621, 177.  
(60) (a) Bohnen, H.; Fritze, C.; Kueber, F. PCT Int. Appl. WO 9943717, 1999. (b) Bohnen, H.; 

Fritze, C.; Kueber, F. PCT Int. Appl. WO 9943685, 1999. 
 



 
Arylborate Anions; Versatile Counterions in Homogeneous Catalysis with Potential for Use... 

 45 

 

(61) (a) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. J. Organometallics 1994, 13, 3755. (b) Li, L.; 
Metz, M. V.; Marks, T. J.; Liable-Sands, L.; Rheingold, A. L. Polymer Preprints 2000, 41, 
1912. (c) Fritze, C.; Kueber, F.; Bohnen, H. Eur. Pat. Appl. EP 824113, 1998. (d) Williams, V. 
C.; Piers, W. E.; Clegg, W.; Elsegood, M. R. J.; Collins, S.; Marder, T. B. J. Am. Chem. Soc. 
1999, 121, 3244. (e) Williams, V. C.; Irvine, G. J.; Piers, W. E.; Li, Z.; Collins, S.; Clegg, W.; 
Elsegood, M. R. J.; Marder, T. B. Organometallics 2000, 19, 1619. (f) Piers, W. E.; Irvine, G. 
J.; Williams, V. C. Eur. J. Inorg. Chem. 2000, 2131. (g) Lancaster, S. J.; Rodriguez, A.; Lara-
Sanchez, A.; Hannant, M. D.; Walker, D. A.; Hughes, D. H.; Bochmann, M. Organometallics 
2002, 21, 451. 

(62) (a) Zhou, J.; Lancaster, S. J.; Walker, D. A.; Beck, S.; Thornton-Pett, M.; Bochmann, M. J. Am. 
Chem. Soc. 2001, 123, 223. (b) Lancaster, S. J.; Walker, D. A.; Thornton-Pett, M.; Bochmann, 
M. Chem. Commun. 1999, 1533. (c) LaPointe, R. E. PCT Int. Appl. WO 9942467, 1999. (d) 
LaPointe, R. E.; Roof, G. R.; Abboud, K. A.; Klosin, J. J. Am. Chem. Soc. 2000, 122, 9560. (e) 
Vagedes, D.; Erker, G.; Fröhlich, R. J. Organomet. Chem. 2002, 641, 148. 

(63) Roscoe, S. B.; Frechet, J. M. J.; Walzer, J. F.; Dias, A. J. Science 1998, 280, 270. 
(64) Mager, M.; Becke, S.; Windisch, H.; Denninger, U. Angew. Chem. Int. Ed. 2001, 40, 1898. 
(65) (a) Turner, H. W. PCT Int. Appl. WO 9311172, 1993. (b) Grace, W. R.; Ward, D. G.; 

Carnahan, E. M. PCT Int. Appl. WO 9623005, 1996. (c) Walzer, J. F. US Patent 5,643,847, 
1997. (d) Millot, N.; Cox, A.; Santini, C. C.; Molard, Y.; Basset, J.-M. Chem. Eur. J. 2002, 8, 
1438. (e) Bochmann, M.; Pindado, G. J.; Lancaster, S. J. J. Mol. Catal. A 1999, 146, 179. (f) 
Tian, J.; Wang, S.; Feng, Y.; Li, J.; Collins, S. J. Mol. Catal. A 1999, 144, 137. (g) Lancaster, 
S. J.; O’Hara, S. M.; Bochmann, M. in Metalorganic Catalysts for Synthesis and 
Polymerisation: Recent Results by Ziegler-Natta and Metallocene Investigations; Kaminsky, 
W., Ed.; Springer-Verlag: Berlin, 1999, p. 413.  

(66) Duchateau, R.; van Santen, R. A.; Yap, G. P. A. Organometallics 2000, 19, 809. 
(67) Hinokuma, S.; Miyake, S.; Ono, M.; Inazawa, S. US Patent 5,869,723, 1999. 
(68) Jacobsen, G. B.; Wijkens, P.; Jastrzebski, J. T. B. H.; van Koten, G. US Patent 5,834,393, 1998. 
(69) Michio, O.; Hinokuma, S.; Miyake, S.; Inazawa, S. Eur. Pat. Appl. EP 0710663, 1996. 
(70) (a) Johnson, L. K.; Killian, C. M.; Brookhart, M. J. Am. Chem. Soc. 1995, 117, 6414. (b) 

Johnson, L. K.; Mecking, S.; Brookhart, M. J. Am. Chem. Soc. 1996, 118, 267. (c) Tempel, D. 
J.; Johnson, L. K.; Huff, R. L.; White, P. S.; Brookhart, M. J. Am. Chem. Soc. 2000, 122, 6686. 
(d) Guan, Z.; Cotts, P. M.; McCord, E. F.; McLain, S. J. Science 1999, 283, 2059. 

(71) Brookhart, M.; Grant, B.; Volpe Jr, A. F. Organometallics 1992, 11, 3920. 
(72) (a) Brookhart, M.; Sabo-Etienne, S. J. Am. Chem. Soc. 1991, 113, 2777. (b) Hauptman, E.; 

Sabo-Etienne, S.; White, P. S.; Brookhart, M.; Garner, J. M. J. Am. Chem. Soc. 1994, 116, 
8038. 

(73) Schultz, C. S.; Ledford, J.; DeSimone, J. M.; Brookhart, M. J. Am. Soc. Chem. 2000, 122, 6351. 
(74) Brookhart, M.; Rix, F. C.; DeSimone, J. M. J. Am. Chem. Soc. 1992, 114, 5894. 
(75) Taube, R.; Wache, S. J. Organomet. Chem. 1992, 428, 431. 
(76) Rodriguez, G.; Brant, P. Organometallics 2001, 20, 2417. 
(77) Konze, W. V.; Scott, B. L.; Kubas, G. J. Chem. Commun. 1999, 1807. 
(78) Powell, J.; Lough, A.; Saeed, T. J. Chem. Soc., Dalton Trans. 1997, 4137. 
(79) Taube, R.; Langlotz, J.; Sieler, J.; Gelbrich, T.; Tittes, K. J. Organomet. Chem. 2000, 597, 92. 
(80) Lu, C. C.; Peters, J. C. J. Am. Chem. Soc. 2002, 124, 5272. 
(81) Ashby, E. C.; Al-Fekri, D. J. Organomet. Chem. 1990, 390, 275.  
 



 
Chapter 2 

 46 

 

(82) Kaul, F. A. R.; Puchta, G. T.; Schneider, H.; Grosche, M.; Mihalios, D.; Herrmann, W. A. J. 
Organomet. Chem. 2001, 621, 184. 

(83) (a) Lightfoot, A; Schnider, P; Pfaltz, A. Angew. Chem. Int. Ed. 1998, 37, 2897. (b) Dragon, D.; 
Pregosin, P. S.; Pfaltz, A. Chem. Commun. 2002, 286. 

(84) Bullock, R. M.; Voges, M. H. J. Am. Chem. Soc. 2000, 122, 12594. 
(85) Widenhoefer, R. A.; Krzyzanowska, B.; Webb-Wood, G. Organometallics 1998, 17, 5124. 
(86) Schuster, T.; Kurz, M.; Göbel, M. W. J. Org. Chem. 2000, 65, 1697. 
(87) Hayashi, Y.; Rohde, J. J.; Corey, E. J. J. Am. Chem. Soc. 1996, 118, 5502. 
(88) Kündig, E. P.; Saudan, C. M.; Bernardinelli, G. Angew. Chem. Int. Ed. 1999, 28, 1220. 
(89) Kitagawa, H.; Shibata, T.; Matsuo, J.-I.; Mukaiyama, T. Bull. Chem. Soc. Jpn. 2002, 75, 339. 
(90) Ren, K.; Malpert, J. H.; Li, H.; Gu, H.; Neckers, D. C. Macromolecules 2002, 35, 1632. 
(91) Jessop, P. G.; Leitner, W. in Chemical Synthesis Using Supercritical Fluids; Jessop, P. G.; 

Leitner, W., Eds.; Wiley-VCH: Weinheim, 1999, Chapter 1. 
(92) Burk, M. J.; Feng, S.; Gross, M. F.; Tumas, W. J. Am. Chem. Soc. 1995, 117, 8277. 
(93) Kainz, S.; Brinkmann, A.; Leitner, W.; Pfaltz, A. J. Am. Chem. Soc. 1999, 121, 6421. 
(94) (a) Wegner, A.; Leitner, W. Chem. Commun. 1999, 1583. (b) Bösmann, A.; Franciò, G.; 

Janssen, E.; Solinas, M.; Leitner, W.; Wasserscheid, P. Angew. Chem. Int. Ed. 2001, 40, 2697. 
(95) de Vries, T. J.; Duchateau, R.; Vorstman, M. A. G.; Keurentjes, J. T. F. Chem. Commun. 2000, 

263. 



 47

- Chapter 3 - 
 
 

Increasing the Lipophilic Character of Tetraphenylborate 
Anions through Perfluoroalkyl- and Perfluoroalkylsilyl-

Substituents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Abstract. In a search for new possibilities for rendering ionic transition-metal catalysts 
soluble in fluorous solvents, para-substituted trimethylsilyl, dimethyl(3,3,3-
trifluoropropyl)silyl, dimethyl(octyl)silyl, dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl, 
perfluorohexyl and 3,5-di(perfluorohexyl) derivatives of the tetraphenylborate anion were 
prepared. The corresponding [Rh(dppe)2][X] complexes (dppe = 
1,2-bis(diphenylphosphino)ethane, X = fluorous tetraphenylborate anion) display enhanced 
solubility in apolar organic solvents. Furthermore, [Rh(dppe)2][B{C6H3(C6F13)2-3,5}4] shows 
substantial solubility in perfluorinated solvents as a result of the highly fluorous character of 
its borate anion.  
 

 

 

van den Broeke, J.; Lutz, M.; Kooijman, H.; Spek, A. L.; Deelman, B.-J.; van Koten, G. 
Organometallics 2001, 20, 2114 - 2117. 
van den Broeke, J.; Deelman, B.-J.; van Koten, G. Tetrahedron Lett. 2001, 42, 8085 - 8087. 
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3.1  Introduction  

 

Weakly-coordinating anions are of interest for a range of applications that require 
generation of and stabilisation of highly reactive cationic species.1,2 A substantial amount of 
research has been directed at designing anions with ever lower nucleophilicity. This is 
accomplished by, e.g., increasing the steric requirements of the anion, which has led to the 
development of anions such as [B{C6F4(SiR3)-4}4]- 3 and [MeB(2-(C6F4)C6F5)3]-,4 or 
polyhedral carborane anions such as [CB11H12]-, [CB11H6Cl6]- and [CB11HF11]-.1a,b However, 
relatively simple tetraphenylborate anions such as [B{C6H3(CF3)2-3,5}4]- (TFPB) and 
[B(C6F5)4]- remain the most widely used,1a due to their synthetic availability.  

An additional interesting property of TFPB and [B{C6F4(SiR3)-4}4]- is their 
lipophilicity.3,5 TFPB is known for increasing the solubility of transition-metal complexes in 
supercritical carbon dioxide, although high pressures are still needed to obtain sufficient 
solubility of these complexes for application in catalysis.5a,b Hence, there is a need for anions 
with an even higher lipophilic character that not only could enhance the CO2-solubility of 
transition-metal complexes but also possess the potential for application in fluorous biphasic 
separation techniques.6 In this chapter the preparation and analysis of a number of large and 
weakly-coordinating trialkylsilyl-, perfluoroalkylsilyl- and perfluoroalkyl-substituted 
tetraphenylborate anions and their corresponding transition-metal complexes is described.   

 

3.2  Results and Discussion 

 

Silyl-Substituted Tetraarylborate Anions. Para-silyl-substituted tetraarylborate 
anions were prepared by lithiation of p-bromo(trimethylsilyl)benzene, 
p-bromo{dimethyl(3,3,3-trifluoropropyl)silyl}benzene, p-bromo{dimethyl(octyl)silyl} 
benzene or p-bromo{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}benzene followed by 
reaction with BF3·Et2O and aqueous work-up in the presence of NaCl. This yielded the 
sodium salts 1a-d (Scheme 1). Organic impurities in 1c proved difficult to remove, resulting 
in variations in purity between batches of product. In these anions the -SiMe2CH2CH2- spacer 
was used as it facilitated the connection of (perfluoro)alkyl substituents to the tetraarylborate 
anion in a straightforward procedure. 

Addition of 18-crown-6 to 1a in THF facilitated the growth of single crystals of 2a, 
and the determination of its molecular structure in the solid state by X-ray crystallographic 
analysis (Figure 1 and Table 1). The C-B-C bond angles (106.6 - 111.9°) and B-C bond 
distances (1.64 - 1.66 Å) in the structure of the borate anion in 2a are similar to those  
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Scheme 1. Synthesis of the various para-silyl-substituted tetraarylborate salts. 

 

observed in previously reported [Rh(HOCH(CH2PPh2)2)2][BPh4]7 (C-B-C 106 - 112°, B-C 
1.64 - 1.72 Å). This confirmed the expectation that there would be no significant effect on the 
electronic structure of the tetraarylboron core of the anion because of the substitution on the 
aryl rings and that its weakly coordinating character would be comparable to that of the 
[BPh4]- anion. 

 

Figure 1. Molecular structure of [Na(18-crown-6)(THF)2][B{C6H4(SiMe3)-4}4] (2a) with ellipsoids at 
the 30% probability level, hydrogen atoms were omitted for clarity. 
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Table 1: Selected bond lengths (Å) and angles (deg) of 
[Na(18-crown-6)(THF)2][B{C6H4(SiMe3)-4}4] (2a).  
    

B–C(1)  1.658(4) Na–O(1)  2.685(3) 

B–C(10)  1.643(5) Na–O(2)  2.712(3) 

B–C(19)  1.647(4) Na–O(3)  2.712(3) 

B–C(28)  1.655(4)  Na–O(4) 2.704(4) 

  Na–O(5)  2.822(3) 

C(1)–B–C(10)  106.6(3) Na–O(6)  2.786(3) 

C(1)–B–C(19)  111.9(2) Na–O(7)  2.268(5)  

C(1)–B–C(28)  108.8(2) Na–O(8)  2.284(4) 

C(10)–B–(C19)  110.9(2)   

C(10)–B–C(28)  111.1(2)   

C(19)–B–C(28) 107.6(3)   

 

Analysis of 1a-d by 1H NMR spectroscopy revealed a remarkable difference between 
non-fluorous 1a, and 1b-d. Whereas the spectrum of 1a shows the presence of coordinated 
water, resulting from the aqueous work-up, 1b-d were isolated as solvent-free salts. The 
absence of coordinated water was confirmed by elemental analyses and IR spectroscopy (1a 
and 1d) and is remarkable, as sodium borate salts are usually obtained free of solvent after 
thorough drying only.8 The lack of solvent coordination in the perfluoroalkyl-substituted 
borate salts could be caused by the presence of stabilising Na···F–C interactions9,10 between 
the Na+ cation and the fluorine atoms of the perfluoroalkyl tail. This would eliminate the need 
for coordination of a polar solvent (i.e., H2O) to stabilise the small Na+ cation. Attempts to 
identify such interactions using IR spectroscopy were inconclusive; the sodium salt 1d was 
compared with the corresponding tetrabutylammonium salt (3d), which does not have the 
possibility for Na···F coordination. However, in the C–F stretching region (1200 - 1350 
cm-1)9a,11 no differences could be discerned. Further attempts to detect Na···F interactions, 
either by 19F NMR spectroscopy in solution or by determination of a molecular structure in 
the solid state, were hampered by the low solubility of the borate salts in apolar solvents as 
well as the impossibility to obtain them in single crystalline form. 

 

Perfluoroalkyl-Substituted Tetraphenylborate Derivatives. To further increase the 
fluorine content of the tetraarylborate anions, perfluoroalkyl substituents were attached 
directly to the phenyl groups (Scheme 2). Deleting the –SiMe2CH2CH2- spacer functionalities 
reduces the non-fluorous part of the anion, thus hopefully increasing its fluorophilicity. Using 
copper-mediated cross-coupling,12 p-bromo(perfluorohexyl)benzene (5e) was prepared from 
1-bromo-4-iodobenzene and IC6F13 according to literature procedures.13 A different approach 
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was followed for the preparation of an aryl precursor with two perfluorohexyl moieties, as the 
attachment of two perfluoroalkyl groups to 5-bromo-1,3-diiodobenzene in a selective way was 
unsuccessful. First, 1,3-bis(perfluorohexyl)benzene (4f) was prepared via copper-mediated 
coupling of 1,3-diiodobenzene with a slight excess of IC6F13. The selective formation of the 
1,3-product in the copper-mediated coupling reaction is observed is noteworthy, as the 
previously reported synthesis of 1,2-bis(perfluorohexyl)benzene, in which a similar 
experimental procedure was used, yielded a mixture of 1,2- and 1,3-substituted isomers.14 
 

I C6F13

Br

C6F13

I C6F13 C6F13

NBS

B

C6F13

C6F13

Na

CF3COOH

BBr I Br C6F13 C6F13Na

+ 2 IC6F13  + 4 Cu
   H2SO4

4

i. 2 tBuLi, Et2O, - 80 oC
ii. BCl3
iii. NaCl (aq)

4f

6f
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+ IC6F13  + 2 Cu

6e

i.  nBuLi, - LiBr
ii. 1/6 BF3(Et2O), -LiF
iii. NaCl (aq), - LiCl

4

5e

 
 

Scheme 2. Synthesis of the perfluorohexyl-substituted tetraarylborate complexes. 

 

Electrophilic aromatic bromination of 4f was complicated by the presence of the 
strongly electron-withdrawing perfluorohexyl substituents. The use of the powerful 
bromination mixture NBS/trifluoroacetic acid/sulphuric acid15 resulted, after optimisation of 
the reaction conditions, in a mixture of 3,5-bis(perfluorohexyl)bromobenzene (5f) and 
unreacted 4f (4:1 molar ratio). Since the separation of 4f and 5f turned out to be difficult, the 
mixture was used without further purification. 

Reaction of 3,5-bis(trifluoromethyl)bromobenzene with magnesium, followed by 
coupling with a boron reagent, is the preferred way of preparing TFPB.16 However, as 5e and 
5f could not be converted into the corresponding Grignards, the use of butyllithium was 
explored. p-Bromo(perfluorohexyl)benzene was reacted with 1 equivalent of nBuLi and 
followed by addition of BF3·Et2O to the aryllithium intermediate. Work-up with brine yielded 
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the desired sodium tetrakis{4-(perfluorohexyl)phenyl}borate (6e). Using a similar procedure, 
sodium tetrakis{3,5-(perfluorohexyl)phenyl}borate (6f) was obtained by reaction of 5f with 2 
equivalents of tBuLi in Et2O at –80 oC, followed by the in situ addition of BCl3 to the 
prepared aryllithium intermediate.  
 

[Rh(dppe)2]+ Complexes of the Silyl- and Perfluoroalkyl-Substituted Borate 
Anions. To assess the effect of attaching silyl- and perfluoroalkyl-substituents to the 
tetraphenylborate anion on the solubility of transition-metal catalysts, the complexes 
[Rh(dppe)2][X] (dppe = 1,2-bis(diphenylphosphino)ethane, X= tetraarylborate) were prepared 
(Scheme 3). These complexes were prepared by the reaction of the rhodium precursors 
[Rh(COD)Cl]2 and [Rh(COD)(acac)] (COD = 1,5-cis-cis-cyclooctadiene) with dppe in the 
presence of a sodium borate salt. The presence of silyl- and perfluoroalkyl-substituents in the 
anions simplified the purification of these complexes as they induced solubility in toluene, 
allowing the separation of insoluble sodium salts by centrifugation. However, due to 
impurities in 1c a satisfactory elemental analysis of 7c could not be obtained. Analysis by 
31P{1H} NMR spectroscopy revealed identical chemical shifts for 7a – 7f and 
[Rh(dppe)2][BPh4],17 indicating that the functionalisation of the anion does not significantly 
affect the properties of the rhodium metal centre.  
 

[Rh(COD)Cl]2 + 4 dppe + 2 Na[BAr4]

[Rh(COD)(acac)] + 2 dppe + Na[BAr4] [Rh(dppe)2][BAr4]

2 [Rh(dppe)2][BAr4]

1b 7b

f: Ar = C6H3(C6F13)2-3,5

1a
1b
1c
6e
6f

7a
7b
7c
7e
7f

a: Ar = C6H4(SiMe3)-4
b: Ar = C6H4{SiMe2(CH2CH2CF3)}-4
c: Ar = C6H4(SiMe2C8H17)-4
d: Ar = C6H4{SiMe2(CH2CH2C6F13)}-4
e: Ar = C6H4(C6F13)-4

 

Scheme 3. Preparation of Rh diphosphine borate complexes 

 

Single crystals of 7a could be obtained, allowing the elucidation of its molecular 
structure in the solid state by X-ray diffraction (Figure 2). Relevant bond distances and angles 
are compiled in Table 2. The structure of the borate anion was found to be identical to that in 
2a. Furthermore, the structure of the [Rh(dppe)2]+ cation is identical to those reported for 
[Rh(dppe)2][ClO4]18 (Rh-P 2.29 - 2.32 Å, cis-P-Rh-P 83.45°) and [Rh(dppe)2][Ag(CF(CF3)2)2] 
(Rh-P 2.30 - 2.31 Å, cis-P-Rh-P 83.47°).19 This indicates that the borate anion does not 
significantly influene the structural and electronic properties of the rhodium metal centre, thus 
which is proof for its weakly-coordinating nature.  
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Figure 2. Molecular structure of [Rh(dppe)2][B{C6H4(SiMe3)-4}4] (7a) with ellipsoids at the 30% 

probability level, hydrogen atoms were omitted for clarity. 
 

Table 2: Selected bond lengths (Å) and angles (deg) of [Rh(dppe)2][B{C6H4(SiMe3)-4}4] 
(7a). 
B–C(53)  1.637(3)  Rh–P(1)  2.2979(6)  

B–C(62)  1.637(3) Rh–P(2)  2.2997(6)  

B–C(71)  1.662(3)  Rh–P(3)  2.2833(6)  

B–C(80)  1.653(3)  Rh–P(4)  2.2956(6)  

  Rh–C(57)  6.260(2) 

C(53)–B–C(62)  109.03(16)    

C(53)–B–C(71)  108.89(17)  P(1)–Rh–P(2)  83.74(2)  

C(53)–B–C(80)  108.02(16)  P(1)–Rh–P(3)  163.09(2)  

C(62)–B–C(71)  108.75(16)  P(1)–Rh–P(4)  98.68(2)  

C(62)–B–C(80)  110.75(17)  P(2)–Rh–P(3)  99.07(2)  

C(71)–B–C(80)  111.35(16)  P(3)–Rh–P(4)  83.54(2) 

 

Solubility of Sodium and Rhodium 1,2-Bis(diphenylphosphino)ethane 
Tetraarylborates in Apolar Solvents. Whereas Na[BPh4] shows excellent solubility in water 
(> 0.30 mol/L),20 the introduction of silyl and perfluoroalkyl substituents resulted in 
essentially no aqueous solubility of the sodium borate salts (< 0.14 × 10-6 mol/L, which was 
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the detection limit for ICP-AAS). On the other hand, the solubility of the functionalised 
borates 1a-f in perfluorinated solvents remained low as well (< 14 × 10-6 mol/L). The only 
exception was 1f, which proved soluble in FC-7521 up to 37 × 10-3 mol/L at 25 oC. The high 
fluorophilicity of 1f is highly remarkable as it contains a small, highly charged sodium cation. 
It suggests that either solvation of the sodium ion by the perfluorinated solvent, or close 
contacts between the sodium ion and the borate anion, aid in the solubilisation of the fluorous 
salt. 1H and 19F NMR analysis of 1f in FC-75 showed no indication for interaction of the 
sodium ion neither with the phenyl groups nor with the perfluorohexyl groups of the anion. 
Furthermore, addition of 12-crown-4 (1.5 equivalents) to the solution did not result in any 
changes in the chemical shifts (1H, 11B and 19F NMR) of the borate anion resonances. 
Consequently, solvation of the Na+-ion by FC-75, possibly through coordination of its oxygen 
atom, is the most likely reason for the high fluorophilicity of 1f.   

 
 

Table 3: Solubility of the rhodium tetraarylborate complexes in hexanes,a FC-72 and FC-75. 

 Solubility (× 10-3) b 

 hexanes FC-72 FC-75c 

compound  mmol/L g/L mmol/L g/L mmol/L g/L 

[nBu4N][BPh4] < 11d < 7d -e -e -e -e 

3a < 8d  < 7d -e -e -e -e 

3d 4000 8700 -e -e -e -e 

[Rh(dppe)2][BPh4] < 0.4d  < 0.7d -e -e -e - e 

7a 0.4 0.7  -e -e -e -e 

7b  200 500  < 0.4d < 0.7d < 0.4d < 0.7d 

7c 700 1400 < 0.4d < 0.7d < 0.4d < 0.7d 

7d 600f  1700f  -e -e < 0.4d < 0.7d 

7e 100 300  < 0.4d < 0.7d < 0.4d < 0.7d 

7f 600 2100  65 300 140 500 

a A mixture of hexane isomers, predominantly n-hexane and methylcyclopentane, was used. b Expressed as the 
amount of borate complex that can be dissolved in 1 L of pure solvent at 25 oC. Determined by ICP/AAS 
analysis for [B] and [Rh]. c Solubility of 6f in FC-75 was 37 mmol/L. d Below the detection limit for ICP-AAS. 
e Not determined. f Determined gravimetrically. 
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To investigate the effect of the fluorous tetraarylborate anions on the lipophilicity of 
rhodium diphosphine complexes, the solubility 7a-f in hexanes, FC-7221 and FC-75 was 
explored, and compared with that of [Rh(dppe)2][BPh4] (Table 3). For 7b-f, the introduction 
of lipophilic substituents clearly resulted in an increased solubility in hexanes. Only 7a 
remained essentially insoluble at 0.4 × 10-6 mol/L, which was close to the detection limit of 
the ICP-AAS analysis method used. The increased solubility in hexane was also directly 
visible, as distinctly yellow-coloured solutions were obtained for all complexes except 
[Rh(dppe)2][BPh4], 7a and 7b.  

When exploring the solubility of perfluoroalkyl-functionalised complexes in 
perfluorinated solvents, only with 7f the formation of yellow-coloured solutions in both 
FC-72 and FC-75 (0.14 × 10-3 mol/L) was observed. The other complexes were essentially 
insoluble. This implicates that only the high fluorine content of 52 wt% in 7f is sufficient for 
inducing significant solubility in perfluorinated solvents. In the other complexes the lower 
fluorine content (1d = 35 wt%, 1e = 39 wt%) limits their solubility. These results correspond 
with earlier reports on neutral phosphines and metal-phosphine complexes, which indicated 
that the fluorine content should be ca. 60 wt% or higher in order to achieve high and 
preferential fluorous phase solubility.22 Nevertheless, the solubility of all ionic rhodium 
complexes in hexane is significantly enhanced compared to [Rh(dppe)2][BPh4] by the 
introduction of even a relatively small lipophilic substituent such as -SiMe2(CH2CH2CF3). 
  

3.3  Conclusions 

 

Solubility of sodium tetraphenylborate salts and the corresponding ionic rhodium 
complexes in apolar alkane and perfluoroalkane solvents was realised by the attachment of 
perfluoroalkyl or dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl substituents to the weakly-
coordinating tetraphenylborate anion. The silyl-substituted lipophilic tetraphenylborate anions 
could be obtained through a facile synthetic procedure using a silicon atom as a connecting 
point.23 It was demonstrated that the introduction of the silyl substituent leaves the structural 
properties and the coordinating behaviour of the anions essentially unaffected. However, the 
fluorous character of the silyl-substituted borates was not sufficient to induce high solubility 
of the corresponding rhodium complexes in perfluorinated solvents. An increase in the 
fluorous content by employing the tetrakis{3,5-di(perfluorohexyl)phenyl}borate anion did 
result in substantial solubility of its sodium and bis(dppe)rhodium salts in the perfluorinated 
solvents FC-72 and FC-75. The solubilities observed are an indication of the potential of this 
anion for application in fluorous biphasic recycling techniques. 
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3.4  Experimental Section 
  

General Procedures. (Caution: perfluoroalkylphenyllithium compounds are potentially 
explosive and should not be isolated or warmed to room temperature).16 All reactions were performed 
under dry N2 atmosphere using standard Schlenk techniques. Tetrahydrofuran (THF), diethyl ether 
(Et2O), hexane and pentane were distilled from sodium benzophenone ketyl. [Rh(COD)Cl]2,24 
[Rh(COD)(acac)],25 [Rh(dppe)2][BPh4],26 p-bromo(trimethylsilyl)benzene,27  
p-bromo{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}benzene,22b,c dimethyloctylsilylchloride,28 and  
p-bromo(tridecafluorohexyl)benzene13 were synthesized according to literature procedures. All other 
chemicals were used as received. NMR spectra were recorded on Varian Mercury 200 (31P) and Varian 
Inova 300 (1H, 11B, 13C and 19F) spectrometers with TMS (1H, 13C), CFCl3 (19F), BF3.Et2O (11B) and 
H3PO4 (85%) (31P) as external references. Spectra recored in FC-75 were externally referenced against 
acetone-d6 (1H NMR) and BF3·Et2O using sealed capilaries. Elemental analyses and ICP/AAS analyses 
were carried out by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim an der Ruhr. Infrared spectra 
were recorded on a Mattson Galaxy FT-IR 5000 spectrometer. 
 

4-Bromo{dimethyl(3,3,3-trifluoropropyl)silyl}benzene. To a solution of 
1,4-dibromobenzene (6.25 g, 26.5 mmol) in Et2O (100 mL) was added nBuLi (17.2 mL, 1.54 M in 
hexanes, 26.5 mmol). The mixture was stirred for 5 min at room-temperature and then cooled to 
–78 oC. Chlorodimethyl(3,3,3-trifluoropropyl)silane (4.55 mL, 26.5 mmol) was added and the mixture 
was warmed to room temperature over 2 h. The reaction mixture was poored into H2O (100 mL) 
extracted with Et2O (3 × 100 mL) and the combined organic layers were dried over MgSO4. Removal 
of the solvents in vacuo yielded 7.07 (86%) of a colorless oil. 1H NMR (CDCl3, 300.1 MHz): δ 7.58 
(d, 2Ar-Ho), 7.43 (d, 2Ar-Hm), 2.01 (m, CH2CF3), 1.01 (m, SiCH2), 0.39 (s, SiCH3). 13C{1H} (CDCl3, 
75.5 MHz): δ 136.5 (s), 135.4 (s), 131.5 (s), 124.5 (s), 29.0 (q), 7.7 (s), -3.4 (s). Anal. Calcd. for 
C9H14F3Br: C, 42.45; H, 5.43; F, 18.31. Found: C, 42.22; H, 4.65; F, 18.18.  
 

4-Bromo{dimethyl(octyl)silyl}benzene. Using a procedure similar to that for 
4-bromo[dimethyl(3,3,3-trifluoropropyl)silyl]benzene, 1,4-dibromobenzene (14.28 g, 60.5 mmol), 
nBuLi (38 mL, 1.6 M in hexanes, 61.0 mmol) and chlorodimethyloctylsilane (12.62 g, 61.0 mmol) 
yielded 15.51 g (78%) of a light yellow oil. 1H NMR (CDCl3, 300.1 MHz): δ 7.53 (d, 2Ar-Ho), 7.38 
(d, 2Ar-Hm), 1.31 (m, SiCH2C6H12CH3), 0.91 (m, SiC7H14CH3), 0.77 (s, SiCH2), 0.25 (s, SiCH3). 
13C{1H} (CDCl3, 75.5 MHz): δ 138.7 (s), 135.4 (s), 131.1 (s), 123.8 (s), 33.8 (s), 32.2 (s), 29.6 (s), 
24.1 (s), 22.9 (s), 15.9 (s), 14.4 (s), 0.7 (s), -2.8 (s). Anal. Calcd. for C16H27Br: C, 78.70; H, 8.41. 
Found: C, 78.56; H, 8.35.  
 

 Sodium tetrakis{4-(trimethylsilyl)phenyl}borate hexahydrate (1a) and 18-crown-6-bis 
(tetrahydrofuran) sodium tetrakis{4-(trimethylsilyl)phenyl}borate (2a). To a solution of 
p-bromo(trimethylsilyl)benzene (9.00 g, 39.1 mmol) in Et2O (100 mL) was slowly added tBuLi (52 
mL, 1.5 M in pentane, 79.2 mmol) at –78 oC. The resulting solution was stirred for 3 h and allowed to 
warm to 0 oC. After cooling to –78 oC, BF3.Et2O (0.82 mL, 6.53 mmol) was added and the solution 
was allowed to reach room-temperature over a period of 16 h. The resulting clear yellow solution was 
slowly poured into a saturated aqueous NaCl solution (100 mL) and the Et2O layer separated. After 
extraction of the aqueous layer with Et2O (3 × 50 mL), the combined organic layers were washed with 
H2O (50 mL) and dried over MgSO4. Removal of the solvent and washing with pentane yielded 3.75 g 
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(82% yield, based on boron) of a white solid. 1H NMR (methanol-d4, 300.1 MHz): δ 7.36 (m, 8H, Aro), 
7.17 (d, 3JHH = 6.0 Hz, 8H, Arm), 4.85 (s, 12H, H2O), 0.22 (s, 36H, SiCH3). 13C{1H} NMR 
(methanol-d4, 75.5 MHz): δ 167.3 (q, 1JBC = 49.3 Hz, B-C), 137.7 (s), 132.9 (s), 132.3 (s), 0.27 (s). IR 
(KBr, cm-1): 3485 (s), 3045 (m), 2955 (s), 1635 (w), 1577 (m), 1259 (s), 1143 (s), 1087 (m), 841 (s), 
804 (m).  

Light yellow crystals of borate 2a were grown by slow diffusion of hexane into a solution of 
1a (0.40 g, 0.57 mmol) in THF (15 mL) in the presence of 18-crown-6 (0.29 g, 1.10 mmol). 1H NMR 
(methanol-d4, 300.1 MHz): δ 7.36 (m, 8H, Aro), 7.19 (d, 3JHH = 6.0 Hz, 8H, Arm), 3.72 (m, 8H, THF), 
3.59 (s, 24H, 18-crown-6), 1.86 (m, 8H, THF), 0.21 (s, 36H, SiCH3). 13C{1H} NMR (methanol-d4, 
75.5 MHz): δ 167.3 (q, 1JBC = 49.3 Hz, B-C), 137.7 (s), 132.8 (s), 132.4 (s), 71.9 (s), 67.7 (s), 27.4 (s), 
0.36 (s). Anal. Calcd. for C56H92BNaO8Si4: C, 64.71; H, 8.92; Si, 10.81. Found: C, 64.71; H, 8.93; Si, 
11.74. 
  

Sodium tetrakis{4-(dimethyl(3,3,3-trifluoropropyl)silyl)phenyl}borate (1b). To 5 (3.14 g, 
10.1 mmol) in Et2O (50 mL) was added tBuLi (12.6 mL, 1.5 M in pentane, 20.2 mmol) at –78 oC. The 
mixture was allowed to warm to room temperature over 16 h and then cooled to –78 oC upon which 
BF3·Et2O (0.21 mL, 1.67 mmol) was added. The solution was allowed to warm to room-temperature 
over 16 h, poured into H2O and saturated with NaCl. After extraction with Et2O (3 × 50 mL) the 
combined organic layers were dried over MgSO4 and the solvents removed in vacuo. The residue was 
taken up in THF (25 mL), filtered over Celite and dried in vacuo, yielding 1.33 g (83%) of a white 
solid. 1H NMR (methanol-d4, 300.1 MHz): δ 7.37 (m, 8Ar-Ho), 7.17 (d, 8Ar-Hm), 2.01 (m, 8H, 
CH2CF3), 0.89 (m, 8H, SiCH2), 0.25 (s, 24H, SiCH3). 13C{1H} (methanol-d4, 75.5 MHz): δ 166.5 (q, 
1JBC = 49.5 Hz, B-C), 135.9 (s), 130.7 (s), 130.2 (s), 128.3 (s), 128.3 (m), 28.5 (m), 7.7 (s), -4.2 (s). 
Anal. Calcd. for C36H56F12BNa: C, 55.10; H, 5.89; Na, 2.40. Found: C, 54.84; H, 5.85; Na, 2.48.  
 

Sodium tetrakis{4-(dimethyl(octyl)silyl)phenyl}borate (1c). Using a procedure similar to 
that for 1a, 6 (5.77 g, 21.5 mmol), tBuLi (23.5 mL, 1.5 M in pentane, 35.2 mmol) and BF3·Et2O (0.44 
mL, 3.50 mmol) yielded a brown oil. After washing with α,α,α-trifluorotoluene (3 × 5 mL) 2.42 g 
(71%) of a white solid was collected. 1H NMR (methanol-d4, 300.1 MHz): δ 7.48 (m, 8Ar-Ho), 7.19 
(d, 8Ar-Hm), 1.32 (m, 48H, CH2C6H12CH3), 0.92 (m, 12H, C7H14CH3), 0.75 (s, 8H, SiCH2), 0.21 
(s, 24H, SiCH3). 13C{1H} (acetone-d6, 75.5 MHz): δ 165.8 (q, 1JBC = 49.5 Hz, B-C), 135.9 (s), 131.3 
(s), 130.4 (s), 33.9 (s), 24.2 (s), 22.8 (s), 16.2 (s), 13.9 (s), -2.9 (s). Anal. Calcd. for C64H108BNaSi4: 
C, 75.09; H, 10.63. Found: C, 74.88; H, 10.75.  
 

 Sodium tetrakis{4-(dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl)phenyl}borate (1d). 
Preparation of compound 1d was carried out using a procedure similar to that employed for the 
preparation of 1a. Starting from p-bromo{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}benzene (2.88 
g, 5.12 mmol) in a Et2O/hexane mixture (1:1, 50 mL), tBuLi (6.8 mL, 1.5 M in pentane, 10.2 mmol) 
and BF3.Et2O (0.11 mL, 0.85 mmol) this yielded 1.60 g (97% yield, based on boron) of a white solid. 
1H NMR (methanol-d4, 300.1 MHz): δ 7.34 (m, 8H, Aro), 7.20 (d, 3JHH = 7.8 Hz, 8H, Arm), 2.05 (m, 
8H, CH2CF2), 0.86 (m, 8H, SiCH2), 0.30 (s, 24H, SiCH3). 13C{1H} NMR (methanol-d4, 75.5 MHz): 
δ 168.7 (q, 1JBC = 49.5 Hz, B-C), 137.7 (s), 132.5 (s), 129.7 (s), 120.3 (m), 117.6 (m), 113.0 (m), 112.5 
(m), 111.2 (m), 108.5 (m), 28.0 (s), 7.3 (s), -2.3 (s). Anal. Calcd. for C64H56BF52NaSi4: C, 39.23; 
H, 2.88; B, 0.55; F, 50.42; Na, 1.17. Found: C, 39.18; H, 3.02; B, 0.54; F, 50.27; Na, 1.25. IR (KBr, 
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cm-1): 3045 (w), 2980 (w), 1361 (w), 1317 (w), 1240 (s), 1213 (s), 1143 (m), 1069 (m), 898 (m), 841 
(s), 798 (s), 530 (s).  
 
 Sodium tetrakis{4-(perfluorohexyl)phenyl}borate (6e). To p-bromo(perfluorohexyl)- 
benzene (7.77 g, 16.3 mmol) in Et2O (100 mL) at –78 oC was slowly added nBuLi (9.7 mL, 1.6 M in 
hexanes, 15.5 mmol). The resulting solution was stirred for 1.5 h at –78 oC. BF3.Et2O (0.34 mL, 2.7 
mmol) was then added and the solution was allowed to reach room-temperature over a period of 16 h. 
The solution was poured into H2O and saturated with NaCl. After extraction of the aqueous layer with 
Et2O (3 × 50 mL), the combined organic layers were washed with H2O (50 mL) and dried over 
MgSO4. Removal of the solvent and washing with hexane yielded 3.69 g (84%) of a white solid. 
1H NMR (acetone-d6, 300.1 MHz): δ 7.48 (m, 8H, Aro), 7.35 (d, 3JHH = 8.1 Hz, 8H, Arm). 13C {1H} 
NMR (acetone-d6, 75.5 MHz): δ 167.7 (q, 1JBC = 49.3 Hz, B-C), 136.0 (Aro), 124.0 (Arm), 122.6 (m, 
Arp), 120.5 (m), 117.7 (m), 113.0 (m), 112.6 (m), 112.1 (m), 110.6 (m). Anal. Calcd. for 
C48H16BF52Na: C, 35.71; H, 1.00; Na, 1.42. Found: C, 35.58; H, 0.88; Na, 1.57.  
 

 1,3-Di(perfluorohexyl)benzene (4f). A mixture of copper powder (7.69 g, 121 mmol), IC6F13 
(25.10 g, 56.3 mmol), 1,3-diiodobenzene (5.05 g, 21.4 mmol), 2,2’-bipyridine (0.63 g, 4.1 mmol), 
DMSO (15 mL) and C6F6 (32 mL) was stirred at 50 oC for 6 days. After addition of H2O (50 mL) the 
mixture was extracted with CH2Cl2 (2 × 50 mL) and C6F6 (5 mL) After removal of all volatiles, the 
residue was taken up in acetone (50 mL) and extracted with FC-72 (2 × 20 mL). Drying in vacuo 
yielded 12.66 g (83%) of a light yellow oil. 1H NMR (CDCl3:C6F6, 1:1, 300.1 MHz): δ 7.88 (d, J = 7.2 
Hz, 2H), 7.87 (s, 1H), 7.76 (t, J = 7.2 Hz, 1H). 13C{19F} (CDCl3:C6F6, 1:1, 75.5 MHz): δ 130.5 (s), 
130.4 (d, 1JC,H = 165.0 Hz), 129.2 (d, 1JC,H = 165.8 Hz), 125.8 (d, 1JC,H = 158.5 Hz), 119.1 (m), 115.5 
(m), 111.5 (m), 111.0 (m), 110.6 (m), 108.8 (m). Anal. Calcd. for C18H4F26: C, 30.27; H, 0.56. Found: 
C, 30.08; H 0.49. 
 

 1-Bromo-3,5-di(perfluorohexyl)benzene (5f). A mixture of 4f (12.65 g, 17.73 mmol), 
trifluoroacetic acid (10 mL) and H2SO4 (6.6 mL, 98%) was stirred at 25 oC for 7 days while 
N-bromosuccinimide (9.63 g, 54.4 mmol) was added in 3 portions at intervals of 2 days. After addition 
of ice, extraction with CH2Cl2 (2 × 20 mL), washing of the combined organic layers with brine and 
extraction with FC-72 (3 × 10 mL), 7.43 g of a white solid was obtained from the fluorous phase. This 
proved to be a mixture 1,3-di(perfluorohexyl)benzene and 3,5-di(perfluorohexyl)bromobenzene (17:83 
molar ratio based on 1H NMR), corresponding to 54% non-isolated yield of 2. 1H NMR (CDCl3:C6F6, 
1:1, 300.1 MHz): δ 7.97 (s, 2H), 7.76 (s, 1H).  
 

 Sodium tetrakis{3,5-di(perfluorohexyl)phenyl}borate (6f). To a mixture consisting of 5f 
and 4f (0.83 g, molar ratio 83:17) containing 0.88 mmol of 5f and Et2O (50 mL) was added tBuLi (1.2 
mL, 1.5 M in pentane, 1.8 mmol) at –78 oC followed by BCl3 (0.17 mL, 1.0 M in hexanes, 0.17 mmol) 
after 60 min. After warming to room-temperature, the mixture was poured into H2O (50 mL) and the 
water layer saturated with NaCl. After extraction with Et2O (3 × 25 mL), drying over MgSO4 and 
removal of all volatiles, a residue was obtained which was taken up in FC-72 (2 mL) and washed with 
acetone (5 mL). Evaporation of the solvents yielded 0.29 g (46%) of a light-green oil. 1H NMR 
(acetone-d6, 300.1 MHz): δ 7.76 (s, 8H, Aro) 7.59 (s, 4H, Arp). 1H NMR (FC-75, 300.1 MHz): δ 7.72 
(s, 8H, Aro), 7.47 (s, 4H, Arp). 13C{19F} (acetone-d6, 75.5 MHz): δ 162.7 (q, 1JB,C = 50.2 Hz, B-C), 
130.4 (d, Aro, 1JC,H = 159.2 Hz), 129.2 (s, Arm), 122.3 (d, Arp, 1JC.H = 165.4 Hz), 120.5 (m), 117.7 (m), 
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113.0 (m), 112.6 (m), 112.1 (m), 110.6 (m). 11B{1H} NMR (acetone-d6, 96.3 MHz): δ -11.9 (s, 1JBC = 
49.4 Hz). 11B{1H} NMR (FC-75, 96.3 MHz): δ -12.9 (s). 19F NMR (acetone-d6, 282.0 MHz): δ -88.6 
(m, 3F), -118.2 (, 2F), -128.5 (m, 2F), -129.0 (m, 2F), -129.4 (m, 2F), -129.9 (m, 2F), -133.5 (m, 2F). 
Anal. Calcd. for C72H12BF104Na: C, 27.55; H, 0.43; F, 70.81. Found: C, 27.28; H, 0.52; F, 70.32.  
 

 Tetrabutylammonium tetrakis{4-(trimethylsilyl)phenyl}borate (3a). nBu4NF (0.86 mL, 
1 M in THF, 0.86 mmol) was added to a solution of 1a (0.32 g, 0.43 mmol) in THF (25 mL). After 
stirring for 1.5 h, the solution was evaporated to dryness. H2O (10 mL) was added, and the mixture 
was stirred for 30 min. The solid was collected and washed with H2O (10 mL). The resulting solid was 
dried in vacuo, yielding 0.24 g (65%) of a white solid. 1H NMR (methanol-d4, 300.1 MHz): δ 7.35 (m, 
8H, Aro), 7.19 (d, 8H, 3JHH = 7.5 Hz, Arm), 3.13 (m, 8H, NCH2), 1.58 (m, NCH2CH2), 1.37 (m, 8H, 
CH2CH2CH3), 1.02 (t, 12H, CH2CH3), 0.22 (s, SiCH3). 13C{1H} NMR (methanol-d4, 75.5 MHz): 
δ 166.3 (q, 1JBC = 48.6 Hz, B-C), 137.8 (s), 133.0 (s), 132.4 (s), 60.4 (s), 25.6 (s), 21.6 (s), 14.8 (s), 0.3 
(s). Anal. Calcd. for C52H88BNSi4: C, 73.44; H, 10.43; N, 1.65. Found: C, 73.15; H, 10.51; N, 1.68.  
 

 Tetrabutylammonium tetrakis{4-(dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl)phenyl} 
borate (3d). A solution of nBu4NF (0.24 mL, 1 M in THF, 0.24 mmol) was added to a solution of 1d 
(0.23 g, 0.12 mmol) in THF (25 mL). After stirring for 1.5 h, the solution was evaporated to dryness. 
H2O (10 mL) was added and the mixture was stirred for 30 min. The solid was collected and washed 
with H2O (10 mL). The resulting solid was dried in vacuo, yielding 0.12 g (46%) of an off-white waxy 
solid. 1H NMR (methanol-d4, 300.1 MHz): δ 7.34 (m, 8H, Aro), 7.15 (d, 8H, 3JHH = 7.4 Hz, Arm), 3.29 
(m, 8H, NCH2), 2.01 (m, CH2CF2), 1.64 (m, 8H, NCH2CH2), 1.41 (m, 8H, CH2CH2CH2), 1.01 (t, 12H, 
CH2CH3), 0.86 (m, 8H, SiCH2) 0.19 (s, 36H, SiCH3). 13C{1H} NMR (methanol-d4, 75.5 MHz): δ 169.2 
(q, 1JB,C = 48.5 Hz, B-C), 138.2 (s), 132.9 (s), 130.3 (s), 120.3 (m), 117.6 (m), 113.0 (m), 112.5 (m), 
111.2 (m), 108.5 (m), 60.6 (s), 28.2 (t), 25.8 (s), 12.7 (s), 14.9 (s), 7.5 (s), -2.1 (s). IR (KBr, cm-1): 
3045 (w), 2962 (w), 1579 (w), 1479 (w), 1363 (m), 1248 (s), 1209 (s), 1143 (m), 1066 (m), 1022 (m), 
896 (m), 839 (s), 794 (s), 530 (s). Anal. Calcd. for C80H92BF52NSi4: C, 44.10; H, 4.26; N, 0.64. Found: 
C, 43.83; H, 4.34; N, 0.56; F, 45.26. 
 

 Rhodium(I) bis-(1,2-bis(diphenylphosphino)ethane) tetrakis{4-(trimethylsilyl)phenyl} 
borate (7a). A solution of 1,2-bis(diphenylphosphino)ethane (0.46 g, 1.17 mmol) in CH2Cl2 (5 mL) 
was slowly added to a solution of [Rh(COD)Cl]2 (136 mg, 0.28 mmol) in CH2Cl2 (5 mL). After 
stirring for 1 h, 1a (0.41 g, 0.57 mmol) suspended in 1-propanol (5 mL) was added slowly. The 
resulting mixture was stirred for 4 h, filtered and all volatiles were removed in vacuo. The solid was 
taken up in acetone and the resulting solution filtered. Upon the addition of hexane 0.63 g (76%) of a 
light orange solid precipitated. Crystals were grown by slow diffusion of Et2O into a CHCl3 solution of 
7a. 1H NMR (CDCl3, 300.1 MHz): δ 7.44 (m, 8H, Aro), 7.34 (m, 8H, 3JHH = 6.0 Hz, Arm), 7.18 (m, 
40H, P–Ph) 2.07 (m, 8H, P–(CH2)2–P), 0.14 (s, 36H, SiCH3). 13C{1H} NMR (CDCl3, 75.5 MHz): 
δ 165.5 (q, 1JBC = 48.8 Hz, B–C), 136.0 (s), 134.6 (s), 133.4 (s), 131.5 (s), 131.3 (s), 130.9 (s), 128.8 
(s), 28.7 (m, P–(CH2)2–P), -0.3 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 58.3 (d, 1JRhP = 132.5 Hz). 
Anal. Calcd. for C88H100BP4RhSi4: C, 70.10; H, 6.69; P, 8.22; Si, 7.45. Found: C, 69.97; H, 6.82; 
P, 8.15; Si, 7.36. 
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Rhodium(I) bis-(1,2-bis(diphenylphosphino)ethane) tetrakis{4-(dimethyl(3,3,3-
trifluoropropyl)silyl)phenyl}borate (7b). To a solution of [Rh(COD)(acac)] (46 mg, 0.15 mmol) in 
CH2Cl2 (10 mL) was added dppe (118 mg, 0.30 mmol) in CH2Cl2 (10 mL). After stirring for 5 min 1b 
(0.14 gr, 0.15 mmol) was added and the resulting mixture stirred for 30 minutes. All volatiles were 
removed in vacuo and the residue taken up in benzene. Insolubles were separated off by centrifugation 
and all volatiles were removed in vacuo, yielding 0.17 g (59%) of a yellow solid. 1H NMR (CDCl3, 
300.1 MHz): δ 7.37 (m, 16H, B-C6H4), 7.19 (m, 40H, P–Ph), 2.08 (m, 8H, P–(CH2)2–P), 1.97 (m, 8H, 
CH2CF2), 0.84 (m, 8H, SiCH2), 0.14 (s, 24H, SiCH3). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 166.5 (q, 
1JBC = 48.8 Hz, B–C), 136.0 (s), 134.0 (s), 133.2 (s), 131.1 (s), 128.7 (s), 127.8 (s), 29.1 (t, 1JPC = 23.7 
Hz, P–(CH2)2–P), 28.7 (s), 8.3 (s), -2.8 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 58.4 (d, 1JRhP = 132.3 
Hz). Anal. Calcd for C96H104BF12P4RhSi4: C, 62.81; H, 5.71; F, 12.42; P, 6.75. Found: C, 62.72; 
H, 5.83; F, 12.33; P, 6.79. 
 

Rhodium(I) bis-(1,2-bis(diphenylphosphino)ethane) tetrakis{4-(dimethyl(octyl)silyl) 
phenyl}borate (7c). To a solution of [Rh(COD)Cl]2 (19 mg, 0.04 mmol) and 1c (81 mg, 0.08 mmol) 
in CH2Cl2 (5 mL) a solution of dppe (63 mg, 0.16 mmol) in CH2Cl2 (5 mL) was added dropwise. The 
resulting mixture was stirred for 30 min, evaporated to dryness and the residue taken up in benzene. 
All insolubles were removed by centrifugation, and all volatiles were removed in vacuo. The residual 
waxy solid was washed with hexane (3 × 10 mL), yielding 0.13 g (83%) of an orange solid. 1H NMR 
(CDCl3, 300.1 MHz): δ 7.41 (m, 8H, B-Aro), 7.33 (m, 8H, B-Arm), 7.19 (m, 40H, P–Ph), 2.10 (m, 8H, 
P–(CH2)2–P), 1.26 (m, 48H, CH2C6H12CH3), 0.88 (t, 12H, C7H14CH3) 0.66 (m, 8H, SiCH2), 0.13 (s, 
24H, SiCH3). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 165.4 (q, 1JBC = 48.7 Hz, B–C), 136.0 (s), 135.3 
(s), 133.8 (s), 133.4 (s), 131.5 (s), 129.9 (s), 127.8 (s), 34.1 (s), 32.2 (s), 30.6 (t, 1JPC = 23.7 Hz, 
P–(CH2)2–P), 29.6 (s), 28.9 (s), 24.2 (s), 22.9 (s), 16.5 (s), 15.9 (s), 14.3 (s), -2.3 (s). 31P{1H} NMR 
(CDCl3, 81.0 MHz): δ 58.4 (d, 1JRhP = 132.2 Hz). Anal. Calcd. for C116H156BP4RhSi4: C, 73.31; 
H, 8.27. Found: C, 67.17; H, 7.77.  
 

 Rhodium(I) bis-(1,2-bis(diphenylphosphino)ethane) tetrakis{4-(dimethyl(1H,1H,2H,2H-
perfluorooctyl)silyl)phenyl}borate (7d). To a solution of [Rh(COD)Cl]2 (52 mg, 0.12 mmol) in 
CH2Cl2 (5 mL) was slowly added dppe (0.18 g, 0.45 mmol) in CH2Cl2 (2 mL). After stirring for 1 h, 
1d (0.24 g, 0.12 mmol) in methanol (2 mL) was added slowly. The resulting mixture was stirred for 
1.5 h, filtered and volatiles were removed in vacuo. The solid was then taken up in CHCl3, the 
resulting solution filtered and upon addition of diethylether 0.46 g (68%) of a bright yellow solid 
precipitated. 1H NMR (CDCl3, 300.1 MHz): δ 7.44 (m, 8H, Aro), 7.34 (d, 8H, 1JHH = 6.0 Hz, Arm), 
7.18 (m, 40H, P–Ph), 2.12 (m, 8H, P–(CH2)2–P), 2.05 (m, 8H, CH2CF2), 0.90 (m, 8H, SiCH2), 0.14 (s, 
24H, SiCH3). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 165.5 (q, 1JBC = 48.8 Hz, B–C), 136.0 (s), 134.6 
(s), 133.4 (s), 132.3 (s), 131.5 (m), 131.3 (s), 130.9 (s), 128.8 (s), 121.5 (m), 117.4 (m), 115.2 (m), 
111.8 (m), 112.0 (m), 109.4 (m), 28.7 (s), 26.3 (t, 1JPC = 23.7 Hz, P–(CH2)2–P), 5.7 (s), -0.3 (s). 
31P{1H} NMR (CDCl3, 81.0 MHz): δ 58.3 (d, 1JRhP = 132.5 Hz). Anal. Calcd. for C116H104BF52P4RhSi4: 
C, 49.13; H, 3.70; F, 34.84; P, 4.37; Si, 3.96. Found: C, 49.25; H, 3.66; F, 34.67; P, 4.85; Si, 4.05.  
 

Rhodium(I) bis-(1,2-bis(diphenylphosphino)ethane) tetrakis{4-(perfluorohexyl)phenyl} 
borate (7e). In a procedure similar to that for 7c, [Rh(COD)Cl]2 (57 mg, 0.11 mmol), 1e (0.39 g, 0.23 
mmol) and dppe (0.18 g, 0.44 mmol) yielded 0.45 g (69%) of a yellow solid. 1H NMR (CDCl3, 300.1 
MHz): δ 7.38 (m, 16H, B-C6H4), 7.18 (m, 40H, P–Ph), 2.06 (m, 8H, P–(CH2)2–P). 13C{1H} NMR 
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(CDCl3, 75.5 MHz): δ 167.5 (q, 1JBC = 48.5 Hz, B–C), 135.9 (s), 134.3 (s), 133.2 (s), 131.7 (s), 131.1 
(m), 128.6 (s), 124.0 (s), 120.5 (m), 117.7 (m), 113.0 (m), 112.6 (m), 112.1 (m), 110.6 (m), 28.9 (t, 
1JPC = 23.7 Hz, P–(CH2)2–P). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 58.4 (d, 1JRhP = 133.1 Hz). Anal. 
Calcd. for C104H64BF52P4Rh: C, 48.22; H, 2.59; F, 39.66; P, 4.97. Found: C, 48.34; H, 2.66; F, 39.73; 
P, 5.04.  
 

Rhodium(I) bis-(1,2-bis(diphenylphosphino)ethane) tetrakis{3,5-di(perfluorohexyl) 
phenyl}borate (7f). In a procedure similar to that for 7c, [Rh(COD)Cl]2 (34 mg, 0.07 mmol), 1f (0.40 
g, 0.14 mmol) and dppe (0.12 g, 0.28 mmol) yielded a dark green oil. This was taken up in THF and 
stirred for 1 h after which all volatiles were removed in vacuo. The resulting dark red oil was 
suspended in benzene (20 mL), which was extracted with FC-75 (3 × 10 mL). The combined FC-75 
layers were filtered over a glass frit, upon which a red waxy solid was collected. This was taken up in 
CH2Cl2, all solids were removed by centrifugation and removal of all volatiles in vacuo yielded 0.05 g 
(10%) of a red waxy solid. 1H NMR (CDCl3, 300.1 MHz): δ 7.65 (m, 8H, Aro), 7.43 (s, 4H, Arp), 7.20 
(m, 40H, P–Ph), 2.11 (m, 8H, P–(CH2)2–P). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 161.2 (q, 1JBC = 50.0 
Hz, B–C), 136.9 (s), 134.3 (s), 133.3 (s), 131.0 (m), 129.0 (s), 127.1 (t), 122.7 (s), 119.3 (m), 115.7 
(m), 112.6 (m), 111.0 (m), 107.8 (m), 28.7 (t, 1JPC = 23.7 Hz, P–(CH2)2–P). 31P{1H} NMR (CDCl3, 
81.0 MHz): δ 58.5 (d, 1JRhP = 133.3 Hz). Anal. Calcd. for C128H60BF104P4Rh: C, 39.58; H, 1.61. Found: 
C, 39.62; H, 1.74.  
 

 Solubility Studies. Saturated solutions were prepared by stirring approximately 100 mg of the 
borate complexes in 10 mL of n-hexanes, FC-72 or FC-75 for at least 2 hours at 25 ºC. The mixture 
was allowed to settle until the solution was completely clear upon visible inspection. A sample of 
2.0(1) mL was taken while ensuring that no precipitated material was sampled. The solvent was 
removed in vacuo and the residue was kept under vacuum (0.1 mbar) for 1 h upon which the weight 
was constant within ± 1 mg. The weight of the residue was determined. When the amount of residue 
was < 5 mg a second sample was taken and analysed by ICP/AAS analyses for boron (accurate down 
to 10 ppm by weight) and rhodium (accurate down to 1 ppm by weight). Furthermore, the solubility of 
the rhodium complexes 7c, 7d, 7e and 7f was checked visually (significant orange coloured hexanes 
solutions). Only 7f gave a coloured FC-72 and FC-75 solutions.  
 

 Crystal structure determination of 2a. C56H92BNaO8Si4, monoclinic, spacegroup P21/c (no. 
14), with a = 13.540(2), b = 20.606(3), c = 27.693(3) Å, β = 118.86(2)o, V = 6767.1(16) Å3, Z = 4, 
Dcalcd = 1.020 g cm-3. All data, where relevant, are given without disordered solvent contribution. 
44964 reflections measured (Nonius KappaCCD diffractometer, 150 K, Mo Kα radiation), 12222 
unique. The structure was solved by automated direct methods (SHELXS-86),29 and refined on F 2 
(SHELXL-97-2,30 631 parameters). A disordered solvent area (792 Å, 187 e, probably THF) was 
incorporated in the model using PLATON/SQUEEZE.31 Several of the SiMe3 groups and one of the 
phenyl rings of the anion display conformational disorder. The available data did not allow for the 
refinement of a disorder model. wR2 = 0.2304, R1 = 0.0793 for 9530 I > 2σ ( I ), S = 1.069, -0.48 < ∆ρ 
< 0.96 e Å-3.  
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 Crystal structure determination of 7a. C88H100BP4RhSi4, monoclinic, spacegroup P21 (no. 
4), with a = 14.7259(2), b = 20.1809(2), c = 16.4196(2) Å,  β = 96.5775(4)o, V = 4847.49(10) Å3, Z = 
2, Dcalcd = 1.033 g cm-3. All data, where relevant, are given without disordered solvent contribution. 
96384 reflections measured (as for 2a), 22082 unique. The structure was solved by automated direct 
methods (SHELXS-86),29 and refined on F 2 (SHELXL-97-2,30 992 parameters). A disordered solvent area 
(1001 Å, 376 e) was incorporated in the model using PLATON/SQUEEZE.31 A two-site disorder 
model was introduced to describe the rotational disorder of the phenyl moieties around C3-P3; the 
occupancy of the major component refined to 0.537(9). wR2 = 0.0880, R1 = 0.0348 for 19688 I > 2σ ( 
I ), S = 1.039, -0.36 < ∆ρ < 0.39 e Å-3.  
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- Chapter 4 - 
 
 

Enhanced Hydrogenation Activity and Recycling of 
Cationic Rhodium Diphosphine Complexes through the 

Use of Highly Fluorous and Weakly-Coordinating 
Tetraphenylborate Anions 

 
 
 
 

 
 
 
 
 
 
 
 

Abstract. The effect of the nature of the anion on the performance of ionic rhodium catalysts 
has received little attention. In this chapter it is shown that the use of highly fluorous 
tetraphenylborate anions can enhance catalyst activity in both conventional and fluorous 
media. For hydrogenation catalysts of the type [Rh(COD)(dppb)][X] (COD = 
1,5-cis-cis-cyclooctadiene; dppb = 1,4-bis(diphenylphosphino)butane; X = BF4

- (1a), [BPh4]- 
(1b), [B{C6H4(SiMe3)-4}4]- (1c), [B{C6H3(CF3)2-3,5}4]- (1d), 
[B(C6H4{SiMe2(CH2CH2C6F13)}-4}4]- (1e), [B{C6H4(C6F13)-4}4]- (1f) and 
[B{C6H3(C6F13)2-3,5}4]- (1g)) the activity towards the hydrogenation of 1-octene in acetone 
increased in the order 1c < 1b < 1e < 1a < 1d ~ 1f < 1g with 1g being twice as active as 
commonly applied 1a. Despite the fluorophilic character introduced by the substituted 
tetraarylborate anions, the presence of some perfluoroalkyl-substituents in the cation was still 
required for achieving high partition coefficients. Therefore 
[Rh(COD)(Ar2PCH2CH2PAr2)][X] (Ar = C6H4{SiMe2(CH2CH2C6F13)}-4, X = 
[B{C6H4(C6F13)-4}4]- (3f); Ar = C6H4{SiMe(CH2CH2C6F13)2}-4 and X =  
[B{C6H3(C6F13)2-3,5}4]- (2g)) were prepared, which were active in the hydrogenation of  
1-octene, 2g even more so than 3f. Both these highly fluorous catalysts could be recycled with 
99% efficiency through fluorous biphasic separation, whereas the BF4

- analogue of 2g (2a) 
did not show any affinity for the fluorous phase. 
 
 
 
van den Broeke, J.; de Wolf, E.; Deelman, B.-J.; van Koten, G. Adv. Synth. Catal., submitted. 
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4.1  Introduction 
 

The use of the unique properties of perfluorinated solvents for catalyst separation and 
recycling has been demonstrated successfully.1 Fluorous Biphasic Catalyst Separation (FBCS) 
techniques have been employed in the immobilisation of a diverse range of transition-metal 
complexes allowing their recovery with high efficiency, the extent of catalyst leaching often 
being on the ppm level.2 The key to this success has been the introduction of perfluoroalkyl 
substituents in the ligands surrounding the metal centre.1,2,3 Although this approach has 
proved highly effective, it requires the design of a new fluorous ligand for each new catalyst 
that is to be adapted for FBCS. As the introduction of perfluoro substituents is far from a 
trivial exercise,4 the development of a large library of fluorous catalysts entails a huge 
synthetic effort. In ionic catalysts an additional site for the introduction of fluorous character 
exists, namely the anion. As these counterions are less specific for particular catalysts or 
catalytic processes,5 the development of a highly fluorous anion could enable the use of a 
broad range of ionic catalysts in fluorous (biphasic) catalysis. 

A further point to be considered is the often-observed reduction in catalyst activity 
under fluorous biphasic conditions in comparison with identical catalysts in conventional 
solvents.2a,2c,6 In the case of ionic catalysts, this is likely the result of the low polarity of the 
perfluorinated solvent. This hampers dissociation of the catalysts’ ion pairs, since the separate 
charges can not be stabilised through solvation. As the formation of separated ion pairs is 
often essential for the creation of a vacant coordination site,5a-b which allows the substrate to 
bind to the catalytically active centre, this reduces the availability of the catalyst for substrate 
binding and consequently its activity. The introduction of a highly fluorous anion could 
enhance ion-separation in these apolar solvents, thereby improving catalyst performance.  

The use of perfluoroalkyl-substituted tetraarylborates as solubilising moieties for 
transition-metal catalysts in apolar solvents has been reported,7 with [B{C6H3(CF3)2-3,5}4]- 
(TFPB) being a well-known example.5a-b,7a This anion has successfully been applied in 
catalysis in supercritical carbon dioxide, where its highly lipophilic character was used to 
solubilise ionic catalysts.8 The use of tetrakis(perfluoroaryl)borates in α-olefin polymerisation 
has also been well documented.9 In this type of catalysis the borate anions are employed 
because of their weakly-coordinating nature, which helps in the creation of vacant 
coordination sites, and for their lipophilic character.7d,8c TFPB, however, is not fluorous 
enough to induce sufficient fluorous character for fluorous biphasic separation strategies (vide 
infra). 

Keeping these considerations in mind, we have developed a range of highly fluorous 
tetraphenylborate anions.10 In this chapter we report the use of these anions as counterions in 
ionic rhodium-catalysts in combination with both fluorous and non-fluorous diphosphine 
ligands. The partition behaviour of these complexes, and their application in the 
hydrogenation of olefins in both conventional and perfluorinated solvents, was investigated. 
Furthermore, the recovery and recycling of these complexes using FBCS is described. 
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4.2  Results and Discussion 
 

  Anion Effects in 1-Octene Hydrogenation Catalysed by Rhodium Diphosphine 
Complexes. To investigate the influence of silyl- and perfluoroalkyl-substitution in 
tetraarylborate anions on catalyst performance, complexes of the type [Rh(COD)(dppb)][X] 
(COD = 1,5-cis,cis-cyclooctadiene, dppb = 1,4-bis(diphenylphosphino)butane, X = 
[B{C6H4(SiMe3)-4}4]- (1c), TFPB (1d), [B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]- (1e), 
[B{C6H4(C6F13)-4}4]- (1f) and [B{C6H3(C6F13)2-3,5}4]- (1g)) were prepared (Figure 1). 
Analysis of these complexes by 31P{1H} NMR spectroscopy revealed no significant variations 
between [Rh(COD)(dppb)][BPh4] and 1c - g, which indicates that the introduction of the 
substituents does not affect the structural and electronic properties of the cation. Using 
hydrogenation of 1-octene in acetone as a model reaction, the effects of the various 
substituents on the performance of the catalyst were assessed (Table 1). 
 

 
Figure 1. Rhodium diphosphine complexes used as catalysts in 1-octene hydrogenation in acetone. 

 

 The use of complexes 1a - 1g as pre-catalysts in the hydrogenation of 1-octene 
revealed a major influence of anion variation on the activity. Compared to BF4

-, a reduction in 
catalyst activity was observed when [BPh4]- was used. The introduction of a trimethylsilyl 
substituent in the tetraphenylborate anion (1d) even results in an inactive catalyst, whereas the 
presence of -SiMe2(CH2CH2C6F13) substituents in 1e yields a slightly enhanced activity 
compared with that of 1b. The reasons for the inactivity of 1d were not investigated further. 
The introduction of electron-withdrawing substituents without spacer moieties in 1c, 1f and 
1g results in significantly enhanced hydrogenation activities, with the highly fluorous 
complex 1g being over ten times more active than 1b, and twice as active as 1a. 
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Table 1: Hydrogenation of 1-octene with [Rh(COD)(dppb)]BF4 (1a) and 
[Rh(COD)(dppb)][BAr4] (1b - 1g) in acetone.a 

pre-catalyst -Ar r (nm)b σc TOF50
d 

1d -C6H4(SiMe3)-4 0.8 -0.02 - 

1b -C6H5 0.5 0.00 12 

1e -C6H4{SiMe2(CH2CH2C6F13)}-4 1.6 0.00e 20 

1a - 0.2 - 67 

1f -C6H4(C6F13)-4 1.3 0.52f 75 

1c -C6H3(CF3)2-3,5 0.6 0.92g 80 

1g -C6H3(C6F13)2-3,5 1.3 0.94f,g 140 
a Reaction conditions: 5 mL of acetone and 0.4 mL of n-decane, 2.12 mM [Rh], catalyst:1-octene = 1:200; T = 
42 oC; pH2 = 1.1 bar. b Anion radius, Figure 2 and ref. 11. c Hammett parameter, taken from ref. 12. d Average turn 
over frequency (h-1) at 50% yield of octane. e Taken from ref. 13. f The Hammett parameters for -C2F5 were used 
for -C6F13, ref. 2a and ref. 14. g The electronic effect of multiple substituents may be added up linearly, ref. 15. 
The value denoted here is 2 × σm.  
 

 It is well known that the activity of cationic rhodium diphosphine complexes in the 
hydrogenation of alkenes is highly dependent on the coordinating behaviour of their anions.16 
As the coordinating strength of the anion diminishes, dissociation of the complexes into 
solvent-separated ion pairs will become more pronounced, which increases the availability of 
the catalytic centre for substrate binding. The low activity observed for 1b, relative to 1a, is 
the result of the tendency of [BPh4]- to act as a η6-coordinating ligand through one or more of 
its phenyl groups.5b,17 The low activity of 1b corresponds with earlier reports,18 where it was 
shown that a zwitterionic species is formed that exhibits low activity as a catalyst under 
similar, mild, reaction conditions. The introduction of a large -SiMe2(CH2CH2C6F13) 
substituent (Figure 2) on the tetraarylborate anion increases the activity of the corresponding 
catalyst (1e). This rate enhancement is most probably the result of the steric bulk of the 
perfluoro tail, because the electronic effect of this substituent is negligible as its Hammett 
parameter is identical to that for a proton (Table 1).13 According to electrostatic models 
describing ion association, an increase in the distance between the two charges leads to a 
weakening of the electrostatic interaction.19 Therefore, a reduced degree of association of the 
cation and anion will result due to the increased anion size upon introduction of perfluoroalkyl 
substituents.20 Obviously, this leads to an enhanced hydrogenation activity of 1e compared to 
non-substituted 1b, because the cationic rhodium site has less and weaker interaction with the 
borate anion.21 
 The introduction of electron-withdrawing substituents which are directly connected to 
the phenyl groups of the tetraarylborate helps to reduce its η6-coordinating ability through the 
delocalisation of the negative charge.17a This will result in a reduction in the strength of the 
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Figure 2. Influence of perfluoro substitution on the radius (r) of the anions. 

 
ion-pairing, which in turn could explain the enhanced activity of the corresponding catalysts. 
For example, the radius of the anion in 1c is only slightly larger than that of [BPh4]- in 1b. 
Nevertheless, 1c is a much more active hydrogenation catalyst. This indicates that the increase 
in hydrogenation rate observed for 1c is most likely connected to the electron-withdrawing 
properties of the two CF3-substituents in the anion. Furthermore, 1c is four times as active as 
1e, which contains a much bulkier anion in which the perfluoro substituents can not affect its 
electronic properties. This indicates that charge delocalisation is a more effective method for 
decreasing the ion-pairing properties of a tetraarylborate than increasing its steric bulk.  

An indication for the efficiency of the combination of steric and electronic effects of 
perfluoroalkyl-substitution within a single anion is provided when 1f and 1g are compared 
with 1c. In 1f and 1g the size of the anion is significantly larger than in the CF3-substituted 
anion in 1c (Figure 2). As a C6F13-substituent is electronically similar to a CF3-substituent 
(Table 1),14 the enhanced catalytic activity of 1g in comparison with 1c is the result of the 
bulky perfluorohexyl substituents. The 2-3 fold increase in the radius of the anion is 
accompanied by an increase in the catalytic activity by a factor two,20 an effect similar in 
magnitude to that observed for 1b and 1e. In 1f the number of fluor tails is halved in 
comparison with 1c, nevertheless, very similar activities are observed. Apparently, the 
increase in anion size by a factor of two compensates for the electronic consequences of the 
reduction in the number of perfluoroalkyl substituents. Thus, it can be concluded that both the 
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electronic and steric aspects of introducing substituents in the tetraphenylborate anion have a 
significant impact on its ion-pairing behaviour. A combination of these two effects is most 
efficient in enhancing cation-anion pair separation, and results in a more than 10-fold increase 
in catalytic activity (1g) in comparison with the corresponding [BPh4]--equipped catalyst. 
 

H2

H2 H2

 

Scheme 1. 
 

 For all catalysts investigated, a reaction sequence involving direct hydrogenation of 1-
octene to n-octane, as well as isomerisation to internal octenes followed by hydrogenation to 
n-octane was observed (Scheme 1).3,16 The initial products of this isomerisation were cis- and 
trans-2-octene, the trans-isomer being the major component (Figure 3). After full conversion 
of 1-octene to a mixture of 2-octenes and n-octane, the concentration of 2-octene in the 
reaction mixture declined steadily and the formation of 3- and 4-octenes was detected. 
Ultimately, all internal octenes were hydrogenated to octane when the reaction was allowed to 
proceed for a sufficiently long period of time. For 1a - 1f no effect of the anion on the product 
distribution was observed, all catalysts exhibiting reaction profiles as shown in Figure 3a. The 
highest concentration of 2-octenes, 50-60% with respect to the initial concentration of 1-
octene, was observed at the moment that 1-octene was depleted. The combined  
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Figure 3. Conversion vs. time plots of the hydrogenation of 1-octene using 1a (a) or 1g (b). Legend: 
          = 1-octene;  = n-octane; � = 2-octenes; × = 3- and 4-octenes. 
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[(LL)Rh]... [BAr4] [(LL)RhS2]++  [BAr4]-
+ 2 S

- 2 S

LL = diphosphine
S = solvent molecule
BAr4 = tetraarylborate anion
Olefin = e.g. 1-octene

[(LL)Rh(Olefin)S]+[BAr4]-
+ Olefin

- Olefin

close contact ion-pair solvent separated ion-pair

concentration of 3- and 4-octenes peaked at a level of approximately 10% relative to the initial 
octene concentration. In contrast, for 1g the formation of 3- and 4-octenes started before all 
1-octene had been consumed and the maximum concentration of 2-octenes achieved was 
lower (45%) with respect to the initial 1-octene concentration). Otherwise, the product 
distribution was similar to that observed for 1a - 1f. 

 
 Synthesis and Fluorous Biphasic Separation of Rhodium Complexes containing 
Fluorous Ligands and Fluorous Borate Anions. After it had been observed that the 
introduction of perfluoroalkyl substituents in the tetraphenylborate anion yield catalysts with 
similar or enhanced hydrogenation activity compared to the corresponding BF4

--based 
catalyst, their use in FBCS was investigated. As all rhodium complexes, except 1g, proved 
insoluble in perfluorinated solvents, they were initially tested in the lightly fluorous solvent 
α,α,α-trifluorotoluene (BTF).22 Although all catalysts were found to be soluble in BTF, no 
hydrogenation activity was observed. The non-coordinating nature of this solvent is most 
likely responsible for this inactivity, as solvent coordination is required to allow solvent-
separated ion-pair formation and to stabilise the cationic reaction intermediates.16,23 Addition 
of 0.05 mL of THF to 2.12 mM catalyst solutions in 5.0 mL of BTF did not lead to 
hydrogenation activity. 
 Catalyst 1g was then tested in perfluoro-α-butyltetrahydrofuran (FC-75), a fluorous 
solvent with an ether functionality that is potentially coordinating. The solubility of 1g in this 
solvent was 0.21 mmol/L (at 25 °C), which is only one order of magnitude below the catalyst 
concentration we employed for the hydrogenations in acetone. Despite this reasonable 
solubility and the possibility for ion-separation through solvent coordination, again no activity 
towards the hydrogenation of 1-octene was observed.24 It was then decided to prepare 
complexes containing a fluorous diphosphine ligand in addition to a fluorous tetraarylborate. 
This combination of a fluorous cation and a fluorous anion was expected to facilitate the 
formation of solvent-separated ion-pairs in perfluorinated solvents (cf. Eq. 1). This approach 
did indeed prove successful (vide infra) 
 
 

 (1) 

 

 

 

 Using a procedure similar to that described for the synthesis of [Rh(dppb)(COD)][X], 
fluorous dppe complexes 2g and 3f were prepared (Figure 4) as well as the corresponding 
BF4

- complexes 3a and 4a.3 Analysis of 2g and 3f by 31P{1H} NMR spectroscopy showed 
chemical shifts identical to those observed for 3a and 4a.25 Attempts to prepare highly 
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fluorous [Rh(COD)(Ar2PCH2CH2Ar2)][X] (Ar = C6H4{SiMe(CH2CH2C6F13)2}-4, X = 
[B{C6H3(C6F13)2-3,5}4]-) from [Rh(COD)(acac)] and Na[B{C6H3(C6F13)2-3,5}4] were 
unsuccessful, as mixtures of [Rh(LL)(COD)][X] and [Rh(LL)2][X] (LL = diphosphine) were 
obtained. Isolation of the former complex from these mixtures proved impossible. The use of 
[Rh(COD)2]X (X = fluorous borate anion) as an alternative starting compound3,26 was not 
feasible, as decomposition of the borate anions was observed during attempts to prepare bis-
cyclooctadiene complexes from [Rh(COD)Cl]2, cyclooctadiene and Na[X] or Ag[X].  
 

 

3f: n = 2, X = [B{C6H4(C6F13)-4}4]-

n = 1, X = [B{C6H3(C6F13)2-3,5}4]-2g:

4a:

3a:

n = 3, X = BF4
-

n = 2, X = BF4
-

PP
Rh

SiMe(3-n)(CH2CH2C6F13)n(C6F13CH2CH2)nMe(3-n)Si
2 2

X

 

Figure 4. Rhodium diphosphine complexes with fluorous ligands and fluorous borate counterions. 

 

 The partitioning of complexes 1f, 1g, 2g and 3f in THF/perfluoromethylcyclohexane 
(PFMCH) and toluene/PFMCH biphasic solvent systems was examined and compared with 
that of the tetrafluoroborate complexes 2a, 3a and 4a (Table 2). The solubility of 1f and 2a in 
PFMCH was extremely low, which made the collection of relevant partition data impossible. 
Although 1g exhibits substantial affinity for the fluorous phase in a toluene/PFMCH biphase 
system, its almost equal distribution over the two phases is not sufficient for efficient catalyst 
recovery. This indicates that for these ionic rhodium diphosphine complexes the introduction 
of a highly fluorous anion is insufficient for obtaining pronounced fluorophilicity. Through 
the introduction of a lightly fluorous diphosphine ligand (2g), the partition coefficient is 
increased by more than an order of magnitude, despite the fact that the volume percentage of 
fluorine remains similar in comparison with 1g. The moderate partitioning of 1g can be 
explained by its high aromatic character, especially in comparison with the BF4

- complexes. 
This is known to have an adverse effect on fluorous solubility,23a,27 and apparently fluorous 
character in the cation is required for high fluorous affinity in these rhodium diphosphine 
borate complexes. These results indicate that significant preference for the fluorous phase can 
be achieved when at least, on average, 1.5 perfluoroalkyl group is present per aromatic moiety 
in the complex. To reach this level of fluorous character, the use of a perfluoroalkyl-
functionalised diphosphine, containing a minimum of four fluorous tails,  
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Table 2: Partition coefficients of fluorous rhodium diphosphine complexes. 
compound anion vol% F no. of tails   Pb 

    THF/PFMCH  toluene/PFMCH 
      

1f [B{C6H4(C6F13)-4}4]- 22 4 -c -c 

2a BF4
- 25 4 -c -c 

1g [B{C6H3(C6F13)2-3,5}4]- 31 8 < 1 × 10-2  0.7 

2g [B{C6H3(C6F13)2-3,5}4]- 32 12 2.1 34 

3a BF4
- 32 8 8.1 61 

3f [B{C6H4(C6F13)-4}4]- 33 12 6.4 65 

4a BF4
- 37 12 34 66 

a Volume percentage of fluorine in the molecule, calculated from semi-empirical (PM3(tm)) optimised structures 
using the Spartan 5.1.1 (SGI) molecular modelling software package. b Partition coefficients in a 1:1 (v/v) 
mixture of PFMCH and organic solvent at 0 oC (P = cfluorous phase / corganic phase ) determined by gravimetric methods 
and ICP/AAS for [Rh]. The average of these measurements is given here. The estimated error is ± 1 in the last 
digit. c No partition coefficient could be determined due to poor solubility of the complex in PFMCH. 
 

is required. Once a sufficient level of fluorous character has been reached, the distribution of 
the perfluoralkyl substituents throughout the cation and the anion is relatively unimportant, as 
evidenced by the comparable partition coefficients for 2g, 3a and 3f. Nevertheless, the 
presence of perfluorinated substituents in both the cation and anion will enhance ion-pair 
separation in fluorous solvents and result in increased catalyst performance. 
 The partition coefficients of 2g, 3a, 3f and 4a are very similar, the only discrepancy 
being the high partitioning displayed by 4a in the THF/PFMCH biphasic system. This high 
partition coefficient could be the result of the significantly higher fluorous volume of 4a, as 
this volume fraction is the determining factor for the extent of partitioning in fluorous 
biphasic systems.28 However, a similar effect on the partition coefficient of 4a in the 
toluene/PFMCH biphasic system was not observed. In the toluene/PFMCH biphasic system, 
the partition coefficients for all complexes were found to be superior to those observed for the 
THF/PFMCH solvent system. The lower partition coefficients in the latter biphase system 
could originate from the fact that THF is capable of solvating the rhodium cation, whereas for 
toluene this is more difficult. The solvation makes dissolution of the complexes in THF more 
favourable, thus hampering partitioning into the fluorous phase. As the favourable solvent-
solute interactions are eliminated by choosing an apolar organic solvent, preference for the 
fluorous phase increases.  

When 2g and 3f were tested for catalytic performance under fluorous conditions 
towards the hydrogenation of 1-octene in mixtures of FC-75 and hexane, they were indeed 
found to be active catalysts (Table 3). Furthermore, their catalytic performance in acetone was 
determined for comparison with the other fluorous catalytic species (vide supra). Whereas 1g  
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Table 3: Hydrogenation of 1-octene using pre-catalysts 2g and 3f.a  
  Turn Over Frequencyb 

catalyst 

precursor 

anion acetone n-hexane/FC-75 

(2:1)c  

n-hexane/FC-75 

(1:1)d 

     

3f [B{C6H4(C6F13)-4}4]- 4.2 1.2 0.7  

2g [B{C6H3(C6F13)2-3,5}4]- 19 5 2 
a Reaction conditions: 5 mL of acetone or FC-75 and 0.4 mL of n-decane, 2.12 mM catalyst with 200 equiv. 
of 1-octene; T = 42 oC; pH2 = 1.1 bar. In the 1:1 (v:v) and 1:2 (v:v) systems, 5 mL and 10 mL hexane is 
added respectively. b Average turn over frequency (h-1) for the conversion of 1-octene to octane after 24 h. c 
Monophasic under reaction conditions. d Biphasic under reaction conditions. 

 

displayed no activity in FC-75, probably due to the fluorophobic nature of the 
[Rh(COD)(dppb)]+ cation, fluorous dppe derivatives in 2g and 3f displayed modest 
hydrogenation activity in 2:1 hexane/FC-75 mixtures (v:v). This indicates that the use of a 
fluorous ligand facilitates ion separation in a reaction medium with low polarity. When a 1:1 
ratio of hexane and FC-75 is used, the reaction is performed under biphasic conditions. This 
leads to a decrease in activity, possibly due to mass transfer limitations between the two 
phases. When the relative activity of 2g and 3f is compared, the complex with 3,5-substituted 
borate anion (2g) was found to be more active, as was also observed in acetone for the 
rhodium complexes 1f and 1g with a non-fluorous diphosphine ligand. It is noteworthy that in 
acetone, 2g and 3f were less active than their dppb-analogues 1f and 1g. This is in agreement 
with earlier reports that showed that increased catalyst activity can be expected when the 
chelate ring size increases from five to seven atoms.16 This rate enhancement for the 
diphosphines with a longer alkane bridge can be explained by an increase in flexibility of the 
dichelating ligand, which lowers the relevant transition state energies.  

Both 2g and 3f could be recycled efficiently through biphasic separation at 0 °C (Table 
4). Complex 3f could be recycled three times without loss of activity using both 1:1 (v:v) and 
2:1 (v:v) mixtures of hexane and FC-75. Leaching of the catalyst into the organic phase was 
investigated by ICP-AAS analysis, which revealed a loss of 0.5% of catalyst per cycle. 
Complex 2g was recycled once without loss of activity, catalyst leaching into the organic 
phase amounting to 1.0% per cycle. For the 1:1 hexene/FC-75 system, all fluorous solvent had 
been extracted after four recycles.2d,3 Nevertheless, 3f remained active in the absence of 
fluorous solvent, albeit at a somewhat lower level, the catalyst being present as an emulsified 
oil. When the fluorous solvent was replenished after the last cycle the catalyst did not regain 
its initial activity, presumably because it had partly decomposed in the absence of a 
coordinating solvent. 
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Table 4: Efficiency of catalyst recycling for 2g and 3f in the hydrogenation of 1-octene in 
hexane/FC-75 biphasic systems.a 

  Turn Over Frequencyb 

catalyst precursor cycle n-hexane/FC-75 (1:1)c n-hexane/FC-75 (1:2)d 

    

3f 1 0.7 1.2 

 2 0.7 1.4 

 3 0.7 1.5 

 5e 0.5  

Rh leachingf  0.5% (4 ppm) 0.5% (2 ppm) 
    

2g 1 2.0 5.0 

 2 2.0 6.0 

Rh leachingf  1% (4 ppm) 1% (2 ppm) 

a For reaction conditions, see Table 3. Phase separation performed at 0 °C. b Average turn over frequency (h-1) 
for the conversion of 1-octene to octane over 24 h. c Biphasic under reaction conditions. d Monophasic under 
reaction conditions. e Catalyst present as an oil, FC-75 had leached into the organic phase during the previous 
cycles. f Average leaching of Rh into the organic phase per cycle, determined by ICP-AAS.  
 

4.3  Conclusions 
 

As demonstrated explicitly in polymerisation catalysis, the nature of the weakly-
coordinating counterion can have a major impact on the activity and selectivity of a cationic 
catalyst. However, for rhodium-catalysed hydrogenation the role of the anion has hardly been 
investigated. In this chapter it was shown that cation-anion separation plays a significant role 
in determining activity of rhodium diphosphine complexes in the hydrogenation of 1-octene in 
acetone. These studies indicate that the electronic properties of substituents of a 
tetraarylborate anion exert a stronger effect on the performance of the catalyst than their steric 
properties. The use of highly fluorous tetraarylborate anions enhances the solubility of 
rhodium diphosphine complexes in apolar solvents. Furthermore, the use of [B{C6H3(C6F13)2-
3,5}4]- resulted in enhanced hydrogenation activity in acetone as well as in fluorous media in 
comparison with catalysts equipped with less fluorous borate anions. Significant affinity for 
perfluorinated solvents was achieved only by the use of [B{C6H3(C6F13)2-3,5}4]- in 
combination with a lightly fluorous diphosphine ligand. This allowed efficient catalyst 
recycling through fluorous biphasic separation, whereas the corresponding BF4

- complex did 
not show any affinity for fluorous solvents.  
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4.4  Experimental Section 
 

 General Procedures. All reactions were performed under dry N2 atmosphere using standard 
Schlenk techniques. Hexane, tetrahydrofuran (THF) and diethyl ether (Et2O) were distilled from 
sodium benzophenone ketyl, CH2Cl2 from CaH2, acetone from CaCl2 and toluene from sodium. FC-75 
and α,α,α-trifluorotoluene were degassed and stored over molecular sieves (3 Å). Ar2PCH2CH2PAr2 
(Ar = C6H4{SiMe2(CH2CH2C6F13)}-4 or C6H4{SiMe(CH2CH2C6F13)2}-4),4a Na[B{C6H3(CF3)2-3,5}4],29 
Na[B{C6H4(SiMe3)-4}4]10a,b and Na[B(C6H4{SiMe2(CH2CH2C6F13}-4)4],10a,b Na[B{C6H4(C6F13)-
4}4],10a Na[B{C6H3(C6F13)2-3,5}4],10a,c [Rh(COD)2]BF4,26 [Rh(COD)(acac)],30 [Rh(COD)(dppb)]BF4 
(1a),31 [Rh(COD)(dppb)][BPh4] (1b),17c [Rh(COD)(Ar2PCH2CH2PAr2)]BF4 (Ar = 
C6H4{SiMe(CH2CH2C6F13)2}-4 (3a) or C6H4{Si(CH2CH2C6F13)3}-4 (4a))3 were prepared according to 
literature procedures. All other chemicals were used as received. NMR spectra were recorded on 
Varian Mercury 200 (31P) and Varian Inova 300 (1H, 11B and 13C) spectrometers with TMS (1H, 13C), 
BF3·Et2O (11B) and H3PO4 (85%) (31P) as external references. Gas chromatography was performed 
using a Perkin Elmer Autosystem XL equipped with a 30 m PE-17 column. Elemental analyses were 
carried out by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim an der Ruhr.  
  

 [Rh(COD)(dppb)][B{C6H3(CF3)2-3,5}4] (1c). To a solution of 51 mg (0.16 mmol) 
[Rh(COD)(acac)] and 181 mg (0.21 mmol) Na[B{C6H3(CF3)2-3,5}4] in THF (25 mL) at 0 oC is 
dropwise added 70 mg (0.16 mmol) dppb in THF (10 mL) over 15 min. After stirring the solution for 
an additional 15 min, the solvent was removed in vacuo. Toluene was added and solids were filtered 
off using a glass frit. The resulting solution was evaporated to dryness yielding 0.09 g (62%) of a 
yellow solid. 1H NMR (CDCl3, 300.1 MHz): δ 7.72 (m, 8H), 7.52 (m, 24H), 4.42 (s, 4H), 2.42 (s, 4H), 
2.22 (s, 8H), 1.62 (s, 4H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 161.9 (q, 1JBC = 49.9 Hz, B-C), 135.6 
(s), 134.4 (s), 133.8 (m), 132.6 (m), 130.2 (s), 129.3 (s), 128.9 (s), 128.5 (s), 126.6 (s), 123.0 (s), 118.2 
(s), 117.1 (s), 101.8 (s), 100.1 (s), 31.8 (s), 30.5 (t), 24.9 (s). 11B{1H} NMR (CDCl3, 96.3 MHz): δ -
16.7 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 25.4 (d, 1JRhP = 143.0 Hz). Anal. Calcd. for 
C68H52BF24P2Rh: C, 54.42; H, 3.49; P, 4.13. Found: C, 54.15; H, 3.74; P, 4.37. 
 

 [Rh(COD)(dppb)][B{C6H4(SiMe3)-4}4] (1d). Preparation of 1d was carried out using a 
procedure similar to that employed for the preparation of 1c. Starting from 55 mg (0.18 mmol) 
[Rh(COD)(acac)], 122 mg (0.19 mmol) Na[B{C6H4(SiMe3)-4}4] and 76 mg (0.18 mmol) dppb this 
yielded 0.17 g (77%) of an orange solid. 1H NMR (CDCl3, 300.1 MHz): δ 7.51 (m, 20H), 7.41 (m, 
8H), 7.15 (d, 3JHH = 6.3 Hz, 8H), 4.39 (s, 4H), 2.35 (s, 4H), 2,17 (m, 8H), 1.54 (s, 4H), 0.13 (s, 36H). 
13C{1H} NMR (CDCl3, 75.5 MHz): δ 166.2 (q, 1JBC = 53.4 Hz, B-C), 137.0 (s), 136.2 (s), 135.0 (s), 
134.1 (s), 133.0 (s), 131.8 (s), 131.2 (m), 130.8 (s), 129.4 (s), 115.6 (s), 100.6 (s), 74.7 (d), 31.0 (m), 
30.2 (s), 28.5 (s), 24.6 (s), 1.2 (s), -0.8 (m, Si-CH3). 11B{1H} NMR (CDCl3, 96.3 MHz): δ -16.6 (s). 
31P{1H} NMR (CDCl3, 81.0 MHz): δ 25.3 (d, 1JRhP = 143.4 Hz). Anal. Calcd. for C100H96BF52P2RhSi4: 
C, 69.43; H, 7.45; P, 4.97; Si, 9.02. Found: C, 69.26; H, 7.41; P, 4.96; Si, 9.61.  
 

 [Rh(COD)(dppb)][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (1e). Preparation of 1e was carried 
out using a procedure similar to that employed for the preparation of 1c. Starting from 137 mg (0.44 
mmol) [Rh(COD)(acac)], 0.94 g (0.48 mmol) Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] and 188 mg 
(0.44 mmol) dppb this yielded 0.82 g (73%) of an orange solid. 1H NMR (CDCl3, 300.1 MHz): δ 7.53 
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(m, 20H), 7.42 (m, 8H), 7.19 (d, 3JHH = 7.5 Hz, 8 H), 4.44 (s, 4H), 2.40 (s, 4H), 2,23 (m, 8H), 2.03 (m, 
8H, CH2CF2), 1.61 (s, 4H), 0.87 (m, 8H, SiCH2), 0.21 (s, 24H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 
166.7 (q, 1JBC = 48.8 Hz, B-C), 137.1 (s), 137.0 (s), 133.5 (s), 132.9 (s), 132.4 (s), 132.1 (s), 131.7 (s), 
131.3 (s), 130.6 (m), 129.4 (s), 123.8 (m), 122.3(m), 119.1(m), 115.7(s), 111.9(m), 110.3(m), 100.6 
(s), 76.1 (d), 31.3 (m), 30.1 (s), 26.4 (t), 24.6 (s), 5.7 (s, SiCH2), 1.3 (s), -3.3 (s, Si-CH3). 11B{1H} 
NMR (CDCl3, 96.3 MHz): δ -16.7 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 25.2 (d, 1JRhP = 143.4 Hz). 
Anal. Calcd. for C100H96BF52P2RhSi4: C, 46.67; H, 3.76; F, 38.38; P, 2.41. Found: C, 46.82; H, 4.79; F, 
38.26; P, 2.49.  
 

 [Rh(COD)(dppb)][B{C6H4(C6F13)-4}4] (1f). Preparation of 1f was carried out using a 
procedure similar to that employed for the preparation of 1c. Starting from 72 mg (0.23 mmol) 
[Rh(COD)(acac)], 384 mg (0.24 mmol) Na[B{C6H4(C6F13)-4}4] and 138 mg (0.23 mmol) dppb this 
yielded 0.40 g (77%) of an orange solid. 1H NMR (CDCl3, 300.1 MHz): δ 7.49 (m, 12H), 7.42 (m, 
8H), 7.24 (d, 3JHH = 8.0 Hz, 8H), 7.16 (m, 5H), 7.06 (m, 3H), 4.40 (s, 4H), 2.36 (s, 4H), 2.19 (m, 8H), 
1.57 (s, 4H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 167.5 (q, 1JBC = 49.3 Hz, B-C), 135.9 (s), 133.1 (s), 
132.1 (s), 129.7 (s), 129.0 (s), 124.2 (s), 122.7 (s), 121.4(m) 118.8(m), 115.4(m), 114.8(m), 110.4(m), 
107.5(m), 100.9 (s), 31.8 (m), 30.5 (s), 24.9 (s). 11B{1H} NMR (CDCl3, 96.3 MHz): δ -17.0 (s). 
31P{1H} NMR (CDCl3, 81.0 MHz): δ 25.7 (d, 1JRhP = 142.4 Hz). Anal. Calcd. for C84H56BF52P2Rh: C, 
45.26; H, 2.53; F, 44.32; P, 2.78. Found: C, 45.10; H, 2.58; F, 44.28; P, 2.71.  
 

 [Rh(COD)(dppb)][B{C6H3(C6F13)2-3,5}4] (1g). Preparation of 1g was carried out using a 
procedure similar to that employed for the preparation of 1c. Starting from 56 mg (0.18 mmol) 
[Rh(COD)(acac)], 0.58 g (0.20 mmol) Na[B{C6H3(C6F13)2-3,5}4] and 77 mg (0.18 mmol) dppb this 
yielded 0.5 g (76%) of an orange oil. 1H NMR (CDCl3, 300.1 MHz): δ 7.62 (bs, 8H, B-Aro), 7.52 (m, 
20H. P-Ar), 7.42 (s, 4H, B-Arp), 4.42 (bs, 4H), 2.42 (bs, 4H), 2,23 (m, 8H), 1.58 (m, 4H). 13C{1H} 
NMR (CDCl3, 75.5 MHz): δ 167.5 (q, 1JBC = 49.3 Hz, B-C), 137.5 (s), 135.3 (s), 133.7 (s), 132.9 (s), 
131.6 (s), 130.2 (s), 127.9 (s), 127.0 (s), 119.3 (s), 117.0 (s), 115.8 (m), 115,2(m), 110.9 (m), 110.5 
(m), 110.0 (m), 108.2 (m), 100.0 (s), 31.8 (m), 30.5 (s), 24.9 (s). 11B{1H} NMR (CDCl3, 96.3 MHz): δ 
-17.3 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 25.4 (d, 1JRhP = 142.4 Hz). Anal. Calcd. for 
C108H52BF104P2Rh: C, 37.05; H, 1.50; F, 56.43; P, 1.77. Found: C, 36.91; H, 1.41; F, 56.46; P, 1.77.  
 

 [Rh(COD)(Ar2PCH2CH2PAr2)][B{C6H3(C6F13)2-3,5}4] (Ar = C6H4{SiMe2(CH2CH2C6F13)}-
4) (2g). Preparation of 2g was carried out using a procedure similar to that employed for the 
preparation of 1c. Starting from 40 mg (0.13 mmol) [Rh(COD)(acac)], 0.38 g (0.13 mmol) 
Na[B{C6H3(C6F13)2-3,5}4] and 0.26 g (0.13 mmol) Ar2PCH2CH2PAr2 (Ar = 
C6H4{SiMe2(CH2CH2C6F13)}-4) this yielded a red oil. This was dissolved in MeOH (5 mL) and 
extracted with FC-75 (3 × 5 mL). The FC-75 fractions were combined and all volatiles removed in 
vacuo, yielding mg 0.34 g (49%) of a red oil. 1H NMR (C6D6 : FC-75 (1:1), 300.1 MHz): δ 7.90 (m, 
8H), 7.54 (m, 4H), 7.40 (m, 16H), 4.72 (s, 4H), 1.95 (m, 16H), 1.00 (m, 12H), 0.16 (s, 24H). 31P{1H} 
NMR (C6D6 : FC-75 (1:1), 81.0 MHz): δ 56.2 (d, 1JRhP = 148.4 Hz). Anal. Calcd. for 
C138H72BF156P2RhSi4: C, 34.45; H, 1.66; F, 58.23; P, 1.22. Found: C, 34.52; H, 1.78; F, 58.16; P, 1.25. 
 

 [Rh(COD)(Ar2PCH2CH2PAr2)][B{C6H4(C6F13)-4}4] (Ar = C6H4{SiMe(CH2CH2C6F13)2}-4) 
(3f). Preparation of 3f was carried out using a procedure similar to that employed for the preparation of 
1c. Starting from 29.4 mg (0.095 mmol) [Rh(COD)(acac)], 153 mg (0.095 mmol) Na[B{C6H4(C6F13)-
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4}4] and 317 mg (0.095 mmol) Ar2PCH2CH2PAr2 (Ar = C6H4{SiMe(CH2CH2C6F13)2}-4) this yielded a 
red oil. This was dissolved in MeOH (5 mL) and extracted with FC-75 (3 × 5 mL). The FC-75 
fractions were combined and all volatiles removed in vacuo, yielding 0.58 g (71%) of a red oil. 1H 
NMR (C6D6 : FC-75 (1:1), 300.1 MHz): δ 7.72 (m, 8H), 7.52 (m, 24H), 4.42 (s, 4H), 2.42 (s, 4H), 2.22 
(s, 8H), 1.62 (s, 4H). 31P{1H} NMR (C6D6 : FC-75 (1:1), 81.0 MHz): δ 56.2 (d, 1JRhP = 148.1 Hz). 
Anal. Calcd. for C150H92BF156P2RhSi4: C, 35.01; H, 1.80; F, 57.59. Found: C, 34.88; H, 1.71; F, 57.42.  
 

 Hydrogenation of 1-octene in acetone. Hydrogenation reactions were carried out under the 
following conditions: 5 mL of catalyst solution (2.1 mM [Rh]) was vigorously stirred (using a cross 
shaped Spinplus magnetic stirring bar at 1250 rpm) at 42 oC under 1.1 bars of H2 for 30 min. Then, 1-
octene (0.40 mL, 0.49 M) was added and the progress of the reaction was followed using GC by taking 
samples after regular intervals. n-Decane (0.40 mL) was added at the start of the reaction as internal 
reference for GC analysis. 
 

 Hydrogenation of 1-octene under Fluorous Biphasic Conditions. Hydrogenation reactions 
were carried out under the following conditions: to a solution of catalyst in FC-75 (5 mL, 2.1 mM 
[Rh]) was added 1-octene (0.40 mL, 0.49 M) and n-decane (0.40 mL). This was followed by the 
addition of n-hexane (5 mL or 10 mL) and the resulting mixture was vigorously stirred (using a cross 
shaped Spinplus magnetic stirring bar at 1250 rpm) at 42 oC under 1.1 bars of H2. The progress of the 
reaction was followed using GC by taking samples after regular intervals. When n-hexane (5 mL) was 
added the reaction was run in emulsion, whereas the addition of 10 mL resulted in a homogeneous 
system under reaction conditions. After 24 h the reaction mixture was cooled to 0 oC, the upper layer 
removed and new batches of 1-octene, n-decane and n-hexane were added and the reaction was 
continued. 
 

 Determination of Partitioning Coefficients. A known amount of rhodium complex was 
dissolved in PFMCH (2.00 mL). A biphasic system was created by the addition of toluene (2.00 mL) 
or THF (2.00 mL). The mixture was stirred and then allowed to equilibrate at 0 oC. When two clear 
layers were obtained, an aliquot of 0.5 mL was removed from each layer, and its weight was 
determined (± 0.5 mg). After removal of all volatiles in vacuo, the weight of the residue was 
determined (± 0.5 mg). Furthermore, for each layer examined this way, a sample was analysed by ICP-
AAS. 
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- Chapter 5 - 
 
 

The Role of Cation-Anion Interactions in Ionic Complexes 
Containing [Pd{C6H3(CH2NMe2)2-2,6}(OH2)]+ and 

[{Pd(C6H3(CH2NMe2)2-2,6)}2(µµµµ-Cl)]+ Cations 
 

 
 
 
 
 
 
 
 
 
 
 

Abstract. The reaction of [PdCl{C6H3(CH2NMe2)2-2,6}] ([PdCl(NCN]) with either the 
sodium or silver salts of the borate anions [B{C6H4(SiMe3)-4}4]- and 
[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]-

 under various reaction conditions resulted in the 
exclusive formation of the respective dinuclear [{Pd(NCN)}2(µ-Cl)][B{C6H4(SiMe2R)-4}4] 
salts 4a (R = Me) and 4b (R = CH2CH2C6F13). When using BF4

-, both dinuclear 
[{Pd(NCN}2(µ-Cl)]BF4 (4c) and mononuclear [Pd(NCN)(OH2)]BF4 (5c) could be obtained. 
The molecular structure of 5c showed the presence of hydrogen-bridging interactions between 
coordinated H2O molecules and the fluorine atoms of BF4

-. Attempts to isolate complexes of 
the type [Pd(NCN)(OH2)][B{C6H4(SiMe2R)-4}4] were unsuccessful. This has been ascribed 
to a difference in stabilisation of the respective mono- and dinuclear cations by the borate 
anions BF4

- and [B{C6H4(SiMe2R)-4}4]-, respectively. These conclusions are supported by 
DFT calculations. 
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5.1  Introduction 

 

Cationic palladium complexes of the monoanionic, terdentate 
2,6-bis(dimethylaminomethyl)phenyl pincer ligand [C6H3(CH2NMe2)2-2,6]- (abbreviated as 
NCN) are active catalysts in various C-C bond formation reactions, such as the aldol-
condensation1 and the Michael reaction.2 In order to recover the catalysts after reaction, 
various methods have been employed to immobilise the NCN-Pd unit on a support. The 
majority of these efforts has focussed on attaching the ligand covalently to a soluble carrier, 
e.g., carbosilane dendrimers,2c,3 fullerenes2c,4 and cartwheel molecules.2b,c So far no attention 
has been paid to the use of the counterions as a site for the introduction of a suitable 
functionality for catalyst recovery. 

The immobilisation of transition-metal catalysts in perfluorinated solvents using 
highly fluorous anions is interesting, as this facilitates catalyst recovery using phase 
separation while allowing catalysis under homogeneous conditions and because it does not 
affect the catalytically active centre. In Chapter 4 the introduction of perfluoroalkyl-
substituted tetraphenylborate anions for the fluorous phase immobilisation of cationic 
rhodium complexes was described.5 In this chapter the reaction of various tetraphenylborate 
salts with [PdCl(NCN)] was studied. This, surprisingly, resulted in the formation of chloride-
bridged dinuclear complexes, whereas a chloride-free, mononuclear [Pd(NCN)(OH2)]+ cation 
was isolated when commonly employed BF4

- was used.6   
 

5.2  Results and discussion 

 

Synthesis. Reaction of [PdCl(NCN)] (1) with one equivalent of 
Na[B{C6H4(SiMe3)-4}4] (2a), Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (2b), 
Ag[B{C6H4(SiMe3)-4}4] (3a) or Ag[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (3b) in an 
acetone/H2O mixture gave rise to the formation of the dinuclear complexes  
[{Pd(NCN)}2(µ-Cl)][B{C6H4(SiMe2R)-4}4] (4a: R = Me; 4b: R = CH2CH2C6F13) (Scheme 1). 
1H NMR and elemental analysis confirmed that these complexes have an NCN-ligand to 
borate anion ratio of 2:1. Changing the solvent to CH2Cl2, or the molar ratio of 1 and the 
borate salts, during the synthesis did not affect the nature of the product formed. Starting with 
an excess of 1 (2:1 molar ratio) or an excess of sodium borate (up to 1:4 molar ratio) yielded 
dinuclear 4 as the only product isolated, the complexes [Pd(NCN)(OH2)][B{C6H4(SiMe2R)-
4}4] (5a: R = Me; 5b: R = CH2CH2C6F13) proving to be inaccessible The preference for the 
formation of µ-Cl-bridged complexes was not expected on the basis of previous reactions in 
which BF4

- was used as borate anion. Under similar conditions, reaction of 1 with AgBF4  
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Scheme 1. Preparation of µ-Cl bridged dinuclear NCN-palladium complexes. 

 

resulted in the formation of a mononuclear complex with the composition 
[Pd(NCN)(OH2)]BF4 (5c).6 The dinuclear complex [{Pd(NCN)}2(µ-Cl)]BF4 (4c) could only 
be isolated when thoroughly dried acetone was used.7 

The reaction of 1 with 2a was also performed in the presence of acetonitrile (Pd : 
MeCN = 1 : 3), as the formation of dicationic [Pd2{C6(CH2NMe2)4-2,3,4,5}(MeCN)2][BPh4]2 
has been reported under similar conditions.8 However, the decomposition of the borate anion 
was observed and no ionic palladium species containing a tetraphenylborate anion could be 
identified.9 The results obtained suggest that in the case of the large tetraarylborate anions 
formation of the chloride-bridged dinuclear palladium complex is preferred over that of the 
chloride-free mononuclear aqua complex. This signifies that a difference exists in the cation-
anion interactions in the presence of the BF4

- anion in comparison with those for the 
[B{C6H4(SiMe2R)-4}4]- anions (R = Me or CH2CH2C6F13). As dinuclear palladium species 
such as 4, with a single halogen bridge without supporting bridging ligands, are relatively 
rare,10 the nature of these interactions was investigated more thoroughly. In these studies only 
[B{C6H4(SiMe3)-4}4]- was considered, as this anion was synthetically more accessible than 
[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]- and because the solid state structure of dinuclear 4a 
allowed a direct comparison with those obtained for mononuclear 5c and known 4c.7 
 

Molecular Structures of [{Pd(NCN)}2(µµµµ-Cl)] [B{C6H4(SiMe3)-4}4] (4a) and 
[Pd(NCN)(OH2)]BF4 (5c). The molecular structures of 4a and 5c were determined by single 
crystal X-ray diffraction studies. Off-white crystals of 4a, suitable for X-ray crystal structure 
determination, were obtained by slow diffusion of pentane into a concentrated solution of 4a 
in methanol. The molecular structure is represented in Figure 1 and relevant bond angles and 
distances are collected in Table 1.  
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Figure 1. ORTEP drawing of dinuclear 4a with ellipsoids at the 50% probability level. Hydrogen 
atoms and the mirror disorder component are omitted for clarity. 

 

Table 1: Selected bond lengths (Å) and angles (o) of 4a. 
bond lengths bond angles 

 

Pd(1)-Cl  

Pd(1)-N(1) 

Pd(1)-N(2) 

Pd(1)-C(9) 

 

Pd(2)-Cl  

Pd(2)-N(3) 

Pd(2)-N(4) 

Pd(2)-C(21) 

 

B-C(25) 

B-C(34)  

B-C(43) 

B-C(52)  

 

2.4527(17) 

2.102(5) 

2.091(5) 

1.906(5) 

 

2.4738(17) 

2.062(8) 

2.138(10) 

1.912(8) 

 

1.653(7) 

1.644(7) 

1.641(6) 

1.660(6) 

 

Pd(1)-Cl-Pd(2) 

N(1)-Pd(1)-N(2) 

C(9)-Pd(1)-Cl 

 

 

N(3)-Pd(2)-N(4) 

C(21)-Pd(2)-Cl 

 

 

 

C(25)-B-C(34) 

C(25)-B-C(43) 

C(25)-B-C(52) 

C(34)-B-C(52) 

 

121.11(5) 

162.97(19) 

176.86913) 

 

 

164.5(3) 

174.6(2) 

 

 

 

110.1(3) 

110.4(4) 

107.8(3) 

111.7(4) 
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In the chloride-bridged dinuclear cation, both palladium centres have a slightly 
distorted square-planar geometry, with a maximum deviation from their least squares NCN-
Pd-Cl planes of only 0.016(1) Å for Pd(1) and 0.010(1) Å for Pd(2, major), respectively. The 
boron has a slightly distorted tetrahedral coordination sphere. These observations, together 
with the majority of the values of bond angles and distances, correspond with structural 
features of the earlier determined structures for the dinuclear cation in [(Pd(NCN))2(µ-Cl)]BF4 
(4c)7 (Pd-N = 2.10 Å, Pd-C = 1.92 Å, N-Pd-N = 163°) and the borate anion in  
[(18-crown-6)Na(THF)2][B{C6H4(SiMe3)-4}4]- (B-C = 1.64 - 1.72 Å, C-B-C = 103 - 113°).5 
However, significant deviations in the Pd-Cl-Pd angle (121o in 4a vs. 134o in 4c), the Pd···Pd 
distance (4.2902(11) Å in 4a vs. 4.5438(15) Å in 4c) and the angle between the planes of the 
NCN-ligands (77o in 4a vs. 88o in 4c) were observed. It is most likely that the steric bulk of 
[B{C6H4(SiMe3)-4}4]- in 4a enforces a different crystal packing in comparison with 4c,11 
which causes the reduction of the Pd-Cl-Pd angle and the significant shorting of the Pd···Pd 
distance in 4a. Another noteworthy aspect in the structure of 4a is the puckering of the five-
membered rings in the NCN-Pd-Cl entities. Whereas these units have C2-symmetry in 4c, 
resulting in positioning of the axial N-methyl groups at different sides of the coordination 
plane, in 4a these units have C2v-symmetry and the axial N-methyl groups are positioned on 
the same side of this plane. The latter structural feature is possibly also the result of having to 
accommodate the bulky anion in the crystal lattice. No π···π-interactions or agostic 
interactions between cations and anions were observed in the solid state and investigation of 
4a in solution using 1H-1H NOESY NMR in CD2Cl2

12
 also showed no indications for such 

specific cation-anion contacts.  
White crystals of 5c, suitable for single crystal X-ray diffraction analysis, were 

obtained by slow diffusion of hexane into a concentrated solution of [Pd(NCN)(OH2)]BF4 in 
dichloromethane. The molecular structure in the crystal is represented in Figure 2 and relevant 
bond angles and distances are collected in Table 2. 

 
 
 
 
 
 
 

 

 

 
 
 

Figure 2. ORTEP drawing of mononuclear 5c with ellipsoids at the 50% probability level. Hydrogen 
atoms of the NCN-ligand are omitted for clarity. 
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Table 2: Selected bond lengths (Å) and angles (o) of 5c. 
bond lengths bond angles 

 

Pd-O  

Pd-N(1) 

Pd-N(2) 

Pd-C(1) 

 

B-F(1)  

B-F(2) 

B-F(3) 

B-F(4) 

 

F3-H(1a) 

F4-H(1b) 

O-H(1a) 

O-H(1b) 

 

2.192(2) 

2.107(2) 

2.108(2) 

1.909(2) 

 

1.368(3) 

1.386(3) 

1.401(4) 

1.386(4) 

 

1.92(4) 

2.04(4) 

0.76(4) 

0.84(4) 

 

N(1)-Pd-N(2) 

N(1)-Pd-C(1) 

N(2)-Pd-C(1) 

C(1)-Pd-O 

 

F(1)-B-F(2) 

F(2)-B-F(3) 

F(2)-B-F(4) 

F(3)-B-F(4) 

 

O-H(1a)-F3 

O-H(1b)-F4 

 

162.70(8) 

81.64(9) 

81.18(10) 

176.84(9) 

 

110.7(2) 

108.9(3) 

107.2(2) 

108.5(2) 

 

176(4) 

173(5) 

 

In 5c, the palladium and the boron centres have slightly distorted square-planar and 
tetrahedral coordination spheres, respectively. The NCN-Pd unit has C2-symmetry and the 
bond angles (e.g. N-Pd-N = 162.7°) and distances (e.g. Pd-N = 2.11 Å and Pd-C = 1.91 Å) 
correspond well with these of known structures for comparable NCN-Pd complexes.13 In the 
crystal lattice each BF4

- anion is connected to two water ligands, and each water molecule to 
two BF4

- anions, through hydrogen bonds (Figure 3). As a result, an inter-molecular 
hydrogen-bonding network, with infinite chains of cations and anions, exists. Within this 
network, two distinct lengths of F···H distances are observed (1.92(4) and 2.04(4) Å), with 
each water ligand and each BF4

- anion participating in one of the shorter and one of the longer 
hydrogen bridges. Furthermore, the hydrogen atoms that have the shortest O-H distance, 
0.76(4) Å, are connected to the fluorine atoms with the longest B-F bond distances (1.401(4) 
Å) and vice versa (O-H = 0.84(4) Å and B-F = 1.386(4) Å).  

Although hydrogen bonding of water to weakly-coordinating anions is frequently 
observed in organometallic complexes,14 direct evidence for hydrogen-bonding interactions 
within the crystal lattice for palladium aqua complexes is rare. Other examples have been 
encountered in [Pd(AsPh3)(C6F5)(OH2)2][CF3SO3],15 [Pd{C6H3(CH2PtBu2)-2,6}(OH2)]BF4

16 
and within [Pd(5,8,11,14,17-pentaoxa-2,20-dithia[21]-m-cyclophane)(OH2)]BF4,17 where  
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Figure 3. Crystal packing of 5c, showing the hydrogen-bridging interactions of the BF4
- anions and the 

water ligands. 
 

F···H distances of 1.85 - 2.05 Å were reported. A more closely related example of F···H 
hydrogen bonding is found in the structure of [Pd{C6H4(CH2NMe2)-2}(PPh3)(OH2)]PF6,13a 
where a F···H distance of 2.087 Å was observed, although the authors did not discuss the 
possibility of hydrogen-bonding. The F···H distances observed in 5c correspond with the 
previously reported examples.  

 

The Role of Hydrogen-Bonding Interactions in the Formation of Cationic NCN-
Pd-aqua Complexes. Complex 4c is formed when [PdX(NCN)] (X = Cl-, Br-, I- or CN-) is 
reacted with [Pd(NCN)(OH2)]BF4 in CH2Cl2

18 or by the reaction of [PdCl(NCN)] with AgBF4 
in dry acetone (vide supra). However, when the latter reaction is carried out in the presence of 
water, [Pd(NCN)(OH2)]BF4 is formed. Thus, with the BF4

- anion both the mononuclear aqua 
complex and the dinuclear chloride-bridged complexes are accessible.7b Therefore, the 
observation that reaction of 1 with the tetraarylborate salts 2a or 3a instead of AgBF4 results 
in the selective formation of chloride-bridged 4a was surprising. From the crystallographic 
studies on 4a, 4c and 5c it is clear that BF4

- can easily form hydrogen bonds with the Pd-aqua 
species, whereas [B{C6H4(SiMe3)-4}4]- does not show this tendency. In fact, the large and 
weakly-coordinating [B{C6H4(SiMe3)-4}4]- anion has little possibility for effective hydrogen-
bonding. Structures reported for other cationic palladium(II)-aqua complexes invariably show 
hydrogen-bond acceptors, in the form of small anions such as 
BF4

-,13b,19 PF6
-,13a ClO4

-
,
13c-f SO3CF3

- 13f,20 and phenoxide,21 or water15 and ether 
functionalities,17 in close proximity to the water ligand. These observations suggest that inter-
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ionic interactions, in the form of hydrogen bonding, could be essential for the formation of 
mononuclear palladium-aqua species. The remaining question is than to explain why 
dinuclear complexes become more favourable when the large tetraarylborate anions are used. 

In order to make a more detailed evaluation of the effects of BF4
- and 

[B{C6H4(SiMe3)-4}4]- on the relative stability of 4a, 4c, 5c and 
[Pd(NCN)(OH2)][B{C6H4(SiMe3)-4}4] (5a) possible, these complexes were studied using 
Density Functional Theory (DFT) calculations. The structures were pre-optimised using semi-
empirical (PM3) molecular modelling as implemented in the Spartan 5.1.1 (SGI) software 
package. For 4a, 4c and 5c the crystallographic data were used as a starting point for these 
calculations. Geometry optimisations were finalised using the Gaussian 9822 and Gamess-UK 
SGI23 software. For these calculations, the LANL2DZ24 basis set was chosen as it offered a 
good compromise between accuracy and computational power available. Solvation of the ions 
was disregarded, because its assessment was beyond the capability of the methods employed. 
Within the limits of the basis set employed, the optimised geometries of dinuclear 4a and 4c, 
and mononuclear 5c were good representations of the structures obtained from the 
crystallographic studies on these complexes (Figure 4).25 As 5a was experimentally 
inaccessible, its geometry could not be compared with a molecular structure. Calculated 
molecular models of 5c consistently showed the BF4

- anion in a F3BF···H-O-Pd orientation 
(F···H = 1.60 Å, B-F···H = 113°, O-H···F = 171°, Scheme 1), which is characteristic for 
hydrogen bonding and similar to that encountered in the crystal structure of 
[Pd(NCN)(OH2)]BF4. This propensity of BF4

- for interacting with hydrogen-bond donors26 

was also reported recently in a theoretical study on H3O+···BF4
- ion pairs.27 In the structure of 

5a the hydrogen atoms of the water ligand are also in close contact with the anion, the close-
contact distances with the phenyl ring carbons of the tetraarylborate anion being 2.18 Å and 
2.26 Å (Scheme 2).  

 
 
 
 
 
 
 
 
 
 
 

Scheme 2. Hydrogen-bonding interactions in the DFT optimised structures of 5a and 5c. 
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Figure 4. Calculated structures for 4a, 4c, 5a and 5c. Hydrogen atoms, except for H2O, are omitted for 

clarity. 
 

 

Subsequently, the cation-anion interactions in 4a, 4c, 5a and 5c were assessed by 
stepwise assembly of these complexes starting from the [Pd(NCN)]+ cation (Scheme 3). To 
arrive at the energies associated with each step represented in Scheme 3, the electronic energy 
difference between the product and the components from which the product was composed 
was calculated, see Table 3. 
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Table 3: Electronic energy values for the components participating in the reactions of 
[PdCl(NCN)] with AgBF4 or Ag[B{C6H4(SiMe3)-4}4]. 

No. Component Ee (Hartree)a 

 H2O -76.41432 
 BF3 -324.55458 
 F2BF···HOH -400.97410 
   

1 [PdCl(NCN)] -719.88593 
 [Pd(NCN)]+ -704.67694 
 [Pd(NCN)(OH2)]+ -781.12747 
 [{Pd(NCN)}2(µ-Cl)]+ -1424.62039 
   

 Cl- -14.99863 
 BF4

- -424.56708 
 [B{C6H4(SiMe3)-4}4]- -1443.59058 
   

5c [Pd(NCN)(OH2)]BF4
 -1205.83881 

5a [Pd(NCN)(OH2)][B{C6H4(SiMe3)-4}4] -2224.82984 
   

4c [{Pd(NCN)}2(µ-Cl)]BF4
 -1849.29933 

4a [{Pd(NCN)}2(µ-Cl)][B{C6H4(SiMe3)-4}4] -2868.28808 
a 1 Hartree = 627.52 kcal/mol.  

 
From Scheme 3, the differences in energy as a consequence of the cation-anion 

interactions in the mononuclear and dinuclear complexes can be clearly established. A large 
gain in energy (∆Ee of –132 kcal/mol) is associated with the formation of [PdCl(NCN)] from 
[Pd(NCN)]+ and Cl-. Subsequent interaction of neutral [PdCl(NCN)] with another [Pd(NCN)]+ 
cation yields just an additional –36 kcal/mol. When [Pd(NCN)]+ is combined with H2O to 
form [Pd(NCN)(OH2)]+, ∆Ee is only -23 kcal/mol. Apparently, H2O is a much weaker Lewis 
base than [PdCl(NCN)]. As a result, the formation of a dinuclear [{Pd(NCN)}2(µ-Cl]+ cation 
is more favourable than that of two mononuclear [Pd(NCN)(OH2)]+ cations when no charge-
compensating anion is present.  
 Upon introduction of the charge compensating anions, a major difference between the 
small BF4

- and the more bulky [B{C6H4(SiMe3)-4}4]- could be discerned. In the case of the 
dinuclear [{Pd(NCN)}2(µ-Cl)]+ cation the energy gained from ion-pairing with BF4

- 
(formation of 4c) is higher ) than for [B{C6H4(SiMe3)-4}4]- (formation of 4a) by 22 kcal/mol. 
As no direct cation-anion interactions are observed in the molecular models of 4a and 4c, 
which is supported by the crystallographic studies on both complexes,28 this difference in the 
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interaction with the anions must be electrostatic in nature. As BF4
- is smaller and has a higher 

charge density than the silyl-substituted tetraarylborate anion, stronger electrostatic 
interactions with the cation can be easily envisioned. For the combinations of 
[Pd(NCN)(OH2)]+ with either BF4

- or [B{C6H4(SiMe3)-4}4]- a similar trend was observed 
(∆∆Ee = 20 kcal/mol). Furthermore, the calculations indicate that the effect of hydrogen 
bonding on the ∆Ee of ion-pairing is marginal. In 5c, which displayed extensive hydrogen-
bond formation in both the crystallographic and DFT studies, the ∆Ee of ion-pairing is 
–90 kcal/mol. Calculations performed on H···F bonding between BF3 and H2O indicate that the 
energy associated with the formation of this bond is only -3 kcal/mol, which is supported by 
experimental determination of the strength of hydrogen-fluorine bonds.29 Within the accuracy 
of the computational methods, the contribution of the hydrogen bonds is not significant and 
the energy related with the cation-anion interactions is determined by the electrostatic 
contribution. 

The results of the calculations can be summarised by the simplified model shown in 
Scheme 4, which allows a comparison of relative stability of mononuclear and dinuclear 
complexes.  

 
 

[{Pd(NCN)}2(µ-Cl)]BF4 + 2 H2O + BF4
- 2 [Pd(NCN)(OH2)]BF4 + Cl-

[{Pd(NCN)}2(µ-Cl)][B{C6H4(SiMe3)-4}4] 2 [Pd(NCN)(OH2)][B{C6H4(SiMe3)-4}4] + Cl-

+2 H2O +  [B{C6H4(SiMe3)-4}4]-

4c 5c

4a 5a

∆Ee = +30 kcal/mol

∆Ee = + 11 kcal/mol

 

Scheme 4. 

 

 As the formation of the dinuclear cation is energetically more favourable than that of 
the mononuclear cation, strong cation-anion interactions are required for the aqua complex to 
be stable. When these are absent, as in the presence of [B{C6H4(SiMe3)-4}4]-, the stability of 
the chloride-bridged dinuclear species is much higher (Scheme 4). This corresponds with the 
experimentally observed preference for the formation of the dinuclear complex 4a when using 
the tetraarylborate anion. When employing BF4

-, the inter-ionic interactions are stronger, 
which enhances the stability of 5c to such an extent that its formation is almost equally 
favourable to 4c (Scheme 4), in correspondence with the experimental accessibility of both 
complexes. For [B{C6H4(SiMe3)-4}4]- (5a) the aqua complex is clearly less favourable than 
for BF4

- (5c) by as much as 19 kcal/mol. Scheme 4 shows that even in the presence of BF4
- a 

modest preference for the dinuclear species remains. Therefore, the experimentally observed 
preference for the aqua complex suggests the existence of an additional stabilising 
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contribution not taken into account in our calculations. Most likely, the high formation 
enthalpy of AgCl (or NaCl) provides an explanation for preference of the formation of the 
mononuclear compound. In the preparation of 5c, one equivalent of AgCl is formed per Pd 
against one equivalent per two Pd centres for 4c. As a result of the enthalpy associated with 
the formation of AgCl, the equilibrium between the dinuclear and mononuclear species will 
shift towards the latter, irrespective of the anion. The small difference in Ee between the 
mononuclear and dinuclear complexes with the BF4

- anion implies that 5c will be the 
energetically most favourable, whereas for the [B{C6H4(SiMe3)-4}4]--anion 4a remains the 
most favourable configuration. The presence of excess of water instead of stoichiometric 
amounts might be an additional factor that shifts the equilibrium towards mononuclear 
species.  

 

5.3  Conclusions 

 

Whereas, previously, hardly any attention was given to the nature of the weakly-
coordinating anion in the formation of cationic [Pd(NCN)(OH2)]+-complexes, in this study it 
has been shown that the interactions between the cation and the anion play a determining role 
in the formation of these complexes. A small anion that can participate in strong electrostatic 
interactions with the cationic aqua species appears to be a prerequisite for the formation of 
stable [Pd(NCN)(OH2)]+-complexes. Hydrogen-bonding interactions were also observed 
when BF4

- was used, however their enthalpic contribution to the stability of palladium aqua 
species appears to be marginal. When the possibility for strong stabilising interactions 
between the anion and [Pd(NCN)(OH2)]+ cation is lacking, as is the case with the very 
weakly-coordinating silyl-substituted tetraphenylborate anions, formation of a bridged 
dinuclear palladium species is preferred.  

 

5.4  Experimental Section 

 

 General Procedures. All operations were carried out under a dry, oxygen free, nitrogen 
atmosphere, using standard Schlenk techniques. Acetone was distilled from CaCl2, CH2Cl2 was 
distilled from CaH2 and hexane was distilled from sodium benzophenone ketyl. 
Na[B{C6H4(SiMe3)-4}4],5 Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]5 and [PdCl(NCN)] (1)6 were 
prepared according to reported procedures. AgBF4 was dried in vacuo at 100 oC for 16 h before use. 
All other chemicals were used as received. NMR spectra were recorded on a Varian Inova 300 
spectrometer and referenced externally against TMS (1H and 13C) and BF3·Et2O (11B). Acetone-d6 and 
CD2Cl2 were dried over molecular sieves (3 Å). Infrared spectra were recorded on a Mattson Galaxy 
FT-IR 5000 spectrometer. Elemental analyses were carried out by H. Kolbe, Mikroanalytisches 
Laboratorium, Mülheim an der Ruhr.  
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 Silver tetrakis[4-(trimethylsilyl)phenyl]borate (3a). A solution of 0.23 g (1.40 mmol) of 
AgNO3 in 10 mL demineralised water was solidified upon cooling to -78 oC. A solution of 1.00 g (1.40 
mmol) Na[B{C6H4(SiMe3)-4}4] in 25 mL EtOH was layered on top and the mixture was allowed to 
warm to room temperature. A precipitate formed which was filtered off, washed with water and 
ethanol. Drying in vacuo yielded 0.70 g (70%) of a white solid. Anal. Calcd. for C36H52AgBSi4: 
C, 60.40; H, 7.32; Ag, 15.07. Found: C, 59.92; H, 7.40; Ag, 14.18. IR (KBr, cm-1): 3045, 2953, 2895, 
1575, 1359, 1248, 1143, 1087, 841, 804, 756. 
 

 Silver tetrakis[4-{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}phenyl]borate (3b). A 
solution of 0.12 g (0.70 mmol) AgNO3 in 5 mL demineralised water and 5 mL EtOH was solidified at 
-78 oC. A solution of 1.55 g (0.80 mmol) Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] in 10 mL EtOH was 
layered on top and the mixture was allowed to warm to room temperature. The solid products isolated 
were separated by centrifugation and washed with water and EtOH. Drying in vacuo yielded 1.50 g 
(95%) of a white solid. Anal. Calcd. for C64H56AgBF52Si4: C, 37.61; H, 2.76; Ag, 5.28. Found: 
C, 37.64; H, 2.94; Ag, 5.20. IR (KBr, cm-1): 3049, 2960, 1575, 1456, 1361, 1244, 1211, 1143, 1068, 
1018, 896, 841, 810, 734, 707. 
 

 µµµµ-Chloro-bis[2,6-bis{(dimethylamino)methyl}phenylpalladium(II)] tetrakis[4-(trimethyl-
silyl)phenyl]borate (4a). To a solution of 0.13 g (0.40 mmol) 1 in acetone (20 mL) was added 0.30 g 
(0.40 mmol) Na[B{C6H4(SiMe3)-4}4] and H2O (0.25 mL, 13.8 mmol). The resulting suspension was 
stirred for 16 h, filtered over Celite and evaporated to dryness. The solid product was dissolved in 
acetone (1 mL) and pentane was added (20 mL). Centrifugation was used to remove small amounts of 
insolubles and the resulting solution was dried in vacuo, yielding 0.51 g (95%) of a light yellow solid. 
Slow diffusion of pentane into a concentrated solution of 4a in MeOH yielded crystals suitable for X-
ray analysis. 1H NMR (acetone-d6, 300.1 MHz): δ 7.43 (m, 8H), 7.15 (d, 8H), 6.97 (dd, 2H), 6.80 (dd, 
4H), 4.08 (s, 8H), 2.94 (s, 24H), 0.17 (s, 36H). 13C{1H} NMR (acetone-d6, 75.5 MHz): δ 165.4 (q, 1JBC 
= 49.3 Hz), 145.7 (s), 136.0 (s), 130.7 (q), 124.8 (s), 119.9 (s), 74.4 (s), 52.8 (s), -1.1 (s). 11B{1H} 
NMR (acetone-d6, 96.3 MHz): δ -1.1 (s). Anal. Calcd. for C60H90BClN4Pd2Si4: C, 58.17; H, 7.32; 
N, 4.32. Found: C, 56.50; H, 7.21; N, 3.89. 
 

 µµµµ-Chloro-bis[2,6-bis{(dimethylamino)methyl}phenylpalladium(II)] tetrakis[4-(trimethyl-
silyl)phenyl]borate (4a) using Ag[B{C6H4(SiMe3)-4}4] (3a). Using a procedure similar to the 
preparation of 4a from 1 and Na[B{C6H4(SiMe3)-4}4], 0.25 g (0.76 mmol) 1 and 0.54 g (0.76 mmol) 
3a yielded 0.60 g (64%) of a light yellow solid. 1H NMR (acetone-d6, 300.1 MHz): δ 7.43 (m, 8H), 
7.15 (d, 8H), 6.97 (dd, 2H), 6.80 (dd, 4H), 4.08 (s, 8H), 2.94 (s, 24H), 0.17 (s, 36H).  
 

 µµµµ-Chloro-bis[2,6-bis{(dimethylamino)methyl}phenylpalladium(II)] tetrakis[4-{dimethyl-
(1H,1H,2H,2H-perfluorooctyl)silyl}phenyl]borate (4b). Using a procedure similar to the preparation 
of 4a, 0.30 g (1.00 mmol) [PdCl{C6H3(CH3NMe2)2-2,6}] and 2.25 g (1.00 mmol) 
Na[B{C6H4(SiMe2CH2CH2C6F13)-4}4] yielded 0.90 g (80%) of a light yellow solid. 1H NMR 
(acetone-d6, 300.1 MHz): δ 7.40 (m, 8H), 7.10 (d, 8H), 7.00 (dd, 2H), 6.83 (dd, 4H), 4.13 (s, 8H), 2.93 
(s, 24H), 2.15 (m, 8H), 0.93 (m, 8H), 0.27 (s, 24H). 13C{1H} NMR (acetone-d6, 75.5 MHz): δ 165.8 (q, 
1JBC = 49.3 Hz), 154.0 (s), 145.5 (s), 136.3 (s), 130.9 (m), 128.0 (s), 125.4 (s), 122.8 (m), 120.4 (s), 
119.3 (m), 115.9 (m), 115.6 (m), 111.2 (m), 108.2 (m), 74.0 (s), 52.7 (s), 26.2 (t), 5.5 (s), -3.7 (s). 
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11B{1H} NMR (acetone-d6, 96.3 MHz): δ -1.1 (s). Anal. Calcd. for C88H94BClF52N4Pd2Si4: C, 41.17; 
H, 3.69; Cl, 1.38; N, 2.18. Found: C, 41.35; H, 3.62; Cl, 1.35; N, 2.11. 
 

 µµµµ-Chloro-bis[2,6-bis{(dimethylamino)methyl}phenylpalladium(II)] tetrakis[4-{dimethyl-
(1H,1H,2H,2H-perfluorooctyl)silyl}phenyl]borate (4b) using Ag[B(C6H4{SiMe2(CH2CH2C6F13)}-
4)4] (3b). Using a procedure similar to the preparation of 4b from 1 and 
Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4], 0.13 g (0.40 mmol) 1 and 0.82 g (0.40 mmol) 3b yielded 0.46 
g (93%) of a light yellow solid. 1H NMR (acetone-d6, 300.1 MHz): δ 7.40 (m, 8H), 7.10 (d, 8H), 7.00 
(dd, 2H), 6.83 (dd, 4H), 4.13 (s, 8H), 2.93 (s, 24H), 2.15 (m, 8H), 0.93 (m, 8H), 0.27 (s, 24H).  
 

 µµµµ-Chloro-bis[2,6-bis{(dimethylamino)methyl}phenylpalladium(II)]BF4 (4c).7 To 0.14 g 
(0.70 mmol) AgBF4 was added 0.22 g (0.66 mmol) 1 in acetone (10 mL). After stirring the resulting 
mixture for 1 h, it was filtered over dried Celite and all volatiles were removed in vacuo. The resulting 
waxy solid was taken up in CH2Cl2 (20 mL), all solids were separated by centrifugation, and the 
solution was concentrated to 5 mL. Addition of hexane resulted in the precipitation of 0.05 g (10%) of 
a white solid. 1H NMR (acetone-d6, 300.1 MHz): δ 7.03 (dd, 2H), 6.84 (dd, 4H), 4.13 (s, 8H), 2.83 (s, 
24H). 13C{1H} NMR (acetone-d6, 75.5 MHz): δ 150.9 (s), 146.2 (s), 124.4 (s), 120.1 (s), 73.3 (s), 51.9 
(s). 11B{1H} NMR (acetone-d6, 96.3 MHz): δ 4.38 (m). Anal. Calcd. for C24H38BClF4N4Pd2: C, 40.17; 
H, 5.54. Found: C, 39.94; H, 5.54. 
 

 [2,6-bis{(dimethylamino)methyl}phenylpalladium(II)-aqua]BF4 (5c).6 Using a procedure 
similar to the preparation of 4a, 0.20 g (0.66 mmol) 1 and 0.14 g (0.71 mmol) AgBF4 yielded 0.27 g 
(97%) of a white solid. Crystals suitable for X-ray analysis were grown by slow diffusion of hexane 
into a CH2Cl2 solution of 5c in the presence of water. 1H NMR (acetone-d6, 300.1 MHz): δ 7.04 (dd, 
1H), 6.85 (dd, 2H), 4.18 (s, 4H), 3.30 (s, H2O), 2.86 (s, 12H). 13C{1H} NMR (acetone-d6, 75.5 MHz): 
δ 150.9 (s), 145.6 (s), 125.9 (s), 120.5 (s), 73.4 (s), 51.8 (s). 11B{1H} NMR (acetone-d6, 96.3 MHz): 
δ 4.37 (m). 
 

 Crystal structure determination of 4a. [C24H38ClN4Pd2]+·[C36H52BSi4]-, Mr = 1238.82. A 
colourless, plate-shaped crystal (0.05 × 0.15 × 0.35 mm3) was fixed to a glass capillary and transferred 
into the cold nitrogen stream on a Nonius KappaCCD area detector diffractometer with rotating anode. 
The measured crystal was monoclinic, space group P21/c (no. 14) with a = 16.8686(15), b = 20.674(3), 
c = 25.349(5) Å, β = 129.298(12)o, V = 6841.3(17) Å3, Z = 4, Dx = 1.203 g cm-3, F(000) = 2592, µ(Mo 
Kα) = 0.671 mm-1. 116887 Reflections were measured, 15709 of which were independent, Rint = 
0.0874 (Rσ = 0.0468, Rint = 0.0874, 1.0o < θ < 27.5o, T = 150 K, Mo Kα radiation, graphite 
monochromator, λ =0.71073 Å, φ scan and ω scans with κ offset, distance crystal to detector 50 mm, 
data reduction by DENZO,30 refined mosaicity 0.381(1)o, no absorption correction). The structure was 
solved by direct methods (SHELXS-86)31 and refined on F2 using SHELXL-97-2.32 The disorder in one of 
the NCN-ligands was described with a two-site disorder model. The occupancy factor of the major 
component refined to 0.710(7). A total of 327 distance restraints were introduced to ensure equal 
geometries in chemically equivalent bonds and 1,3-distances in the NCN-ligands. Hydrogen atoms 
were included in the refinement on calculated positions riding on their carrier atoms. All ordered non-
hydrogen atoms were refined with anisotropic displacement parameters. The non-hydrogen atoms in 
the major disorder component were refined with isotropic displacement parameters; the displacement 
parameters of the minor component atoms were equated to the parameters of the corresponding major 
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component atoms. Hydrogen atoms were refined with a fixed isotropic displacement parameter related 
to the value of the equivalent isotropic displacement parameter of their carrier atoms. Refinement of 
618 parameters converged at wR2 = 0.1548, w = 1/[σ2(F2) + (0.0568P)2 + 21.76P], where P = 
(max(Fo

2,0) + 2Fc
2)/3, R1 = 0.0643 (for 12285 I > 2σ(I)), S = 1.045, and -0.97 < ∆ρ < 1.76 e Å-3 (near 

a disordered SiMe3 group).  
 
Table 4: Comparative data for the geometry of 4a, 4c and 5c obtained from crystallographic studies 
and DFT studies   

bond distancesa bond anglesa 

 X-ray DFT  X-ray DFT 

4a 

Pd(1)-C(9) 1.906 1.947 Pd(1)-Cl(1)-Pd(2) 121.11 137.48 

Pd(1)-N(1) 2.102 2.149 N(1)-Pd(1)-N(2) 162.97 162.82 

Pd(1)-N(2) 2.091 2.174 C(9)-Pd(1)-Cl(1) 176.87 176.12 

Pd(1)-Cl(1) 2.453 2.630    

B(1)-C(25) 1.653 1.657 C(25)-B(1)-C(34) 110.1 109.1 

B(1)-C(34) 1.644 1.654 C(25)-B(1)-C(43) 110.4 110.7 

      

4c 

Pd(1)-C(9) 1.929 1.946 Pd(1)-Cl(1)-Pd(2) 134.8 139.9 

Pd(1)-N(1) 2.105 2.174 N(1)-Pd(1)-N(2) 162.6 161.4 

Pd(1)-N(2) 2.100 2.168 C(9)-Pd(1)-Cl(1) 174.5 173.3 

Pd(1)-Cl(1) 2.463 2.656    

B(1)-F(1) 1.318 1.467 F(1)-B(1)-F(2) 114.6 110.5 

B(1)-F(2) 1.356 1.452 F(1)-B(1)-F(3) 107.2 106.9 

      

5c 

Pd(1)-C(1) 1.909 1.940 N(1)-Pd(1)-N(2) 162.7 162.0 

Pd(1)-N(1) 2.107 2.155 C(1)-Pd(1)-O(1) 176.8 175.0 

Pd(1)-N(2) 2.108 2.170    

Pd(1)-O(1) 2.192 2.220 F(1)-B(1)-F(2) 110.7 112.7 

B(1)-F(3) 1.401 1.495 F(2)-B(1)-F(4) 107.2 105.7 

B(1)-F(4) 1.386 1.441    

F(3)-H(1a) 1.92 1.602 O(1)-H(1a)-F(3) 176 170.7 
a Numbering according to the scheme applied in the crystallographic studies. 
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 Crystal structure determination of 5c. [C12H21N2OPd]+·[BF4]-, Mr = 402.52. Intensity data 
were collected for a colourless, needle-shaped crystal (0.30 × 0.12 × 0.12 mm3) using the same 
procedure as for the structure determination of 4a. Of the 19397 reflections measured, 3820 were 
unique, 3179 with I > 2σ(I) (Rint =0.0460). An absorbtion was considered unnecessary (µ = 1.150 
mm-1). The structure was solved by automated Patterson methods using DIRDIF99.33 Refinement of 202 
parameters was performed as for 4a, except that the hydrogen atoms of the coordinated water molecule 
were refined with isotropic displacement parameters. Structure validation and molecular graphics 
preparation were performed with the PLATON package.34 The measured crystal was monoclinic, 
space group P21/c (no. 14) with a = 9.0800(2), b = 18.5226(4), c = 12.1707(2) Å, β = 125.423(1)o, V = 
1668.03(6) Å3, Z = 4, Dx = 1.603 g cm-3, R(F) [I > 2σ(I)] = 0.0273, wR(F2) = 0.0634, GooF = 1.084 
and –0.86 < ∆ρ < 0.70 e Å-3. 
 
 Theoretical Studies. The relative energies of complexes and their separate components were 
evaluated using density functional calculations (DFT). Initial molecular conformations were calculated 
using the semi-empirical (PM3(tm)) method as implemented in the Spartan 5.1.1 (SGI) molecular 
modelling software package. The geometry of the thus obtained structures was further optimised using 
Becke’s three-parameter hybrid functional and the Lee, Yang and Parr correlation functional 
(B3LYP)35 as implemented in both the Gamess-UK SGI (version 6.3)23 and the Gaussian 9822 
programs. All atoms are described with the double-ζ basis set LANL2DZ,24 with effective core 
potentials being used for the atoms Si, Cl and Pd. Due to the size of the calculations on the structures 
containing the [B{C6H4(SiMe3)-4}4]- anion, frequency analyses could not be completed within an 
acceptable timespan. Therefore only the electronic energies were taken into account in this study.  
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- Chapter 6 - 
 
 

Fluorous Zinc Phenoxide Complexes for Co-
Polymerisation of Cyclohexene Oxide and Carbon Dioxide 

 

 

 

 

 

 

 

 

 

 

 

 

 
Abstract. Fluorous [{2,6-dimethyl-4-(perfluorohexyl)phenoxide}2Zn] and 
[(2,6-dimethyl-4-{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}phenoxide)2Zn], which are 
relevant for polymerisation reactions in supercritical CO2, were prepared from 
Zn[N(SiMe3)2]2 and 2,6-dimethyl-4-(perfluorohexyl)phenol or 
2,6-dimethyl-4-{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}phenol, respectively. Initial 
tests revealed that these complexes are active in the co-polymerisation of cyclohexene oxide 
with CO2 to the corresponding polycarbonate.   
 
 
 
van den Broeke, J.; van Meerendonk, W. J.;§ Duchateau, R.;§ van Koten, G.; Deelman, B.-J. 
manuscript in preparation. 
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6.1  Introduction 

 

To date, very few economically feasible processes utilising CO2 as a feedstock for the 
synthesis of organic products have been reported.1,2a-b The co-polymerisation of CO2 with 
epoxides to form polycarbonates,2,3 which are important biodegradable thermoplastics,1a is 
one of the more successful applications utilising this inexpensive, accessible and non-toxic 
resource.4 Soluble zinc bis(phenoxides), which possess bulky substituents in the 2- and 6-
positions, are amongst the most active catalysts for the co-polymerisation of CO2 and 
cyclohexene oxide (eq. 1).5  
 

O O O

O+ CO2

n[Cat.] (1)

 

 
Yields of 1.4 × 103 gram of polymer per gram of zinc have been achieved with these 
complexes.5b However, in addition to the alternating co-polymerisation incorporation of ether 
linkages as a result of cyclohexene oxide homo-polymerisation occurs as well. The 
minimalisation of the formation of homopolymer remains an important challenge in this area 
of polymer research. The use of supercritical CO2 (scCO2) could prove advantageous in this 
respect, as it would not only serve as a solvent but also lead to increased uptake of CO2 in the 
co-polymer, since it is the co-monomer as well.4  
 Darensbourg et al. reported enhanced preference for carbonate-bond formation over 
the formation of ether-linkages under supercritical conditions when they employed a 
heterogeneous zinc glutarate as catalyst in the co-polymerisation of CO2 with propylene 
oxide.6 Furthermore, improved polymerisation rates were found by Beckman et al. when a 
perfluoroalkyl-substituted zinc oxide catalyst was used in the co-polymerisation of 
cyclohexene oxide with CO2 in compressed carbon dioxide at 60 bars.7  
 For the highly active zinc bis(phenoxide) complexes, reports on their effectiveness as 
catalysts in scCO2 are lacking.8 Although the zinc phenoxides are soluble in polar solvents, 
e.g. THF,5 their solubility in scCO2, which is highly apolar in nature, is limited. As the 
introduction of perfluoroalkyl substituents is known to enhance the lipophilicity, and as a 
consequence the solubility in scCO2, of transition-metal complexes, it was anticipated that the 
development of fluorous zinc bis(2,6-dimethylphenoxide) complexes could facilitate their 
application in scCO2. In this chapter the preparation of two such complexes and the initial 
results of the application of these fluorous catalysts in the co-polymerisation of CO2 with 
cyclohexene oxide in CO2 expanded cyclohexene oxide. 
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6.2  Results and Discussion 

 

 In order to prepare fluorinated zinc bis(phenoxide) complexes, two new fluorous 
ligands (1b and 2b) were developed (Scheme 1). For the preparation of 
2,6-dimethyl-4-{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}phenol (1b) various synthetic 
routes were explored. First the alcohol group of 2,6-dimethyl-4-bromophenol was protected 
with a tert-butyl(dimethyl)silyl (TBDMS) group. Lithiation at the bromine functionality, 
followed by reaction of the lithiated intermediate with dimethyl(1H,1H,2H,2H-
perfluorooctyl)silylchloride. Deprotection of the resulting reaction product with nBu4NF was 
expected to result in the formation of 1b. However, a mixture containing both 1b and 
2,6-dimethyl-4-{tert-butyl(dimethyl)silyl}phenol was obtained. The latter compound is 
formed by (O→C) [1,4]-silyl migration of the TBDMS protecting-group upon lithiation.9 This 
homo-Brook rearrangement was then used to our advantage in the reaction of 
dimethyl(1H,1H,2H,2H-perfluorooctyl)silylchloride with 2,6-dimethyl-4-bromophenol in the 
presence of imidazole. The resulting silyl ether 1a could be lithiated with two equivalents of 
tBuLi (Scheme 1). After rearrangement, hydrolysis with NH4Cl (aq) and purification by 
distillation, 1b was isolated in 56% overall yield. 

 

 

OHI
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+

+
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Scheme 1. Synthesis of perfluorophenol ligands. 
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The second ligand, 2,6-dimethyl-4-(perfluorohexyl)phenol (2b), was obtained through 
the copper-mediated cross-coupling reaction of 2,6-dimethyl-4-iodophenol with 
iodoperfluorohexane, according to a modified literature procedure.10 This method proved 
inefficient (see also ref.10), and the product was isolated in 19% yield after extensive 
purification using column chromatography and sublimation. Although the material thus 
obtained still contained some impurities that could not be removed, it was decided to use this 
product mixture for the synthesis of the corresponding zinc complex.  

The fluorous zinc bis(phenoxide) complexes were prepared by reaction of 1b and 2b 
with Zn[N(SiMe3)2]2 in THF (Scheme 2). The product amine is easily removed in vacuo. The 
zinc complexes 1c and 2c were isolated in 40% and 33% yield, respectively. Elemental 
analysis indicated a dimeric composition as shown in Scheme 2, i.e., with no coordinated THF 
present. The was supported by 1H NMR spectra of 1c and 2c in THF-d8, in which no THF 
signals could be detected.  
 

Rf OH
THF

Zn
O

Zn
O

O ORf

Rf

Rf

Rf

1c: Rf = SiMe2(CH2CH2C6F13)
2c: Rf = C6F13

Zn[N(SiMe3)2]2

- HN(SiMe3)2

 

 

Scheme 2. Preparation of fluorous zinc-phenoxides and their presumed molecular structure. 

 Both in the solid state and in solution, zinc bis(phenoxide) complexes can exist as 
monomeric and dimeric species or as higher aggregates. Monomeric complexes contain 
coordinated solvent molecules5b,11 or coordinated phosphine ligands.12 Dimeric complexes 
have structures with a central Zn-O(Ph)-Zn-O(Ph) ring (cf. Scheme 2).3d,11a Higher aggregates 
have also been reported.13 In these structures three- and four coordinated zinc centres have 
been encountered. The presence of sterically demanding substituents at the ortho-positions of 
the phenoxide ligand, e.g., phenyl and tert-butyl groups, can prevent bridging interactions, 
thus enforcing a monomeric structure. As a result, these monomeric zinc complexes  display 
good solubilities in apolar solvents such as hexane and benzene.12a When less bulky alkoxide- 
and phenoxide ligand are used, aggregated zinc complexes are formed, which are on only 
soluble in strong bases such as pyridine.5b In general, these higher aggregates are converted to 
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dimeric or monomeric species by coordination of such a base. The observed solubility of 1c 
and 2c in toluene supports the suggestion that these complexes are dimeric, as shown in 
Scheme 2, containing both bridging and terminal phenoxide ligands and three-coordinate zinc 
centres.    

 The complexes 1c and 2c proved soluble in polar solvents, such as THF and acetone, 
and in toluene. Furthermore, 1c was also soluble in cyclohexene oxide, whereas 2c was not. 
However, these complexes were insoluble in benzene, in hexane and in fluorous solvents. 
This shows that the lipophilic character introduced by the perfluoroalkyl substituents is still 
limited. 

Complexes 1c and 2c were tested as catalysts for the co-polymerisation of CO2 and 
cyclohexene oxide in CO2 expanded cyclohexene oxide (Table 1). In the case of 2c, toluene 
was added to the reaction mixture to aid the dissolution of the catalyst. The results obtained 
with the fluorous catalysts were compared with those obtained with the reference catalyst 
[(2,6-difluorophenoxide)2Zn] (3).5a  
 

Table 1: Co-polymerisation of cyclohexene oxide and CO2 using 
bis(phenoxide) zinc complexes.a 

catalyst yieldb 

(g) 

Mw (x 103) 

(GPC) 

Mw/Mn 

(GPC) 

TONc TOFd 

(h-1) 

1c 0.46 114 10.5 78 3.4 

2c 0.35 80 6.5 50 2.2 

3e 15 355 13 371 17.0 
a Reactions using 1c and 3 performed in neat CHO. For 2c, toluene (15 mL) was added. All 
reactions performed at 80 oC, 80 bars of CO2 and 24 h using 0.1 g of catalyst and 50 mL of 
CHO unless stated otherwise. b Total yield of polymer obtained. c Gram of polymer produced 
per gram of Zn. d Gram of polymer produced per gram of Zn per hour. e 0.2 g of catalyst was 
used. 

 

Both 1c and 2c proved to be effective catalysts and produce polymers with a broad 
polydispersity. Catalyst productivities for 1c and 2c in gram of polymer produced per gram of 
Zn per hour were an order of magnitude lower when compared to that observed for 3.5a A 
possible reason for this lower activity could be the relatively low catalyst loadings employed 
when testing 1c and 2c. This could make the catalyst concentration a limiting factor for the 
activity.14 Another possibility could be the difference in Lewis acidity of the zinc centre in the 
various complexes. The presence of ortho-methyl substituents in 1c and 2c, in comparison 
with ortho-fluorine substituents in 3, might be a further cause for the lower activity of the 
perfluoroalkyl-substituted complexes. Darensbourg et al. have shown that the epoxide binding 
ability of the metal centre increases when ortho-fluorine substituents are present, as in 3. 
Apparently, the presence of the electron-withdrawing para-perfluoroalkyl groups in 1c and, 
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more importantly, in 2c is not capable of compensating for this difference in the ortho-
substituents.  

The selectivity towards the formation of carbonate over ether linkages was found to 
higher for catalyst 2c than for 1c.15 This demonstrates that the selectivity of the catalysts for 
co-polymerisation is highly dependent on the electron-withdrawing character of the 
substituents on the ligand. In 1c the -SiMe2(CH2CH2C6F13) substituent has no electronic effect 
on the phenyl ring16 In 2c the electron-withdrawing effect of the perfluorohexyl group is not 
insulated by a -SiMe2CH2CH2- spacer, which results in a reduction in homo-polymerisation. 
This preference for the formation of carbonate bonds by catalysts with electron-withdrawing 
substituents corresponds with observations in the literature.5 The formation of < 1% and 10% 
of ether linkages was observed for zinc complexes containing either ortho-halogen and ortho-
alkyl or ortho-aryl substituents, respectively.5 

Only a few examples of catalysis in supercritical CO2 conditions are available. The 
complex [{2,6-Ph(C6H3O)}2Zn] was used to catalyse the co-polymerisation of CO2 and 
cyclohexene oxide, and displayed 90% selectivity for the formation of carbonate linkages. 
Furthermore, a catalyst that was prepared by reaction of ZnO with 3,3,4,4,5,5,6,6,7,7,8,8-
tridecafluorooctanol and maleic acid was used in the co-polymerisation of cyclohexene oxide with 
96% selectivity for the formation of carbonate bonds.17 The effect of truely supercritical conditions 
on the selectivity of 1c and 2c remains to be explored. However, due to technical limitations 
these studies were not yet performed. 
 

6.3  Conclusions 

 

Two novel perfluoroalkyl-functionalised zinc bis(phenoxide) complexes, which are 
active in the co-polymerisation of cyclohexene oxide and CO2 using CO2 expanded monomer 
as a solvent, were prepared. The effectiveness of these complexes as polymerisation catalysts 
in CO2 appears to be lower than of [(2,6-difluorophenoxide)2Zn], which is known for its high 
activity in the reaction of cyclohexane oxide and carbon dioxide. Because of technical 
limitations, the polymerisation activity of the phenoxide zinc complexes under truely 
supercritical conditions has yet to be explored. The increased lipophilic character of the 
perfluoroalkyl-substituted zinc complexes is expected to enable successful application in this 
medium.  

 
6.4  Experimental Section 
 

 General procedures. All reactions were performed under a dry N2 atmosphere using standard 
Schlenk techniques. Tetrahydrofuran (THF) and diethyl ether (Et2O) were distilled from sodium 
benzophenone ketyl, DMSO was distilled and stored over 4Å molecular sieves and cyclohexene oxide 
was distilled from CaH2. CO2 (99.995%, Hoekloos) was used as received. (C6F13CH2CH2)SiMe2Cl,18 
Zn[N(SiMe3)2]2

5b and Zn(OC6H3F2-2,6)2
5a were prepared according to literature procedures. All other 
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chemicals were used as received. NMR spectra were recorded on a Varian Inova 300 spectrometer and 
referenced externally against TMS. Elemental analyses were carried out by H. Kolbe, 
Mikroanalytisches Laboratorium, Mülheim an der Ruhr.  
 

 2,6-Dimethyl-4-bromobenzyl dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl ether (1a). A 
mixture of 2.00 g (10.0 mmol) of 2,6-dimethyl-4-bromophenol, 5.27 g (11.9 mmol) of 
(C6F13CH2CH2)SiMe2Cl and 1.35 g of (19.9 mmol) imidazole was refluxed in THF (50 mL) for 3 days. 
The resulting white suspension was filtered and all volatiles were removed in vacuo. The yellow oil 
obtained was stripped for 9 h under 0.1 mbar using a Kugelrohr apparatus at 120 oC. This yielded 4.82 
g (80%) of a colourless oil. 1H NMR (CDCl3, 300.1 MHz): δ 7.12 (s, 2H), 2.20 (m, 2H), 2.17 (s, 6H), 
1.00 (m, 2H), 0.28 (s, 6H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 151.4 (s), 131.4 (s), 130.6 (s), 126.2 
(m), 120.3 (m), 118.4 (m), 114.6 (m) 114.1 (s), 110.5 (m), 105.9 (m), 25.4 (t), 17.6 (s), 7.4 (s), -1.0 (s). 
Anal. Calcd. for C18H18F13BrOSi: C, 35.72; H, 3.00. Found: C, 35.64; H, 2.93. 
 

 2,6-Dimethyl-4-{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}phenol (1b). To a solution of 
2.60 g (4.30 mmol) of 1a in Et2O (50 mL) was added dropwise 5.7 mL (8.54 mmol, 1.5 M in pentane) 
of tBuLi at –78 oC. After allowing the mixture to warm to room-temperature overnight, a saturated 
solution of NH4Cl in water (5 mL) was added. The resulting mixture was stirred for 15 minutes and 
poured into water (50 mL), extracted with Et2O (3 × 50 mL), dried over MgSO4, filtered and all 
volatiles removed in vacuo. Flash distillation yielded 1.55 g (69%) of a light yellow oil. 1H NMR 
(CDCl3, 300.1 MHz): δ 7.11 (s, 2H), 4.75 (bs, 1H), 2.28 (s, 6H), 2.03 (m, 2H), 0.99 (m, 2H), 0.30 (s, 
6H). 13C{1H} NMR (CDCl3, 75.5 MHz): δ 153.8 (s), 134.3 (s), 128.0 (s), 123.7 (m), 122.9 (s), 120.3 
(m), 118.6 (m), 114.6 (m), 113.0 (m), 111.5 (m), 110.4 (m), 26.2 (t), 16.0 (s), 5.6 (s), -3.1 (s). Anal. 
Calcd. for C18H19F13OSi: C, 41.07; H, 3.64. Found: C, 41.15; H, 3.59. 
 

 Zinc(II) bis 2,6-(dimethyl-4-{dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl}phenoxide) 
(1c). To a solution of 0.50 g (1.34 mmol) of Zn[N(SiMe3)2]2 in THF (5 mL) a solution of 1.64 g (2.70 
mmol) of 1b in THF (5 mL) was added dropwise. The resulting mixture was stirred for 2 h and then all 
volatiles were removed in vacuo overnight. The residual solid was washed with pentane (3 × 10 mL), 
taken up in THF, filtered and evaporated to dryness, affording 0.85 g (40%) of a white solid. 1H NMR 
(THF-d8, 300.1 MHz): δ 6.94 (s, 4H), 2.01 (s, 12H), 1.99 (m, 4H), 0.85 (m, 4H), 0.16 (s, 12H). 
13C{1H} NMR (THF-d8, 75.5 MHz): δ 153.6 (s), 132.4 (s), 124.5 (s), 121.9 (s), ), 120.7 (m), 117.6 
(m), 113.3 (m), 113.0 (m), 112.2 (m), 110.5 (m), 24.5 (s), 14.2 (s), 3.9 (s), -5.5 (s). Anal. Calcd. for 
C36H36F26O2Si2Zn: C, 38.74; H, 3.25; Zn, 5.86. Found: C, 38.55; H, 3.38; Zn, 6.05. 
 

 2,6-Dimethyl-4-(perfluorohexyl)phenol (2b). A mixture of 5.06 g (25.2 mmol) of 2,6-
dimethyl-4-bromophenol, 3.99 g (62.9 mmol) of Cu powder, 11.78 g (26.4 mmol) of IC6F13 and 
DMSO (35 mL) was refluxed for 2 days. After cooling to room-temperature, CH2Cl2 (75 mL) was 
added, the resulting mixture filtered over a glass frit and extracted with water (3 × 75 mL). The 
organic layer was dried over MgSO4, filtered and all volatiles were removed in vacuo. The resulting 
brown residue was taken up in CH2Cl2 and chromatographed over silica gel using CH2Cl2 as eluens. 
After removal of all volatiles in vacuo the residual red paste was sublimed, yielding 1.78 g (19%) of a 
white crystalline solid. 1H NMR (CDCl3, 300.1 MHz): δ 7.77 (s, 2H), 2.31 (s, 6H). 13C{1H} NMR 
(CDCl3, 75.5 MHz): δ 159.2 (s), 132.0 (s), 124.2 (s), 124.0 (s), 117.4 (m), 111.5 (m), 111.1 (m), 110.7 
(m), 108.7 (m), 16.1 (s). Anal. Calc. for C14H9F13O: C, 38.20; H, 2.06. Found: C, 40.65; H, 1.97. 
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 Zinc(II) bis {2,6-dimethyl-4-(perfluorohexyl)phenoxide} (2c). To a solution of 0.34 g (0.95 
mmol) of Zn[N(SiMe3)2]2 in THF (5 mL) a solution of 0.84 g (2.10 mmol) of 2b in THF (5 mL) was 
added dropwise. The resulting mixture was stirred for 2 h, evaporated to dryness and stored in vacuo 
overnight. The residual red solid was sublimed at 80 oC and 0.27 g (33%) of an orange solid was 
collected. 1H NMR (THF-d8, 300.1 MHz): δ 7.64 (s, 4H), 2.17 (s, 12H). 13C{1H} NMR (THF-d8, 75.5 
MHz): δ 159.6 (s), 129.9 (s), 123.3 (s), 121.6 (s), 117.9 (m), 114.0 (m), 113.2 (m), 110.4 (m), 109.8 
(m), 106.2 (m), 14.2 (s). Anal. Calcd. for C28H16F26O2Zn: C, 35.64; H, 1.71; Zn, 6.93. Found: C, 35.56; 
H, 1.82; Zn, 7.06. 
 

 Co-polymerisation of Cyclohexene Oxide and Carbon Dioxide in Dense CO2. A typical 
co-polymerisation run was performed as follows: 0.1 g of catalyst was dissolved in cyclohexene oxide 
(50 mL). Insoluble particles were filtered off and the pale yellow solution was loaded via an injection 
port into a 380 mL autoclave that had previously been dried for 5 h at 100 oC in vacuo. The reactor 
was then pressurised to 50 bar of CO2 at 30 oC and, after stabilisation at these conditions for 10 
minutes, was heated to 80 oC over a period of 15 minutes upon which the total pressure reached 80 
bars. After 24 hours, the autoclave was allowed to cool to room temperature, upon which the contents 
were released into a beaker and the reactor rinsed with THF (100 mL), which was added to the 
polymer solution. Dropwise addition of the polymer solution to vigorously stirred petroleum ether (1.8 
L) at 40 - 60 oC afforded the solid polymer, which was filtered off and dried overnight in vacuo at 50 
oC.  
 
 Polymer characterisation. Polymer samples were first analysed by 1H NMR spectroscopy for 
the percentage of ether and carbonate linkages.5 Mw and Mn determinations were carried out using gel 
permeation chromatography (GPC) using a standard polystyrene calibration curve and Mw was 
confirmed using MALDI-TOF mass spectroscopy.  
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- Chapter 7 - 
 
 

A Highly Fluorous Room-Temperature Ionic Liquid  
Exhibiting Fluorous Biphasic Behaviour  

and Its Use in Catalyst Recycling 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Abstract. A novel fluorous room-temperature ionic liquid, 1-butyl-3-methyl-imidazolium 
tetrakis{4-(dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl)phenyl}borate (1), was used as a 
solvent for the homogeneous hydrosilylation of 1-octene catalysed by a fluorous version of 
Wilkinson’s catalyst. The catalyst was recycled by biphasic separation with an average 
retention of catalyst activity of 94%. As opposed to other ionic liquids, 1 exhibits high 
miscibility with apolar compounds such as alkenes and resembles fluorous solvents in its 
phase behaviour with organic solvents. 
 
 
 
van den Broeke, J.; Winter, F.; Deelman, B.-J.; van Koten, G. Org. Lett. 2002, 4, 3851 - 3854.
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7.1  Introduction 
 

The use of air- and water-stable imidazolium-based ionic liquids as a solvent for 
transition-metal catalysts has received growing attention1 since their preparation was first 
reported in 1992.2 This interest was particularly sparked by the fact that these ionic liquids 
(IL’s) are highly stable and show limited miscibility with most of the common organic 
solvents, offering potential for efficient catalyst recovery by facile phase separation.1 This 
approach has been successfully applied in a wide range of catalytic processes, for example, 
hydrogenation,3a,b hydroformylation,3a Heck reactions,3c oligomerisations,3d epoxidations,3e 
and polymerisations.3f A serious limitation for the application of IL’s is the poor solubility of 
apolar organic substrates, especially saturated hydrocarbons and in some cases neutral metal 
catalysts (vide infra), in these liquids.1,4 As in aqueous biphasic systems, the limited solubility 
of substrates and catalysts can result in reduction or even complete loss of activity when 
compared with truly homogeneous conditions.3a,5  
 The nature of ionic liquids, being composed of discrete anions and cations, makes it 
possible to fine-tune both lipophilicity and polarity through the choice of suitable cation-anion 
combinations. In view of the considerations above, we reasoned that it would be interesting to 
design IL’s with improved solvating properties for apolar compounds, as this might allow 
more efficient catalysis with apolar substrates. In this respect, the introduction of 
perfluoroalkyl moieties as lipophilic groups could be of especial interest, as this could lead to 
IL’s exhibiting fluorous biphasic behaviour, i.e., biphasic conditions at lower temperatures 
and monophasic at higher temperatures. Such a fluorous ionic liquid could well be an 
alternative to perfluoroalkane-based fluorous biphasic systems (FBS’s), the fluorous phase of 
which appears to be less suitable for the immobilisation of ionic catalysts.6  

In Chapter 3 of this thesis the synthesis of highly fluorous tetraphenylborate anions 
was described. In this chapter the use such an anion in the preparation of an imidazolium 
borate ionic liquid, and performance thereof, in fluorous biphasic catalyst recycling is 
presented.   
 

7.2  Results and Discussion 
 

Synthesis and Physical Properties of [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]. 
The imidazolium salt [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (1) (BMIm = 1-butyl-3-
methylimidazolium) was obtained by metathesis of [BMIm]I7 and 
Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]6a in CH2Cl2. The resulting salt is an air-stable, non-
hygroscopic and viscous yellow liquid at 25 oC (ρ = 1.38 g/mL) that is transformed into a 
glasslike substance at sub-ambient temperatures. No distinct phase-transition enthalpy could 
be determined using DSC; however, during repeated heating cycles a slight change in the 
slope of the DSC trace was observed, pointing to a possible glass transition at –10 oC. The 
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conductivity of neat 1 is 1.9 × 10-5 S m-1 at 25 oC, and it increases as viscosity decreases at 
elevated temperatures (1.1 × 10-3 S m-1 at 95 oC). These values are low for a room-
temperature IL, which usually have conductivities in the range of 0.1 - 1.0 S m-1.8 The relative 
polarity of 1 was assessed using the solvatochromatic dye Nile Red.9 Measurement of λabs

max 
of Nile Red dissolved in 1 and determination of the molar transition energy (ENR) for this dye 
in the solution showed that 1 can be considered as a polar solvent (Figure 1).   
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Figure 1. ENR values for [C10-MIm]BF4 (C10 = 1-decyl) and [BMIm]X ionic liquids and common 
organic solvents. ENR = (hcNA/λmax) × 106, where h is Planck’s constant, c is the speed of light, NA is  
   Avogadro’s number and λmax is the wavelength at maximum absorbance (nm).  
 

Ionic liquid 1 is insoluble in water but very soluble in polar and to some extent even in 
apolar organic solvents (Table 1). As alkenes are important substrates in various catalytic 
processes, the behaviour of various mixtures of 1-alkenes and 1 was also studied. The 
solubilities of 1-hexene (16.7 mol/mol, 9.3 × 102 g/L) and 1-octene (4.7 mol/mol, 
3.5 × 102 g/L) in 1 at 25 °C are much higher than the solubility of these alkenes in the closely 
related IL’s [BMIm]PF6 (1-octene: 0.026 mol/mol)10 and [MeN(n-Hex)3]Tos (1-octene: 1.5 

O

N

N O

Nile Red

Organic solvent or 
ionic liquid 

in
cr

ea
si

ng
 p

ol
ar

ity
 



 
Chapter 7 

 114 

Table 1: Solubility of [BMIm][B{C6H4(SiMe2CH2CH2C6F13)-4}4] (1) in various solvents 

solvent DNa dielectric constant (εr)b solubility (g/L)c 

FC-72  1.6d 3.7 × 10-1 

benzene 0.1 2.3 8.0 

hexane 0.0 1.9 1.9 × 101 

pentane  1.8 2.7 × 101 
toluene 0.1 2.4 4.1 × 101 

Et2O 19.2 4.2 5.1 × 102 

acetone 17.0 20.6 5.8 × 102 

methanol 30.0 32.7 3.3 × 101 

methanol:H2O (1:1)   2.5 
H2O 18.0 78.4 < 0.2 

a Donor number, taken from ref. 11. b Taken from ref. 11.  c Solubility in g/L of pure solvent at 25 oC. d A mixture 
of perfluorohexanes, the εr given is that of perfluoro-n-hexane, a major component of FC-72. 
 

mol/mol).12 Furthermore, mixtures of 1-hexene or 1-octene and 1 (φv(1-alkene) = 0.63) yielded a 
biphasic system at room temperature, but displayed low consolute temperatures (T = 60 oC 
and 84 oC, respectively). Furthermore, when assessing the miscibility of 1 with toluene, a 
critical temperature (Tc) of 62 oC at a toluene volume fraction (φv(toluene)) of 0.90 was found 
(Figure 2).  
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Figure 2. Phase diagram of [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] and toluene. 

 
 The physical properties of 1 differ considerably from those of the ionic liquids 
reported previously. Whereas other [BMIm]-based IL’s display polarities close to that of 
methanol,13 and have considerable solubility in water (exceptions are [BMIm]PF6 and 
[BMIm][(CF3SO2)2N])3e,4 and essentially no solubility in alkanes,1a,4 the polarity and 
solubility of 1 correspond with those for less polar solvents. It is well known that an increase 
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solubility of 1 correspond with those for less polar solvents. It is well known that an increase 
in the size of the anion is accompanied by a decrease in the polarity of ionic liquids.13a Our 
results correspond with this trend, 1 being less polar than [BMIm]PF6 or [C10MIm]BF4 
(C10MIm = 1-decyl-3-methyl-imidazolium). The determined value for ENR shows a polarity 
for 1 that is comparable to that of acetone and diethyl ether, which corresponds with the data 
in Table 1; the solubility of 1 is highest in these solvents. Furthermore, large ion size in 
general results in high viscosity, which in turn causes low conductivity.8 Both these properties 
were observed for 1. 
 Ionic liquids, in general, are highly soluble in polar solvents, especially in MeOH,4a 
and virtually insoluble in apolar solvents.4 The high solubility in proton-donor solvents, e.g., 
H2O and MeOH, is predominantly the result of hydrogen-bond formation between the anions 
of the ionic liquid and the solvent.14 As the fluorous anion of 1 offers little possibility for 
hydrogen-bonding interactions, low solubility in water and, to some extent, methanol results. 
On the other hand, the lipophilic anion, which moderates the ionic character of 1, enhances its 
solubility in apolar solvents. As a result, in 1 the solvent properties of both an ionic liquid and 
a fluorous solvent are combined. The low critical temperature of mixtures of 1 with toluene 
confirms this observation.15  
 

Recycling of a Fluorous Wilkinson's Catalyst Dissolved in Fluorous Ionic Liquid 
1. To assess the suitability of 1 as a medium for immobilisation of a homogeneous catalyst, 
the rhodium-catalysed hydrosilylation of 1-octene was studied.16 Wilkinson’s complex, 
[RhCl(PPh3)3], which is a well-known catalyst for this reaction, forms stable solutions in 
[BMIm]BF4 and [BMIm]PF6.3b However, as Wilkinson’s complex displays a higher affinity 
for the organic rather than for the ionic phase, the latter ionic liquids turned out to be 
unsuitable for the immobilisation of the catalyst. Furthermore, whereas [RhCl(PPh3)3] proved 
to be insoluble in 1, a lightly fluorous derivative of Wilkinson’s catalyst, 
[RhCl{P(C6H4{SiMe2(CH2CH2C6F13)}-4)3}3] (2),17 exhibited interesting solubility in 1. 
Concentrations of 2 in 1 of at least, 1.4 × 10-2 M were attainable.  

The hydrosilylation reaction of 1-octene with dimethylsilane catalysed by 2 in the 
ionic liquid 1 at 84 °C afforded dimethylphenyloctylsilane (Table 2). Selective anti-
Markovnikov addition of the silane occurred, while formation of PhMe2SiSiMe2Ph was not 
observed.18 Some isomerisation of the excess 1-octene (ca. 30% by GC) took place. This 
results are similar to those reported for this reaction.19  

At 84 °C the reaction-mixture was an emulsion. When the temperature was raised to 
100 oC (entry 8 in Table 2) a homogeneous phase was obtained, however, this did not result in 
an increase in the reaction rate observed. This indicates that at 84 °C, despite the non-
homogeneous conditions, neither the concentration of the substrates in the ionic phase nor 
their phase transfer into the ionic phase are rate limiting.  
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Table 2: Comparison of the hydrosilylation of 1-octene using either non-fluorous or fluorous 
Wilkinson’s catalysts in ionic liquids.a 

 

RhCl(P(Arf)3)3

Arf = C6H4{SiMe2(CH2CH2C6F13)}-4

Si

ionic liquid
+SiH

 

entry catalyst solvent cycle (no.) TOFb (h-1) rc 

1 [RhCl(PPh3)3] benzene     1.8 × 103 d  
2 [RhCl(PPh3)3] [BMIm]BF4  4.0 × 102  
3 e 1  < 1  
4 2 1 1 4.0 × 102  
5 2 1 2 3.1 × 102 0.77 
6 2 1 3 2.8 × 102 0.91 
7 2 1 15 1.3 × 102 <0.94>f 

8 2g 1  3.2 × 102  
a Conditions: 17 µmol (0.2 mol%) of catalyst, 1.2 mL of ionic liquid, 8.75 mmol of 1-octene, 7.85 mmol of 
dimethylphenylsilane t = 60 min, T = 84 oC (unless stated otherwise). b Average Turn Over Frequency (TOF) 
determined after 1 hour and defined as mol of silane per mol of initial Rh per hour. c Retention of catalyst activity 
= activity in cycle n / activity in cycle (n-1). d Reaction was 99% complete after 15 min. e Blank run. f Average 
retention per cycle for cycles 4-15. g At T = 100 oC, homogeneous conditions. 

 
 

Whereas the turn-over frequencies (TOF) observed do not make a strong case for the 
use of 1 in hydrosilylation catalysis, the total turn-over number (TON) obtained after multiple 
cycles clearly does. Reasonably efficient catalyst recycling was possible by phase separation 
at 0 oC (Figure 3). A single aliquot of pre-catalyst was used 15 times with a retention of 
catalyst activity of 92% per cycle (94% when the first cycle is disregarded, Figure 4).20 This 
resulted in a TON of 4.0 × 103 mol per mol of catalyst, which is significantly higher than 
corresponding values reported for the conventional system under monophasic conditions (first 
bar in Figure 4).16,21 
 

 
 

Figure 3. Fluorous biphasic catalyst recycling using a fluorous ionic liquid. 
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Figure 4. Turn over numbers achieved in the hydrosilylation of 1-octene using 2 as a catalyst in 
fluorous ionic liquid 1.  : Common turn over number achieved with [RhCl(PPh3)3].  : Cumulative  
            turn over number achieved with 2 after each cycle 

 
The drop in conversion upon recycling (Table 2) is most likely caused by catalyst 

leaching. After separation from the ionic liquid, the product layers were slightly orange, 
suggesting some leaching of the rhodium catalyst.22 ICP-AAS analyses of the product phases 
of the cycles 2 and 3 confirmed this view. Both phosphine (1.5 × 10-3 wt%) and rhodium 
(3.6 × 10-3 wt%) were found in the product layer, corresponding to a loss of 4% of initial 
rhodium and 2% of initial phosphine per cycle.23 Phosphine oxidation caused by traces of 
oxygen, which can never be completely excluded in experiments on this scale, might be an 
additional source of activity loss.24 This low loss of Rh and phosphine contrast with the Rh 
leaching of 12% per cycle observed when catalyst 2 was used in the hydrosilylation of  
1-hexene under fluorous biphasic conditions (perfluoromethylcyclohexane and 1-hexene, 
1:2 (v:v)).16 It is interesting to note that efficient recycling of Wilkinson’s catalyst using 
[BMIm]BF4 was not practical because the catalyst dissolved preferentially in the product 
phase. Consequently, the approach presented here, involving the use of fluorous catalyst 2 in 
fluorous ionic liquid 1, is a most efficient one. It allows the efficient recycling of a 
Wilkinson’s-type catalyst used for the hydrosilylation of olefins. 
  

7.3  Conclusions 
 

 In conclusion, we have developed a fluorous ionic liquid with the characteristics of 
both conventional ionic liquids and perfluorinated solvents. This fluorous ionic liquid can be 
used in fluorous biphasic catalyst recycling and offers a higher solubility of apolar substrates 
compared with existing ionic liquids. Along with the fact that it forms a homogeneous phase 
with organic solvents above the consolute temperature, this makes this solvent especially 
attractive for use in catalytic processes that suffer from phase transfer limitations in other 
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biphasic solvent systems. Non-volatile fluorous ionic liquids of this kind could also be an 
alternative for the more commonly used perfluorocarbons in fluorous biphasic catalyst 
recycling. 
 

7.4  Experimental Section 
 

General Procedures. All reactions were performed under dry N2 atmosphere using standard 
Schlenk techniques. Tetrahydrofuran and diethyl ether were distilled from sodium benzophenone 
ketyl, CH2Cl2 from CaH2 and benzene from sodium. 1-Butyl-3-methylimidazolium iodide,25 
Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]6a and [RhCl{P(C6H4{SiMe2(CH2CH2C6F13)}-4)3}3]17 were 
prepared according to literature procedures. 1-Octene was purified by flash chromatography over basic 
alumina followed by distillation from CaH2 prior to use. PhMe2SiH was stored over molecular sieves 
(3Å). All other chemicals were used as received. NMR spectra were recorded on a Varian Inova 300 
spectrometer with TMS (1H, 13C{1H}), CFCl3 (19F) and BF3.Et2O (11B{1H}) as external references. 
Elemental analyses and ICP/AAS analyses were carried out by H. Kolbe, Mikroanalytisches 
Laboratorium, Mülheim an der Ruhr. DSC traces were recorded on a Mettler-Toledo DSC-821. 
Conductivity measurements were performed using a Consort C832 Multiparameter Analyser equipped 
with a two platinum electrode conductivity cell. UV-Vis absorbtion spectra were recorded on a Perkin-
Elmer Lambda 16 spectrophotometer.  

 

1-Butyl-3-methylimidazolium tetrakis{4-(dimethyl(1H,1H,2H,2H-perfluorooctyl)silyl) 
phenyl}borate (1). A mixture of Na[B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (10.00 g, 5.11 mmol) and 
[BMIm]I (1.29 g, 4.86 mmol) was stirred in CH2Cl2 (200 mL) for 2 days. The mixture was washed 
with demineralised water (3 x 50 mL), dried over MgSO4 and volatiles were removed in vacuo. The 
residue was taken up in benzene and traces of solid material were separated by centrifugation. 
Removal of solvents in vacuo yielded 8.60 g (81%) of a yellow oil. 1H NMR (acetone-d6, 300.1 MHz): 
δ 8.68 (s, 1H, NCHN), 7.72 (bs, 1H, NCH), 7.67 (bs, 1H, NCH), 7.44 (m, 8H, Ar-Ho), 7.25 (d, 8H, 
3JHH = 7.5 Hz, Ar-Hm), 4.30 (t, 2H, 3JHH = 7.2 Hz, NCH2), 3.99 (s, 3H, NCH3), 2.17 (m, 8H, CH2CF2), 
1.85 (tt, 2H, NCH2CH2), 1.36 (tq, 2H, CH2CH3), 0.99 (m, 8H, SiCH2), 0.94 (t, 3H, 3JHH = 7.1 Hz 
CH2CH3), 0.31 (s, 24H, SiCH3). 13C{1H} NMR (acetone-d6, 75.5 MHz): δ 166.0 (q, 1JCB = 49.1 Hz), 
136.2 (s), 135.9 (s), 131.5 (s), 128.7 (s), 123.8 (s), 122.3 (s), 120.7 (m), 117.6 (m), 113.3 (m), 113.0 
(m), 112.2 (m), 110.2 (m), 49.6 (s), 35.8 (s), 32.2 (s), 26.2 (t, 2JCF = 23.8 Hz), 19.5 (s), 12.9 (s), 5.5 (s), 
-4.0 (s). 11B{1H} NMR (acetone-d6, 96.3 MHz): δ -12.2 (s, 1JCB = 49.1 Hz). 19F NMR (acetone-d6, 
282.5 MHz): δ -87.9 (m, 12F, CF3), -122.6 (m, 8F, CF2CF3), -128.8 (m, 8F, CF2), -129.7 (m, 8F, CF2), 
-130.0 (m, 8F, CF2), -133.0 (m, 8F, CH2CF2). Anal. Calcd. for C72H71BF52N2Si4: C, 41.67; H, 3.45; 
F, 47.60; I, 0.00. Found: C, 41.58; H, 3.42; F, 47.28; I, 0.00. DSC: possible glass transition at -10 oC. 
 

Hydrosilylation. Compound 1 (1.65 g, 0.80 mmol) was heated to 80 oC and degassed in vacuo 
for 1 h. [RhCl{P(C6H4{SiMe2(CH2CH2C6F13)}-4)3}3] (80 mg, 17 µmol) was added and the mixture 
was stirred at 70 oC for 5 min to ensure a homogeneous catalyst distribution. Freshly distilled 1-octene 
(1.38 mL, 8.75 mmol) and dimethylphenylsilane (1.20 mL, 7.85 mmol) were added. After stirring at 
84 oC for 60 min the mixture was cooled to 0 oC and the upper layer was decanted and analysed by 1H 

NMR and GC. A similar procedure was employed for catalysis at 100 oC.  
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Solubility Studies. Saturated solutions of 1 in a solvent were prepared and allowed to settle at 
25 oC for 1 h until the solution was completely clear upon visible inspection. A sample of 2.0(1) mL 
was taken while ensuring that no undissolved material was sampled. The solvent was removed in 
vacuo and the residue was kept under vacuum (0.1 mbar) for 1 h after which the weight was constant 
within ± 1 mg. The weight of the residue was determined and the solubility calculated.  
 

Determination of the phase diagram of a toluene - 
[BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] mixture. A known amount of toluene was added to 1 
(0.45 mL). The resulting mixture was stirred and heated slowly until it became a single phase. The 
mixture was then cooled until it became biphasic. Then an additional amount of toluene was added and 
the process repeated. 

  

Solubility of alkenes in [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (1). Ionic liquid 1 (0.5 
g) and alkene (0.5 g) were weighed into a Schlenk. The mixture was heated until it became 
homogeneous. After cooling to –20oC, the upper phase was isolated. The solubility of alkene in 1 was 
calculated from the weight loss in the ionic layer after removal of all volatiles in vacuo. 
 

Polarity measurements: A Nile Red solution in methanol (1 mL, 1.89 10-3 M) was added to 
0.5 g of 1. After the mixture had become homogeneous, the methanol was removed in vacuo. Then, 
the absorbtion maximum of Nile Red was determined by transmission UV-Vis spectroscopy in a thin 
film of 1. An absorption maximum of 542 nm was observed, which corresponds with an ENR of 220.7 
kJ/mol. 
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- Chapter 8 - 
 
 

Designing Ionic Liquids: 1-Butyl-3-Methylimidazolium 
Cations with Substituted Tetraphenylborate Counterions 

 

 

 

 

Abstract. The hydrophobic, low melting, 1-butyl-3-methylimidazolium (BMIm) salts 
[BMIm][BPh4] (1), [BMIm][B(C6H4Me-4)4] (2), [BMIm][B{C6H4(CF3)-4}4] (3), 
[BMIm][B{C6H3(CF3)2-3,5}4] (4), [BMIm][B{C6H4(C6F13)-4}4] (5), 
[BMIm][B{C6H4(SiMe3)-4}4] (6), [BMIm][B(C6H4{SiMe2(CH2CH2CF3)}-4)4] (7), 
[BMIm][B{C6H4(SiMe2C8H17}-4}4] (8) and [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (9) 
were prepared. Systematic variation of the substituents on the tetraphenylborate anion allowed 
an assessment of their influence on the physical properties of the imidazolium salts. The 
structural properties of these compounds were investigated using NMR and IR spectroscopy, 
combined with single crystal X-ray structure determinations for 2, 3, 5 and 6. The studies 
revealed that hydrogen-bonding interactions between the imidazolium ring protons and the 
borate anion are present, both in the solid state as well as in solution. The strength of these 
interactions is reduced upon the introduction of electron-withdrawing substituents in the 
anion. The melting points of the salts are primarily dependent on the bulk of the lipophilic 
substituents, and decrease with increasing size. The presence of these bulky lipophilic 
substituents dramatically enhances the solubility of the imidazolium borates 8 and 9 in hexane 
and reduces their relative polarity. These unique properties make imidazolium borates 8 and 9 
interesting as amphiphilic ionic liquids with low polarity. Attempts to crystallise 7 resulted in 
decomposition. 1-Butyl-3-methylimin-2-yliden-tris[4-{dimethyl(3,3,3-trifluoropropyl)silyl} 
phenyl]borate (10) was isolated in 6% yield and was analysed using single crystal X-ray 
structure determination. This showed that 10 is a zwitterionic carbene-borane adduct.  
 

 

 

van den Broeke, J.; Stam, M.; Lutz, M.; Kooijman, H.; Spek, A. L.; Deelman, B.-J.; van Koten, G. 
Eur. J. Inorg. Chem., submitted. 
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8.1  Introduction 
 

Room-temperature ionic liquids based on N,N-dialkylimidazolium cations and weakly 
coordinating anions (Scheme 1) have received attention as solvents with extremely low 
vapour pressure.1 Their low volatility makes these ionic liquids (IL’s) interesting as an 
alternative to highly volatile organic solvents, such as CH2Cl2, the use of which is cause for 
environmental concern and subjected to ever more stringent regulations.2 In combination with 
the ability to control their miscibility with other solvents through a careful choice of the ions,3 
this makes ionic liquids attractive as easily containable solvents. Especially noteworthy is the 
use of ionic liquids as a polar phase in biphasic solvent systems, which is of interest for 
catalyst recycling. In such a system, the advantages of both homogeneous and heterogeneous 
catalysis, good catalyst efficiency under mild reaction conditions and facile catalyst recovery, 
respectively, can be combined.1  
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Scheme 1. 

 

Its physical properties, as well as its chemical and physical stability govern the 
suitability of an ionic liquid for application as a reaction medium. The true potential of IL’s as 
solvents for catalysis was demonstrated with the discovery 1-ethyl-3-methylimidazolium 
tetrafluoroborate,4 the first compound that combined the favourable properties of a liquid salt 
with high air and water stability. This discovery initiated the development of a broad range of 
cation-anion combinations,5 the study of their chemical and physical properties,5,6 as well as 
their application as solvents in catalysis.1,7 The main focus of these studies has been on the 
variation of the alkyl-substitution pattern on the imidazolium ring, while the range of anions 
employed has predominantly remained limited to various inorganic or small organic anions, 
such as BF4

-, PF6
-, SbF6

-, NO2
-, CF3SO3

- and [N(SO2CF3)2]-.1,6a The incorporation of large and 
lipophilic organic anions has remained virtually unexplored,5a,7e,8 despite the fact that anions 
such as tetraphenylborates9 and carboranes10 are known for their efficient delocalisation of 
negative charge, which results in a very low coordinating strength. The interaction of the 
anions, and to a lesser extent the cation, with solvent or substrate molecules is known to play a 
major role in determining the (im)miscibility of an IL with other liquids.11 As large organic 
anions offer the possibility to introduce a broad range of substituents, their use could allow the 
facile tailoring of an ionic liquid through its anion.12 A few examples of this approach have 
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been described in the literature (using carborane anions)13 and in Chapter 7 (using 
tetraphenylborate anions).12 In the latter it was shown that the introduction of 
-SiMe2(CH2CH2C6F13) substituents resulted in high miscibility of the corresponding 
imidazolium salt, [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] (9), with apolar solvents. 
Furthermore, 9 displayed phase behaviour similar to perfluorinated solvents when combined 
with apolar organic solvents. This facilitated efficient catalyst recycling by biphasic 
separation after performing a reaction under homogeneous conditions. This is a unique feature 
for ionic liquids.  

After this initial demonstration of the possibilities offered by the introduction of large 
organic counterions in ionic liquids, a more systematic study of the effects of 
specificsubstituents in the tetraarylborate anion on the physical properties of the 
corresponding [BMIm]+-salts was performed. Therefore, a range of alkyl-, perfluoroalkyl- and 
silyl-substituted tetraarylborates was prepared and the physical behaviour of the 
corresponding imidazolium salts was investigated.    

 

8.2  Results and Discussion 

 

Synthesis. A series of 1-butyl-3-methylimidazolium salts of tetraphenylborate and 
alkyl-, perfluoroalkyl- and silyl-substituted derivatives thereof was prepared by metathesis of 
the sodium borates with dialkylimidazolium halides (Scheme 2). All imidazolium salts were 
purified by washing a solution in CH2Cl2 or toluene with demineralised water, followed by 
removal of residual water with MgSO4 and subsequent drying of the IL in vacuo. The 
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Scheme 2. 
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resulting compounds were characterised by 1H, 13C{1H} and 11B{1H} NMR spectroscopy, IR 
spectroscopy and elemental analysis, and found to be pure.  The salts 2-9 are not hygroscopic, 
are stable in air, and are insoluble in water. Crystals suitable for single crystal X-ray structure 
determination were obtained for 2, 3, 5 and 6. Single crystals of 2, 3 and 5 were grown by 
slow diffusion of hexane into CH2Cl2 solutions of these imidazolium salts. Crystals of 6 were 
obtained by slow evaporation of acetone from a concentrated solution. The molecular 
structures of 2 (Figure 1), 3 (Figure 2), 5 (Figure 3) and 6 (Figure 4) are represented, while 
relevant bond angles and distances of these compounds are collected in Table 1.  

 

 
Figure 1. ORTEP drawing of the molecular structure of 2, with ellipsoids at the 50% probability level. 

Hydrogen atoms are omitted for clarity. 
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Figure 2. ORTEP drawing of the molecular structure of 3 showing hydrogen bonding between cations 
and anions. Ellipsoids are shows at the 50% probability level. Hydrogen atoms, except for those 
                            participating in hydrogen-bonding interactions, are omitted for clarity. 
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Table 1: Selected bond angles (°) and distances (Å) for 2, 3, 5 and 6.a 

  2 3 5 6 

 B-C(1) 1.6476(18) 1.645(3) 1.651(17) 1.641(4) 

 B-C(8) 1.6422(18) 1.641(3) 1.650(17) 1.648(4) 

 B-C(15) 1.6484(18) 1.647(3) 1.622(17) 1.646(4) 

 B-C(22) 1.696(17) 1.647(3) 1.653(17) 1.645(4) 

N(1)-C(2) N(1)-C(29) 1.3270(17) 1.324(3) 1.327(16) 1.312(4) 

N(1)-C(5) N(1)-C(31) 1.3768(17) 1.370(3) 1.406(17) 1.376(4) 

N(3)-C(2) N(2)-C(29) 1.3325(17) 1.323(3) 1.310(16) 1.327(4) 

N(3)-C(4) N(2)-C(30) 1.3791(17) 1.374(3) 1.369(17) 1.365(4) 

C(4)-C(5) C(30)-C(31) 1.350(2) 1.343(3) 1.34(2) 1.333(5) 

      

 C(1)-B-C(8) 103.59(9) 104.64(16) 105.2(9) 105.3(2) 

 C(1)-B-C(15) 111.28(10) 112.89(16) 113.6(10) 111.5(2) 

 C(1)-B-C(22) 109.85(9) 112.22(165 110.2(10) 111.7(2) 

 C(8)-B-C(15) 113.30(10) 111.66(15) 112.7(10) 111.1(2) 

 C(8)-B-C(22) 113.24(10) 111.95(16) 112.1(10) 113.1(2) 

 C(15)-B-C(22) 105.67(9) 103.72(16) 103.2(9) 104.3(2) 

 N(1)-C(29)-N(2) 108.57(11) 109.38(18) 109.7(10) 108.6(3) 

 C(29)-N(1)-C(32) 125.51(12) 126.33(18) 126.1(11) 126.5(3) 

 C(29)-N(2)-C(33) 125.24(11) 125.61(18) 124.4(10) 125.8(3) 
a Atom numbers refer to atoms according to the numbering scheme used for 2 and 3 and to the equivalent atoms 
in 5 and 6. 
 

The presence of a 1-butyl-3-methylimidazolium cation is common to all four structures. 
Comparison of these cations shows little variation in their bond distances and angles. In all 
structures the imidazolium ring is a planar pentagon, containing two pairs of C-N bonds, with 
the C(2)-N bonds (1.32 - 1.33 Å) being shorter than the C(4)-N and C(5)-N bonds (1.37 - 1.40 
Å). Although the precision of the bond lengths in 6 and especially in 5 is poor due to the large 
amount of disorder in the structure, their values are in the same order as those of 2 and 3. The 
configuration of the imidazolium ring is identical to those observed in related structures, such 
as [BMIm][BPh4],8 [EMIm][CB11H(12-n)Xn] (X = Cl, Br, I, n = 0, 1),13 [OMIm][CB11H6Cl6],13 
and [EMIm]X (X = Br, I, AlBr4)14 (N-C(2) 1.29 - 1.33 Å, N-C(4) and N-C(5) 1.35 - 1.38 Å, 
N-C(2)-N 108 - 109°) showing that the internal dimensions of the ring are largely insensitive 
to its environment. The orientation of the butyl-substituent relative to the imidazolium ring 
differs with each anion due to packing effects in the respective crystal lattices.  
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Figure 3. ORTEP drawing of the molecular structure of 5, with ellipsoids at the 50% probability level. 

Hydrogen atoms are omitted for clarity. 

 

 
 

Figure 4. ORTEP drawing of the unit cell of 6, with ellipsoids at the 30% probability level. Hydrogen 
atoms, except for those participating in hydrogen-bonding interactions, are omitted for clarity. 
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The anions all consist of a tetraphenylborate core, with different para-substituents. 
From the bond distances and angles it can be concluded that the substitution does not 
significantly affect the geometry around the boron atom, all anions having a slightly distorted 
tetrahedral configuration with practically identical B-C distances (1.64 - 1.65 Å) and C-B-C 
angles (103 - 113°). These data correspond with previously reported values for the borate 
anions in [BMIm][BPh4],8 and [(THF)2Na(18-crown-6)][B{C6H4(SiMe3)-4}4] and 
[Rh(dppe)2][B{C6H4(SiMe3)-4}4]15 (B-C 1.64 - 1.72 Å, C-B-C 106 - 112°). Unfortunately, no 
molecular structures of complexes containing [B{C6H4Me-4}4]-, [B{C6H4(CF3)-4}4]- and 
[B{C6H4(C6F13)-4}4]- are available for comparison.  

In the crystal lattice the ions in 2 and 3 are organised into well defined layers of 
cations and anions. In 2 the interlayer distances between hydrogen atoms on the imidazolium 
ring and the π-electron system of the phenyl groups of the anions are in the order of 2.8 Å 
(Table 2) This distance suggests that the layers of cations and anions are inter-connected by 
weak hydrogen-bonding interactions (for a representative picture of this hydrogen-bonding 
pattern between layers, see Figure 5).16,17 Similar behaviour has been reported for 
[BMIm][BPh4].8 In 3, such layering of cations and anion was not observed. However, also in 
this structure weak hydrogen bonding is present. The C(2)-H and C(4)-H imidazolium protons 
are in close contact with the CF3-groups of neighbouring anions (see Figure 2 and Table 2). 
Whereas some of these inter-ionic H···F interactions may be unavoidable due to steric 
congestion, the H···F distance of 2.44 Å of F to C(4)-H is a clear indication for weak  
 

 

 

Figure 5. Representation of hydrogen bridging interactions in the crystal lattice of 5. Hydrogen and 
fluorine atoms have been omitted for clarity. 
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hydrogen-bonding interactions.18 Inspection of the packing diagram of 6 did not reveal the 
separation of cations and anions into distinct layers. Nevertheless, the cations are oriented in a 
fashion that allows attractive interactions between C(2)-H and the π-systems of neighbouring 
phenyl rings (Figure 4). At 2.65 Å, their distance is comparable to that observed for the 
C-H···π interactions in 2, and suggests weak hydrogen bonding. 
 

Table 2: Hydrogen-π interactions in the solid state of 2, 5 and 6 and hydrogen-
fluorine interactions in the solid state of 3. 
 H···Cg (Å) C···Cg (Å) C-H···Cg (°) 

2 

C(29)-H(29)···Cg5a 2.40 3.3506(13) 180 

C(30)-H(30)···Cg3b 2.52 3.4076(16) 155 

    

5 

C(51)-H(51)···Cg4c 3.08 3.233(13) 91 

C(51)-H(51)···Cg5c 2.51 3.370(12) 155 

C(52)-H(52)···Cg2 2.67 3.525(14) 153 

C(53)-H(53)···Cg3 2.64 3.514(15) 157 

    

6 

C(37)-H(37)···Cg4 2.81 3.340(3) 116 

C(37)-H(37)···Cg6 2.65 3.331(3) 130 

    

 H···F (Å) C···F (Å) C-H···F (°) 

3 

C(30)-H(30)···F(1a)d 2.49 3.401(9) 161 

C(31)-H(31)···F(2a) 2.44 3.378(6) 172 
a 1-x, y+0.5, 0.5-z. b 1-x, 1-y, 1-z. c –x, 1-y, z+0.5. d –x, 1-y, -z. Note; the CF3-group is rotationally 
disordered. 

 

In the crystal lattice of fluorous borate salt 5, an alternative ordering of the ions could 
be discerned. Instead of layers of cations and anions, a division into fluorous and non-fluorous 
regions is present (Figure 6). The perfluoroalkyl parts of the ions are assembled in fluorous 
regions, which are alternated with non-fluorous layers that contain the organic and charged 
parts of the salts. In other words, the structure organises the imidazolium cations and the 
tetraarylborate cores of the anions into layers with the perfluoroalkyl groups pointing 
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outwards (Figure 5). In these organic domains, the cations and anions form chains with each 
cation being connected to two anions through hydrogen···π interactions (Figure 5) and vice 
versa. Furthermore, the butyl substituents of the cation are also oriented towards the fluorous 
domains. The formation of such layered structures is well known for perfluoroalkyl-
substituted compounds,19 and is related to the inability of the perfluoroalkyl groups to 
participate in stabilising interactions with other molecules. The lack of interaction leads to 
exclusion of these substituents from the, ionic, organic layers allowing the optimisation of 
inter-ion interactions not involving the fluorous tails. The absence of interactions with 
neighbouring molecules is also reflected in the high disorder in the fluorous tails.  

 

Figure 6. Packing diagram of 5 (F = dark grey, B and N are light grey, all other atoms are omitted for 
clarity). 

 

During attempts to crystallise 7 from a saturated solution in warm MeOH/H2O 
(v:v, 95:5), a crystalline material was isolated in low yield (6%). These crystals were subjected 
to a single crystal X-ray diffraction study and unexpectedly appeared to be 1-butyl-3-
methylimin-2-yliden-tris[4-{dimethyl(3,3,3-trifluoropropyl)silyl}phenyl]borate (10). This 
indicated that part of the starting compound had decomposed. The molecular structure of 10 is 
represented in Figure 7 and relevant bond lengths and bond angles are collected in Table 3. 
The molecular structure shows a carbene connected to the boron atom of a BAr3 moiety 
through the C(2)-carbon of the imidazolium ring, which has replaced the fourth phenyl group 
present in the original tetraarylborate anion. The geometry around the boron centre is slightly 
distorted tetrahedral with C-B-C angles between 105.53(11)° and 113.26(11)°, and B-C bond 
lengths of 1.642(2) - 1.657(2) Å for the phenyl substituents and 1.659(2) Å for the carbene 
moiety. These values are similar to those observed for the tetraarylborate anions in 2, 3, 5 and 
6, suggesting that the nature of the boron atom in 10 is identical and that it formally bears a 
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single negative charge. The chemical shift in the 11B{1H} NMR supports this suggestion, as 
the observed resonance corresponds with that of other [BAr4]- (Ar = aryl) ions.20  
 

 

 

 

Figure 7. ORTEP drawing of the molecular structure of 10, with ellipsoids at the 50% probability 
level. Hydrogen atoms are omitted for clarity. 

 

Table 3: Selected bond angles (°) and distances (Å) for 10. 
bond distance bond angle 

B-C(1) 1.642(2) C(1)-B-C(12) 113.26(11) 

B-C(12) 1.645(2) C(1)-B-C(23) 110.78(12) 

B-C(23) 1.657(2) C(1)-B-C(34) 105.53(11) 

B-C(34) 1.659(2) C(12)-B-C(34) 108.01(11) 

  C(23)-B-C(34) 112.28(11) 

N(1)-C(34) 1.3611(19)   

N(1)-C(35) 1.3784(19) N(1)-C(34)-N(2) 104.20(12) 

N(2)-C(34) 1.3583(18)   

N(2)-C(36) 1.3845(19) C(34)-N(1)-C(37) 126.93(12) 

C(35)-C(36) 1.337(2) C(34)-N(2)-C(38) 128.29(12) 

 

B

N N

Si

SiMe2(CH2CH2CF3)

SiMe2(CH2CH2CF3)(CF3CH2CH2)Me2

6% yield
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When comparing the five-membered carbene ring with the imidazolium rings in the 
molecular structures for 2, 3, 5 and 6, a consistent deviation in the bond lengths can be 
distinguished. The lengthening of the N-C(2) bonds in 10 compared to those in the 
imidazolium borate salts, N-C(34) 1.3612(19) Å (10) vs. N-C(2) 1.312(4) - 1.3325(19) Å, 
combined with the shortening of the C-C bond, C(35)-C(36) 1.337(2) Å (10) vs. C-C 1.333(5) 
- 1.350(2) Å, and a reduced N-C-N angle, 104.20(12)° in 10, are indicative for a reduced 
aromatic character in the pentacycle. The bond lengths in 10 correspond with those observed 
for carbene adducts of transition-metals, in which the N-C bonds have single bond character 
and the C-C bond hsa a double bond character.21 Bond distances in such carbene moieties are 
in the order of 1.36 - 1.40 Å for N-C(2), 1.31 - 1.34 Å for C(4)-C(5) with an angle of 
101 – 104° for N(1)-C(2)-N(3). As this is comparable to the angles and distances observed in 
10, it should be considered to be a carbene-borane adduct. A similar geometry has been 
reported for 2-borane-1,3-diethyl-4,5-dimethylimidazolin (11), for which N(1)-C(2) and 
N(3)-C(2) of 1.352(2) Å, N(1)-C(5) and N(2)-C(4) of 1.393(2) Å, C(4)-C(5) of 1.350(2) Å 
and N-C-N of 104.7(1)° were observed (Scheme 3).22 However, the B-C(2) distance of 
1.659(2) Å in 10 deviates significantly from that in 11 (1.603(3) Å) as well as that in the only 
related compound 2-(1,3,2-diazaborolyl)-1,3,4,5-tetramethylimidazolium bromide (12) that 
has been studied using single crystal X-ray crystallography (1.580(11) Å).23  

The length of the B-C(2) bond is highly dependent on its σ-character.22 The 
delocalisation of the electron density on the boron through the phenyl substituents in 10 
results in a partial positive charge on the boron.24 This lowers its ability to participate in the 
σ-bond with C(34) in comparison to the boron atom in 11 and 12, respectively, where such a 
delocalisation is not possible. Hence, B-C(34) in 10 is somewhat longer that this bond in 11 
and 12. 

 

NN

BH3

11

NN

B
NN

tButBu

12

Br

 

Scheme 3. 

 

The slightly acidic nature of the proton on the C(2) position of the imidazolium ring 
(pKa = 7.5)25 is most likely responsible for the observed conversion of 7 into 10. It can assist 
in the breaking of a B-C bond, after which the carbene borane adduct will be formed as well 
as trimethylsilylbenzene. Precedents for a related mode of decomposition of the 
tetraphenylborate anion can be found in the reaction of [Ru(η3-1,2,3-η2-5,6-(1,5-
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cyclooctadienyl)][BPh4] with HF, HBF4 and HPF6, upon which [Ru(η3-1,2,3-η2-5,6-(1,5-
cyclooctadienyl))(η6-PhBF3)] was formed.26 Although in this example the tetraphenylborate 
anion decomposed in the presence of strong acids, the formation of 10 could be the result of a 
similar reaction.  

 

Infrared Spectroscopy. The aromatic C-H stretching vibrations in the imidazolium 
ring result in three highly characteristic infrared bands between 3200 - 3050 cm-1. These are 
dependent on the presence and strength of hydrogen-bonding interactions between these 
protons and the anions of the ionic liquid.5a,27 For compounds 1, 2 and 6 - 9 the bands for 
v(C(5)-H) and v(C(4)-H) are observed at approximately 3140 and 3105 cm-1. Furthermore, a 
separate stretching frequency at 3080 cm-1 was observed, which corresponds with v(C(2)-H). 
For compounds 3 and 5 these vibrations are shifted to higher frequencies, with bands at 3150, 
3110 and 3091 cm-1, respectively. Furthermore, for 4, a further shift for v(C(5)-H) and v(C(4)-
H) to 3179 and 3130 cm-1 was seen, while the absorption corresponding with v(C(2)-H) was 
not detectable. This shift is caused by a reduction in the strength of the C-H bonds in the 
imidazolium ring as their participation in hydrogen-bonding interactions increases.28 
Therefore, the shift of the stretching vibrations to higher frequencies in the imidazolium salts 
containing borate anions with electron-withdrawing substituents indicates that the strength of 
hydrogen-bridging interactions is reduced by these substituents. For related imidazolium salts 
similar observations have been reported; [EMIm]X (X = Cl-, Br-, I- and AlBr4

-) shows IR 
bands at 3150, 3135 and 3080 cm-1;14 [BMIm]X (X = BF4

-
, PF6

-) at 3166 and 3123 cm-1,27b and 
[EMIm]X (X = various carboranes) at 3165, 3150 and 3110 cm-1.5a In these salts an increase 
in the strength of the hydrogen bonds between the cation and the anion also resulted in lower 
ν(CH) stretching frequencies.  
 

Table 4: Infrared spectral data for the aromatic stretching region (3200 - 3050 cm-1) 
corresponding with C-H stretching frequencies in the imidazolium cation. 

IL R =  v(C(5)-H) and v(C(4)-H) v(C(2)-H) 

1 H  3132 (w) 3099 (w) 3082 (m) 

2 Me  3140 (w) 3103 (w) 3078 (m) 

3 CF3  3150 (w) 3113 (w) 3088 (m) 

4 3,5-(CF3)2  3179 (w) 3130 (w) -a 

5 C6F13  3157 (w) 3110 (w) 3094 (w) 

6 SiMe3  3138 (w) 3107 (w) 3079 (m) 

7 SiMe2(CH2)2CF3  3144 (w) 3107 (m) 3077 (m) 

8 SiMe2C8H17  3134 (w) 3107 (w) 3074 (m) 

9 SiMe2(CH2)2C6F13  3136 (w) 3107 (w) 3074 (m) 
a Not observed. 
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The sensitivity of the C-H stretching frequencies for the strength of the hydrogen-
bonding interactions varies with the position on the imidazolium ring. Whereas v(C(4)-H) and 
v(C(5)-H) change by more than 30 cm-1, a maximum shift of 20 cm-1 in v(C(2)-H) was 
observed. The H(2) proton bears the largest positive charge (δ+) of the aromatic imidazolium 
protons6f,29 and is therefore the strongest hydrogen-bond donor. Upon reduction of the 
hydrogen-bonding capabilities of the anion the relatively strong C2H···π interactions will 
remain intact, whereas the weaker bonds C(4)-H and C(5)-H are more likely to be 
significantly affected. This results in the relatively low sensitivity of v(C(2)-H) to a reduced 
participation of the imidazolium cation in hydrogen bonding.  

 
1H NMR Spectroscopy. The dependence of the 1H NMR chemical shifts of the 

imidazolium ring protons on the various types of borate anions and on the concentration was 
investigated. First, the chemical shifts of C(2)-H, C(4)-H, C(5)-H, NCH2 and NCH3 for 1 - 9 
were measured in dry acetone-d6 at a concentration of 0.08 M (Table 5). The resonances for 
these protons proved highly sensitive to the nature of the substituents on the borate anion. The 
largest variations in chemical shifts were observed for the C(2)-H resonances, which shifted 
as much as 1.7 ppm depending on the anion. When [BMIm][BPh4] (1) is considered as a 
  
Table 5: 1H NMR chemical shifts (δ in ppm) for 0.08 M solutions of 1-9 in acetone-d6. 

 

NN
H3C

H2C

H

H H

1
2

3

45

B R
4

 
 

IL R = H2 H4 H5 NCH2 NCH3 

1 H 8.08 7.48 7.40 4.08 3.74 

2 Me 7.58 7.41 7.33 3.97 3.65 

3 CF3 9.06 7.77 7.71 4.37 4.06 

4 3,5-(CF3)2 9.12 7.84 7.77 4.41 4.11 

5 C6F13 9.07 7.78 7.72 4.38 4.06 

6 SiMe3 7.42 7.28 7.20 4.00 3.69 

7 SiMe2(CH2)2CF3 8.29 7.64 7.57 4.21 3.89 

8 SiMe2C8H17 -a -a -a 4.04 3.77 

9 SiMe2(CH2)2C6F13 8.40 7.66 7.60 4.23 3.91 
a Obscured by resonances of tetraarylborate anion. 
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reference compound, the imidazolium salts containing an anion with CF3- or C6F13-
substituents exhibit a positive ∆δ, i.e., the imidazolium proton resonances shift to lower field 
relative to 1 (Figure 8). On the other hand, the compounds with alkyl- or non-fluorous silyl-
substituents show a negative ∆δ, with the exception of [BMIm][B{C6H4(SiMe2C8H17)-4}4] (8) 
which shows no significant shifts relative to 1. Furthermore, the largest downfield shifts were 
observed for the compounds with perfluoroalkyl groups connected directly to the phenyl rings 
of the anion. 
 

                      

 
Figure 8. 1H NMR chemical shifts for 2 - 9 relative to [BMIm][BPh4] (1). 

 

For imidazolium compounds it is known that two phenomena determine the chemical 
shifts of the protons on the ring: hydrogen-bonding interactions and shielding by the ring 
current effects of the tetraarylborate anions and of neighbouring imidazolium cations.3a 
Hydrogen bonding causes the protons to shift to lower field and shielding of the protons from 
the magnetic field by the aromatic system of the borate and imidazolium aromatic systems 
will result in a shift of the NMR signals to higher field.30 From the IR data, it was established 
that the hydrogen-bonding strength is reduced when electron-withdrawing groups are present 
on the borate anion. This would correspond with an upfield shift in the 1H NMR,30 however, 
the opposite effect is observed. This is the result of the weakened cation-anion interactions, 
which result in a reduced proximity of the imidazolium protons to the π-orbitals of the anion. 
This leads to a reduction of the magnetic shielding experienced by these protons. As a 
negative ∆δ is observed with increasing strength of the hydrogen-bonds, the effect of the 
shielding apparently outweighs the influence of the hydrogen-bonding interactions on the 
chemical shift.   

∆δ (ppm) 
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Although magnetic shielding proved to be the most important factor in determining the 
chemical shift of C(2)-H, C(4)-H and C(5)-H, the C-H···π interactions affect the sensitivity of 
the chemical shift of the imidazolium protons for the nature of the anion. As C(2)-H is the 
strongest hydrogen-bond donor of the imidazolium ring protons, it will be in closer proximity 
to the phenyl rings of the borate anion than C(4)-H and C(5)-H, and therefore the shielding 
C(2)-H experiences will be increased. This is reflected in the enhanced sensitivity of its 
chemical shift towards changes in the anion.  

The dependence of the chemical shifts of the imidazolium ring protons on the 
concentration of 1, 3 and 9 in acetone was investigated in the concentration range 
0.03 - 1.80 M. As reported previously,3a the 1H NMR signals of these protons were anion- and 
concentration-dependent (Figure 9). The order of magnitude of these effects varied with each 
proton, with C(2)-H being the most sensitive. Smaller displacements were observed for the 
pairs of signals corresponding with C(4)-H and C(5)-H and with NCH3 and NCH2. The 
protons within these pairs displayed comparable concentration related shifts. 
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Figure 9. Concentration dependence of the 1H NMR chemical shifts (δ in ppm) in acetone-d6 for 1, 3 
and 9. ♦ = [BPh4]-.  = [B{C6H4(CF3)-4}4]-. ▲ = [B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]-.  - · - · - · - : 
          peaks in this concentration range were obscured by resonances of the tetraarylborate anion. 
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Compounds 1 and 9 show a similar behaviour, with the resonances shifting to higher 
field at higher molarities. The C(2)-H signal displayed the largest ∆δ (-2.09 ppm) when 
increasing the concentration of 9 from 0.04 M to 0.92 M (Figure 9). For 1 a similar trend 
could be discerned, however, broadening of the C(2)-H resonance at concentrations above 
0.22 M prevented accurate observation. No change in the chemical shifts was observed above 
0.36 M and 0.61 M for 1 and 9, respectively. The imidazolium ring protons of 3 showed a 
more modest concentration related displacement, the C(2)-H signal shifting by a mere –0.4 
ppm over the concentration range between 0.11 M and 1.20 M. Below 0.11 M and above 
1.20 M, the values of all the chemical shifts of 3 were constant. 

The changes in the chemical shifts upon increasing concentration of the imidazolium 
salts in acetone can be explained by an equilibrium between a solvent-separated ion-pair and a 
close-contact ion-pair:3a 

 

NN  X NN

 X

solvent-separated ion pair close-contact ion pair

solv.
solv.

+

 

With increasing concentration, this equilibrium will shift to the right, resulting in an increase 
in close-contact ion pairing. In such ion-pairs the magnetic shielding of the imidazolium ring 
protons by the phenyl groups of the anion will be stronger than in the solvent-separated ion 
pairs, explaining the observed shift of the proton resonances to higher field at increasing 
concentrations A further effect that increases the shielding of the protons in concentrated 
solutions is ring stacking of the cations.3a,31  This is known to predominantly affect the C(2)-H 
proton,3a which could explain the high concentration senstivity of the corresponding signal in 
comparison with the other imidazolium proton resonances. 

The reduced cation-anion interactions in 3, which contains the more weakly 
coordinating [B{C6H3(CF3)-4}4]- anion, results in reduced amount of close-contact ion pairing 
at a given concentration. This results in weaker magnetic shielding on the imidazolium ring 
protons and thus in smaller ∆δ in comparison with those observed for 1 and 9. Furthermore, as 
hydrogen bonding interactions in 3 are weaker, the cation-cation aggregation at higher 
concentration will be weaker, which further reduces shielding of the imidazolium protons with 
respect 1 and 9. This weakening of the inter-ionic interactions in 3 is supported by the IR data.  

 
Melting Points and Thermal Stability. For the imidazolium salts 1 - 9 the melting 

points and the thermal stability were determined (Table 6). All compounds are white solids 
that melt well above room temperature, except for 8 and 9 for which DSC measurements 
indicated possible glass transition temperatures in the temperature range of –20 °C to  
–10 °C.32 Whereas the NMR and IR data showed an obvious influence of the electron 
withdrawing CF3- and C6F13-substituents on cation-anion interactions, correlation of this 
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effect with the observed melting points is difficult. However, a relationship between the extent 
of the steric bulk and the rigidity of the substituent and the temperature at which the 
imidazolium borates melt is apparent. With increasing bulk and orientational flexibility of the 
substituents,33 depression of the melting point is observed. The presence of bulky substituents 
will introduce disturbances in the most efficient packing of ions in the crystal lattice. 34 As the 
efficiency of ion-packing is reduced, the melting point is depressed, as observed for 8 and 9 
and to a lesser extent in 5 and 7.   

 
Table 6: Melting points and liquid range of imidazolium salts 1 - 9. 

 anion melting point 

(°C) 

decomposition 

temperature (°C) 

liquid range  

(°C) 

8 [B{C6H4(SiMe2C8H17)-4}4]- -20a 170 190 

9 [B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]- -10a 190 200 

5 [B[C6H4(C6F13)-4}4]- 90 225 135 

7 [B(C6H4{SiMe2(CH2CH2CF3)}-4)4]- 104 175 71 

4 [B{C6H3(CF3)2-3,5}4]- 109 245 136 

1 [BPh4]-  126 185 59 

3 [B{C6H4(CF3)-4}4]- 152 275 123 

2 [B{C6H4Me-4}4]-  -b 173 -b 

6 [B{C6H4(SiMe3)-4}4]- -b 250 -b 

a DSC measurements suggest glass transition around this temperature. b No melting point observed before the 
onset of decomposition.  
 

The thermal stability of the compounds was assessed using thermogravimetric analysis 
in a nitrogen atmosphere, heating 1-9 from 100 °C to 500 °C at a rate of 5 °C/min. All 
compounds were stable up to 170 °C, after which the alkyl- and silyl-substituted salts 1, 2, 7, 
8 and 9 started to decompose. For all ionic liquids the decomposition process was complete 
above 450 °C (Figure 10). The only exception is SiMe3-substituted 6, which has a 
decomposition temperature of 250 °C.  

The borate anions with CF3- or C6F13-substituents directly connected to the aryl rings 
yielded more stable salts, decomposition starting on average at a 70 °C higher temperature 
than for the alkyl- or silyl-substituted compounds. As the only variable in these studies is the 
anion, the changes in the decomposition temperature are connected withthe stability of the 
tetraarylborate anions. The increased thermal stability for 3 - 5 is a direct result of the 
increased delocalisation of the negative charge due to the presence of electron-withdrawing 
substituents on the phenyl groups of the anion.9 The high stability of 6 is remarkable and 
remains unexplained as this anion does not contain any stabilising functionalities, and because 
the other silyl-substituted anions do not show increased stability over [BPh4]-.  
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Figure 10. Thermogravimetric analysis for [BMIm][B{C6H4Me-4}4] (2) and 
[BMIm][B{C6H4(CF3)-4}4] (3). 

 
 
  

Polarity. For 8 and 9, which are liquid at room temperature, the relative polarity was 
estimated through the measurement of λabs

max  of the solvatochromatic dye Nile Red dissolved 
in these IL’s. The observed solvatochromatic shifts, and the molar transition energy (ENR) 
calculated using λabs

max, indicate that 8 is less polar than 9, and that both are considerably less 
polar than the common IL’s [BMIm]BF4 and [BMIm]PF6 (Table 7).35 Nevertheless, the 
polarity of 8 and 9 is in the same order of magnitude as those of a polar solvent such as 
acetone.  

Earlier work describing the use of Nile Red in assessing the polarity of 
N,N-dialkylimidazolium IL’s showed that, in general, the polarity decreased with increasing 
anion size. This was correlated with a reduction in electron density and correspondingly a 
reduction in the ability of the anion to interact with the dye. However, only BF4

-, PF6
-, NO2

-, 
NO3

- and [N(SO2CF3)2]- were assessed. When comparing 8 and 9 with these anions, the 
increased size and efficient charge delocalisation further reduce the relative polarity of the 
BMIm salts. The relatively high polarity of 9 could be the result of local dipoles, caused by 
the electron-withdrawing C6F13-substituents. The presence of such dipole moments could lead 
to stronger interactions with the dye molecules and thus increase the relative polarity 
observed. 

 
 

2  

3  
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Table 7: Polarity of 8 and 9 determined using the solvatochromatic dye Nile Red. 
 liquid λabs

max (nm) ENR (kcal/mol)a 

 H2O 593 201.7 

 [BMIm]BF4 551 217.2 

 MeOH 550 217.7 

 [BMIm]PF6 548 218.5 

 [C10MIm]BF4
b 546 219.2 

9 [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] 542 220.7 

8 [BMIm][B{C6H4(SiMe2C8H17)-4}4] 534 224.0 

 acetone 530 225.9 

 Et2O 504 237.2 

 hexane 484 247.0 

Values other than for 8 and 9 were taken from ref. 35a and ref. 36. a Calculated from ENR = (hcNA/λabs
max) × 106, 

where h is Planck’s constant, c is the speed of light, NA is Avogadro’s number and λabs
max is the wavelength of 

maximum absorption for Nile Red. b C10MIm = 1-decyl-3-methylimidazolium. 
 

Solubility and Miscibility with Other Liquids. The solubility of the imidazolium 
salts in a range of organic solvents was examined (Table 8). All IL’s proved immiscible with 
water and showed good solubility in acetone. Furthermore, the solubility in the solvents 
investigated proved highly dependent on the substituents present in the tetraarylborate anions. 
In methanol the solubility of 1 - 9 was mediocre, however, the imidazolium salts with CF3- 
and C6F13-substituted anions displayed significantly better solubility in comparison with those 
without perfluoroalkyl groups. This was especially evident in 3 and 4, which exhibit the best 
solubility in methanol. In acetone, the effect of the substituents is less evident, all compounds 
showing high solubilities. Going from acetone to Et2O and hexane, the solubility of the 
imidazolium borates, except for 8, decreases rapidly with decreasing solvent polarity. In Et2O 
the compounds with CF3- or large silyl-substituents are still highly soluble, but only 8, and to 
some extent 9, retain significant miscibility with hexane. This is a consequence of the 
presence of large and lipophilic substituents in the borate anion, which reduce the IL’s to 
relatively apolar compounds and partially compensate the ionic character with a large 
lipophilic domain. The lipophilic character 9 was also demonstrated in Chapter 7, where phase 
behaviour resembling that of perfluorinated solvents was observed in combinations of 9 with 
toluene, 1-hexene and 1-octene. Similar characteristics can be expected for highly lipophilic 8, 
but were not investigated.   
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The relatively low solubility in methanol and the immiscibility with water are no doubt 
the result of the poor hydrogen bonding character of the borate anion in 1 - 9.11 The 
comparatively high solubility of the CF3-substituted ionic liquids could be the result of the 
additional O-H···F hydrogen bonding possibilities such substituents introduce,16 which would 
enhance solvent-solute interactions and thus enhance solubility. 

 
Table 8: Solubility of 1-9 in various organic solvents.a 

 anion         Solubility (g/L) 

  MeOH acetone Et2O hexane 

1 [BPh4]- 0.8 140 0.6 0.2 

2 [B{C6H4Me-4}4]-  0.09 63 0.3 0.06 

3 [B{C6H4(CF3)-4}4]- 70 340 180 0.2 

4 [B{C6H3(CF3)2-3,5}4]- 66 290 200 0.2 

5 [B{C6H4(C6F13)-4}4]- 3.6 82 53 0.08 

6 [B{C6H4(SiMe3)-4}4]- 0.5 96 14 0.2 

7 [B(C6H4{SiMe2(CH2CH2CF3)}-4)4]- 12 160 98 0.07 

8 [B{C6H4(SiMe2C8H17)-4}4]- 1.8 250 230 250 

9 [B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]- 33 580 510 19 

a Solubility in g/L of pure solvent at 25 °C. 
    
Application as solvents. Based on the melting points of the imidazolium 

tetraarylborate salts described in this chapter, only 8 and 9 qualify as true room-temperature 
ionic liquids. Although their melting point is significantly higher than for the widely used 
[BMIm][BF4] and [BMIm][PF6] salts, which melt at –81 °C and –62 °C,1a,7a,27b  this allows 
application as solvents for reactions at room temperature. The thermal stability of 8 and 9, up 
to 170 °C, is sufficient for general application in homogeneous catalysis, despite the fact that 
the borate anion reduces their stability relative to ionic liquids with inorganic anions such as 
BF4

-.37 On the other hand, the use of the borate anions eliminates the main source for 
decomposition in [BMIm]BF4 and [BMIm]PF6. Halogen containing inorganic anions, and 
especially PF6

-, are known for the possibility of acid formation in the presence of water.1a,38 
As the conventional ionic liquids often contain trace amounts of water, HF formation is a 
serious concern, in particular for [BMIm]PF6. In 8 and 9 this is prevented by the elimination 
of fluorine atoms which are to sensitive to hydrolysis and by the possibility to remove even 
trace amounts of water.39 However, isolation of 10 when attempting to crystallise 7 shows that 
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chemical stability could be an issue. This indicates that the borate could be prone to 
decomposition under influence of the acidic C(2)-H proton of the imidazolium cation.  

The high miscibility of 8 and 9 with apolar solvents is unique amongst ionic liquids. It 
has been reported that [BMIm]PF6 shows limited miscibility with apolar organic liquids such 
as 1-octene (65 g/L).40  However, the high solubility of 8 and 9, and the phase behaviour 
displayed by the latter, is unprecedented. In catalysis this would offer increased solubility of 
apolar substrates, which could be beneficial in catalytic processes that suffer from phase 
transfer limitations due to the high polarity of the common IL’s. The lipophilic character of 8 
and 9 means they can be used as a polar phase, capable of dissolving and immobilising ionic 
catalysts, with affinity for apolar substrates.  
  

8.3  Conclusions 

 

One of the interesting features of ionic liquids that benefits their use as solvents, is the 
possibility of adapting their properties by choosing different cation-anion combinations. 
Although this concept has been applied successfully, studies rhat seek to gain a thorough 
understanding of the effects that govern the physical properties of ionic liquids are scarce. In 
this chapter the effects of systematic variation of the anion on the physical properties of 
BMIm tetraarylborate salts is reported. It was shown that the presence of bulky silyl 
substituents causes a depression in the melting point of these salts. 
[BMIm][B{C6H4(SiMe2C8H17}-4}4] and [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] even 
proved to be liquid down to –10 °C, which makes them true room-temperature IL’s. These 
two imidazolium borates displayed significant solubility in hexane, as a consequence of their 
large lipophilic anions. As conventional ionic liquids display poor miscibility with apolar 
compounds, this lipophilic character makes them unique reaction media. However, before 
application as solvents the stability of these compounds under reaction conditions should be 
assessed carefully, as they are not chemically inert.  
  

8.4  Experimental Section 

 

 General Procedures. All reactions were performed under a dry N2 atmosphere using standard 
Schlenk techniques. Tetrahydrofuran (THF) and diethyl ether (Et2O) were distilled from sodium 
benzophenone ketyl, CH2Cl2 from CaH2 and benzene from sodium. 1-Butyl-3-methylimidazolium 
chloride,41 1-butyl-3-methylimidazolium bromide,42 1-butyl-3-methylimidazolium iodide,42 
Na[B(C6H4Me-4)4],43 Na[B{C6H4(CF3)-4}4],44 Na[B{C6H3(CF3)2-3,5}4],45 Na[B{C6H4(SiMe3)-4}4],15 
Na[B{C6H4(C6F13)-4}4],46 Na[B{C6H4(SiMe2C8H17)-4}4],46 Na[B(C6H4{SiMe2(CH2CH2CF3)}-4)4],46 
and [BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]12 were prepared according to literature procedures. 
All other chemicals were used as received. NMR spectra were recorded on a Varian Inova 300 
spectrometer at 25oC (δ in ppm and J in Hz) with TMS (1H, 13C), and BF3⋅Et2O (11B) as external 
references. Infrared spectra were recorded on a Mattson Galaxy FT-IR 5000 spectrometer. DSC traces 
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were recorded on a Mettler-Toledo DSC-821 and melting points on a Büchi melting point apparatus. 
UV-Vis absorbtion spectra were recorded on a Perkin-Elmer Lambda 16 spectrophotometer. TGA 
measurements were performed on a Perkin Elmer thermal analysis system 4 coupled to a Perkin Elmer 
TGS2 thermogravimmetric system. Elemental analyses were carried out by H. Kolbe, 
Mikroanalytisches Laboratorium, Mülheim an der Ruhr.  
 
 1-Butyl-3-methylimidazolium tetraphenylborate (1).8 In a procedure adapted from the 
literature 2.18 g (6.37 mmol) Na[BPh4] and 1.26 g (5.79 mmol) [BMIm]Br were dissolved in H2O (30 
mL) and CH2Cl2 (30 mL). After stirring for 24 h, the layers were separated and the CH2Cl2 layer was 
washed with water (2 × 50 mL). Drying in vacuo yielded 2.12 g (80%) of a white solid. 1H NMR 
(acetone-d6, 300.1 MHz): δ 8.19 (s, C(2)H), 7.49 (s, C(4)H), 7.42 (s, C(5)H), 7.36 (m, 8Ar-Ho), 6.94 (t, 
8Ar-Hm), 6.78 (t, 4Ar-Hp), 4.09 (t, NCH2), 3.75 (s, NCH3), 1.79 (m, NCH2CH2), 1.31 (m, CH2CH3), 
0.92 (t, CH2CH3). 13C{1H} (acetone-d6, 75.5 MHz): δ 165.0 (q, 1JBC = 49.5 Hz, B-C), 136.3 (s), 135.7 
(s), 131.0 (s), 124.0 (s), 122.5 (s), 49.5 (s), 35.9 (s), 32.0 (s), 19.5 (s), 13.0 (s). 11B{1H} (acetone-d6, 
96.3 MHz): δ -12.21 (s). Anal. Calcd. for C32H35BN2: C, 83.84; H, 7.70. Found: C, 83.17; H, 7.59.  
 

 1-Butyl-3-methylimidazolium tetrakis{4-(methyl)phenyl}borate (2). A mixture of 0.79 g 
(1.98 mmol) Na[B(C6H4Me-4)4] and 0.58 g (2.18 mmol) [BMIm]I was dissolved in H2O (20 mL). 
After stirring for 2 days the mixture was extracted with CH2Cl2 (2 × 20 mL), dried over MgSO4, 
filtered and all volatiles were removed in vacuo. The resulting solid was washed with hexane (2 × 20 
mL) and dried in vacuo, yielding 0.64 g (63%) of a white solid. 1H NMR (acetone-d6, 300.1 MHz): 
δ 8.12 (s, C(2)H), 7.59 (s, C(4)H), 7.51 (s, C(5)H), 7.25 (m, 8Ar-Ho), 6.75 (d, 8Ar-Hm), 4.16 (t, 
NCH2), 3.79 (s, NCH3), 2.15 (s, 12H, ArCH3), 1.96 (m, NCH2CH2), 1.38 (m, CH2CH3), 0.93 (t, 
CH2CH3). 13C{1H} (acetone-d6, 75.5 MHz): δ 161.2 (q, 1JBC = 49.4 Hz, B-C), 136.3 (s), 129.5 (s), 
126.2 (s), 123.9 (s), 122.5 (s), 49.5 (s), 35.9 (s), 32.1 (s), 20.6 (s), 19.3 (s), 13.0 (s). 11B{1H} 
(acetone-d6, 96.3 MHz): δ -12.79 (s). Anal. Calcd. for C36H43BN2: C, 84.03; H, 8.42. Found: C, 83.78; 
H, 8.54.  
 

 1-Butyl-3-methylimidazolium tetrakis{4-(trifluoromethyl)phenyl}borate (3). A mixture of 
3.87 g (6.30 mmol) Na[B{C6H4(CF3)-4}4] and 1.85 g (6.93 mmol) [BMIm]I was dissolved in CH2Cl2 
(100 mL). After stirring for 2 days the mixture was poured into demineralised water (40 mL) and the 
resulting mixture was washed with demineralised water (5 × 40 mL). The organic layer was dried over 
MgSO4, filtered and the solvent was removed in vacuo. The resulting solid was washed with hexane 
(5 × 100 mL) and dried in vacuo, yielding 2.88 g (63%) of a white solid. 1H NMR (acetone-d6, 
300.1 MHz): δ 9.09 (s, C(2)H), 7.80 (s, C(4)H), 7.74 (s, C(5)H), 7.42 (m, 8Ar-Ho), 7.34 (d, 8Ar-Hm), 
4.39 (t, NCH2), 4.08 (s, NCH3), 1.96 (m, NCH2CH2), 1.38 (m, CH2CH3), 0.95 (t, CH2CH3). 13C{1H} 
(acetone-d6, 75.5 MHz): δ 167.4 (q, 1JBC = 48.3 Hz, B-C), 136.7 (s), 135.9 (s), 131.3 (s), 125.0 (s), 
124.1 (q, 1JCF = 30.9 Hz, CF3), 122.5 (s), 120.5 (s), 49.6 (s), 36.1 (s), 32.1 (s), 19.3 (s), 13.0 (s). 
11B{1H} (acetone-d6, 96.3 MHz): δ -12.34 (s). Anal. Calcd. for C36H31BF12N2: C, 59.28; H, 4.28. 
Found: C, 59.00; H, 4.04.  
 

 1-Butyl-3-methylimidazolium tetrakis{3,5-(trifluoromethyl)phenyl}borate (4). In a 
procedure similar to 3, 1.40 g (1.58 mmol) Na[B{C6H3(CF3)2-3,5}4] and 0.39 g (1.42 mmol) [BMIm]I 
yielded 1.31g (82%) of a white solid. 1H NMR (acetone-d6, 300.1 MHz): δ 9.18 (s, C(2)H), 7.81 (s, 
C(4)H), 7.76 (s, C(5)H), 7.47 (m, 8Ar-Ho), 7.33 (d, 8Ar-Hm), 4.40 (t, NCH2), 4.09 (s, NCH3), 1.97 (m, 
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NCH2CH2), 1.38 (m, CH2CH3), 0.95 (t, CH2CH3). 13C (acetone-d6, 75.5 MHz): δ 162.5 (q, 1JBC = 49.9 
Hz, B-C), 136.8 (s), 134.8 (s), 129.3 (q, 1JCF = 31.8 Hz, CF3), 127.4 (s), 122.8 (s), 122.0 (s), 117.8 (s), 
49.6 (s), 36.0 (s), 32.2 (s), 19.5 (s), 12.9 (s). 11B{1H} (acetone-d6, 96.3 MHz): δ -12.27 (s). Anal. 
Calcd. for C40H27BF24N2: C, 47.93; H, 2.71; I. 0.00. Found: C, 47.93; H, 2.79; I, 0.00.  
 

 1-Butyl-3-methylimidazolium tetrakis{4-(perfluorohexyl)phenyl}borate (5). In a 
procedure similar to that described for the synthesis of 3, 2.39 g (1.44 mmol) Na[B{C6H4(C6F13)-4}4] 
and 0.42 g (1.59 mmol) [BMIm]I yielded 0.48 g (20%) of a white solid. 1H NMR (acetone-d6, 
300.1 MHz): δ 9.18 (s, C(2)H), 7.81 (s, C(4)H), 7.76 (s, C(5)H), 7.47 (m, 8Ar-Ho), 7.33 (d, 8Ar-Hm), 
4.40 (t, NCH2), 4.09 (s, NCH3), 1.97 (m, NCH2CH2), 1.38 (m, CH2CH3), 0.95 (t, CH2CH3). 13C{1H} 
(acetone-d6, 75.5 MHz): δ 167.7 (q, 1JBC = 49.0 Hz, B-C), 136.8 (s), 135.9 (s), 125.7 (s), 124.1 (s), 
122.9 (m), 121.4 (m), 118.4 (m), 115.1 (m), 111.3 (m), 108.1 (m), 49.6 (s), 36.0 (s), 32.1 (s), 19.3 (s), 
12.8 (s). 11B{1H} (acetone-d6, 96.3 MHz): δ -12.31 (s). Anal. Calcd. for C56H31BF52N2: C, 41.67; 
H, 3.45; Cl, 0.00. Found: C, 41.88; H, 3.61; Cl, 0.00.  
 
 1-Butyl-3-methylimidazolium tetrakis{4-(trimethylsilyl)phenyl}borate (6). A mixture of 
1.48 g (2.35 mmol) Na[B{C6H4(SiMe3)-4}4] and 0.47 g (2.14 mmol) [BMIm]Br was dissolved in 
acetone (30 mL) and H2O (5 mL). After stirring for 24 h a white solid was collected, taken up in 
acetone and filtered over Celite. Slow evaporation of solvents yielded 0.61 g (38%) of a white 
crystalline solid. 1H NMR (acetone-d6, 300.1 MHz): δ 8.92 (s, C(2)H), 7.74 (s, C(4)H), 7.68 (s, 
C(5)H), 7.46 (m, 8Ar-Ho), 7.15 (d, 8Ar-Hm), 4.31 (t, NCH2), 4.00 (s, NCH3), 1.90 (m, NCH2CH2), 1.37 
(m, CH2CH3), 0.95 (t, CH2CH3), 0.16 (s, 36H, SiCH3). 13C{1H} (acetone-d6, 75.5 MHz): δ 165.6 (q, 
1JBC = 49.3 Hz, B-C), 136.4 (s), 135.8 (s), 130.8 (s), 124.0 (s), 122.4 (s), 49.5 (s), 36.0 (s), 32.1 (s), 
19.4 (s), 13.0 (s), -1.2 (s). 11B{1H} (acetone-d6, 96.3 MHz): δ -12.04 (s). Anal. Calcd. for 
C44H51BN2Si4: C, 70.73; H, 9.04. Found: C, 70.86; H, 8.94.  
 

 1-Butyl-3-methylimidazolium tetrakis{4-(dimethyl(3,3,3-trifluoropropyl)silyl)phenyl} 
borate (7). A mixture of 0.50 g (0.52 mmol) Na[B(C6H4{SiMe2(CH2CH2CF3)}-4)4] and 0.13 (0.47 
mmol) [BMIm]I was dissolved in acetone (20 mL) and stirred for 4 h. A white precipitate formed upon 
the addition of H2O (10 mL), which was collected, washed with H2O (3 × 20 mL) and dried in vacuo. 
The solid was taken up in toluene (50 mL), washed with demineralised water (2 × 30 mL) and dried in 
vacuo yielding 0.45 g (75%) of a white solid. 1H NMR (acetone-d6, 300.1 MHz): 
δ 7.56 (m, 8Ar-Ho), 7.49 (s, C(2)H), 7.45 (s, C(4)H), 7.36 (s, C(5)H), 7.25 (d, 8Ar-Hm), 4.02 (t, 
NCH2), 3.67 (s, NCH3), 2.17 (m, 8H, CH2CF3), 1.78 (m, NCH2CH2), 1.33 (m, CH2CH3), 0.98 (t, 
CH2CH3), 0.96 (t, 8H, SiCH2), 0.29 (s, 24H, SiCH3). 13C{1H} (acetone-d6, 75.5 MHz): δ 167.0 (q, 
1JBC = 49.2 Hz, B-C), 137.0 (s), 135.9 (s), 134.6 (s), 132.0 (s), 129.3 (s), 127.7 (s), 125.0 (s), 123.5 (s), 
50.4 (s), 36.8 (s), 33.0 (s), 20.2 (s), 13.9 (s), 8.7 (s), -2.7 (s). 11B{1H} (acetone-d6, 96.3 MHz): 
δ -12.15 (s). Anal. Calcd. for C52H55BF12N2Si4: C, 58.08; H, 2.61; I, 0.00. Found: C, 57.86; H, 2.65; 
I, 0.00.  
 

 1-Butyl-3-methylimidazolium tetrakis{4-(dimethyl(octyl)silyl)phenyl}borate (8). In a 
procedure similar to that for 3, 3.78 g (3.69 mmol) Na[B{C6H4(SiMe2C8H17)-4}4] and 1.47 g (5.40 
mmol) [BMIm]I yielded a brown oil. This was washed with a hexane:methanol mixture (1:1) (3 × 60 
mL) yielding 0.73 g (17%) of a yellow oil. 1H NMR (acetone-d6, 300.1 MHz): δ 7.53 (m, 8Ar-Ho), 
7.37 (s, C(4)H), 7.27 (s, C(5)H), 7.20 (d, 8Ar-Hm), 6.67 (s, C(2)H), 3.86 (t, NCH2), 3.52 (s, NCH3), 
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1.72 (m, NCH2CH2), 1.34 (m, 48H, SiCH2C6H12CH3), 1.27 (m, NC2H4CH2CH3), 0.92 (m, 12H, 
SiC7H14CH3), 0.89 (t, NC3H6CH3), 0.71 (s, 8H, SiCH2), 0.17 (s, 24H, SiCH3). 13C{1H} (acetone-d6, 
75.5 MHz): δ 165.8 (q, 1JBC = 49.5 Hz, B-C), 135.9 (s), 134.2 (s), 131.3 (s), 130.4 (s), 123.8 (s), 122.2 
(s), 49.5 (s), 35.8 (s), 33.9 (s), 32.1 (s), 24.2 (s), 22.8 (s), 19.5 (s), 16.2 (s), 13.9 (s), 13.2 (s), -2.9 (s). 
11B{1H} (acetone-d6, 96.3 MHz): δ -12.10 (s). Anal. Calcd. for C72H125BN2Si4: C, 75.86; H, 10.88. 
Found: C, 75.65; H, 11.06.  
 

 2-Tris[4-{dimethyl(3,3,3-trifluoropropyl)silyl} phenyl]borane-1-butyl-3-methylimidazolin 
(10). Crystallisation of 0.20 g (0.19 mmol) 7 from a mixture of warm MeOH:H2O (95:5) yielded 0.01 
g (6%) white crystals and a yellow oil which solidified upon standing. 1H NMR of the oil was identical 
to that for 7. The white crystals were suitable for X-ray single crystal analysis. 1H NMR (acetone-d6, 
300.1 MHz): δ 7.40 (s, 1H), 7.33 (m, 12H), 3.51 (m, 2H, NCH2), 3.09 (s, 3H, NCH3), 2.12 (m, 6H, 
CH2CF3), 1.29 (m, 2H, NCH2CH2), 0.94 (m, 6H, SiCH2), 0.76 (m, 2H, CH2CH2CH3), 0.67 (m, 3H, 
CH2CH3), 0.34 (m, 18H, SiCH3). 13C{1H} (acetone-d6, 75.5 MHz): δ 135.0 (s), 132.2 (s), 131.7 (s), 
126.6 (s), 123.3 (s), 121.1 (s), 49.3 (s), 37.8 (s), 33.1 (s), 19.6 (s), 13.1 (s), 7.7 (s), -3.9 (s). 11B{1H} 
(acetone-d6, 96.3 MHz): δ -14.90 (s). 
 
 Structure Determination and Refinement of 2, 3, 5, 6 and 10. X-ray intensities were 
measured on a Nonius KappaCCD diffractometer with rotating anode and Mo-Kα radiation (graphite 
monochromator). The structures were solved by direct methods with the programs SHELXS-9747 
(compounds 2 and 6) and SIR9748 (compounds 3, 5 and 10). The structures were refined with the 
program SHELXL-9749 against F2 of all reflections. Non-hydrogen atoms were refined freely with 
anisotropic displacement parameters, hydrogen atoms were refined as rigid groups. The drawings, 
structure calculations, and checking for higher symmetry were performed with the program 
PLATON.50 In the crystal structure of compound 2, the n-butyl-group was refined with a disorder 
model. In the crystal structure of compound 3, one of the trifluoromethyl-groups was rotationally 
disordered. The absolute structure of compound 5 could not be determined reliably. Friedel pairs were 
therefore merged in the refinement. In the crystal structure of compound 6, one of the 1-butyl-3-
methylimidazolium ions is located on an inversion centre and therefore disordered. Further details on 
the crystal structure determinations are given in Table 9. 
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Asymmetric Hydrogenation in Supercritical Carbon 
Dioxide using Fluorous Rhodium Tetraphenylborate 

Catalysts 
 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract. Perfluoroalkyl-substituted tetraphenylborate anions [B{C6H4(C6F13)-4}4]- and 
[B{C6H3(C6F13)2-3,5}4]- were introduced in ionic catalysts of the type 
[Rh((R,R)-Me-DuPhos)(COD)][X] (X = tetraarylborate anion). This facilitated their use in the 
asymmetric hydrogenation of (Z)-methyl-α-acetamidocinnamate in supercritical carbon 
dioxide with enantioselectivities up to 79%.  
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Introduction 

 

Supercritical carbon dioxide (scCO2) is receiving considerable attention as an 
environmentally benign reaction medium.1 Its relatively mild critical point (Tc = 31 oC, pc = 
73.75 bar), non-flammability, low toxicity and low price make it an attractive alternative for 
conventional organic solvents.1c,2 Especially because the use and emission of the latter is 
being more and more restricted by international legislation.3 In addition, the use of scCO2 
allows the tuning of solvent properties through variations in pressure and temperature.1c 
Furthermore, it offers the possibility of recycling homogeneous catalysts, either through 
selective precipitation by changing the temperature or the pressure of the medium,4 
nanofiltration5 or containment in a CO2-immiscible phase.6 As separation and recovery of 
intact catalysts remains a considerable challenge in homogeneous catalysis,7 the possibilities 
offered by the use of scCO2 are valuable. 

Among homogeneously-catalysed reactions, asymmetric hydrogenation is particularly 
interesting. It represents a powerful and effective method for the preparation of 
enantiomerically pure compounds,8 which are of high importance for the pharmaceutical and 
agrochemical industries.9 Using transition-metal complexes with chiral diphosphine ligands, 
very high enantiomeric purity can be achieved with a broad range of substrates. The 
enantioselectivity achieved is often highly dependent on the (organic) solvents employed, 
many of which are environmentally hazardous. The use of scCO2 as a reaction medium for 
asymmetric catalysis would not only offer the possibility to replace these organic solvents, but 
also the possibility to influence the selectivity of the reaction by optimisation of the solvent 
properties through small changes in temperature and pressure. Furthermore, it could facilitate 
the recovery and the re-use of the precious chiral catalysts.   

So far, the application scCO2 in homogeneous catalysis has been hampered by its low 
solvent power. The introduction of ‘CO2-philic’ ligands in transition-metal complexes has 
emerged as a suitable approach for enhancing solubility, the introduction of perfluoroalkyl 
groups being the most common route to arrive at scCO2-soluble catalysts.4,5,10 As the 
development of fluorous ligands is not straightforward,11 the use of a fluorous anion, notably 
[B{C6H3(CF3)2-3,5}4]- (TFPB), as an alternative means of introducing lipophilic character in 
ionic catalysts has been explored and has shown encouraging results.4b,12 Such an approach 
eliminates the need for the development of neutral CO2-philic ligands for the active cationic 
part of the catalysts. Instead a common lipophilic anion can be used for cationic catalytic 
entities with a variety of chiral ligands. In Chapter 3 the synthesis of a number of 
perfluoroalkyl-substituted derivatives of the tetraphenylborate anion was described. These 
displayed an increased lipophilic character when compared with TFPB.13 In this appendix, the 
application of some of these anions in the solubilisation of rhodium 
1,2-bisphospholanobenzene (DuPhos) catalysts for asymmetric hydrogenation reactions in 
scCO2 is reported and compared with a TFPB-derived complex. 
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Results and Discussion 

 

As we were interested in studying the effects of perfluoroalkyl-substituted anions on 
catalyst performance in scCO2, a number of ionic rhodium DuPhos complexes was prepared 
(Scheme 1). The complexes [Rh((R,R)-Me-DuPhos)(COD)][X] (COD = 
1,5-cis-cis-cyclooctadiene, X = BF4

- (1)14 and TFPB (2)12a) were synthesised according to 
literature procedures. Additionally, [Rh((R,R)-Me-DuPhos)(COD)][X] (X = 
[B{C6H4(C6F13)-4}4]- (3) and [B{C6H3(C6F13)2-3,5}4]- (4)) were prepared using an adapted 
procedure involving the reaction of (R,R)-Me-DuPhos with [Rh(COD)(acac)] in the presence 
of the corresponding sodium tetraphenylborate salts in THF. After evaporating off all 
volatiles, the complexes could be isolated by extraction of the solid residue with toluene. The 
presence of the perfluoroalkyl groups in 3 and 4 facilitates this simple purification method as 
they induce solubility in toluene, whereas 1 and 2 are poorly soluble in this apolar solvent. 
This result shows that the fluorous anions provide the an increased lipophilic behaviour of the 
corresponding rhodium complexes when compared with the BF4

- and TFPB salts. All 
complexes were analysed using 1H and 13C{1H} NMR, which revealed similar chemical shifts 
for the resonances corresponding with the [Rh((R,R)-Me-DuPhos)(COD)]+ cation.  
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P
P P=
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-

2: X- = [B{C6H3(CF3)2-3,5}4]-

3: X- = [B{C6H4(C6F13)-4}4]-

4: X- = [B{C6H3(C6F13)2-3,5}4]-

X

 

 

Scheme 1. Rhodium diphosphine complexes used in asymmetric hydrogenation. 

 

After the successful incorporation of the lipophilic tetraarylborate anions in rhodium 
DuPhos complexes, their activity towards asymmetric hydrogenation in scCO2 was examined. 
Complexes 1 and 2 are known for their efficient asymmetric hydrogenation of α-enamide 
esters, with enantioselectivities of over 98% being reported12a,14,15a In these studies 
(Z)-methyl-α-acetamidocinnamate (5) is widely used as a model substrate,16 which is 
hydrogenated to N-acetylphenylalanine methyl ester (6) (Scheme 2). As 5 is poorly soluble in 
scCO2,  CO2 pressures of over 300 bars have been required to obtain a homogeneous phase.12a 
As the autoclave available to us was not able to withstand such pressures, a co-solvent was 
required to facilitate catalysis under supercritical conditions. The addition of 5 mL of  
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Scheme 2. Hydrogenation of (Z)-methyl-α-acetamidocinnamate to N-acetylphenylalanine methyl 

ester. 

 

methanol in a total reactor volume of 50 mL resulted in the formation of a homogeneous 
supercritical phase at 185 bars total pressure and 40 oC. This could be checked by visual 
inspection of the autoclave contents. The results of these experiments are listed in Table 1. 
 
Table 1: Asymmetric hydrogenation of (Z)-methyl-α-acetamidocinnamate (5) with  
[Rh((R,R)-Me-DuPhos))]X catalysts in scCO2.a 

catalyst X conversion (%) ee (%) 
    

1 BF4
- 0 - 

2 [B{C6H3(CF3)2-3,5}4]- 60 69 

3 [B{C6H4(C6F13)-4}4]- 52 62 

3b [B{C6H4(C6F13)-4}4]- - - 

4 [B{C6H3(C6F13)2-3,5}4]- 32 79 
a Reaction conditions: 4.4 µmol catalyst, molar ratio substrate/catalyst = 520, 14 bar of H2 and 5 mL of MeOH in 
a 50 mL autoclave pressurised with CO2 to a total pressure of 185 bar, T = 40 oC, t = 18 h. b Reaction performed 
in suspension as no MeOH was added. 
 

Catalysts 3 and 4 showed lower hydrogenation activity under supercritical conditions 
than reference catalyst 2. Furthermore, catalyst 1 was inactive under supercritical conditions, 
indicating that the lipophilic character of the fluorous tetraarylborate anions in 2, 3 and 4 is 
indeed required to obtain sufficient solubility in  the supercritical medium.12 Although 
reasonable enantioselectivities were obtained with 3 and 4, both the activity and 
enantioselectivity of each of these catalysts is well below the level commonly achieved with 
chiral (R,R)-Me-DuPhos catalyst 2. Enantiomeric excesses in the order of 99% have been 
reported for the asymmetric hydrogenation of 5 in both conventional solvents and scCO2.12a,14 
The poor performance of the catalysts tested here could be the result of the relatively low CO2 
pressure applied in our experiments.12 Furthermore, as CO2 and H2 were used without 
purification, trace amounts of O2 present in these gasses could also be a cause for the 
moderate activity and enantioselectivity observed. During these preliminary studies this was 
not investigated further.  
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Conclusions 
 

The combination of the anions [B{C6H4(C6F13)-4}4]- and [B(C6H3(C6F13)2-3,5}4]- with 
[Rh((R,R)-Me-DuPhos)(COD)]+ yielded complexes which are active in the asymmetric 
hydrogenation of (Z)-methyl-α-acetamidocinnamate in a supercritical mixture of methanol 
and CO2. However, only moderate conversions and enantioselectivities were achieved. This is 
most likely the result of the relatively low CO2 pressure used during these experiments, or due 
to impurities present in the CO2 or H2 employed. 
 

Experimental Section 
 

General procedures. (Caution: working with highly compressed gasses must only be carried 
out using suitable equipment and with the use of appropriate safety measures). Unless stated 
otherwise, all reactions were performed under a dry N2 atmosphere using standard Schlenk techniques. 
Tetrahydrofuran (THF) and diethyl ether (Et2O) were distilled from sodium benzophenone ketyl and 
methanol (MeOH) was distilled from NaOMe and degassed prior to use. CO2 (99,995%) and H2 
(99.995%) were purchased from Air Liquide and used without further purification. 
(Z)-methyl-α-acetamidocinnamate,17 Na[B{C6H4(C6F13)-4}4],13b Na[B{C6H3(C6F13)2-3,5}4],13a 
[Rh(COD)(acac)],18 [Rh{(R,R)-Me-DuPhos}(COD)]BF4

14 and 
[Rh((R,R)-Me-DuPhos)(COD)][B{C6H3(CF3)2-3,5}4]12a were prepared according to literature 
procedures. (R,R)-Me-DuPhos (98+ %) was obtained from Strem and was used without purification. 
All other chemicals were used as received. NMR spectra were recorded on a Varian Inova 300 
spectrometer and referenced externally against TMS. HPLC analyses were performed using a Perkin 
Elmer Series 200 chromatograph equipped with a DAICEL Chemical Industries Ltd. Chiralcel 0D 
column. Elemental analyses were carried out by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim 
an der Ruhr. Carbon dioxide was introduced into the high pressure reactor using an ISCO Model 
100DX syringe pump equipped with a cooling jacket.  
 

[(COD)Rh{1,2-bis(2R,5R)-2,5-dimethylphospholano}benzene][B{C6H4(C6F13)-4}4] (3). A 
solution of [Rh(COD)(acac)] (76 mg, 0.25 mmol) and Na[B{C6H4(C6F13)-4}4] (420 mg, 0.26 mmol) in 
THF (25 mL) was degassed and cooled to 0 oC. A solution of (R,R)-Me-DuPhos (77 mg, 0.25 mmol) 
in THF (10 mL) was added dropwise and the resulting mixture was stirred for 15 minutes. After 
evaporating off all volatiles in vacuo, the residue was extracted with toluene and solids were separated 
by centrifugation. Removal of all volatiles in vacuo yielded 0.20 g (38%) of a dark red solid. 1H NMR 
(CDCl3, 300.1 MHz): δ 7.63 (m, 4H, P-C6H4-P), 7.49 (m, 8H, B-Aro), 7.33 (d, JHH = 8.1 Hz, 8H, 
B-Arm), 5.57 (br, 2H, COD-CH), 5.03 (br, 2H, COD-CH), 2.69 (m, 2H, CH2), 2.65 (m, 2H, CH2), 
2.20-2.50 (m, 12H, CH + COD-CH2), 1.91 (m, 2H, CH2), 1.57 (m, 2H, CH2), 1.46 (dd, JHH = 6.9 Hz, 
JPH = 18.3 Hz, 6H, CH3), 1.03 (dd, JHH = 6.6 Hz, JPH = 15.3 Hz, 6H, CH3). 13C{1H} NMR (CDCl3, 75.5 
Hz): δ 167.3 (q, B-C), 135.9 (s), 132.9 (s), 132.5 (s), 124.2 (s), 122.8 (t), 119.4 (m), 117.4 (m), 115.6 
(m), 111.2 (m), 108.5 (m), 106.7 (s), 93.4 (s), 45.3 (t), 37.7 (m), 37.0 (d), 32.4 (s), 30.8 (d), 28.4 (s), 
17.4 (s), 15.8 (s), 14.2 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 76.6 (d, JRhP = 148.3 Hz). Anal. Calcd. 
for C74H56BF52P2Rh: C, 42.15; H, 2.68; P, 2.94. Found: C, 42.06; H, 2.71; P, 2.92. 
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[(COD)Rh{1,2-bis(2R,5R)-2,5-dimethylphospholano}benzene][B{C6H3(C6F13)2-3,5}4] (4). In 
a procedure similar to that described for 1, [Rh(COD)(acac)] (63 mg, 0.20 mmol), 
Na[B{C6H3(C6F13)2-3,5}4] (620 mg, 0.21 mmol) and (R,R)-Me-DuPhos (62 mg, 0.20 mmol) yielded 
0.38 g (54%) of a red oil. 1H NMR (CDCl3, 300.1 MHz): δ 7.95 (m, 4H, P-C6H4-P), 7.60 (s, 8H, 
B-Aro), 7.25 (s, 4H, B-Arp), 5.53 (br, 2H, COD-CH), 4.98 (br, 2H, COD-CH), 2.69 (m, 2H, CH2), 2.65 
(m, 2H, CH2), 2.20-2.50 (m, 12H, CH + COD-CH2), 1.91 (m, 2H, CH2), 1.57 (m, 2H, CH2), 1.42 (dd, 
JHH = 6.9 Hz, JPH = 18.3 Hz, 6H, CH3), 0.99 (dd, JHH = 6.6 Hz, JPH = 15.3 Hz, 6H, CH3). 13C{1H} 
NMR (CDCl3, 75.5 MHz): δ 161.1 (q, B-C), 136.8 (s), 132.9 (s), 132.5 (s), 129.6 (s), 127.4 (t), 120.7 
(s), 119.3 (m), 116.3 (m), 114.5 (m), 110.9 (m), 107.8 (m), 106.8 (s), 93.4 (s), 45.3 (t), 37.7 (m), 37.0 
(d), 32.5 (s), 30.8 (d), 28.5 (s), 17.5 (s), 15.8 (s), 14.2 (s). 31P{1H} NMR (CDCl3, 81.0 MHz): δ 76.7 (d, 
JRhP = 147.7 Hz). Anal. Calcd. for C98H52BF104P2Rh: C, 34.82; H, 1.55; P,.1.83. Found: C, 35.30; 
H, 1.83; P, 2.18. 
 

 Asymmetric Hydrogenation in Methanol. In a typical experiment, a 25 mL glass Büchi 
Tinyclave, was charged with substrate (0.50 g, 2.3 mmol). The autoclave was then closed and 
degassed thoroughly. Under N2 atmosphere a catalyst solution (4.4 µmol in 5 mL MeOH) was 
introduced and subsequently the autoclave was flushed with H2 (3 ×) before being pressurised to 5 bar 
H2. After stirring at 40 oC for 18 h, the H2 was vented off and the concentrated contents analysed using 
1H NMR and HPLC.  
 

 Asymmetric Hydrogenation in Supercritical C\carbon Dioxide. In a typical experiment, a 
50 mL, sapphire window equipped, stainless steel autoclave with heating coils incorporated in the 
mantle of the reactor was charged with substrate (0.50 g, 2.3 mmol). The autoclave was then closed 
and degassed thoroughly. Under N2 atmosphere a catalyst solution (4.4 µmol in 5 mL MeOH) was 
introduced and subsequently the autoclave was flushed with H2 (3 ×) before being pressurised to 14 
bar H2. CO2 was introduced until a total pressure of 120 bar was achieved. After heating to 40 oC, 
additional CO2 was pumped in to achieve a final pressure of 185 bar. Visual inspection of the interior 
of the autoclave confirmed the presence of a homogeneous solution during the reaction. After 18 h, the 
autoclave was cooled to –20 oC, the CO2 carefully vented trough a cold trap and the remaining 
contents extracted with acetone and analysed using 1H NMR and HPLC.  
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- Summary - 
 

 

 

The widespread industrial application of homogeneous catalysis is hampered by the 
fact that catalysts, products and unconverted reactants often remain homogeneously 
distributed throughout the reaction medium after completion of the reaction. This implies that 
recovery and recycling of the catalyst is a difficult enterprise, although this is often highly 
desirable from both an environmental and an economical point of view. To facilitate catalyst 
separation, various methods for their immobilisation on solid or in liquid supports have been 
developed. In this respect, fluorous biphasic catalyst recovery and the use of supercritical 
carbon dioxide (scCO2) as a solvent are highly promising techniques that allow efficient 
recycling of homogeneous catalysts. A further example is the use of room-temperature ionic 
liquids as catalyst supports. Such ionic fluids have no vapour pressure and accordingly solvent 
emission to the atmosphere through evaporation is negligible. As the use of conventional 
organic solvents is being restricted because of international legislation concerning volatile 
organic compounds (VOC’s), the development of such non-volatile solvents is highly 
interesting.  

The low polarity of both perfluorinated solvents and scCO2 requires the 
functionalisation of a catalyst in order to make it (preferentially) soluble in these media. An 
established method to increase catalyst solubility in these highly apolar solvents is the 
introduction of perfluoroalkyl- or other lipophilic substituents in the ligand system. Although 
this has proven to be an efficient method for the solubilisation of various neutral complexes, 
limitations still exist in the case of catalytically active ionic complexes. In these catalysts, 
weak coordination and facile dissociation of an anion is required to make the active site 
available for interaction with a substrate. The low polarity of the fluorous solvents and scCO2 
hampers this dissociation, and thus reduces catalyst performance. Furthermore, as the use of a 
particular ligand is often limited to a specific catalytic transformation, the application of 
fluorous biphasic separation techniques and scCO2 often requires the design and synthesis of a 
range of dedicated lipophilic ligands. However, in ionic catalysts an additional site for the 
introduction of perfluoroalkyl-moieties is available, i.e., in the weakly-coordinating 
counterion. The functionalisation of this counterion would offer distinct advantages over 
ligand substitution: introduction of large electron-withdrawing perfluoroalkyl substituents in 
an anion will reduce the strength of its interactions with the cation, which is favourable for 
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catalyst activity. Also, the increased lipophilicity of the anion will enhance solubility in 
solvents of low polarity. Finally, as the weakly coordinating anion is less catalyst specific, a 
single highly fluorous anion could make a broad range of catalysts available for use in 
fluorous biphasic catalyst separation. This thesis describes the design and synthesis of such 
highly fluorous anions and their application in fluorous biphasic catalysis. Furthermore, these 
anions were applied as solubilising moieties for transition-metal catalysts in supercritical 
carbon dioxide.  

Besides the development and application of fluorous anions in transition-metal 
catalysts, their use for the preparation of new room-temperature ionic liquids was also 
investigated. The solubility and miscibility of the known ionic liquids with apolar organic 
substrates is usually limited, which hampers their effectiveness as solvents. As the anion plays 
an important role in determining the physical properties of these ionic fluids, the introduction 
of lipophilic character in these anions was expected to improve miscibility with organic 
compounds of low polarity.  

In order to be suitable for introducing substantial fluorous character in transition-metal 
complexes, an anion has to meet a number of requirements: it has to be stable, weakly 
coordinating and must posses sites that allow the introduction of lipophilic substituents. A 
literature study on the use of weakly-coordinating anions showed that the tetraphenylborate 
anion meets these requirements. Its synthetic versatility of the tetraphenylborate moiety, 
stability and weakly-coordinating nature are well documented features. Consequently we 
chose the tetraphenylborate anion as the starting point for the development of highly fluorous 
anions. A review describing the application of this anion and its derivatives in homogeneous 
catalysis is presented in Chapter 2.  
 

The Synthesis of Fluorous Tetraarylborate Anions and their Use as Counterions 
in Homogeneous Catalysis. In Chapter 3 the synthesis of two different types of fluorous 
tetraarylborate anions is described. In the first type, silicon is used as a connecting point for 
attaching perfluoroalkyl substituents to the aryl groups of the anion. Using this approach, four 
perfluorohexyl groups could be introduced (a in Scheme 1). However, the fluorous character 
of these anions was not sufficient for achieving significant solubility in perfluorinated 
solvents. In order to increase the fluorine content, a second synthetic method was employed 
for the introduction of perfluoroalkyl substituents. Copper-catalysed cross-coupling of aryl 
iodides with iodoperfluoroalkanes yielded tetraarylborate anions with four and eight 
perfluoroalkyl tails directly connected to the aryl groups of the borate (b and c in Scheme 1). 
Especially [B{C6H3(C6F13)2-3,5}4]- (c) proved effective in solubilising both the corresponding 
sodium salt and the rhodium diphosphine complexes in FC-75, a fluorous derivative of 
tetrahydrofuran (THF).      
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Scheme 1. Fluorous tetraarylborate anions with (a) and without (b and c) spacer units between the 
organic core and the perfluoroalkyl moieties. 

 

The suitability of the fluorous tetraarylborates anions for use in homogeneous catalysis 
was investigated as described in Chapter 4. Ionic rhodium 1,4-bis(diphenylphosphino)butane 
(dppb) complexes with fluorous borate anions were first tested for their activity in the 
hydrogenation of 1-octene in acetone. This revealed a marked influence of the anion on the 
performance of the catalyst: anions b and c, without the insulating silicon spacer, yielded 
catalysts with significantly enhanced activity compared to non-functionalised [BPh4]-. This is 
the result of a reduction in their coordinating strength which is caused by the electron-
withdrawing perfluoroalkyl groups and by the increased steric bulk of the anion.   

The rhodium dppb-catalyst with the most highly fluorous borate anion, 
[Rh(dppb)(COD)][B{C6H3(C6F13)2-3,5}2], was tested for hydrogenation activity in fluorous 
solvents, but proved inactive. Therefore, rhodium complexes with both fluorous 1,2-
bis(diphenylphosphino)ethane (dppe) ligands and fluorous tetraarylborate anions were 
developed. Partition studies indicate that the use of anions b and c can markedly improve the 
fluorophilicity of ionic rhodium bis-phosphine complexes. Nevertheless, significant 
preference for the fluorous phase was only achieved upon the presence of at least 1.5 
perfluoroalkyl groups per aromatic moiety in these complexes. To reach this level of fluorous 
character, the use of a synthetically readily accessible lightly fluorous bis-phosphine ligand 
was sufficient. The distribution of the perfluoralkyl substituents throughout the cation and the 
anion was relatively unimportant once this level of fluorous substitution had been achieved. 
These highly fluorous complexes showed good partition coefficients in favour of the fluorous 
phase in perfluoromethylcyclohexane/toluene biphasic systems and were used successfully in 
the hydrogenation of 1-octene in fluorous media. Using a 1:2 (v:v) FC-75/hexane solvent 
system, these catalysts could be recycled with 99% efficiency.  

The use of anions b and c in solubilising rhodium (R,R)-1,2-bisphospholanobenzene 
cations in scCO2 is described in the Appendix. These complexes proved soluble in scCO2 and 
were active in the asymmetric hydrogenation of (Z)-methyl-α-acetamidocinnamate (Scheme 
2). The poor solubility of the substrate in scCO2 necessitated the use of methanol as a co-
solvent to reach supercritical conditions. The enantioselectivities achieved under the reaction 
conditions employed were mediocre compared to those reported in the literature. The reasons 
for this poor performance remain to be determined.  
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Scheme 2. Asymmetric hydrogenation in scCO2. 

 

 

Anion Effects on the Stability of Ionic NCN-Palladium Complexes. The attempted 
introduction of [B{C6H4(SiMe3)-4}4]- and [B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]- as 
counterions for catalytically relevant [bis{2,6-(dimethylamino)methyl}aryl](aqua)palladium 
cations ([NCN-Pd-(OH2)]+) is the subject of Chapter 5. Whereas such complexes proved 
easily accessible when BF4

- was used as counterion, they could not be isolated when the 
functionalised tetraarylborate anions were used. Instead, dinuclear complexes containing two 
NCN-Pd units connected by a bridging chlorine ligand were obtained (Scheme 3). The results 
of theoretical calculations suggest that this is a direct consequence of the nature of the anion. 
The aqua complex becomes energetically more favourable than the chlorine-bridged dinuclear 
complex only when additional stabilisation through interaction of the cation with the anion is 
possible. When the BF4

- anion is used, strong electrostatic interactions between the cation and 
the anion are possible which offer the required stabilisation. Furthermore, hydrogen-bridging 
interactions were consistently observed in the presence of BF4

-, although their effect on the 
stability of the mononuclear cation is considered to be modest. When the bulky tetraarylborate 
anions are used, the dinuclear complex is the preferred species, as the increased distances 
between the ions reduce Coulombic interactions and thus reduce the stability of the 
mononuclear complex. This large influence of electrostatic interactions on the behaviour of 
transition-metal complexes corresponds with the observations in the catalysis with rhodium 
diphosphine complexes as described in Chapter 4. 
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Scheme 3. Mono-nuclear and di-nuclear NCN-Pd complexes. 
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Fluorous Zinc Phenoxide Complexes for Co-Polymerisation of CO2 and 
Cyclohexene Oxide in Carbon Dioxide. Using techniques similar to those employed for the 
introduction of perfluoro tails in tetraarylborate anions, perfluoroalkyl- and perfluoroalkylsilyl 
substituents were introduced in zinc bis(phenoxide) complexes. This functionalisation was 
aimed at increasing the solubility of these complexes in scCO2. Chapter 6 describes the 
preparation of two dinuclear zinc complexes and the initial results of their application as 
catalysts in the co-polymerisation of CO2 and cyclohexene oxide. Both compounds indeed 
proved active as polymerisation catalysts. A more detailed analysis of reaction kinetics and 
catalyst activity under supercritical conditions remains to be performed. 
 

Fluorous Tetraarylborates in Room-Temperature Ionic Liquids. In the Chapters 7 
and 8 fluorous tetraarylborate anions are combined with 1-butyl-3-methylimidazolium 
(BMIm) cations (Scheme 4) in order to assess the effects the substituents of the borate anion 
exert on the physical behaviour of the resulting salts.  
 

NN

X

X = tetraarylborate anion 

 

Scheme 4. 1-Butyl-3-methylimidazolium salts as ionic liquids. 

 

These studies show that the cation-anion interactions are highly sensitive to the 
substituents present on the borate anion. Although crystallographic studies indicate that the 
geometry within the ions is not affected by the substituents on the anion, significant changes 
in inter-ionic contacts were observed. Hydrogen-bonding interactions were present when the 
alkyl- or silyl-substituted anions are used, but were lacking when electron-withdrawing 
perfluoroalkyl groups are present. The melting point of the imidazolium salts proved 
insensitive to this variation in inter-ionic interactions, but was mainly influenced by the 
reduced efficiency of ion packing in the crystal lattice due to the presence of large, apolar 
substituents. The solubility of the imidazolium salts was also influenced by the substitution of 
the anions. The introduction of lipophilic perfluoroalkyl substituents results in significantly 
increased solubility of the salts in apolar solvents. Furthermore, the phase behaviour of 
[BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] resembles that of perfluorinated solvents in 
combinations with toluene or alkenes. This feature allowed the use of this ionic liquid as 
immobilisation medium for a fluorous derivative of Wilkinsons catalyst, and facilitated 
catalyst recycling with 94% efficiency through biphasic separation while performing catalysis 
under homogeneous conditions (Chapter 7), whereas recycling of the non-fluorous after 
performing catalysis in [BMIm]BF4 proved impossible. These studies also showed that 
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stability of the ionic liquids is an important issue if they are to be used as recyclable and 
containable solvents; attempts to crystallise [BMIm][B(C6H4{SiMe2(CH2CH2CF3)}-4)4] 
resulted in decomposition to a carbene-borane adduct (Scheme 5). 
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SiMe2(CH2CH2CF3)

SiMe2(CH2CH2CF3)(CF3CH2CH2)Me2

 

 

Scheme 5. Decomposition product of [BMIm][B(C6H4{SiMe2(CH2CH2CF3)}-4)4]. 

 

General Conclusions. This thesis presents the development of highly fluorous 
tetraphenylborate derived anions and their application as counterions in homogeneous 
catalysis and ionic liquids. It is shown that the tetraphenylborate anion is a suitable core for 
the development of highly fluorous anions. Such perfluoroalkyl-substituted tetraarylborates 
are versatile anions that can be used to enhance the solubility of transition-metal complexes in 
apolar solvents and to enhance catalyst activity through their extremely weak coordinating 
nature. Furthermore, they are useful counterions for room temperature ionic liquids, where 
they can be used in tailoring the physical properties. Despite the lipophilic character of the 
fluorous borate anions, combination with highly fluorophobic cations results in relatively poor 
partition coefficients in fluorous biphasic systems. The use of lightly fluorous ligands in 
combination with highly fluorous anions dramatically increases the partitioning of these 
complexes. Furthermore, the steric bulk of the anions enhances ion-pair dissociation in apolar 
perfluorinated solvents which is beneficial for maintaining the activity of ionic catalysts in 
these apolar media.  

The development of the fluorous anions was aimed at improving the recycling 
efficiency for ionic catalysts using fluorous biphasic separation techniques. Elimination of the 
need for fluorous ligands in this type of catalysts was considered to be a potential benefit of 
the use of fluorophilic anions. Our approach has been successful to the extent that the 
requirement for fluorous character in the ligand has been substantially reduced. Using lightly 
fluorous ligands, which are in general more easy to prepare than highly fluorous ones, in 
combination with highly fluorous tetraarylborate anions high partition coefficients were 
achieved. Nevertheless, efficient catalyst recycling using fluorophilic anions only was not 
possible in the complexes studied in this thesis. The further optimisation of the fluorous 
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affinity of the anions could eliminate the need for fluorous ligands entirely. Remaining 
options for enhancing the lipophilicity of the anions are, for example, increasing the length of 
the perfluoroalkyl substituents, the introduction of branched fluorous tails as well as full 
fluorination of the tetraarylborate core. Catalyst activity in highly apolar media such as 
perfluorinated solvents and scCO2 will benefit from lipophilic character in both the cation and 
the anion of an ionic complex. Therefore, such a combination is likely to offer the best overall 
performance in fluorous biphasic catalyst recycling. 

The use of fluorous anions in the preparation of room-temperature ionic liquids adds 
some new members with unusual properties to the broad spectrum of ionic liquids already in 
existence. The miscibility of conventional ionic liquids with polar and protic compounds 
hampers the isolation of polar reaction products in biphasic separation strategies. The limited 
miscibility of the fluorous ionic liquids developed in this thesis with polar, and especially 
protic, compounds offers the possibility of creating a biphasic system, which facilitates easy 
product separation. Therefore, the fluorous ionic liquids offer advantages in those cases where 
the reaction products are polar. Furthermore, the possibility of performing catalysis under 
homogeneous conditions while at the same time allowing biphasic separation is a unique 
feature for ionic liquids, which is especially interesting for the immobilisation of ionic 
catalysts in processes producing polar products. 
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- Samenvatting - 
 

 

 

Het gebruik van homogene, metaalbevattende, katalysatoren in industriële 
toepassingen wordt belemmerd doordat katalysator, product en resterende uitgangsstoffen 
opgelost blijven in het reactie-medium na afloop van een reactie. Dit betekent dat het scheiden 
van het product en het terugwinnen van de katalysator lastig is. Omdat dit laatste zowel vanuit 
milieutechnisch oogpunt als om economische redenen van groot belang is, zijn er inmiddels 
een aantal methoden ontwikkeld die het mogelijk maken homogene katalysatoren toch terug 
te winnen en opnieuw te gebruiken. Hierbij wordt de katalysator veelal gehecht aan een vaste 
drager of vastgelegd in een vloeibare fase. Twee veelbelovende technieken die hiervoor 
worden ontwikkeld zijn; katalysator recycling met behulp van fluorous tweefasesystemen en 
het gebruik van superkritisch CO2 als oplosmiddel. Daarnaast zijn bij kamertemperatuur 
vloeibare zouten bruikbaar gebleken als drager voor homogene katalysatoren. Zulke ionische 
vloeistoffen hebben een minimale dampspanning, wat het verlies van oplosmiddel door 
verdamping voorkomt. Dit laatste is van groot belang daar het gebruik van vluchtige 
organische oplosmiddelen meer en meer aan banden gelegd wordt als gevolg van 
internationale regelgeving. Dit maakt de ontwikkeling van niet-vluchtige oplosmiddelen 
uitermate interessant.   

De uitzonderlijk lage polariteit van zowel fluorous oplosmiddelen als superkritisch 
CO2 maakt het noodzakelijk om de vaak polaire katalysatoren te voorzien van lipofiele 
substituenten om ze zo in deze media oplosbaar te maken. Eén van de methodes hiervoor is de 
introductie van perfluoralkylgroepen in het ligandsysteem van de katalysator. Hoewel 
gebleken is dat dit een zeer geschikte manier is om neutrale complexen oplosbaar te maken, 
zijn er beperkingen aan de oplosbaarheid wanneer het ionische complexen betreft. Bij dit type 
katalysatoren is dissociatie van het anion vereist om het, kationische, katalytisch-actieve 
centrum bereikbaar te maken voor een substraatmolecuul. Lage polariteit van het oplosmiddel 
bemoeilijkt deze dissociatie en verlaagt daardoor de activiteit van de katalysator. Verder is 
een ligand vaak zeer specifiek voor een bepaalde katalytische reactie. Dit betekent dat een 
groot aantal verschillende fluorous liganden ontwikkeld moet worden om een breed scala aan 
katalysatoren bruikbaar te maken voor toepassingen in fluorous-tweefasekatalyse of voor 
katalyse in superkritisch CO2. In het geval van ionische katalysatoren is er een alternatieve 
mogelijkheid aanwezig om de perfluoralkylgroepen te introduceren, namelijk in het anion. 
Het functionaliseren van het anion zou een aantal voordelen kunnen hebben boven ligand 
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functionalisatie. Ten eerste zal de coördinatie-sterkte van het anion met het kation verlaagd 
worden, wat de katalytische activiteit ten goede komt. Ten tweede zal de vorming van 
oplosmiddel-gescheiden ionparen in apolaire oplosmiddelen vergemakkelijkt worden door de 
toename van het lipofiele karakter van het anion. Tenslotte zijn deze zwak-coördinerende 
anionen vaak minder specifiek voor een bepaald type katalysator dan de overige liganden. 
Hierdoor zou het mogelijk kunnen worden om met behulp van één enkel anion met een hoog 
fluorgehalte een groot aantal ionische katalysatoren geschikt te maken voor gebruik in 
fluorous-tweefasekatalyse of katalyse in superkritisch CO2. 

Naast de ontwikkeling van fluorous anionen voor gebruik in ionische katalysatoren is 
er ook gekeken naar de toepassing van deze anionen in vloeibare zouten. In het algemeen is de 
mengbaarheid van dergelijke vloeibare zouten met apolaire oplosmiddelen slecht, wat hun 
toepasbaarheid als oplosmiddel beperkt. Omdat de aard van het anion een belangrijke rol 
speelt bij het bepalen van de fysische eigenschappen van deze vloeistoffen, mag verwacht 
worden dat de introductie van fluorous anionen positief zal uitwerken op de mengbaarheid 
van deze vloeibare zouten met zwak-polaire oplosmiddelen.  

Een anion dat gebruikt wordt om fluorous karakter in overgangsmetaalcomplexen te 
introduceren moet aan een aantal eisen voldoen: het moet stabiel zijn en zwak-coördinerend 
en bovendien over posities beschikken voor de binding van lipofiele groepen. Een 
literatuurstudie ten aanzien van zwak-coördinerende anionen maakte duidelijk dat het 
tetrafenylboraat-anion ([BPh4]-) aan deze eisen voldoet. De stabiliteit van dit anion, het 
geringe coördinerende karakter ervan en de vele mogelijkheden die dit anion biedt voor 
modificatie zijn goed gedocumenteerd. Een literatuuroverzicht van de toepassing van dit 
anion en derivaten ervan in de homogene katalyse wordt besproken in Hoofdstuk 2. Op basis 
hiervan werd het tetrafenylboraat-anion als uitgangspunt uitgekozen voor de ontwikkeling van 
anionen met een hoog fluorous karakter.  
 

De synthese van fluorous tetrafenylboraat-anionen en het gebruik ervan als 
tegenionen in homogene katalyse. In Hoofdstuk 3 wordt de synthese van twee typen 
fluorous tetrafenylboraat-anionen beschreven. In het eerste type wordt een siliciumatoom 
gebruikt als bevestigingspunt voor perfluoralkylgroepen. Op deze wijze konden vier 
perfluorhexylgroepen geïntroduceerd worden (Schema 1). Het fluorous karakter van deze 
anionen bleek echter onvoldoende voor een goede oplosbaarheid van de overeenkomstige 
rhodium-difosfine-complexen in fluorous oplosmiddelen. Ten einde het fluorgehalte nog 
verder te verhogen werd van een alternatieve syntheseroute gebruik gemaakt. De koper-
gekatalyseerde koppeling van aryljodides met joodperfluoralkanen maakte het mogelijk vier 
en acht perfluoralkylgroepen direct aan de arylgroepen van het boraat-anion te koppelen 
(Schema 1). In het bijzonder het anion met acht fluorstaarten, [B{C6H3(C6F13)2-3,5}4]-, bleek 
zeer effectief in het verhogen van de oplosbaarheid van het overeenkomstige natriumzout en 
rhodium-difosfine-complexen in FC-75, een fluorous oplosmiddel afgeleid van 
tetrahydrofuran (THF). 
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Schema 1. Fluorous tetrafenylboraat-anionen met (a) en zonder (b en c) silicium als bevestigingspunt 

voor de perfluoralkylgroepen. 
 

Na de synthese van de fluorous tetrafenylboraat-anionen werd hun toepasbaarheid in 
homogene katalyse bestudeerd. Hoofdstuk 4 beschrijft de invoering van deze anionen in (1,4-
bis(difenylfosfino)butaan)rhodium-complexen en het testen van de katalytische activiteit van 
deze verbindingen in de hydrogenering van 1-octeen. Deze studie laat zien dat er in aceton 
een duidelijk effect is van de aard van de anionen op de prestaties van de katalysator. In 
vergelijking met de katalytische activiteit van de complexen die anionen met een silicium-
bevestigingspunt bevatten, leidt het gebruik van anionen zonder silicium tot een sterke 
verhoging van de katalytische activiteit. De elektronen-zuigende werking van de 
perfluoralkylgroepen, die in deze laatste anionen niet afgezwakt wordt door een isolerend 
siliciumatoom, vergroot de delocalisatie van de lading over het anion. Samen met de toename 
in de omvang van het anion, veroorzaakt door de grote fluorstaarten, maakt dit deze anionen 
zwakker coördinerend. Dit alles leidt tot een verhoogde activiteit van de katalysator.  

De katalysator met het anion met het hoogste fluorous karakter, dwz. 
[Rh(dppb)(COD)][B{C6H3(C6F13)2-3,5}4], werd ook getest op hydrogeneringsactiviteit in 
fluorous oplosmiddelen. Deze bleek echter niet aanwezig te zijn. Vervolgens werden 
rhodiumcomplexen ontwikkeld met zowel een fluorous 1,2-bis(difenylfosfino)ethaan (dppe) 
ligand als een fluorous boraat-anion. Een analyse van de verdelingscoëfficiënten laat zien dat 
de anionen b en c de oplosbaarheid van deze ionische complexen in fluorous oplosmiddelen 
aanzienlijk verhogen. Echter, een voorkeur voor de fluorous fase werd pas bereikt wanneer op 
zijn minst 1.5 perfluoralkylgroepen per aromatische eenheid in het complex aanwezig waren. 
Om dit hoge fluorous karakter te bereiken was het gebruik van bisfosfine-liganden met slechts 
een klein aantal perfluoralkylsubstituenten voldoende. Wanneer een voldoende hoog fluorous 
karakter was bereikt, bleek de wijze waarop de fluorstaarten over het kation en het anion 
verdeeld zijn relatief weinig uit te maken. Het hoge fluorous karakter van deze verbindingen 
resulteerde in goede verdelingcoëfficiënten in een tweefasesysteem, bestaande uit 
perfluormethylcyclohexaan en tolueen, ten gunste van de fluorfase. Deze complexen 
vertoonden hydrogeneringsactiviteit in fluorous media en konden door gebruik te maken van 
een FC-75/hexaan mengsel (volumeverhouding = 1 : 2) met een efficiëntie van tenminste 99% 
teruggewonnen en hergebruikt worden.  

Het gebruik van [B{C6H4(C6F13)-4}4]-- en [B{C6H3(C6F13)2-3,5}4]--anionen voor het 
oplosbaar maken van ((R,R)-1,2-bisfosfolanobenzeen)rhodium-kationen in superkritisch CO2 
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wordt in de Appendix besproken. Deze complexen vertonen katalytische activiteit in de 
asymmetrische hydrogenering van (Z)-methyl-α-acetamidocinnamaat (Schema 2) onder 
superkritische condities. De slechte oplosbaarheid van het substraat in het superkritisch CO2 
vereist echter het gebruik van een kleine hoeveelheid methanol om superkritische condities te 
kunnen bereiken. De katalytische tests wezen uit dat zowel de activiteit als de 
enantionselectiviteit onder deze condities middelmatig zijn. De exacte reden hiervoor werd 
niet vastgesteld. 
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Schema 2. Asymmetrische hydrogenering in scCO2. 

 

Effecten van anionen op de stabiliteit van ionische NCN-palladium complexen. 
Pogingen om [B{C6H4(SiMe3)-4}4]-- en [B(C6H4{SiMe2(CH2CH2C6F13)}-4)4]--anionen te 
gebruiken als tegenionen voor [bis{2,6-(dimethylamino)methyl}fenyl](aqua)palladium-
kationen ([NCN-Pd-(OH2)]+) worden in Hoofdstuk 5 beschreven. Alhoewel deze complexen 
gemakkelijk te verkrijgen zijn wanneer BF4

- wordt gebruikt als anion, bleek het niet mogelijk 
dit soort ionische complexen te isoleren uitgaande van de gefunctionaliseerde tetraarylboraat-
anionen. In plaats van de mononucleaire watercomplexen werden dinucleaire verbindingen 
verkregen (Schema 3). Het kation bestaat uit twee NCN-Pd eenheden die door middel van een 
bruggend chloorligand met elkaar verbonden zijn. Berekeningen wezen erop dat het 
watercomplex alleen energetisch gunstiger is wanneer extra stabilisatie kan worden verkregen 
door sterke elektrostatische interacties, zoals met het BF4

- anion, eventueel geassisteerd door 
de vorming van waterstofbruggen tussen het anion en het gecoördineerde water molecuul. Bij 
het gebruik van grote tetraarylboraat-anionen zorgt een toename in de kation-anion afstand 
ervoor dat de sterkte van de Coulomb-interacties afneemt. Hierdoor is het kennelijk niet meer 
mogelijk het mononucleaire complex afdoende te stabiliseren, met als gevolg dat slechts het 
dinucleaire complex verkregen wordt. Het grote belang van de elektrostatische interacties 
werd ook al waargenomen in de katalyse met rhodium-difosfine-complexen in Hoofdstuk 4.  
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Schema 3. 

 

Fluorous zinkfenoxide-complexen voor de co-polymerisatie van CO2 en 
cyclohexeenoxide in vloeibaar kooldioxide. Gebruikmakend van dezelfde technieken als 
beschreven voor het introduceren van fluorstaarten in tetraarylboraat-anionen werden 
perfluoralkylgroepen aangebracht in zinkfenoxide-complexen. Deze functionalisering was 
bedoeld om de oplosbaarheid van deze complexen in superkritisch CO2 te verhogen. De 
synthese van twee dinucleaire zinkcomplexen en de eerste resultaten van de toepassing 
daarvan als katalysator voor de co-polymerisatie van CO2 met cyclohexeenoxide wordt 
beschreven in Hoofdstuk 6. Beide zink-verbindingen vertoonden katalytische activiteit in deze 
reactie. Echter, de kinetiek ervan en een nauwkeurige vergelijking met reeds bestaande 
systemen onder superkritische condities dienen nog uitgevoerd te worden. 
 

Fluorous tetraarylboraat-anionen in vloeibare zouten. In vloeibare zouten worden 
de fysische eigenschappen bepaald door de aard van zowel de aanwezige kationen als de 
anionen. Het uitwisselen van ionen maakt het mogelijk de eigenschappen van deze zouten op 
eenvoudige wijze te variëren. In de Hoofdstukken 7 en 8 wordt beschreven hoe fluorous 
tetraarylboraat-anionen werden gecombineerd met 1-butyl-3-methylimidazolium (BMIm) 
kationen (Schema 4). Op deze wijze werd het effect van de substitutie van het boraat-anion op 
de eigenschappen van de overeenkomstige zouten bepaald.  
 

NN

X

X = tetraarylboraat anion 

Schema 4. 1-Butyl-3-methylimidazolium boraat zouten als vloeibare zouten. 

 

Dit onderzoek laat zien dat de interacties tussen de kationen en de anionen in hoge 
mate worden bepaald door de substituenten op het anion. Alhoewel kristallografisch 
onderzoek uitwees dat de geometrie binnen de ionen niet wordt beïnvloed door deze 
substituenten, kunnen er duidelijke veranderingen in de inter-ionische contacten 
waargenomen worden. Wanneer alkyl- of silyl-gesubstitueerde anionen werden gebruikt, kon 
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de aanwezigheid van waterstofbruggen worden aangetoond. Wanneer elektronen-zuigende 
perfluoralkylgroepen aanwezig zijn op het anion worden deze interacties sterk gereduceerd. 
Het smeltpunt van de imidazoliumzouten blijkt nagenoeg ongevoelig voor deze kleine 
variaties in de inter-ionische interacties. De overgang tussen de vloeibare en de vaste fase 
wordt in de eerste plaats beïnvloed door de efficiëntie waarmee de ionen in het kristalrooster 
gestapeld kunnen worden. De aanwezigheid van grote perfluoralkyl-substituenten verstoort 
deze inter-ionische interacties dusdanig dat het smeltpunt van de fluorous imidazoliumzouten 
aanzienlijk verlaagd wordt. Ook de oplosbaarheid van de vloeibare zouten blijkt af te hangen 
van het substitutiepatroon op het anion. De introductie van lipofiele substituenten resulteert in 
een toename van de oplosbaarheid in apolaire oplosmiddelen. Voor 
[BMIm][B(C6H4{SiMe2(CH2CH2C6F13)}-4)4] wordt bij menging met tolueen en alkenen een 
fasegedrag waargenomen dat karakteristiek is voor fluorous oplosmiddelen. Hierdoor kan dit 
vloeibare zout gebruikt worden als vloeibare drager voor een fluorous versie van Wilkinsons 
complex. Dit maakt het hergebruik van deze katalysator met een efficiëntie van 94% mogelijk 
terwijl homogene condities tijdens de reactie gerealiseerd kunnen worden. Dit is in 
tegenstelling tot het gebruik van de conventionele katalysator in [BMIm]BF4, die niet terug te 
winnen bleek. Deze studie laat ook zien dat er rekening gehouden dient te worden met de 
stabiliteit van vloeibare zouten wanneer deze hergebruikt moeten te worden. Immers, 
ontleding tot carbeen-boraan adducten zoals werd opgemerkt tijdens pogingen om 
[BMIm][B(C6H4{SiMe2CH2CH2CF3)}-4)4] te kristalliseren (Schema 5), is dan niet gewenst. 
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Schema 5. Carbeen-boraan adduct gevormd bij de ontleding van 

[BMIm][B(C6H4{SiMe2(CH2CH2CF3)}-4)4]  

 

Algemene conclusies. In dit proefschrift wordt de ontwikkeling van derivaten van het 
tetrafenylboraat-anion met een hoog fluorous karakter beschreven. De tetrafenylboraatgroep 
bleek een geschikt uitgangspunt voor de synthese van dergelijke fluorous anionen te zijn. De 
hieruit ontwikkelde perfluoralkyl-gesubstitueerde boraat-anionen zijn breed inzetbaar en 
kunnen gebruikt worden om de oplosbaarheid van overgangsmetaalcomplexen in apolaire 
oplosmiddelen te verhogen. Ook kunnen ze, door hun zwak-coördinerende karakter, gebruikt 
worden om de activiteit van ionische katalysatoren te verhogen. Daarnaast is het mogelijk ze 
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toe te passen als tegenionen in vloeibare zouten met unieke fysische eigenschappen. Ondanks 
hun hoge lipofiele karakter resulteert het gebruik van deze fluorous boraat-anionen niet in 
goede verdelingscoëfficiënten in combinatie met de gebruikte fluorofobe rhodium-kationen. 
Echter, in combinatie met licht gefluoreerde liganden verbetert de verdelingsgraad van deze 
complexen in grote mate. Bovendien bevorderen de grote, zwak-coördinerende anionen ook 
de dissociatie van contact-ionparen in de apolaire fluorous oplosmiddelen, hetgeen gunstig is 
voor de activiteit van deze ionische katalysatoren. 

De ontwikkeling van de fluorous anionen was bedoeld om de efficiëntie waarmee 
ionische katalysatoren teruggewonnen en hergebruikt kunnen worden te verbeteren. Het 
omzeilen van de bereiding van een grote verscheidenheid aan fluorous liganden door gebruik 
te maken van één enkel anion werd gezien als een mogelijk bijkomstig voordeel van het 
gebruik van deze anionen. Onze benadering is in zoverre geslaagd dat, om hoge 
verdelingscoëfficiënten in ionische complexen te bereiken, de noodzaak voor een hoog 
fluorous karakter in het ligand duidelijk wordt teruggebracht. Hierdoor is het gebruik van 
liganden met een laag fluorous karakter, welke in het algemeen gemakkelijker te ontwikkelen 
zijn dan liganden met een hoog fluorous karakter, voldoende voor het behalen van een goede 
faseverdeling. Echter, efficiënte recycling van de in dit proefschrift bestudeerde complexen 
bleek niet mogelijk op basis van alleen het fluorous karakter van de ontwikkelde anionen. 
Verdere optimalisatie van de anionen zou het gebruik van fluorous liganden geheel overbodig 
kunnen maken. Mogelijkheden voor het verhogen van het lipofiele karakter van dit type 
anionen zijn onder andere: verlenging van de perfluoralkylgroepen, introductie van vertakte 
fluorstaarten en volledige fluorsubstitutie van de fenylringen van de tetraarylboraatkern in het 
anion. Echter, lipofiel karakter in zowel het anion als het kation zal de katalytische activiteit in 
media met een lage polariteit ten goede komen. Het is dan ook waarschijnlijk dat de 
combinatie van zowel een ligand als een anion met een fluorous karakter uiteindelijk de beste 
resultaten oplevert in fluorous-tweefasekatalyse. 

Het gebruik van fluorous anionen in de synthese van vloeibare zouten voegt een 
nieuwe dimensie toe aan het reeds uitgebreide spectrum aan fysische eigenschappen van dit 
type verbindingen. Daar waar conventionele vloeibare zouten goed mengbaar zijn met polaire 
en protische verbindingen vertonen de fluorous derivaten een zeer lage affiniteit hiervoor. Dit 
leidt ertoe dat het gebruik van fluorous vloeibare zouten het afscheiden en isoleren van polaire 
en protische reactieproducten drastisch zal vergemakkelijken ten opzichte van de 
conventionele vloeibare zouten, waar dit een groot probleem is. Daarnaast biedt deze nieuwe 
klasse vloeibare zouten de voor dit type oplosmiddelen unieke mogelijkheid om homogene 
katalyse te combineren met terugwinning de katalysatoren door middel van tweefase-
scheiding. Deze eigenschap kan gebruikt worden om processen te optimaliseren die tot nu toe 
alleen onder tweefase condities uitgevoerd konden worden en biedt met name perspectieven 
voor de immobilisatie van ionische katalysatoren in processen die polaire reactieproducten 
opleveren. 
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- Samenvatting voor niet-chemici - 
 
 
Inleiding 
 

In het leven van de moderne mens zijn producten uit de chemische industrie overal 
aanwezig. We gebruiken plastics en andere kunststoffen als verpakkingsmateriaal en als 
bouwmateriaal, maar bijvoorbeeld ook voor het maken van kleding en supersterke vezels. 
Rubber wordt onder meer gebruikt in (auto)banden en benzine om onze auto’s te laten rijden. 
Ook in onze voeding en artikelen die we gebruiken voor persoonlijke verzorging vinden we 
producten uit de chemie terug in de vorm van onder andere oliën en vetten, vitamine 
preparaten en kleurstoffen. Daarnaast is ook het overgrote deel van de geneesmiddelen dat 
gebruikt wordt afkomstig uit de chemische fabriek. Het merendeel van deze producten wordt 
verkregen door het bewerken van aardolie, aardgas of plantaardige grondstoffen, zodat deze 
de gewenste eigenschappen verkrijgen. Denk bijvoorbeeld aan het zogenaamde harden van 
plantaardige oliën waardoor de boter die eruit gemaakt wordt niet vloeibaar maar vast is.  

In veel van deze bewerkingen wordt de ruwe stof, ook wel uitgangsstof of substraat 
genoemd, omgezet in het gewenste product door het te laten reageren met één of meerdere 
toegevoegde stoffen (reagentia). Omdat zo’n reactie van nature vaak moeizaam of zelfs 
helemaal niet verloopt, kunnen er hulpstoffen worden gebruikt die de gewenste omzetting van 
substraat naar product versnellen. Deze hulpstoffen zijn de zogenaamde katalysatoren. Deze 
katalysatoren helpen bij het mogelijk maken of versnellen van een reactie zonder dat ze 
daarbij zelf worden verbruikt. Dit betekent dat ze, in theorie, opnieuw gebruikt kunnen 
worden (Schema 1). Omdat veel katalysatoren duur zijn en bovendien vaak niet onschuldig 
zijn wanneer ze in het product of in het milieu terechtkomen, is, waar mogelijk, hergebruik 
wenselijk. 
 
 

 
 
 
 

 
 

 
 

Schema 1. Schematische weergave van een reactie tussen stoffen A en B mogelijk gemaakt door de 
aanwezigheid van een katalysator. 
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Soorten katalysatoren 
 

De katalysatoren die worden toegepast voor het versnellen van chemische processen 
kunnen worden verdeeld in twee verschillende groepen. De eerste bestaat uit katalysatoren die 
oplosbaar zijn in een vloeistof. Door het oplossen vindt er in het reactievat waarin de 
gewenste reactie wordt uitgevoerd een gelijkmatige verdeling plaats van de katalysator. Als de 
reagentia nu ook oplossen in hetzelfde oplosmiddel, dan is er sprake van een gelijkmatige, 
ofwel homogene, verdeling van katalysator en uitgangsstoffen (Figuur 1). Dit is zeer gunstig 
voor de effectiviteit waarmee het proces verloopt. Aan deze homogene verdeling ontleent 
deze eerste groep van katalysatoren haar naam, dit zijn namelijk de homogene katalysatoren.  

Het versnellen van een reactie met dit soort verbindingen is erg interessant omdat 
deze, over het algemeen, zorgen voor een hoge reactiesnelheid en omdat ze het selectief 
produceren van de een gewenste verbinding mogelijk maken. Hierdoor wordt de vorming van 
bijproducten beperkt en dat vereenvoudigt het verwerken van het product en voorkomt dat er 
overbodig afval wordt geproduceerd. Echter, het feit dat deze homogene katalysatoren ook na 
de reactie nog steeds samen met het product vermengd zijn is een groot nadeel. Hierdoor 
wordt namelijk de afscheiding en het hergebruik van de katalysator bemoeilijkt. 
 
 

=  uitgangsstof

=  oplosbare katalysator

=  vaste stof katalysator

homogene heterogene
verdeling  verdeling  

 
 

Figuur 1. Het verschil tussen de menging van uitgangsstoffen met een homogene en een heterogene 
katalysator in beeld gebracht. 

 

De tweede groep katalysatoren zijn vaste stoffen, die actief zijn in het versnellen van 
reacties tussen vloeibare of gasvormige substraten. In dat geval zijn er twee duidelijk 
gescheiden fasen, bijvoorbeeld een vaste stof en een vloeistof, aanwezig in een reactor (Figuur 
1). Doordat de katalysator en het substraat zich in verschillende fasen bevinden is het contact 
ertussen slechter dan in de homogeen verdeelde situatie. Dit heeft tot gevolg dat de activiteit 
van een zekere hoeveelheid katalysator lager zal zijn dan wanneer een reactie onder 
homogene omstandigheden wordt uitgevoerd. Verder is ook de selectiviteit deze vaste-stof 
katalysatoren over het algemeen slechter dan voor de oplosbare katalysatoren, dus is er meer 
kans op de vorming van ongewenste bijproducten. Toch zijn het juist de heterogene 
katalysatoren die worden gebruikt in ongeveer 80% van alle industriële gekatalyseerde 
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processen. Dit komt doordat het zeer eenvoudig is om een vaste stof te scheiden van een 
vloeistof of een gas. Hierdoor is het technisch goed mogelijk om uit een heterogeen verdeeld 
systeem de katalysator terug te winnen en daarna opnieuw te gebruiken. Dit is hét grote 
voordeel in vergelijking met een homogeen verdeelde katalysator.  

 
Hergebruik van homogene katalysatoren 

 
Omdat het gebruik van homogene katalysatoren op het gebied van activiteit en 

selectiviteit grote voordelen biedt, is er een aanzienlijke hoeveelheid onderzoek verricht naar 
het vergemakkelijken van het hergebruik van dit type verbindingen. Voor het vinden van 
oplossingen voor dit vraagstuk werd de heterogene katalyse als inspiratiebron gebruikt. Maar 
in plaats van een vaste stof als katalysator te gebruiken, wordt een homogene katalysator 
bijvoorbeeld vastgelegd in een vloeistof waar de producten niet in oplossen. Dit kan door de 
katalysator oplosbaar te maken in water. Omdat water een niet mengbaar tweelagensysteem 
vormt met vele organische oplosmiddelen,1 is het dan mogelijk om een opgeloste verbinding 
te gebruiken voor het versnellen van een reactie. Daarnaast is het dan ook mogelijk deze 
eenvoudig terug te winnen na afloop van een reactie door de twee verschillende vloeistoflagen 
van elkaar te scheiden (Figuur 2). Deze elegante oplossing voor het probleem van recycling 
van homogene katalysatoren wordt al sinds 1984 in verscheidene grootschalige processen 
toegepast. 

 

Figuur 2. Het gebruik van een tweelagensysteem van water met een organisch oplosmiddel voor het 
terugwinnen van een oplosbare katalysator. 

 

Helaas is de combinatie van water met een organisch oplosmiddel slechts geschikt 
voor het uitvoeren van een klein aantal reacties. Door het gebruik van twee totaal niet 
mengbare vloeistoffen gaat de homogene verdeling die we wilden behouden verloren. Ook bij 
zeer grondig mengen zal er nog steeds een mengsel van druppels water en druppels organisch 
oplosmiddel aanwezig zijn. Dit heeft tot gevolg dat een substraat dat slecht oplosbaar is in 
water moeilijk in contact kan komen met de in de waterdruppels oploste katalysator. Dit kan 
tot gevolg hebben dat de snelheid waarmee de gewenste reactie verloopt sterk afneemt ten 
                                                           
1 Organische oplosmiddelen zijn vloeistoffen met een skelet van koolstofatomen. Omdat deze volledig andere 
eigenschappen hebben dan water mengen ze hiermee niet en vormen een tweelagensysteem wanneer ze worden 
samengebracht. Een goed voorbeeld hiervan is een mengsel van olie en water, dat ook 2 lagen vormt.  
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opzichte van een homogeen systeem. Verder reageren veel katalysatoren en substraten met 
water waardoor hun katalytische eigenschappen verloren gaan. Hierdoor kunnen deze niet 
gebruik worden in een combinatie met water.  

 
Het gebruik van perfluor oplosmiddelen in katalysator recycling 

 
 Door de beperkingen die het gebruik van water met zich meebrengt, is er onderzoek 
gedaan naar het gebruik van alternatieve oplosmiddelen die het hergebruik van homogene 
katalysatoren mogelijk maken. Een eerste voorbeeld daarvan is gebaseerd op de zogenaamde 
perfluor oplosmiddelen. Bij deze perfluor oplosmiddelen zijn alle waterstofatomen die 
aanwezig zijn in een organisch oplosmiddel vervangen door fluoratomen. (Schema 2). Door 
de invoering van deze fluoratomen veranderen de eigenschappen van het oplosmiddel zeer 
sterk: het oplosmiddel verliest alle mogelijkheden om met haar omgeving interacties aan te 
gaan, waardoor het niet reactief wordt en bovendien niet meer mengbaar is met organische 
oplosmiddelen. Het gevolg hiervan is de er een tweelagensysteem gemaakt kan worden dat 
bestaat uit een perfluor oplosmiddel en een organisch oplosmiddel. 
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Schema 2. Voorbeeld van een organisch oplosmiddel en het daarvan afgeleide perfluor oplosmiddel. 
 

Het grote voordeel van zo’n perfluor tweelagensysteem boven het eerder besproken 
water tweelagensysteem is dat er nu geen reactieve vloeistof meer aanwezig is die ongewenste 
reacties aan zou kunnen gaan met de katalysator of het substraat. Daarnaast is een uitermate 
interessante eigenschap van deze perfluor tweefase systemen dat de twee lagen mengbaar 
worden bij een verhoging van de temperatuur (Figuur 3). Wanneer een katalysator nu bij 
voorkeur oplost in de fluorlaag is het mogelijk om bij verhoogde temperatuur, waarbij er 1 
vloeistoffase ontstaat, homogene katalyse te doen, terwijl er na afkoeling gebruik gemaakt kan 
worden van het gevormde tweelagensysteem om de katalysator van de producten te scheiden. 

Door de opmerkelijke eigenschappen van de perfluor oplosmiddelen is naast menging 
met andere oplosmiddelen helaas ook het oplossen van katalysatoren vrijwel onmogelijk. Om 
nu toch gebruik te kunnen maken van een dergelijk tweelagensysteem is het noodzakelijk om 
de oplosbaarheid van katalysatoren hierin te verhogen. Dit is mogelijk door op de katalysator 
groepen aan te brengen die lijken op de moleculen waaruit een perfluor oplosmiddel bestaat. 
Het aanhechten van deze oplosbaarheidsverhogende groepen is mogelijk omdat de katalysator  
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Figuur 3. De overgang van twee lagen (links) naar een enkele laag (rechts) door een fluor 
tweelagensysteem te verwarmen van 25 °C naar 60 °C. 

 
uit een aantal delen bestaat. Ten eerste is er het metaalcentrum dat verantwoordelijk is voor de 
actieve werking. Om het metaalcentrum heen bevindt zich een raamwerk van koolstofatomen 
dat door middel van bijvoorbeeld zwavel-, fosfor- en/of stikstofatomen hieraan is gekoppeld. 
Dit deel om het metaal heen wordt het ligand genoemd. Verder mist het metaalcentrum in 
deze verbindingen doorgaans een of meerdere elektronen en is daardoor positief geladen. 
Omdat een geladen deeltje niet op zichzelf kan bestaan moet er altijd een ander deeltje 
aanwezig zijn dat een gelijke maar tegengestelde (negatieve) lading bij zich draagt. Dit laatste, 
negatief geladen, deeltje wordt het anion genoemd. Op zowel het ligand als op het anion 
kunnen de oplosbaarheidsverhogende groepen worden bevestigd (Figuur 4). 
 
 

M M M

ligand

anion

M = metaal centrum

a b c

oplosbaarheidsverhogende
groep

oplosmiddel molecuul

 
Figuur 4. Schematische weergave van een katalysator zonder (a) oplosbaarheidsverhogende groepen 

en van katalysatoren met deze groepen aangebracht op het ligand (b) of het anion (c). 
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De tot dusver meest gebruikelijke manier om de oplosbaarheidsverhogende groepen te 
introduceren is het bevestigen ervan aan het ligand. Echter, het ligand is direct verbonden met 
het metaalcentrum dat verantwoordelijk is voor de activiteit van de verbinding. Omdat een 
katalysator zijn hoge activiteit ontleent aan de perfecte afstemming van het ligand op het 
metaalcentrum is een aanpassing hieraan meestal nadelig voor de activiteit van het geheel. 
Daarnaast is een specifieke combinatie van een ligand en een metaal slechts geschikt voor het 
versnellen van een klein aantal reacties. Hierdoor zou voor het breed inzetbaar maken van 
deze scheidingstechniek het aanpassen van een groot aantal liganden vereist zijn. Het 
onderzoek dat in dit proefschrift is beschreven had dan ook tot doel de derde component van 
de katalysator, namelijk het anion, te gebruiken voor het introduceren van de 
oplosbaarheidsverhogende groepen. Omdat het anion niet direct aan het metaalcentrum is 
verbonden is te verwachten dat de invloed van aanpassing ervan op de katalytische activiteit 
minder zal zijn dan bij aanpassing van het ligand. Daarnaast is een anion niet specifiek voor 
een bepaald type katalysator en kan het dus gemakkelijk gevarieerd worden. Hierdoor zou het 
ontwikkelen van slechts enkele anionen voldoende kunnen zijn om een groot aantal 
katalysatoren bruikbaar te maken voor toepassingen in fluor tweefase systemen.  

Het hier beschreven werk laat zien dat het inderdaad mogelijk is met behulp van een 
anion de gewenste oplosbaarheid in perfluor oplosmiddelen te bereiken. Verder is ook 
gebleken dat het aanpassen van zowel het kation alsook het anion nog efficiëntere recycling 
mogelijk maakt. Immers, als de beide onderdelen van een katalysator overeenkomst vertonen 
met het oplosmiddel zal de oplosbaarheid hoger zijn dan wanneer slechts één deel gelijkenis 
vertoont. Verder werd duidelijk dat ook het veranderen van het anion de activiteit van een 
katalysator positief kan beïnvloeden. Dit is met name het gevolg van het feit dat 
oplosbaarheidsverhogende groepen de interactie tussen het anion en het metaalcentrum 
verzwakken. Hierdoor wordt het actieve centrum van de katalysator beter bereikbaar voor het 
substraat, met als gevolg een verhoging in de activiteit. 
 
Superkritisch kooldioxide 
 

Naast dit werk wordt er in dit proefschrift aandacht besteed aan het toepassen van de 
ontwikkelde anionen in twee andere oplosmiddelen die ook van belang kunnen zijn voor het 
vergemakkelijken van het terugwinnen en hergebruiken van katalysatoren. De eerste hiervan 
is het zogenaamde superkritisch kooldioxide (CO2). Wanneer kooldioxide onder hoge druk 
(boven de 74 atmosfeer) wordt verwarmd tot boven de 31 °C krijgt het hele bijzondere 
eigenschappen; het gaat zich dan gedragen alsof het zowel een vloeistof als een gas is. Deze 
toestand wordt aangeduid met de term superkritisch. Het vloeistof karakter zorgt ervoor dat 
het CO2 gebruikt kan worden als oplosmiddel, omdat alleen in een vloeistof dingen kunnen 
worden opgelost. Het gasvormige karakter zorgt ervoor dat er zeer goede en snelle 
vermenging plaatsvindt van alle in een reactor aanwezige moleculen, wat voor katalyse zeer 
gunstig is. Daarnaast is het mogelijk door het verlagen van de druk of de temperatuur de 
eigenschappen van het superkritisch CO2 te veranderen. Hierdoor is het mogelijk selectief een 
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katalysator of een product af te scheiden. Omdat superkritisch CO2 als oplosmiddel enigzins 
vergelijkbaar is met de perfluor oplosmiddelen moeten er ook aan katalysatoren die hierin 
gebruikt gaan worden oplosbaarheidsverhogende groepen aanbracht worden. In dit 
proefschrift wordt aangetoond dat dit onder andere kan door gebruik te maken van de anionen 
die ontwikkeld werden voor het verhogen van de oplosbaarheid van katalysatoren in perfluor 
oplosmiddelen. 

 
Vloeibare Zouten 

 
Als laatste is er gekeken naar het gebruik van zouten als oplosmiddelen. Over het 

algemeen smelten zouten pas bij hoge temperatuur (keukenzout smelt bijvoorbeeld bij 
808°C). Maar er zijn ook zouten die vloeibaar zijn bij kamertemperatuur en deze kunnen 
worden gebruikt om reacties in uit te voeren. Dit is interessant omdat een zout bestaat uit 
geladen deeltjes, waardoor het slechts zeer moeilijk kan verdampen. Organische 
oplosmiddelen hebben, daarentegen, vaak een laag kookpunt en verdampen gemakkelijk. 
Deze hoge vluchtigheid kan, zeker in het geval van een (bedrijfs)ongeval, gemakkelijk leiden 
tot het vrijkomen van organische oplosmiddelen in de atmosfeer, wat zowel milieu- en 
gezondheidsproblemen op kan leveren alsmede brandgevaarlijke situaties en explosiegevaar. 
Bij vloeibare zouten wordt dit probleem voorkomen omdat deze niet kunnen verdampen.  

Ook deze vloeibare zouten vormen een tweelagensysteem met organische 
oplosmiddelen. Met het oog op hergebruik van homogene katalysatoren maakt dit ze 
uitermate interessant voor het gebruik in homogene katalyse. Een beperkende factor hierbij 
kan zijn dat de vloeibare zouten, net als water, zeer slecht mengen met organische 
oplosmiddelen. Dit leidt weer tot een verlaging van de activiteit van de katalysator, zoals 
eerder beschreven. In het onderzoek beschreven in dit proefschrift is geprobeerd een vloeibaar 
zout te ontwerpen dat een temperatuur afhankelijke mengbaarheid heeft, zoals ook voor de 
perfluor oplosmiddelen wordt waargenomen (Figuur 5). Door de ontwikkelde anionen, die 
waren voorzien van groepen die de oplosbaarheid verhogen in perfluor oplosmiddelen, te 
introduceren in deze zouten kregen ze een karakter dat gedeeltelijk lijkt op dat van perfluor 
oplosmiddelen. Het gevolg hiervan is dat deze zouten nu een vergelijkbaar fasegedrag 
vertonen als perfluor oplosmiddelen. Hierdoor kan er een homogeen systeem gecreëerd 
worden door een verhoging van de temperatuur, waarna afkoeling fasescheiding mogelijk 
maakt. Hierbij blijft de lage vluchtigheid van het vloeibare zout behouden. 

Kort samenvattend zijn er tijdens het in dit proefschrift beschreven onderzoek groepen 
die lijken op perfluor oplosmiddelen aangebracht op anionen. Dit vergroot de oplosbaarheid in 
perfluor oplosmiddelen van verbindingen deze anionen bevatten. Verder zijn deze anionen 
ook gebruikt om homogene katalysatoren oplosbaar te maken in superkritisch CO2 en om 
vloeibare zouten te maken met unieke, op perfluor oplosmiddel lijkende, eigenschappen. Al 
deze systemen zijn interessant vanuit het oogpunt van de recycling van homogene 
katalysatoren en kunnen de toepassing van selectieve homogene katalysatoren in de industrie 
bevorderen. 
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- Woord van Dank - 
 

 

 

Dat de volhouder wint, is met het gereedkomen van dit proefschrift maar weer eens 
bewezen. Ondanks een niet al te vlotte start in de wereld van de fluor chemie en de nodige 
persoonlijke tegenslagen, ligt hier dan toch een bescheiden boekje. En, zo achteraf is het best 
plezierig om terug te kijken op de afgelopen vier jaren. Het moet natuurlijk gezegd worden 
dat ik zonder de juiste ondersteuning nooit dit kolossale karwei had kunnen klaren. Vandaar 
dat ik op deze plaats graag een woord van dank wil richten tot een aantal mensen die voor mij 
erg belangrijk zijn geweest tijdens mijn promotie. 

 
Als eerste wil ik mijn co-promotor en promotor bedanken voor hun ondersteuning en 

begeleiding. Immers, een promotie-onderzoek is een leerproces waarbij een sturende hand 
soms onontbeerlijk is. Berth-Jan, van de twee was jij het meest op de voorgrond aanwezig en 
wel met een nimmer aflatende stroom aan ideeën en suggesties. Ik moet toegeven dat het 
maken van een juiste selectie uit de hieruit voortvloeiende veelheid aan mogelijkheden niet 
altijd gemakkelijk was, maar ik heb het idee dat het redelijk gelukt is. Daarnaast was jouw 
positieve belichting van de behaalde resultaten zo nu en dan zeer welkom, mede omdat ik zelf 
nogal de neiging vertoonde met name oog te hebben voor de altijd aanwezige haken en ogen. 
Gerard, ook jou wil ik bedanken voor jouw inzet en interesse gedurende dit vier jaar durende 
boraat experiment. Jouw enthousiasme voor de scheikunde en jouw verhelderende visies op 
vele chemische en organisatorische vraagstukken heb ik zeer kunnen waarderen. 

Voorts wil ik graag de overige leden van de vaste staf, Jaap, Johann, Bert en Gerard, 
bedanken voor het beantwoorden van de vele kleine en grotere vragen die altijd weer de kop 
op staken en voor het vele werk dat ze verrichten om de vakgroep draaiende te houden. In dit 
opzicht is goede secretariële ondersteuning natuurlijk onontbeerlijk: Margo, ontzettend 
bedankt voor alle hulp die je hebt geboden tijdens de afgelopen jaren.  

Gedurende het onderzoek heb ik dankbaar gebruik kunnen maken van zowel de 
faciliteiten die in de eigen vakgroep aanwezig waren, alsook die van naburige groepen binnen 
de universiteit. Voor dit laatste wil ik met name Patrick Loffeld, Cees van Walree en Ed 
Vlietstra bedanken voor hun assistentie bij het uitvoeren van UV-Vis, IR, TGA en DSC 
metingen, Paul Peizel voor zijn assistentie bij het meten van ‘vaste stof’ UV-Vis aan mijn 
ionic liquids en Bonny Kuijpers voor zijn vele pogingen om zinnige DLS resultaten te 
verkrijgen voor mijn boraat complexen. Joop van Lenthe en Paul Ruttink, zonder jullie was 
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het nooit iets geworden met mijn pogingen om te rekenen aan mijn grote moleculen. Jullie 
expertise bracht gelukkig uitkomst. Martin Lutz, Huub Kooijman, Allison Mills en Ton Spek 
ben ik zeer erkentelijk voor de vele kristalstructuren die ze op wisten te helderen, uiteindelijk 
zelfs eentje mét fluor staarten. Verder kunnen we ons gelukkig prijzen met een AV-dienst als 
de onze: Jan den Boesterd, Ingrid van Rooijen en Aloys Lurvink, hartelijk dank voor het vele 
en snelle werk dat jullie hebben verricht aan het perfectioneren van mijn posters en aan de 
omslag van dit proefschrift. En tenslotte mogen de heren van de glasblazerij hier natuurlijk 
niet ontbreken. Steeds weer was ik onder de indruk van het ogenschijnlijke gemak waarmee 
jullie de mooiste kunstwerken fabriceerden. Tot slot wil ik hier ook Wouter van Meerendonk 
nog noemen voor zijn bijdrage aan het werk met de zink complexen. Iedereen hartelijk 
bedankt voor de samenwerking.  

  
Geen lab zonder mensen om het te vullen en om het vieze werk te doen. Alle collega 

AIO’s, studenten, post-docs en medewerkers waarmee ik heb mogen samenwerken de 
afgelopen jaren wil ik bedanken voor hun hulp bij mijn activiteiten in en rond de zuurkast, de 
sfeer in de groep en het zo nu en dan willen delen van de nodige frustraties. Een aantal van 
hen wil ik hier graag met name noemen. Hoewel ik startte op de westzaal volgde er snel een 
verhuizing naar het rumoerige Zuid 2. Sander, Chris, Harm, Martijn en Michel, wat een zootje 
bij elkaar. Ik heb ervan genoten, ondanks dat het soms om horendol van te worden was. 
Jeroen, ook jij hoort bij deze groep, al is het maar voor de helft. Maar mijn dank is er niet 
minder om, mede omdat ik je veelvuldig wist te vinden voor experimenten in CO2 of met de 
NMR. Daarnaast wil ik Sander bedanken voor de vele gesprekken over onze promotie en 
sollicitatie perikelen. Voor het nodige EHBO en BHV plezier wil ik Chris, Anne en Henk van 
harte bedanken, en de laatste daarnaast ook voor zijn immer aanhoudende werk achter de 
schermen. En, last but certainly not least, de studenten die het aandurfden om bij mij een stage 
te komen lopen. Huib, Jorg, Ferry en Marjolein, onder mijn wakend oog hebben jullie de 
wereld van de organische chemie verkend. Voor mij, en ik hoop ook voor jullie, een 
waardevolle ervaring. Bedankt voor jullie enthousiasme en inzet.  

Voor drie van mijn kamergenoten wil ik hier een apart plaatsje inruimen. Met heel 
veel plezier heb ik met jullie de beperkte ruimte van Z805 gedeeld. Elwin, voor je assistentie 
bij mijn verkenning van de fluorige wereld ben ik je zeer dankbaar. Je eigenzinnige mening 
over vele zaken zal me nog lang heugen. Scott, van de verbazing over een Nederlands 
sprekende Amerikaan ben ik nog steeds niet bekomen. Voor de vele gesprekken die we 
voerden in rare combinaties van Engels en Nederlands en over god mag weten wat... many 
thanks! En dan Michel, reeds genoemd bij de zuidelijkste zaal, maar goed, hoge bomen en 
veel wind. Bedankt voor de lol, de levendigheid en een serieuze noot op zijn tijd, zowel in als 
buiten het lab. Bovendien ben ik jullie drieën zeer dankbaar voor het enthousiaste nakijkwerk 
dat jullie de afgelopen maanden hebben verricht. 

 
Om in de uitputtingsslag van de promotie te kunnen zegevieren is een goed thuisfront 

onontbeerlijk. Pa en ma, bedankt voor alle steun, de zorgzaamheid en de nieuwsgierigheid 
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naar mijn werk. Gonneke, Dennis, Annika, Marinus, Wiepke, Vincent en Merijn, in zo’n 
groot gezin is er altijd wel iets te beleven. Ik dank jullie voor de ondersteuning in moeilijke 
tijden, alle leuke momenten en jullie interesse. Opa, je oudste kleinzoon wordt doctor in de 
chemie; wie had dat ooit kunnen bedenken! Ook de familie van de ‘andere kant’, Wim, 
Tineke en Josien, wil ik bedanken voor de nodige ontspanning en inspiratie.  

Om het ritme van alledag te doorbreken en om lege plekjes in de agenda te voorkomen 
was er altijd wel iemand te vinden. Ronny, Michiel en Ramon, mijn dank is groot voor al onze 
bijeenkomsten door heel Nederland (verdacht vaak in de buurt van luidruchtige muzikanten) 
en in vele afgelegen oorden op deze aardbol. Vincent en Edwin, ook jullie ontzettend bedankt, 
in het bijzonder voor de vele morele steun. En dan als enige dame tussen al deze heren: 
Anouk. Gelukkig sta je je mannetje, vandaar ook dat ik je heb durven belasten met de ‘zware’ 
taak van paranimf. Mijn dank is groot. Remco en Antoin; in moeilijke tijden hebben jullie 
zeer veel voor mij betekend, gelukkig zijn er nu betere tijden aangebroken. En verder een 
bedankje aan iedereen die met mij de strijd heeft willen aangaan in de wereld van ‘het spel’.       

Mijn eigen heks en haar trouwe zwarte panter dank ik voor al het fijne samenzijn en de 
kunst van het leven. Jullie komst in mijn bestaan is de grootste verrijking geweest in de 
afgelopen periode. Laten we ons blijven houden aan ons credo: 

 
Take Hold of the Flame 

Can’t You See Life’s Just a Game 
 

You’ve Got Nothing to Loose 
But Everything to Gain 

 
Tot slot wil ik mijn beste vriend, Stefan, bedanken voor de vele jaren goede 

vriendschap die we hebben mogen beleven. Jij was altijd de hoeksteen als het ging om 
vrijetijdsbesteding. Zonder alles wat we samen hebben gedaan, weet ik niet hoe mijn leven 
eruit gezien zou hebben. Uit onze vele avonturen viel altijd voldoende energie te putten om 
daarna weer verder te gaan met het dagelijkse leven. Het verliezen van deze hoeksteen is voor 
mij de meest onaangename en harde les geweest die ik in de afgelopen vier jaar heb moeten 
leren. Echter, dat het verwijderen van deze belangrijke ondersteuning de vesting heeft laten 
wankelen, maar niet laten instorten, daarvan is dit proefschrift het bewijs. Stefan, bedankt 
voor alle jaren samen. Deze is voor jou. 

 

 









 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Perhaps We’ll Find the Answers 
Somewhere in Time 

 
 



 


