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Abstract

A rhodium(l) diphosphine complex has been anchored on an activated carbon by means of a covalent bond and then it has been tested as
catalyst for the hydroformylation of 1-octene. The heterogenization procedure includes the functionalization of the carbon surface to create
acid chloride groups where an esterification reaction with the hydroxyl end of a diphosphine ligand (HONP) can take place. Two strategies
have been followed: route I: ligand anchorage followed by complex formation (using the{&WCOD)], complex as precursor) and route
II: synthesis of the rhodium diphosphine complex [Rh(HONP)(COD)]CI followed by anchorage on the functionalized carbon support. The
solid samples, functionalized activated carbon and anchored complexes, have been characterized by *RPSMRd The two synthetic
routes render catalysts that are active, selective and stable enough to be used in consecutive catalytic runs. The catalyst prepared by route |
shows an outstanding behaviour, being fully active and with almost constant selectivity to the linear aldehyde in four consecutive catalytic
runs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The main problems related with heterogenisation on solid
supports are the leaching of the metal complex under reac-
The hydroformylation of olefins (known as the oxo pro- tion conditions and the decrease in catalytic activity with re-
cess) is one of the most important industrial processes usingspect to the homogeneous process. Thus, for example, Balué
transition metal complexes as homogeneous catalysts. Toand Bay6n[12] reported that a rhodium thiolate binuclear
overcome the disadvantages of the homogeneous processatalyst supported on a cationic resin is much slower than
mainly related with the recovery of the metal complex from the homogeneous catalyst with the same molecular struc-
the reaction media, some alternatives to support the metalyre. And more recently, Bryant and Kilngt7] found that
complexes are in use or under investigat[@r18]. With the overall yield in the hydroformylation of 1-hexene is re-
basis on the work of Arhancet et §b], dealing with sup-  duced by supporting rhodium catalysts in nafion, and many
ported aqueous-phase catalysts (SAPCs), two-phase catalof the systems investigated suffer an important leaching
ysis has already achieved industrial-scale importance inprocesq17].
hydroformylation[4]. However, to avoid solubility limita- It must be remembered that leaching under hydroformy-
tions and to exploit the advantages of heterogeneous catal{ation conditions usually takes place by substitution of the
ysis, there is great interest in the development of so-called 7-bonding ligands (like PR dienes, etc.) by CO, with the
immobilized metal complex catalysts. These are transition formation of metal carbonyls that wash out easily from the
metal complexes heterogenised on various supports bysupport[1]. Because of that, a robust anchorage is required

physical adsorption or chemical anchoring. for supported complexes used as hydroformylation catalysts.
In a previous worl13], the complex [Rh¢-Cl)(COD)]»
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of the homogeneous complex in the first run, but leaching
was close to 50%. With an oxidized support, the resistance
against leaching was slightly improved but the induction

time was higher. This anchorage was considered not effective

enough because leaching of the complex was high, and the HOT™""N"" PP,
catalytic activity decreased dramatically in consecutive runs. 2 PPh,

A new strategy is reported in this paper: the development
of a system with the Rh complex anchored to the support @MCI:H®
by a covalent bond14]. To achieve this goal, the carbon cl
surface must be functionalized and a ligand with a suitable 3
fu_nctlonal_group has to be us:_ad. The proced_ure o!escrlbed in HO SN ppn,
this work includes the formation of carboxylic acid groups { b Hﬂm
followed by their transformation into acid chlorides. These a FEtg

are good nucleophilic groups where ligands containing the
hydroxy! functionality can be fixed through an esterification
reaction. This heterogenisation procedure resembles the one

used to anchor complexes on the Sirface[19] and it is SOCh. About 1g of carbon GF-N was then introduced in
also related to the one reported by Puglfi] and more re- a Schlenk tube with 0.5 ml of SO&In 20 ml of degassed
cently by Stanger et g21]. In the case of activated carbon, CH,Cl, and treated at 80C under N for 2h. The sample
Silva et al.[22] have functionalized the support with acid was washed three times with degassed,Chl and dried
chloride groups and immobilised amine nickel complexes under vacuum at 40C. The chlorinated activated carbon is
via an amide bond. The characterisation of these catalystsnamed GF-Cl 1, seePlate J.

shows that the anchoring was successful, but no activity tests

Plate 1. Schematic representation of some species involved in this work.

were reported22]. 2.1.2. Synthesis and characterization of the HONP ligand
In the present work, the heterogenised catalysts have beerand the Rh diphosphine complex
characterized by XPS and solid st&t® NMR and, what is The synthesis of the ligand HONR, (Plate ) was per-

essential in this kind of investigation, they have been testedformed in a Schlenk system, with basis on the procedure
under reaction conditions, specifically for the hydroformy- described in the literaturgs]. A mixture of formaldehyde
lation of 1-octene. The study of the catalytic properties in- (37 wt.% in water, 0.6 ml, 8.0 mmol) and diphenylphosphane
cludes the determination of total conversion and selectivity, (1.2ml in 5ml methanol, 6.8 mmol) was heated at°@0
and the analysis of the reutilization in consecutive catalytic for 30 min under inert atmosphere. The reaction mixture
runs. was cooled to room temperature and treated with 0.25 ml of
HO(CHy)2NH2 (3.3 mmol). After 30 min, the solution was
heated at 70C overnight, and then it was cooled down to

2. Experimental room temperature. The product was concentrated and dried
in vacuum for 6 h, resulting in a pale yellow oil-like sub-
2.1. Preparation of catalysts stance. It was characterised By, 13C and®lP NMR[6,19].
31p (300 MHz, CDC}): —27.2 ppm.1H NMR (300 MHz,
2.1.1. Functionalization of the carbon support CDCl3): 1.58 (q, 2H, methylene/y— = 5.9Hz), 3.04 (t,

A commercial activated carbon, GF-45 from NORIT, 2H, -CH-NRp, Jy—4 = 6.0Hz), 3.52 (t, 2H, —CHOH,
was used as support. This activated carbon, in pelletisedJy— = 5.9Hz), 3.67 (m, 4H, RN—(Ch-PR;)2), 7.33 (m,
form (about 0.5 mmz and 5 mm length), has a surface area 12H, phenyl), 7.45 (m, 8H, phenyb3C (300 MHz, CDC}):
of 1700 nt/g and the following pore-volume distribution: 28.4 (C—CH-C), 54.0 (N-CH-P, 1Jp_c = 195Hz),
micropore @ < 0.7nm) = 0.34cn¥/g, supermicropore  58.4 (CH-N, 3Jp_c = 6.5Hz), 61.1 (CH-OH), 128.2
(0.7nm < @ < 2.0nm)= 0.50 cn¥/g, mesopore (B nm < (o-phenyl, ?Jp_c = 7.0Hz), 132.6 fn-phenyl,3Jp_c =
@ < 50nm) = 0.45cn?/g, and macropore (50 nx &) 3.9Hz), 132.9 p-phenyl), 137.2 (P-C (phenyl}Jp_c =
= 0.40cn¥/g. 122 Hz). The NMR spectra also showed a small amount

The support functionalization includes two steps: oxida- of HOCH,P(Ph} (3P peak:—10.5ppm) and monophos-
tion and chlorination. Oxidation was carried out by treat- phinated amine HO(CEH3NH(CHoP(GsHs)2) (3P peak:
ment with a solution of HN@ 35wt.% (5ml/g) at 80C —24.2 ppm).
until dryness. The oxidised carbon was extensively washed The rhodium complex [Rh(HONP)(COD)]Cwas syn-
with deionised water until the total elimination of nitrates, thesized inside the Schlenk apparatus as follows: 11.8 mg of
and dried in oven at 100C overnight. With this treatment, = complex [Rh{x-CI)(COD)], (3) (abbreviated as Rh(COD))

a significant proportion of carboxylic groups are formed (24umol) was added to a solution of 32.9 mg of the syn-
on the carbon surfac®3]. The oxidised activated carbon thesized HONP ligand2j in 20ml MeOH (molar ratio
is named GF-N. The chlorination step was performed with 1:2). The mixture was stirred in Nat room temperature
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Scheme 1. Synthetic routes to obtain the Rh complex covalently bounded to the activated carbon surface.

for 2h. A dark-red solution, different from the pale-yellow similar to the one described above. In this case, a solution
solution of Rh(COD) 8), was obtained. The synthesized of the complex, in degassed methanol, with the appro-
complex was characterized B}P and'H NMR [6,19]: priated concentration to obtain a catalyst with 1wt.% Rh
31p (300MHz, CDG}): 8.3ppm.*H NMR (300 MHz, was employed. The catalyst prepared by route Il is named
CDCl3): 1.35 (2H, methylene), 2.12 (8H, methylene COD), Rh(ONP)/GF-CI 6l11).
2.98 (2H, —-CH-NRy), 3.18 (2H, —CHOH), 3.63 (4H,
RN—(CH—PRs),), 7.06-7.70 (24H, phenyl and H=C 2.2. Characterisation by XPS and solid st&t® NMR
COD).
: The XPS spectra were obtained with a VG-Microtech
2.1.3. Anchorage on the carbon support Multilab electron spectrometer, using MguK(1253.6 eV)
Heterogenised catalysts were prepared by the formationradiation. The binding energy was adjusted by setting the C
of a covalent bond, via an esterification reaction, between 1s transition at 284.6 eV. The accuracy of BE and KE values
the acid chloride groups of the carbon surface and the —-OHwas=+0.2 and+0.3 eV, respectively.
functional group of ligand HONP2j. Scheme ishows the Analysis by solid state3P NMR was carried out
two different anchoring strategies followed: in a Bruker 200 MHz equipment. Samples GF-OB)R(
Rh(COD)/GF-ONP §l) and Rh(ONP)/GF-CI gl1) were
(i) Route I: The ligand HONP2) is bonded to the sup- analysed by this technique.
port GF-CI @) and later the diphosphine Rh complex is
formed through reaction with Rh(COD3)( 2.3. Determination of Rh content
(i) Route II: The rhodium diphosphine complex [Rh-
(HONP)(COD)ICI @), previously synthesized, is The rhodium content in fresh and used catalysts was de-
bonded to the support GF-CL) through the HONP  termined using the method described in the literafligg. It
ligand Q). consists of the extraction of Rh from the catalyst with a hot
concentrated solution of HCIl and HNOThe filtrate is fur-
The anchorage of ligand HONP on the carbon support ther heated to dryness, treated with concentrated HCI, and
(route | in Scheme ) was carried out inside a Schlenk heated again to dryness. The residue is dissolved in water
tube by adding 0.118g of HONP ligand dissolved in de- and treated with a solution of Sndh HCI 2 M. The result-
gassed ChCl, to 1g of sample GF-Cl1). The slurry was  ing solution is heated until a dark red complex is formed,
stirred and heated to reflux (at 70) under ¢ for 1 h. Af- and finally diluted with HCI 2 M to a total volume of 25 ml.
terwards, it was cooled to room temperature and dried at The determination of the concentration of rhodium in the
70°C for 4 h under vacuum. The ligand grafted-support is solution was performed by UV-Vis absorption at 475 nm.
named GF-ONPY). To synthesize the supported Rh com-
plex, about 1 g of the dried GF-ONB)(support was added  2.4. Catalytic activity measurements
to a solution of Rh(COD) 3J) in methanol of the appro-
priated concentration to obtain a catalyst with 1wt.% Rh  Catalytic activity experiments were run in a stainless steel
(97.2pmol/g). The slurry was stirred under inert atmosphere stirred tank reactor. The hydroformylation of 1-octene was
at room temperature for 2 h. Then, the solution was removedcarried out at 80C and a total pressure of 4 MPa (with
with a syringe and the catalyst was dried inside the Schlenka H,:CO ratio of 1:1) using a solution (10 ml) of 5vol.%
tube ' ~ 50°C). The catalyst thus prepared is named 1-octene in hexane (3 mmol) and 50 mg of the heterogeneous
Rh(COD)/GF-ONP &l). catalyst (4.9umolry, for catalysts with 1wt.% Rh). For the
The procedure used to anchor the complex [Rh- homogeneous reference test, the metal complex Rh(COD)
(HONP)(COD)]ICI @) on GF-CI @) (route Il, Scheme }is (3) in a similar amount (in mole Rh) to that present in the
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heterogeneous catalysts was dissolved in the liquid phase. As a consequence of the oxidising treatment with nitric
The reaction was carried out for 7 h. Then, the reactor was acid (sample GF-N), organic nitrogen and chloride anions
depressurized and allowed to cool to room temperature. Withare removed, but inorganic nitrogen (as nitrate) is intro-
the purpose of testing the reutilization of the catalyst, it was duced. As shown iffable 2 phosphorous has been also
recovered from the reaction media by removing the solution partially removed by treatment with HNO and oxygen
with the aid of a syringe and washed three times with hexane groups have been extensively formed. The binding energies
(also by removing the solution with a syringe). Afterwards, observed for oxygenTable 1) shift to slightly higher val-

a new catalytic run was performed. Catalytic activity and ues probably because new oxygen groups like carboxylic
selectivity were determined By NMR spectroscopy of the  acids, esters, anhydrides or lactones have been formed
resultant concentrate solution. [24].

Treatment with SOGI (sample GF-CI 1)) results in a
substantial increase of organic chlorif@lfles 1 and 2 A
decrease in the O/C ratio confirms the substitution of OH
groups originally in GF-N by Cl in GF-CI.

The analysis of sample GF-ONB)(shows the expected
increase in P/C and N/C ratios due to the ligand bonded
to the carbon surface. The decrease in the CI/C ratio is a
N 1s, Cl 2p and O 1s in samples GF-45, GF-N, GF-I}] ( consequence of the esterification reaction. It must be noted
GF-ONP §), Rh(COD)/GF-ONP &) and Rh(ONP)/GF-CI  that the XPS analysis of sample GF-ON#p\fas conducted
(611). Table 2includes the Rh, P, Cl, N and O atomic ratios in an air exposed sample, and for that reason, the O/C ra-
referred to C. tio could be affected by the reaction of chlorine groups

The original activated carbon GF-45 contains organic with air.
and inorganic phosphorous. They are probably related In the case of the catalyst Rh(COD)/GF-ONR)( the
with the carbon precursor material and the procedure usedXPS results Table 1 reveal that rhodium is Rh(l) but with
for the activation (with phosphoric acid). It contains, as a binding energy higher than in the pure Rh(COD) com-
well, organic nitrogen, chloride anions and oxygen, mainly plex [13] (308.4eV). According to the literaturg5], it
as OH and €O (signals (1) and (2), respectively, in has been assigned to Rh bonded to phosphine, indicating

3. Results and discussion

3.1. XPS analysis

Table 1shows the binding energies of Rhg3gl P 2p,

Table ). that the expected anchored complex was formed. Chloride
Table 1
XPS data. Binding energies (in eV)
GF-45 GF-N GF-Cl GF-ONP Rh(COD)/GF-ONP Rh(ONP)/GF-CI

Rh - - - - 309.0 309.0
P

Org 133.1 132.9 132.8 132.4 132.4 132.1

Inorg 134.7 134.0 134.1 133.6 133.6 133.6
N

Org 398.6/400.6 - 400.0 399.7 399.6/401.3 400.0

Inorg - 405.8 405.7 405.8 405.8 405.8
o

Inorg 197.8 — — - 198.0 197.7

Org - - 199.8 199.9 199.9 199.8
o]

(1) 530.9 5315 531.7 531.4 531.5 531.6

@) 532.4 533.0 533.4 533.1 533.2 533.2
Table 2
XPS data. Atomic ratio

GF-45 GF-N GF-Cl GF-ONP Rh(COD)/GF-ONP Rh(ONP)/GF-CI

Rh/C - - - - 0.0048 0.0026
PIC 0.0118 0.0031 0.0033 0.0101 0.0116 0.0043
clic 0.0025 - 0.0213 0.0103 0.0210 0.0100
N/C 0.0050 0.0204 0.0258 0.0263 0.0254 0.0232
olC 0.1604 0.2432 0.1999 0.2361 0.2427 0.2456
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introduced with the Rh(COD) complex is also detected (sig- in four consecutive catalytic runs. For comparative purposes,
nal at about 198 eV) and, as a consequence, the ratio Cl/Cdata corresponding to the Rh(COD) compl& ih homo-
increasesTable 9. This chloride must be adsorbed on the geneous phase have been also included. Results of the total
carbon surface. conversion of 1-octene, the conversion to aldehydes (nonanal
For catalyst Rh(ONP)/GF-CB(l), very similar features  and 2-methyloctanal) and the conversion to the linear alde-
to those indicated above have been found. The ratio Rh/C ishyde (nonanal) are presented. The difference between the
lower in this case. This can be due in part to a lower amount total conversion and conversion to aldehydes corresponds to
of complex (0.72wt.% Rh in sample Rh(ONP)/GF-Cl com- the isomerisation products, mainly 2-octene.
pared to 0.86wt.% Rh in sample Rh(COD)/GF-ONP) and In the first run, total conversion is very high for the three
it can also be related to a deeper location of the complex catalysts investigated. However, while the homogeneous
in the carbon porosity. The higher value of the P/C ratio Rh(COD) catalyst produces only the aldehydes, with the
in sample Rh(COD)/GF-ONP is also expected because theheterogenised catalysts a noticeable amount of 2-octene is
amount of diphosphine ligand present in carbon GF-ONP obtained. Considering that the phosphine ligands are usually
is higher than the corresponding to the stoichiometry of the employed to decrease isomerizat{ah, it was not expected
metal complex. In relation to the location of the Rh complex, that complex [Rh(HONP)(COD)]|CI4) would be more
it could be also considered that the presence of an excess ofctive than Rh(COD) for the isomerization reaction. This
phosphine ligands on the carbon surface might hinder the suggests that the anchorage of the complex could have some

penetration of the complex in the carbon porosity. influence in the selectivity. The conversion to nonanal with
catalysts Rh(COD) (homogeneous) and Rh(COD)/GF-ONP
3.2. Solid staté'P NMR analysis (61) and Rh(ONP)/GF-CIll) is 47.4, 33.9 and 44.0%,

respectively (withL/B ratio: 0.9, 2.4 and 2.0, respectively).

The 3P NMR spectra of sample GF-ONB)(and also It means that although the heterogenised catalysts are less
of catalyst Rh(COD)/GF-ONPg() reveal partial oxidation  selective to aldehydes in front of isomerization, the conver-
of the phosphine§( = 31ppm)[18]. A second analysis sion to the linear aldehyde is comparable to that obtained
carried on a GF-ONP sample, handled with care to avoid with the homogeneous catalyst.
exposition to air and sealed under inert atmosphere for the The complex leaching expressed as percentage of Rh
analysis, reveals as well the oxidized form of the phosphine, removed from the catalyst, after the four catalytic runs,
meaning that the phosphine group of the ligand anchoredfor catalysts Rh(COD)/GF-ONP and Rh(ONP)/GF-CI is
to the support is not stable. It seems that oxidation is due 59 and 43%, respectively. After the first catalytic run, the
to the interaction with the carbon support, maybe related resulting solution shows a red wine colour. Analysis’h§
to its extensive surface oxidation. On the other hand, in NMR of this solution reveals the presence of the diphos-
catalyst Rh(ONP)/GF-CIg(1), the state of P§= 25 ppm) phine ligands in the solution. This confirms that part of the
corresponds to a phosphine bonded to the n{é&jl That complex is in solution. After subsequent catalytic runs, the
is, when the ligand HONP forms the complex with rhodium, resulting solution is colourless afdP NMR analysis does

the phosphine group is stabilised against oxidation. not reveal the presence of phosphine. This observation can
be interpreted considering that part of the complex is more
3.3. Catalytic activity loosely bound to the support and is leached in the first run.

The rest of the complex is effectively anchored. The gradual

Fig. 1 shows the catalytic activity results obtained with loss of conversion found for catalyst Rh(COD)/GF-ONP
catalysts Rh(COD)/GF-ONPRI) and Rh(ONP)/GF-Clgl 1) (6l) in the four consecutive catalytic runs may be, then,
related to a progressive deactivation of the supported

120 complex.
Mitotal conversion | Econv. to aldghydes M conv, to nonanal The differences in catalytic activity between the two het-

100 o erogenised catalysts can be related to the different nature of
. the —ONP ligand, since as revealed®p NMR, phosphine
& 80 is partially oxidised in sample Rh(COD)/GF-ON#1 ).
8 The most relevant results are those corresponding to
2 € runs 2-4, that is, on the reutilization of the heterogenised
E 0 catalysts. Both catalysts show an acceptable conversion
o

level and selectivity in four catalytic runs. With cata-
lyst Rh(COD)/GF-ONP @l), the conversion to aldehydes
and thel/B ratio remain constant. The case of catalyst
Rh(ONP)/GF-CI 611) is intriguing since it not only remains
Run3 Run4 fully active, but the selectivity to aldehydes increases. The

Fig. 1. Catalytic activity of catalysts: homogeneo#)(Rh(COD) (2), TO (turnover, maligehydémolrn corresponding to the to-
(A) Rh(COD)/GF-ONP §l) and @) Rh(ONP)/GF-CI 6l1). tal reaction time) of this catalyst in the consecutive runs

20
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