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Abstract

A general method to immobilise homogeneous catalysts and to improve the performance of heterogeneous catalysts is
discussed. The method consists in embedding the catalysts in hydrophobic PDMS (polydimethylsiloxane)-membranes.
Inspired on a complete structural mimic of cytochrome P-450 up to the level of the membrane, this technique gives superior
properties to the membrane resident catalyst. The scope and limitations of this method are discussed by two examples of
heterogeneous catalysts, i.e., FePc-Y (iron phthalocyanine zeolite Y) and [Mn(bpy),]**-Y (manganese bis(bipyridyl) zeolite
Y), and three examples of homogeneous complexes, i.e., FePc, Ru-binap ([2,2-bis(diphenylphosphino-1,1-
binaphtyl]chloro( p-cymene)-ruthenium chloride) and the Jacobsen catalyst (N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexane-diamine manganese chloride). Due to changed sorption in the zeolites, catalyst activity is enhanced and
deactivation is suppressed. Furthermore, the membrane incorporation makes the use of a solvent redundant. For homoge-
neous complexes, this procedure represents a general method for heterogenisation. Moreover, the technique opens new ways
in the field of oxidation chemistry, where solvents are necessary to homogenise reagents which usually differ in polarity.
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1. History able to catalyze selectively a wide diversity of
oxidation reactions, it is most attractive for
Catalytic oxidation reactions are often ac- chemists to attempt the mimic of their active
companied by the formation of free organic site [3,4].
radicals [1], lowering selectivity. Consequently, Two approaches were followed, both started
there is a great need for catalysts that control at the end of the seventies. In the first one,
the fate of formed radicals or avoid their forma- synthetic porphyrin complexes were used as
tion. Nature has solved this problem by devel- homogeneous catalysts [5,6]. This approach,
oping oxygenation enzymes among which the based on the number of publications, is clearly
class of the cytochrome P-450 enzymes is one the most popular one. Many different transition
of the most famous [2]. Since these enzymes are metals were incorporated and the catalysts were
used to oxidise many substrates with a wide
_TE;esponding author. Tel.: +32-16-321645; fax: +32-16- Variety of oxidants [7_1 1]' However, these sim-
321998; e-mail: rudi.parton@agr.kuleuven.ac.be. ple tetraphenylporphyrins, often denoted as the

1381-1169 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved.
PII S1381-1169(96)00091-X



284 R.F. Parton et al. / Journal of Molecular Catalysis A: Chemical 113 (1996) 283-292

first generation catalysts, are sensitive to deacti-
vation by oxidation of the meso carbon atoms.
Complexes designed by substituting bulky alkyl
groups (e.g., tetramesitylporphyrins) or elec-
tron-withdrawing groups (e.g., pentafluo-
rophenylporphyrins) on the phenyl nuclei,
showed better stability [12—14]. This was due to
steric effects or to a decreased electron density
on the macrocycle. These are the so-called sec-
ond generation catalysts. At the end of the
eighties, the third generation catalysts were de-
veloped in which, apart from this substitution
on the phenyl group, the pyrrole groups were
substituted as well (i.e., by substituting halogens
as in meso-tetrakis(pentafluorophenyl)-B-oc-
tafluoroporphyrins) [15~17]. It implied another
decrease in electron density. Furthermore, activ-
ity increased since it was shown that an elec-
trophilic oxygen species was the active entity,
being activated by the electron withdrawing
substituents. For at least some of these homoge-
neous porphyrin complexes, it was shown by
mechanistic [18] and spectroscopical [19] stud-
ies that they are true models of the active site of
cytochrome P-450 [7-11].

The other approach, which we also followed,
was the heterogeneous one. Zakharov and Ro-
manovskii published in 1977 [20] a successful
synthesis of phthalocyanine complexes in the
supercages of zeolite Y, but it took up to 1986
until the first room temperature oxidation publi-
cation appeared in literature [21]. These cata-
lysts represent a higher structural model of cy-
tochrome P-450, since the protein mantle was
mimicked together with the active site [22—28].
The former was replaced by a far more stable
zeolite Y. Until then, it was impossible to con-
clude whether these catalysts also formed a true
mechanistic model of the enzyme, since neither
data of mechanistic studies nor spectroscopical
evidence of the active oxo species were avail-
able. The heterogenised complexes offer two
main advantages above the homogeneous ones
[25-28]. First of all, they prevent the complexes
from oxidising themselves as diffusion of one
complex to another is impossible. Consequently,

the oxidation of the ligand by another complex
cannot be realised. Second, the zeolite influ-
ences formation of products by steric and elec-
tronic influences on the transition state of the
reaction, moreover they also control the entry
and departure of reagents and products. How-
ever, these catalysts had a very low activity
(only 6 turnovers) [21-24]. We had a break-
through by developing a synthesis method ex-
cluding the formation of unchelated iron ions
[29]. Further on, the catalyst was improved by
modifying the metal, the ligand and the zeolite
structure [30-34]. Turnovers were increased up
to even 20000 [34]. The catalysts as such were
denoted as zeozymes (ZEOlite based enZYME
mimics), although only a structural similarity
was proven up to now [27,28].

The occluded phthalocyanine complexes have
a respectable size and require a zeolite with
caves or intersections which are large enough to
embed them. For this purpose, faujasites, con-
taining supercages and depicted in Fig. 2, are
most frequently used [24-28]. However, all
these zeolites have a low silicon to aluminium
ratio, making them highly hydrophilic. In the
reaction conditions applied for the oxidation of
apolar compounds such as alkanes, all other
molecules present, including the solvent, have a
higher polarity than the alkane, so they will sorb
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Fig. 1. Conversions for the catalytic oxidation of cyclohexane
with FePc-Y, FePc-USY (ultra stable Y zeolite with Si/Al = 130)
and FePc-C (carbon black). Conditions: 0.5 g catalyst, 50 ml
acetone, 50 mmol cyclohexane and 100 mmol tertiary butyl
hydroperoxide added at a rate of 4.38 mmol h™ I
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preferentially in the zeolite. Consequently, the
reaction rate is seriously suppressed and accu-
mulation of the more polar reaction products in
the zeolites decreases the activity as the reaction
proceeds [35]. To solve these problems, condi-
tions were adapted. First of all, a fed-batch
mode was chosen with a slow addition of the
peroxide. That way, the peroxide concentration
in the zeolite was lowered and more balanced
with the alkane concentration. Subsequently, the

FePc-Y-PDMS
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hydrophobicity of the carrier was increased by
dealuminating the zeolite or by using carbon
black as support. However, even dealumination
of the structure up to a silicon to aluminium
ratio above 100, increased the activity only
twice (Fig. 1) [36]. Deactivation by sorption of
polar compounds still remained a serious issue.
With carbon black, the activity increased
strongly (Fig. 1) and deactivation by sorption
was strongly suppressed [37]. In contrast to the
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Fig. 2. Schematic representation of the structural analogy between FePc-Y~PDMS and cytochrome P-450.
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zeolite systems however, the complexes are not
protected by the carbon support and deactiva-
tion occurred by oxidative destruction of the
complex.

While the zeolite seemed to be essential to
protect the phthalocyanine against oxidation, the
creation of a hydrophobic environment around
the active site was required to circumvent the
activity and sorption problems. These require-
ments were met by embedding the FePc-Y cata-
lyst in a hydrophobic PDMS membrane (PDMS
= polydimethylsiloxane) [38]. The membrane
controlled the sorption of reactants and products
by preferentially sorbing the apolar molecules.
Moreover, it could be mounted as an interface
between the alkane and the peroxide phases in a
membrane reactor, avoiding the use of a sol-
vent. Our first results were overwhelming: the
activity increased with an order of magnitude
and the stability was retained. We realised that
this technique could be a general method to
heterogenise homogeneous complexes, with the
redundancy of solvents as additional benefit.
Furthermore, the supramolecular catalyst com-
pletely resembled the architecture of natural
cytochrome P-450 (Fig. 2). In living eucaryotic
cells, cytochrome P-450 is embedded in phos-
pholipid membranes, which act as a reservoir
for reactants [39]. In our system, the PDMS
membrane takes over the role of this phospho-
lipid double layer, likewise the zeolite imitates
the protein and the iron—phthalocyanine com-
plex the iron—protoporphyrin IX. Moreover, ki-
netic isotope studies and activity ratios of ter-
tiary to secondary carbon atoms showed similar
results for these embedded catalysts as for the
natural enzymes and porphyrin complexes,
proving that they react via an oxo species. This
shows that the active species for our supra-
molecular catalyst is probably similar to those
for the enzyme. In the next sections, the appli-
cability and advantages of this general method
will be discussed. First, some examples of het-
erogeneous catalysts (all zeozymes) are given
whose performance is improved upon encapsu-
lation in PDMS. Second, the heterogenation of

some homogeneous complexes by embedding
them in a membrane, will be presented.

2. Membrane occluded zeozymes

2.1. Introduction

Apart from constituting the highest possible
level of cytochrome P-450 mimicry, the mem-
brane occluded catalyst presented in 1994 was
the first room temperature catalytic membrane
[38]. Furthermore, it was the first time that a
solid phase catalyst was dispersed in a dense
organic polymer. Later on, the same approach
was followed for the [Mn(bpy),**-Y catalyst
[40].

This newly designed type of catalyst entails
two major advantages. First, the hydrophobic
membrane material surrounding the catalyst acts
as a reservoir for apolar compounds, simultane-
ously excluding excessive amounts of polar sub-
stances near the active sites. Clearly, a proper
choice of membrane polymer allows fine tuning
of the actual reagent concentrations inside the
catalyst. Second, shaped as a membrane, the
composite system is able to form a physical
barrier between two immiscible phases, making
a solvent redundant. Dilution of the reagents by
the solvent and competition of this solvent with
reagents for sorption on the catalytically active
spots, can thus be avoided. Especially in oxida-
tion reactions where large polarity differences
are encountered between both reagents, this
might be an important aspect.

Until now, no other membrane material but
PDMS was assayed. It is not only a cheap and
easy-to-prepare polymer, but it is also one of
the most hydrophobic polymers. Furthermore,
its flexible siloxane chains provide a fast mass
transfer through the membrane [41] and experi-
ence concerning the incorporation of zeolites in
this polymer was readily available [42-45].
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Fig. 3. Room temperature sorption measurements in FePc-Y-—
PDMS of cyclohexane (¢cC6), cyclohexanol (cCol), cyclohexanone
(cCé6one), tertiary butyl hydroperoxide (t-BHP) and water.

2.2. FePc-Y-PDMS

As explained before, one of the main reasons
to surround the FePc-Y catalyst with PDMS in
the oxidation of cyclohexane, was to alter con-
centrations inside the zeolite, i.e., to enrich the
zeolite phase in organic compounds and avoid
competition with acetone. The affinity of the
membrane polymer for the most relevant com-
pounds is expressed in Fig. 3 under the form of
polymer swelling: the more a polymer swells in
a certain solvent, the higher its affinity for this
compound. A clear cyclohexane enrichment can
therefore be expected in the membrane.

The oxidation of cyclohexane was performed
in the membrane reactor, pictured in Fig. 4.
After the reaction, the three different phases
were analysed (Fig. 5). It was found that the
composition of the PDMS-phase resembled the
cyclohexane phase closely. As compared with
the non-membrane resident FePc-Y, the envi-
ronment of the catalyst had changed drastically
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Fig. 4. A schematic representation of the membrane reactor.
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Fig. 5. Concentrations (as determined by GC-analysis) after cyclo-
hexane oxidation with a 30 wt% FePc-Y-PDMS (conditions as in
reference [38]) of the polar reagents (rert-butyl hydroperoxide
(t-BHP)) and products (s-butanol, cyclohexanone (cC6one) and
cyclohexanol (cC6ol)) in the membrane, the organic and the water
phase. The membrane concentrations are determined after desorp-
tion under vacuum.

upon incorporation from polar (mainly acetone)
to strongly apolar (mainly cyclohexane). The
effect on the cyclohexane conversion was dras-
tic: TON (turnover number) increased from 180
(fed-batch reactor, being the most optimal ex-
perimental set-up for non-membrane resident
catalyst) to 980 [38]. TON are calculated as the
amount (mol) cyclohexane converted after 5 h
reaction and per mol of active complex. The
reaction in the membrane was not controlled by
diffusion since an increase of the loading of the
PDMS membrane with FePc-Y from 18 to 30
wt% did not change the TON and increased the
conversion with a comparable amount. Fig. 5
also shows how both reaction products (cyclo-
hexanol and cyclohexanone) are distributed be-
tween the three phases. Unfortunately, the prod-
ucts’ polarity does not differ enough from the
substrates” to find them present in separate
phases after the reaction. It can be assumed that
in other reactions (e.g., oxidation of cyclodode-
cane) the reaction products might diffuse selec-
tively to the cyclododecane phase, facilitating
subsequent purification steps.

As a function of time, the membrane reaction
shows a certain induction period (Fig. 6). This
period is believed to be due to the fact that
diffusion of the compounds to the active centres
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Fig. 6. Reaction rate and product yield (cyclohexanone (cCéone)
and cyclohexanol (cC6ol)) as a function of time in the membrane
reactor (conditions as in Ref. [38]).

in the zeolites takes some time, just like the
backdiffusion of the products. At the end of the
reaction, some catalyst deactivation still seems
to occur, even though it was retarded compared
with the non membrane resident FePc-Y. It was
proven that this deactivation was reversible and
due to an increasing sorption of polar com-
pounds in the zeolite as the reaction proceeded.
Regeneration of the membrane merely by treat-
ing at 150°C under vacuum was sufficient to
re-establish the original catalytic activity.

2.3. [Mn(bpy), > *-Y-PDMS

Incorporation of a second zeozyme
[Mn(bpy),]**-Y in PDMS for the epoxidation
of olefins with either hydrogen peroxide and
tert-butylhydroperoxide in batch reactors,
showed that a good catalytic activity could be
realised under two conditions: reagents should
diffuse easily through the polymer and they
should sorb well in the zeolite [40,46]. This was
best realised by using a solvent with a strong
affinity for the membrane, making it swell so as
to facilitate diffusion of the substrate. Mean-
while, this solvent should have an as low as
possible affinity for the zeolite (i.e., not too
polar), in order to minimise competition with
the substrate for sorption on the active sites. In
this respect, octane was found to be the best
solvent for epoxidising styrene with a mem-
brane resident catalyst (Table 1). The correla-

tion of the oxidation results with the sorption
results is clear. Based on swelling, octane and
acetone should be the best solvents for reaction
as they make the membrane swell and facilitate
the reagent diffusion. However, acetone is polar
and sorbs competitively with the substrate on
the active sites in the zeolite. A comparable
situation is found when using no solvent at all.
An actual ‘solvent phase’ is then formed by the
substrate, having a high affinity for PDMS but,
evidently, without competitive adsorption.

2.4, Scope and limitations

Incorporation of inorganic fillers in polymers
[44,45,47-49], especially in rubbers [42,43,50—
56], is very well documented in literature. How-
ever, every new filler-polymer combination
might require some optimising in adjusting
polymer concentration, solvent choice and cur-
ing conditions before suitable membranes can
be made. From then on, variable catalyst load-
ing and membrane thickness might help to im-
prove the catalytic performance. Even in batch
reaction systems, the membrane occluded
zeozymes appeared useful, but full advantage is
only obtained in a membrane reactor, separating
two immiscible phases. The most important
consequence of the membrane environment is
the changed reagent concentrations near the cat-
alytic sites, that might improve conversions.
Using solvents in batch reactor systems, suitable

Table 1

Room temperature sorption measurements of pure compounds in
[Mn(bpy),>*-Y-PDMS and turnover numbers (TON) after 1 h
reaction at room temperature for the oxidation of styrene with
t-BHP using a 30 wt% [Mn{bpy),**-Y-PDMS in a molar ratio
(Mn /substrate /peroxide) of 1,/100,/210 for the solvent reactions
and 1,/1000 /2100 for the reaction without solvent

Solvent TON Sorption (ml/g)
Ethanol 4.1 -

Acetone 6.5 0.06

Methanol 7.7 -

Acetonitrile 10.9 -

Octane 12.6 1.57

Styrene 11.0 0.63
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solvents should increase the membrane perme-
ability, while avoiding competitive sorption on
the active zeolite sites.

3. Membrane occluded complexes
3.1. Introduction

Both examples above could be considered as
illustrations of a method to improve the cat-
alytic performance of a heterogeneous catalyst.
However, the ship in a bottle method to mimic
enzymes was originally studied as a way to
heterogenise catalysts. When incorporated in a
membrane, the zeolite did no longer seem to
play a part in this heterogenation. Therefore, the
incorporation by occlusion of the pure com-
plexes seemed to be an interesting route to
follow, combining an easy heterogenation with
all advantages of membranes.

Above that, this method should be applicable
to a very broad range of complexes on two
conditions: the complex should be dispersed
well in the polymer and the occlusion should be
strong enough to prevent leaching. The above-
mentioned FePc-complex was heterogenised this
way, together with two other complexes em-
ployed in chiral catalysis.

3.2. FePc-PDMS

To obtain a good dispersion of FePc in a
PDMS-membrane, a complete dissolution of the
complexes in an appropriate solvent should take
place. However, no solvents exist in which large
quantities of FePc-crystals can dissolve. From
literature [57], dichloromethane was selected as
the best possible, but even then the small
amounts of complex needed (0.02 g FePc per
100 ml dichloromethane) did not dissolve com-
pletely. In spite of the incomplete dissolution,
FePc-PDMS membranes could be prepared and
oxidation of alkanes with tert-butylhydropero-
xide was attempted. Using batch reactions with
cyclohexane, a very strong exothermic reaction

occurred and within 10 minutes the membrane
had lost all colour. As cyclohexane is about the
best swelling agent for PDMS, the strong
swelling of PDMS allows lots of peroxides to
be ‘dragged’ into the membrane and reach the
complexes. As these complexes show increased
mobility in this strongly swollen membrane, and
furthermore, not being monodispersed from the
start, a severe auto-oxidation of the complexes
follows. Using hexadecane as substrate or a
perfusor to add the peroxide slowly, the auto-
oxidation was only retarded, but at the end of
the reactions (typically after 24 h), the colour of
the membrane had vanished. These results
clearly confirm the role of the zeolite in the
cytochrome P-450 mimicry, being the protein
mantle that protects the active sites from unde-
sired attacks and self destruction.

3.3. Ru-binap-PDMS

Ru-binap ([2,2-bis(diphenylphosphino-1,1'-
binaphtyl]chloro( p-cymene)-ruthenium chlo-
ride) is a powerful chiral hydrogenation catalyst
[58]. Being extremely expensive, its heterogena-
tion is highly desired, but only one attempt
seemed to be successful by now [59]. Even then,
this tri-phase heterogeneous system is far from
versatile. This time, good solvents were found
to disperse the complex and a successful occlu-
sion of the catalyst in PDMS was realised [60].
Leaching during reaction could be avoided by
choosing solvents in which the complex did not
dissolve. That way, no matter how strong the
membrane swelled, and how fast transport of
reagents and products might be, the complex
remained fixed. Being a bad solvent for the
chiral hydrogenation [59], only low conversions
and enantiomeric excesses (%e.e.) were realised
in water (Fig. 7). However, applying glycerol,
ethyleneglycol and an oligomeric form of
polyethyleneglycol as solvents increased both
enantiomeric excess and activity. The conver-
sions could be further increased by increasing
temperature, without any loss of complex or
enantiomeric excess.
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Fig. 7. Turnover frequency (T.O.F.) and enantiomeric excess
(%e.e.) for the chiral hydrogenation of methylacetoacetate with
Ru-binap at 60°C in different solvents. Conditions as in Ref. [60].
Reg. = after regeneration.

3.4. Jacobsen-PDMS

The Jacobsen catalyst (N, N'-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexane-diamine
manganese chloride) [61], reagent of the year in
1994 ', is a versatile catalyst for many chiral
reactions, such as olefin epoxidations. Hetero-
genation of the complex is very difficult since
the catalyst easily loses its enantioselective in-
duction as soon as it is immobilised on a surface
(silica, carbon, MCM, ...) . However, the oc-
clusion of the complex in a PDMS-matrix is an
immobilisation method that exhibits no strong
interaction forces on the complex [60]. The
complex is merely held sterically within the
very flexible PDMS-chains surrounding it.
Thanks to the rather bulky appearance of the
complex, this loose occlusion is sufficient to
hold the complex, as long as the polymer
swelling is limited. This is indeed the case for
the reactions reported in Fig. 8, where the sub-
strate was present as a 0.6 vol% heptane solu-
tion to avoid excessive swelling. No loss in
enantioselectivity is going along with the occlu-
sion in the membrane, nor is any activity lost.
Even though no strong bonds withhold the com-
plexes in the polymer, less than 1% of Mn was
detected in the reaction mixtures after 24 h.

" E.N. Jacobsen, Fluka Prize, reagent of the year 1994.
’RF. Parton, V. Van de Vyver, D. Tas and P.A. Jacobs,
unpublished results.

Consequently, after regeneration, catalytic ex-
periments showed comparable activities. For the
reactions studied here, the use of a counter
current membrane reactor could open interesting
perspectives as all reactions are bi-phasic.

3.5. Scope and limitations

The heterogenation of catalytically active
complexes by occlusion in polymers opens in-
teresting perspectives. From the point of view
of synthesis, a combination of polymer—
solvent-complex has to be found that forms one
phase and still allows the curing of the mem-
brane polymer. As a hydrophobic and highly
permeable elastomer, PDMS shows great poten-
tials here. Compared with the zeozyme contain-
ing membranes, excessive swelling of the poly-
mer is to be avoided here to minimise complex
leaching. Reagents (and solvents if necessary)
should therefore be chosen that optimise
swelling: strong enough to allow easy transport
of reagents and products through the polymer in
one respect, and reduced swelling to keep the
complexes, carrying large steric groups by pref-
erence, occluded. Under either one of the fol-
lowing conditions, the latter precaution is super-
fluous: (1) in systems where solvents are avail-
able that dissolve reagents and products, but not
the complex or (2) if the complex can be linked

657
3 w52 |52 52-»| 5

T.0.F. (1/h)

PDMS Reg. 1 PDMS Reg. 2

Homogeneous PDMS

Fig. 8. Turnover frequency (T.O.F.) and enantiomeric excess
(%e.e.) for the chiral epoxidation of styrene with the Jacobsen
catalyst at 4°C, homogeneous and after incorporation in a PDMS
membrane. Conditions as in Ref. [60]. Reg. 1 = after 1 regenera-
tion cycle and Reg. 2 = after 2 regéneration cycles.
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ionically, coordinatively or covalently via a
functional group to the polymer.

4. Conclusions

FePc-Y-PDMS catalytic membranes can be
considered as the pioneers in the exploration of
the new world combining dense membranes
with catalysis. It could be an area in which
those who are involved with homogeneous and
heterogeneous biomimetic oxidation catalysts
meet each other, in their attempts to increase the
catalysts’ performance by using dense mem-
branes to encapsulate the catalysts. Whereas, it
was limited to alkane oxidations in the start,
other composite systems for epoxidations and
hydrogenations, even chiral ones, have followed
soon and as successfully. By opening the cata-
lyst—polymer combination to the unsupported
complexes, an easy way of heterogenation comes
in reach for a vast range of catalysts, bearing
the included opportunity to fine tune the reac-
tion conditions by choosing the most appropri-
ate polymer matrix. Mounted in a counter cur-
rent membrane reactor, the systems carry all
advantages of membrane reactors: continuous
operation and easier separations.
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