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A series of water-soluble Rh(I) mononuclear complexes of general formula: [Rh(sulphsal-X-
R)(COD)] [sulphsal = sulphonated salicylaldimine, COD = cyclooctadiene; where R = H, ClI,
CH; and X = H, ‘Bu] have been synthesized. All the compounds were characterised using
various spectroscopic and analytical techniques such as nuclear magnetic resonance
spectroscopy, infrared spectroscopy, single crystal X-ray diffraction (for complex 10) and
mass spectrometry. All the compounds display excellent water-solubility at room temperature
and were tested as catalyst precursors in the aqueous biphasic hydroformylation of 1-octene.
The catalysts could be easily recovered by phase separation and were used up to 5 times
without any significant loss in activity and 1-octene conversion. Very high yields of the
expected aldehydes were obtained without addition of any phase transfer agents, co-solvents
or hydrophobic ligands. Excellent aldehyde chemoselectivity is observed for all the catalysts
but this varied each time the catalysts were recycled, with the formation of a small amount of
internal olefins. ICP-OES and mercury poisoning experiments show that a combination of
homogeneous catalysis and catalysis mediated by nanoparticles is taking place in these

systems.

Introduction.

The hydroformylation reaction is an important reaction for the synthesis of aldehydes
in the chemical industry. The process involves the transition metal-catalysed reaction of
olefins with hydrogen and carbon monoxide to afford aldehydes which can further be
processed to produce detergents and plasticizers.1 For this reaction to be economically viable
and sustainable, it is important that the active metal catalyst be recoverable and recyclable.

One strategy that enables both recovery and recyclability is aqueous biphasic catalysis.za'c
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Pioneering work into aqueous biphasic catalysis can be traced back to the
Ruhrchemie/Rhone-Poulenc (RCH/RP) process.z""f The process employs a highly water-
soluble TPPTS-modified Rh-hydrido carbonyl complex as catalyst for the hydroformylation
of propene. Aqueous biphasic catalysis has been widely explored for the easy recovery of
catalysts by phase separation and this technique is currently in operation in five plants around
the world.” This is also a strong drive to achieve environmentally friendly, active, selective
and highly economically viable catalysts in line with Green Chemistry Practices.*'? This
technique has been used widely including applications in various olefin transformation
reactions.'>2* Figure 1 shows an illustration of the aqueous biphasic hydroformylation of 1-

octene.

Catalyst recovery Product separation

Product Analysis

Catalyst Recycle

Figure 1. Aqueous biphasic hydroformylation.

The concept of aqueous biphasic hydroformylation involves a catalyst-containing
aqueous layer and a substrate-containing organic layer which form two immiscible layers.
The active catalyst remains in the aqueous layer so that the reactants and reaction products
which are entirely organic can easily be phase separated from the catalyst. Besides easy
catalyst recovery, this technique is advantageous as it makes use of water, a green solvent,
which is non-toxic, non-flammable, odourless and readily available in huge quantities at low
cost.* 1% Various ligands can be used in order to fine-tune the selectivity and activity of
the catalysts and ligand basicity has been shown to have a pronounced influence in the
hydroformylation rates.

Previously, we have reported the synthesis and aqueous biphasic hydroformylation of

I-octene using sulphonated Rh(I) mononuclear complexes together with their dendritic
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analogues.4 In this work, the mononuclear derivatives display better activity and
chemoselectivity for the desired aldehyde products. The metallodendrimers could not be
isolated and they did not give better catalytic results in comparison to the mononuclear
derivatives. These results prompted us to expand our evaluation of the mononuclear
analogues. In this paper, we report the synthesis and characterisation of a series of new water-
soluble sulphonated mononuclear Rh(I) complexes and their evaluation in the aqueous

biphasic hydroformylation of 1-octene.

Results and discussion.

Synthesis and characterisation of water-soluble sulphonated ligands.

The sulphonated imine ligands were prepared by stirring the known sulphonated
aldehydes 1 and 2* with equimolar equivalents of various amines at room temperature
overnight (Scheme 1). All ligands 3-5 were isolated as bright yellow solids that are stable and

readily soluble in water at room temperature.

SO4Na SOzNa
EtOH /
L - o s
HO R

HO R

R=H,X=H(@3)

R=H, X=CH; (4)
R=H,X=CI(5)

R=H, H="'Bu (6)

R =H (1) or '‘Bu (2)

Scheme 1. Synthesis of water-soluble sulphonated salicylaldimine ligands (3-5).

The "H NMR spectra of the ligands (3-5) show a characteristic imine singlet between 8.55
ppm and 9.06 ppm. The presence of this signal confirms a successful Schiff base
condensation reaction to form a new imine bond which is similar to what has been reported
previously for similar compounds.* For ligand 4 a singlet at 7.96 ppm for the proton ortho to
the imine is seen and a doublet for the proton para to the imine at 7.65 ppm (T =83 Hz) is
observed. This doublet is observed since this proton is coupling to the proton mefa to the
imine. Similar trends in the '"H NMR spectra of 3 and 5 are observed. The imine functionality
is also seen in the infrared spectra of the compounds and appears as an intense absorption

1

band between 1615 cm™ and 1621 cm™ for these compounds. The ESI-MS spectra show

peaks for [M]™ in the negative mode at m/z = 310 (4) and 290 (5) where M is the anion.
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Synthesis and characterisation of water-soluble sulphonated Rh(I) complexes.

The sulphonated salicylaldimine ligands (3-5) were dissolved or suspended in a
minimum amount of water and/or ethanol. Deprotonation of the phenolic proton was
achieved using an equimolar equivalent of KOH. The metal precursor [Rh(COD)CI], was
then allowed to react with ligands as depicted in Scheme 2. The complexes were obtained as
bright yellow solids. Synthesis of ligand 6 and complex 10 (R = ‘Bu and X =H) was
performed in a one pot synthetic process because the ligand is a sticky hygroscopic oil. The
compounds are stable at room temperature and are insoluble in hexane, ethanol and diethyl

ether but display excellent water solubility at room temperature (0.4 mg/ml - Smg/ml).

SO;Na
SO3Na X NFQ
0.5 [RhCICOD],
\ & R
/ KOH, EtOH/H,0 or DCM /Rh
e i
HO R C
R=H,X=H@3) R=H,X=H(7)
R =H, X = CH; (4) R=H, X=CH;(8)
R =H, X=Cl (5) R=H,X=Cl(9)
R ='Bu, X =H (6) R ="Bu, X=H(10)

Scheme 2. Synthesis of water-soluble 5-sulphonato Rh(I) complexes (7-10).

In the '"H NMR spectra of the compounds (7— 10), a distinct imine signal is observed. Of
interest, is the upfield shift of the signal to chemical shifts between 8.13 ppm and 7.36 ppm,
in contrast to downfield chemical shifts between 8.55 ppm and 9.06 ppm in the metal-free
ligands. The upfield shift of the signals assigned to the proton of the imine functionality upon
coordination of the metal is due to increased shielding of this proton due to back-donation of
the Rh metal via the imine nitrogen. Two multiplets are observed between 2.35 ppm and 1.84
ppm for the cyclooctadiene methylene protons whilst the olefinic protons appear between
4.28 ppm and 4.07 ppm. In the BC NMR spectra of these compounds the number of signals
observed agrees with the number of carbon atoms in the compounds.

The infrared spectra of the compounds show a characteristic imine
absorption band at lower wavenumbers (1606 cm’ - 1602 cm'l) compared to those observed
in the metal-free ligands (1615 cm’ - 1621 cm’l). These shifts to lower wavenumbers are due
to the synergic effect. The process occurs because the imine nitrogen lone pair of electrons is
withdrawn to the empty orbitals of the metal. This together with the release of electrons from

the metal d-orbitals (back-donation) into the empty m-anti bonding orbitals of the ligand

4
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results in weakening of the imine bonds and consequently the lowers imine stretching
frequency. This together with the disappearance of the OH vibration in the infrared spectra is
evidence of coordination of the ligand to the Rh metal centre in a bidentate fashion.
Electrospray ionisation mass spectra of these water-soluble complexes were recorded in the
negative ion mode and show peaks at m/z = 521 (8), 500 (9) and 488 (10) respectively for
[M]~ where M is the sulphonated anionic complex.

Complex 10 was also characterised using single-crystal X-ray
diffraction. The crystals were obtained by slow diffusion of diethyl ether into a concentrated
solution of the compound dissolved in acetonitrile. The ORTEP drawing with the atom

labelling scheme for this complex is shown in Figure 2.

(a) (b)

Figure 2. Molecular structure of 10 determined by single crystal X-ray diffraction.

Solvent molecules are also observed as these co-crystallized with the complex during
formation of the crystals. These have been omitted in Figure 2 for clarity. The oxygen atoms
on sulphonate group (O2 - O7) and the sodium atoms (Nal and Na2) are disordered over two
positions (a) and (b) and these were refined with 50% site occupancy factors. The molecular
structure of complex 10 shows a square planar geometry at the Rh metal centre, with the
metal coordinated to the cyclooctadiene moiety and the N,O chelating ligand. The bond
angles around the Rh metal centre are between 81° and 96° and this is similar to what has
been reported for similar compounds in the literature.”> A slightly distorted tetrahedral
geometry is observed around the sulphur atom with bond angles between 105° and 120°.

From the data obtained, O7-S1 and O4-S1 are the longest bonds around the sulphur atom and



129
130

131

132

133

134

Dalton Transactions

hence the single bonds of the sulphonate moiety. Selected crystallographic data, bond angles

and bond distances are summarised in Tables 1 and 2.

Table 1. Selected bond angles and bond distances for molecular structure of 10.

Bond Lengths (A)

Rh1-N1 2.062(4) 03-S1 1.516(8)
Rh1-0O1 2.037 (3) 05-S1 1.315(8)
Rh1-C18 2.137(5) 07-S1 1.568(8)
Rh1-C21 2.129(6) 02-S1 1.329(12)
Rh1-C22 2.147(6) 06-S1 1.400(8)
Rh1-C25 2.110(5) 04-S1 1.598(8)
Nal-O7 1.484(9) Na2-04 1.711(10)
Bond Angles (°)

N1-Rh1-O1 89.85(15) 05-S1-03 115.6(5)
N1-Rh1-C25 95.89(18) 03-S1-07 105.4(6)
O1-Rh1-C21 87.34(19) 07-S1-05 113.8(5)
O1-Rh1-C22 86.85(18) 04-S1-02 109.9(6)
C25-Rh1-C22 82.5(2) 02-S1-06 119.7(7)
C18-Rh1-C22 90.8(2) 06-S1-04 108.6(6)

Table 2. Crystallographic data selected for the molecular structure of 10.

Complex 10
Chemical formula C28 H35.50 N1.50 Na O4.50 Rh S
Formula weight 623.04
Crystal system Monoclinic
Space group C2/c
Crystal color and shape Red block
Crystal size 0.18 x 0.12 x 0.08
alA 31.483(3)
bIA 20.1500(17)
/A 0.3174(8)
a(°) 90.00
S (°) 90.00
() 90.00
VIA® 6286.4(9)
Z 8
T/K 173(2)
DJ/g cm™ 1.317
u/mm’™ 0.656
Unique reflections 6915
Reflections used [1 > 2s(I)] 3913
Rint 0.072
Final R indice [I > 2s(D]* 0.0555, wR, 0.1657
R indices (all data) 0.1186
Goodness-of-fit 0.988
Max, Min Ap/e A” 0.66, -0.51
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Aqueous biphasic hydroformylation of 1-octene.

The complexes (7-10) were tested as catalyst precursors in the aqueous biphasic
hydroformylation of 1-octene. To obtain the best working conditions for the catalysts,
optimisation was performed using the simplest catalyst precursor 7 (where X = R = H).
Scheme 3 shows the reaction of 1-octene with syngas (1:1 CO/H,) in the presence of Rh(I)
catalyst to form aldehydes as the major products and internal olefins as the minor products.
The experiments were carried out at 30 bar and 50 bar while temperature was varied from 75
°C to 95 °C. All the reactions were performed for 8 hrs. The organic layer was analysed using

gas chromatography with n-decane as the internal standard.

Rh(I) cat.

30/50 bar Syngas 0
Me/@s\/ -~ Me/éW + Me\ LYo + Isomers

1:1 H,O/Toluene
A

Scheme 3. Hydroformylation of 1-octene.

Preliminary Screening: Catalyst 7 shows excellent aldehyde chemoselectivity as
expected for Rh(I) catalysts. Over 99 % aldehyde chemoselectivity is displayed by the
catalysts under all conditions. However, under the mildest conditions (30 bar, 75 °C) this
particular catalyst forms some iso-octenes. These are formed as a result of double-bond
migration to form 2-octene and 3-octene. The activity of the catalyst 7 is over 270 hr ! under
all the test conditions. Upon increasing the temperature to 95 °C at the same pressure, the
activity still remains above 270 hr'. When both temperature and pressure were raised to 50
°C and 95 bar respectively, the activity of the catalyst remains above 270hr™". At low pressure
(30 bar) and low temperature (75 °C), 1-octene conversion is 83%. At elevated temperature
and pressure (50 bar, 95 °C) the conversion of 1-octene increases to 98 %. This shows that 7
gives better 1-octene conversions and has high activity at high temperature and pressure.
Based on these experiments, 50 bar pressure and 95 °C temperature were selected for testing

all the catalysts.

Chemoselectivity and regioselectivity of the catalysts. The catalysts display
excellent aldehyde chemoselectivity, with only a slight formation of internal olefins for

catalyst 7 (Table 3). Over 99% of the products formed are aldehydes and this is very similar
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163  to what has been reported for similar catalysts by Hager and coworkers.” The presence of a
164  chloro- group and a methyl substituent in catalysts 8 and 9 does not seem to affect the

165  chemoselectivity of these catalysts.

166  Table 3. Aqueous biphasic hydroformylation of 1-octene using catalysts 7-10.

Catalyst  Pressure Temperature Conversion Aldehydes Iso-octenes n:iso TOF/hr
(bar) (°O) % % %

7 50 95 98 99 0.6 0.75 276

8 50 95 >99 >99 - 0.61 276

9 50 95 >99 >99 - 0.16 277

10 50 75 >99 >99 - 2.37 276
167 The reactions were performed in a 90 ml stainless steel pipe reactor. The reactor was charged with 1:1 toluene/H,0O (10 mL), 1-octene (6.37
168 mmol), internal standard n-decane (1.26 mmol) and catalyst precursor (2.87 x 10 mmol). The reactor was flushed with nitrogen three times,

169 followed by flushing twice with syngas (1:1 CO: Hy).

170  Catalyst precursors 7, 8 and 9, all favour the formation of the branched aldehydes (>55%). A
171 closer look at the results shows that almost 60% of the aldehydes formed with catalyst 10 are
172 linear aldehydes whilst almost 60% of the aldehydes formed with the other catalysts are
173 branched aldehydes. This is expected for catalysts with bulky substituents.”® These N, O based
174  chelating systems show inferior regioselectivity for the linear products when compared to
175  previously reported N,N and N,P based catalysts that have been previously reported for the
176  hydroformylation of 1-octene.””

177 Recyclability of the catalysts. The recovery of the catalysts was done by decanting
178  the organic layer. The recovered catalyst-containing aqueous layer was reused in a new
179  catalytic run. All the catalysts displayed excellent recyclability and could be used up to 5
180 times without significant drop in catalyst activity and Il-octene conversions. The
181  chemoselectivity of the catalysts did not vary significantly as shown in Figure 3.

182 There is a slight decrease in aldehyde production with increase in the number of
183  recycles with catalyst 9 (R=H, X=Cl) in the fourth and fifth recycle. From the results, catalyst
184 8 (R=H, X=CHj3;) performs better than 9 since it maintains good selectivity for aldehydes
185  throughout the five cycles. It has been reported that the more withdrawing the substituents in
186  the ligand, the more basic the catalyst becomes and hence the less it favours high
187  hydroformylation rates.'” ?2° This is not observed in the results except the slight drop in the
188  aldehyde chemoselectivity with 9 in the fourth recycle, which could be due to altering of

189  structure of the catalyst.
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Chemoselectivity of the catalysts in recyclability studies

100% A
80% -
u Catalyst 7
60% - Catalyst 8
40% - u Catalyst 9
= Catalyst 10
20% A
0% -

Run 1 Run 2 Run 3 Run 4 Run 5

The reactions were performed in a 90 ml stainless steel pipe reactor. Solvent 1:1 toluene/water (10 mL), 1-octene (6.37 mmol), internal
standard n-decane (1.26 mmol), catalyst (2.87 x 10° mmol), Syngas (1:1 CO: Hy), 8 h.

Figure 3. Chemoselectivity of the catalysts in recyclability studies.
The regioselectivity of the each catalyst varies slightly each time the catalyst is recycled as
shown in Figure 4. This could be attributed to changes in the structure of the active catalyst as

it is recycled. Catalyst 10 produces more of the linear product (nonanal). This is expected

since bulky substituents on the catalysts favour the formation of the linear products.

Regioselectivity of the catalysts in recyclability studies

100%
80%
60%
40%
20%
H Linear

0% aldehydes

B Branched

aldehydes

The reactions were performed in a 90 ml stainless steel pipe reactor. Solvent 1:1 toluene/water (10 mL), 1-octene (6.37 mmol), internal
standard n-decane (1.26 mmol), catalyst (2.87 x 10~ mmol), Syngas (1:1 CO: H,), 8 h.

Figure 4. Regioselectivity of the catalysts in five recycles.
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Despite this, a considerable amount of linear aldehydes is also formed when catalysts 7, 8 and
9 are employed and this trend is maintained in all the recycles. Catalyst 9 shows an unusual
trend; with almost 80% of the aldehydes in the first run are the linear aldehydes. There is a
significant drop of nonanal production in the second recycle and after this almost 1:1 ratio of
linear to branched aldehydes are formed. In all experiments, it was observed that the colour
of the aqueous layer changed from bright yellow in the first cycle to almost colourless in the
fifth cycle. The presence of black particles is observed and the amount of these black species
increases with the number of recycles. To determine whether the original catalyst was still
presence in the aqueous solution, inductively coupled plasma optical spectroscopy was
performed on both the aqueous and organic layer at the beginning of the first cycle and at the
end of the fifth cycle for each catalyst. The organic layer was analysed to see if leaching of

the catalyst into the toluene layer was occurring.

Inductively coupled plasma optical spectrometry experiments. The analyses show
that a significant amount of the metal complexes formed Rh nanoparticles which were
suspended in the aqueous layer as the black species. Over 99 % metal of the complex was no
longer available in solution in the case of catalysts 9 and 10. For catalysts 8 and 10 less than
0.5 % Rh metal was detected in the aqueous phase and no traces of metal were present in the
organic layer. However, 1-octene conversion to products is still seen even though very little
Rh is present in solution. The black Rh particles present as a suspension in the aqueous layer
are therefore responsible for the activity observed. These together with the little metal
complex in solution result in conversion of 1-octene to aldehydes and iso-octenes. The
increase in the amount of iso-octenes formed with each recycle, could be due to these Rh
particles which seem to favour isomerisation of 1-octene. The formation of the particles
becomes more pronounced in the third recycle of the catalysts and at this point isomerisation
products become significant. To confirm the role of the Rh particles in the systems, a

mercury drop test was performed.

Mercury Poisoning. Suppressing unwanted heterogeneous catalysts is a very
important way to determine to what extent a catalyst is entirely homogenous or whether it is a
combination of both homogenous and heterogeneous catalysis taking place. The mercury
poisoning experiment was performed to establish whether the presence of Rh nanoparticles is
responsible for substrate conversion to products. This was done using catalyst 9 which shows
a significant amount of nanoparticle formation in the second recycle. Table 4 below shows a

summary of the results obtained.

10
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Table 4. Mercury poisoning experiments using 9.

Cycle Pressure Temperature Conversion Aldehydes Iso-octenes n:iso TOF/hr
(bar) (°C) %o %o %

No mercury
1 50 95 >99 >99 - 0.61 276
2 50 95 96 >99 - 0.71 276
3 50 95 99 >99 - 0.93 273
4 50 95 98 98 2 0.83 268
5 50 95 92 98 2 0.78 257

With mercury
1 50 95 91 48 52 2.55 121
2 50 95 64 47 53 1.45 62
3 50 95 60 35 65 - 52
4 50 95 - - - - -
5 50 95 - - - - -

The reactions were performed in a 90 ml stainless steel pipe reactor. The reactor was charged with 1:1 toluene/water (10 mL), 1-octene (6.37
mmol), internal standard n-decane (1.26 mmol) and suitable catalyst precursor (2.87 x 10~ mmol). The reactor was flushed with nitrogen
three times, followed by flushing twice with syngas (1:1 CO: H,).Each catalyst was recycled 5 times and all reactions were performed for 8
hours.

In the presence of mercury, the catalyst can only be recycled 3 times. There is a decrease in
conversion, aldehyde chemoselectivity and activity (TOF) in the presence of mercury.
Initially, the homogenous catalyst is responsible for the high conversion, however in the
second recycle conversion and activity drop significantly. At this stage both the
homogeneous catalyst and heterogeneous catalysts are responsible for the conversions
observed. Of interest is the change in catalyst chemoselectivity with increase in the number
of recycles. The species formed favour the formation of internal olefins (in some cases) and

this is evidence of a different active catalyst.
Conclusions.

A series of new water-soluble sulphonated monomeric ligands was synthesised. These were
reacted with rhodium trichloride salt to afford a series of mononuclear complexes with
varying substituents which were fully characterised using various spectroscopic and other
analytical techniques. The complexes display excellent water-solubility at room temperature.
The complexes were tested as catalyst precursors in the aqueous biphasic hydroformylation
of 1-octene. All the catalysts tested could be used up to 5 times without significant drop in
activity and 1-octene conversions. The catalysts display very good activity, chemoselectivity
and recyclability at 50 bar syngas pressure and 95 °C temperature. However, the
chemoselectivity varied with each recycle and the most significant observation was the
formation of more iso-octenes each time the catalysts were reused. The catalyst that gives the

best results is 7 (X = H = R) under the test conditions. The electron-withdrawing effects in 8

11
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(X = CHs, R = H) maintains excellent aldehyde chemoselectivity in all 5 recycles. Catalyst 9
(X =Cl, R = H) favours the production of iso-octenes and the amount increases with increase
in the number of recycles. The presence of a bulky fert-butyl substituent in 10 increases the
steric crowding around the Rh metal centre and therefore favours the production of the linear
product, nonanal. On analysis of the toluene and the aqueous layers after recycling, very little
Rh in found in both layers in solution with almost all the Rh present in the form of Rh
particles suspended in the water layer. The mercury drop test confirms that these species are
also responsible for the results obtained and therefore we can conclude that a combination of
homogeneous catalysis and catalysis mediated by nanoparticles is taking place in these

systems.
Experimental
General Details

All reagents and solvents were purchased from a commercial source (Sigma-Aldrich) and
were used as received. Rhodium trichloride salt was received as a kind donation from Anglo-
Platinum Corporation / Johnson Matthey Limited. The rhodium dimeric precurs0r31, sodium
sulphonate aldehydes and ligand 3* were prepared according to previously reported literature
methods. Nuclear magnetic resonance (NMR) spectra were recorded on either a Varian
XR300 MHz ('H at 300.08 MHz, °C at 75.46 MHz) or a Bruker Biospin GmbH (‘H at
400.22 MHz, "*C at 100.65 MHz) spectrometer at ambient temperature. Elemental analysis
for C, H, N and S were carried out using a Thermo Flash 1112 Series CHNS-O Analyser.
Some of the data is outside the accepted limit and this can be ascribed to presence of water
molecules due to the slight hygroscopic nature of the compounds. Infrared absorptions were
measured using a Perkin-Elmer Spectrum 100 FT-IR spectrometer as KBr pellets. Mass
spectrometry was carried out on a Waters API Quattro Micro Triple Quadrupole electrospray
ionisation mass spectrometer. Data were recorded in the negative mode. Hydroformylation
samples were analysed on a Perkin Elmer Clarus 580 GC. Inductively coupled plasma optical

emission spectroscopy experiments were carried out on ICP-OES Varian 730-ES.
Synthesis and characterisation of water-soluble sulphonate ligands.

Synthesis of 5-sulphonato salicylaldimine ligand 4. Sulphonated aldehyde (0.221 g,
0.985 mmol) was dissolved in a minimum amount of water followed by addition of 4-

chloroaniline (0.126 g, 0.985 mmol) dissolved in ethanol. Magnesium sulphate was added

12
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and this was left to stir at room temperature overnight. The mixture was filtered and the
solvent was removed from the yellow solution and dried under vacuo to afford a bright
yellow powder as product. Yield (0.130 g, 61 %). Mp.: 394 °C - 395 °C. FT-IR (vmaxlcm'l,
KBr) : 1617 (C=N). 65 (400 MHz, DMSO-dg, 30 °C) (ppm) = 8.94 (s, 1 H, Himine), 7.96 (s, 1
H, Ar), 7.65 (d, °J = 8.3 Hz, 1 H, Ar), 7.49 — 7.39 (m, 4 H, Ar), 7.00 — 6.88 (m, 1 H, Ar). 8¢
(75 MHz, DMSO-dg, 30 °C) (ppm) = 164.1, 160.7, 147.5, 140.4, 131.7, 131.5, 130.1, 129.8,
123.7, 118.5, 116.3. Elemental Analysis (calculated for C;sHoNO4CISNa): C, 46.92; H, 2.61;
N, 4.21; S, 9.63. Found C, 46.65; H, 2.65; N, 3.07; S, 9.42. ESI-MS (negative): m/z 310

[M]~, where M is the anion. Sygec = 0.35 mg/mL in water.

Synthesis of 5-sulphonato salicylaldimine ligand 5. Sulfonated salicylaldehyde
(0.153 g, 0.682 mmol) was dissolved in a minimum amount of water. This is followed by
drop-wise addition of a solution of p-toluidine (0.074 g, 0.682 mmol) dissolved in ethanol (40
mL). Magnesium sulphate was also added and the mixture was left overnight at room
temperature after which the mixture was filtered and solvent was removed from the yellow
solution obtained. The residue was dried under vacuo to afford the desired product. Yield
(0.189 g, 99 %). Mp.: Decomposes without melting, onset occurs at 336°C. FT-IR (vmaxlcm'l,
KBr) : 1619 (C=N). d4 (400 MHz, DMSO-ds, 30 °C) (ppm) = 13.34 (s, 1 H, OH), 8.99 (s, 1
H, Himine), 7.92 (d, °J = 2.3 Hz, 1 H, Ar), 6.30 — 7.59 (m, 1 H, Ar), 7.37 - 7.22 (m, 4 H, Ar),
6.98 (d, °J = 8.7 Hz, 1 H, Ar), 2.32 (s, 3 H, CH3). 8¢ (75 MHz, DMSO-dg, 30 °C) (ppm) =
162.8, 160.9, 145.8, 140.3, 137.0, 131.0, 130.4, 121.8, 118.5, 116.2, 114.5 , 21.1. Elemental
Analysis (calculated for C14H,NNaO4S.2.5H,0): C, 46.92; H, 4.78; N, 3.91; S, 8.95. Found
C,47.41; H, 4.76; N, 3.44; S, 8.42. ESI-MS (negative): m/z 290 [M]~, where M is the anion.

S20°c = 8 mg/mL in water.
Synthesis and characterisation of water-soluble sulphonate Rh(I) complexes.

Synthesis of sulphonated complex 7. Sulphonated salicylaldimine ligand 3 (0.062 g,
0.208 mmol) was deprotonated with KOH for 30 minutes in H;O/ethanol. The dimer
[Rh(COD)CI]; (0.050 g, 0.104 mmol) was suspended in 10 mL ethanol and this was added
drop-wise to the deprotonated ligand. The mixture was left to stir at room temperature for an
hour. The solvent was removed under vacuum and the residue was dissolved in a minimum
amount of methanol, followed by addition of an excess amount of diethyl ether. The
precipitate formed was filtered using a Hirsch funnel and washed with diethyl ether and dried

under vacuum to afford the product. Yield (0.105g, 76 %). Mp.: 360 °C - 362 °C. FT-IR
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(Vma/em™, KBr) : 1603 (C=N). 8 (400 MHz, DMSO-ds, 30 °C) (ppm) = 7.36 (s, 1 H, Hinine),
6.83 (s, 1 H, Ar), 8.83 (d, ’J = 8.8 Hz, 1 H, Ar), 6.60 (t, °’J = 7.6 Hz, 2 H, Ar), 6.49 — 6.38 (m,
2H, Ar), 6.30 (d, °T = 7.6 Hz, 2 H, Ar), 5.83 (d, °J = 8.80 Hz, 1H, Ar), 4.39 ( m, 4 H,
CHcop), 1.70 (m, 4 H, CHzcop), 1.50 (m, 4 H, CHzcop). 0c (75 MHz, DMSO-de, 30 °C)
(ppm) = 161.8, 135.0, 134.9, 134.0, 130.1, 123.8, 122.5, 120.4, 118.5, 118.1, 116.3, 84.7,
33.7, 28.0. Elemental Analysis (calculated for C;;HNO4sSNaRh): C, 49.48; H, 4.12; N, 2.74;
S, 6.28. Found C, 49.15; H, 4.37; N, 2.28; S, 4.47. ESI-MS (negative): m/z 486 [M]~, where

M is the anion. Sypec = 5 mg/mL in water.

Synthesis of sulphonated complex 8. Sulphonated imine ligand 5 (0.062 g, 0.197
mmol) was dissolved in 1:1 mixture of water and ethanol (20 mL). This was followed by
addition of KOH (0.25 ml) and this was left to stir at room temperature for 30 min. Rhodium
precursor [Rh(COD)CI], (0.049 g, 0.099 mmol) was added and the mixture was left to stir at
room temperature for 1h. The clear solution formed was filtered by gravity and solvent was
removed from the filtrate under reduced pressure. The product obtained was dried under
vacuum to afford a yellow brown powder as the product. Yield (0.039 g, 76 %). Mp.:
Decomposed without melting, onset at 262 °C. FT-IR (vmax/cm'l, KBr) : 1604 (C=N). 6y (400
MHz, DMSO-dg, 30 °C) (ppm) = 8.31 (s, 1 H, Himine), 7.62 (d, °T = 2.4 Hz, 1 H, Ar), 7.55 (m,
1 H, Ar), 7.19 (d, ’J = 7.9 Hz, 2 H, Ar), 6.98 (m, 2 H, Ar), 6.64 (d, °J = 8.8 Hz, 1 H, Ar),
4.32 (m, 4 H, CHcop), 2.32 (m, 4 H, CHxcop) 1.87 (m, 4 H,CHxcop), 1.76 (s, 3 H, CH3). 6¢
(75 MHz, DMSO-ds, 30 °C) (ppm) = 166.3, 149.7, 137.7, 135.5, 133.5, 129.4, 123.4, 122.6,
121.7, 120.6, 117.1, 74.3, 30.6, 29.5, 20.9. Elemental Analysis (calculated for
C11H20CINNaOgNaRhS): C, 46.38; H, 3.71; N, 2.58; S, 5.90. Found C, 46.07; H, 3.87; N,
3.77; S, 5.12. ESI-MS (negative): m/z 500 [M]~, where M is the anion. Sypec = 5 mg/mL in

water.

Synthesis of sulphonated complex 9. Sulphonated imine ligand 4 (0.063 g, 0.188
mmol) was suspended in 20 mL of methanol followed by addition of 0.25 mL of KOH
solution. The yellow solution formed was left to stir at room temperature for 30 minutes. The
metal precursor [Rh(COD)CI], (0.046 g, 0.094 mmol) was suspended in 5 mL methanol and
this was added drop-wise to the stirring solution. The mixture was left to stir at room
temperature overnight. The precipitate formed was filtered using a Hirsch funnel and was
recrystallized from methanol. The powder was dried under vacuum to afford the product as a
bright yellow solid. Yield (0.046 g, 86 %). Mp.: Decomposed without melting, onset at 373
°C. FT-IR (Vma/em™, KBr) : 1604 (C=N). 8 (400 MHz, DMSO-ds, 30 °C) (ppm) = 8.21 (s, 1
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H, Himine), 7.76 — 7.80 (m, 2 H, Ar), 7.38 - 7.34 (m, 2 H, Ar), 7.02 - 7.07 (m, 2 H, Ar), 6.81 -
6.78 (m, 1 H, Ar), 4.75 (br s, 4 H, CHcop), 2.36 - 230 (m, 4 H, CHycop) 1.83 (m, 4 H,
CHucop). dc (75 MHz, DMSO-ds, 30 °C) (ppm) = 164.2, 131.5, 130.1, 129.8, 128.9, 125.7,
123.8, 1204, 118.5, 116.3, 115.7, 87.7, 30.7, 27.5. Elemental Analysis (calculated for
C21H0NO4CISNaRh): C, 46.37; H, 3.68; N, 2.58; S, 5.89. Found C, 46.07; H, 3.87; N, 3.77,
S, 5.12. ESI-MS (negative): m/z 521 [M]~, where M is the anion. Syp-c = 4.7 mg/mL in water.

Synthesis of sulphonated complex 10. Sulphonated salicylaldehyde (0.199 g, 0.713
mmol) was dissolved in a minimum amount of water. To this, aniline (0.066 g, 0.713 mmol)
in 20 mL ethanol was added and this was left to stir at room temperature overnight. The
solvent removed under reduced pressure to afford an orange sticky oil. This oil was dissolved
in 10 mL ethanol and dichloromethane mixture and KOH was added to deprotonate the imine
ligand for 30 minutes. The metal precursor [Rh(COD)CI], (0.176 g, 0.357 mmol) was
dissolved in dichloromethane and this was added drop-wise to the stirring ligand solution and
this was left to stir at room temperature for 1h. The solvent was removed and the residue was
dried under vacuum to afford a yellow powder as the product. Yield (0.315 g, 78 %). Mp.:
292 - 294 °C. FT-IR (Vpa/cm™, KBr) : 1602 (C=N). 8y (400 MHz, DMSO-dg, 30 °C) (ppm) =
8.13 (s, 1 H, Hipine), 7.54 (m, 2 H, Ar), 7.37 (t,°J = 1.8 Hz, 1 H, Ar), 7.22 (m, 1 H, Ar), 7.09
(d, T =7.7Hz 2H, Ar), 6.98 (m, 1 H, Ar), 4.27 (m, 4 H, CHcop), 2.36 (m, 4 H, CHacop),
1.81 (m, 4 H, CHxcop). 0c (75 MHz, DMSO-dg, 30 °C) (ppm) = 165.1, 152.2, 138.7, 134.5,
132.1, 129.9, 129.1, 126.4, 123.7, 117.2, 114.7, 73.9, 39.4, 27.5, 30.0 C, 26.4. Elemental
Analysis (calculated for CysHoNNaO4NaRhS): C, 53.10; H, 5.17; N, 2.48; S, 5.67. Found C,
53.07; H, 5.87; N, 3.77; S, 5.12. ESI-MS (negative): m/z 543 [M]~, where M is the anion.

S20°c =4 mg/mL in water.
X-ray Crystallography.

Single-crystal X-ray diffraction data were collected with a Bruker Kappa APEX II DUO
diffractometer with graphite-monochromated Mo-Ko radiation (A = 0.71073 A).Data
collection was performed at 173(2) K. The temperature was controlled by an Oxford
Cryostream cooling system (Oxford Cryostat). Cell refinement and data reduction were
performed by using the program SAINT.* The data were scaled, and absorption correction
was performed by using SADABS.” The structure was solved by direct methods by using
SHELXS-97** and refined by full-matrix least-squares methods based on F2 by using

34, 35
d.

SHELXL-97* and the graphics interface program X-See The programs X-Seed and
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POV-Ray were both used to prepare molecular graphic images. CCDC 1008938 for 10
contains the supplementary crystallographic data for this paper. This data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via

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

General method for the hydroformylation reactions.

The reactions were performed in a 90 ml stainless steel pipe reactor. The reactor was charged
with 1:1 toluene/H,O (10 mL), 1-octene (6.37 mmol), internal standard n-decane (1.26 mmol)
and catalyst precursors (2.87 x 10 mmol). The reactor was flushed with nitrogen three times,
followed by flushing twice with syngas (1:1 CO: Hy). This was then pressurised and heated to
the desired pressure and temperature. All reactions were done for 8 hours and samples were
collected at the beginning and at the end of each reaction. Samples were analysed on a GC
and products were confirmed in relation to authentic iso-octenes and aldehydes. Catalyst
recycling was performed by decanting the organic layer followed by addition of a fresh

substrate and the hydroformylation procedure was repeated.
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