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The complexes [Rh(CO)2ClL](1), where L = 2-aminophenol (a), 3-aminophenol (b) and 4-aminophenol
(c), have been synthesized and characterized. The ligands are coordinated to the metal centre through
an N-donor site. The complexes 1 undergo oxidative addition (OA) reactions with various alkyl halides
(RX) like CH3I, C2H5I and C6H5CH2Cl to produce Rh(III) complexes of the type [Rh(CO)(COR)XClL],
where R = –CH3(2), –C2H5(3), X = I; R = C6H5CH2 – and X = Cl (4). The OA reaction with CH3I
follows a two-stage kinetics and shows the order of reactivity as 1b > 1c > 1a. The minimum energy
structure and Fukui function values of the complexes 1a–1c were calculated theoretically using a
DND basis set with the help of Dmol3 program to substantiate the observed local reactivity trend.
The catalytic activity of the complexes 1 in carbonylation of methanol, in general, is higher (TON
1189–1456) than the species [Rh(CO)2I2]− (TON 1159). Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Methanol is a readily available, cheap resource of organic
compounds and its conversion to value-added products is
becoming an attractive area of industrial chemistry. Carbony-
lation of methanol to ethanoic acid by Monsanto’s species,
[Rh(CO)2I2]−, is one of the most successful applications of
homogeneous catalysis in industry.1 Considerable efforts
have been devoted to improving the catalyst by incorpo-
rating different ligands2 – 10 in the metal complex. In this
respect, rhodium(I) complexes containing different types of
nitrogen donor ligands have aroused considerable interest
because of their structural novelty, stability and reactivity. In
the field of synthetic organometallic chemistry, the N-donor
ligands have recently gained much attention, although they
are ‘Hard donors’ and stabilize both high and low oxidation
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states.11 – 16 In contrast to the phosphorus atom, the nitro-
gen atom has no low-lying d-orbitals available and therefore
nitrogen-containing ligands have only σ -donor characteristics
and no π -acceptor properties. The metal–nitrogen bond has
more pronounced ionic character than the metal–phosphorus
bond. A number of such N-donor ligands have been explored
and designed17 – 22 to minimize the hardness of the donor
site. There are some preliminary reports of rhodium and
iron complexes of aminophenol ligands,23,24 but a systematic
study of reactivity of these complexes towards various elec-
trophiles, catalytic applications and the theoretical aspects has
not been carried out so far. In view of the above, a series of
rhodium carbonyl complexes of 2-, 3- and 4-aminophenol lig-
ands have been synthesized to study the effect of –OH groups
at different positions of benzene ring on the electron-donating
capacity of the N-donor site and to evaluate the catalytic activ-
ities of the complexes towards carbonylation of methanol.
Moreover, in recent years the computational methods are
becoming a very powerful tools for detailed understand-
ing of structure and reactivity of inorganic complexes.25 – 29

Therefore, in this communication we have also performed
density function theory (DFT) calculations on the complexes
to correlate our experimental findings.

Copyright  2007 John Wiley & Sons, Ltd.
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RESULTS AND DISCUSSION

Synthesis and characterization
The rhodium dimer, [Rh(CO)2Cl]2, reacts with two molar
equivalent of the ligands a–c to give the complexes of
the type [Rh(CO)2ClL](1), where L = 2-aminophenol (a),
3-aminophenol (b) and 4-aminophenol (c) (Scheme 1). Ele-
mental analyses of the complexes were determined and the
results match well with the calculated values. IR spectra of
the complexes 1 show two almost equal intense terminal ν

(CO) bands in the range 1999–2087 cm−1, indicating cis- dis-
position of the two CO groups.30 – 32 In the free ligands a–c,
the ν(NH2) bands occur in the range 3282–3376 cm−1 which
on complexation shows a shift of about 74–171 cm−1 towards
lower wave number. This indicates that, in the complexes
1, the ligands are coordinated through N donor sites. It is
interesting to note that the δ(OH) band of the ligands a and b
occurred at 1603 cm−1 whereas for c it exhibited at 1614 cm−1.
The lower frequency of δ(OH) band for the ligands a and
b may be due to high possibility of formation of intra/inter
molecular hydrogen bonding. In case of ligand c, as the –OH
and –NH2 groups are apart from each other, the possibility of
forming intra-molecular hydrogen bonding is unlikely. Upon
complexation with these ligands (a–c), the δ(OH) values does
not show any characteristic shift towards lower frequency,
suggesting that the –OH group remains free; rather the lig-
ands a and b show a small shift towards high frequency range,
which is due to breaking of hydrogen bonding.33 The effect of
hydrogen bonding was further corroborated by the 1HNMR
spectra of these free ligands. The 1HNMR spectra of the free
ligands a, b and c show singlets at δ 5.19, 4.52 and 8.25 ppm
for –NH2 protons, which show a downfield shift of about
0.43–1.32 ppm when they are involved in complex forma-
tion. These clearly indicate that the coordination to the metal
centre in the complexes 1 takes place through the N-donor
site. On the other hand, the –OH protons of the ligands
resonate at δ 4.18, 3.28 and 3.08 ppm for a, b and c respec-
tively. Among the ligands, the –OH proton for a resonates
at the downfield region compared with the other ligands
and thus further corroborates the possibility of involvement
of intra- and inter-molecular hydrogen bonding between the
–OH proton and –NH2 group. It is a well known fact that
hydrogen bonding involves electron cloud transfer from the
hydrogen atom to the neighbouring atom and hence the
hydrogen atom experiences a net deshielding effect.34 Thus,
at high concentration of hydrogen bonding, –OH protons
resonate at high δ value. The reverse situation is observed in
the case of minimization of hydrogen bonding. Accordingly,
the extent of hydrogen bonding decreases when the ligands
form complex through the N-atom. This was substantiated by
the upfield shift of the –OH proton in complex 1a. In case of
ligand b, the extent of intra-molecular hydrogen bonding will
be less and therefore the –OH proton shows less upfield shift.
While in complex 1c, the –OH proton is involved neither in
hydrogen bonding nor in coordination to the metal centre,
and thus does not show any appreciable shift.

Scheme 1. Synthesis of rhodium carbonyl complexes
containing aminophenol ligands and their oxidative reactivity.

Figure 1. Effect of electron density on the N-atom by electron
donating –OH group in the benzene ring.

Again, the electron donating capacity of the –NH2 group
is influenced through the resonance effect caused by the
presence of donor –OH group at different positions in the
benzene ring of the ligands, as shown in Fig. 1. Thus, the
ligands a and c should have stronger electron donating
capacity than the ligand b. Further, the electron density
on the N-atom was calculated by an ab-initio Hartree–Fock
(HF)35 method and was found to be −0.403 974, −0.382 817
and −0.383999 for the ligand a, b and c, respectively. It is
therefore clear that the presence of –OH group at 2- and
4-positions enhances the electron density on the N-atom
and follows the order 2-aminophenol (a) > 4-aminophenol
(c) > 3-aminophenol (b). It is observed that the order
of appearance of ν(CO) bands in respect of energy is
1a > 1c > 1b, which could not be explained from the electron
donating ability, as indicated above. The proper interpretation
is likely to be associated with other factors like phenoxide
formation, field effect and mutual coupling,23,24,34,36 which
need be considered for total and perfect analysis of the
observed ν(CO) values.

Copyright  2007 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2007; 21: 255–263
DOI: 10.1002/aoc



Materials, Nanoscience and Catalysis Dicarbonylrhodium(I) complexes of aminophenols 257

Scheme 2. OA reaction of RX with complexes 1.

Reactivity of the complexes 1 towards various
electrophiles
The complexes 1 undergo OA reactions with various
electrophiles like CH3I, C2H5I and C6H5CH2Cl. It is assumed
that the OA of alkyl halides to the Rh(I) centre forms a
six coordinated Rh(III) alkyl intermediate species before
forming the acyl complexes 2–4 (Scheme 2). During the
addition, the alkyl and halo groups of the electrophiles may
occupy cis- or trans- coordination sites, leading to formation
of several possible isomers of the intermediates. These
intermediates then undergo migratory insertion reaction to
form five coordinated rhodium(III) acyl complexes of the
type [Rh(CO)(COR)XClL], where R = –CH3(2), –C2H5(3),
X = I and R = C6H5CH2-(4), X = Cl (Scheme 2). The IR
spectra of the complexes 2 show only a single terminal
ν(CO) band in the range 2065–2073 cm−1. The high value
of the terminal ν(CO) band indicates the formation of
the oxidized products. Apart from these, a new ν(CO)
band appeared in the range 1710–1731 cm−1 due to the
formation of the acyl carbonyl group. The oxidized products
show the δ(OH) and ν(NH2) bands in almost the same
range as that of the complexes 1. These indicate that in
complexes 2 ligands remain in the N-coordinated mode, like
those in complexes 1. The 1HNMR spectra of the –NH2

and –OH protons are found to resonate almost in the
same region as that of the complex 1, only with a slight
downfield shift. Apart from these, the complexes 2 show
a new singlet resonance in the region δ 2.32–2.97 ppm
indicating the formation of –COCH3 group. In a similar
manner, the IR spectra of the complexes 3 and 4 show
two different ν(CO) bands in the range 2045–2078 cm−1

and 1693–1751 cm−1 which are attributable to the terminal
and acyl ν(CO) values, respectively, for the rhodium(III)
acyl species. The bonding of the ligands in complexes 3
and 4 are the same as that of the parent complexes 1,
substantiated by the IR spectroscopy. The 1HNMR spectra of
the complexes 3 show a triplet in the range δ 1.54–1.92 ppm
and a quartet at around δ 2.34–2.54 ppm for methyl and
methylene protons, respectively, of the –COCH2CH3 group
with the other characteristic resonance of the ligands. The
complex 4 shows a singlet at around δ 3.55 ppm, which
corresponds to the methylene protons of the –COCH2C6H5

group. The deshielded resonance of the –COCH2- protons

is probably due to the presence of electron withdrawing
phenyl group. Most of the five-coordinated carbonyl-Rh(III)-
acyl complexes reported are square pyramidal in nature;37 – 40

it is likely that the acyl complexes 2–4 would also have a
similar geometry. The presence of a single high terminal
ν(CO) value is consistent with CO group trans to a weak
trans influencing chloride.37 On the other hand, the high trans
influencing nature of the acetyl group favours the epical
position trans to the vacant site.40,41 Therefore, based on the
IR and NMR data, the proposed structure of the complexes
is shown in the Scheme 2. However, our attempt to isolate
suitable crystals for X-ray crystal structure determination was
not successful.

Kinetic experiments were carried out to evaluate the effect
of various ligands on the OA reactivity of the complexes
1 towards CH3I. The reaction kinetics were monitored by
following the simultaneous decay of the terminal ν(CO)
band (lower value) in the region 1999–2015 cm−1 for the
complexes 1a–1c and the formation of acyl ν(CO) in the
region 1710–1731 cm−1 for the complexes 2a–2c by recording
IR spectra in a definite time intervals. A typical set of IR spectra
of the OA reaction for the complexes 1b is shown in Fig. 2.
It is worth mentioning here that the bands of the complexes
1 in CH3I show a slightly higher energy shift (∼5 cm−1).
During the progress of the reaction, a new band appeared and
thereafter disappeared in the region 2024–2034 cm−1 (Fig. 2).
A plot was made for absorbance against time (Fig. 3) for
(i) the decay of the terminal ν(CO) bands (1999–2015 cm−1)
of 1 and (ii) the growth of the new terminal ν(CO) bands
(2024–2034 cm−1) followed by decay. From the plot, it is
observed that, for all the complexes 1a–1c, the OA reactions
proceed with an initial slow step followed by a faster one till
the end of reaction. The rate of decrease of intensity of the

Figure 2. A typical sets of IR spectra (νCO) showing the
formation and decay of different species during OA reaction of
1b with CH3I.
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Figure 3. The absorbance of ν(CO) against time for the different
carbonyl species: decay (�) of the terminal ν(CO) band of
complexes 1a (A), 1b (B) and 1c (C); (×) variation of intensity of
terminal ν(CO) band of complexes 1′a (A), 1′b (B) and 1′c (C).

parent complex bands (1 ml CH3I) of 1a at 2015 cm−1 was very
slow up to a period of about 250 min [Fig. 3(A)] and thereafter
proceeds rapidly. Similarly, for the complexes 1b and 1c up
to a period of about 110 [Fig. 3(B)] and 185 min [Fig. 3(C)],
respectively, the progress of the reactions was very slow. It
is also observed that, within this period, the corresponding
formation of the acyl complexes were negligible. On the other
hand, the intensity of the new ν(CO) bands increased and
attained a maximum at around 250, 95 and 185 min (Fig. 3)
for the intermediate complexes 1′a, 1′b and 1′c respectively
(Scheme 2) and, with the progress of the reaction, the intensity
of these bands decreased in a similar way to that of the parent
complexes 1. The intensity of the new ν(CO) bands around
2024–2034 cm−1 could not be measured at the very initial
period of the reaction since it was almost enveloped by the
lower ν(CO) band of the complexes 1 and hence the plot was
made only after a certain progress of the reaction. The higher
frequency of the new ν(CO) bands (range 2024–2034 cm−1)
compared with ν(CO) bands (1999–2015 cm−1) of the parent
complexes 1 and the observed kinetics reveal that the former
ν(CO) bands belong to the hexacoordinated intermediate 1′

(Scheme 2). With respect to assigning the other higher ν(CO)
values of the intermediates, only for 1b was a new band
observed at 2095 cm−1, while for the other two complexes
(1a and 1c) these bands are likely to be enveloped by the
corresponding ν(CO) bands of the parent complexes. The
initial slow progress of the reactions indicates the involvement
of an induction period, during which the intensity of the
ν(CO) bands of the intermediates attains a maximum, which
further suggests that a critical concentration factor of these
intermediate might be responsible for the sharp enhancement
of the rate of the second stage. From Fig. 3, it was observed
that the OA reactivity of the complexes 1 towards the
electrophile, CH3I, follows the order 1b > 1c > 1a and, in
general, the second stages are faster than the first stages.
The intermediate 1′a shows faster decay rate than the parent
complex 1a [Fig. 3(A)]. This can be explained with the help
of steric hindrance caused by the presence of the –OH group
at the 2-position in the ligand, which may sterically restrict
the path of CH3I group during the OA step to form the
hexacoordinated Rh(III) alkyl intermediate 1′a (Scheme 2). At
the same time, after forming the intermediate, a crowded
Rh(III) centre tends to facilitate the migratory insertion step
to release the steric strain. Thus, it takes longer to attain the
maximum concentration of the 1′a, but once it is reached, the
decay is rapid. In case of 1b′ and 1c′ the rate of decay is similar
to that of the parent complexes. In order to substantiate the
above findings, a theoretical calculation in respect of Fukui
function relating to the local reactivity of the complexes
has been done. The Fukui function values (Table 1) of the
complexes for electrophilic attack on the Rh centre were

Copyright  2007 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2007; 21: 255–263
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Table 1. Some important parameter of the complexes 1a–1c

Parameters 1a 1b 1c

Optimized
energya

−5740.895 792 −5740.886 973 −5740.888 700

Fukui
Function: f +

0.153 0.151 0.149

f 2− 0.225 0.212 0.210
f +/f 2− 0.680 0.712 0.709

a Hartre, f + = Fukui function for nucleophilic attack; f − = Fukui
function for electrophilic attack.

found to follow the order 1a > 1b > 1c. Thus, electronically
1a is more prone to electrophilic attack and was expected
to show high reactivity towards the OA reaction, but in
practice the observed lower reactivity is attributable to the
predominating steric factor over electronic one, as explained
above. On the other hand, for 1b and 1c the electronic factors
play a key role as the substituents on the ligands are away
from their coordination site and subsequently away from the
active Rh centre. Thus, the high philicity of the Rh centre in
complex 1b makes it more prone towards OA of CH3I, which
in contrast might tend to reduce the migratory insertion
reaction41 and might lead to initial equilibrium between 1′b
and 1b. After a certain reaction time when a major portion of
1b was reacted, the equilibrium was disturbed and the rate of
decay of 1′b became faster. In the case of 1c, the concentration
of the intermediate attained a maximum at about 185 min and
thereafter the decay of the intermediate 1c′ and 1c followed a
similar kinetics [Fig. 3(C)].

Carbonylation of methanol
Catalytic carbonylation of methanol to ethanoic acid and its
ester was carried out in the presence of complexes 1 and the
results are given in Table 3. During 60 min of reaction time
(Table 2), 54.54, 65.08 and 53.70% conversions of methanol
were obtained with corresponding turn over number (TON)
812, 1004 and 828 for the complexes 1a, 1b and 1c, respectively,
which further increases with the increase in reaction time.
In general, for a particular reaction time and conditions,
complexes 1 show higher catalytic activity over the well-
known catalyst precursor [Rh(CO)2I2]− generated in situ from
[Rh(CO)2Cl]2.42 It has been observed that the efficiency of the
catalyst precursors 1 are different and found to follow the
order 1b > 1c > 1a. The observed trend in reactivity cannot be
explained only from the simple electron donating capacity of
the ligand. To explain this, one must consider the steric factors,
hydrogen bonding, field effects and phenoxide formation.
A cumulative effect of all these might have increased the
efficiency of the catalyst 1b over 1a and 1c. From the results
it is also observed that, as the reaction time increased, the
selectivity of the catalyst towards acid formation increased
(Table 2). After completion of the carbonylation reaction of
methanol (120 min run), the catalytic solution was evaporated

to dryness to obtain a solid mass that showed multiple ν(CO)
bands that matched well with the spectra of a mixture of
parent rhodium(I) carbonyl complexes and rhodium(III) acyl
complexes. On recycling the solid mass as catalysts for the
second time, nearly the same amount of conversion was found
(Table 2), indicating longer durability as well as stability of
the catalysts.

Theoretical calculation
To understand the reactivity differences of these complexes,
a theoretical calculation was carried out to find out the
minimum energy structure (Fig. 4) of the complexes 1a–1c.
The final structure was obtained using a DND basis set with
a Dmol3 programme. The complexes were fully optimized
and a few selected geometric parameters, i.e. bond length
and bond angles are given in Table 3. From the optimized
structures of the complexes 1a–1c, it was observed that the
Rh centre lies in a distorted square planer environment with
two cis-C-atoms of two CO groups, one Cl-atom trans to one
CO and an N-atom of the ligand cis- to the Cl-atom. The
Rh(1)–N(1) –C(4) bond angle was found to be 120.13, 118.76
and 116.21◦ for the complexes 1a, 1b and 1c, respectively.
The observed highest bond angle and bond length between
the Rh(1) and N(1) for 1a were attributable to the high steric
hindrance due to the presence of the –OH group near to
the donor –NH2 group of the ligand. The Fukui function
(FF)43 was also calculated to determine the local reactivity
in the complexes. It is known that atom with the higher
FF value is highly reactive compared with the other atoms
in a molecule.43,44 The FF for the Rh atom is given in the
Table 1. The results reveal that the ratio of FF values for

Table 2. Results of carbonylation of methanola in presence of
complexes 1 as catalyst precursors

Catalyst
Duration

(min)

Methyl
acetate

(%)

Acetic
acid
(%)

Total
conversion

(%) TONb

1a 60 42.09 12.45 54.54 812
90 39.65 25.17 64.47 960

120 36.56 43.29 79.85 1189
120b 36.59 42.39 78.98 1176

1b 60 50.67 14.41 65.08 1004
90 31.68 60.22 91.90 1418

120 28.68 65.72 94.40 1456
120c 26.65 63.89 90.54 1397

1c 60 45.50 8.20 53.70 828
90 39.11 23.36 62.47 964

120 30.95 50.81 81.76 1261
120c 30.01 49.88 79.89 1232

a Reaction conditions: catalyst : substrate = 1 : 1600; temperature,
130 ± 5 ◦C; pressure, 35 ± 2 bar.
b TON = mole of product per mole of catalyst; c recycled catalyst;
TON obtained for precursor [Rh(CO)2Cl]2 are 648, 951 and 1159 with
corresponding reaction times 60, 90 and 120 min.
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nucleophilic attack to electrophilic attack (f +/f 2−) follows the
order 1b > 1c > 1a. Therefore, for electrophilic attack, the Rh
centre of the complex 1b is more active than the other two
complexes and, hence, 1b is expected to be more reactive
towards OA of CH3I as it involves the initial electrophilic
attack by the –CH3 group followed by transfer of iodine
(nucleophilic) to the metal centre.45,46 On the other hand, the
FF values for electrohilic attack on Rh centre follow the order
1a > 1b > 1c, but in practice 1b shows higher reactivity than
other two complexes (Tables 1 and 2). To explain these, one
needs to consider the steric factors of the complexes as well.
From Fig. 4 it is clear that, in 1a, the Rh centre is at a sterically
more hindered situation than in 1b or 1c and thus the steric
factor might predominate over electronic factors. Therefore,
the actual reactivity trend of the complexes 1 depends on both
the electronic as well as steric factors.

EXPERIMENTAL

All the solvents used were distilled under N2 prior to
use. Elemental analyses were done on a Perkin-Elmer 2400
elemental analyser. FT-IR spectra (4000–400 cm−1) were
recorded using a Perkin Elmer 2000 spectrophotometer in
CHCl3 and as KBr discs. The 1H NMR (270 MHz) spectra
were recorded in CDCl3 or in CH3COCH3-d6 solution on
a Jeol Delta 270 MHz and chemical shifts were reported
relative to SiMe4 as an internal reference. The carbonylation
of alcohols were carried out in a 100 cm3 Teflon-coated high-
pressure reactor (HR-100, Berghof, Germany) fitted with a
pressure gauge, and the reaction products were analysed by
GC (Chemito 8510, FID). RhCl3·3H2O was purchased from
M/s Arrora Matthey Ltd, Kolkata, India. All the ligands were
purchased from Aldrich, USA and used as received.

Table 3. Some important bond lengths and bond angles
obtained for the complexes 1a–1c by geometry optimization

Parameters 1a 1b 1c

Bond lengths (Å)
Rh(1)–N(1) 2.23 2.17 2.19
Rh(1)–C(1) 1.89 1.90 1.89
Rh(1)–C(2) 1.89 1.89 1.89
C(1)–O(1) 1.16 1.16 1.16
C(2)–O(2) 1.15 1.15 1.15

Bond angle (deg)
N(1)–Rh(1)–C(1) 90.89 90.85 93.58
N(1)–Rh(1)–C(2) 176.17 176.48 173.28
C(1)–Rh(1)–C(2) 92.53 92.67 92.42
N(1)–Rh(1)–Cl(1) 89.34 89.90 82.92
C(1)–Rh(1)–Cl(1) 178.79 177.05 175.68
C(2)–Rh(1)–Cl(1) 87.88 86.60 92.42
Rh(1)–N(1)–C(4) 120.13 118.76 116.21

Figure 4. Geometry optimized structures of the complexes
1a–1c.

Starting material
All the complexes were synthesized from [Rh(CO)2Cl]2,
which was prepared by passing CO gas over RhCl3.3H2O
at 100 ◦C.47

Preparation of [Rh(CO)2ClL] (1), where
L = 2-aminophenol (a), 3-aminophenol (b) and
4-aminophenol(c)
[Rh(CO)2Cl]2 was dissolved (10.00 mg, 0.0257 mmol) in
CH2Cl2 (10 cm3) and to this an ethanolic solution

Copyright  2007 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2007; 21: 255–263
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(10 cm3) of the corresponding ligands, 2-aminophenol
(a), 3-aminophenol (b) and 4-aminophenol (c), (5.55 g,
0.0514 mmol) was added. The reaction mixture was stirred
at room temperature (r.t.) for about 30 min and the solvent
was evaporated under vacuum. The light reddish colour
compound obtained was washed with diethyl ether and
kept over silica gel. 1a: yield 97%. C8H7ClNO3Rh (303.45):
calcd C 31.66, H 2.31, N 4.62; found C 31.43, H 2.41, N
4.70%. 1HNMR (270 MHz, CH3COCH3-d6): δ = 5.62 (s, 2H,
NH2), 3.30 (s, 1H, –OH), 6.28–7.02 (m, 4H, –C6H4) ppm.
FT-IR (KBr): ν = 2015, 2087 [ν(CO)], 3292, 3232 [ν(NH2)],
1609 [δ(OH)] cm−1. 1b: yield 98%. C8H7ClNO3Rh (303.45):
calcd C 31.66, H 2.31, N 4.62; found C 31.51, H 2.42, N
4.67%. 1HNMR (270 MHz, CH3COCH3-d6): δ = 5.84 (bs, 2H,
NH2), 3.25 (s, 1H, –OH), 7.91(s, H2, –C6H4) 6.82–6.86 (m,
H6/H4, –C6H4), 6.32–6.42 (m, H5, –C6H4) ppm. FT-IR (KBr):
ν = 1999, 2074 [ν(CO)], 3252, 3125 [ν(NH2)], 1605 [δ(OH)]
cm−1. 1c: yield 95%. C8H7ClNO3Rh (303.45): calcd C 31.66,
H 2.31, N 4.62; found C 31.53, H 2.29, N 4.58%. 1HNMR
(270 MHz, CH3COCH3-d6): δ = 8.72 (s, 2H, NH2), 3.10 (s, 1H,
–OH), 6.22–7.29 (m, 4H, –C6H4) ppm. FT-IR (KBr): ν = 2007,
2080 [ν(CO)], 3259, 3205 [ν(NH2)], 1611 [δ(OH)] cm−1.

Preparation of [Rh(CO)(COCH3)IClL] (2) where
L = 2-aminophenol (a), 3-aminophenol (b) and
4-aminophenol (c)
To an acetone solution of the complexes 1 (100.00 mg,
0.3295 mmol in 10 cm3) CH3I (96.3 mmol, 6 cm3) was added.
The reaction mixture was then stirred at r.t. for about 10 h and
the solvent was evaporated under vacuum. Yellow-reddish
coloured compounds obtained were washed with diethyl
ether and kept over silica gel in a desiccator. 2a: yield 90%.
C9H10ClINO3Rh (445.36): calcd C 24.27. H 2.25. N 3.15; found
C 24.30, H 2.18, N 3.19%. 1HNMR (270 MHz, CDCl3): δ = 5.72
(bs, 2H, NH2), 3.32 (s, 1H, –OH), 6.38–7.12 (m, 4H, –C6H4),
2.47 (s, 3H, –COCH3) ppm. FT-IR (CHCl3): ν = 2065, 1731
[ν(CO)], 3290, 3212 [ν(NH2)], 1600 δ(OH) cm−1. 2b: Yield
93%. C9H10ClINO3Rh (445.36): calcd. C 24.27. H 2.25. N 3.15;
found C 24.23, H 2.28, N 3.10%. 1HNMR (270 MHz, CDCl3):
δ = 5.91(bs, 2H, NH2), 3.31 (s, 1H, –OH), 7.93 (s, H2, –C6H4)
6.78–6.88 (m, H6/H4, –C6H4), 6.38–6.44 (m, H5, –C6H4),
2.32 (s, 3H, –COCH3) ppm. FT-IR (CHCl3): ν = 2073, 1712
[ν(CO)], 3255, 3105 [ν(NH2)], 1606 [δ (OH)]. 2c: yield 88%.
C9H10ClINO3Rh (445.36): calcd C 24.27. H 2.25. N 3.15; found
C 24.31, H 2.15, N 3.11%. 1HNMR (270 MHz, CDCl3): δ = 8.77
(bs, 2H, NH2), 3.12 (s, 1H, –OH), 6.19–7.09 (m, 4H, –C6H4),
2.97 (s, 3H, –COCH3) ppm. FT-IR (CHCl3): ν = 2067, 1710
[ν(CO)], 3266, 3222 [ν(NH2)], 1610 [δ(OH)].

Preparation of [Rh(CO)(COC2H5)IClL] (3) where
L = 2-aminophenol (a), 3-aminophenol (b) and
4-aminophenol (c)
The complexes 1 (100.00 mg, 0.3295 mmol) was dissolved
in acetone (10 cm3) and to this C2H5I (0.0622 mol, 5 cm3)
was added. The reaction mixture was then stirred at r.t.
for about 32 h and the solvent was evaporated under

vacuum. Yellow-reddish coloured compounds obtained were
washed with diethyl ether and was collected. 3a: yield 85%.
C10H12ClINO3Rh (459.37): calcd C 26.14. H 2.61. N 3.04; found
C 26.02. H 2.53. N 3.05. 1HNMR (270 MHz, CDCl3): δ = 5.71
(bs, 2H, NH2), 3.29 (s, 1H, –OH), 6.22–6.98 (m, 4H, –C6H4),
2.54 (q, 2H, –COCH2CH3), 1.92 (t, 3H, –COCH2CH3) ppm.
FT-IR (CHCl3): ν = 2070, 1751 [ν(CO)], 3291, 3232 [ν(NH2)],
1598 [δ(OH)]. 3b: yield 82%. C10H12ClINO3Rh (459.37): calcd
C 26.14. H 2.61. N 3.04; found C 26.05. H 2.58. N 3.00. Calcd
for C10H12ClINO3Rh (%): C, 26.14; H, 2.61; N, 3.04. 1HNMR
(270 MHz, CDCl3): δ = 5.86 (bs, 2H, NH2), 3.20 (s, 1H, –OH),
7.94 (s, H2, –C6H4) 6.882–6.96 (m, H6/H4, –C6H4), 6.38–6.47
(m, H5, –C6H4), 2.34 (q, 2H, –COCH2CH3), 1.61 (t, 3H,
–COCH2CH3) ppm. IR (CHCl3): ν = 2045, 1693 [ν(CO)], 1604
[δ(OH)], 3224, 3109 [ν(NH2)]. 3c: yield 83%. C10H12ClINO3Rh
(459.37): calcd C 26.14. H 2.61. N 3.04; found C 26.22, H 2.48,
N 2.98. 1HNMR (270 MHz, CDCl3): δ = 8.80 (bs, 2H, NH2),
3.14 (bs, 1H, –OH), 6.22–6.89 (m, 4H, C6H4), 2.36 (q, 2H,
–COCH2CH3), 1.54 (t, 3H, –COCH2CH3) ppm. IR (CHCl3):
ν = 2065, 1732 [ν(CO)], 1611 [δ(OH)], 3264, 3232 [ν(NH2)].

Preparation of [Rh(CO)(COCH2C6H5)Cl2L] (4),
where L = 2-aminophenol (a), 3-aminophenol (b) and
4-aminophenol (c)
The complexes 1a–1c (0.3017 mmol) were dissolved in
acetone (10 cm3) and to this C6H5CH2Cl (5 cm3) was added.
The reaction mixture was then stirred at r.t. for about 52 h
and the solvent was evaporated under vacuum. Light brown
coloured compounds obtained were washed with diethyl
ether and was collected. 4a: yield 91%. C15H14Cl2NO3Rh:
calcd C 41.90, H 3.26, N 3.26, found C 41.88, H 3.11, N 3.08.
1HNMR (270 MHz, CDCl3): δ = 5.81 (bs, 2H, NH2), 3.38 (s,
1H, –OH), 6.10–7.15 (m, 4H, C6H4), 3.57 (s, 2H, –CH2 –) ppm.
IR (CHCl3): ν = 2077, 1715 [ν(CO)], 1601 [δ(OH)], 3289, 3212
[ν(NH2)]. 4b: yield 94%. C15H14Cl2NO3Rh: calcd C 41.90, H
3.26, N 3.26, found C 41.79, H 3.21, N 3.18. 1HNMR (270 MHz,
CDCl3): δ = 5.92 (bs, 2H, NH2), 3.28 (s, 1H, –OH), 6.24–7.32
(m, 4H, C6H4), 3.55 (s, 2H, –CH2 –) ppm. IR (CHCl3): ν = 2078,
1715 [ν(CO)], 1605 [δ(OH)], 3254, 3209 [ν(NH2)]. 4c: yield 92%.
C15H14Cl2NO3Rh: calcd C 41.90, H 3.26, N 3.26, found C 41.82,
H 3.20, N 3.21. 1HNMR (270 MHz, CDCl3): δ = 8.81 (bs, 2H,
NH2), 3.23 (s, 1H, –OH), 6.10–7.18 (m, 4H, C6H4), 3.57 (s,
2H, –CH2 –) ppm. IR (CHCl3): ν = 2072, 1720 [ν(CO)], 1610
[δ(OH)], 3268, 3241 [ν(NH2)].

Spectroscopic data for the ligand 2-aminophenol (a)
1HNMR (270 MHz, CDCl3): δ = 5.19 (s, 2H, NH2), 4.18 (s, 1H,
–OH), 6.38–6.95 (m, 4H, C6H4) ppm. IR (KBr disc): ν = 1603
[δ(OH)], 3376, 3306 [ν(NH2)].

Spectroscopic data for the ligand 3-aminophenol (b)
1HNMR (270 MHz, CDCl3): δ = 4.52 (s, 2H, NH2), 3.28 (bs,
1H, –OH), 7.89 (s, H2, –C6H4) 6.72–6.80 (m, H6/H4, –C6H4),
6.18–6.20 (m, H5, –C6H4) ppm. IR (KBr disc): ν = 1603
[δ(OH)], 3361, 3296 [ν(NH2)].
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Spectroscopic data for the ligand 4-aminophenol (c)
1HNMR (270 MHz, CDCl3): δ = 8.25 (s, 2H, NH2), 3.08 (bs, 1H,
–OH), 6.45–6.88 (m, 4H, C6H4) ppm. IR (KBr disc): ν = 1614
[δ(OH)], 3341, 3282 [ν(NH2)].

Kinetic experiment
The kinetic experiments of OA reaction of complexes 1a–1c
with CH3I were monitored by using IR spectroscopy in a
solution cell (1.0 mm path length). Complexes 1 (10 mg) were
taken in a volumetric flask (1 ml) and to it (i) CH3I (1 ml,
16.05 × 10−3 mol) or (ii) 0.7 ml CH3I (11.23 × 10−3 mol) and
0.3 ml dichloromethane or (iii) 0.4 ml CH3I (6.42 × 10−3 mol)
and 0.6 ml dichloromethane were added at 25 ◦C. An aliquot
of the reaction mixture was transferred by a syringe into
the IR cell. The kinetics measurements were made by in-situ
IR monitoring of the decay of lower energy ν(CO) band of
complexes 1 in the range 1999–2015 cm−1 and increasing
intensity of the acyl ν(CO) band in the range 1705–1720 cm−1

of [Rh(CO)(COCH3)ClIL]. A series of spectra were taken at a
regular time intervals.

Carbonylation of methanol using complexes 1 as the
catalyst precursors
CH3OH (0.099 mol), CH3I (0.016 mol), H2O (0.055 mol) and
complexes 1 (0.054 mmol) were taken into the reactor and
then pressurized with CO gas (20 bar at r.t., 0.080 mol). The
reaction vessel was then placed into the preheated jacket of
the autoclave and the reactions were carried out at 130 ± 5 ◦C
(corresponding pressure 35 ± 2 bar) with variation of reaction
time. The products were collected and analysed by GC. The
recycle experiments were done by maintaining the same
experimental conditions as described above with the dark
brown solid mass as catalyst obtained by evaporating the
carbonylation reaction mixture under reduced pressure.

Computational details
The DFT calculations were performed to determine the
optimize structure and reactivity of the complexes 1. The
calculations were carried48 out with the programme Dmol3

with DND basis set and HCTH functions. Local reactivity
of the molecules was determined with the help of the Fukui
Function.43 The different Fukui functions are defined as:

f + →
(r) = ρN+1

→
(r) − ρN

→
(r)

for nucleophilic attack (4)

f −−−−→
(r) = ρN

−−−→
(r) − ρN−1

−−−→
(r)

for electrophilic attack (5)

f 0
−−−→

(r) = (ρN+1

−−−→
(r) − ρN−1

−−−→
(r) )/2

for radical attack (6)

where ρN is the electron density at a point r in space around
the molecule. N + 1 and N − 1 correspond to an anion,

with an electron added to the LUMO and a cation with an
electron removed from the HOMO of the neutral molecule,
respectively.
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