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The dimeric rhodium precursor [Rh(CO)2Cl]2 reacts with quinoline (a) and its three isomeric carbox-
aldehyde ligands [quinoline-2-carboxaldehyde (b), quinoline-3-carboxaldehyde (c), and quinoline-4-
carboxaldehyde (d)] in 1:2 mole ratio to afford complexes of the type cis-[Rh(CO)2Cl(L)] (1ae1d), where
L ¼ aed. The complexes 1ae1d have been characterised by elemental analyses, mass spectrometry, IR
and NMR (1H, 13C) spectroscopy together with a single crystal X-ray structure determination of 1c. The X-
ray crystal structure of 1c reveals square planar geometry with a weak intermolecular pseudo dimeric
structure (Rh/Rh ¼ 3.573 Å).1ae1d undergo oxidative addition (OA) with different electrophiles such as
CH3I, C2H5I and I2 to give Rh(III) complexes of the type [Rh(CO)(COR)Cl(L)I] {R ¼ eCH3 (2ae2d), R ¼
eC2H5 (3ae3d)} and [Rh(CO)Cl(L)I2] (4ae4d) respectively. 1b exhibits facile reactivity with different
electrophiles at room temperature (25 �C), while 1a, 1c and 1d show very slow reactivity under similar
condition, however, significant reactivity was observed at a temperature w40 �C. The complexes 1ae1d
show higher catalytic activity for carbonylation of methanol to acetic acid and methyl acetate [Turn Over
Frequency (TOF) ¼ 1551e1735 h�1] compared to that of the well known Monsanto’s species [Rh(CO)2I2]

�

(TOF ¼ 1000 h�1) under the reaction conditions: temperature 130 � 2 �C, pressure 33 � 2 bar, 450 rpm
and time 1 h. The organometallic residue of 1ae1d was also isolated after the catalytic reaction and
found to be active for further run without significant loss of activity.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The rhodium promoted catalytic carbonylation of methanol to
acetic acid and methyl acetate is of great importance both
academically and industrially [1e3]. The well known Monsanto’s
species [Rh(CO)2I2]� [4e6] used for carbonylation of methanol to
acetic acid needs drastic reaction conditions. Attempts to develop
new catalytic species have been hampered by the relatively harsh
condition under which the reaction is conducted commercially
(because under such conditions, virtually any source of rhodium
will be converted to [Rh(CO)2I2]�) [5]. Recently, considerable efforts
have been made to improve the catalysts by incorporating different
ligands into its coordination sphere to show comparable or better
activity compared to Monsanto’s species [7e12]. In this respect,
phosphorus containing ligands are mostly studied since they can
: þ91 376 2370011.
tta).

All rights reserved.

h, et al., Journal of Organom
stabilize low valent metal centres by both s-donation and p back
bonding. Rhodium(I) complexes containing different types of N/
NwO donor ligands have also aroused considerable interest
because of their structural novelty and catalytic activity [13e22].
Since nitrogen atoms have no low lying vacant d-orbital available to
accept back donation from the metal centre and thus, nitrogen
donor ligands use only s-donor electrons. This imparts more ionic
character to the metal-ligand bonds [17] and hence makes the
metal centre more susceptible to oxidative addition, which is the
key step in carbonylation reaction [17e19]. The oxygen atom, being
hard donor, confers stability to metal at high oxidation state in the
oxidative addition reaction [17]. Thus, the different hardness and
donor properties of ligands containing N and O donor sites may
offer advantages in catalysis. Our group has recently contributed
several publications particularly on rhodium carbonyl complexes of
N/NwO donor ligands and their efficient catalytic carbonylation
reaction [15e17,23e25] which prompted us to explore with some
different types of N/NwO donor ligands like quinoline and its car-
boxaldehyde derivatives. In this paper, we report the synthesis of
etallic Chemistry (2010), doi:10.1016/j.jorganchem.2010.08.029
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Table 1
Crystallographic data of 1c.

Empirical formula C12H7ClNO3Rh
Formula Weight 351.55
T (K) 125
l (Å) 0.71075
Cryst. Syst. Triclinic
Space group P�1
Z 4
a (Å) 7.4380(17)
b (Å) 9.085(2)
c (Å) 19.727(6)
a (�) 83.253(19)
b (�) 83.93(2)
g (�) 67.325(17)
m(MoKa) mm�1 1.614
Reflections collected 4228
R1 (observed data) 0.0546(3820)
wR2 (all data) 0.1817(4228)
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four new Rh(I) carbonyl complexes of quinoline and its carbox-
aldehyde derivatives, and their reactivity towards small molecules
like CH3I, C2H5I, and I2. The catalytic activity of the synthesized
complexes has also been demonstrated in carbonylation of meth-
anol for the production of acetic acid and methyl acetate.

2. Results and discussion

2.1. Synthesis and characterization of 1ae1d

The reaction of the chloro-bridged dimer [Rh(CO)2Cl]2 in CH2Cl2
with twomole equivalents of the ligands, aed affords the complexes
of the type [Rh(CO)2Cl(L)] (1ae1d) [where L ¼ aed] (Scheme 1).
Elemental analyses and mass spectrometric results of the complexes
support theobservedmolecular compositionof1ae1d. The IRspectra
of 1ae1d exhibit two equally intense n(CO) vibrations in the range
2006e2087 cm�1 indicating the formation of cis dicarbonyl rhodium
(I) complexes of ligands. The 1HNMR spectra of1ae1d showmultiple
resonances (one doublet of doublet for 1a, twodoublets for 1b and 1d
and two singlets for 1c) in the range d ¼ 8.61e9.61 ppm assigned to
theHatomsofpyridyl ring, a singlet in the range d¼10.25e11.69ppm
for the eCHO group in 1be1d and a multiplet in the range
d¼ 7.45e8.88 ppm forH atoms of phenyl ring. The 1HNMR spectra of
1ae1d show downfield chemical shifts for the pyridyl protons and
almost similar resonances for eCHO protons in 1be1d compared to
free ligands, which indicate the coordination in the complexes has
takenplace through theN-atomof the ligands. The 13CNMRspectraof
1ae1d show two singlet resonances in the range d ¼ 183e191 ppm
indicating the presence of CO andeCHO groups,while the resonance
in the range 119e154 ppm are characteristic of the carbon atoms in
the quinoline ring.

2.2. Single crystal X-ray structural determination of 1c

Compound 1c crystallizes in a triclinic systemwith space group
P �1 with two independent molecules in the asymmetric unit. The
crystallographic data and important bond lengths and bond angles
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Scheme 1. Synthesis and reactivity of 1ae1d.
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are shown in Tables 1 and 2 respectively. The rhodium centre of 1c
is situated in a square planar geometry coordinated by two cis CO
groups, a Cl atom and the N-atom of the qunoline-3-carbox-
aldehyde ligand (Fig. 1). 1c exhibits an interesting intermolecular
Rh/Rh (3.573 Å) interaction between the two mononuclear units,
which is ca. 0.4 Å shorter than the sum of van derWaals radii of two
rhodium centres, indicating that the interaction is strong enough to
hold the two molecular units together (Fig. 2). Assuming the cen-
troides of the atoms Cl(1),C(12),C(13),N(1) and Cl(3),C(42),C(43),N
(31) as Cg1 and Cg2 respectively (Fig. 3), the calculated distance
between the two centroides (using mercury 2.2 crystallographic
software) is found to be ca. 3.662 Åwhich is 0.089 Å longer than the
distance between the two Rh centres of the complex 1c. This slight
distortion of square planar geometry may be due to the strong
Rh/Rh intermolecular interaction which pulls the Rh metal
slightly out of the molecular plane.

2.3. Reactivity of 1ae1d towards different electrophiles

The complexes 1ae1d undergo oxidative addition (OA) with
various electrophiles like CH3I, C2H5I and I2 to give complexes
2ae2d, 3ae3d and 4ae4d respectively. The OA of CH3I and C2H5I
yields five coordinate rhodium acyl species [Rh(CO)(COR)Cl(L)I]
(R ¼ eCH3, eC2H5). It is likely that the OA of alkyl halides to the Rh
(I) centre forms an octahedral rhodium(III) alkyl intermediate
before forming the acyl complexes. These intermediates then
undergo migratory insertion reaction to form five coordinate
rhodium(III) acyl complexes 2ae2d and 3ae3d respectively. The IR
spectra of the complexes 2ae2d and 3ae3d show only a single
terminal n(CO) band in the range 2019e2069 cm�1 and a broad
band in the range 1680e1747 cm�1 due to the formation of the acyl
carbonyl group. It is worth to mention here that the exact position
of the n(CO)acyl band could not be assigned for the complexes
2be2d and 3be3d due to the overlapping with n(CO)CHO bands. The
single high value of the terminal n(CO) band indicates the formation
of the oxidized products. Apart from the characteristics resonance
for 2ae2d and 3ae3d, the 1H NMR resonance in the range
Table 2
Selected bond length (Å) and angles (�) of 1c.

Rh(1)eCl(1) 2.336(2) Rh(1)eC(12) 1.847(10)
Rh(1)eC(13) 1.866(7) Rh(1)eN(1) 2.132(5)
C(12)eO(12) 1.135(13) C(13)eO(13) 1.110(9)
Cl(1)eRh(1)eC(13) 87.7(3) C(12)eRh(1)eC(13) 89.3(2)
N(1)eRh(1)eC(12) 92.9(3) C(12)eRh(1)eC(13) 90.0(3)
N(1)eRh(1)eC(13) 177.0(3) Cl(1)eRh(1)eC(12) 177.7(2)

etallic Chemistry (2010), doi:10.1016/j.jorganchem.2010.08.029



Fig. 1. Single crystal X-ray structure analysis of 1c (Hydrogen atoms are omitted for
clarity). Fig. 3. The intermolecular distance of two centroids Cg1 [Cl(1),C(12),C(13),N(1)] and

Cg2 [Cl(3),C(42),C(43),N(31)] (3.662 Å) in 1c.
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d ¼ 2.39e3.05 ppm indicates the formation of acyl group. 13C NMR
for 2ae2d and 3ae3d show resonance in the range
d ¼ 183e187 ppm and a slightly broad resonance in the range
d ¼ 204e210 ppm for terminal CO and acyl group respectively. The
1H and 13C NMR of 4ae4d show characteristic resonance of the
quinoline ring and aldehydic group at slightly downfield compared
to the parent compounds 1ae1d. In addition, 13C NMR spectra also
show some characteristic resonances in the range d¼ 185e187 ppm
attributable to the presence of terminal CO group. It is interesting to
observe that 1b shows facile reactivity with different electrophiles
like CH3I, C2H5I and I2 at room temperature (25 �C), while 1a,1c and
1d exhibit very slow reaction under the similar condition, however,
significant reactivity was observed when the reactions were con-
ducted at w40 �C. The higher reactivity of 1b compared to 1a, 1c,
and 1dmay be due the influence of theeCHO group at 2-position of
the ligand (Scheme 2), which weakens the RheCO bond
Fig. 2. The intermolecular distance of two Rhodium centres (3.573 Å) in 1c.
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(substantiated by the higher n(CO) values) leading to facile migra-
tory insertion reaction. Further, the steric effect of the eCHO group
may also destabilize the octahedral intermediate to facilitate the
formation of acyl product [26,27].

2.4. Carbonylation of methanol to acetic acid and ester using the
complexes 1ae1d as the catalyst precursors

The results of carbonylation of methanol to acetic acid and
methyl acetate in the presence of 1ae1d as catalyst precursors are
shown in the Table 3. The precursor complexes 1ae1d show a total
conversion of 88.9, 90.1, 80.6 and 89.2% of CH3OH at 130 � 2 �C and
30 � 2 bar CO pressure with corresponding TOF of 1711, 1735, 1551
and 1719 h�1. Under the similar experimental conditions, the well
known precursor [Rh(CO)2I2]� generated in situ from [Rh(CO)2Cl]2
shows a total conversion of only 52.1% with corresponding TOF of
1000 h�1. This indicates that the catalytic efficiency of the
complexes is greatly enhanced by the incorporation of the ligands
into the coordination sphere of the rhodium centre. The donor
capacities of the N atoms of the ligands aed follows the order
a > c > d > b (Scheme 2). However, the catalytic efficiency of the
complexes 1ae1d follows a different order i.e. 1b > 1d z 1a > 1c.
Therefore, from the electron donation capacities of the ligands, the
observed catalytic efficiency could not be interpreted. The marginal
higher catalytic activity of 1b over 1d and 1a may be due to the
facile migratory insertion as mentioned earlier in the reactivity
section. However, the factor responsible for the lowest catalytic
activity of 1c among the complexes has yet to be ascertained. The
organometallic residue of 1ae1d was recovered after the first
catalytic run, which were mostly identified as rhodium(III) acyl
complexes [IR (CHCl3): 2021 � 2068 [n(CO)], 1680 � 1750 [broad, n
(CO)acyl/CHO cm�1]. The recovered catalysts were still found active
for further catalytic run showing TOF ¼ 1437e1602 h�1.

3. Conclusions

Four new complexes 1ae1d have been synthesized and char-
acterized. The molecular structure of 1c has also been determined
by single crystal X-ray diffraction, which exhibits a dimeric
etallic Chemistry (2010), doi:10.1016/j.jorganchem.2010.08.029
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structure with a weak rhodiumerhodium interaction
(Rh/Rh¼ 3.573 Å).1ae1d undergoOAwith different electrophiles
like CH3I, C2H5I and I2 to afford Rh(III) complexes of the type [Rh
(CO)(COR)Cl(L)I] {R¼eCH3 (2ae2d),eC2H5 (3ae3d) and [Rh(CO)Cl
(L)I2] (4ae4d). The catalytic activities of 1ae1d for the carbonyla-
tion of methanol to acetic acid and its ester exhibit a higher TOF
(1551e1735 h�1) compared to the well known commercial species
[Rh(CO)2I2]� (TOF ¼ 1000 h�1).

4. Experimental

4.1. General information

All operations were carried out under N2 environment. All
solvents were distilled under N2 prior to use. RhCl3$xH2O was
purchased from M/S Arrora Matthey Ltd., Kolkata, India. Quinoline
and quinoline carboxaldehyde ligands were purchased from M/S
Aldrich, USA and used without further purification. Elemental
analyses were performed on a PerkineElmer 2400 elemental
analyzer. IR spectra (4000e400 cm�1) were recorded in KBr discs
and CHCl3 on a PerkineElmer system 2000 FT-IR spectrophotom-
eter. The 1H and 13C NMR spectra were recorded at room temper-
ature (r.t.) in CDCl3 solution on a Bruker DPX-300 spectrometer and
chemical shifts were reported relative to SiMe4. Mass spectra of the
complexes were recorded on ESQUIRE 3000 Mass spectrometer.
The carbonylation reactions of methanol were carried out in a high
pressure reactor (Parr-4592, USA) fitted with a pressure gauge and
the reaction products were analyzed by GC (Chemito 8510, FID).

4.2. Starting materials

[Rh(CO)2Cl]2 was prepared by passing CO gas over RhCl3$3H2O
at 100 �C in the presence of moisture [28].
Table 3
Catalytic carbonylation data of 1aed.

Entry Complexes Total
conversion (%)

Acetic
acida (%)

Methyl
acetatea (%)

TOFb (h�1)

1 [Rh(CO)2I2]�c 52.1 10.3 41.8 1000
2 1a 88.9 39.2 49.7 1711
3 Residue from

entry 2
81.1 34.5 46.6 1556

4 1b 90.1 39.8 50.3 1735
5 Residue from

entry 4
83.2 37.3 45.9 1602

6 1c 80.6 40.2 40.3 1551
7 Residue from

entry 6
74.6 38.1 36.5 1437

8 1d 89.2 39.8 49.3 1719
9 Residue from

entry 8
83.1 37.0 46.0 1601

a Yield of methyl acetate and acetic acid were obtained from GC analysis.
b TOF ¼ [amount of product (mol)]/[amount of catalyst (Rh mol)]/Time (h).
c Formed from [Rh(CO)2Cl]2 under catalytic reaction condition.
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4.3. Synthesis of the complexes [Rh(CO)2Cl(L)] (1ae1d),
L ¼ Quinoline (a), quinoline-2-carboxaldehyde (b), quinoline-3-
carboxaldehyde (c), quinoline-4-carboxaldehyde (d)

About 0.257 mmol (0.10 g) [Rh(CO)2Cl]2 was dissolved in
dichloromethane (10 cm3) and to this solution, 0.514mmol (0.066 g
of a and 0.081 g of bed) of the appropriate ligand was added. The
reaction mixture was stirred at r.t. for ca. 30 min and the solvent
was evaporated under vacuum. The yellowish red coloured
compounds so obtained werewashed with diethyl ether and stored
over silica gel in desiccator.

1a: Yield: 0.138 g, 83%. IR (KBr): 2083, 2006 [n(CO)] cm�1. 1H
NMR (CDCl3): d ¼ 7.45e8.22 (6H, m, Ph, Py), d ¼ 9.61 (H-2, dd,
JHeH ¼ 8.3, 4.3 Hz, Py) ppm. 13C NMR (CDCl3): d ¼ 119.9e152.5 (m,
Ph, Py), 183 (CO) ppm. C11H7NClO2Rh (323.55): cald. C 40.79, H 2.17,
N 4.32; found C 40.63, H 2.11, N 4.25. MS: m/z ¼ 323.2 [Mþ].

1b: Yield: 0.158 g, 88%. IR (KBr): 2087, 2014 [n(CO)], 1712 [n
(eCHO)] cm�1. 1H NMR (CDCl3): d¼ 7.86e8.32 (4H, m, Ph), 8.61 (H-
3, d, JHeH ¼ 8.5 Hz, Py), d 9.43 (H-4, d, JHeH ¼ 8.5 Hz, Py), d 11.69
(CHO, s) ppm. 13C NMR (CDCl3): d ¼ 119.7e152.6 (m, Ph, Py), 189.5
(CHO), 185 (CO) ppm. C12H7NClO3Rh (351.55): cald. C 39.98, H 1.89,
N 3.79; found C 39.73, H 1.81, N 3.71. MS: m/z ¼ 350.8 [Mþ].

1c: Yield: 0.153 g, 85%. IR (KBr): 2085, 2010 [n(CO)], 1705 [n
(eCHO)] cm�1. 1H NMR (CDCl3): d¼ 7.84e8.88 (3H, m, Ph), 9.08 (H-
9, d, Ph), 8.82 (H-4, s, Py), 9.52 (H-2, s, Py), 10.25 (CHO, s) ppm. 13C
NMR (CDCl3): d ¼ 128.3e153.0 (m, Ph, Py), 184 (CO), 188.2 (CHO)
ppm. C12H7NClO3Rh (351.55): cald. C 39.98, H 1.89, N 3.79; found C
39.75; H 1.76, N 3.69. MS: m/z ¼ 350.7 [Mþ].

1d: Yield: 0.15 g, 83%. IR (KBr): 2086, 2011 [n(CO)],1707 [n(eCHO)]
cm�1. 1H NMR data (CDCl3): d ¼ 7.92e8.07 (3H, m, Ph), 9.12 (H-9, d,
JHeH ¼ 7.3 Hz, Ph), 9.22 (H-3, d, JHeH ¼ 8.6 Hz, Py), 9.36 (H-2, d,
JHeH ¼ 8.6 Hz, Py), 10.58 (CHO, s) ppm. 13C NMR (CDCl3):
d ¼ 124.8e154.0 (m, Ph, Py), 185.0 (CO), 191.0 (CHO). C12H7NClO3Rh
(351.55): cald. C 39.98, H 1.89, N 3.79; found C 39.75, H 1.81, N 3.67.
MS:m/z ¼ 350.8 [Mþ].

4.4. Synthesis of [Rh(CO)(COR)Cl(L)I] {R ¼ eCH3 (2ae2d),
R ¼ eC2H5 (3ae3d)}

[Rh(CO)2Cl(L)] (50 mg) (1ae1d) was dissolved in dichloro-
methane (5 cm3) and each of RX (3 cm3) (RX ¼ CH3I, C2H5I) was
added to it. The reaction mixture of 1b with alkyl halides was
stirred at r.t. for about 6 and 12 h to yield 2b and 3b respectively. On
the other hand, the reaction mixtures of 1a, 1c and 1d with alkyl
halides were refluxed for about 6 h to generate 2a, 2c, 2d and 3a, 3c,
3d. The colour of the solution changed from yellowish red to dark
reddish brown and the solvent was evaporated under vacuum. The
compounds so obtained werewashed with diethyl ether and stored
over silica gel in a desiccator.

2a: Yield: 0.052 g, 73%. IR (KBr): 2021 [n(CO)],1720 [n(CO)acyl] cm�1.
1H NMR (d6eDMSO): d¼ 2.39 (3H, s, CH3), 7.87e8.43 (6H, m, Ph, Py),
9.56 (H-2,dd, JHeH¼8.0, 4.1Hz,Py)ppm.13CNMR(DMSO-D6): d¼45.0
(CH3), 123.9e161.3 (m, Ph, Py), 186.3 (CO), 204.0 [(CO)acyl] ppm.
etallic Chemistry (2010), doi:10.1016/j.jorganchem.2010.08.029
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2b: Yield: 0.052 g, 74%. IR (KBr): 2065 [n(CO)] cm�1. 1H NMR (d6-
DMSO): d ¼ 2.51 (3H, s, CH3), 7.93e8.45 (4H, m, Ph), 8.77 (H-3, d,
JHeH ¼ 7.9 Hz, Py), 9.59 (H-4, d, JHeH ¼ 7.9 Hz, Py), 11.83 (CHO, s)
ppm. 13C NMR (DMSO-D6): d ¼ 45.0 (CH3), 123.9e161.3 (m, Ph, Py),
186.3 (CO), 192.9 (CHO), 204.0 [(CO)acyl] ppm.

2c: Yield: 0.055 g, 79%. IR (KBr): 2065 [n(CO)] cm�1. 1H NMR (d6-
DMSO): d ¼ 2.49 (3H, s, CH3), 7.91e8.91 (3H, m, Ph), 9.11 (H-9, d,
JHeH ¼ 7.6 Hz, Ph), 8.94 (H-4, s, Py), 9.65 (H-2, s, Py), 10.39 (CHO, s)
ppm. 13C NMR (d6-DMSO): d ¼ 46.0 (CH3), 133.3e161.0 (m, Ph, Py),
187.0 (CO), 191.2 (CHO), d 207.6 [(CO)acyl] ppm.

2d: Yield: 0.051 g, 73%. IR (KBr): 2068 [n(CO)] cm�1. 1H NMR (d6-
DMSO): d ¼ 2.67 (3H, s, CH3), 7.99e8.19 (3H, m, Ph), 9.28 (H-9, d,
JHeH ¼ 6.9 Hz, Ph), 9.33 (H-3, d, JHeH ¼ 8.4 Hz, Py), 9.57 (H-2, d,
JHeH ¼ 8.4 Hz, Py), 10.69 (CHO, s) ppm. 13C NMR (d6-DMSO):
d ¼ 45.3 (CH3), 129.1e161.3 (m, Ph, Py), 186.9 (CO), 194.2 (CHO),
209.9 [(CO)acyl] ppm.

3a: Yield: 0.051 g, 69%. IR (KBr): 2019 [n(CO)] cm�1 1747 [n
(CO)acyl] cm�1. 1H NMR (d6-DMSO): d ¼ 1.23 (3H, t, JHeH ¼ 6.3 Hz,
CH3), 2.89 (2H, q, JHeH ¼ 6.3 Hz, CH2), 7.93e8.52 (6H, m, Ph, Py),
9.59 (H-2, dd, JHeH ¼ 7.9,4.0 Hz, Py) ppm. 13C NMR (d6-DMSO):
d ¼ 22.7 (CH3), 54.9 (CH2), 121.5e161.0 (m, Ph, Py), 187.0 (CO), 205.1
[(CO)acyl] ppm.

3b: Yield: 0.057 g, 79%. IR (KBr): 2069 [n(CO)] cm�1. 1H NMR (d6-
DMSO): d ¼ 1.21 (3H, t, JHeH ¼ 6.3 Hz, CH3), 2.96 (2H, q,
JHeH ¼ 6.3 Hz, CH2), 7.89e8.44 (4H, m, Ph), 8.75 (H-3, d,
JHeH ¼ 8.2 Hz, Py), 9.61 (H-4, d, JHeH ¼ 8.1 Hz, Py), 11.79 (CHO, s)
ppm. 13C NMR (d6-DMSO): d ¼ 22.1 (CH3), 56.3 (CH2), 122.7e159.1
(m, Ph, Py), 186.0 (CO), 189.9 (CHO), 206.1 [(CO)acyl] ppm.

3c: Yield: 0.051 g, 71%. IR (KBr): 2067 [n(CO)] cm�1. 1H NMR (d6-
DMSO): d ¼ 1.25 (3H, t, JHeH ¼ 6.3 Hz, CH3), 3.05 (2H, q,
JHeH ¼ 6.3 Hz, CH2), 7.89e8.89 (3H, m, Ph), 9.10 (H-9, d,
JHeH ¼ 7.9 Hz, Ph), 8.93 (H-4, s, Py), 9.67 (H-2, s, Py), 10.35 (CHO, s)
ppm. 13C NMR (d6-DMSO): d ¼ 23.1 (CH3), 57.6 (CH2), 131.3e159.3
(m, Ph, Py), 186.3(CO), 190.7 (CHO), 208.1 [(CO)acyl] ppm.

3d: Yield: 0.054 g, 75%. IR (KBr): 2067 [n(CO)] cm�1. 1H NMR (d6-
DMSO): d ¼ 1.28 (3H, t, JHeH ¼ 6.4 Hz, CH3), 3.02 (2H, q,
JHeH ¼ 6.4 Hz, CH2) 8.00e8.29 (3H, m, Ph), 9.25 (He9, d,
JHeH ¼ 7.6 Hz, Ph), 9.35 (H-3, d, JHeH ¼ 8.4 Hz, Py), 9.55 (H-2, d,
JHeH ¼ 8.4 Hz, Py), 10.68 (CHO, s) ppm. 13C NMR (d6-DMSO):
d ¼ 22.8 (CH3), 56.8 (CH2), 128.9e160.8 (m, Ph, Py), 186.1 (s, CO),
193.7 (CHO), 208.5 [(CO)acyl] ppm.

4.5. Synthesis of [Rh(CO)Cl(L)I2](4ae4d)

[Rh(CO)2Cl(L)] (0.05 g) (1ae1d) was dissolved in dichloro-
methane (5 cm3). To that solution iodine was added (0.02 mmol,
0.025 g). The reaction mixture 1b was stirred at r.t. for 6 h to yield
1b. However, the reaction mixtures of 1a, 1c and 1d with I2 were
refluxed for 6 h to yield 4a, 4c and 4d respectively. The colour of the
solution changed fromyellowish red to dark reddish brown and the
solvent was evaporated under vacuum. Excess iodine was removed
by washing several times with hexane and stored over silica gel in
a desiccator.

4a: Yield: 0.061 g, 68%. IR (KBr): 2059 [n(CO)]. 1H NMR (d6-
DMSO): d ¼ 7.81e8.49 (6H, m, Ph), 9.61 (H-2, dd, JHeH ¼ 8.1, 4.1 Hz,
Py) ppm. 13C NMR (d6-DMSO): d ¼ 123.7e160.5 (m, Ph, Py) and
185.7 (CO) ppm.

4b: Yield: 0.056 g, 68%. IR (KBr): 2062 [n(CO)], 1710[n(eCHO)]
cm�1. 1H NMR (d6-DMSO): d ¼ 7.86e8.41 (4H, m, Ph), 8.71(H-3, d,
JHeH ¼ 7.2 Hz, Py), 9.62 (H-4, d, JHeH ¼ 7.2 Hz, Py), 11.71 (s, CHO)
ppm. 13C NMR (d6-DMSO): d ¼ 123.7e160.5 (m, Ph, Py), 185.7 (CO)
and 190.7 (CHO) ppm.

4c: Yield: 0.066 g, 81%. IR (KBr): 2066[n(CO)], 1706 [n(eCHO)]
cm�1. 1H NMR (d6-DMSO): d ¼ 7.91e8.96 (3H, m, Ph), 9.12 (H-9, d,
JHeH ¼ 7.1 Hz, Ph), 9.04 (H-4, s, Py), 9.69 (H-2, s, Py), 10.35 (CHO, s)
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ppm. 13C NMR (d6-DMSO): d¼ 129.1e157.0 (m, Ph, Py), d 185.7 (CO),
d 189.9 (CHO) ppm.

4d: Yield: 0.059 g, 72%. IR (KBr): 2067 [n(CO)], 1707 [n(eCHO)]
cm�1. 1H NMR (d6-DMSO): d ¼ 8.02e8.22 (3H, m, Ph), 9.27 (H-9, d,
JHeH ¼ 6.9 Hz, Ph), 9.39 (H-3, d, JHeH ¼ 8.5 Hz, Py), 9.48 (H-2, d,
JHeH ¼ 8.5 Hz, Py), 10.69 (CHO, s) ppm. 13C NMR (d6-DMSO):
d ¼ 129.8e159.7 (m, Ph, Py), 187.1(CO), 193.7 (CHO) ppm.

4.6. X-ray structural analysis

Single crystals of 1cwere grown by slow diffusion of hexane into
dichloromethane solution. The intensity data of the compounds
were collected on a Rigaku Saturn CCD with Mo Ka radiation
(l ¼ 0.71073 Å) at 125 K. The structure was solved with SHELXS-97
and refined by full-matrix least squares on F2 using SHELXL-97 [29].
Hydrogen atoms were idealized using the riding models.

4.7. Carbonylation of methanol using complexes 1ae1d as catalyst
precursors

CH3OH (0.099 mol, 4 cm3), CH3I (0.016 mol, 1 cm3), H2O
(0.055 mol, 1 cm3) and catalyst (0.0514 mmol) were taken into the
reactor. The reactor was then purged with CO for about 5 min and
then pressurized with CO gas (20 � 1 bar at 25 �C). The sample
vessel was placed in a heated jacket of the reactor and the reactions
were carried out at 130� 2 �C for 1 h under CO pressure 33� 2 bar.
After completion of the reaction, the reactor was allowed to cool
upto room temperature. The products were collected and analyzed
by GC (the species were verified by comparison with authentic
sample). 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 carbon-
ylation reaction mixture under the reduced pressure.
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ccdc.cam.ac.uk/data_request/cif.

References

[1] P.M. Maitlis, A. Haynes, G.J. Sunley, M.J. Howard, J. Chem. Soc. Dalton Trans.
(1996) 2187e2196.

[2] C.M. Thomas, G. Süss-Fink, Coord. Chem. Rev. 243 (2003) 125e142.
[3] R.H. Crabtree, The Organometallic Chemistry of the Transition Metals, second

ed. John Wiley & Sons, NewYork, 1993.
[4] F.E. Paulik, J.F. Roth, Chem. Commun. (1968) 1578.
[5] D. Foster, J. Am. Chem. Soc. 98 (1976) 846e848.
[6] D. Foster, T.C. Singleton, J. Mol. Catal. 17 (1982) 299e314.
[7] (a) D.K. Dutta, J.D. Woollins, A.M.Z. Slawin, D. Konwar, P. Das, M. Sharma,

P. Bhattacharyya, S.M. Aucott, Dalton Trans. (2003) 2674e2679;
(b) D.K. Dutta, J.D. Woollins, A.M.Z. Slawin, D. Konwar, M. Sharma,
P. Bhattacharyya, S.M. Aucott, J. Organomet. Chem. 691 (2006) 1229e1234.

[8] G. Lamb, M. Clarke, A.M.Z. Slawin, B. Williams, L. Key, Dalton Trans. (2007)
5582e5589.
etallic Chemistry (2010), doi:10.1016/j.jorganchem.2010.08.029

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif


P.P. Sarmah et al. / Journal of Organometallic Chemistry xxx (2010) 1e66
[9] C.M. Thomas, R. Mafua, B. Therrien, E. Rusanov, H.S. Evans, G. Süss-Fink, Chem.
Eur. J. 8 (2002) 3343e3352.

[10] D.K. Dutta, J.D. Woollins, A.M.Z. Slawin, A.L. Fuller, B. Deb, P.P. Sarmah,
M.G. Pathak, D. Konwar, J. Mol. Catal. A. Chem. 313 (2009) 100e106.

[11] K.K. Robinson, A. Hershman, J.H. Craddock, J.F. Roth, J. Catal. 27 (1972)
369e389.

[12] F.E. Paulik, A. Hershman, W.R. Knox, J.F. Roth, Monsanto Company, US Patent
3769329, 1973.

[13] J.G. Haasnoot, Coord. Chem. Rev. 200e202 (2000) 131e185.
[14] M.H. Klingele, S. Brooker, Coord. Chem. Rev. 241 (2003) 119e132.
[15] B.J. Borah, B. Deb, P.P. Sarmah, D.K. Dutta, J. Mol. Catal. A. Chem. 319 (2010)

66e70.
[16] B.J. Sarmah, B.J. Borah, B.Deb,D.K.Dutta, J.Mol. Catal. A. Chem.289 (2008) 95e98.
[17] D.K. Dutta, P. Chutia, B.J. Sarmah, B.J. Borah, B. Deb, J.D. Woollins, J. Mol. Catal.

A. Chem. 300 (2009) 29e35.
[18] A.J. Canty, Acc. Chem. Res. 25 (1992) 83e90.
[19] B.D. Brown, P.K. Byers, A.J. Canty, Organometallics 9 (1990) 1231e1235.
Please cite this article in press as: P.P. Sarmah, et al., Journal of Organom
[20] P.R. Ellis, J.M. Pearson, A. Haynes, H. Adams, N.A. Bailey, P.M. Maitlis, Organ-
ometallics 13 (1994) 3215e3226.

[21] T.R. Griffin, D.B. Cook, A. Haynes, J.M. Pearson, D. Monti, G.E. Morris, J. Am.
Chem. Soc. 118 (1996) 3029e3030.

[22] E. Eduardo, M. Angles, A. Huet, A.C. Francisco, J.L. Farnando, L.A. Oro, Inorg.
Chem. 39 (2000) 4868e4878.

[23] N. Kumari, M. Sarmah, P. Chutia, D.K. Dutta, J. Mol. Catal. A. Chem. 222 (2004)
53e58.

[24] M. Sharma, N. Kumari, P. Das, P. Chutia, D.K. Dutta, J. Mol. Catal. A. Chem. 188
(2002) 25e35.

[25] N. Kumari, B.J. Sarmah, D.K. Dutta, J. Mol. Catal. A. Chem. 266 (2006) 260e266.
[26] J. Rankin, A.C. Benyei, A.D. Poole, D.J. Cole-Hamilton, J. Chem. Soc. Dalton

Trans. (1999) 3771e3782.
[27] L. Gonsalvi, H. Adams, G.J. Sunley, E. Ditzel, A. Haynes, J. Am. Chem. Soc. 121

(1999) 11233e11234.
[28] J.A. McCleverty, G. Wilkinson, Inorg. Synth. 8 (1966) 211e214.
[29] G.M. Sheldrick, Acta. Crystallogr. A 64 (2008) 112e122.
etallic Chemistry (2010), doi:10.1016/j.jorganchem.2010.08.029


	Rhodium(I) carbonyl complexes of quinoline carboxaldehyde ligands and their catalytic carbonylation reaction
	Introduction
	Results and discussion
	Synthesis and characterization of 1a–1d
	Single crystal X-ray structural determination of 1c
	Reactivity of 1a–1d towards different electrophiles
	Carbonylation of methanol to acetic acid and ester using the complexes 1a–1d as the catalyst precursors

	Conclusions
	Experimental
	General information
	Starting materials
	Synthesis of the complexes [Rh(CO)2Cl(L)] (1a–1d), L = Quinoline (a), quinoline-2-carboxaldehyde (b), quinoline-3-carboxald ...
	Synthesis of [Rh(CO)(COR)Cl(L)I] {R = –CH3 (2a–2d), R = –C2H5 (3a–3d)}
	Synthesis of [Rh(CO)Cl(L)I2](4a–4d)
	X-ray structural analysis
	Carbonylation of methanol using complexes 1a–1d as catalyst precursors

	Acknowledgements
	Supplementary data
	References


