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a b s t r a c t

The present review describes several examples of the use of soluble and immobilized complexes of
rhodium with pyridine ligands as catalysts. Examples include the water-gas shift reaction, the car-
bonylation of methanol, the reduction of nitroarenes, the hydrocarboxylation and oligomerization
of CO/ethylene, the hydrocarbonylation of 1-hexene, the hydroesterification and hydroformylation–
acetalization of 1-hexene, the hydrodechlorination of dichloroethane, the carbonylation of naphtha and
the hydrogenation and hydroformylation of alkenes.
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1. Introduction

Nitrogen containing aromatic heterocyclic ligands such as
pyridines and related compounds offer the possibilities for the
synthesis of transition metal complexes with application in catal-
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In Scheme 1, the coordination of CO enhances the elec-
trophilicity of all coordinated carbonyls, therefore incrementing
the reactivity of these CO’s toward a nucleophilic attack by H2O.
The authors stated that if this were rate limiting, then the catalysis
Fig. 1. Molecular models of complexes [Rh(cod)(py)2]+ (a),

sis [1a,b]. N-donor ligands are classified as hard donors in the
alph G. Pearson hard–soft [Lewis] acid–base (HSAB) principle
1c–g] and they can stabilize both high and low metal oxidation
tates. In contrast to the phosphorus atom, the N atom has no low-
ying d-orbitals available and therefore N-containing ligands have
nly �-donor characteristics and weak �-acceptor properties [1h].
he metal–N bond has more pronounced ionic character than the
etal–P bond.
The synthesis and characterization of rhodium(I),

Rh(cod)(amine)2](PF6), cis-[Rh(CO)2Cl(amine)] and cis-[Rh(CO)2
amine)2](PF6) complexes (Fig. 1; cod = 1,5-cyclooctadiene;
mine = pyridine, 2-picoline, 3-picoline, 4-picoline, 3,5-lutidine or
,6-lutidine (Fig. 2)) were reported by Denise and Pannetier [2].
hese complexes are easy to prepare and to characterize and are
table in the air (with the exception of those bearing 2,6-lutidine
igand). One of the striking features of this type of complexes is the
apability of being able to manipulate their electronic and steric
actors by changing the position of the methyl groups present in
he substituted pyridines. Such changes play an important role
n their physical–chemical [3] and catalytic properties, as will be
een in the course of this review.

. Water-gas shift reaction

The water-gas shift reaction (WGSR, Eq. (1)) is one pathway to
roduce pure hydrogen, also used to adjust the CO/H2 ratios in syn-
hesis gas, which can be further used, as an example, in the fuel cell
or power generation [4]. Recent interest in this reaction has been
ased also on its use on elimination of carbon monoxide in the
ydrogen market. Molecular hydrogen may be probably the ideal
nergy carrier in the foreseeable future and can be produced from
ater using a variety of energy sources such as solar, nuclear and

ossil. Several reviews related to the homogeneous catalysis of the
GSR by transition metal complexes have been reported [5]. Pro-

essor Ralph G. Pearson also contributed with some publications
elated to the mechanism of water-gas shift reaction catalysis by

ransition metal complexes [6]:

O + H2O � CO2 + H2 (1)

Fig. 2. Molecular models of the pyridine and substituted pyridine ligands.
(CO)2Cl(py)] (b) and cis-[Rh(CO)2(py)2]+ (c) (py = pyridine).

2.1. Homogeneous systems

The catalysis of the WGSR by Rh6(CO)16 dissolved in different
amines [7] and by cis-[Rh(CO)2(amine)2](PF6) (amine = pyridine,
4-picoline, or 2,6-lutidine) [8] complexes are among the first
applications of the use of the Rh/amine system in such reac-
tions. For the Rh6(CO)16/amine system, the TF(H2) (mole of
hydrogen/mole of Rh per 24 h) follows the order 4-picoline
(50) > pyridine (22) > 2-picoline (1) under 0.9 atm of CO at 100 ◦C.
For the cis-[Rh(CO)2(amine)2](PF6)/amine system, the TF(H2) (mole
of hydrogen/mole of Rh per 24 h) follows the order 4-picoline
(80) > pyridine (55) > 2-picoline (1) under 0.9 atm of CO at 100 ◦C.
Steric factors, rather than electronic ones, were suggested as
responsible for the low activity shown by the 2-picoline ligand for
the above Rh/amine systems [8].

Extensive characterization, kinetics and mechanistic studies for
the catalysis of the WGSR by RhCl3/pyridine system were reported
for Pardey and Ford [8] and for Fachinetti et al. [9]. The results for the
in situ characterization studies by FT-IR and 13CO NMR techniques
suggest the formation of the following rhodium species cis-
[Rh(CO)2(py)2]+, cis-[Rh(CO)(py)3]+ and [Rh5(CO)13(py)2]− under
the catalytic reaction conditions [8,9].

Based on the kinetics that showed the catalytic activity was
first order in P(CO) and on spectroscopic studies that suggested
the presence of mononuclear and polynuclear rhodium complexes.
Pardey and Ford [8] proposed two mechanisms (Schemes 1 and 2)
to describe the catalysis for the mononuclear species.

The authors suggested as the key step the addition of the lig-
and, i.e. CO in Scheme 1 or L in Scheme 2 (where L = a substituted
pyridine). In either case the increase of the coordination number
should be unfavorable for the bulky 2-substituted pyridines, for
which catalytic activity is much lower.
Scheme 1.
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Fig. 4. Molecular structure of [Rh5(CO)13(py)2]− .

Scheme 2.

ate should be dependent on the concentration of the tricarbonyl
pecies and therefore display a first order dependence on P(CO).
he observed modest dependence of TF(H2) on pyridine basicity is
xplained by the general base catalysis of the H2O addition to the
oordinated carbonyl.

In Scheme 2 the coordination of another L strongly increases
he basicity of the Rh(I) center. Protonation of this [Rh(CO)2Lx+1]+

pecie gives, the Rh(III) hydride complex, HRh(CO)2Lx+1
2+ plus OH−

n solution. Nucleophilic attack of OH− or H2O on a CO coordinated
ives, successively, [HRh(CO)(CO2H)Lx+1]+ and [H2Rh(CO)Lx+1]+.
he equilibrium to form [H2Rh(CO)Lx+1]+ subsequent to the rate-
imiting reductive H2 elimination, rationalizes the first-order
ependence of TF(H2) on P(CO). Regeneration of the starting
Rh(CO)2Lx]+ complex close both catalytic cycles. In addition, the
bservation of a hydride signal in the NMR spectrum of the mature
olution suggests that the rate-limiting step for the catalytic cycle
s the H2 elimination from the Rh(III) center.

Under catalytic conditions the observed non linear dependence
f the TF(H2) values on [Rh] implies the participation of complexes
aving different nuclearities in equilibrium (Fig. 3). The authors
roposed analogous cycles for the polynuclear specie.

Fachinetti et al. [9a] examined the WGSR catalyzed by of RhCl3
nd rhodium carbonyl clusters in the presence of pyridine ligands.
hey were able to isolate and identify polynuclear rhodium species
f the type [(py)2H][Rh5(CO)13(py)2] formed under the catalytic

onditions [9b]. The molecular structure of the anion shows that
he five Rh atoms are located at the vertices of a trigonal bypyra-

id. There are seven terminal and six edge-bridging carbonyls.
he two coordinated pyridine molecules are bonded to the Rh
enter located in the apical position of the trigonal bypyramidal

ig. 3. Plot of TF(H2)/day vs. [Rh] in 80% aqueous 4-picolina under P(CO) = 0.9 atm
t 100 ◦C.
Scheme 3.

framework (Fig. 4). They proposed the mechanism described in
Scheme 3.

The differences in activity noted at different rhodium concen-
tration (Fig. 3) could be that the rate-limiting step of catalysis
between these two competitive cationic mononuclear Rh and
anionic polynuclear Rh complexes in equilibrium should not be the
same owing to the different charges on these complexes. For exam-
ple, at high concentration of Rh the equilibrium is favored toward
the formation of the anionic polynuclear [Rh5(CO)13(py)2]−. As we
see in Schemes 1 and 2 any nucleophilic attack by OH− or water on
the coordinated CO should not be favored due to negative charge of
the anionic complex, hence decreasing the TF(H2) values as it was
observed.

The water-gas shift rates for the RhCl3/aqueous pyridine are
lower in comparison with the homogeneous system based on the
complexes Ir(dmp-S)(cod)+, where dmp-S = sulfonated derivative
of 2,9-dimethyl-1,10-phenanthroline and cod = 1,5-cyclooctadiene
[9c].

2.2. Immobilized systems

The immobilization of RhCl3 [10a], cis-[Rh(CO)2(amine)2](PF6)
[10b] and [Rh(cod)(amine)2](PF6) [10c] in poly(4-vinylpyridine)
(P(4-VP)) leads to the formation of insoluble solids which were
reported to catalyze the WGSR.

Catalysis for the WGSR from RhCl3 immobilized on several
porous aminated polymers in contact with neutral aqueous and
aqueous organic solvent media were reported by Ford et al.

[10a]. Those systems using P(4-VP) as support were the most
active. Values of TF(H2) up to 12 (24 h)−1 were observed in
aqueous 2-ethoxyethanol (80%) under P(CO) = 0.9 atm at 100 ◦C.
Kinetics studies for these systems shows a non-linear depen-
dence on P(CO) in the 0–1.5 atm range and a linear Arrhenius
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Scheme 4.

lot on the temperature range 80–110 ◦C with activation energy
f 18 kcal/mol. A catalyst mechanism was proposed (Scheme 4,
= poly(4-vinylpyridine)).

The authors suggested that observed non linear dependence of
F(H2) on P(CO) is attributed to the reversible reaction of P–Rh+

ith CO to form the carbonyl complex P–Rh(CO)+ (responsible
o the observed broad �(CO) band at 1999 cm−1). The immobi-
ized P–Rh(CO)+ complex undergoes nucleophilic attack by H2O
ssisted by the uncoordinated polymer pyridine, L, to give the
orresponding P–Rh(CO2H) specie and the protonated polymer
H+. Decarboxylation of P–Rh(CO2H) gives P–Rh(H) and CO2. Pro-
onation of P–Rh(H) by the polymer LH+ leads to the formation
f P–Rh(H2), which undergoes dihydrogen elimination to reform
–Rh+, closing the catalytic cycle. The experimental results show
hat the P(4-VP) serves to immobilize the Rh catalytic species and
o act as a general base and as general acid.

The water-gas shift rates of the RhCl3/P(4-VP) catalytic sys-
em in contact with aqueous ethoxyethanol (TF(H2) = 12 day−1)
s much lower in comparison with the RhCl3/aqueous pyridine
ystem (TF(H2) = 68 day−1) under similar conditions of P(CO) and
emperature. This may be due the lower solubility of CO in aqueous
thoxyethanol.

Pardey et al. [10b] reported the immobilization of the com-
lexes cis-[Rh(CO)2(amine)2](PF6) in P(4-VP) (amine = pyridine,
-picoline, 3-picoline, 4-picoline, or 2,6-lutidine) and their ability
o catalyze the WGSR under mild conditions. The results showed
hat TF(H2) values pursue the order: 4-picoline (8.5) > 3-picoline
7.4) > pyridine (6.9) > 2-picoline (5.7) > 2,6-lutidine (3.7) under
he following reaction conditions: 0.1 g of P(4-VP), [Rh] = 8.4–9.6
10−5 mol) in contact with 8 mL of 2-ethoxyethanol, 2 mL of water
nder P(CO) = 0.9 atm at 100 ◦C. The rhodium complexes bearing
-picoline (4-pic) ligands proved to be most active among those
nder similar reaction conditions.

The recycling efficiency studies for the more active catalytic sys-
em Rh(4-pic)2/P(4-VP) shows that TF(H2) values were constant at
.5 after three repeated runs, indicating that this polymer immobi-

ized catalyst has a high stability and can be reused.
Spectroscopic characterization studies by FT-IR shows the

eplacement of the two CO of the starting cis-[Rh(CO)2(4-
ic)2](PF6) by the reaction with the pyridines moiety of the P(4-PV)
Eq. (2)):

(4-VP) + cis-[Rh(CO)2(4-pic)2]+ → P(4-VP)–[Rh(4-pic)2]+ + 2CO

(2)

The FT-IR spectrum of the active Rh(4-pic)2/P(4-VP) solid

xposed to CO displays two bands at 1994 and 1833 cm−1 suggest-
ng the presence of Rh linear and bridged carbonyl species on the
urface of the polymer support. Also, the results of scanning elec-
ron microscopy with energy dispersive X-ray (SEM–EDX) shows
he modification of the surface of the P(4-VP) after the reaction
Scheme 5.

with the molecular rhodium complex bearing the 4-picoline lig-
and. Interesting are the EPR results reported by these authors for
the Rh(4-pic)2/P(4-VP) before and after being exposed to CO. The
fresh immobilized Rh sample shows a wide paramagnetic signal
due to Rh nuclear 3/2 spin and the EPR signal intensity of the Rh(4-
pic)2/P(4-VP) sample exposed to CO shows a decrease.

A catalyst mechanism for this Rh(4-pic)2/P(4-VP) system was
proposed (Scheme 5, P = P(4-VP)) [10b].

In Scheme 5, carbonylation of the solid obtained from the
reaction between cis-[Rh(CO)2(4-pic)2]+ and P(4-VP) leads to the
formation of the P-[Rh(CO)(4-pic)2]+. The FTIR results of the
used catalyst supported the presence of Rh carbonyls complexes.
Nucleophilic attack by water assisted by the general base char-
acter of the free P(4-VP) on the coordinated CO would give
P-[Rh(CO2H)(4-pic)2] and the pyridinium moiety [P(4-VP)]H+. The
decarboxylation of the former specie gives the rhodium hydride
complex P-[Rh(H)(4-pic)2] and protonation of the latter by [P(4-
VP)]H+ which acts as a general acid would give H2, free P(4-VP)
and P-[Rh(4-pic)2]+ to close the catalytic cycle. As in the case of
the RhCl3/P(4-VP) systems, the aminated polymer acts as insoluble
ligand and as a general acid and base in the catalytic cycle for the
Rh(4-pic)2/P(4-VP) system.

Pardey et al. also reported the catalysis of the WGSR
by immobilized complexes formed from the reaction of
[Rh(cod)(amine)2](PF6) with P(4-VP) (cod = 1,5-cyclooctadiene,
amine = pyridine, 2-picoline, 3-picoline, 4-picoline, 3,5-lutidine or
2,6-lutidine) [10c]. The TF(H2)/24 h followed the order 4-picoline
(11.9) > 3-picoline (9.9) > 2-picoline (5.7) > pyridine (5.4) > 3,5-
lutidine (5.2) > 2,6-lutidine (3.3) under P(CO) = 0.9 atm at 100 ◦C
in contact with 80% of aqueous 2-ethoxyethanol. The 4-picoline
system displays the highest activity.

The “Rh(4-pic)2/P(4-VP)” systems were subject of an intensive
study under flow conditions by Pardey et al. [10d]. The effect of tem-
perature on the WGSR, catalyzed by this system, was studied at 100
(TF(CO2) = 12 day−1) − 180 ◦C (TF(CO2) = 748 day−1) range, result-
ing in a nonlinear Arrhenius plot with a lower activation energy Ea

at temperatures below 120 ◦C (51 kJ/mol K) than for temperatures
>120 ◦C (216 kJ/mol K). This segmented Arrhenius plots indicated a
change in the rate-limiting step [10e].

The morphology of the immobilized catalyst was studied using
a scanning electron microscope. The immobilized catalyst was also
characterized by DTA–TGA analysis, FT-IR, UV–Vis reflectance, elec-
tron paramagnetic spectroscopy (EPR) and X-ray photoelectron
spectroscopy (XPS), and surface area was determined by the BET
method. The results were discussed in terms of the possible pres-
ence of mono- and polynuclear-immobilized rhodium species. For

example, the FT-IR spectrum (in KBr) of the active Rh/4-pic immo-
bilized catalyst exposed to CO, displays two �(CO) bands at 1994
(carbonyl-linear Rh species) and 1832 cm−1 (carbonyl-bridged Rh
species) suggesting the presence of rhodium carbonyl anchored
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Table 1
Catalytic carbonylation of methanol by the complexes [Rh(CO)2ClL].

Ligand (L) AcOH (%) AcOMe (%) Total conversion (%) TON
Scheme 6.

ompounds with different nuclearities. The EPR and XPS studies
howed the presence of Rh(II) species for fresh catalyst and XPS
tudies showed the presence of Rh(I) and Rh(−I) for the used cata-
yst.

Formation of Rh(II) is due to the air oxidation of the Rh(I)
recursor [Rh(cod)(4-pic)2](PF6), which loses its stability by the
eplacement of the cod ligand by pyridine moieties of the P(4-VP)
nd leads to the formation of rhodium complexes of the type [P(4-
P)nRh(4-pic)2]2+ as shown in Eq. (3), where the P(4-VP) acts as
urface-polymer ligand as well as proton source:

[Rh(cod)(4-pic)2]+ + (1/2)O2 + 2P(4-VP)H+

+ (n − 2)P(4-VP)2COD + H2O + 2[P(4-VP)nRh(4-pic)2]2+ (3)

The authors based on the characterization and temperature
ependence studies, suggested that the observed segmentation is
he result of WGSR catalysis by both mono- and polynuclear amino-
arbonyl rhodium complexes, with different energy pathways. This
h/P(4-VP) immobilized systems has a catalytic behavior similar
o the observed for the RhCl3/aqueous pyridine homogeneous sys-
em. In both systems the presence of mononuclear and polynuclear
arbonylrhodium complexes of pyridine ligands were confirmed
pectroscopically [10d].

. Carbonylation of methanol

Dutta and co-workers [11a] reported the carbonylation of
ethanol to acetic acid and its ester catalyzed by the rhodium

omplexes cis-[Rh(CO)2Cl(amine)] (amine = 2-methylpyridine,
-methylpyridine, 4-methylpyridine, pyridine, 2-phenylpyridine,
-phenylpyridine or 4-phenylpyridine) in presence of CH3I under
he following reaction conditions: 4 mL of methanol, 1 mL of
H3I, 1 ml of H2O, [Rh] = 0.054 mmol, P (CO) = 20 bar at 130 ◦C

or 1 h and the total turnover per hour for methanol conversion
o carbonylated products follows the order 3-methylpyridine
1206) > 4-methylpyridine (1087) > pyridine 4-methylpyridine
911) > 2-methylpyridine (884) > 4-phenylpyridine (840) > 3-
henylpyridine (793) > 2-phenylpyridine (735). The results show
hat methyl groups on the pyridines, donors of electron density
o central Rh, facilitate the carbonylation due to the increase
f the nucleophilicity of the Rh center. However, the electron
ithdrawing groups represented by the phenylpyridines slow the

eaction of carbonylation. The observed lower efficiency of the
Rh(2-methylpyridine)” catalyst tested for the methylpyridine
eries may be due to the steric factor predominating over the
lectronic effect. In general, this catalytic system is more active

−
han the well-known species [Rh(CO)2I2] [11b].
A catalyst mechanism for this “Rh(amine)” system was proposed

Scheme 6, L = amine) based on the preliminary kinetics and charac-
erization studies carried out for this group which reported that the
verall rate of carbonylation depended on the rate of the oxidative
Py-2-CHO 12.9 51.9 64.7 1243
Py-3-CHO 3.9 28.7 32.6 626
Py-4-CHO 6.6 35.1 41.7 801

addition of CH3I to the Rh center [11a]. The IR characterization stud-
ies of the reaction mixture revealed the presence of the parent Rh(I)
carbonyl complexes and the Rh(III) acyl complexes, indicating that
the ligands remain bound to Rh metal center under the catalytic
reaction conditions. This scheme is similar to the known mecha-
nistic cycle for the Monsanto carbonylation of methanol process
[12].

Dutta and co-workers [11c] also reported the catalytic
carbonylation of methanol to acetic acid and its ester by
dicarbonylrhodium(I) complexes [Rh(CO)2ClL] of the pyridine-
aldehyde ligands (L = Py-2-CHO, Py-3-CHO and Py-4-CHO) in
presence of CH3I. The results are shown in Table 1. Reac-
tion conditions: [CH3OH] = 0.099 mol (4 cm3), [CH3I] = 0.016 mol
(1 cm3), [H2O] = 0.054 mol (1 cm3) and [complex] = 0.054 mmol at
130 ± 2 ◦C and P(CO) = 35 ± 3 bar pressure for 1 h. AcOH = acetic
acid, AcOMe = methyl acetate, TON = mole of product per mole of
catalyst.

The TON values follows the order Py-2-CHO > Py-4-CHO > Py-
3-CHO. This trend towards carbonylation could not be explained
based on the donor capability of the pyridine-aldehyde ligands
because the presence of electron-withdrawing –CHO group at the
2- and 4-positions of the pyridine ring of the ligands should reduce
the basicity of the N-atom and consequently tend to lower the cat-
alytic activities. However, because the oxidative addition of CH3I
is the rate-determining step in carbonylation of methanol, the
accelerating the oxidative addition reaction increases the catalytic
activity. The same authors reported the kinetic study of oxidative
addition reaction of CH3I with these three complexes and they
observed the follows order Py-2-CHO > Py-4-CHO > Py-3-CHO for
the rate. Therefore, difference in catalytic reactivity matches the
observed difference in rate for the oxidative addition reaction.

The high reactivity of complex with L = Py-2-CHO over the oth-
ers two may be due to the improvement of nucleophilicity on the
Rh center by the adjacent group [11d] where the substituted group
on the ortho-position probably interacts with the Rh center by some
non-conventional secondary interaction and thus effect could over-
come the sterical impediment [11e].

The catalytic activity of these complexes in carbonylation of
methanol, in general, is higher (TON = 801–1243) than that of the
well-known species [Rh(CO)2I2]− (TON = 650).

In 2007, Dutta and co-workers [11f] reported carbonylation
activity of methanol to acetic acid and its ester in presence
of CH3I under CO catalyzed by dicarbonylrhodium(I) complexes
[Rh(CO)2ClL], with pyridine-ester ligands of the type methyl picol-
inate, methyl nicotinate, methyl isonicotinate, ethyl picolinate,
ethyl nicotinate and ethyl isonicotinate. In addition, the kinetic
study of oxidative addition of CH3I with these complexes was also
examined.

Table 2 summarizes the catalytic results for the reac-
tion conditions: [CH3OH] = 0.099 mol (4 cm3), [CH3I] = 0.016 mol
(1 cm3), [H2O] = 0.055 mol, (1 cm3) and [complex] = 0.054 mmol
at 130 ± 5 ◦C and P(CO) = 35 ± 2 bar for 1 h. AcOH = acetic acid,
AcOMe = methyl acetate, TON = mole of product per mole of cat-
alyst. Fig. 5 shows the structure of these complexes and Fig. 6 the

molecular models of these ligands [11g].

Total conversion (%) values for methyl acetate formation are
much greater (3.9–12.4 folds) acetic acid production. The effect
of different ligands on the efficiency of catalytic carbonylation
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Table 2
Catalytic carbonylation of methanol by the complexes [Rh(CO)2ClL].

Ligand (L) AcOH (%) AcOMe (%) Total conversion (%) TON

Methyl picolinate 4.50 40.00 44.50 853
Methyl nicotinate 7.55 38.31 45.86 890
Methyl isonicotinate 4.20 39.90 44.10 844
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Fig. 7. Decarbonylation reaction of the picolinate complexes [Rh(CO)2ClL] (R = -CH3,
or -C2H5).

Table 3
Catalytic carbonylation of methanol by the complexes [Rh(CO)2ClL].

Ligand (L) AcOH (%) AcOMe (%) Total
conversion (%)

TON
Ethyl picolinate 8.80 49.50 58.30 1117
Ethyl nicotinate 9.55 36.92 46.47 910
Ethyl isonicotinate 4.90 60.70 65.60 1251

eaction is found to follow the order ethyl isonicotinate > ethyl
icolinate > ethyl nicotinate > methyl nicotinate > methyl picoli-
ate > methyl isonicotinate. Besides, the ethyl containing ester

igands show higher catalytic activities over the methyl containing
nes.

The observed tendency in activities among the complexes
ontaining ethyl ester ligands towards catalytic carbonylation is
ubstantiated by the observed trend in the rate of the oxidative
ddition reaction of CH3I with these complexes, which shows
he order isonicotinate > ethyl picolinate > ethyl nicotinate. Inter-
sting, the difference in catalytic reactivity matches the observed
ifference in rate for the oxidative addition reaction. It is well
nown that in catalytic carbonylation of alcohol, oxidative addi-
ion reaction of alkyl halide is the rate determining step [11h];
herefore, the higher the rate of oxidative addition reaction the
igher is the catalytic activity. However, the carbonylation activ-

ty of methanol did not follow the trend for the observed rate
or the oxidative addition reaction of CH3I with these complexes,
hich shows the order methyl picolinate > methyl isonicoti-
ate > methyl nicotinate [11f]. Accordingly, this behavior could
e explained based on the donating capabilities of the methyl
ster ligands which in the presence their electron-withdrawing
COOCH3 group at the ortho- and para-positions on the pyri-
ine ring of the ligand diminishes effectively the basicity of the
-donor and consequently tends to lower the catalytic activ-

ty.
The high activity of the methyl picolinate complex compared
o that of methyl isonicotinate is due to the high nucleophilic-
ty caused by chelation through decarbonylation reaction (Fig. 7),

hich enhances the nucleophilicity of the Rh center. The higher
ate of methyl isonicotinate over methyl nicotinate may be due to

ig. 5. Structure of complexes [Rh(CO)2ClL] (L = pyridine-ester ligands, R = -CH3, or
C2H5).

Fig. 6. Molecular models of the pyridine-ester ligands (R = methyl or ethyl).
2-Hydroxymethylpyridine 3.5 27.7 31.2 600
3-Hydroxymethylpyridine 2.5 25.7 28.2 542
4-Hydroxymethylpyridine 4.7 29.1 33.8 649

the presence of –COOCH3 group at sterically less hindered para-
position of the pyridine ring (Fig. 6).

The catalytic activity of these complexes in carbonylation of
methanol, in general, is higher (TON = 844–1251) than that of
the well-known species [Rh(CO)2I2]− (TON = 653) measured at the
same reaction conditions.

In 2008, Dutta and co-workers [11i] reported carbonyla-
tion activity of methanol to acetic acid and its ester in
presence of CH3I under CO catalyzed by dicarbonylrhodium(I)
complexes [Rh(CO)2ClL], with pyridine-alcohol ligands of the
type 2-hydroxymethylpyridine, 3-hydroxymethylpyridine and 4-
hydroxymethylpyridine. In addition, the kinetic study of oxidative
addition of CH3I with these complexes was also examined.

Table 3 summarizes the catalytic results for the reaction con-
ditions: [CH3OH] = 0.099 mol (4 cm3), [CH3I] = 0.016 mol (1 cm3),
[H2O] = 0.055 mol (1 cm3) and [complex] = 0.054 mmol at 130 ± 5 ◦C
under P(CO) = 35 ± 2 bar for 1 h. AcOH = acetic acid, AcOMe = methyl
acetate, TON = mole of product per mole of catalyst. Fig. 8 shows the
molecular models of these ligands.

The effect of different pyridine-alcohol ligands on the effi-
ciency of catalytic carbonylation reaction follows the order
4-hydroxymethylpyridine > 2-hydroxymethylpyridine > 3-
hydroxymethylpyridine under the same experimental conditions
The rate of the oxidative addition reaction of CH3I with these
three complexes shows the order 3-hydroxymethylpyridine > 4-
hydroxymethylpyridine > 2-hydroxymethylpyridine where the
complex with the 3-hydroxymethylpyridine ligand shows the
highest rate for the oxidative addition reaction. Accordingly, the
trend in activities by the complexes towards catalytic carbonyla-
tion reaction cannot be explained based on the observed trend on
the rates of the oxidative addition of CH3I on the Rh center.

The influence of steric factors can be used to explain this dis-
crepancy, namely the highest catalytic activity is shown by the

complex bearing the hydroxymethyl group in the least hindered
4-position of the pyridine ring. Further, the higher activity of the
complex 2-hydroxymethyl over 3-hydroxymethyl may be due to
the enhancement of nucleophilicity on the Rh center by some kind

Fig. 8. Molecular models of the pyridine-alcohol ligands.
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Table 4
Catalytic carbonylation of methanol by the complexes [Rh(CO)2L′] and [Rh(CO)2ClL].

Complex AcOH (%) AcOMe (%) Total conversion (%) TON
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Fig. 10. Molecular models of the aminophenol ligands: 2-aminophenol (a), 3-
aminophenol (b) and 4-aminophenol (c).

Table 5
Catalytic carbonylation of methanol by the complexes [Rh(CO)2ClL].

L AcOH (%) AcOMe (%) Total conversion (%) TON

2-Aminophenol 36.6 43.3 79.9 1189
3-Aminophenol 28.7 65.7 94.4 1456
(1) 6.20 41.80 48.0 923
(2a) 9.40 47.50 56.90 1094
(2b) 6.55 35.55 42.10 810

f neighboring group effect where the hydroxymethyl group in
-position overcomes the steric hindrance probably by some non-
onventional secondary interactions with the Rh centers.

The catalytic activity of these complexes with hydroxymethyl
roups in carbonylation of methanol, in general, is higher
TON = 649–542) than that of the well-known species [Rh(CO)2I2]−

TON = 526) measured at the same reaction conditions.
More recently, in 2009, the authors reported [11j] carbonylation

ctivity of methanol to acetic acid and its ester in presence of CH3I
nder CO catalyzed by dicarbonylrhodium(I) chelates complexes
Rh(CO)2L′], {L′ = �2-(N,O)} with the pyridine-carboxylic acid lig-
nd of the type Py-2-COOH (1), and the non-chelate complexes
Rh(CO)2ClL] {L = �1-(N)} with the pyridine-carboxylic acid ligands
f the type Py-3-COOH (2a) and Py-4-COOH (2b). In addition, the
inetic study of oxidative addition of CH3I with these complexes
as also examined.

Table 4 summarizes the catalytic results for the reaction con-
itions: [CH3OH] = 0.099 mol (4 cm3), [CH3I] = 0.016 mol (1 cm3),
H2O] = 0.055 mol (1 cm3) and [complex] = 0.054 mmol at 130 ± 5 ◦C
nder P(CO) = 30 ± 5 bar for 1 h. AcOH = acetic acid, AcOMe = methyl
cetate, TON = mole of product per mole of catalyst. Fig. 9 shows the
olecular models of these complexes.
The effect of different pyridine-carboxylic acid ligands on

he efficiency of catalytic carbonylation reaction follows the
rder [Rh(CO)2Cl(Py-3-COOH)] (2a) > [Rh(CO)2(Py-2-COO−)]
1) > [Rh(CO)2Cl(Py-4-COOH)] (2b). However, the catalytic con-
ersions of methanol by these complexes are slightly lower
han those reported earlier by this group [11f] where analogous
lkoxycarbonyl pyridine derivatives were used. The catalytic
ctivity of these complexes in carbonylation of methanol, in
eneral, is higher (TON = 810–109a) than that of the well-known
pecies [Rh(CO)2I2]− (TON = 653) measured at the same reaction
onditions.

Examination of the catalytic reaction mixture by IR spectroscopy
t different time intervals and at the end of the catalytic reaction
eveals that the ligands remained coordinated to the Rh center
hroughout the entire course of the catalytic reactions.

The efficacy of these complexes towards the carbonylation is
xplained based on the electron donating capacity of the ligands.
he presence of COOH group at the 2- and 4-positions of the pyri-
ine ring in their corresponding complexes 1 and 2b should reduce
he basicity of N-atom and consequently tend to lower the catalytic

ctivity of 1 and 2b compared to the complex 2a. The higher activity
f 1 over 2b may be attributed to the higher stability of the com-
lex due to formation of five-member chelate ring (Fig. 9(1)). It is
ell known that the higher the nucleophilicity of the metal center

Fig. 9. Molecular models of the Rh compl
4-Aminophenol 31.0 50.8 81.7 1261

the higher is the catalytic activity of the corresponding complexes
towards the carbonylation of methanol.

A catalyst mechanism similar to earlier reported [11a] by this
group was proposed (Scheme 6).

Dutta and co-workers [11k] reported carbonylation activity of
methanol to acetic acid and its ester by analogues pyridine type lig-
ands based on aminophenol (2-aminophenol (a), 3-aminophenol
(b) and 4-aminophenol (c)) coordinated to dicarbonylrhodium(I)
complexes, [Rh(CO)2ClL] in presence of CH3I under CO. The IR
characterization study of these complexes reveals the coordination
of the aminophenol ligands through N atom of the amine group.
AcOH = acetic acid, AcOMe = methyl acetate, TON = mole of product
per mole of catalyst. Fig. 10 shows the molecular models of these
ligands.

Table 5 summarizes the catalytic data under the
best catalytic reaction conditions: [CH3OH] = 0.099 mol,
[CH3I] = 0.016 mol, [H2O] = 0.055 mol, [complex] = 0.054 mmol,
substrate/catalyst = 1600; P(CO) = 35 ± 2 bar at 130 ± 5 ◦C for 2 h.

The results show that TON values follow the order 3-
aminophenol > 4-aminophenol > 2-aminophenol. However, the
presence of the (OH)− group at 2- and 4-positions enhances
the electron density on the N-atom which follows as 2-
aminophenol > 4-aminophenol > 3-aminophenol. However, the
presence of the (OH)− group at 2- and 4-positions enhances
the electron density on the N-atom which follows as 2-
aminophenol > 4-aminophenol > 3-aminophenol. Accordingly,
the observed tendency in reactivity cannot be explained only from
the simple electron donating capacity of the ligand. The authors
based on the effect of steric factors, hydrogen bonding, field effects
and phenoxide formation, suggested that the cumulative effect of

all these factors could increase the efficiency of the catalyst with
the ligand 3-aminophenol over the rest.

exes [Rh(CO)2L′] and [Rh(CO)2ClL].
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. Reduction of nitroarenes

.1. Homogeneous systems

Results of the reduction of nitrobenzene to aniline (Eq. (4))
atalyzed by the rhodium complexes cis-[Rh(CO)2(amine)2](PF6)
issolved in the corresponding aqueous amine ligand under
O atmosphere were described by Linares et al. [13a]. The
F(aniline)/24 h values pursue the order: 2-picoline (42) > 2,6-
utidine (37) > 3-picoline (28) > 4-picoline (10) > pyridine (7) for the
ollowing reaction conditions: [Rh] = 10 mM, S/C = 2500, 8 mL of
mine, 2 mL of water, P(CO) = 0.9 atm at 100 ◦C for 3 h, with a selec-
ivity towards aniline formation greater than 99%:

6H5NO2 + 3CO + H2O → C6H5NH2 + 3CO2 (4)

The results show that, contrary to the water-gas shift rates, the
ost active catalysts for the reduction of nitrobenzene to aniline

nder water-gas shift conditions were those containing the steri-
ally hindered 2-picoline and 2,6-lutidine.

Studies carried out by Longo et al. on the activity of the more
ctive “Rh(2-picoline)2” catalyst in the reduction of nitrobenzene
o aniline, allowed those workers to propose a mechanism [13b].
he reaction showed a first order dependence with respect to vari-
tion of the pressure of CO in the range of 0–1.9 atm. This kinetic
ehavior was interpreted as the CO addition to catalytic species
efore the determining step. Moreover, the dependence of the cat-
lytic activity was not linear with respect to the [Rh] in the range
f 5–60 mM, just as it is with respect to variation in temperature
n the range of 70–130 ◦C. These observations were interpreted in
erms of the presence of rhodium catalytic species with different
uclearity and catalytic behavior, which is reinforced by studies
f in situ IR characterization of the catalytic solution that revealed
he presence of species of ligands with Rh carbonyls terminals and
ridged. A catalyst mechanism for this “Rh(2-picoline)2” system
as proposed (Scheme 7, 2-pic = 2-picoline; RNO2 = nitrobenzene).

In Scheme 7, the cycloaddition of the nitro group (step

a) to the Rh–CO bond gives [Rh(CO)(2-pic)2(�2-C(O)ON(R)O)]+,
againi et al. isolated and characterized by X-ray crystal-

ography the PPN[(CO)2Rh(�2-C(O)ON(C6H3Cl2)O)] intermediate
14a] (Fig. 11). Elimination of CO2 from [Rh(CO)(2-pic)2(�2-

cheme 7. Figure was reproduced from Ref. [13b], with permission of the copyright
olders.
Fig. 11. Molecular model of the [(CO)2Rh(�2-C(O)ON(C6H3Cl2)O)]− anion.

C(O)ON(R)O)]+ intermediates (step 1b) leads to the formation
of rhodium nitrosobenzene complex [Rh(CO)(2-pic)2(�2-ONR)]+.
Insertion of one CO molecule to the Rh–O bond (step 1c) forms the
[Rh(CO)(2-pic)2(�2-O(CO)NR)]+ complex. The formation of these
species as the rate-limiting step would rationalize the first-order
dependence of TF(aniline) on P(CO). There is also a precedent for
the structures proposed; Skoog et al. isolated and characterized
by X-ray crystallography the [Ru(dppe)(CO)2(�2-ONC6H3ClCF3)]
intermediate [14b,c] (dppe = 1,2-bis(diphenylphosphino)ethane)
(Fig. 12). Decarboxylation of the rhodium [Rh(CO)(2-pic)2(�2-
O(CO)-NR)]+ species (step d) generates a rhodium–nitrene
complex [Rh(CO)(2-pic)2(NR)]+ and CO2. Hydrogenation of this
rhodium–nitrene species, probably by the Rh–H species formed
under conditions similar to the WGSR (step 1e), affords ani-
line, CO2 and the coordinatively unsaturated [Rh(CO)(2-pic)2]+

complex. Coordination of CO to the latter (step 1f) would
give the cis-[Rh(CO)2(2-pic)2]+ complex to close the catalytic
cycle.

Ford and co-workers [15] described the quantitative studies
of the CO/H2O reduction of nitrobenzene and various p-
nitroaromatics (p-X-PhNO2, for X = NH2, CH3, H−, F−, Cl− and NC–)
to the respective anilines under water-gas shift reaction (WGSR)
conditions catalyzed by solutions of RhCl3 in aqueous amines
(diethylamine, trimethylamine, triethylamine, tetramethylene-
diamine, 2-picoline, N,N,N′,N′-tetramethylethylenediamine
(TMEDA). The reactions were carried out under the following con-
ditions: 8/2 (v/v) amine/H2O, RhCl3 = 5 mM, [substrate] = 250 mM,
P(CO) = 0.9 atm, T = 100 ◦C, reaction time = 3 h. They reported that
the amine influence on TF(p-CH3PhNH2)/day follows the order:
trimethylamine (13) > diethylamine (17) > tetramethylenediamine
(20) > triethylamine (31) > 2-picoline (78) > TMEDA (131). Accord-
ingly, the most active media were aqueous TMEDA and 2-picoline
solutions.

The same authors also studied the electronic effects of phenyl
ring substituents X on the series p-X-PhNO2. The TF(aniline)/day
values decreased as the substituents X become more electron with-
drawing, for example, NH2 (104) > CH3 (102) > H (73) > F (67) > Cl
(62) > NC (48) and the Hammett plot of log(TF(aniline)) versus
the substituent constant � was linear giving a �-value of −0.28.
The rates for reduction of p-nitrotoluene in 80% aq. TMEDA or
in 80% aq. 2-picoline exhibited first-order dependence on P(CO)
over the 0.3–1.5 atm range, but turnover frequencies decreased
as the total rhodium concentration increased over the range

5–40 mM. The latter behavior was interpreted in terms of the
coexistence of mononuclear and polynuclear Rh species in the
system, the mononuclear being the more catalytically active. Addi-
tionally, at low [substrate], H2 production was also found as the

Fig. 12. Molecular model of the [Ru(dppe)(CO)2(�2-ONC6H3ClCF3)] complex.
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esult of competing water–gas shift catalysis. TF(H2) decreased
nd TF(CO2) increased with rising [p-nitrotoluene], and little
ihydrogen production was seen for substrate concentrations
reater than 150 mM and CO2 production leveled off in this
egion. The authors proposed a catalyst mechanism (Scheme 8)
imilar to the above reported by Longo et al. for the “Rh(2-
icoline)2” catalyst in the reduction of nitrobenzene to aniline
nder CO/H2O. However, they incorporated the WGSR catalysis
ath in equilibrium with the nitroaromatic reduction catalytic
ycle.

Baricelli and co-workers [16a] reported that rhodium(I) com-
lexes of the type, cis-[Rh(CO)2(amine)2](PF6) (where amine = 3-
icoline, 2-picoline, pyridine, 2,6-lutidina or 3,5-lutidine) dissolved

n 80% aqueous amine solutions catalyzed the selective reduction of
-nitrobenzoic acid to 4-aminobenzoic acid under CO. The impor-
ance of these catalytic systems is their high chemo selectivity for
he aromatic nitro group of the 4-nitrobenzoic acid with respect
o the carboxylic group, allowing the production of the desired
romatic amine in high yields. The toxicology and carcinogenesis
tudies of 4-nitrobenzoic acid evidence the carcinogenic activity
nd hematological toxicity this acid in rats and mice [16b] and for
his reasons there is an interest to transform this compound to 4-
minobenzoic acid, which is a non-toxic and does not show any
arcinogenic activity.

These authors observed that 4-aminobenzoic acid produc-
ion depends on the nature of the coordinated amine. The
h/3,5-lutidine system, the most active catalyst among tested,
isplays turnover frequencies for 4-aminobenzoic acid produc-
ion of about 173 mol/mol Rh per day for [Rh] = 1 × 10−4 mol,
4-nitrobenzoic acid] = 3.82 × 10−3 mol, 10 mL of 80% aqueous 3,5-
utidine, P(CO) = 0.9 atm at 100 ◦C. Analyses of kinetic results for

he Rh/3,5-lutidine system show a first order dependence on 4-
itrobenzoic acid concentration, a non-linear dependence on CO
ressure, and a segmented Arrhenius plot. These data were dis-
ussed in terms of mechanisms similar to described above for the
eduction of nitrobenzene [13] and nitroarenes [15] under CO/H2O.
.

4.2. Immobilized systems

Pardey et al. [17a] also reported results for nitrobenzene
reduction catalyzed by the Rh complexes, [Rh(cod)(amine)2](PF6)
immobilized on P(4-VP), where cod = 1,5-cyclooctadiene, immo-
bilized on P(4-VP). The results showed that TF(aniline)/day
values pursue the order: 2-picoline (53) > 4-picoline = pyridine
(49) > 3-picoline (47) > 3,5-lutidine (31) > 2,6-lutidine (28) under
the following reaction conditions: [Rh] = 10 mM, 8 mL of 2-
ethoxyethanol, 2 mL of water, P(CO) = 0.9 atm at 100 ◦C for 3 h, with
a selectivity towards aniline formation greater than 99%.

Contrary to the observed water-gas shift rates for the Rh/P(4-VP)
[10b], the most active catalysts for the reduction of nitrobenzene
to aniline under water-gas shift conditions was the sterically hin-
dered 2-picoline ligand. The recycling efficiency of the more active
Rh(2-pic)/P(4-VP) system shows no significant change of catalytic
activity after three repetitive uses. The TF(aniline) values were 53,
52 and 51 day−1. This solid catalyst has a high stability.

The characterization of the immobilized catalyst was also
reported by the same authors using thermogravimetric analysis,
infrared spectroscopy, UV–Vis, electron paramagnetic spec-
troscopy, and X-ray photoelectron spectroscopy. The FT-IR
spectrum of a solid sample of [Rh(cod)(2-pic)2](PF6) shows �(CN)
bands at 1607(s), 1481(s), 1449(m) and 1435(m) cm−1, and the FT-
R spectrum of a solid sample of the P(4-VP) polymer shows �(CN)
bands at 1597(vs, broad), 1556(m), 1494(m), 1447(m) and 1414(vs,
broad) cm−1. The FT-IR spectrum of the immobilized fresh catalyst
Rh(2-pic)2/P(4-VP) shows �(CN) bands at 1612(shoulder), 1599(s,
broad), 1555(m), 1494(m), 1447(m) and 1418(s, broad) cm−1. The
FT-IR spectrum obtained from the subtraction of the FT-IR spec-
trum of the immobilized fresh catalyst Rh(2-pic)2/P(4-VP) and

the FT-IR spectrum of the P(4-VP) sample shows only two �(CN)
bands at 1612(s) and 1430(s, broad) cm−1, which correspond to the
�(CN) bands of the 2-picoline ligand, coordinated to the rhodium
center in the [Rh(cod)(2-pic)2]+ complex and they are shifted ca.
±5 cm−1 after the immobilization in the P(4-VP) polymer. The slight
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lue shift observed in the �(CN) of Rh(2-pic)2/P(4-VP) indicate N-
oordination of the P(4-VP) polymer to a metal center [17b–d].

The FT-IR spectrum (KBr pellets) of an active Rh(2-pic)2/P(4-
P) catalyst sample displays three bands in the �(CO) region, two
t 1989 and 1961 cm−1 (carbonyl-linear Rh species), and one band
t 1805 cm−1 (carbonyl-bridged Rh species). These data suggested
he presence of carbonylrhodium compounds, immobilized to the
itrogen-functionalized polymer as reaction intermediates.

The EPR spectrum of [Rh(cod)(2-pic)2](PF6) shows no param-
gnetic signal, as was expected for this diamagnetic Rh(I) (d8)
ompounds The EPR spectrum of a freshly prepared sample of Rh(2-
ic)2/P(4-VP) solid displayed a paramagnetic signal due to Rh(II)
pecies (d7)). Presumably these were formed by the oxidation of
he Rh(I) precursor dissolved in aqueous ethoxyethanol solution in
ontact with air during the preparation step. The EPR signal inten-
ity of Rh(2-pic)2/P(4-VP) sample exposed to CO/H2O markedly
ecreases, probably due to the reduction to non-paramagnetic
hodium species by the CO/H2O couple.

By X-ray photoelectron spectroscopy, the Rh 3d5/2 level bind-
ng energy value of [Rh(cod)(2-pic)2](PF6) sample was found to
e 308.0 eV. The treatment of this Rh(I) complex with P(4-VP) in
ontact with 2-ethoxyethanol on air caused a 0.4 eV increase in
he Rh 3d5/2 level binding energy, due to the formation of Rh(II)
17e]. The spectrum of the sample of Rh(2-pic)2/P(4-VP) after being
sed as a catalyst for the WGSR showed two Rh 3d5/2 level binding
nergy values at 308.2 and 307.0 eV. The Rh 3d5/2 level binding
nergy value at 308.2 eV is close to that of the precursor Rh(I).
n the other hand, Rh 3d5/2 level binding energy at 307.0 eV indi-
ates the presence of Rh species with (0) or (−1) oxidation state.
he Rh(−I)/P(4-VP) immobilized specie is formed by dispropor-
ionation reaction of Rh(0) amino-carbonyl species by the CO/H2O

ixture [9b].
The characterization results showed that the Rh ions are

ovalently attached to the nitrogen-functionalized polymer. XPS
ndicated that several Rh oxidation states coexist on the surface
f the catalyst, which was suggested to be due to the presence of
oth mononuclear and polynuclear immobilized Rh species on the
urface.

Pardey and co-workers [17f] also reported results for
itrobenzene reduction to azoxybenzene (Eq. (5)) catalyzed by
he tetracarbonyldi-�-chlorodirhodium(I) complex (Rh2(CO)4Cl2)
mmobilized on P(4-VP) in contact with 80% aqueous 2-
thoxyethanol under CO:

C6H5–NO2 + 3CO → C6H5–N(O) = N–C6H5 + 3CO2 (5)

Table 6 summarizes the catalytic data for the reaction
onditions: 0.5 g of P(4-VP), 0.26 ml of nitrobenzene, 8 ml of 2-
thoxyethanol, 2 ml of H2O, [Rh] = 2.0 wt.%, S/C molar ratio = 25,
(CO) = 0.9 atm at 100 ◦C for 3 h. 99% of azoxybenzene selec-
ivity with 23% of conversion. TF = [mol of product (mol of
h × rt)−1] × 24 h, where rt = reaction time.

In addition, 2.07 × 10−3 mol of azoxybenzene (TF = 167 (24 h)−1)
ere formed (selectivity > 99% with 80% of nitrobenzene con-
ersion) after a continuous heating for 8 h under the same
xperimental conditions described above.

Segmented Arrhenius plots with inflection points at 90 ◦C were
bserved for catalytic reduction of nitrobenzene in the 70–110 ◦C
anges. The apparent activation energies obtained from the slopes

able 6
itrobenzene reduction by Rh2(CO)4Cl2 immobilized on P(4-VP).

Run TF(CO2) TF (azoxybenzene)

1 137 46
2 135 45
3 147 49
Scheme 9.

of the respective segments are 75.9 kJ mol−1 at T < 90 ◦C and
30.9 kJ mol−1 at T > 90 ◦C.

The recycling efficiency of the Rh2(CO)4Cl2/P(4-VP) catalyst was
studied in the reduction of nitrobenzene and the results showed no
change of the catalytic activity after three repetitive uses (TF = 48,
47 and 49 (24)−1). These results show the high stability of this
catalytic system.

The authors carried out a detail characterization studies of
the fresh and used catalyst and they reported that the FT-
IR spectra of fresh prepared KBr pellets of Rh2(CO)4Cl2/P(4-VP)
([Rh] = 2.0 wt.%) showed a broad strong �(CO) band at 2101 cm−1,
contrary to the observed four bands �(CO) at 2101, 2082, 2036
and 2022 cm−1 for the precursor Rh2(CO)4Cl2 complex Interesting,
the presence of the only carbonyl at band at 2101 cm−1 ruled out
the formation of cis-Rh(CO)2Cl-P(4-VP) species bound to a pyri-
dine moiety of the polymer. Such species should have two �(CO)
bands at about 2100–2080 and 2040–2010 cm−1 [17g,h]. Forma-
tion of the cis-[Rh(CO)2Clpy] complex by reaction of Rh2(CO)4Cl2
with pyridine (py) is a well known process [17h]. Furthermore,
the electron paramagnetic resonance spectrum of fresh samples
of Rh2(CO)4Cl2/P(4-VP) shows a paramagnetic signal indicating
the formation of Rh(II) species. The authors based on the above
data suggested the presence of monocarbonyl cationic Rh(II)
(Rh(II)-CO/P(4-VP)) species formed during the immobilization of
Rh2(CO)4Cl2 with P(4-VP).

On the other hand, the FT-IR spectrum (KBr pellets) of an
used Rh/P(4-VP) catalyst sample shows three bands in the �(CO)
region at 2101, 1955 (carbonyl-linear Rh species) and 1802 cm−1

(carbonyl-bridged Rh species) suggesting the presence of mononu-
clear and polynuclear amino-carbonyl Rh immobilized complexes
as the principal catalytic species on the used catalyst. Furthermore,
the EPR of the fresh Rh(II)–CO/P(4-VP) sample exposed to CO in con-
tact with aqueous ethoxyethanol shows a complete disappearance
of the paramagnetic signal attributed to reduction of the Rh(II) cen-
ter to Rh(−I) and/or Rh(I) by the couple CO/H2O. It can see that this
catalytic system behaves in a similar way to the Rh(amine)2/P(4-
VP) systems [10d,17a] described in previous sections.

The authors proposed a catalyst mechanism (Scheme 9). In
this scheme some ligands of the immobilized rhodium complex
are omitted for clarity. Also the WGSR catalytic cycle seen in
Scheme 8 is omitted. The cycloaddition of the nitro group to
the Rh-CO bond (step i) forms the complex (2). Elimination of

CO2 from complex (2) (step ii) leads to the formation of the
rhodium nitrosobenzene P-[Rh(�2-ONR)]+ complex (3) [14]. Inser-
tion of one CO molecule to the Rh–O bond in complex (3) (step
iii) form the P-[Rh(�2-CO(O)NR)]+ (4) specie. Decarboxylation
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f the rhodium P-[Rh(�2-CO(O)NR)]+ (4) specie generates the
hodium–nitrene complex P-[Rh NR]+ (5) and CO2 (step iv). Sub-
equent coordination of CO and cycloaddition of a second molecule
f nitrobenzene (step v) to the rhodium–nitrene specie forms the
-[Rh(�2-CO(O)N(O)RNR)]+ (6) complex. In step (vi), coordination
f CO to the latter complex (6) affords CO2, azoxybenzene and P-
Rh(CO)]+ (1) closing the catalytic cycle.

In the absence of nitrobenzene, this Rh2(CO)4Cl2/P(4-VP) sys-
em catalyzed the WGSR under the following reaction conditions:
Rh] = 2 wt.%, 10 mL of water, under P(CO) = 0.9 atm at 100 ◦C for
h. The TF(H2) and TF(CO2) observed values were 26 and 28
ay−1, respectively. This systems is more active than the previously
escribed RhCl3/P(4-VP) [10a] and Rh(4-pic)2/P(4-VP) [10b] WGSR
atalytic systems under the same catalytic conditions.

. Oligomerization and hydrocarboxylation of CO/ethylene

Fachinetti and co-workers [18] reported the catalysis
f the hydrocarboxylation of ethylene (Eq. (6)) and the
tepwise alternating oligomerization of CO/ethylene (Eq.
7)) by the rhodium complexes cis-[Rh(CO)2(amine)2](PF6)
amine = pyridine, 2-picoline, 3-picoline, 4-picoline, or
,6-lutidine) dissolved in aqueous tetrabutyl ammo-
ium hydrogen sulfate ([(CH3(CH2)3)4N](HSO4)) solutions.
ropionic acid, penta-3-one, octane-3,6-dione and
ndecane3,6,9-trione were obtained as major products for
he catalytic reaction under the following reaction condi-
ions: [Rh] = 1.5 × 10−5 mol [[(CH3(CH2)3)4N](HSO4)] = 2.52 g,
H2O] = 40 g, [CO] = [ethylene] = 20.0 g (88 atm) at 150 ◦C for
.3 h. The use of the saline medium helps to stabilize the active
pecies. The in situ IR studies of the catalytic solutions suggest
he presence of penta-coordinated Rh complexes of the type

rans-[Rh(CO)3(amine)2]+:

2H4 + CO + H2O → C2H5COOH (6)

(CH2 CH2) + nCO+ → H(–CH2CH2CO–)nCH2CH3 (7)

cheme 10. Ketone1 = penta-3-one; ketone2 = octane-3,6-dione; ketone3 = undecane-3,6
olders.
Fig. 13. Molecular model of the trans-[Rh(CO)3(amine)2]+ cation (R = methyl or
dimethyl group).

Reactivity towards the formation of propionic acid by this sys-
tem Rh/amine depends on the nature of the amine coordinated
at the center of rhodium. For example the values of TF(propionic
acid) for these complexes varies in the following order: 4-picoline
(558) > 3-picoline (356) = pyridine (356) > 2-picoline (330) > 2,6-
lutidine (152 (24 h)−1) under the same catalytic conditions.
Additionally, the catalytic activity of the reaction of oligomerization
(Eq. (8)) varies in the following order: 4-picoline (1473) > 3-
picoline (1356) > 2-picoline (1252) > pyridine (1211) > 2,6-lutidine
(305) under the same conditions catalytic:

n(CH2 CH2) + nCO + H2O → CH3–CH2–C(O)–R + CO2 (8)

For n = 2, R = CH2–CH3; penta-3-one, for n = 3,
R = CH2–CH2–C(O)–CH2–CH3; octane-3,6-dione and for n = 4,
R = CH2–CH2–C(O)–CH2–CH2–C(O)–CH2–CH3; undecane3,6,9-
trione.

Apparently, the catalytic activities observed for both types of

reactions are a result of a fine balance between the electronic
and steric properties of the amine ligand. Scheme 9 shows the
catalytic cycles of these two reactions. The authors reported the
reaction of the catalytic precursors cis-[Rh(CO)2(amine)2]+ with CO
to form the tricarbonyl-rhodium trans-[Rh(CO)3(amine)2]+ com-

,9-trione. Figure was reproduced from Ref. [18], with permission of the copyright



Chem

p
i
i
s
t
d

c

t

r
t
m
d
m
l
r
k

t
h
t
d
n
O
h
f
t
W

6

t
[
a
o
u
a
T
1
s
[
(
T
(

s
p
l
l

T
C
s

CO, assisted by the free polymer (P) through its general base char-
acter, yields the hydroxycarbonyl P-[Rh(CO2H)(L)2] species (3) and
the protonated polymer PH+ (step b). Elimination of CO2 from the
former species gives the hydride P-[RhH(L)2] (4) (step c), which
A.J. Pardey, C. Longo / Coordination

lex (Eq. (9), Fig. 13), which under CO/H2O is gradually transformed
n the neutral complex [HRh(CO)2(amine)2] (Eq. (10)); the “Rh–H”
n Scheme 9. The characterization by in situ 1H NMR spectroscopic
tudies of rhodium hydride intermediates (Rh–H) formed by the
ransformation of the rhodium(I) complex, cis-[Rh(CO)2(py)2](PF6)
issolved in aqueous pyridine was previously reported [8]:

is-[Rh(CO)2(amine)2]+ + CO → trans-[Rh(CO)3(amine)2]+ (9)

rans-[Rh(CO)3(amine)2]+ + H2O

→ [HRh(CO)2(amine)2] + H+ + CO2 (10)

In Scheme 10, the CO and the amine ligands of the starting
hodium complex (3) are omitted for clarity. The authors proposed
hat propionic acid formation (step e) and ketones (steps g, j and

) arise by hydrolysis and hydrogenolysis, of the Rh-acyl interme-
iates, respectively and that oligomerization proceeded by a single
ode of chain growth involving alternate insertion of CO and ethy-

ene (C2H4) forming intermediate Rh-acyls, where Rh-acyl species
eact with the CO/H2O couple affording CO2 and the corresponding
etones.

It seems that the role of the coordinated pyridine is to facilitate
he formation of propionic acid. It has been proposed that pyridine
as vacant antibonding �-orbitals, capable of accepting the elec-
rons coming from rhodium-back donation, lowering the electron
ensity on the Rh center [19]. Accordingly, the pyridine coordi-
ated �-acyl complex (5) may be easily attacked by nucleophilic
H− groups (coming from H2O) giving propionic acid (step e). The
ydrogenolysis of the Rh-acyl intermediates, which leads to ketone

ormation (steps g, j and m), comes probably from intra-hydrogen
ransfer from Rh–H species formed under conditions similar to the

GSR [8].

. Hydrocarbonylation of 1-hexene

Hung-Low et al. [20a] described the hydrocarbonyla-
ion of 1-hexene to heptanoic acid catalyzed by rhodium(I)
Rh(cod)(amine)2](PF6) complexes (cod = 1,5-cyclooctadiene;
mine = pyridine, 2-picoline, 3-picoline, 4-picoline, 3,5-lutidine
r 2,6-lutidine) immobilized on P(4-VP) in contact with water
nder carbon monoxide atmosphere. Gaseous by-products H2
nd CO2 coming from the catalysis of WGSR were also observed.
able 7 summarizes the water-gas shift and hydrocarbonylation of
-hexene rate data for the Rh catalysts with different pyridine and
ubstituted pyridine ligands for the conditions: 0.5 g of P(4-VP),
Rh] = 2.0 wt.% (1 × 10−4 mol), 10 mL of H2O, 1.24 mL of 1-hexene
1 × 10−2 mol), 1-hexene/Rh = 100, P(CO) = 0.9 atm at 100 ◦C for 5 h.
F(product) = [(mol of product)/(mol of Rh) × (rt)] × 24 h, where
rt) = reaction time in hours.
The rate data related to the hydroxycarbonylation of 1-hexene
how the positive effect of amine basicity on the heptanoic acid
roduction, which increases with pKa augmentation of the amine

igand in absence of steric effect (present in the 2-picoline and 2,6-
utidine). The Rh/2,6-lutidine system displays the highest activity

able 7
atalytic hydrocarbonylation of 1-hexene and WGSR by the Rh(amine)2/P(4-VP)
ystem in contact with CO/water.

Amine (pKa) TF(H2)/day TF(CO2)/day TF(acid)/day

Pyridine (5.27) 7 7 2
3-Picoline (5.52) 8 8 5
2-Picoline (5.97) 5 5 4
4-Picoline (6.00) 11 11 12
3,5-Lutidine (6.23) 6 6 15
2,6-Lutidine (6.75) 4 4 32
istry Reviews 254 (2010) 254–272 265

indicating that the electronic factor outweighs the steric. However,
the WGSR data shows a different trend, the Rh(4-pic)2/P(4-PV) sys-
tem being the most active.

In the absence of 1-hexene, this Rh(amine)2/P(4-VP) system
catalyzed the WGSR under the following reaction conditions:
[Rh] = 2 wt.%, 10 mL of water, under P(CO) = 0.9 atm at 100 ◦C
for 8 h. The TF(H2)/day and TF(CO2)/day observed values fol-
lowed the order 4-picoline {15;15}> 3-picoline {12;12}> pyridine
{10;11}≥ 3,5-lutidine {10;10}> 2-picoline {8;9}> 2,6-lutidina
{7;7} and is clearly evident that “Rh(4-pic)2” system displays the
highest activity.

Interestingly in the presence of 1-hexene, decreases both
TF(H2)/day and TF(CO2)/day can be observed. The most affected
WGSR catalytic system is the “Rh(2,6-lut)2” and the less is the
“Rh(4-pic)2”. However, the Rh(2,6-lut)2 system is the most active
for the catalytic hydroxycarbonylation of 1-hexene to heptanoic
acid. These results can be interpreted as a competition process
between the WGSR and the hydroxycarbonylation reactions.

The recycling efficiency of the immobilized “Rh(4-pic)2” cata-
lyst was examined by reusing five more times the same catalyst
previously used. The authors reported non significant changes
of the hydroxycarbonylation catalytic activity after repetitive use
(TF(acid) = 32, 27, 25, 26, and 27 day−1, for the first, second, third,
fourth and fifth use, respectively). These results show that this Rh
immobilized catalyst has a high stability.

Pardey et al. [20b] proposed a mechanism for both the WGSR
and 1-hexene hydroxycarbonylation (Scheme 11). The upper part of
Scheme 10 shows the WGSR catalytic cycle (L = amine, P = P(4-VP)).
Coordination of CO to the immobilized P-[Rh(L)2]+ (1) complex
(step a) gives the electrophilic P-[Rh(CO)(L)2]+ species (2). The pres-
ence of P-[Rh(CO)(L)2]+ species was confirmed by FT-IR and XPS
methods [10d,17]. Nucleophilic attack by H2O on the coordinated
Scheme 11.
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pon protonation by the pyridinium moiety PH+ (step d) through its
eneral acid character gives the dihydride complex P-[Rh(H2)(L)2]
5) and the free polymer (P). Reductive elimination of H2 (step
) regenerates the starting P-[Rh(L)2]+ complex (1) and closes the
GSR cycle.
When 1-hexene is added to the previous WGSR catalytic active

ixtures, the hydride P-[RhH(L)2] complex (4) is intercepted by 1-
exene to give the olefin-rhodium P-[RhH(L)2(1-hexene)] complex
6) (step f). Migratory insertion of the olefin into the Rh–H bond
20c] (step g) gives the alkyl-Rh complex (7), P-[HRh(C6H13)(L)2].
urther carbonylation by CO (step h) followed by migratory inser-
ion of the alkyl ligand on the coordinated CO (step i) forms the
cyl-Rh complex (9). The addition of a water molecule to (9) (step j)
eads to the final elimination of the heptanoic acid and regeneration
f the hydride P-[RhH(L)2] complex (4) closing the hydroxycar-
onylation cycle. Due to the strong acid conditions this step occurs
ia protonation of the acyl oxygen of complex (9) [20d], followed by
he nucleophilic attack of a water molecule to the acyl carbon with
he subsequent elimination of heptanoic acid, CH3(CH2)5CO2H,
losing the hydroxycarbonylation cycle.

. Hydroesterification and hydroformylation–acetalization
f 1-hexene

.1. Homogeneous systems

Pardey et al. [21] reported the catalysis of the hydroesterification
nd hydroformylation–acetalization of 1-hexene by rhodium(I)
omplexes, cis-[Rh(CO)2(amine)2](PF6) (amine = pyridine, 2-
icoline, 3-picoline, 4-picoline, 3,5-lutidine or 2,6-lutidine)
issolved in methanol under carbon monoxide atmosphere to
ive methyl-heptanoate and 1,1-dimethoxy-heptane as major
roducts, and minor amounts of heptanal. The acetal product
omes from the nucleophilic addition reaction of the methanol
ith the formed heptanal; also gaseous by-products H2 and CO2

oming from the catalysis of WGSR were observed. The results

howed that TF(methyl-heptanoate)/day values depend on the
ature of the coordinated amine and decrease in the order:
,6-lutidine (21) > 3,5-lutidine (18) > 4-picoline (13) > 3-picoline
9) > pyridine (7) > 2-picoline (6) under the following catalytic con-
itions: [Rh] = (5 × 10−5 mol), [1-hexene] = 0.4 mL (3 × 10−3 mol),

Scheme 12. Figure was reproduced from Ref. [22a
istry Reviews 254 (2010) 254–272

1-hexene/Rh = 64, 10 mL (0.24 mol) of methanol, P(CO) = 0.9 atm at
100 ◦C for 4 h.

Accordingly, the catalytic hydroesterification of 1-hexene by
these “Rh(amine)2” complexes is influenced principally by the basic
nature of the amine. Thus, the “Rh(2,6-lutidine)2” system is the
most active. The reverse order observed in the case of the “Rh(2-
picoline)2” system is due to the steric hindrance factor which
overwhelms the electronic one. It is interesting to note that in
“Rh(2,6-lutidine)2” system the steric hindrance factor is not over-
whelmed by the electronic factor even though the 2,6-lutidine
amine is the most sterically hindered of all of the amines tested
in this work.

However, the steric factor seems to control the observed
tendency on the catalytic hydroformylation–acetalization of 1-
hexene by these “Rh(amine)2” systems. Based on the amounts
(×10−5 mol) of 1,1-dimethoxy-heptane formed it can be observed
the following order 3-picoline (10.8) > 3,5-lutidine (8.4) > 4-
picoline = pyridine (7.5) > 2-picoline = 2,6-lutidine (5.0). It seems
that the hydroesterification of 1-hexene is more favored than
hydroformylation–acetalization reactions by a factor ranging from
1.5- to 3.3-fold for the more basic amines, namely: 3,5-lutidine (60%
yield of ester), 4-picoline (61% yield of ester) and 2,6-lutidine (77%
yield of ester). However, the opposite tendency is observed when
the amines are the less basic pyridine: (42% yield of ester) and 3-
picoline (40% yield of ester); being the 2-picoline (49% yield of ester)
in the borderline.

The authors also reported the effects of the reaction vari-
ables such as CO pressure, temperature, catalyst concentration,
1-hexene/Rh molar ratio and reaction medium on the cataly-
sis, and the data were discussed in terms of catalytic cycles
(Scheme 12). They concluded that common Rh–H catalytic species
were involved.

Scheme 12 illustrates the proposed mechanism for the WGSR
(A) and the hydroesterification (B) and the hydroformylation
(C) reaction of 1-hexene by the highly and the stable “Rh(4-
pic)2” system. The amine ligands of the intermediate rhodium
species were omitted for clarity. The proposed three-connected

cycles via the {Rh(CO)(H)} intermediate species account for the
observed products. Cycle (A) describes the formation of H2 and
CO2 in a similar fashion as the WGSR cycle in Section 2, cycle
(B) depicts the formation of methyl-heptanoate (ester) which
comes from in situ methanolysis of the [Rh(CO)(acyl)] complex

], with permission of the copyright holders.
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Table 8
Rhodium content effects on WGSR, hydroesterification and hydroformylation of 1-hexene in methanol, catalyzed by Rh(4-pic)2/P(4-VP) complex.

[Rh] wt.% (×10−4 mol) TF(CO2) TF(H2) TF(MH) [Heptanal] (×10−4 mol) (yield %) [DMH] (×10−4 mol) (yield %)

0.9 (0.5) 113 90 159 1.0 (2) 3.4 (4)
1.4 (0.8) 111 67 122 0.7 (1) 8.1 (11)
1.9 (1.1) 98 53 95 0.5 (1) 8.9 (14)
2.7 (1.5) 171 40 79 0.6 (1) 26.1 (29)
3.5 (1.9) 164 31 68 0.6 (1) 27.5 (33)

0.4 (1) 29.0 (35)
0.3 (1) 30.2 (38)
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4.0 (2.2) 166 28 55
5.0 (2.8) 170 20 43

(step h). Cycle (C) illustrates the formation of heptanal which
ame from in situ hydrogenolysis of Rh-acyl complex 7(step i).
ydrogenolysis of the Rh-acyl intermediate, which leads to hep-

anal formation, probably comes from intra-hydrogen transfer
rom Rh–H species formed under conditions similar to the WGSR
cycle A).

.2. Immobilized systems

Hung-Low et al. [22a] also reported the catalysis of the
ydroesterification and hydroformylation–acetalization of
-hexene by rhodium(I) [Rh(cod)(amine)2](PF6) complexes
cod = 1,5-cyclooctadiene; amine = pyridine, 2-picoline, 3-picoline,
-picoline, 3,5-lutidine or 2,6-lutidine) immobilized on P(4-VP)

n contact with methanol under carbon monoxide atmosphere. In
he presence of these immobilized complexes, 1-hexene, CO and

ethanol gave methyl-heptanoate and 1,1-dimethoxy-heptane
s the main reaction products and minor amounts of heptanal.
dditionally, gaseous by-products H2 and CO2 coming from the
atalysis of WGSR were also observed.

Their results showed that TF(methyl-heptanoate) values
epend on the nature of the coordinated amine and decrease in
he order 4-picoline (58) > 3,5-lutidine (49) > 2,6-lutidine (39) > 2-
icoline (25) > 3-picoline (21) > pyridine (13 (24 h)−1) at the
ollowing catalytic conditions: [Rh] = 1.9 wt.% (1 × 10−4 mol), 0.5 g
f P(4-VP), [1-hexene] = 1.24 mL (1 × 10−2 mol), 1-hexene/Rh = 100,
0 mL (0.24 mol) of methanol, P(CO) = 0.9 atm at 100 ◦C for 5 h. The
uthors also reported the effects of the reaction variables such as
O pressure, temperature, 1-hexene/Rh molar ratio and reaction
edium on the catalysis, and the data were discussed in terms of

onnected catalytic cycles through common Rh–H catalytic species
nd those cycles are similar to the previously described (Scheme 11)
y the analogous homogeneous systems for the WGSR, hydroester-

fication and hydroformylation–acetalization reaction of 1-hexene
21] described above.

Hung-Low et al. [22b] reported the catalyst con-
entration effect on the WGSR, hydroesterification and
ydroformylation–acetalization reaction of 1-hexene by
he rhodium(I) [Rh(cod)(4-pic)2](PF6) complexes (cod = 1,5-
yclooctadiene) immobilized on P(4-VP) in contact with
ethanol under carbon monoxide atmosphere. Table 8 sum-
arizes water-gas shift and hydrocarbonylation of 1-hexene

ate data for the Rh(4-pic)2/P(4-VP) catalyst for the reac-
ion conditions: [Rh] = 0.9–5.0 wt.%. The amount of 1-hexene
as varied from 1.86 mL (1.5 × 10−2 mol) at [Rh] = 0.9 wt.% to

.58 mL (4.5 × 10−2 mol) at [Rh] = 0.9 wt.% in order to keep the
atio [1-hexene]/[Rh] = 300 in all runs. [1-hexene] = 1.86–5.58 mL
1.5 × 10−2 to 4.5 × 10−2 mol), 1-hexene/Rh = 300, 10 mL (0.24 mol)
f methanol, P(CO) = 20 atm at 110 ◦C for 5 h. TF(product) = [(mol

f product)/(mol of Rh) × (rt)] × 24 h, where (rt) = reaction time in
ours. MH = methyl-heptanoate. DMH = 1,1-dimethoxy-heptane.

Increasing [Rh] from 0.9 to 3.5 wt.% resulted in a decrease in
oth TF(MH) and TF(H2), followed by nearly constant values at
igher [Rh]. The results indicate that reaction rate is not first order
Scheme 13.

for both reactions in the [Rh] 0.9–5.0 wt.% range, and suggest that
the active species may be present in several forms having dif-
ferent nuclearities. This suggestion is strongly supported by the
FT-IR and XPS data reported for the immobilized Rh(4-pic)2/P(4-
VP) WGSR catalysts, which show the presence of rhodium species
with different nuclearities (mononuclear and polynuclear) and
oxidation state (I) or (−I) [10d]. The oxidation state of the mononu-
clear and the polynuclear species are (I) and (−I), respectively.
Further, mechanistic studies for WGSR catalyzed by this Rh(4-
pic)2/P(4-VP) complex suggests a nucleophilic attack by water on
the coordinated CO, assisted by free P(4-VP) yielding a hydroxy-
carbonyl Rh specie and a protonated polymer as a fundamental
step [22c]. The negative charge of the anionic polynuclear com-
plex increases the energy of this step and diminish the catalytic
activity.

8. Hydrodechlorination of dichloroethane

Trabuco and Ford [23] examined homogeneous catalysts pre-
pared from RhCl3 in aqueous pyridine and substituted pyridines
for the hydrodechlorination of 1,2-dicholoroethane to HCl, ethy-
lene and ethane under the WGSR conditions. The conversion values
(%) follows as 4-picoline = 3-picoline (34) > 2-picoline (7.5) > 2,6-
lutidine (3.8) under (P(CO) = 0.9 atm at 100 ◦C for 22.5 h). The
pattern of the hydrodechlorination of 1,2-dicholoroethane paral-
lels the WGSR activities observed for the same solvent system [8].
They reported that the methyl groups in meta- and para-sites on
pyridine increase the reactivity moderately, but methyl groups in
the ortho-positions strongly inhibit the reactivity.

The same authors proposed two-connected catalytic cycles
(Scheme 13), one related to reductive dechlorination of 1,2-
dichloroethane to ethylene and HCl and the other related to

hydrogenation of ethylene to ethane by CO/H2O catalyzed by this
rhodium-aqueous pyridine, bearing the same CO activation and
M-H formation steps. In the proposed cycle the M–H or M(H)+

species reduce the 1,2-dichloroethane to give an intermediate
which undergo HCl elimination forming ethylene: In the other cycle
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ig. 14. Structure of: (a) 1-hexene, (b) cyclohexene, (c) 2,3-dimethyl-but-1-ene and
d) 2-methyl-pent-2-ene.

he insertion of ethylene to M–H bond occurs, affording interme-
iates which further form ethane.

. Carbonylation of naphtha

The carbonylation of olefins present in naphtha constitute an
lternative pathway to reduce the olefinic content in naphtha and
o produce oxygenated products of greater added value which can
e further used in a though be future industrial catalytic process
or gasoline improving [24].

Pardey et al. [24c] reported the use of the immobi-
ized [Rh(cod)(4-picoline)2](PF6)/P(4-VP) system in contact with

ethanol under carbon monoxide atmosphere as a catalyst for the
arbonylation of some typical olefins present in a natural naphtha
o oxygenated compounds.

The authors divided their studies in three steps: in the first
tep they carried out the individual carbonylation of 1-hexene,
yclohexene, 2,3-dimethyl-but-1-ene and 2-methyl-pent-2-ene
Fig. 14). These olefins were used as a model because they are
enerally present in major proportion among other olefins in real
aphtha. The results for the carbonylation of this four olefin-model
ystem show the following order (% of olefin conversion): 1-hexene
34) > 2,3-dimethyl-but-1-ene (28) > cyclohexene (26) > 2-methyl-
ent-2-ene (3). Conditions: [Rh] = 2 wt.% (1.9 × 10−4 mol), 0.5 g
f P(4-VP), 10 mL of CH3OH, [olefin] = 1.9 × 10−2 mol, S/C = 100,
(CO) = 22 atm at 110 ◦C for 6 h.

The authors reported that under the described conditions, the
atalytic carbonylation of 1-hexene gives methyl-heptanoate,
eptanal, 2-methyl-hexanal, and 1,1-dimethoxy-heptane
s the main reaction products. The catalytic carbonyla-
ion of cyclohexene gives methylcyclohexylmethanoate
nd cyclohexanecarbaldehyde. The catalytic carbonylation
f 2-methyl-pent-2-ene and 2,3-dimethyl-but-1-ene give
any oxygenated compounds such as esters (methyl-2,2-

imethylpentanoate and methyl-3,4-dimethyl-pentanoate),
ldehydes (3,4-dimethyl-pentanal and 2,2-dimethylpentanal) and
cetals (1,1-dimethoxy-3,4-dimethylpentane and 1,1-dimethoxy-
,2-dimethylpentane), among others. The methyl-heptanoate
nd methyl-cyclohexylmethanoate come from the 1-hexene and
yclohexene hydroesterification in methanol, respectively; the
eptanal, 2-methyl-hexanal and cyclohexanecarbaldehyde come

rom the 1-hexene and cyclohexene hydroformylation and the
,1-dimethoxy-heptane come from the nucleophilic addition

etween methanol and the formed heptanal, respectively. In
ddition formation of H2 and CO2 coming from the catalysis of the
GSR was observed.
Their data for the carbonylation of this four olefin-model sys-

em show that 2-methyl-pent-2-ene is the less reactive and for

able 9
arbonylation of quaternary olefin mixture by [Rh(4-pic)2]/P(4-VP) catalyst.

Total conversion of
the mixture (%)

Individual components (wt.%) Products

51

1-Hexene (45) Methyl-heptanoate,
2,3-Dimethyl-1-butene (20) 3,4-Dimethyl-penta
Cyclohexene (20) Cyclohexylmethana
2-Methyl-2-pentene (15) 2,2-Dimethylpentan
istry Reviews 254 (2010) 254–272

that reason, the authors focused the studies for achieving optimal
conditions (reaction time (6–24 h), pressure of CO (22–33 atm) and
temperature (80–130 ◦C)) for this olefin.

The rate-data indicate that optimal conditions for the catalytic
carbonylation of 2-methyl-pent-2-ene by the Rh(4-pic)2/P(4-VP)
system are: [Rh] = 2 wt.% (1.9 × 10−4 mol), 0.5 g of P(4-VP), 10 mL of
CH3OH, [olefin] = 1.9 × 10−2 mol, S/C = 100, P(CO) = 33 atm at 110 ◦C
for 24 h. These optimal values were used to examine the cat-
alytic conversion for the rest of the individual olefins and the
olefin conversion to carbonylated products (%) follows as: 1-hexene
(63) > cyclohexene (50) > 2,3-dimethyl-but-1-ene (58) > 2-methyl-
pent-2-ene (31). As it can be seen there is a substantial
improvement in the conversion values for each individual olefin
under these optimal reaction conditions.

In the second step they made a quaternary mixture (1-hexene,
45 wt.%; cyclohexene, 20 wt.%; 2,3-dimethyl-but-1-ene, 20 wt.%;
and 2-methyl-pent-2-ene, 15 wt.%) and performed the catalytic
carbonylation under the optical conditions previously determined
in the first step. Table 9 shows the results under the optimal condi-
tions reported above. Interestingly, this quaternary mixture shows
a similar pattern of product formation as the observed with the
individual olefins. In addition, formation of H2 (TF(H2) = 30 day−1)
coming from the WGSR was also observed.

In the third step the catalytic carbonylation of real Venezue-
lan naphtha was studied under the optimal reaction conditions
([Rh] = 2 wt.% (1.9 × 10−4 mol), 0.5 g of P(4-VP), 10 mL of methanol,
[olefin] = 1.9 × 10−2 mol, S/C = 100, P(CO) = 33 atm at 110 ◦C for
24 h). GC analysis from the naphtha after of the catalytic reaction
reveals the diminution of the olefin content and the increases of
the amount of oxygenated products in the cut. Remarkably this
approximation constitutes a potential promissory work for a future
industrial catalytic process for gasoline improving based on in situ
olefin carbonylation type reaction.

10. Hydrogenation and hydroformylation of alkenes

Ford and co-workers [25a] examined the hydrogenation and
hydroformylation of 1-hexene and cyclohexene catalyzed by RhCl3
immobilized on poly(4-vinylpyridine) in contact with aqueous 2-
ethoxyethanol under mild WGSR conditions.

The authors reported the conversion of cyclohexene to
cyclohexane and cyclohexane carboxaldehyde and 1-hexene to
hexane, heptanal, 2-methylhexanal and cis- and trans-2-hexene
under numerous experimental variables conditions (reaction
time = 5–40 h, [cyclohexene] = 0.5–2.0 M, [1-hexene] = 0.25–1.5 M,
P(CO) = 0–1.5 atm, T = 85–120 ◦C). The last two products come from
the catalytic isomerization reaction of the 1-hexene. In addition,
formation of H2 coming from the catalysis of the WGSR by this
Rh/P(4VP) system was observed.

The same authors reported a detailed kinetics investigation
for both alkenes. The effect of cyclohexene concentration on

hydrogenation, hydroformylation and WGSR was investigated and
results showed equal amounts formation of cyclohexane and
cyclohexane carboxaldehyde in the range studied. This behav-
ior is consistent with formation of an intermediate which can
be partitioned to give the two organic products. However,

heptanal, 2-methyl-hexanal and 1,1-dimethoxy-heptane
nal, methyl-3,4-dimethyl-pentanoate and 1,1- dimethoxy-3,4-dimethyl-pentane
l, methyl-cyclohexylmetanoate and dimethoxy-cyclohexylmetane
al, methyl-2,2-dimethylpentanoate, and 1,1-dimethoxy-2,2-dimethylpentane
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ormation of H2 decreases as the cyclohexene concentration
ncreases. These results indicated a competition between organic
roducts formation and H2 production which is [cyclohexene]
ependent.

The rate data display curvatures for H2 and cyclohexane
ormation and aldehyde production leveled off at high P(CO)
P(CO) < 1 atm). The authors suggested that the CO activation
ccurred through a pre-equilibrium formation of P–Rh–CO species
ollowed by slower reaction to give WGSR products. However, since
F(cyclohexane) and TF(H2) values decreases at higher P(CO) and
F(aldehyde) level out a more complex mechanism is needed to
xplain the observer role of P(CO).

Temperature effects on the catalytic hydrogenation and hydro-
ormylation of cyclohexene displays segmented Arrhenius plot and
xhibit inflection points at 100 ◦C. The apparent activation energies
btained from the slopes for hexane formation are 10.2 kcal/mol
t temperatures < 100 ◦C and 31 kcal/mol at temperatures > 100 ◦C.
he apparent activation energies obtained from the slopes for
ldehyde formation are 5.4 kcal/mol at temperatures < 100 ◦C and
2 kcal/mol at temperatures > 100 ◦C. Arrhenius plots that are seg-
ented indicate a change in the rate limiting step between two

ompetitive reactions [25b].
The effect of 1-hexene concentration on hydrogenation, hydro-

ormylation and isomerization was investigated and results
howed that the isomerization of 1-hexene to cis- and trans-
-hexene was most rapid transformation as those results are
onsistent with the literature data for Rh catalyst [25c]. This behav-
or is consistent with formation of an intermediate which can be
artitioned to give the two organic products. However, formation
f H2 decreases as the cyclohexene concentration increases. These
esults indicated a competition between organic products forma-
ion and H2 production which is [cyclohexene] dependent.

The rate data display curvatures for H2 and cyclohexane
ormation and aldehyde production leveled off at high P(CO)
P(CO) < 1 atm). The authors suggested that the CO activation
ccurred through a pre-equilibrium formation of P–Rh–CO species
ollowed by slower reaction to give WGSR products. However, since
F(cyclohexane) and TF(H2) values decreases at higher P(CO) and
F(aldehyde) level out a more complex mechanism is needed to
xplain the observer role of P(CO).

Temperature effects on the catalytic hydrogenation and hydro-
ormylation of cyclohexene displays segmented Arrhenius plots
nd exhibit inflection points at 100 ◦C. The apparent activation
nergies obtained from the slopes for cyclohexane formation
re 10.2 kcal/mol at temperatures < 100 ◦C and 31 kcal/mol at
> 100 ◦C. The apparent activation energies obtained from the
lopes for cyclohexane carboxaldehyde formation are 5.4 kcal/mol
t temperatures < 100 ◦C and 22 kcal/mol at T > 100 ◦C.

The 1-hexene hydrogenation, hydroformylation, isomerization
nd WGSR were also investigated and shows that isomerization of
his olefin is the most rapid transformation. The cis- and trans-2-
exene were the principal isomers (cis/trans = 0.45) produced. The
ffect of [1-hexene] on the TF values reveals that at low substrate
oncentrations the TF values increased, but TF(aldehyde) values
eveled out for [1-hexene] = >0.25 M. The TF values for isomeriza-
ion and hydrogenation increased with [1-hexene] in a nonlinear
ashion.

The effect of P(CO) on the TF values reveals that at higher P(CO)
he TF for isomerization and hydroformylation values increased in
he entire range (0.5–1.5 atm). The TF(H2) values increase up to
.5 atm, then undergo a decrease at higher P(CO). Furthermore, the

alue of the ratio linear/branched aldehyde changed with P(CO)
rom 0.6 (0.3 atm) to 1.5 (1.5 atm). This behavior could be related
o the better tramping of CO through migratory insertion path for
terminally bound alkyl which leads to the formation of the linear

somer.
Scheme 14. P = free P(4-VP).

The catalytic hydrogenation, isomerization and hydroformy-
lation of 1-hexene also display segmented Arrhenius plots and
exhibit inflection points at 100 ◦C. The apparent activation
energies obtained from the slopes for hexane formation are
15.1 kcal/mol at T < 100 ◦C and 30.8 kcal/mol at T > 100 ◦C. The
apparent activation energies obtained from the slopes for hep-
tanal and 2-methylhexanal formation are 4.5 kcal/mol at T < 100 ◦C
and 13.9 kcal/mol at T > 100 ◦C. The apparent activation energies
obtained from the slopes for 2-hexene formation are 2.0 kcal/mol
at T < 100 ◦C and 16.3 kcal/mol at T > 100 ◦C.

The results shows that this Rh/P(4-VP) system favors hydro-
genation over hydroformylation under the mild WGSR conditions
used in this study. Similar behavior was previously noted for other
rhodium system [25c].

The authors proposed the following reaction scheme
(Scheme 14) to describe the catalysis for these two alkenes
substrates.

Based on the kinetics studies it can be assumed some kind of
faster interchange between the three intermediates I, II and III in
Scheme 14 than the pathway leading to the WGSR, alkene hydro-
genation and alkene hydroformylation allowing these species to be
in equilibrium. If CO activation via the k1 step were the rate limit-
ing the individual rates of the three catalytic processes should be
determined by the relative concentrations of these three species as
well the individual rate constant. It was shown that the TF for the
three processes were P(CO) dependent. Accordingly, this scheme
describes qualitative these observations. In addition, the authors
describe a complex quantitative model, which fix with the hypo-
thetical Scheme 14.

Pardey and co-workers [25d] reported catalytic studies of the
hydroformylation and the isomerization of 1-hexene to aldehy-
des (heptanal and 2-methyl-hexanal) and 2-hexene, respectively
by [Rh(COD)(amine)2]PF6 complexes (COD = 1,5-cyclooctadiene,
amine = 4-picoline, 2-picoline or 2,6-lutidine) immobilized on
poly(4-vinylpyridine) in contact with 10 mL of 80% aqueous 2-
ethoxyethanol, under CO atmosphere (0.9 atm at 100 ◦C). The
results of these studies show the Turnover Frequencies for alde-
hydes production follows the order: 2-picoline (2.9) > 4-picoline
(2.6) > 2,6-lutidine (2.4). The electronics and steric effects induced

by the amine ligands apparently influence on the observed catalytic
activities.

The same group [25e] examined the influence of the reaction
conditions variation (1-hexene/Rh molar ratio = 16–105, tempera-
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Table 10
Effect of 1-hexene/Rh molar ratio (S/C), CO pressure (P(CO)), and temperature (T) on WGSR and 1-hexene isomerization and hydroformylation catalysis by [Rh(cod)(2-
pic)2](PF6) immobilized on P(4-VP).

1-Hexene (mL) S/C P(CO) (atm) T (◦C) TF(CO2) TF(H2) TF(Iso) TF (Ald)

0.2 16 0.9 100 11.0 3.6 6.3 1.1
0.4 32 0.9 100 14.2 2.3 10.1 1.8
0.6 49 0.9 100 17.4 2.1 13.0 2.3
0.8 65 0.9 100 18.5 2.1 13.9 2.5
1.3 105 0.9 100 20.1 1.2 16.1 2.8
1.3 105 0.6 100 14.3 0.4 12.3 1.5
1.3 105 1.2 100 22.7 2.5 17.2 3.1
1.3 105 1.5 100 24.4 2.4 18.9 3.3
1.3 105 1.8 100 21.9 3.5 15.7 3.4
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P(CO), over the 0.7–1.9 atm range. The authors proposed a CO addi-
tion to the catalyst species prior to rate-limiting step. A mechanistic
cycle was proposed (Scheme 16).

In addition, in situ FT-IR and 13C NMR spectroscopic studies of
the complex cis-[Ir(CO)2(py)2](PF6) (py = pyridine) dissolved in 80%
1.3 105 0.9 70
1.3 105 0.9 80
1.3 105 0.9 90
1.3 105 0.9 110

ure = 70–110 ◦C and carbon monoxide pressure = 0.6–1.8 atm) on
he catalytic hydroformylation and isomerization of 1-hexene cat-
lyzed by [Rh(cod)(2-picoline)2](PF6) (cod = 1,5-cyclooctadiene)
mmobilized on poly(4-vinylpyridine) in contact with 80% aqueous
-ethoxyethanol under mild WGSR conditions (Eq. (11)). Forma-
ion of methyl-heptanoate, heptanal, 2-hexene, H2 and CO2 were
bserved. The results are shown in Table 10 for the reaction con-
itions: 0.5 g of P(4-VP), [Rh] = 2.0 wt.%, 8 mL of 2-ethoxyethanol,
mL of H2O. TF(product) = mol of product (mol Rh × 24 h)−1.
ld = aldehydes, Iso = isomerization:

–CH CH2 + 2CO + H2O → R–CH2CH2(HCO) + CO2 (11)

he TF(Ald) increased from 1.1 (S/C = 16) to 2.8 (24 h)−1 (S/C = 105)
nd the TF(H2) values decreased from 3.6 (S/C = 16) to 1.2 (24 h)−1

S/C = 105). These results indicate that the concentration of the
h species responsible for the catalysis of the WGSR decreased

n presence of 1-hexene due to an apparent competition between
ydroformylation and the WGSR or by to the shift of the equilibrium
ack (Eq. (1)) by the CO2 also formed in the hydroformylation reac-
ion. Interestingly, hydrogenation of 1-hexene and/or 2-hexene to
exane and hydrogenation of heptanal and 2-methyl-hexanal to
he corresponding alcohols was not observed even though forma-
ion of H2.

The catalytic hydroformylation of 1-hexene also display seg-
ented Arrhenius plots and exhibit inflection points at 90 ◦C.

he apparent activation energies obtained from the slopes for
ldehydes formation are 123.3 ± 12.3 kJ mol−1 at T < 90 ◦C and
3.7 ± 5.4 kJ mol−1 at T > 100 ◦C. Arrhenius plots, which are concave
pwards, suggest a change in the rate-limiting step between two
ompetitive reactions [25b].

Both the hydroformylation and isomerization rate of 1-hexene
ncrease with P(CO) to ca. 1.2 atm. Above 1.2 atm of CO, the iso-

erization of 1-hexene is inhibited and the formation of aldehydes
ppears to be independent of CO pressure in the 1.2–1.8 atm ranges.
owever, the formation of H2 increases almost linearly in the whole

anges. The hydroformylation behavior is consistent with a mech-
nism in which the rate-limiting step is preceded by reversible
oordination of CO to Rh immobilized species followed by a slower
eaction to give the products (Eq. (12)), e.g.

-[Rh]+
K
�P-[Rh–CO]+k1 1-hexene/H2O−→ P-[Rh]+ + CO2 + products (12)

Interesting, the presence of the 2-picoline ligands in the Rh(2-
ic)2/P(4-VP) system precludes the catalytic hydrogenation step
bserved in the RhCl3/P(4-VP) catalytic system. The Scheme 15

escribes the catalysis for the observed reactions.

Scheme 15 derives from Scheme 14. The hydrogenation step
rom Scheme 14 is obviated in Scheme 14 because hydrogenation
f 1-hexene was not observed for the Rh(2-Pic)2/P(4-VP) catalytic
ystem.
5.8 0.2 4.8 0.9
10.6 0.7 8.5 1.5
19.2 1.0 15.5 2.7
29.3 2.6 22.6 4.0

Based on TF dependence on P(CO) and the step k1 as the rate
limiting it is assumed a faster interchange between the three inter-
mediates (I), (II) and (III) in Scheme 14. Accordingly, the individual
rates for the WGSR and hydroformylation of 1-hexene should be
determined by the relative concentrations of these three species as
well the individual rate constant.

11. Catalysis by iridium complexes bearing pyridine ligands

In this section some examples of soluble and immobilized com-
plexes of iridium bearing pyridine ligands have shown as catalysts
will be described.

Pardey and coworkers reported WGSR activity for the iridium
complexes, cis-[Ir(CO)2(amine)2](PF6) [26a]. TF(H2) values follows
the order 4-picoline (14) > 3-picoline (10) > pyridine (9) > 3,5-
lutidine (9) > 2-picoline (4) > 2,6-lutidine (3) under 1.9 atm of CO
at 100 ◦C; [Rh] = 10 mM, 10 mL of 80% aqueous amine. The authors
suggest an electronic and steric influence. Kinetics studies carried
out for the same group [26b] reveals that the catalysis proved to be
non-linear dependence in [Ir] over the 5–80 mM range. The authors
suggested the presence of active mononuclear and polynuclear Ir
species. In addition the rate displays a first order dependence on
Scheme 15. P = free P(4-VP).
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Fig. 15. Molecular structure of Ir4(CO)11(py) complex.

queous pyridine used as a precursor in WGSR were carried out
26c]. These spectroscopy studies reveal the presence of aminocar-
onyliridium complexes with linear and bridging carbonyls groups
s reaction intermediates. The Ir4(CO)12 complex was also exan-
mate in 4-picoline and displayed a TF(H2) = 12 (24 h)−1 [26c].
nterestingly, from the catalytic conditions was isolated a solid

hich its crystal structure (Fig. 15) was determined [26d].
This cluster maintains its tetrahedral Ir4 core and each octahe-

ral Ir centre is attached to three other Ir atoms and three carbonyl
roups, except for one Ir atom, which is bound to only two carbonyl
igands with the third site occupied by the pyridine N atom.

The cis-[Ir(CO)2(amine)2](PF6) system also show catalytic
ctivities for nitrobenzene reduction to aniline under CO/H2O
26e]. Aniline production (mmol) values follow the order
-picoline (0.119) > 2-picoline (0.066) > 2,6-lutidine (0.046) > 3-
icoline (0.044) > pyridine (0.043) > 3,5-lutidine (0.040) under
.9 atm of CO at 100 ◦C; [Rh] = 10 mM, 10 mL of 80% aqueous amine.
2. Summary

In this short review, a survey of soluble and immobilized com-
lexes of rhodium with pyridine ligands have shown the versatility
istry Reviews 254 (2010) 254–272 271

and utility of these compounds as catalysts in reactions as varied as
the WGSR, the carbonylation of methanol to acetic acid and its ester,
the reduction of nitroarenes to the corresponding anilines, the
oligomerization and hydrocarboxylation of CO/ethylene to ketones
and propionic acid, hydrocarbonylation of 1-hexene to heptanoic
acid, the hydroesterification and hydroformylation-acetalization
of 1-hexene to carbonylated products, the hydrodechlorination of
1,2-dicholoroethane to ethylene, the carbonylation of naphtha to
oxygenated products and the hydrogenation and hydroformylation
of alkenes to alkanes and aldehydes. The catalytic activity of these
metal complexes is significant and the systematic studies carried
out with this kind of complexes have been possible to propose
catalytic mechanisms.

It was shown in the above described examples, in general, the
positive effect of N-donor ligand basicity on catalytic activity which
increases with pKa augmentation of the N-donor ligand in absence
of steric effect; namely, the coordination of the substrate to the Rh
center is a crucial step, and it can be inhibited in some degree by
the effective block of methyl groups in ortho-position to N-atom of
the aromatic ring and consequently decreasing the catalytic activ-
ity. Also, the blocking effect can prevent or decrease the rate of
other elementary reactions of the catalytic cycle, which require an
open coordination site on the metal center. However, in the case of
the reduction of nitroarenes by the Rh/hindered amine ligands cat-
alytic system this kind of block serves to creates reservoirs of Rh–H
species, which consequently leads to the observed high activity. In
those cases the steric effect overcomes the electronic one.
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Appendix A. List of abbreviations

aq. aqueous
BET methods for determining surface area (Brunauer, Emmett

and Teller).
cod 1,5-cyclooctadiene
dppe 1,2-bis(diphenylphosphino)ethane
DTA–TGA differential thermal analysis and thermo gravimetric

analysis
EPR electron paramagnetic spectroscopy
FT-IR Fourier transform infrared spectroscopy
NMR nuclear magnetic resonance
4-pic 4-picoline or 4-methylpyridine
2-pic 2-picoline or 2-methylpyridine
P(4-VP) poly(4-vinylpyridine)
py pyridine
RNO2 nitrobenzene
SEM–EDX scanning electron microscopy with energy dispersive

X-ray
S/C substrate/catalyst
TMEDA N,N,N′,N′-tetramethylethylenediamine
TF turnover frequency
TON turnover number
UV–Vis ultraviolet–visible
WGSR water-gas shift reaction
XPS X-ray photoelectron spectroscopy
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