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Salen Coordination Compounds as Lewis Acid catalysts
Pedro R. Villuendas

Abstract

In this research a range of salen ligands have been synthesised with a variety of diamine
backbones. These compounds have been characterised by 'H, "F, c NMR spectroscopy, mass
spectrometry and elemental analysis.

Derivatives of these ligands [M= Ni(Il), Zn(II), Cu(II)] have subsequently been prepared and
have been characterised by 'H, '’F NMR spectroscopy, mass spectrometry and elemental
analysis. These metal complexes were used as catalysts in the synthesis of enaminodiones, the
enantioselective alkylation of carbonyls and imines, the enantioselective trifuoromethylation and
the enantioselective Reformatsky reaction.

Yields better than 90% were achieved for the enaminodione reaction for zinc salen derivatives in
24 hours and reactivities across a range of substrates were established. Once the best catalysts
and conditions were determined, experiments were carried out in order to determine the
recyclability of the catalyst by supporting it on silica gel or FRPSG (Fluorous Reverse Phase
Silica Gel). Most catalysts could not be recycled, but the best catalyst could be recovered four
times without loosing activity. In all these experiments large losses of zinc to the organic phase
were identified using ICP/MS, suggesting catalyst decomposition. Experiments were carried out
in order to determine the cause of this decomposition.

In the enantioselective addition of ZnEt, to benzaldehyde, the conversion was calculated by 'H
NMR spectroscopy and the enantioselectivity was calculated using chiral GC. Generally, the
non-fluorous zinc salen complex demonstrated enhanced enantioselectivity to the fluorous ones.
However, recycling experiments using FPSE were demonstrated for one of the zinc fluorous
salen catalysts.

In the enantioselective trifluoromethylation of benzaldehyde, the enantioselective Reformatsky
reaction and the enantioselective addition of ZnEt; to benzaldehyde, conversions were calculated
by '"H NMR spectroscopy and enantioselectivities were determined by chiral GC, NMR
spectroscopy with a chiral solvent and HPLC respectively. Poor enantioselectivities were
obtained in the trifluoromethylation and metallosalen complexes were demonstrated not to be
catalysts for this reaction. No enantioselectivity was induced by these catalysts in the other
reactions.
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1 Introduction.

1.1 Homogeneous and heterogeneous catalysis.

One of the main objectives of chemistry today is the development of environmentally friendly
technologies. Here, it is necessary to use reagents and solvents that are not harmful to the
environment and produce high yields and selectivities. An excellent way to achieve these objectives
is to use a catalyst. A catalyst is a substance that increases the rate of a chemical reaction without
being consumed itself. Typically, the catalyst reacts with the reagents to yield some intermediate
compounds through steps, that are part of a catalytic cycle, and make the transformation into
products easier. The effect of the catalyst is only kinetic, accelerating a reaction that is
thermodynamically possible. However, a catalyst can affect the distribution of the products,
catalysing competitive reactions with different rates. The use of homogeneous catalysts has been a

key factor in improvements in the fine chemistry industry in the last forty years.'

A catalyst is said to be homogeneous if it is in the same phase as the reactants, or heterogeneous if it
is in a different phase from the reactants. In heterogeneous catalysis the catalyst is normally a solid,
whilst the reactants are in either the liquid or gaseous phase. In this case, the catalytic reaction
occurs at the catalyst surface. The advantages and disadvantages of homogeneous and

heterogeneous catalysis are compared in Table 1.1.

Homogeneous | Heterogeneous

Reaction conditions Mild Hard
Separation of products Difficult Easy
Catalyst recovery Expensive Cheap
Thermal stability of catalyst Low High
Catalyst Lifetime Variable High
Activity of catalyst High Variable
Selectivity of catalyst High Low
Poisoning of catalyst Low High
Determination of steric and electronic properties of | Possible Very difficult
catalyst
Determination of the mechanism Possible Very difficult
Diffusion problems Low Important

Table 1.1.
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The most important advantages of homogeneous catalysis are the high selectivity, high activity and
mild conditions of the reactions. However, the main obstacle that limits the industrial applications
of homogeneous catalysis is the separation of the metal catalyst from the products. If the catalyst
could be heterogenised, then it could be easily separated from the product, providing the best of
both homogeneous and heterogeneous catalysis.

1.2  Techniques for facile product separation.

1.2.1 Supercritical Fluids.

Although supercritical fluids (SCFs) have been known since 1822, and homogeneous catalysis in
SCFs has been known since Ipatiev’s experiments in 1913, intensive research on homogeneous
catalysis in SCFs by multiple research groups did not begin until the mid-1990s.* Supercritical
fluids, which are either pure compounds or mixtures heated and pressurised beyond their critical
points, have many advantages for homogeneous catalysis. A few of these advantages are true for all
the SCFs and essentially all reactions: mass transfer (the physical process that involves molecular
and convective transport of atoms and molecules within physical systems) is very rapid, the solvent
is completely miscible with the gaseous reactants and the solvent is easy to remove from the
product. Some advantages are specific to supercritical CO; (scCOy): it is non-toxic, non-flammable,
non-halogenated, it does not pollute and does not cause cancer or other long term problems. It has
also been shown that scCO, can act as both a solvent and a protecting group.’ Finally, some
advantages are specific to certain combinations of SCFs and reactions. Polar SCFs, like fluoroform,
have variable dielectric constants allowing the reaction conditions to be tuned.® Quite commonly,
SCFs serve as both reactant and solvent; the homogeneously catalysed polymerisation of
supercritical ethene is an industrialised example.’

Supercritical fluids can, in theory, overcome the problem of catalyst/substrate separation due to the
differing solubilities of the catalysts, substrates and products. When the system is below the
“crossover pressure”, the density of the SCF can be reduced by increasing the temperature,
decreasing substrate solubility and is known as “retrograde behaviour.” When the system is above
the “crossover pressure” the solubility of the solutes can be increased by raising the temperature
and, therefore, the solubility increases.® Assuming that the components of the system have suitably
different solubilities, changing the pressure or the temperature of the system could selectively
precipitate each of the components, which could then be isolated and, in the case of the catalyst,
reused.



Pedro R. Villuendas Introduction

1.2.1.1 Development of CO;-soluble catalysts.
Most homogeneous catalysts are notoriously insoluble in supercritical CO; and similarly non-polar
SCFs; for example PdCl,, organometallic complexes containing aromatic ligands, and charged
catalysts of any type have very low solubility in scCO,. However, neutral catalysts or precursors
that are either volatile (such as HCI) or contain CO,-philic groups (such as carbonyl ligands,” highly
fluorinated ligands,'® trialkylphosphines'' and trialkylphosphites'?) can be sufficiently non-polar to
be soluble or usable in scCO,.
Ligands that tend not to make CO,-soluble complexes are aromatic ligands such as the ubiquitous
triphenylphosphine and other ligands (Figure 1.1), although some strategies to make these soluble
have been developed. There are four basic strategies:

1) Switch to more soluble phosphines such as trialkylphosphines, despite their greater

basicity.

2) Switch to the more soluble but not particularly basic tri(2-furyl)phosphine.

3) Add co-solvents or surfactants to increase the solubility of the complex.

4) Add CO;-philic substituents to the meta- or para- positions of the aromatic rings.
For example, adding either fluorine atoms' or fluorinated chains'® dramatically increases the
solubility of the ligand. This is not only true for phosphine ligands but also for phosphite and
cyclopentadienyl ligands as well.

e s
—N N
Ptol, O
Ptol, OH HO MeO PPh,
o0 e

tolBINAP H,Salen MeOBIPHEP

Figure 1.1.

1.2.1.2 Uses of Supercritical Fluids.

There are plenty of examples of the use of supercritical fluids in catalysis."> One report describes
Aldol and Mannich reactions using Sc(OTf); (Scheme 1.1).'® In this work the importance of
additives was studied (Table 1.2), and it was shown that when no catalyst was added poor yields
were obtained. However, when poly(ethylene glycol) (PEG) was added or the catalyst was tuned by
adding fluorous chains good yields were obtained because the solubility of the catalyst was
increased.
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os,M,3 Catalyst (5 moi%)
©)\ Additive 4g/L ©/‘><U\OM0
°M° CO;, 50°C, 15 MPa, 3 h

Scheme 1.1
Catalyst Additive | Yield (%)
Yb(OTf); None 10
Yb(OTf)3 PEG 72
YW(OTH); DCM 36
Yb(OS0,C4Fs)s3 None 47
Y(0OSO,C4Fs); PEG 62

Table 1.2. Yields for an aldol reaction in scCO,.

Another example of the use of supercritical fluids in catalysis is the Diels-Alder cyclisation. The
reaction between 2-methyl-1,3-butadiene and methylvinylketone (MVK) is a classic example of this
reaction (Scheme 1.3). The major problem when Lewis acids are used in scCO; is their low
solubility. This problem was solved by adding perfluoroalkyl chains to the ligands. As the results
show (Table 1.3), the reaction gave higher yields and selectivities with the fluorinated ligands and
the longer the alkyl chain the better the results.

O
\( . "/K SoXs (5moit) \d\
N scCO,

50 °C, 150 atm, 24 h

1.7

Scheme 1.2.
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ScXis Yield (%) | 1.6/1.7
None 4 80720
Sc(OTH); 41 9377
Sc(0SO,C4Fs)3 64 94/6
Sc(0SO,CsF17)3 74 94/6

Table 1.3. Yields for a Dies-Alder in scCO,.

1.2.1.3 Supercritical Fluids-Conclusions.

The examples described so far in this chapter show that SCFs are useful solvents with the advantage
that there are no mass-transport concerns in reactions where diffusion is an issue and, if CO; is
employed, the solvent is cheap, non-toxic and non-flammable. The separation of the products from
the catalysts theoretically can be easily achieved by reducing the pressure of the system and there
are no problems with solvent residues.

One of the problems with this approach at present is that it is necessary to modify the catalyst to
make it soluble in scCO,. When modification of the ligand is not possible, the addition of
surfactants seems like a sensible way to solubilise the catalyst, but, by doing this, contaminants are
added to the reaction system that may be difficult to separate at the end of the reaction. The major
problem of this technique is the cost associated with the high pressure equipment for industrial
applications. However, if good yields, selectivities and good separation of the catalyst are obtained

then the use in industrial processes will become more attractive.

1.2.2 Ionic Liquids.

Ionic liquids (ILs) are a class of novel solvents with very interesting properties, which are attracting
the attention of a growing number of scientists and engineers. This is shown by the increasing
number of papers published in this area in recent years.'” As a consequence of their peculiar
properties, such as negligible vapour pressure, ability to dissolve organic, inorganic and polymeric
materials and high thermal stability, ILs have gained popularity as “green” alternatives to volatile
organic solvents (VOCs).

“Jonic liquid” is now the commonly accepted term for low-melting salts (melting points typically
<100 °C) obtained by the combination of large organic cations with a variety of anions. Although
estimates vary, there is no doubt that the number of combinations of anions and cations that can

give rise to potential ILs is vast.
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1.2.2.1 Properties of Ionic Liquids.
The properties of ILs such as phase transitions, viscosity and density, can be tailored over a wide
range to suit the system in which they will be employed. Relatively little is known about the
microscopic physical properties of these solvents or chemical properties for every reaction.
On the basis of the anion, ILs can be divided into four groups:

1) systems based on AICl; and organic salts such as 1-butyl-3-methylimidazolium chloride

[bmim][Cl]

2) Systems based on anions such as [PFg]’, [BF4] and [SbF¢]

3) Systems based on anions such as [CF3SOs]’, [(CF3SO3);N]" and similar

4) Systems based on anions such as alkylsulfates and alkylsulfonates

The cation is generally a bulky organic structure with low symmetry. Those described are based on
substituted ammonium (1.11), sulfonium (1.12), phosphonium (1.13), imidazolium (1.8),
pyridinium (1.9), picolinium, pyrrolidinium and pyrazolium cations (Figure 1.2). Concerning the
cation structure, it is generally assumed that non-symmetrical N,N-dialkylimidazolium cations give
salts having low melting points, even though dibutyl-, dioctyl-, dinonyl- and didecyl-imidazolium
hexafluorophosphates are liquid at room temperature. 1-butyl-3-methyl and 1-ethyl-3-
methylimidazolium cations ([bmim]* and [emim]*) are probably the most investigated structures of

this type.

] +
R
A n &) x ()

~NIN-F X N NZ X

@/ & HC® R

18 1.9 1.10

[NRH.J* [SRH3.J* [PRH4.I*

x=1- 4 x=1-3 x=1-4

1 .1 1 1 -12 1 .13

Figure 1.2.
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1.2.2.2 Uses of Ionic Liquids.

The first example of the use of ionic liquids to be discussed was the use of bismuth(III) salts as
catalysts in Mukaiyama-Aldol reactions.'® In this approach a variety of silylenol ethers were studied
and good yields were obtained for most of them using Bi(OTf);.nH;O. This method offers several
advantages including mild reaction conditions and no formation of by-products. The p-
hydroxycarbonyl products obtained were easily purified.

0 OSiMe,
©)(H +R1\|/LR3 Bi(OTf)5.nH,0 (10 mol%) oH O
: > R
R 3
» [BmimIBF,, 25 °C O/‘R?i:
1.14 1.15 1.16

Scheme 1.3.

Silyl enolate | Time[h] | Yield (%)

;fiMes 5 92
Ph

SiMe; 8 83
Ph

SiMe3 23 77
7 Ph

SiMe3 22 63
=

Table 1.4. Yields obtained for an Aldol-Mukaiyama reaction in ionic
liquids.

Z

Another example of the use of ionic liquids was in an asymmetric Diels-Alder reaction.'” The
reaction was performed with a large variety of different ILs. The yields and selectivities of the
reactions in salicylates and lactates of 1-alkyl- and 1-alkoxy-methylimidazolium (Figure 1.3) were
dependent upon the type of dienophile (Table 1.5). It is clear that elongation of the alkyl substituent
on the cation resulted in no significant alterations in the course of the reaction even though the
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viscosity of the ILs was markedly increased. The type of anion employed was found to be
significant by affecting the overall selectivity of the reaction.

N " &
Ry
endo exo
1.17 1.18 1.19 1.20 1.21
Figure 1.3. Scheme 1.4.
R; R, Anion Yield (%) | Ratio endo/exo
CH; H | DL-Lactate 95 3.9
CsHy H | DL-Lactate 90 3.8
CH; H BF, 96 3.7
CH; H NTf; 95 6.0
CH,OC¢Hj9 H Salicylate 94 3.7
CH,0OC¢H,3 H Salicylate 93 3.7

Table 1.5. Yields obtained for Diels- Alder reaction in ionic liquids.

1.2.2.3 Ionic Liquids - Conclusions.

ILs present some advantages over scCO,, the main ones being that the solvents are easier to handle
and no special equipment is required. Also, there is no need to use surfactants or to modify the
catalysts in order to make them soluble. ILs have, however, a main disadvantage, in that there is
usually leaching of the organic catalyst in the organic phase and, also, the low solubility of many
organic molecules in ionic liquids determines how useful ionic liquid catalysis can be. There is no
data about the toxicity or ecological impact of them, but they are unlikely to be benign solvents, so
their disposal could be problematic.

1.2.3. Biphasic catalysis.

Another way to separate homogeneous catalysts from product is the so-called biphasic catalysis. As
Scheme 1.5 shows, the system contains two phases; in one phase is the catalyst and in the other is
the substrate. On heatingthe reaction takes place and the product is formed. Afterwards, the

8
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reaction is cooled down and the two phases are formed again, these two phases can then be
separated by easy decantation and the catalyst is then reused. However, it is necessary to add
solubilising groups on to the ligands in order to anchor the catalyst in the catalyst-containing phase

and to minimise the effect of catalyst leaching into the product phase.

Product
Heating Reactants Product  COOling separation
REACTANTS --------=----- PRODUCT
Catalyst !
Catalyst Catalvst Catalvst Catalyst
Dhase Y Y Dhase
Scheme 1.5.

1.2.3.1 Aqueous Biphasic Catalysis.

Aqueous biphasic catalytic systems are used in some industrial processes. Examples are the
hydroformylation of propene to n-butanal with Rh-TPPTS (tris(m-sulfonatophenyl)phosphine) or
Rh-BISBIS (sodium salt of sulfonated 2,2’-bis (diphenylphosphinomethyl)-1,1’-biphenyl) as
catalysts by Rhodia/Ruhrchemie, oligomerization of terminal alkynes with Rh/water-soluble
phosphines by Hoechst-AG, carbonylation with PdCl2(PPh3)2by Boots/Hoechst-A and others.2021
As the examples above show, modified phosphines are essential ligands for these reactions (Figure
1.4, Table 1.6).

1.23

(13

NaOOC—\ /— \ >—COONa
I (HOH2C)2P P(CH20H)2

NaOOC-7 -COONa
1.24 1.25

Figure 1.4.
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Sulfonated Groups -SO3H, -SO3Na
Ammonium groups -NR4", NR;
Carboxylate groups -COOH, COONa
Carbohydrate groups -CsHgsO(OH),
Phosphonium and Phosphonate groups | -PR;*, -P(O)(OR),, -P(O)(ONa),
Hydroxyalkyl and Polyether groups -OH, -(CH,CH;0),-H
Table 1.6.

1.2.3.2 Uses of Aqueous Biphasic Catalysis.

The hydroformylation of various acrylic esters with a Rh precursor, [Rh(acac)(CO),] (acac=
acetylacetonate), illustrates a case of a catalytic reaction with an activity and a selectivity better in a
two-phase system than in a monophasic one.”” Of particular note is the hydroformylation of
ethylacrylate (Scheme 1.5) that occurs in water/toluene in the presence of [Rh)/TPPTS with a
higher catalytic activity and selectivity to the iso product than the normal product. As Table 1.7
shows changing the alkyl group of the ester had a dramatic effect on the yield although selectivities
were not affected. The by-product observed in the reaction was the hydrogenation product, and

there was no evidence for the generation of the n-isomer.

o)

IJ\OEt
0% H
[Rh(acac)(CO),//TPPTS

o 0.2 mol%/2 moi% iso product
. 1.27
\/u\oa 0

water/toluene
50 °C, 50 bar CO/H, (1/1) HNOE‘
1.26

o)

normal product
1.28

Scheme 1.5.

10



Pedro R. Villuendas Introduction

Substrate Yield (%) | Selectivity (%)
- Methyl acrylate 25 96.6
Ethyl acrylate 100 96.6
Butyl acrylate 40 98.2
2-Ethoxyethylacrylate 74 94.0
2-Ethylhexylacrylate 4 97.1

Table 1.7. Yields obtained for the hydroformilation of ethyl acrylate.

It is also possible to use a water-soluble Ni(0) catalyst, pre-formed from [NiCl,(dppe)] and TPPTS,
to perform cross-coupling reactions between arylboronic acids and aromatic chlorides in organo-
aqueous media (Scheme 1.6).> Phenylboronic acid and aromatic chlorides substituted with electron
withdrawing groups undergo cross coupling reactions catalysed by [NiCl,(dppe))/TPPTS/Zn (in the

presence of K,CO; in dioxane/water) in good yields.

[NiCl,(dppe)] 10 mol%

TPPTS 50 r:\ol%
- //_\ BOH), + ¢ /_l 3 Zn 50 mol% - //—\ \_// R,
K3PO,4 1
1.29 1.30 1 ,4-dio;gnoeéwater 1.31
Scheme 1.6.

R, R Yield(%)
H 4-COCH; 79
H 4-CHO 81
H 4-COPh 70
4-MeO 4-Ac 81
4-F 4-Ac 86
3-NH; 4-Ac 47
2,2-CH3; 4-Ac 94

Table 1.8. Yields of different substrates in Suzuki reaction

11
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1.2.3.3 Fluorous Biphase Systems.

Fluorous Biphase Catalysis (FBC) is based on the utilization of liquid-liquid biphasic processes, in
which perfluorocarbon solvents (Figure 1.5) deliver phase separation due to their extremely
hydrophobic character and because they are not miscible with the majority of hydrocarbon solvents.
However, unlike aqueous systems, some combinations of organic and fluorous solvents have
increased miscibility at elevated temperatures and can even result in a homogeneous mixture.
Perfluorinated solvents have high densities in comparison to water or organic solvents as well as
low polarisability. The low polarisability of the electrons in a C-F Van der Waals bond means that
intermolecular interactions are extremely weak. One consequence of which is the higher solubility

of gases (e.g. Oz, CO») in perfluorocarbons than in conventional organic solvents.

FLF
RF FRFF
F E FF F
E E
FFFEFFEF © C
FF
Perfluorohexane Perfluoromethylcyclohexane
Figure 1.5.

To make a catalyst soluble in perfluorocarbon solvents it is necessary to attach fluoroponytails
(long perfluoroalkyl chains attached to the ligand), which increase the fluorophilicity of the catalyst.
The success of recycling the fluorous catalyst depends on the amount of fluorine that it contains. In
general, to guarantee success in the separation of the catalyst from the organic product, it is
necessary to examine the structure of the catalyst My[L(R)s(Rm]. (for example, HRh(CO),{P[CH,-
CH,(CF,)sCF;]3}3). It usually has a metallic centre coordinated by fluorous ligands L(R)n(R¢)m. The
fluorinated ligand contains a hydrocarbon part (R), and a fluorocarbon part (Rf)m. The partition
coefficient (Pras= Chuorophilic solvent / Chuorophobic soivent) depends on the size and the type of the
hydrocarbon and fluorocarbon parts.

Then, the main question is how many fluorine atoms are necessary to anchor the catalyst into the

fluorous phase? This question is not easily answered, but there are many rules that can help in the
design of fluorous catalysts.

12
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1) At least 60% of the weight of the compound must be fluorine, which can be obtained by
attaching fluoroponytails, however increasing the molecular weight and costs of the
resulting catalyst could limit the industrial applicability of this approach.

2) The size of the fluoroponytail. Very long perfluoroalkyl groups can increase the partition
coefficient into the fluorous phase, but there will also be a decrease in absolute solubility
in both fluorous and organic phases.

3) The number of fluoroponytails. An increase in the number of the fluoroponytails
normally increases the partition coefficient.

4) Structure. The number of functional groups that can generate intermolecular interactions
of attraction should be minimised.

5) The structure of the ponytail. There is no data on the effect of branched fluoroponytails
or the addition of heteroatoms as segments e.g -CF,XCF;- (X =0, S, N).

Another important behaviour of fluorous ponytails is the electron-withdrawing effect of
perfluoroalkyl groups. These can weaken the electron donating ability of the heteroatom attached to
the ponytail or modify the electronic properties of the ligand. To avoid this electron withdrawing
effect spacer groups can be added between the heteroatom and the first CF, group. The most
common spacer groups are methylenic groups,24 -(CH2)p-R¢ (n = 3), and silyl groups,25 (-SiMes. p -
(CH2CH2(Rg)n)m) (m= 1- 3), because of their stability. Some examples of these ligands are shown in

Figure 1.6 and have been used successfully for a wide range of reactions.”*?’%

0 o
CeF17 cooH P C2HACeF

CeF 17
1.34 135 136

Figure 1.6.

1.2.3.4 Uses of Fluorous Biphase Systems.

Fluorous biphase catalysis has been used in a wide range of reactions such as oxidation of
alcohols,?” oxidation of sulfides,’® Wacker oxidation, Suzuki®® and Heck” reactions involving a
wide variety of metals including Cu(II),2> Pd(II),*>*' and Mn(III)** which are active in monophasic
and biphasic systems. In the same way the use of fluorinated carboxylates have proved to be

13
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successful in the oxidation of a wide range of substrates (alcohols, alkenes) using biphasic
catalysis.”®

The initial work on fluorous biphase catalysis by Horviath and Rédbai was focused on the
hydroformylation of oct-l1-ene and dec-1-ene.”> The reactions were carried out in a
perfluoromethylkcyclohexane/ toluene biphase at 100 °C with a Ho/CO pressure of 10 bar. The Rh(I)
catalyst could be recovered up to eight times and the selectivities were good but decreased slightly

after a few runs.

p [Rh(CO),(acac)] oy GeHis O
CeHia P(C2HCoF 1a)s, H2/CO i HacHH
1.37 1.38 1.39
Scheme 1.7.

Run | Rh in the reactor (umol) n- (%) iso- (%) Octane (%)
1 15.63 91.5 7.83 0.7
2 15.54 89.4 9.86 0.7
3 15.46 89.3 10.1 0.6
4 15.38 89.5 9.93 0.6
5 15.30 89.1 10.30 0.6
6 15.23 89.0 10.33 0.6
7 15.14 88.9 10.57 0.5
8 15.06 88.3 11.01 0.6
9 14.98 88.3 11.03 0.6

Table 1.9. Yields and selectivities obtained in hydroformilation.

Another good example of fluorous biphase catalysis is the oxidation of nitrobenzylalcohol to
nitrobenzylaldehyde (Scheme 1.8),° using Cu(II) fluorous carboxylates with a fluorous tagged
triazacyclononane in perfluoroheptane. This system was successfully used and allowed the catalyst
to be recovered up to five times (Table 1.10). However, in the sixth run a drop in the yield

occurred, and in the seventh run only 8 % conversion was obtained.

14
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LOH O H
[Cu(RfACO),RfTACN]
Perfiuoroheptane/ -

NO,  OjibanTEMPO N
1.40 1.41
Scheme 1.8.
Run | Time (h) | Conversion(%)

1 8 96

2 8 94

3 8 92

4 8 90

5 8 92

6 8 51

7 8 8

Table 1.10. Oxidation of alcohols using Cu(II) fluorous catalysts.

1.2.3.5 Biphase Catalysis - Conclusions.

Biphase systems provide a simple method for separation of the catalyst from the product that has
been successfully used in industrial catalysis (section 1.2.3.1). However, catalyst leaching into the
organic phase can be a major problem for this separation technique. Aqueous biphases cannot be
used with water-sensitive substrates, and the low solubility in water of lots of organic substrates
limits the yields for reactions of such substrates. Fluorous biphase catalysis overcomes this problem
by being miscible with organic phases at high temperatures and the problem of the water-sensitive
substrates is also overcome for obvious reasons. However, fluorous solvents are very expensive
which may prove prohibitive to their use in industry. Fluorous solvents are also persistent in the
environment and for this technique to be used it is necessary for a high percentage of fluorine to be
attached to the ligands (>60%). This last disadvantage is quite important because sometimes ligand
modification can be difficult and affects rates/selectivities of the reactions. Even so, if leaching
levels are low and the solvent is carefully recycled this technique could be interesting for certain

systems.
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1.2