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Tetracarbonyldichlororhodium(I) [Rh(CO)2(�-Cl)]2 entrapped in faujasite type zeolites reacted with phosphines PMe3ÿxPhx
at 393^463 K to a different extent. Although according to computational studies phosphines with x < 2 should be small enough to
enter the micropore system, the reaction was in no case complete and led to a mixture of products as observed by IR spectroscopy.
Furthermore surface-bonded rhodium carbonyl complexes were synthesized inmesoporous aluminium-containingMCM-41mate-
rial by reacting acetylacetonatodicarbonylrhodium(I) [Rh(acac)(CO)2] with Br�nsted-acidic centers under formation of a chemi-
cally bonded [Rh(CO)2]-species and acetylacetone according to IR spectroscopy. The corresponding surface-bonded phosphine
complex [(Os)x^Rh(chiraphos)] was synthesized and identified with IR and 31PMASNMR spectroscopy.
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1. Introduction

The immobilization of homogeneous catalysts on
amorphous carriers, which is supposed to combine the
advantages of homogeneous catalysts with the easy
separability of heterogeneous ones, has been a field of
research for some time [1^3]. It includes among others
the approach of so-called surface organometallic chem-
istry, i.e. a direct chemical bond between surface atoms
of the support and the centralmetal of an organometallic
complex is present [4]. This approach was, for example,
employed in zeolite chemistry by Schwartz et al. in the
reaction of trisallylrhodium [Rh(allyl)3] with Br�nsted-
acidic sites in a HNaY zeolite [5]. Recently, Thomas et
al. synthesized surface-bonded titanium half-sandwich
complexes in mesoporous all-silica MCM-41 material
[6].

A second approach of interest in zeolite chemistry is
the ship-in-a-bottle immobilization of metal complexes,
i.e. the complex is prepared inside a suitable micropor-
ous framework and immobilized by sterical hindrance as
it is too large to leave the framework [7,8]. This principle
has been used to prepare several intrazeolite complexes,
for example phthalocyanine [9], salen [10,11], carbonyl
[12,13], and phosphine [14,15] complexes. Depending on
the conditions, complexes occluded in zeolites often
react as well with ligands as with the inner surface of the
support [16].

In our study, we investigated the possibility to use
dealuminated microporous zeolite Y as a host for rho-
dium ship-in-a-bottle complexes containing bulky phos-

phines like chiraphos (2,3-bis-(diphenylphosphino)-
butane). For this purpose, we have employed computer
modeling and in situ FTIR methods. In a second
approach, we wanted to prepare surface-bonded rho-
dium phosphine complexes in mesoporousmaterials like
Al-containing MCM-41, for example. Again, in situ
FTIR besides 31PMASNMR techniques have been used
for characterization.

2.Materials andmethods

Carrier materials used were a commercial NaY (Si/
Al � 2.7, Degussa), microporous SiCl4-dealuminated
zeolite Y (Si/Al > 150, designated DDAY), micro- and
mesoporous commercial steam-dealuminated zeolite Y
(Si/Al � 30, PQ, designatedHUSY), all-silicaMCM-41
(pore radius � 18Ð, prepared according to refs. [17^19],
designated Si-MCM-41), Al-containing MCM-41 (Si/
Al � 30, pore radius � 18Ð, prepared according to refs.
[17^19], designated Al-MCM-41), and sodium ion-
exchanged Al-containing MCM-41 (designated Na-
MCM-41).

The dealuminated zeolites were washed with a HCl
solution in order to remove so-called extra framework
alumina species formed during the dealumination pro-
cess which could block themicropores of the zeolites. All
materials were characterised by N2 adsorption, XRD,
FTIR and ICPAESmeasurements.

In the ship-in-a-bottle experiments, zeolite wafers
were loaded with [Rh(CO)2(�-Cl)]2 via sublimation in
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vacuum at room temperature with approximately one
molecule per four supercages (i.e. 0.63mg per 10mg zeo-
lite). An excess of phosphines was added repeatedly via
gas phase. In the experiments in order to prepare sur-
face-bonded rhodium complexes, [Rh(acac)(CO)2] and
phosphines were added via sublimation or as a methyl-
enechloride solution to the carrier.

Computational studies were carried out by the
CATALYSIS 4.0 software of Biosym/msi on an IRIS
Indigo workstation. Due to the forcefield used, the zeo-
lite fragments were considered as all-silica structures
without cations. Therefore, only the van-der-Waals
forces contribute to the energy of a given host/guest
assembly. The optimized assembly energies along a
forced diffusion path were documented as energy-ver-
sus-framework diagrammes.

IR studies were carried out with the help of specially
designed transmission cells [20] in a Nicolet 510
spectrometer. The cells allowed the heating and handling
of self-supported wafers of pressed zeolite material
(approximately 10 mg/cm2) under Schlenk technique
conditions. The wafers were dehydrated in vacuo until
theywere dry (IR control) at 673K before loading.

31P MAS NMR spectra were recorded ex situ with a
Bruker AC 300 spectrometer (31P: 121 MHz, �=2-
impulse: 4:8 �s, repetition time: 20 s, MAS frequency:
4.4 kHz).

3. Results and discussion

3.1. Ship-in-a-bottle approach: computermodeling

The energy change of a zeolite/phosphine assembly
was calculated while the guest molecule was forced step-
wise through a rigid faujasite fragment consisting of two
supercages saturated with hydroxyl groups (figure 1).
The assembly energy was optimized in each single posi-
tion.

Figure 2 contains four resulting energy diagrammes.
The guest molecules are the phosphine ligands methyl-

phenylpropylphoshine (PMePhPr), dimethylphenyl-
phosphine (PMe2Ph), methyldiphenylphosphine
(PMePh2), and triphenylphosphine (PPh3), respectively.

In all cases, there is an energy decrease of the host/
guest assembly in the beginning because of attractive
van-der-Waals interactions as there is no contact
between host and guest at the starting point. PMePhPr
and PMe2Ph can protrude through the faujasite frag-
ment without any increase in the energy (figures 2a and
2b). On the other hand, PMePh2 is only able to enter the
first 12Ð supercage through the 7.5Ðwindow at the cost
of a considerable increase in energy due to the repulsive
van-der-Waals interactions which forces the guest mole-
cule into a strained, unfavourable conformation
(figure 2c). After an intermediate decrease in energy on
the way of the PMePh2 molecule through the first
supercage, the energy curve rises again and bends into a
plateau. This plateau indicates that the guest molecule is
stuck in front of the 7.5 Ð aperture to the second super-
cage. It is pulled forward ^ and deformed, therewith ^
but at a point the minimization leads always to the for-
mer position and conformation. This behaviour can also
be observed in the case of the PPh3 molecule which does
not even enter the first supercage of the faujasite frag-
ment (figure 2d).

3.2. Ship-in-a-bottle approach: FTIR

In order to check these computational results IR
experiments were performed in which intrazeolite
[Rh(CO)2(�-Cl)]2 was treated with the phosphine
ligands methyldiphenylphosphine (PMePh2), dimethyl-
phenylphosphine (PMe2Ph), and trimethylphosphine
(PMe3). This complex was chosen because its solution
chemistry is well known and it reacts eventually in solu-
tion even with an excess of ligand to the carbonyl-con-
tainingmonomer [Rh(CO)L2Cl] (table 1) [21,22].

The spectrum of [Rh(CO)2(�-Cl)]2 sublimated into
zeolite DDAY (figure 3a) shows vibration frequencies at
2109, 2093, 2040 and 2006 cmÿ1. This corresponds very
well with a KBr wafer spectrum of this complex. As the
preparation method used is similar to the one published
by Meyer et al. [23] for intrazeolite [Rh(CO)2(�-Cl)]2
here the complex should be inside the microporous fra-
mework, too. The addition of PMePh2 to this intrazeo-
lite [Rh(CO)2(�-Cl)]2 leads to the formation of amixture
of substituted rhodium complexes as is indicated by the
new IR bands at 2073, 2022, 2000 and 1955 cmÿ1. This
change in the IR spectrum can only be caused by a chem-
ical reaction.

The addition of PPhMe2 to intrazeolite [Rh(CO)2-
(�-Cl)]2 causes new IR bands at 2020, 1982, 1968, 1956
and 1906 cmÿ1, whereas the reaction with PMe3 gives
rise to vibration frequencies at 2073, 2022, 1995, 1981
and 1965 cmÿ1. According to literature data [21,22], the
vibration bands below 1990 cmÿ1 can be assigned to
dimeric [Rh2(CO)2L2(�-Cl)2] and monomeric

+

Figure 1. Guest molecule and faujasite fragment host with start (left)
and end point (right) of forced diffusion path.
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[Rh(CO)L2Cl]. The bands above 1990 cmÿ1 represent
dimeric [Rh2(CO)3L(�-Cl)2], monomeric [Rh(CO)2
LCl], and the educt complex.

Independent of an exact assignment, it is clear that
in no case a complete reaction of the phosphine ligands
with the entrapped [Rh(CO)2(�-Cl)]2 occurs as this
would lead to a single vibration frequency at about
1960 cmÿ1 [21,22]. A comparison of the band intensities

indicates the relative ease of the reaction depending on
the phosphine used: PMe3 < PMe2Ph < PMePh2. In
contrast to the computational results in the case of
PMePh2 some reaction takes place. This could be due to
complex located on the outer surface of the zeolite wafer.
A second explanation could be the neglect of framework
flexibility in the modeling studies. Surprisingly, even the
small PMe3 ligand does not result in a complete reaction

Figure 2. Calculated energy-versus-framework diagrammes of the forced diffusion paths of various phosphines through an all-silica faujasite frag-
ment.

Table 1
Vibration frequencies of different rhodium complexes resulting froma substitution reaction of [Rh(CO)2(�-Cl)]2 plus PMe2Ph [21,22]

Complex �CO (cmÿ1)

[Rh2(CO)2(�-Cl)2] 2105(m), 2089(s), 2033(s)
[Rh2(CO)3L(�-Cl)2] 2089(s), 2022(s), 2000(s)
[Rh2(CO)2L2(�-Cl)2] 1985(s)
[Rh(CO)2LCl] 2094(vs), 2009(s), 2003(vs)
[Rh(CO)L2Cl] 1964(s)
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although it is added in large excess. This could be caused
by sterical hindrance of the transition state of the substi-
tution reaction in the zeolite micropore system. In a non-
microporous environment the reaction would be com-
plete. An increase of the temperature up to 343 K does
not change the results above.

3.3. Surface-bonded rhodium complexes: FTIR

As a microporous environment is too narrow to allow
the preparation of rhodium phosphine complexes,
mesoporous materials in combination with
acetylacetonatodicarbonylrhodium(I) were used in an
attempt to synthesize surface-bonded rhodium phos-
phine species. [Rh(acac)(CO)2] was chosen as rhodium
component because of its reactivity: the acetylacetonato
ligand can be cleaved off by Br�nsted-acids (eq. (1) in
scheme 1) [24] and the carbonyl ligands are easily subsi-
tuted by phosphines (eq. (2) in scheme 1) [25,26]. An
extension of this homogeneous reactivity into the hetero-
geneous case should be possible.

The vibration bands caused by the carbonyl ligands
and by the acetylacetonato ligand of [Rh(acac)(CO)2]
in/on different media are listed in table 2. The solution
spectra of [Rh(acac)(CO)2] show two bands at 2083 and
2015 cmÿ1 in n-hexane and 2081 and 2010 cmÿ1 in THF.
The more polar solvent causes a slight shift to lower
wavenumbers. This solvent effect is pronounced in the
case of the vibration frequencies belonging to the acetyl-

acetonato ligand: the higher-frequency band at
1582 cmÿ1 in n-hexane shifts to 1574^1567 cmÿ1 in THF.
In combination with the different carrier materials the
IR bands of the complex shift and new ones appear.

In the case of H(30)USY zeolite the band pair at
2114 and 2048 cmÿ1 can be assigned to the liter-
ature-known hydrated zeolite-bound species [(Oz)
(H2O)Rh(CO)2] [27,28]. Acetylacetonatodicarbon-
ylrhodium reacts under loss of the acetylacetonato
ligand with Br�nsted-acidic centers of the H(30)USY
zeolite. The peaks at 2086 and 2013 cmÿ1 are due to the
presence of unreacted [Rh(acac)(CO)2]. The shoulder at
2076 cmÿ1 can be explained by the interaction between
carbonyl oxygens and Lewis-acidic centers. The pres-
ence of rhodium clusters can be ruled out since there are
no bands at 1834 or 1765 cmÿ1 [29].

In the acetylacetonato area signals at 1582, 1571,
1536 and 1526 cmÿ1 are found. The first and the last sig-
nal belong to unreacted [Rh(acac)(CO)2]. The band at
1571 cmÿ1 can be explained either by some polar interac-
tion of unreacted [Rh(acac)(CO)2] with the H(30)USY
zeolite or by the presence of acetylacetone. The second
proposal is sustained by the vibration frequencies of
acetylacetone in H(30)USY: 1589, 1575, 1538 cmÿ1. So
the signals at 1571 and 1536 cmÿ1 are explained by the
presence of adsorbed molecular acetylacetone. This
means that a part of the rhodium complex has reacted
with Br�nsted-acidic centers of the zeolite under the for-
mation of acetylacetone.

In case of the carriers Si-MCM-41, Na-MCM-41,
NaY and DDAY, which are non- or only very slightly

Figure 3. IR spectra of the reaction of [Rh(CO)2(�-Cl)]2 with various
phosphines in DDAY at room temperature: (a) intrazeolite

[Rh(CO)2(�-Cl)]2, (b) PMePh2, (c) PMe2Ph, (d) PMe3.

(1)

(2)

Scheme 1. Homogeneous reactions of [Rh(acac)(CO)2].

Table 2
Vibration frequencies of [Rh(acac)(CO)2] in/on differentmedia. Non-solution spectra were taken after 5min of vacuumat room temperature

Medium �CO (cmÿ1) �acac (cmÿ1)

n-hexane 2083(s), 2015(s) 1582(m), 1526(m)
THF 2081(s), 2010(s) 1574^1568(m, br), 1527(m)
Al-MCM-41 2107(sh), 2092(s), 2029(s) 1568(m), 1533(m)
Na-MCM-41 2093(s), 2026(s) 1583(sh), 1568(sh), 1528(m)
Si-MCM-41 2095(s), 2030(s) 1583(sh), 1568(m), 1531(m)
H(30)USY 2114(m), 2086(s), 2078(sh), 2048(m), 2013(s) 1582(m), 1571(w), 1536(sh), 1526(m)
NaY 2098(s), 2078(m), 2032(s), 2000(m) 1561(m), 1525(m)
DDAY 2090(s), 2022(s) 1585(m), 1569(m), 1526(m)
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acidic as could be shown with pyridine adsorption, the
carbonyl bands and the acetylacetonate bands in table 2
reveal the presence of unreacted [Rh(acac)(CO)2]. The
observed shift of the carbonyl vibration frequencies to
higher as well as to lower wavenumbers is not caused by
cleavage of the acetylacetonato ligand. The rhodium
acetylacetonato bond is intact as is proven by the bands
at about 1580 and 1527 cmÿ1. There are in no case signals
at 1574 and 1539 cmÿ1 which can be observed when
molecular acetylacetone is adsorbed in/on these car-
riers. As there are no acidic sites there is no reaction of
[Rh(acac)(CO)2] with the surface.

Further support for the above assignment of the car-
bonyl bands of [Rh(acac)(CO)2] in H(30)USY zeolite is
found by extracting this material with methylenechlor-
ide. Figure 4 shows the resulting IR spectra. The first
spectrum (a) belongs to [Rh(acac)(CO)2] in H(30)USY
after 5 min of vacuum at room temperature. The follow-
ing two spectra were recorded after one (b) and after
three (c) extractions with methylenechloride, respec-
tively. The band pair at 2117 and 2052 cmÿ1 assigned to
zeolite-bound [(Oz)(H2O)Rh(CO)2] [27,28] is not influ-
enced, whereas the other signals disappear immediately
upon the first extraction. The same is true for the corre-
sponding acetylacetonato bands, i.e. the merely physi-
cally adsorbed unreacted complex can be washed out
without any problem.

Similar results can be observed with the Al-MCM-41
carrier as the spectra in figure 5 demonstrate. The rather
broad carbonyl bands narrow upon extraction with

methylenechloride and the maxima change from 2093
and 2029 cmÿ1 in spectrum (a) to 2108 and 2038 cmÿ1 in
spectrum (b). The corresponding acetylacetonato band
shifts from 1532 to 1538 cmÿ1. However, in contrast to
the H(30)USY sample which is free of unreacted
[Rh(acac)(CO)2] after three extractions, here the com-
plex is not completely removed as is proven by the
shoulder at 2095 cmÿ1.

In order to synthesize surface-bonded phosphine
complexes the surface-bonded rhodium carbonyl species
in Al-MCM-41 were reacted with dimethylphenylphos-
phine. After the substitution four rather weak peaks at
2093, 2027, 1969 and 1930 cmÿ1 are observed. The first
two signals belong to an unidentified strongly adsorbed
dicarbonyl complex. The bands below 2000 cmÿ1 can be
assigned to mono-substituted species [24,25]. This
means that the reaction does not proceed completely
which is probably due to sterical constraints at the car-
rier surface (narrow defects, hindered transition states).
Attempts to carry out the same reaction in themicropore
system of a faujasite type zeolite led to considerably less
conversion. Temperature increase up to 343 K gave the
same results.

3.4. Surface-bonded rhodium complexes: 31PMAS
NMR

In a second approach in order to obtain surface-
bonded phosphine complexes, the rhodium phosphine
bond is prepared in solution before heterogenization.
Therefore, a calculated amount of [Rh(acac)(chira-

Table 3
Vibration frequencies of acetylacetone in/on differentmedia. Non-solution spectrawere taken after 5min vacuumat 423K

Medium �acacH (cmÿ1)

film 1729(m), 1710(m), 1622(s, br)
Al-MCM-41 1726(w), 1591(sh), 1575(m), 1537(ms)
Na-MCM-41 1725(vvw), 1685(vvw), 1541(vvw)
Si-MCM-41 1599(vw), 1574(sh), 1538(w)
H(30)USY 1607(sh), 1589(m), 1575(sh), 1538(ms)
NaY 1731(s), 1696(s), 1594(w), 1539(w)

Figure 4. IR spectra of [Rh(acac)(CO)2] in H(30)USY: (a) 5 min
vacuum at room temperature, (b) 1 extraction with CH2Cl2, (c) 3

extractions withCH2Cl2.
Figure 5. IR spectra of [Rh(acac)(CO)2] in Al-MCM-41: (a) after 5

min vacuum at room temperature, (b) 3�washedwithCH2Cl2.
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phos)] corresponding to the number of acid sites of a
givenAl-MCM-41 (0.062mmol/g according toNH3-de-
sorption) was reactedwith the carrier inmethylenechlor-
ide. The solution is completely de-coloured after 30 min.
After three extractions with methylenechloride, IR and
31P MAS NMR spectra of the material were recorded.
TheNMR spectrum is presented in figure 6.

The chemical shift of the free chiraphos ligand in solu-
tion is � � ÿ9:1 ppm (s). Upon complexation in
[Rh(acac)(chiraphos)] it becomes 60.78 ppm (d,
1JRhÿP � 131:9 Hz). The MAS NMR spectrum of the
rhodium chiraphos species in Al-MCM-41 shows a
broad signal at 59.5 ppm (s) with spinning side bands.
This is very similar to the chemical shift in the educt com-
plex. Since the rhodium phosphorus coupling is too
small to be seen under these conditions, the NMR spec-
trum confirms that the rhodium phosphine bond is not
affected during the surface reaction. No NMR detect-
able free ligand is present. The IR spectrum of the same
material answers the question, whether this rhodium
chiraphos species is present as an acetylacetonato com-
plex or as a surface-bonded complex. The absence of
vibrations at 1580 and 1526 cmÿ1 in the IR spectrum
proves that there is no rhodium acetylacetonato bond.
This leads to the conclusion that the rhodium chiraphos
species must be bonded directly to surface oxygens of the
support. In correspondence to the surface-bonded car-
bonyl complex, we assume it is a [(Os)x^Rh(chiraphos)]
species.

4. Conclusions

The micropore system of dealuminated faujasite type
zeolite DAY is too small according to computer model-
ing and IR studies to allow a controlled reaction of
entrapped [Rh(�-Cl)(CO)2]2 with variousmethylphenyl-
phosphines PMe3ÿxPhx to a uniform product. The syn-
thesis of surface-bonded rhodium phosphine complexes
in mesoporous aluminium-containing and therefore
acidic MCM-41 material is possible. In neutral all-silica

MCM-41 no surface reaction takes place. The procedure
in which the phosphine complex synthesis in solution
precedes the immobilization reaction in Al-MCM-41 is
preferred to the opposite order, as the latter route gives
merely an incomplete conversion. The surface-bonded
rhodium chiraphos species in Al-MCM-41 have been
prepared and identified as [(Os)x^Rh(chiraphos)] by IR
and 31PMASNMRspectroscopy.
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