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Abstract

The reaction of the amphiphilic ligand{4-[bis(diethylaminoethyl)aminomethyl]diphenyl}phosphine witha-zirconium
phosphate, of intermediate surface area (24 m2 g−1), provided a phosphine functionalised support in which electrostatic
interaction between ammonium groups on the ligand and de-protonated surface hydroxyl groups on the support provided the
binding force. The X-ray powder diffractogram of the material showed that the binding lowers the crystallinity of the carrier
and that the ligand is not intercalated but bound at the outer surface and at the entrances to the interlamellar space. Reaction
of the phosphine functionalised support with Rh(CO)2(acac) led to CO-phosphine exchange and formation of an immobilised
complex of the composition LRh(CO)(acac) (L= surface bound phosphine). When applied as catalyst in continuous gas-phase
hydroformylation of propene and in liquid phase hydroformylation of 1-hexene the immobilised complex showed intermediate
activity and regioselectivity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Homogenous catalysts are in many respects supe-
rior to heterogeneous catalysts [1]. Despite this, the
inherent difficulty in separating and recycling homo-
geneous catalysts has hampered their industrial utilisa-
tion. Consequently, a number of methods aimed at an
easier handling of homogeneous catalysts have been
investigated.

Following the Merrifield solid state peptide syn-
thesis, early attempts to immobilise metal complex
catalysts to insoluble organic or inorganic polymeric
supports were made [2]. With few exceptions, how-
ever, it can be concluded that the immobilisation
impose reduced catalysts stability — frequently metal
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leakage [3], metal induced carbon–phosphorus bond
cleavage [4,5] and decomposition to the metallic state
[6,7] has been observed. The application of “liq-
uid supports” in the form of supported liquid phase
(SLP) catalysts [8] or more recently in the form of
water-soluble metal complexes [1] is yet another
possible way of enhancing the applicability of homo-
geneous metal complex catalysts. Triggered by the
success of the Rhone–Poulence/Ruhr–Chemie aque-
ous biphasic propene hydroformylation process [9]
the area of catalysis in water has grown rapidly over
the last decade, encompassing a plethora of reactions
and water-soluble ligands and their complexes. The
conversion of a given parent organo-soluble complex
into its water-soluble counterpart is easily achieved
by attachment of different water-solubilising mod-
ules to the ligands in the parent complex, ranging
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from charged groups as –SO3
− [10–13] or –NR3

+
[14–17] to neutral hydrophilic modules as –OH [18].
Water-solubility is an attractive property because it
enables a wide range of methods of applying the
parent complex in catalysis, e.g. in biphasic solvent
systems, as SAPC [19] or with the proper substituent
in the amphiphile mode [20]. Water-solubility also
provides access to more environmentally benign pro-
cess design [21].

It is believed that in the SAPC mode the
water-soluble complex is retained at the surface by
hydrogen bonding with a monolayer of water as the
intermediary link between the support and the com-
plex [19]. Electrostatic interaction would, however,
provide a stronger and more durable binding force and
by combining a support material with ion-exchange
capacity with a ligand bearing chargeable mod-
ules this can be achieved.a-Zirconium phosphate,
Zr(HPO4)2·H2O, (a-ZrP) is a layered solid in which
surface and interlayer P–OH groups provide high
cation exchange capacity. The material is readily
available and its has a high chemical and thermal
robustness [22].

Amines react readily with the acidic P–OH groups
of a-ZrP leading to surface binding as well as inter-
calation and this reaction has recently been utilised in
intercalation of a bifunctional aminophosphane and
its tungsten carbonyl complex [23]. Although that
study nicely demonstrated the feasibility of the inter-
calation reaction no catalytic studies were reported,
neither did the authors address the important issue of
accessibility of the intercalated complex. In its native
form a-ZrP has an interlayer distance of 7.6 Å and the
entrance openings into the interlamellar voids allow
a sphere of only 2.6 Å free passage [24]. Although
the interlamellar distance increases substantially (up
to about 23 Å) by the intercalation reaction the mean
free volume is not much affected — more readily
accessible sites are normally achieved by different
methods of pillaring or by using a less crystalline
a-ZrP of higher surface area [24]. In a recent pa-
per [20], we have described the preparation and the
chemical and catalytic properties of a new ligand
{4–[bis(2-diethylaminoethyl)aminomethyl]diphenyl}
phosphine, N3P (Fig. 1), for which the triamine
side-chain provides amphiphilic character, i.e. the lig-
and and its complexes are soluble in organic solvents
under neutral or basic conditions and soluble in water

Fig. 1. N3P.

under acidic conditions. Thus, the N3P ligand is a
likely candidate to test in conjunction witha-ZrP as
a carrier. Bearing accessibility in mind we have in
the present study reacted ana-ZrP of intermediary
surface area (24.9 m2) with the N3P ligand and pre-
pared the catalyst precursor Rh(CO)(N3P)(acac) and
studied this in continuous gas-phase hydroformyla-
tion of propene and in liquid phase hydroformylation
of 1-hexene.

2. Experimental

2.1. General

Standard inert gas (N2 or Ar) procedures were used
in the handling of air and moisture sensitive chemi-
cals. Solvents and 1-hexene were distilled and dried
before use. The N3P-ligand [20] anda-ZrP [25] were
synthesised following literature procedures. The gel
form of a-ZrP was converted to its crystalline state
by boiling in 6 M H3PO4 for 6 h (a-ZrP; 6.6) giving
a solid with a BET-surface area of 24.9 m2 g−1 and
an interlayer spacing of 7.6 Å. X-ray powder diffrac-
tograms were collected on a Inel CPS 120 diffractome-
ter (λ = 1.54056 Å). [Rh(CO)2(acac)] was purchased
from Johnson and Mattey.

2.2. Synthesis of the phosphine modifiedα-ZrP,
ZrP.N3P

The ligand N3P (350 mg) was dissolved in methanol
(20 ml) and 1.0 ga-ZrP added. The resulting slurry
was stirred and heated at 60◦C overnight. The white
solid was collected by centrifugation, washed with
methanol and finally dried in vacuum. Elemental ana-
lysis: C = 15.1%, N = 1.7%; TGA:H2O = 6.6%;
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31P CP-MAS solid state NMR:−19.2,−20.9,−22.7
(Zr(HPO4); −7.9 (N3P).

2.3. Preparation of the catalyst

A dichloromethane solution (5 ml) of [Rh(CO)2-
(acac)] (9.5 mg, 0.037 mmol) was added to a slurry
of ZrP·N3P (1.0 g, Rh/phosphine= 1/10) in degassed
dichloromethane (20 ml). The resulting mixture was
stirred under argon for 4 h, separated by centrifuga-
tion to give an orange solid and a clear colourless
supernatant. The supernatant solution was discarded,
the solid collected, washed with dichloromethane and
finally dried in vacuum. IR (cm−1, KBr): 1974 (ν CO);
1579, 1521 (ν CO, acac). Solid state31P NMR (ppm):
−19.2, −20.9, −22.7 (Zr(HPO4); −7.9 (N3P); 20.7
(unknown).

2.4. Catalytic procedures

The gas-phase hydroformylation of propene was
carried out in a stainless steel, fixed bed, tube reactor
at different temperatures in the range 63–103◦C us-
ing a 1:1:1 mixture of CO/H2/C3H6 at a total pressure
of 5 bar. The continuous flow system used has been
described in detail previously [26,27]. After placing
the weighted amount of the catalyst in the reactor, the
system was purged for 15 min with the reactant gas
mixture before immersing the reactor into an oil bath
preheated to the selected reaction temperature. The re-
actor was operated under differential conditions, i.e.
the gas flow was adjusted to give only 1% conversion
of propene. This mode of operation allows the rate to
be calculated as: rate= F [aldehyde]/WRh, whereF is
the flow rate in mol s−1, (aldehyde) is the fraction of
1- and 2-butanal in the product stream andWRh is the
weight of rhodium in the reactor. Samples from the
product stream were periodically injected via a sample
loop and analysed using a Shimandzu GC9-A GLC
equipped with a SCOT Squalan column.

Hydroformylation experiments using 1-hexene as
the substrate were carried out in a glass tube fitted into
a Roth 50 ml stainless steel autoclave at 80◦C, 20 bar
of a 1:1 mixture of CO and H2 with toluene as sol-
vent. In a typical experiment, 50 mg of the catalyst was
placed in the autoclave together with 20 mg of internal
standard (3-methyl naphthalene), 3 ml of thoroughly

degassed toluene and 250ml of 1-hexene. The auto-
clave was closed, pressurised and vented three times
before the autoclave was heated and pressurised to the
selected temperature and pressure. After the selected
reaction time the autoclave was cooled to room tem-
perature and vented, the catalyst was separated by cen-
trifugation and the product composition was analysed
by GLC on a Varian 3300 gas chromatograph equipped
with a BP10 capillary column. The Rh-content in su-
pernatant solution was analysed by AAS on a GBC
932AA instrument.

In the recycling experiments the spent catalysts col-
lected in the first run was washed and recharged into
the autoclave together with fresh solvent, internal stan-
dard and olefin and the reaction re-run as in the first
experiment.

3. Results and discussion

3.1. N3P functionalisedα-ZrP

Chemical robustness, high mechanical and ther-
mal stability of the support are often required in
the field of supported catalysts.a-ZrP is a solid
which meets these criteria and the acidic protons of
its hydrogen phosphate groups provide a high ion
exchange capacity of the material. Structurally, the
acidic hydrogen phosphate groups are found both at
the outer surface and between the layers of the solid
and both surface exchange and intercalation, there-
fore, contributes to the binding of different cations,
e.g. ammonium ions [28], transition metal ions [29]
or cationic metal complexes [30]. Amines/ammonium
ion containing guest molecules have been particu-
larly well studied and much of the current knowledge
concerning the exchange mechanism and the struc-
ture of the host/guest complex is derived from amine
intercalation investigations [24]. With mechanisms
and structures in mind it has been natural to focus on
the fully exchanged material. However, for catalytic
application, the molecular architecture of the support
must allow an easy access to the active sites. In the
fully exchangeda-ZrP the interlayer space is almost
completely filled by the guest anions, despite a much
larger interlayer distance than in the native (H+) form.
Attempts have been made to increase the interlayer
porosity by pillaring but with limited success and for



340 M. Karlsson et al. / Journal of Molecular Catalysis A: Chemical 166 (2001) 337–343

catalytic applications the available sites will be those
residing at the exterior of the support [24].

The ratio between surface and interlamellar phos-
phate groups can be varied by the crystallinity of the
a-ZrP used; the surface area increases as the crys-
tallinity decreases [31]. In the present study, we have
applied ana-ZrP 6:6 with an intermediate surface area
of 24.9 m2 g−1. Since each P–OH group occupies ap-
proximately 24 Å2 the surface exchange capacity of
the material used amounts to 0.17 mmol g−1, which
is much smaller than the total exchange capacity of
6.6 mmol g−1.

As demonstrated earlier [28] and more recently
using amino substituted ligands as guest molecules
[23] the ion-exchange/intercalation reaction can be
carried out via two different routesviz. the direct
method, i.e. treatment ofa-ZrP with the ligand or by
the indirect approach, i.e. first intercalation of amines
(e.g. tBuNH2) followed by exchange of the amine
with the ligand. Both these approaches were tested
in the present study and the outcome of these experi-
ments indicate that the N3P ligand behaves differently
as compared to simple amines (mono or bidentate)
[32]. The indirect approach proved impossible —
the starting material was recovered unchanged after
reaction of n-propylamine intercalateda-ZrP with
N3P for 3 days. Considering only entropic effects
the exchange of a tridentate amine for a monodentate
amine should be facile so this behaviour is unex-
pected and we see no simple explanation except steric
congestion. Exchange via the direct method is, how-
ever, feasible but there seems to be an upper limit
for the exchange independent of the stoichiometric
ratio P–OH/N3P used. The analytical data (N and
H2O content) of the material isolated after reaction
of a-ZrP with N3P in a P–OH/amino-group ratio of
3 are in accordance with the stoichiometric compo-
sition Zr(HPO4)1.55(N3P)0.15(PO4)0.45·1.4H2O (in
the following abbreviateda-ZrP(N3P) and this rep-
resents the upper limit for the exchange process. The
fraction of N3P bound is considerably greater than
the surface exchange capacity (1.7×10−4 mmol g−1)
yet it is less than the total exchange capacity
(6.6×10−3 mmol g−1) and less than the amount
of N3P applied in the synthesis. Based on bound
amino-groups the N3P ligand and the bifunctional
ligand N,N-dimethylaminoethyldiphenylphosphine
[23] give similar incorporation levels, 0.45 and 0.46,

Fig. 2. X-ray powder diffraction patterns of: i)α-ZrP, ii)
α-ZrP(N3P), iii) catalyst after reaction.

respectively, buta-ZrP modified with the two guest
molecules differ substantially with respect to crys-
tallinity. The X-ray powder diffractogram (Fig. 2)
of a-ZrP(N3P) give no clear indication of an inter-
calation of the N3P ligand — the main differences
relative to the powder pattern of the nativea-ZrP
are broader and less intense peaks and an additional
weak peak at 22 = 8.5◦ which most likely orig-
inates from intercalation of the solvent methanol
used in the intercalation process. Broadening of the
diffraction peaks indicate that the binding of the
N3P ligand is accompanied by structural changes to-
wards a more amorphous material while binding of
N,N-dimethylaminoethyldiphenylphosphine leads to a
well crystalline phase with an increased layer spacing.

It is well-known that the crystallinity ofa-ZrP af-
fects the dehydration behaviour [25] and in the TGA
curve (Fig. 3) fora-ZrP(N3P) the weight-loss due to
dehydration commences at about 80◦C and the shape
of the dehydration profile is not steep as for highly
crystalline samples. This behaviour indicates that the
reaction of the support with the ligand induces a lower
degree of crystallinity. The surface area of the func-
tionalised support is, however, the same as that of the
native support and this contradicts the interpretation
that the functionalisation lowers the crystallinity.

The solid state31P NMR spectrum ofa-ZrP(N3P)
reveals partly overlapping high intensity peaks at
−19.2,−20.9 and−22.7 ppm which can be assigned
to phosphate groups in the host lattice and a low
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Fig. 3. TGA curve ofα-ZrP(N3P).

intensity peak at−7.9 ppm, its shift being similar to
that of the N3P ligand in CDCl3 (−5.1 ppm). Most
importantly, the NMR spectrum gives no indication
of any phosphine-oxide so the phosphine concentra-
tion which can be calculated based on the analysed N
content represents the true phosphine concentration.

3.2. Preparation of the supported Rh-catalyst

[Rh(CO)2(acac)] (acac: acetylacetonate) is fre-
quently used as a precursor in the preparation of
Rh-based hydroformylation catalysts anda-ZrP(N3P)
reacts readily with this precursor to furnish RhL(CO)-
(acac) (L = a-ZrP(N3P)) as a yellow solid. The
authenticity of the complex [20] on the carrier is con-
firmed by the IR spectrum which shows an CO absorp-
tion at 1974 cm−1 and two CO stretching absorptions
at 1579 and 1521 cm−1 for co-ordinated acac. The
solid state31P NMR spectrum, however, shows —
besides the major host lattice and the free phosphine
peaks, one minor, broad peak at 20.7 ppm and this shift
is outside the range observed for Rh(N3P)(CO)(acac)
in CDCl3 [20]. The presence of co-ordinated acac,
as demonstrated by the IR spectrum, is of particular
interest—under acidic conditions and in the presence
of excess phosphine the co-ordinated acac is easily
substituted to yield complexes of the general formula
RhL2(CO)X (X = the anion of the acid) [33]. Thus,
the presence of co-ordinated acac is a strong indi-
cation that the phosphine groups and residual acidic
P–OH groups are segregated into separate regions.

Table 1
Hydroformylation of 1-hexene at 80◦C, 20 bar 1:1 CO/H2. The
TOF’s are averages over the reaction time. n/i denotes nor-
mal/branched ratio.

Reaction
time (h)

Yield (%) TOF
(mol/mol·h)

n/i Leakage (‰)

3 (1:st) 45 110 3.0 0.09
3 (recyc.) 37 91 3.0 0.22
6 78 95 3.0 0.13

Taking also the structural features into account, i.e.
the intact layer spacing, it is likely that the segregation
is such that the P–OH groups are in the interior while
the phosphine groups are located at the outer surface
and at the entrances to the interlamellar space.

3.3. Hydroformylation of propene and 1-hexene

Results from the continuos gas-phase hydroformy-
lation of propene at five different temperatures are dis-
played in Table 2 and Fig. 4. The shape of the activity
curves at low temperature (63 and 73◦C) follow the
same pattern, i.e. an activation period of about 20 min.
followed by a constant activity for the duration of the
experiment. At higher temperatures the behaviour is
slightly different; the duration of the activation period
is similar but after that maximum activity is attained it
decreases to reach plateau values considerably lower
than the maximum values. The shape of the high tem-
perature activity curves are, however, similar to that
observed earlier for SAP catalysts [33]. The activa-
tion of the catalyst most likely involves the transfor-
mation from the precursor state RhL(CO)(acac) to the
active state HRhL2(CO) or HRhL(CO)2 (L = a-ZrP
(N3P)). The duration of the activation periods and
the shape of the activity curves for different tem-

Table 2
Hydroformylation of propene at five different temperatures apply-
ing 5 bar 1:1:1 CO/H2/C3H6. Rates (after 150 min reaction time)
in mmol butanal/g Rh·s−1.

Temp ◦C Rate mmol/g·s−1 n/i

63 0.16 2.4
73 0.35 2.3
83 0.50 2.2
93 0.62 2.0

103 0.72 1.7
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Fig. 4. Hydroformylation of propene using Rh-modifiedα-ZrP(N3P), at five different temperatures applying 5 bar 1:1:1 CO/H2/C3H6.

peratures indicate that the rate of this reaction is al-
most temperature independent. The decline in activ-
ity from the peak values to the steady state values
is accompanied by structural changes of the support.
This change is evident by inspection of the powder
pattern of the spend catalyst (Fig. 2) for which none
of the sharp peaks representing the native carrier are
present —the only notable feature is the weak peak
at 22 = 8.5◦ characteristic of methanol intercalation.
Taking the TGA curve (Fig. 3) into consideration it
is likely that the structural changes are related to an
easier loss of zeolitic water the higher the tempera-
ture. Despite that the offset of temperature of the de-
hydration and the temperature for which deactivation
is observed are close (80◦C) we can not at present
safely state that the deactivation is related to the de-
hydration. Also other factors, e.g. ligand decomposi-
tion reactions, cation migration, i.e. H+ from the in-
terior to the sites where the catalyst is located might
contribute to the loss in reactivity. The regioselectiv-
ity (n/iso ratio) measured at the plateaus, is decreasing
with increasing temperature and at all temperatures it
is considerably lower than that expected by compar-
ing with similar homogeneous catalysts at the same
Rh to phosphine ratio. The low regioselectivity prob-
ably arises from the low density of the ligands at the
carrier. Merely considering the inter atomic distance
between surface hydroxyls (5.3 Å) it is clear that the
phosphine groups must be so distant apart that the
more regioselective bisphosphine complex hardly can
form.

The rate at the peak values can be inserted into the
Arrhenius equation and in the temperature range stud-

ied this yields an activation energy of 68.8 kJ mol−1,
which is considerably lower than that determined ear-
lier for polystyrene bound catalysts [34].

Results from the liquid phase hydroformylation of
1-hexene are displayed in Table 1. In all cases, the
yield of aldehyde is low and analysis of samples taken
at shorter reaction times reveal that the TOF is steadily
decreasing with time. This is clear after comparing the
yields in entries 1 and 3 – doubling of the time of the
experiment do not double the yield. The TOF’s given
are, therefore, average values over the reaction time.
Also the recycling experiments indicate that the cata-
lyst is not stable over time and even though the metal
leakage is not negligible (≈parts per thousand) the de-
activation can not be explained by leaking phenomena
only. Instead we suggest that other well-known deacti-
vation processes, e.g. formation of phosphido bridged
dinuclear complexes orortho-metallation of the phos-
phine are causing the deactivation [35]. Whatever the
cause of the deactivation, it does not influence the re-
gioselectivity of the catalyst. The regioselectivity is
in fact somewhat higher than that found earlier for
the same catalyst under homogeneous conditions [20].
That the regioselectivity is maintained upon recycling
is a good indication that the deactivation is not a sim-
ple restructuring of the catalyst, rather it is related to
side reactions yielding catalytically inactive species.

4. Conclusions

The N3P ligand can be bound toa-ZrP and the
binding does not involve intercalation of the ligand,
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rather it binds to the surface and at the entrances of the
carrier. This mode of binding is probably beneficial
from the point of view of accessibility. The rhodium
catalyst HRhL(CO)2 (L = a-ZrP (N3P)) is efficient
in gas-phase hydroformylation of propene albeit with
a rather low regioselectivity. The catalyst is, however,
poor with respect to liquid phase hydroformylation of
1-hexene.
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