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Abstract

Ž . Ž . wŽ X Ž .New materials containing Rh III ions or Rh III –diamine complexes Ls2,2 -bipyridyl bipy ; 1,10-phenanthroline
Ž . Ž .x Ž .phen ; 2,9-dimethyl-1,10-phenanthroline dmp intercalated in g-titanium phosphate g-TiP are described. The compounds

Ž .have formula g-TiPH Rh P tH O xs2–3 y; 0-y-0.18; 1.5- t-2.2 , hereafter indicated as g-TiPRh, and g-x y 2
Ž .TiPH Rh L PnH 0 xs2–3 y; 0-y-0.25; 0-z-0.35; 2.5-n-4.2 , hereafter indicated as g-TiPRhL. They werex y z 2

Ž .prepared by contacting samples of g-TiP and g-TiPL with appropriate volumes of Rh III solution, at 458C. The materials
were characterised by X-ray diffraction pattern and TG-DTA techniques. Their catalytic activity towards aniline carbonyla-

Ž .tion was tested. The compounds catalyse the oxidative carbonylation of aniline to diphenylurea DPU andror meth-
Ž .ylphenylcarbamate MPC . When the reaction is carried out in methanol or CH CN, at 70–908C under moderate pressure of3
Ž Ž . .a COrO mixture P s0.5%5 MPa; P 0 s0.1%0.8 MPa , aniline is converted to DPU with a yield of 90% with2 tot 2

respect to CO. The catalysts recovered and reused do not show any decrease of activity. When more drastic temperature
Ž .conditions 110–1508C are used, the carbonylation is not selective and the yield of carbon monoxide fixation is strongly

dependent on the solvent. In CH CN, aniline is converted into DPU with a selectivity of 90% and the yield of CO fixation is3
Ž . Ž .still high 85% . Conversely, in methanol, N-phenylmethylcarbamate MPC is the main product with relevant amounts of

CO formed and a CO fixation yield not higher than 70%. Under these conditions, the catalysts when reused have shown a2

decrease of activity. On the basis of XPS analysis, it has been ascertained that the decrease in activity is due to an
irreversible reduction of Rh3q to Rho that causes the release of the metal from the support and the consequent deactivation
of the catalyst. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The aniline carbonylation to diphenylurea
Ž . Ž . Ž .DPU Eq. 1 and carbamates Eq. 2 is of

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 99 00425-2
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interest as it provides a non-phosgene route to
the synthesis of compounds that either find a

w xdirect practical application 1 or are intermedi-
ates for the synthesis of isocyanates:

2PhNH qCOq1r2O2 2

™ PhHN CO I qH O, 1Ž . Ž . Ž .2 2

PhNH qCH OHqCOq1r2O2 3 2

™PhHNCOOCH II qH O. 2Ž . Ž .3 2

In fact, carbamates of primary amines can be
converted into isocyanates by thermal decompo-

Ž .sition Eq. 3 , while DPU can afford carbamates
Ž .by alcohols Eq. 4 and then phenylisocyanate

Ž .Eq. 3 :

PhHNCOOR™PhNCOqROH, 3Ž .
PhHN COqROHŽ .2

™PhHNCOORqPhNH . 4Ž .2

Although, in principle, aniline can be directly
either carbonylated to DPU or to carbamate, the
latter is more conveniently prepared from DPU.
This synthetic strategy is made necessary by the

Ž .fact that H O, which is formed in reaction 2 ,2

causes the decomposition of carbamate into CO2
Ž .and aniline Eq. 5 , thus lowering the CO fixa-

tion yield:

PhHNCOORqH O™CO qPhNH qROH.2 2 2

5Ž .

Some catalytic systems have been reported,
mainly based on noble metals that work under
both homogeneous and heterogeneous condi-
tions and are able to perform the aniline car-

w xbonylation to DPU andror carbamates 2–5 .
In the recent years, our interest has been

focused on finding suitable methods for synthe-
w xsizing compounds, I and II 6–8 . Taking into

account the advantages of heterogeneous vs.
homogeneous catalysts, mainly in terms of cata-
lyst separation and recycling, we have searched
for simple, selective, efficient and stable hetero-
geneous catalytic systems.

The acid phosphates of tetravalent metals, a-
Ž .or g-zirconium phosphates a- or g-ZrP and

Ž .g-titanium phosphate g-TiP , are well-known
either as ion exchangers or as agents able to

w xintercalate organic molecules 9,10 . Such mate-
Žrials can include transition metal systems naked

.ions or complexes . Metal ions can either be
fixed on the inorganic matrix or co-ordinate
organic molecules in situ with formation of

w xintercalated complexes 11–15 . This behaviour
can be used as an alternative route to heteroge-
nize on an inorganic support metal complexes
that are active homogeneous catalysts.

We have already investigated the properties
of supported metal ions or complexes on a- and
g-zirconium hydrogen phosphate and tested the
heterogenized catalysts towards carbonylation

w xreactions 16 . Recently, we have reported that
Ža- and g-zirconium hydrogen phosphates a-

. 3q 3qand g-ZrP containing Rh ions or Rh com-
plexes, under suitable temperature and solvent
conditions, act as stable and effective catalysts
for the oxidative carbonylation of aniline. The
reaction mechanism is identical with that of

w xhomogeneous systems 17,18 . In the present
paper, we described the catalytic activity tested
by recycling the catalyst of new materials ob-
tained by heterogenizing Rh3q ions and Rh3q–
diamine complexes on g-titanium phosphate,

Ž .Ž .g-Ti PO H PO P2H O, an inorganic lay-4 2 4 2

ered ion exchanger structurally similar to g-ZrP
w x19 . The preparation and the solid state charac-
terisation of these materials are also reported.

2. Experimental

2.1. Chemicals

Ž .Rhodium III nitrate, bipy, phen, dmp,
methanol, acetonitrile and aniline were Fluka
products and were used as received.

2.2. Materials

g-TiP was prepared, characterised and stored
w xas described in the literature 15 . The intercala-
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Ž .Ž .tion compounds g-Ti PO H PO bipy P4 2 4 0.40
Ž . Ž .Ž .0.35H O, g-TiPbipy ; g-Ti PO H PO -2 0.40 4 2 4

Ž .phen P 1.6H O g-TiPphen ; and g-0.45 2 0.45
Ž .Ž . Ž .Ti PO H PO dmp P3H O g-TiPdmp4 2 4 0.22 2 0.22

w xwere prepared as previously described 15 .

2.3. Physical measurements and chemical anal-
ysis

Rh3q uptake was monitored by following the
concentration change in the supernatant solu-
tions after contact with the exchanger, using the
GBC 903 atomic adsorption.

The compounds obtained were characterised
by X-ray diffraction pattern by using a Philips

Ž .diffractometer Ni-filtered, Cu K radiation . The
diamine ligands, the water content and the ther-
mal behaviour of various materials were deter-
mined using the simultaneous apparatus, TG-

ŽDTA Stanton Model 750 Redcroft ignition up
to 11008C, to reach a constant weight, in an air

.flow , heating rate 108Crmin.
X-ray photoelectron spectra were taken on a

ŽLeybold LHS 10 spectrometer Centro Interdi-
partimentale di servizi nel settore della Spettro-

.scopia, Universita di Bari employing Al Ka` 1.2
Ž .excitation 1486.6 eV at a residual pressure of

10y8 mbar. The samples were dusted and
pressed onto a thin copper pellet to minimize
charging effects. The binding energy calibration
of the spectrometer was made with respect to
both the 4f gold line at 84.0 eV and 2p7r2 3r2

copper line at 932.6 eV. Sample charging was
corrected by referencing to C1s line of the
contamination carbon, taken at 284.8 eV. The
binding energies were considered to be accurate
to "0.1 eV. The spectra were recorded in the

Ž .fixed analyser transmission FAT mode at 50
eV. Data analysis of high-resolution spectra was
performed using two packages, both running on

w xCompaq Deskpro386. The first one 20 was
employed in the preliminary stage of analysis
Žsatellite and background subtraction and curve

.synthesis . The outputs of this stage were used
as initial estimates of peak parameters in the

second software package, a nonlinear least-
w xsquares fitting program 21 .

GLC quantitative analyses of methylcarba-
Ž .mates MPC and aniline were carried out with

a Varian Vista 6000 gas chromatograph using a
30-m 0.53 mm ID DB5 capillary column. Reac-

Ž .tion conditions: oven, 808C hold 2 min to
Ž .1808C; carrier gas N2 20 mlrs , and toluene as

internal standard. DPU was isolated by filtra-
tion, analyzed and weighted.

An HP 5890 gas chromatograph with a ther-
mal conductivity detector connected to a Varian
4270 integrator was used for gas analyses.
Analyses of CO and O were performed with a2

molecular sieve 5 A column; a porapak Q col-
umn was used for analysing CO . Methane was2

used as internal standard.

2.4. Rh3q exchange procedure

g-TiPRh and g-TiPRh-L were prepared by
contacting at 458C for a week the corresponding
material with a proper volume of a Rh3q solu-
tion. The suspension was then filtered, the su-
pernatant analysed for the rhodium content. A

Ž .fast evaluation of uptaken rhodium III was
obtained by measuring the pH decrease due to
the Rh3qrHq ion exchange process of the in-
coming metal ions with the di-hydrogen phos-
phate groups.

2.5. Catalytic reactions

All reactions were performed in a 55.6-ml
stainless-steel autoclave mounted in an electri-
cal oven having a magnetic stirrer in its base.
Catalyst, co-catalyst and reagents were intro-
duced in a Pyrex test tube placed inside the
autoclave in order to prevent any contact with
the metal. After reaction, under the conditions
indicated in Table 2, the autoclave was cooled
and the solids, DPU and g-TiPRh, filtered off,
washed with CH CN and weighted. Treating3

the solid residue with dimethyl formamide that
dissolves DPU was possible to recover the cata-
lyst. The DPU amount was used for estimating

Ž .the turnover frequency TOF expressed as mole
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of aniline reacted per gram of rhodium per hour.
The catalyst was reused in another reaction for
testing its efficiency and stability. The liquid
and gas phases, containing, respectively, aniline
and carbamate, the first one, and CO, O and2

CO , the second, were fully analyzed to evalu-2

ate the selectivity of the process.

2.6. Reactions under mild temperature condi-
tions

DPU was synthesized using different condi-
tions and solvents.

2.6.1. Reaction in CH CN3

In a typical experiment, the autoclave was
Žcharged with the catalyst 40 mg of g-TiPH -1.46

. ŽRh P 2.2H O , co-catalyst 32.1 mg of0.18 2
q y . Ž .PhNH I ; IrRh s 6 , aniline 3 ml and3

Ž .CH CN 7 ml . The autoclave was sealed, air3
Ž .was evacuated and then O 0.8 MPa and CO2

up to a total pressure of 5 MPa were admitted.
After reaction, 1 h at 808C, the autoclave was
cooled and the content analyzed as described
above. As an example, we can consider entry 2
in Table 2: reacted aniline, 7.2 mmol; dipheny-

Ž .lurea, 3.6 mmol 100% selectivity ; reacted CO,
Ž .4.0 mmol 90% yield ; formed CO , 0.3 mmol.2

2.6.2. Reaction in methanol
The reaction was carried out according to the

above procedure using the same amounts of
reactants and methanol in place of CH CN.3

Ž .Results Table 2, entry 4 : reacted aniline, 8.1
Žmmol; diphenylurea, 3.9 mmol 97% selectiv-

. Ž .ity ; reacted CO, 4.4 mmol 89% yield ; formed
CO , 0.6 mmol.2

2.7. Reaction under more drastic temperature
conditions

2.7.1. DPU synthesis in CH CN3

The autoclave was charged as previously de-
scribed using the same amounts of reactants and

Žwas heated to the desired temperature 110–
. Ž .1508C . Results entry 12 : reacted aniline, 16.7

Žmmol; diphenylurea, 7.5 mmol 90% selectiv-
. Ž .ity ; reacted CO 8.8 mmol 85% yield ; formed

CO , 1.5 mmol.2

2.7.2. Methylphenylcarbamate synthesis in
methanol

The reaction was carried out as described
Žabove using methanol as solvent. Results entry

.14 : reacted aniline, 18.6 mmol; diphenylurea,
Ž .0.9 mmol 10% selectivity ; methylphenylcarba-

Ž .mate, 13.8 mmol 74% selectivity ; reacted CO,
Ž .21.1 mmol 70% ; total selectivity of carbony-
Ž .late aniline DPUqMPC 84%; formed CO ,2

6.2 mmol.

3. Results and discussion

3.1. Uptake of Rh3q by g-TiP and g-TiP–di-
amine: synthesis and characterisation of corre-
sponding Rh-intercalated materials

The materials were obtained as deep yellow,
well-crystalline compounds and were charac-
terised by X-ray powder diffraction patterns and
thermal analysis.

In the case of the material derived from
g-TiP, it was not possible to obtain the com-
pletely exchanged phase g-titanium–rhodium
phosphate. Only a part of the phosphate groups
was involved in the exchange, most of them
remaining in the hydrogenphosphate form. The
maximum Rh3q uptake was reached after 1
week and a material with the chemical composi-

Ž .Ž .tion g-Ti PO H Rh PO P3.2H O was4 1.46 0.18 4 2

obtained. The latter shows a interlayer distance
similar to that of g-TiP, as demonstrated by

Ž .X-rays analysis Table 1 .
If Rh3q were kept in contact with com-

pounds of type g-TiPL, obtained by intercala-
tion of dinitrogen ligands in g-TiP, the ex-
change Rh3qrHq was accompanied by the elu-
tion of intercalated diamine. The amount of
both Rh3q-exchanged and -leached ligand was
dependent on the time of contact. Starting from
g-TiPphen , about 30% of phen ligand was0.45
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Table 1
Chemical composition and interlayer distance of some materials

˚Ž .Materials d A002

g-TiPP2H O 11.602

g-TiPH Rh P3.2H O 11.601.46 0.18 2

g-TiPbipy P0.35H O 14.590.40 2

g-TiPH bipy Rh P2.55H O 14.591.25 0.33 0.25 2

g-TiPphen P1.6H O 17.460.45 2

g-TiPH phen Rh P3.7H O 17.300.95 0.35 0.35 2

g-TiPdmp P3H O 18.020.22 2

g-TiPH dmp PRh P4.2H O 18.001.44 0.04 0.186 2

eluted after 1 week and the rhodium uptake was
such as to obtain a material with a molar ratio

3q Ž .Rh r diamine intercalated s1, as demon-
strated by analysis of uptaken metal and leached
diamine.

Materials with a Rhrdiamine molar ratio-1
Ž .were derived from g-TiPbipy Table 1 . If0.40

g-TiPdmp was used, the exchange Rh3qrHq
0.22

Ž .caused a severe ligand leaching ;80% . The
rhodium intercalation does not causes any
change of the X-ray powder diffraction pattern
of the Ti compound. All materials are crys-
talline, except the g-TiPdmp-rhodium phase that
is quite amorphous.

Table 1 shows the chemical composition and
the interlayer distance, d , of some of the002

prepared materials.

It is quite clear that the intercalation of naked
Ž .ion Rh III does not perturb the interlayer dis-

tance. A major deviation comes by the intercala-
tion of diamine ligands. The uptake of Rh ions
by the intercalated ligands does not cause fur-
ther distortion.

3.2. XRDP

The X-ray powder diffraction pattern of the
yellow crystalline materials containing rhodium
shows the same layered structure of their pre-
cursors. Such a structure was maintained upon
heating up to 2508C. Rising the temperature to
9008C, Rh O reflections at d s2.57–2.73–2 3 hkl

˚3.86 A appear that disappear if the temperature
is further increased. The disappearance occurs
at 12008C for the materials derived from g-TiP
and at 11008C for those derived from g-TiP-
phen.

New peaks appear, under these conditions, at
˚ od s2.20 and 1.90 A, that are ascribed to Rh .hkl

On the basis of these data, it can be said that
the ligand lowers the temperature of formation
of Rho of about 1008C with respect to the
materials containing only the Rh. Fig. 1 shows
the XRDP of g-TiPH phen Rh P0.95 0.33 0.35

Ž .3.7OH O at 9008C dark line and at 11008C2

Ž . Ž .Fig. 1. X-ray diffraction patterns of: — g-TiPphenRh at 9008C; PPP g-TiPphenRh at 11008C.
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Ž .light line with the related peaks of Rh O and2 3

Rho, respectively.

3.3. Thermal behaÕiour

The thermal behaviour of all the materials
containing rhodium was very similar. Fig. 2
shows the simultaneous curves TG-DTA of g-

Fig. 2. TG-DTA curves of g-TiPbipy-rhodium and g-TiPphen-
rhodium phase by comparison with those of their precursors.

TiPbipy-rhodium and g-TiPphen-rhodium phase
compared with those of their precursors. The
TG curves of the rhodium-charged materials
show an increase of loss of water at 2008C, with
respect to the parent compound. This is due to
the loss of water co-ordinated to rhodium ions.
This loss overlaps with ligand decomposition, at
4008C. If the precursors are considered, the
water loss is neatly separated from the ligand
decomposition.

The water loss observed at 8008C is related
to the condensation of phosphate groups to py-
rophosphates. This loss starts at 4008C, and may
be hidden by the loss of ligands.

The DTA curve of the g-TiPphen-rhodium
phase shows a clear exothermic peak at 4408C,
corresponding to the phen decomposition. In the
phase g-TiPphen , such decomposition oc-0.45

curs at 5108C. It seems that the presence of
rhodium catalyses the decomposition of the lig-

Ž .and that occurs at a lower temperature ;708C .
The same trend is observed when materials
derived from g-TiPbipy are used.0.40

The last exothermic peak at 8008C is related,
in this case, to the transition phase of the lay-
ered pyrophosphates to the alpha cubic. Also, in
this case, we have noted that with the rhodium
materials, this transformation occurs at lover

Ž .temperature ca. 708C than for the parent com-
pounds.

3.4. Catalytic behaÕiour

All the compounds have shown interesting
catalytic properties for the oxidative carbonyla-

Ž .tion of aniline to DPU Eq. 1 . In a typical run,
a suspension in CH CN or methanol was re-3

acted with aniline and a COrO mixture under2

atmospheric or higher pressure, at 70–1208C, in
the presence of PhNHqIy as co-catalyst. The3

most significant results are summarised in Table
2. The catalytic activity increases with the pres-

Ž .sure of the COrO mixture entries 2, 6, 7 , the2
Ž .temperature entries 2, 3, 11, 12 and the ratio

q y 3q Ž .PhNH I rRh entries 5, 8, 9, 10 . The best3



( )P. Giannoccaro et al.rJournal of Molecular Catalysis A: Chemical 157 2000 131–141 137

Table 2
Oxidative carbonylation of aniline to DPU and MPCa

y w x w xn Compound Solvent I rRh T 8C P MPa Aniline DPU MPC TOFtot
Ž . Ž .Reacted mmol mmol

Ž .mmol

1 g-TiP CH CN 6 100 5 0.95 – – –3
b cŽ .2 g-TiPRh CH CN 6 80 5 7.2 3.6 100 – 2.890.18 3
b Ž .3 g-TiPRh CH CN 6 90 5 7.9 3.9 99 – 3.170.18 3

Ž .4 g-TiPRh CH OH 6 90 5 8.1 3.9 96 3.250.18 3
b Ž . Ž .5 g-TiPRh CH CNrCH OH 6 100 5 8.4 4.0 95 0.20 2 3.370.18 3 3
b Ž .6 g-TiPRh CH CN 6 80 4 6.3 3.1 98 – 2.530.18 3
b Ž .7 g-TiPRh CH CNrCH OH 6 80 3 5.3 2.6 98 – 2.130.18 3 3
b Ž .8 g-TiPRh CH CN 3 100 5 7.1 3.4 96 – 2.850.18 3
b Ž .9 g-TiPRh CH CNr 2 100 5 6.2 2.9 94 2.490.18 3
b Ž .10 g-TiPRh CH CN 8 100 5 8.3 3.9 94 – 3.330.18 3
b Ž .11 g-TiPRh CH CN 6 130 5 11.4 5.4 95 – 4.580.18 3
b Ž .12 g-TiPRh CH CNr 6 150 5 16.7 7.5 90 6.710.18 3
b Ž . Ž .13 g-TiPRh CH OH 6 130 5 11.7 1.5 26 7.7 66 4.710.18 3
b Ž . Ž .14 g-TiPRh CH OH 6 150 5 18.6 0.9 10 13.8 74 7.450.18 3

d Ž .15 g-TiPRh bipy CH CN 6 100 5 9.1 4.3 95 – 3.210.25 0.33 3
d Ž .16 g-TiPRh bipy CH CN 6 130 5 11.9 5.6 94 – 4.200.25 0.33 3
d Ž . Ž .17 g-TiPRh bipy CH OH 6 150 5 20.7 0.6 6 17.0 82 7.310.25 0.33 3

Ž .18 g-TiPRh phen 3.86H O CH CN 6 130 5 14.9 7.0 94 4.180.35 0.33 2 3
Ž .19 g-TiPRh -phen P3.86H O CH CNrCH OH 6 100 5 11.3 5.4 96 3.170.35 0.33 2 3 3
Ž .20 g-TiPRh dmp P4.2 H O CH CN 6 90 5 7.1 3.5 98 – 3.190.186 0.04 2 3

a In all the experiments, 40 mg of catalyst, 3 ml of aniline, 7 ml of solvent were used. pO s8 atm; ts1 h.2
b The sample contains 2.2 mol H Ormol complex.2
c Selectivity in parentheses.
d The sample contains 2.55 mol H Ormol complex.2

results were obtained with a molar ratio
IyrRh3q between 5 and 6. Materials containing
only Rh3q were more active than those contain-
ing Rh–diamine complexes.

Comparing the titanium-phosphate-supported
materials to the analogous zirconium-phosphate

w xspecies previously described 18 , we can say
that, in general, TOF values are slightly lower
for titanium.

The temperature plays an important role. In
fact, the aniline conversion reaches 95–100%
selectivity only working at T - 1008C in
CH CN. At higher temperatures, the selectivity3

decreases owing to the direct oxidation of ani-
line that appears to be more significant in
methanol. The carbon monoxide conversion
yield depends on the solvent and temperature.
In CH CN, the conversion of CO is very high3
Ž .85–90% . In methanol, relevant amounts of
CO , which increases with the temperature, are2

found in the gaseous phase. Under these condi-

tions, the yield with respect to CO is 65–70%
Ž .see Section 2 .

The formation of CO is an intriguing point.2

In fact, the compounds may catalyse the direct
Ž . w xoxidation of CO to CO Eq. 6 17 . Neverthe-2

less, the formation of the latter cannot be as-
cribed entirely to this reaction. A direct experi-
ment has shown that CO is formed only in2

small amounts when the materials are reacted
with COrO in alcohol in absence of aniline,2

under the same pressure and temperature condi-
tions:

COq1r2O ™CO . 6Ž .2 2

This finding supports the view that CO can2

originate from the hydrolysis of DPU or MPC
Ž .to carbamic acid PhHNCOOH that then con-

Ž .verts into CO and aniline Scheme 1 . Control2

experiments have shown that remarkable
amounts of CO are formed when DPU or DMP2

are heated in a methanol–aqueous solution.
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Scheme 1.

In order to verify the stability of catalysts,
their TOF has been monitored over the time.
Thus, the catalysts have been used under the
conditions indicated in Table 3 for 1–2 h and
thereafter recovered and reused. The trend of
the TOF after each cycle shows that the catalyst
stability depends on the temperature and sol-
vent. The activity remains constant for several
cycles if the catalysis is performed at T-1008C
in CH CN or methanol. After six cycles, activ-3

ity is still very close to the initial value and the
slight decrease is most likely due to a loss of
catalyst during handling and transferring of ma-

Ž .terials Table 3 . That rhodium is not lost during
the catalytic run is demonstrated by the fact that
it is not found in the concentrated mother liquor.

In contrast, the catalysts recovered from ex-
periments carried out at T)1008C show a slow
but steady lowering of activity starting from the
second cycle, in both CH CN and CH OH. The3 3

decrease of activity is larger in methanol and is
due to the fact that rhodium migrates from the

inorganic phase into the solution that shows
some catalytic activity.

( )3.5. The fate of Rh III

The Rh 3d high-resolution XPS spectra of the
catalysts recovered from the catalytic cycles
performed at T-1008C display two signals
ascribed to Rh3q and Rh1q. Noteworthy, the
analogous catalysts obtained by insertion in a-
and g-zirconium phosphate show only Rh3q

w xcomponents 18 .
The binding energy values of 3d core5r2

levels are 309.5 and 308.2 eV for Rh3q and
1q Ž . 3q 1qRh , respectively Fig. 3b . The Rh rRh

area ratio equals 9.5 and remains practically
constant over several catalytic cycles. It is worth
to recall that newly prepared catalysts show

3q Ž .only the Rh component at 309 eV Fig. 3a .
The Rh 3d region of materials recovered

from catalytic reactions carried out at T)1008C
also exhibit two components at 309.2 and 306.6

Ž .eV Fig. 3c that are attributed to the binding
energy of Rh3q and Rho, respectively. More-
over, the Rho component is more intense than
the Rh3q one.

In the latter case, the intensity of both Rh3q

and Rho components decreases after each cycle
and the signals disappear after five to six cycles.

Table 3
Turnover number frequency after recycle
In all the cycles, the catalyst was keept to react for 2 h, Pts5 MPa.

w xNumber of Catalysts Solvent T 8C TOF
cycles

2 g-TiPRh CH CN 80 2.920.18 3

3 g-TiPRh CH CN 90 3.00.18 3

4 g-TiPRh CH CN 100 3.280.18 3

5 g-TiPRh CH CN 80 2.890.18 3

2 g-TiPRh bipy CH CN 100 3.200.25 0.33 3

4 g-TiPRh bipy CH CN 100 3.190.25 0.33 3

4 g-TiPRh phen CH CN 80 2.520.35 0.35 3

2 g-TiPRh CH CNrCH OH 130 4.10.18 3 3

4 g-TiPRh CH CNrCH OH 130 2.80.18 3 3

6 g-TiPRh CH CNrCH OH 130 0.70.18 3 3

3 g-TiPRh phen CH CNrCH OH 150 2.70.35 0.35 3 3

6 g-TiPRh phen CH CNrCH OH 150 0.30.35 0.35 3 3
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Ž .Fig. 3. Photoelectron spectra of the Rh 3d levels of: a5r2
Ž .g-TiPRh as prepared; b after one catalytic cycle at T -1008C;

Ž .c after catalysis at T s1508C.

The resulting material does not show any cat-
alytic activity.

These data are in agreement with our finding
that the deactivation is due to the release of Rh

w xmetal 16–18 .
The loss of rhodium is caused by its reduc-

tion from Rh3q to Rho. The latter has no further
interaction with the matrix.

The lack of a component attributable to Rho

in the samples whose catalytic activity is main-
tained after recovery and reuse, is in line with
our hypothesis that the loss of metal must be
attributed to an irreversible reduction of Rh3q

to Rho.

3.6. The reaction mechanism

As far as the carbonylation mechanism is
Ž .concerned, the path Scheme 2 recently pro-

w xposed for zirconium phosphate compounds 17
can be also operative for the analogous titanium
compounds.

Thus, the key intermediate is a Rh3q–
Ž .carbamoyl complex Eq. 7 that reacts with

molecular iodine, formed by in situ oxidation of
Ž .the iodide co-catalysts Eq. 8 , to afford iod-

Ž .oformamide intermediate, ICONHPh Eq. 9 .
The latter reacts with aniline to afford the final

Ž .products Eq. 10 :

TiP-H Rh qCOqPhNHx y 2

™TiP-H Rh-CONHPh , 7Ž . Ž .yŽ xqy.

2PhNHqIyq1r2O ™ I q2PhNH qH O,3 2 2 2 2

8Ž .
TiP-H Rh-CONHPh q IŽ . yŽ xqy. 2

™TiP-H Rh qHIq ICONHPh, 9Ž .x y

ICONHPhqPhNH ™CO NHPh qHI.Ž .22

10Ž .
However, the actual role of iodide co-catalyst

is to promote the cleavage of the rhodium–

Scheme 2.
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carbon bond of the carbamoyl ligand and its
elimination as iodoformamide. This suggestion
is in line with our recent findings indicating that
several alkoxo-carbonyl- and carbamoyl com-
plexes of Ni and Pd, react with halogens, Cl2

and I , to give chloro- or iodo-formamide, re-2
Ž . w xspectively Eq. 11 22–24 :

L MCl COY qx IŽ . x2 Ž2yx . 2

™L MCl I qx ICOY2 Ž2yx . x

xs1,2; YsOCH , NRR1 . 11Ž .Ž .3

The Rhq1 found in the material can be formed
by a side reaction involving the direct oxidation

Ž . w xof CO to CO Eq. 12 17 ,2

Rh III qCOqH O™Rh I qCO q2Hq.Ž . Ž .2 2

12Ž .
Under drastic temperature conditions, Rhq3

can be the catalyst until it is present in the
material. A different mechanism based on Rho

escaped from layers and present as dispersed
particles in solution can be postulated. The ox-
idative addition of aniline to Rho, as proposed

w xby Fukuoka and Chono 2 for analogous sys-
tems working under drastic conditions, can be
the key step, followed by the iodine-promoted
elimination of carbamoyl ligand as iodofor-
mamide.

4. Conclusions

Rh3q can be intercalated in both g-TiP and
g-TiPL, where L is an aromatic diamine. In the
first case, the uptaken rhodium does not ex-
change all the protons of the phosphate groups.
In the second case, the amount of the Rh inter-
calated depends on the diamine present. The
rhodium materials have the same interlayer dis-
tance with respect to the precursors and a quite
different thermal behaviour. In particular,
rhodium influences both the temperature of de-
composition of the intercalated ligand, and the
temperature of formation of the alpha cubic
pyrophosphate.

Ž .Heterogenized Rh III is able to catalyse the
oxidative carbonylation of amines. Moreover,
g-TiPRh is stable when used at temperature
below 1008C. The advantage of using heteroge-
nized Rh catalysts over the homogeneous cata-
lysts is represented by a longer life and higher
selectivity.
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