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Abstract

A series of new water-soluble N,O-chelating Schiff base ligands were synthesised. These
ligands were reacted with ferrocenecarboxaldehyde through Schiff base condensation
reactions, leading to new water-soluble ferrocenylimine mononuclear complexes. The
mononuclear complexes were reacted with a dimeric rhodium precursor [RhCI(COD)], to
produce a series of novel ferrocenylimine-Rh(I) heterobimetallic complexes. Both the
mononuclear and heterobimetallic complexes were found to have good solubility in water of
up to 11 mg/mL. The complexes were characterised fully using various spectroscopic and
analytical techniques including 'H NMR, "*C NMR spectroscopy, FT-IR spectroscopy, mass
spectrometry and elemental analysis. In addition, mononuclear and heterobimetallic
complexes were also synthesised as precursors to dendritic DAB-G1 structures. These were
found to be water-soluble and they were also characterised using spectroscopic and analytical
techniques. The two monometallic and two heterobimetallic complexes were evaluated as

pre-catalysts for the aqueous biphasic hydroformylation of 1-octene.

The mononuclear ferrocenyl complexes were inactive in the aqueous biphasic
hydroformylation experiments. Hydroformylation using the heterobimetallic complexes
showed that the pre-catalysts are active in 1-octene conversion, yielding aldehydes (linear
and branched) as well as isomerisation products (cis and trans 2- and 3-octene). Linear
aldehydes were more favoured with the tertiary-butyl analogue of the heterobimetallic

complex.

Although loss of metal from the aqueous layer was detected using ICP-OES, the catalysts

exhibited good recyclability and could be reused up to 4 times.
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Chapter 1 Review on Water-Soluble Complexes in Catalysis

Chapter 1

Review of the design and synthesis of water-soluble homo- and
heterometallic complexes and their application in catalysis: A focus on
hydroformylation

1.1 Background

The availability of Platinum Group Metals (PGMs) in Southern Africa necessitates
beneficiation of these expensive and less abundant metals for application in catalytic and
biological spheres in order to add more value to these resources. A number of transition
metal-catalysed reactions are based on the rare, relatively expensive, moisture and air stable
second and third—row transition metals." On an economic and elemental supply scale this is
not sustainable if catalysts based on these metals are to be the key approach for efficient

conversion of raw materials into valuable products.

Incorporation of first row transition metals such as Fe, Co, Ni and Cu in heterobimetallic
organometallic complex design and development with the relatively expensive metals (such
as Ru, Rh, Pd) may be an economic incentive. This could also lead to enhanced catalytic
activity and selectivity of the resultant multimetallic systems.”® When these metals are in
close proximity this may result in cooperative interactions leading to reaction pathways with
reduced activation energies and a positive economic impact. Moreover, multimetallic systems
have been shown to possess enhanced biological activity to their mononuclear counterparts in
areas of cancer, malaria and tuberculosis treatment through increased number of active

s 412
sites.

With feedstocks such as alkanes and alkenes readily available from the Fischer-Tropsch
Process at Sasol, it is prudent to explore the use of heterometallic organometallic complexes
in hydrocarbon conversion. This can be through the design and synthesis of novel catalysts
that are more efficient, active and highly selective. The study of heterometallic
organometallic complexes in catalysis is still a novel area that warrants further

. L1314
investigation.'™
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Catalysis dates back to the 18" century and has developed to become an inter-disciplinary
science, making immense contributions in the fields of chemical engineering, organic
chemistry and inorganic chemistry.'>'® Catalytic systems can be divided into two types,
heterogeneous and homogeneous catalysis (Table 1.1).'”'® These are easily distinguished by
the different phases present during a reaction. Moreover, of particular interest is the
cumbersome separation and recovery of catalyst from the product and solvent that

differentiates homogeneous catalysis from heterogeneous catalysis.

Table 1.1 Comparison of homogeneous catalysis against heterogeneous ca‘[alysis.”’18
Property Homogeneous catalysis Heterogeneous catalysis

Phase Liquid Solid/liquid ; Solid/gas

Activity Moderate High

Selectivity High Low

Working temperature / Low (<250 °C) High (250 — 500 °C)

thermal stability

Catalyst recovery Difficult and expensive Easy and cheap

Product separation Difficult Easy

Diffusion problems Facile May be encountered

Resistance to catalyst High Low

poisoning

Heat transfer Easy Can be problematic

A number of factors are often considered when choosing a catalyst, which include:
selectivity; lifetime/ longevity; recyclability, and; loading (amount of catalyst required). A
catalyst with good selectivity will yield a high proportion of the desired product with
minimum amounts of the side product. Homogeneous catalysts possess good
chemoselectivity as well as good regioselectivity characteristics. The high selectivity of
homogeneous catalysts makes them ideal for applications in industry and academia. This has
contributed to increased interests in homogeneous catalysts and their applications in

19-22

carbonylation (for example, the Monsanto process) ~°, hydrogenation (for example,

23-25 26-28

Wilkinson catalyst) and hydroformylation reactions.

However, due to the drawbacks of homogeneous systems in the recovery of the often

expensive organometallic catalysts, research has led to a combination of the two systems to

2
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subdue the disadvantages of a homogeneous system with the advantages of a heterogeneous
system. The ultimate goal is to bridge the gap between the two systems through a highly
selective system that can operate under mild conditions and offer facile catalyst separation

from the product.'®*

Several approaches that have been developed are based on catalyst immobilisation onto
organic or inorganic supports and immobilisation in biphasic systems (catalysis using two
different phases). Employing the former comes with disadvantages of possible leaching of the
metal from the catalyst-support matrix into the product, degradation of the support as well as

29-32 In

a constrained catalyst which impacts negatively on its mobility for effectiveness.
contrast, biphasic catalysis does not only counteract the disadvantage of catalyst separation
associated with homogeneous systems but also creates a balance of the advantages of both

heterogeneous and homogeneous processes.

1.2  Biphasic Catalysis

Biphasic systems involve the immobilisation of the homogeneous catalyst into another phase,
with the catalyst retaining its superior homogeneous catalytic activity and selectivity. The
metal catalyst is heterogeneous with respect to the reactants, but the reaction (at an elevated
temperature and pressure) occurs in a homogeneous environment. On completion of the
reaction, the heterogenised catalyst remains in one phase whereas the product is in the other

phase, enabling facile separation of the catalyst for recycling.’*’

Various combinations of solvents can be used to create biphasic media, for example,
supercritical carbon dioxide — ionic liquids (IL), fluorous — organic and aqueous — organic, all
of which have been explored as support media for catalyst immobilisation in biphasic

systems (Table 1.2).°%*%
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Table 1.2 Common solvents for biphasic systems, their properties and applications.

30,33,34

Common solvents used

Suitability properties to green

Applicability of solvent in

in biphasic systems chemistry principles and | biphasic system
immobilisation of metal
complexes
IL = Good stability. = Hydroformylation.
= Low volatility. = Hydrogenation.
= Ease of modification = Oxidation.
= Highly polar and suitable =  Cross coupling.
for immobilisation of = Metathesis.
polar complexes.
ScCO, = Reduced diffusion = Hydroformylation.
constraints. = Hydrogenation.
* Good catalyst solubility. = Cross coupling.
= Ease of catalyst = Hydroxylation.
separation from reaction
products.

Fluorous solvents

= Low polarity and low
miscibility  with
polar organic solvents at
room temperature.

non-

= Inflammable, Low
toxicity.

= Chemically Inert and
resistant to oxidation.

= Readily dissolve gases
such as oxygen, carbon
dioxide and hydrogen.

= Hydroformylation.
= Epoxidation.

=  Cross coupling.

= Oxidation.

Water

= Highly polar and good
solvent for many gases.

= Abundant and relatively
cheap.

= Non-flammable and non-
toxic.

= Immiscible with most
organic solvents.

= Hydroformylation.
= Telomerisation.
= Hydrogenation.
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The use of eco-friendly support media and the ability of biphasic catalysts to be recyclable

reduces the problems associated with the waste generated, in line with green chemistry

principles (Figure 1.1).**7’

inherently safer
chemicals for

accident prevention. .
atom economy. prevention.

less harzadous chemical
synthesis.

real-time analysis for
pollution prevention.

design for degradation. L
reduce derivatives.

highly selective catalytic use or renewable

reagents. feedstocks.

design for ernegy

designing safer chemicals. efficiency.

safer solvents and
auxillaries.

Figure 1.1 Illustration of the 12 Principles of Green Chemistry.”

The use of water as a “green” second phase solvent owes to its various properties as an
environmentally friendly, relatively inexpensive, abundant, non-flammable and non-toxic
solvent. Moreover, water is immiscible with a wide range of organic solvents, a property
ideal for separation of a water-soluble catalyst from the hydrophobic reaction products. There
is prevention of pollution and waste through the use of eco-friendly solvents (water) and

atom-economical processes (hydroformylation).

1.3 Hydroformylation

The hydroformylation process, also known as the “Oxo process”, was discovered by Otto
Roelen in 1938 on his investigation of the oxygenated products that occurred in Fischer-
Tropsch reactions.”®*” Hydroformylation is an organometallic complex catalysed addition of

syngas to olefins leading to aldehydes. The reaction (Scheme 1.1) has an economical
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advantage as the entire reagent atoms are converted to products, a mixture of isomers n-
aldehydes (linear), and iso-aldehydes (branched).*” Moreover, hydroformylation utilises the
easily accessible syngas as its main reagent, making the process more economically
favourable as the reagent can be produced from many sources (biomass, coal, natural gas,

etc.).

catalyst CHO )\
—y> R/\/ + R

)

coO + H, CHO

R= alkyl, aromatic group

Scheme 1.1 Hydroformylation of olefins.

The first industrial hydroformylation process was based on a cobalt carbonyl complex
H[Co(CO),]. The cobalt-based catalyst had certain drawbacks which included: i) the need for
high temperature and pressure to attain average linear selectivity of 80%, ii) formation of
unwanted cobalt clusters on industrial reactors, and iii) ease of volatility of the catalytically
active species (making catalyst separation and recovery difficult through the conventional
distillation process). With growing research interest in hydroformylation, modified cobalt and
rhodium-based catalysts were introduced and exhibited improved activity as well as higher
selectivity and activity under milder conditions respectively.”® Use of other transition metal
complexes was to follow, though to a lesser extent. These included complexes of iridium,
ruthenium, osmium, platinum and palladium. Hydroformylation has become highly important
since further conversion of the resultant aldehydes leads to valuable consumer products in the

. . . . 3942
cosmetics, bulk or fine chemicals industries.

1.3.1 Mechanism for the rhodium-catalysed hydroformylation

Rhodium is a rare, relatively expensive metal and probably one of the most important
transition metals for industrial catalysis applications.* Organorhodium is characterised with
the ease of oxidative addition to tetra coordinate rhodium(I) and the reductive elimination
from octahedral rhodium(III). Such redox reactions bring about the powerful catalytic activity
of organorhodium complexes to catalyse a wide range of organic transformations such as

hydroformylation, hydrogenation, hydroborations, to mention a few. It is the metal of
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preference in transition metal catalysed hydroformylation processes due to its high reactivity

and regioselectivity. Unmodified transition metals generally exhibit activities in the order:**
Rh >> Co > Ir, Ru> Os > Pt > Pd >> Fe > Ni

The catalytic cycle for this mechanism (Scheme 1.2) can be described by the
hydroformylation of a-olefin with [HRh(CO)L;], where L is PPh;.*

The catalytic cycle begins with the 16 electron Rh-H fragment (1.21) followed by the
coordination of an olefin to a vacant coordination site on Rh to form a 5-coordinate
intermediate (1.22). Migratory insertion of olefin into Rh-H gives rise to a 4 coordinate Rh-
alkyl compound (1.23a) or (1.23b) which coordinates a molecule of carbon monoxide in
(1.24a) or (1.24b). Migratory insertion of CO into the alkyl ligand results in a Rh-acyl
complex (1.252a) or (1.25b). Anti-Markovnikov addition of hydride onto compound (1.25b)
gives the linear aldehyde product whereas Markovnikov addition onto compound (1.25a)
leads to the branched aldehyde product. The hydrogenolysis of the Rh-acyl complex is also
accompanied with the regeneration of the Rh-H complex (1.21).* The selectivity of the
hydride addition is controlled by the hydride acidity and the steric constraints of the ligands.
It is therefore expected that sterically demanding ligands such as triarylphosphines will be

more inclined to the formation of linear aldehydes through anti-Markovnikov addition.

R«(&O EMR .
" M

|
L—lllh—L

L-Rh-L CcO
Co co (1.25b)
(1.252) (1'21) R .
Branched Product ( Linear Product
Cycle / | Cycle
R R
~L R
OC-Rh’, L, L R
oL " Rh— ||
CcO L/ | R /lllh—CO
(1.24a) R\( / co L So
V> / (1.22) \ / (1.24b)
L-Rh-L
CIO L—lllh—L
co o
(1.23a) co
(1.23b)

Scheme 1.2 Mechanism of Rh-catalysed hydroformylation.45
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The bias towards aldehydes (chemoselectivity) as well as the ratio of linear to branched
aldehydes (regioselectivity) has a huge bearing on the catalyst evaluation for industrial
applications. This can be fine-tuned by varying a number of factors such as pressure,

temperature, solvent/ support system as well as ligand modification.***’

The modified Wilkinson-rhodium-based catalyst introduced in the 1970’s [HRh(CO)(PPh;)s]
was only suitable for low boiling/ short chain olefins.'® The catalyst decomposed at the high
temperatures required for distillation of the high boiling/ long chain olefins. Moreover, the
poor solubility of the long chain olefins in polar and greener solvents such as water
necessitated a new approach to conducting the hydroformylation of the high molecular
weight olefins. This led to further ligand modification (discussed in the following section) so
as to solubilise the catalyst in the polar solvent for implementation in an aqueous biphasic
catalytic system.*™* This would immobilise the catalyst in the aqueous phase (good for
catalyst recovery and product separation) as well as achieve functionalization of long chain

olefins.

1.4 Aqueous biphasic media in hydroformylation

Aqueous biphasic systems represent the more widely studied method of biphasic

: 1
catalysis.”*

The technique was first applied at an experimental level in olefin
hydroformylation by E. Kuntz at Rhone-Poulenc, and later commercialised by Ruhrchemie.
This two-phase catalysis, formerly known in the industry as the Ruhrchemie/Rhone-Poulenc
‘ox0’ process, is currently the OXEA Process.” %3

soluble rhodium metal complex [Rh(H)(CO)(TPPTS)s], (Figure 1.2).>*

The process is based on the water-
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Figure 1.2 Water-soluble catalyst used in the Ruhrchemie/Rhéne-Poulenc process.”

The catalyst is obtained by ligand modification of the conventional rhodium metal complex
[HRh(CO)(PPhs);] mentioned in the previous section.’® The sulfonated triphenylphosphine
ligands impart solubility to the metal complex, due to the water-soluble sulfonate group.
Various highly polar-substituents (—SO3;H, —OH, —-COOH or —NH,) or their salts can be
incorporated into ligands to achieve water-soluble complexes.”” Varying the nature and
number of the substituents as well as the conditions of reaction allows for the manipulation of

the two-phase technique to the desired ratio of hydrophilic and hydrophobic properties.*®

To initiate and effect the catalytic reaction, the two immiscible phases (aqueous and organic)
are brought into contact by vigorous stirring and application of heat and pressure (Figure 1.3).
On completion of the reaction, the product (in the organic phase) is separated from the water-
soluble catalyst by simple decantation, allowing for the recycling of the catalyst-containing

41,57,58
aqueous layer.” "

This separation and recovery technique is appealing in the
hydroformylation of long chain alkenes whose aldehydes are of high boiling point and cannot
be recovered without decomposition and/ deactivation of the catalyst when conventional
thermal techniques such as distillation are employed.’® Moreover, such value-adding efforts

aid in the recovery of the expensive and ever-diminishing transition metal catalysts. >
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Figure 1.3 Illustration of aqueous biphasic catalysis.”’

catalystrecycling

The continued modification of the water-soluble [Rh(H)(CO)(TPPTS);] catalyst has given
rise to more promising catalytic species with good activity and selectivity towards the

hydroformylation of higher olefins.

Chaudhari and co-workers investigated the use of triphenylphosphine as a promoter ligand in
the [Rh(H)(CO)(TPPTS);] metal complex for hydroformylation of 1-octene.®” Using their
approach, the interaction of the catalyst complex with the poorly water-soluble substrate is
improved by the coordination of the hydrophobic promoter ligand to the organometallic
catalyst (Figure 1.4) through ligand exchange. The hydrophobic triphenylphosphine ligand
has an effect of drawing the resultant mixed-ligand complex [Rh(H)(CO)(TPPTS)s«(TPP)y]
to the aqueous-organic inter-phase layer. There is an increased catalyst concentration in the
aqueous-organic boundary thus enabling the new catalytic species to access the reactants
present in the organic phase in significantly higher concentrations with respect to the aqueous

phase. An overall reaction rate enhancement by a factor of 10-50 was realised.®’

10
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Figure 1.4 Illustration of a promotion in higher olefin hydroformylation.®’

Barricelli and co-workers carried out a comparative study of rhodium-catalysed
hydroformylation of C¢ alkenes and alkene mixtures in homogeneous and aqueous biphasic
media using PPhs, TPPTS and TPPMS ligands.®' In their study, they determined that the side
reactions emanating from isomerisation of the olefins could be suppressed by using higher
but reasonable pressures (50 atm), and the aqueous biphasic systems of [RhH(CO)(TPPTS);]
and [RhH(CO)(TPPMS);] can be employed under moderate reaction conditions. These could
in the future be used as alternatives for the treatment of naphtha as well as for addressing

related fuel upgrading issues.

Water-soluble bidendate ligands have also been shown to possess good catalytic activity. For
example, Matsinha and co-workers reported on the water soluble Rh(I) mononuclear
complexes in the aqueous biphasic hydroformylation of 1-octene (Figure 1.5).” The
sulfonated salicylaldimine Rh(I)-based complexes posted good selectivity as well as good
catalytic activity and could be recycled up to 5 times. The presence of the chloro- and
methyl- groups did not have any significant effect on the chemoselectivity of these catalyst
precursors. The bulky tertiary-butyl substituent imparts steric crowding around the metal

centre, driving the regioselectivity to the linear aldehyde (nonanal). Hager and co-workers

11
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also observed similar behaviour with the bulkier tertiary-butyl substituent of similar

compounds.®

SO;Na
Oy
R
Rh—O
ﬁY\A
R=H,X=H
R=H, X =CH,
R=H,X=Cl
R='Bu, X=H

Figure 1.5 Water-soluble sulfonated salicyldimine complexes used in the aqueous biphasic

hydroformylation of 1-octene.”

Aqueous biphasic catalysis is often confounded by phase transfer limitations, catalyst
leaching to the organic layer, as well as poor substrate solubility in water. These factors result
in low reaction rates and low selectivity of a catalyst. Cyclodextrins have been applied to
improve on the reaction rates through their ability to transfer the substrate (often applied for
longer chain olefins in hydroformylation) from the organic phase to the aqueous phase during
the reaction.®* Cyclodextrins have extended to a wide range of reactions involving biphasic

media, leading to better activity, selectivity and recyclability.>’®

1.4.1 Cyclodextrins for aqueous biphasic hydroformylation

Cyclodextrins are a class of cyclic oligosaccharides that are often used to improve mass
transfer in aqueous-organic biphasic media (Scheme 1.3). Their classification depends on the
number of D-glucopyranose units and these constitute the a-cyclodextrins (six), -
cyclodextrins, (seven) and the y-cyclodextrins (eight). The B-cyclodextrins are mostly used
because they are readily available, lowly priced and possess the optimal size for the cavity
compared to the a- and y-cyclodextrins. The larger aperture (as in y-cyclodextrins) and the

smaller aperture (as in o-cyclodextrins) often results in low conversions.”**

12
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Scheme 1.3 Typical olefin hydroformylation reaction using cyclodextrins.

Their use in aqueous biphasic media stems from the unique structure, that is, the hydrophobic
core (inner surface) for inclusion of the organic substrate and the hydrophilic exterior for
interaction with water during the reaction. These interesting compounds of supramolecular
structure can be chemically modified to: 1) improve on the rates and selectivity of reactions in
water, i) stabilise the catalytic species in water, iii) improve on the cyclodextrin inclusion
complex properties, iv) afford new water-soluble catalysts, v) reduce the catalyst leaching,

and vi) perform substrate-selective catalytic reactions.®

The organometallic catalyst can
come into contact with the substrate at the water/organic interface or contact can be in the
aqueous phase through inclusion of the substrate in the core of the cyclodextrin or modified

cyclodextrin.

Monflier and co-workers reported on the functionalisation of water-insoluble olefins in the
rhodium catalysed aqueous biphasic hydroformylation of 1-decene assisted by chemically
modified B-cyclodextrins (to improve mass transfer between organic and aqueous phases).*
Excellent conversion (95%) and high reaction rates were registered with a methylated-p-
cyclodextrin, compared to non-modified B-cyclodextrin. Lower reaction rates were registered
in the absence of the native B-cyclodextrin. The effectiveness of the chemically modified B-
cyclodextrin was ascribed to the solubility in both aqueous and organic phases, allowing
inclusion of the organic substrate and facile release of the undecanal product (for the cycle to

g0 on).

Other well documented approaches of achieving water-solubility for high molecular weight

substrates and in-turn good reaction rates and selectivity are through thermoregulated

13
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8694

transfer as well as use of surfactants.”'® These techniques are important for industrially

explored reactions such as hydroformylation.

Whereas conventional metal-based catalysts consist of a single metal centre, it has been
found that introducing a second metal has the effect of enhancing catalytic activity compared
to the mononuclear analogues.'® This is due to the unique cooperative interactions that may

exist between proximate metal centres.

1.5 Bimetallic complexes

Synthetic chemists continue to extend the design of catalysts to mimic naturally occurring
metal-containing enzymes (bearing two or more active sites).'’”'®® These synthetic catalysts
are designed in a way that imitates the characteristics of biocatalysts, having synergistic and

cooperative effects between bimetallic active sites contained therein.

Park and Hong reported a detailed structural review on the classification of different kinds of

1% The cooperative effects of the metal centres

bimetallic catalysts (eight types), (Figure 1.6).
are realised most efficiently when the two metals are in close proximity (optimum separation
of 3.5 — 6 A), with one metal acting as a Lewis acid for activating electrophiles, while the
other metal ion serves as the counterion of nucleophiles.''” At the optimum separation, even
without direct interactions between the metal centres, their close proximity will allow
interaction of the substrate with both metal centres or close binding of two reactants to the

adjoining metal centres.
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Figure 1.6 Illustration of bimetallic catalysts, where S: substrate, M: metal, and R:

1
reactant. 09

Combining multiple catalytic sites into a single ligand structure can improve the reactivity of
a catalytic system through induced cooperative activation, selective substrate binding, and
improved catalytic efficiency (activity and/or selectivity). The metals can either be the same

(homobimetallic compounds), or different (heterobimetallic compounds).''*'"

Stanley and co-workers have used a racemic bimetallic rhodium complex rac-
[Rhy(nbd),(et,ph-P4)](BF4), (nbd = norbonadiene, et = ethyl, ph = phenyl) for the
hydroformylation of 1-hexene, giving both a higher rate of reaction and higher
regioselectivity for linear aldehydes compared to the same reaction with the Rh/PPh; which is
considerably slower and less selective.''? They proposed a catalytic cycle that entails an
intramolecular transfer of a hydride from one rhodium centre to the other centre which
contains the acyl chain, resulting in the aldehyde. The close proximity of the metal centres

permits such a transfer.

Where different metals have been used (as in heterobimetallics), the two metals are often
expected to perform different functions. This allows for selective functionalisation of the

substrate.
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1.6 Heterobimetallic complexes

Unlike homometallic systems, cooperation between two different metals in heterobimetallic
organometallic complexes offers a more diverse application of multimetallic systems, since
the two metals can perform different tasks.''*"'7 One metal can act as the catalytic centre
whereas the second metal can serve as a reservoir for electrons, stabilising the electron
density around the catalytic centre. '8! Quch cooperative interactions between the

metals depend on the proper arrangement of the different metals in close proximity.

The redox active, chemically robust and synthetically versatile ferrocene has been studied in
heterobimetallic complexes with other active metal centres bound by various ligand
structures. Phosphorus donor sites have been dominantly used to provide the required
modification of the ferrocene moiety.'?’ Moreover, ferrocene is an ideal structural motif for
application in heterobimetallic complexes owing to its good thermal stability as well as its

. . . . 121
high tolerance to moisture, air, and in a number of reagents.

Trzeciak and co-workers reported the hydroformylation of 1-hexene using mono- and
bidentate complexes of Rh(I) with 1’-(diphenylphosphino)ferrocenecarboxylic acid.'”* The
catalysts showed good chemoselectivity for aldehydes (approximately 80%) under mild
reaction conditions (80 °C, 10 bar). The ferrocene moiety served as a support for varying the
stereoelectronic properties of the substituents through phosphine and phosphite modifying
ligands. The ferrocene-based strong o-donor phosphines revealed reduced chemoselectivities
for aldehydes, in contrast to the m-acceptor phosphites. The activity and selectivity can be
tailored by the substituents on the ferrocenyl moiety of the complexes and this has been

observed in similar ferrocenyl-Rh(I) catalytic systems.m*126

The versatility of ferrocene as a result of its rich chemistry, stability and redox properties has
seen growing interests for its use as a backbone for phosphines in hydroformylation.'*''*’
Since the development of the phosphorous containing Wilkinson catalyst [RhCI(PPhs)s], the
development of new phosphines has been a focus for synthetic chemists.'** Hey-Hawkins and
co-workers prepared heterobimetallic complexes of Rh(I) with a series of ferrocenyl-
substituted phosphaheterocycles bearing sulphur and oxygen atoms (to influence electronic

12 The premise of their study was on the versatility of ferrocene as well as the

properties).
bulky phosphorus ligands which might offer improved selectivity. The oxygen containing

ferrocenyl-substituted phosphaheterocycle (Figure 1.7) was evaluated as a ligand for in situ
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monophasic (in toluene) hydroformylation of various substrates (styrene, 1-hexene, ethyl
methacrylate and dimethyl itaconate) catalysed by [Rh(acac)(CO),]. The heterobimetallic
catalytic species showed an increased reactivity and regioselectivity for branched aldehydes
with respect to ethyl methacrylate, a significant improvement over when [Rh(acac)(CO);]

was used without the ferrocenyl ligand.

NM62
O
)
% ~o
l
Fe

<

Figure 1.7 The ferrocenyl-phosphaheterocycle ligand used for in sifu hydroformylation

reactions.

The flexibility of a ligand has also been proven to influence selectivity in the
hydroformylation experiments conducted with 1-octene substrate. Bourissou and co-workers
reported the hydroformylation of 1-octene using in situ generated heterobimetallic pre-
catalyst formed from [Rh(acac)(CO),] with the flexible ferrocenyl-based ambiphilic ligand as
well as a rigid phosphine-borane system (1 and 2 respectively, Figure 1.8)."*° Good
selectivity for nonanal (72%) was obtained with the ferrocenyl based ligand. In the same
study, similar results were obtained with a related borane-free ligand
(diphenylphosphinoferrocene). This suggests that the observed linear product selectivity was
not sterically influenced by the BMes, substituent group. Moreover, further hydroformylation
experiments with the rigid phosphine-borane ligand (that is, in the absence of ferrocene) gave
reduced activity and selectivity (54% linear product), revealing the influence of ferrocene to
the selectivity for linear aldehydes in the heterobimetallic system. Hughes and Unruh also
reported increased linear selectivity with similar flexible and rigid ligands in the

hydroformylation of 1-hexene."!
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Figure 1.8 Flexible (1) and rigid (2) ligands used for the hydroformylation of 1-octene.

Increasing the nuclearity of a catalyst is another avenue that is at its infancy; the research is
slowly gathering momentum (discussed in the section to follow). Having multiple active
centres has the effect of improving on reaction rates. Moreover, steric effects due to the
bulkiness of a multinuclear structure can be fine-tuned to manipulate the selectivity of a

catalyst. This is being explored through metallodendritic structures.

1.7 Metallodendrimers

Metallodendrimers are large highly branched macromolecular structures that incorporate

132 The metals

metals into dendritic arms propagating from the core of the dendrimer.
anchored onto the dendrimer surface act as multiple catalytically active sites, allowing for
enhanced catalytic activity over monometallic catalysts. These structures of unique

conformation have been largely explored for biological and catalytic applications.'**'**

Fonseca and co-workers investigated the hydroformylation of 1-hexene and naphtha using a
water-soluble [RhCI(CO)(PySOs;Na);] complex. The complex exhibited good catalytic
activity for both substrates as well as good regioselectivity to the linear aldehyde for 1-

139
hexene.

Water-soluble rhodium based metallodendrimers have also been developed for catalytic
applications.'*® Hager and co-workers investigated the aqueous biphasic hydroformylation of
I-octene using complexes of [RhCI(COD)], with dendritic ligands based on tris-2-(5-
sulfonato salicylaldimine ethyl)amine and DAB(5-sulfonato salicylaldimine).”’ Thermal and
pressure regulated selectivity was observed through varying the conditions of pressure and
temperature. Also reported is the good recyclability of the catalyst precursors over at least

five cycles and consistent chemoselectivities as well as regioselectivities throughout the
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cycles. However, the dendritic complexes did not show any improved catalytic activity over
their mononuclear counterparts, an observation they attributed to poor stability of the

macromolecular structures in water.

Gong and co-workers prepared water-soluble dendritic ligands of phosphine on PAMAM

140 . :
These were evaluated as aqueous biphasic

molecular surface complexed with Rh(I).
catalysts for the hydroformylation of styrene and 1-octene. The phosphonated PAMAM
dendrimers revealed good regioselectivity towards iso-aldehydes (i/n, 15:1) when used in the
hydroformylation of styrene. The branched iso-aromatic aldehydes are of significance as
intermediates in the pharmaceutical industry. Hydroformylation of 1-octene was however
characterised with poor iso-aldehyde selectivity of 1:2. The water-soluble Rh(I)
metallodendrimers showed high iso-aldehyde selectivity in the hydroformylation reactions of
both substrates (styrene and 1-octene) compared to the mononuclear TPPTS-based Rh(I)

141
1

complexes reported by Cornils and Kuntz*, and Hanson et a respectively. Similar

behaviour has been reported with the organic mono-phase hydroformylation using dendritic

- - 133,142-144
complexes and their monomeric analogues.

While the use of metallodendrimers in hydroformylation is yet to make profound
breakthrough over their monomeric analogues, efforts to fine-tune dendritic catalytic
properties through a tailor-made systematic adjustment of their structure, solubility, shape

and size remain of interest.

1.8 Motivation for this study

Combining rhodium complexes with the chemically robust and redox-active ferrocene to
form new water-soluble heterometallic complexes is of interest. This is in view of the
continued pursuit towards the design of new organometallic complexes that possess
intriguing properties. It is hypothesised that the heterometallic complexes would fuse together
the well-known high catalytic activity and selectivity properties of rhodium complexes with
the versatile properties of ferrocene. Application of such complexes in the aqueous-organic
biphasic hydroformylation reaction of higher olefins from an efficient catalyst design and
green chemistry perspective is also intriguing. Moreover, despite the known improved
reactivity of catalyst systems containing two or more metals as compared to their

monometallic counterparts, application of heterobimetallic systems in catalysis is still at its
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infancy. There is minimal documentation about heterometallic systems in hydroformylation,
prompting our interest to investigate the application of heterometallic systems as

hydroformylation catalyst precursors.

1.9 Summary/ Concluding remarks

Hydroformylation is an industrially significant catalytic reaction that supplies aldehydes for a
wide range of downstream applications, such as in the polymer industry (plastics),
pharmaceuticals, soaps and detergents industry, to mention a few. Industrial application of
the reaction for long chain olefins is limited by the poor solubility of the olefins as well as the
associated recovery challenges of the products and the catalyst (for recycling). The use of
biphasic media serves as a support for the catalyst and the substrate. Moreover, the products
and catalyst are easily recovered by simple phase separation techniques. New ligand design
and synthesis continue to be explored as a means to improve reaction rates and selectivity of
catalysts. Natural metalloenzymes (bearing two or more metals) display improved rates for
catalysis, and this has served as a platform to design catalysts bearing two or more metals for
application in aqueous biphasic hydroformylation. Different metals anchored on an organic
framework can perform different tasks in a heterobimetallic catalytic species, allowing
manipulation of the rate and selectivity. In light of the minimal available research findings on
enhancement of catalytic activity through heterometallic catalyst systems, research pertaining

to these systems is slowly gathering momentum.

1.10 Research Aims and Objectives

1.10.1 General Aims

The aim of this project is to design, synthesise and characterise water-soluble ferrocenyl-
rhodium heterometallic organometallic complexes, and to evaluate their effectiveness as

aqueous biphasic hydroformylation catalysts.
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1.10.2 Specific Objectives

e Syntheses and characterisation of water-soluble sulfonate ligands.*®

NH, 3
= s N _ 220
OHCQ HO R HO R
- H,0
HO R

it) Glacial CH;COOH/ EtOH

SO3Na

OHC

R=H, ‘Bu

HO R
Scheme 1.4 Syntheses of water-soluble monosulfonate ligands.
e Syntheses and characterisation of 5-sulfonatosalicylaldimine ligands.
NaO;S NaO,S
HzN - NH2H2O
CHO >
\ N— NH2
OH R OH
R =H, ‘Bu

Scheme 1.5 Syntheses of water-soluble hydrazone-based ligands.

e Syntheses and characterisation of sulfonatosalicylaldimine-ferrocenylimine

mononuclear complexes.

SO3N3
NaO;S CHO
o, T e
AN | | HO R
N—NH, + Fe — Fe

R OH

@ @ R=H, Bu

Scheme 1.6 Syntheses of water-soluble ferrocenylimine mononuclear complexes.

21



Chapter 1 Review on Water-Soluble Complexes in Catalysis

e Syntheses and characterisation of heterobimetallic sulfonatosalicylaldimine-

ferrocenylimine-Rh(I) complexes.

SO3Na SO3Na
B e
| HO R 0.5[Rh(COD)CI], | [ R
Fe > Fe Rh—O

@ @ ﬁl& R,=H, ‘Bu

Scheme 1.7 Syntheses of water-soluble ferrocenylimine-Rh(I) heterobimetallic complexes.

e Syntheses and characterisation of formylated ferrocenylimine mononuclear

complexes.
SO;Na
NaO;S CHO
O T G
N | HO R
@ SCE7 R =H, ‘Bu
OHC

OHC

Scheme 1.8 Syntheses of water-soluble formylated mononuclear complexes.

e Syntheses and characterisation of formylated ferrocenylimine-Rh(I) heterobimetallic

complexes.

SO;Na SO;Na

HO R 0.5[Rh(COD)CI], [

%

Rh—O R

;i; ' 4
—
OHC OHC [Yd R =H, Bu

Scheme 1.9 Syntheses of water-soluble formylated heterobimetallic complexes.

-
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e Syntheses of low generation water-soluble heterometallic dendrimers based on DAB.

N —NH,

SO3N3 NaO3

O\Rh

l 1 ﬁj @?

o@ ;

O — DAB-G1 bﬁ @\O

R =H, Bu

Scheme 1.10 Syntheses of water-soluble DAB-G1 metallodendrimers.

e Evaluation of the water-soluble complexes as potential catalysts for the aqueous

biphasic hydroformylation of 1-octene.
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Chapter 2

Synthesis and Characterisation of water-soluble mononuclear and

heterobimetallic complexes

2.1 Introduction

The design and modification of ligands in synthetic chemistry continues to be explored in
various avenues, some of which are tailored for catalytic transformations as well as biological
potency (cancer, malaria, tuberculosis, etc).’ A ligand can be designed to act as a support for
the metal centre as well as to impart unique steric, electronic and solubility properties to the

complex. In all cases, the ease of ligand design plays an important role.

Schiff base ligands are very popular because of their good stability and versatility in
organometallic chemistry.® Schiff base ligands are synthesised in a condensation reaction
between an amine and an aldehyde or ketone, producing imines. These have been extensively
used in the synthesis of coordination compounds for catalysis and biological applications.”
Good catalytic properties of complexes from Schiff base ligands have been reported in

. 10,1
literature.”' %"

Modification with hydrophilic substituents enables solubilisation of ligands and consequently
complexes in aqueous media.”'**® Such characteristics are quite beneficial for catalytic
reactions which are carried out in water, such as the hydroformylation of olefins in a two
phase aqueous-organic media. This enables retention of the water-soluble catalyst precursor
in the aqueous layer and facile separation of the product from the catalyst, consequently

bringing about huge economical, and ecotoxicological benefits.

Recent efforts in ligand design and modification involve the use of heterobimetallic structures
that possess intriguing chemical and biological characteristics. The ability to mimic
metalloenzymes (bearing two or more active sites) in the design of organometallic complexes
for both catalytic and biological applications is important in the advancement of science.”' As

an extension to our previous work involving water-soluble Rh(I) complexes bearing chelating
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N,O-bidentate ligands for catalysis,” we were prompted to introduce a second metal into the
complexes. The premise behind this approach is that the addition of another metal confers
unique and intriguing chemical and catalytic behaviour through cooperative interactions that

may exist between the different metal centres.

Widely studied for its redox activity, versatility, and stability as an ancillary ligand, ®*

ferrocene moieties can be modified through incorporation into Schiff base ligands.® When
tailored together with known Schiff base ligands, ferrocene can be highly beneficial in acting
as an electron reservoir as well as in stabilising the main catalytic centre. Owing to the good
activity and selectivity of rhodium based complexes in hydroformylation, a combination of
the bidentate-coordinated rhodium centre with the chemically robust ferrocene may prove to
be beneficial. Moreover, ferrocene conjugates targeting cancer cells and malaria have been

23-31

widely reported in literature. This shows the versatility, stability and adaptability of

ferrocene in various applications.

In this chapter, we discuss the synthesis and characterisation of ferrocenyl mononuclear and

ferrocenyl-rhodium heterobimetallic complexes.

2.2 Synthesis and characterisation of S5-sulfonato salicylaldehydes (2.1
and 2.2)

The sulfonated ligands 2.1 and 2.2 (Scheme 2.1) were synthesised following previously
described literature procedures.” The respective commercially available salicylaldehydes
were reacted with aniline to isolate 2.1 and 2.2 via a series of aldehyde group protection,

sulfonation and acid-catalysed imine hydrolysis reactions.
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NH,
@S D o NF@
OHC —_— N HO R#’ HO R
HO R

i) Glacial CH;COOH/ EtOH

SO3Na

OHC 21,R=H

HO R 2.2, R="Bu

Scheme 2.1 Preparation of monosodium 5-sulfonato salicylaldehydes 2.1 and 2.2.

In the first step, the aldehyde was reacted with aniline through a Schiff base condensation

reaction, affording N-phenyl-salicylaldimine. The reaction follows the mechanism in Scheme

2.2.

~
s, /C\Q/H
R N u” R; T—H
R,
H H\g/H :OH
H. | H
HO + (I: \C, A >C\
2 N - _
Rl/ \N—R2 Rl/ \N_Rz & T H

Scheme 2.2 Mechanism of a Schiff base condensation reaction.

The N-phenyl-salicylaldimine was isolated as a yellow crystalline solid in good yield in the
reaction step leading to 2.1 and as a yellow oil in the reaction step leading to 2.2. The signals

in the '"H NMR spectrum of the crystalline solid correlate with literature,” showing a
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characteristic signal for the imine proton at 6 = 9.98. All the other aromatic protons are

accounted for in their expected regions between 6 = 8.19 and 7.15.

The first step (protection of the aldehyde) is necessary as the aldehyde group readily gets
protonated in the presence of sulfuric acid to form the oxocarbenium ion (Scheme 2.3). The
pi-bond of the aldehyde donates a pair of electrons as a base to the acidic proton to give the

conjugate acid, oxocarbenium ion, along with the conjugate base (the hydrogen sulfate

anion).
i
0—S—o0O
H/ N
A
R H
s N / NA— 7
=0 | c—of = =0+
H / .o H
H
HSO,

Scheme 2.3 Sulfonation of a deshielded aldehyde group.

In the second step, both the N-phenyl-salicylaldimine precursors to the salicylaldehydes 2.1
and 2.2 were reacted with concentrated sulfuric acid to effect sulfonation. The hydroxyl
group directs the sulfonate substituent to the para position, which is complemented by the
imine group, directing the sulfonate substituent to the meta position. As a result, sulfonation

is favoured at the 5-position of the aromatic ring.

Addition of base to the sulfonated N-phenyl-salicylaldimine precursors in step three, followed
by acid-catalysed imine hydrolysis affords the sulfonated salicylaldehydes 2.1 and 2.2. The
products (2.1 and 2.2) were isolated as crystalline solids in good yield {(beige, 62%) and
(light brown, 72.5%)} respectively and have moderate solubility in water {0.08 mg/mL (2.1)
and 0.072 mg/mL (2.2)}. These were characterised using 'H NMR, “C{'H} NMR, FT-IR

spectroscopy, elemental analysis (C, N, H, and S) and mass spectrometry.

The 'H NMR spectra for the sulfonated salicylaldehydes (2.1 and 2.2) display signals for the
aldehyde proton at 6 = 10.0 and J = 9.93 respectively as well as aromatic peaks in the region
of 0 = 8.19-7.14. In the 13C{1H} NMR spectra, the carbonyl carbons are observed in their
characteristic region at 0 = 196.9 (2.1) and 198.9 (2.2). The infrared (IR) spectroscopic results
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further corroborate the presence of the aldehyde functionality in 2.1 and 2.2 with the v(C=0
str.) absorption bands at 1660 cm™ and 1654 cm™ respectively. The v(O—H str.) absorption

bands are observed at 3431 cm™ for compound 2.1 and 3440 cm™ for compound 2.2.

2.3 Synthesis and characterisation of monosodium 5S-sulfonato

salicylaldimine ligand (2.3)

The new hydrazone-based monosodium 5-sulfonato salicylaldimine ligand 2.3 was prepared
by the Schiff base condensation reaction of hydrazine monohydrate with monosodium 5-
sulfonato salicylaldehyde 2.1 in dry ethanol. Ligand 2.3 was isolated in good yield (78%) as a
pale yellow solid (Scheme 2.4).

NaO3 S NaO3S
HzN_NH2H20> \
(6]
EtOH/ 45 °C/ 1 h N—NH,

OH OH
2.1 23

CHO

Scheme 2.4 Synthesis of monosodium 5-sulfonato salicylaldimine 2.3.

The ligand is soluble in water, dimethylsulfoxide and methanol and has been characterised
using elemental analysis (C, H, N and S), FT-IR, 'H NMR and “C{'H} NMR spectroscopy
as well mass spectrometry. Both the 'H NMR (Figure 2.1) and BC{'H} NMR spectra show
the presence of the imine proton/carbon at 6 = 7.94 ('H) and ca. 6 = 140 (°C{'H})
respectively and all the other expected aromatic protons (at 6 = 7.48, 7.37 and 6.75) and
carbon signals are observed. The proton at 0 = 7.48 (Hy) is the most deshielded aromatic
proton as it is adjacent to two electron withdrawing groups, viz. the imine and the sulfonate
groups. This proton is observed as a doublet with coupling constant *J = 2.0 Hz, indicating
long range proton-proton coupling with proton (Hg) at 6 = 7.36. The proton at 6 = 7.36 (Hy) is
seen as a doublet of doublets with coupling constants *J = 2.0 Hz and *J = 8.4 Hz due to
coupling with proton (Hy, long range coupling) and proton (H,) respectively. The COSY 2-
dimensional NMR spectrum confirms the observed coupling. The proton at 0 = 6.75 is the
most shielded and occurs upfield relative to proton (Hyq) and proton (Hg). The two amine
protons of the hydrazone moiety are in the same electronic environment and are thus

accounted for as a singlet occurring at 6 = 6.88 in the 'H NMR spectrum of 2.3.
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Figure 2.1 '"H NMR (DMSO-dg) spectrum for ligand 2.3.

The HSQC 2-dimensional NMR spectrum of ligand 2.3 was used to validate the assignment
of the carbons in the >C{'H} NMR spectrum of the ligand. The imine carbon is the most
deshielded carbon at (6 = 141.9, C;) in the spectrum. The carbon adjacent to the sulfonate
group is observed at (0 = 139.9, C.) as expected indicating deshielding due to the electron
withdrawing effects of the sulfonate group. The HSQC 2-dimensional NMR spectrum also
shows carbon (C,) at 6 = 119.0. The HSQC spectrum also permitted the assignment of the
aromatic carbons (0 = 126.62 Cq4, 6 = 125.99 Cy) as well as the carbon (Cy) which is assigned
downfield at 6 = 157.1.

In the infrared spectrum of the ligand 2.3, an intense stretching frequency characteristic of the
imine is observed at (V(C=N str.) 1619 cm™) and the spectrum does not show the aldehyde
absorption band ((C=0 str.) 1660 cm™) of compound 2.1. The difference in electronegativity
of oxygen (3.5) to that of nitrogen (3.0) leads to a reduced dipole moment, weakening of the
double bond character and consequently the observed shift from high frequency for C=0 to
lower frequency for C=N. Also observed in the spectrum are absorption bands corresponding

to v(N—H str.) at 3409 cm™ and v(O—H str.) at 3293 cm’.
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The ESI mass spectrum in the negative ion mode corroborates the formation of this ligand by
displaying a base peak for [M] at m/z = 215.01 where M is the anionic ligand. The ligand
has good solubility in water, (0.11 mg/mL).

2.4 Synthesis and characterisation of monosodium 5-

sulfonatosalicylaldimine-ferrocenylimine complex (2.4)

The mononuclear complex 2.4 was synthesised by the Schiff base condensation reaction of
ferrocenecarboxaldehyde with monosodium 5-sulfonato salicylaldimine ligand 2.3 in
methanol under reflux. The complex was isolated as a dark red solid in good yield (82%),

(Scheme 2.5).
SO;Na

NaO3 CHO /—Q
NN
N @ C;‘j N—NT
N=—NH, + Fe

| MeOH/ reflux/ 48 h
Fe >

= <&

OH

2.3 2.4

Scheme 2.5 Synthesis of monosodium 5-sulfonatosalicylaldimine-ferrocenylimine complex

24.

The mononuclear complex 2.4 is soluble in water (1.82 mg/mL, r.t.), methanol and
dimethylsulfoxide and has been characterised fully using elemental analysis (C, H, N and S),

FT-IR, '"H NMR and *C{'H} NMR spectroscopy as well mass spectrometry.

The 'H NMR spectrum of the mononuclear complex (Figure 2.2) shows the presence of two
imine signals as singlets at (6 = 8.82, Hy) and (6 = 8.64, H;) respectively. The ferrocenyl
group is more electron-donating than the phenyl ring, resulting in less deshielding of the
imine proton adjacent to the ferrocenyl moiety (H;) and occurs upfield relative to proton (Hp).
A hydroxyl proton singlet is also observed at 0 = 11.51 and three aryl proton signals (at 0 =
7.92, 6 = 7.60 and 0 = 6.90). The unsubstituted cyclopentadienyl protons (H.,) of the
ferrocenyl moiety occur in the same electronic environment and are observed as a singlet at §
= 4.27. The monosubstituted cyclopentadienyl protons are accounted for as two broad signals
integrating for four protons (at 0 = 4.78 and 6 = 4.57 respectively). Typically, these protons

resonate as a doublet or triplet but these cannot be observed on the given NMR timescale and
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these protons average out to one broadened signal over the same chemical shift. The signal
observed at 6 = 4.78 is assigned to the protons (Hy) as these are deshielded by the adjacent

electron withdrawing imine group.

f e SO3N3
o h g; §
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| a
Fe

<

m

Figure 2.2 'H NMR (DMSO-dg) spectrum for ferrocenylimine mononuclear complex 2.4.

Interpretation and assignment of the carbons of complex 2.4 was done using >C{'H} NMR
and HSQC 2-dimensional NMR spectroscopy. The spectra show that the imine carbon with
the most deshielded proton (Hy,) appears upfield (6 = 160.9 Cy) relative to the imine carbon (0
= 164.4 C;). The carbon (C)) is assigned at § = 77.7, whereas the carbon atoms in 2.4 are as
observed in the *C{'H} NMR spectrum of ligand 2.3.

The 2-dimensional COSY spectrum (Figure 2.3) was used to further corroborate the
assignment of the protons in the "H NMR spectrum of the complex. The spectrum shows
coupling of the protons (Hx and H;) of the substituted cyclopentadienyl ring, which are
observed as broad signals in the 'H NMR spectrum. The coupling of the phenyl protons in the
2-dimensional COSY spectrum of 2.4 is similar to that of the ligand 2.3.
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Figure 2.3 'H-'"H COSY 2D-NMR (DMSO-de) spectrum of complex 2.4.

The infrared spectrum of complex 2.4 displays an v(O—H str.) absorption band at 3440 cm™
as well as the characteristic imine absorption band v(C=N str.) at 1624 cm™ as an intense

band with a shoulder assigned to the second imine (Figure 2.4).

3500 3000 2500 2000 1500 1000

Wavenumber (cm™1)

Figure 2.4 FT-IR spectrum of complex 2.4.

The ESI mass spectrum was recorded in the negative ion mode and shows a base peak for

[M] ion at m/z =411.01, corresponding to the molecular weight of the anionic complex 2.4.
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2.5 Synthesis and characterisation of the monosodium 5-
sulfonatosalicylaldimine-ferrocenylimine rhodium(I) 1,5-

cyclooctadiene heterobimetallic complex (2.5)

The new heterobimetallic complex 2.5 was synthesised by reacting the mononuclear complex
2.4 (Scheme 2.6) with the Rh(I) precursor [Rh(COD)CI], (COD = 1,5-cyclooctadiene).
Coordination to the rhodium metal occurs in a bidentate chelating manner via the imine

nitrogen and hydroxyl oxygen of 2.4.

SO;Na SO;Na
@/\N Nf© @N — N7
HO 5[Rh(COD)CI], |
> _—o0
NaH/ DCM/r.t./ 16 h Fe }“i

2.4 Q GA 25

Scheme 2.6 Synthesis of the heterobimetallic complex 2.5.

The heterobimetallic complex was isolated as an orange solid in excellent yield (94%) and
has better solubility in water (16.7 mg/mL, r.t., 2.5) than its mononuclear counterpart (1.82
mg/mL, r.t., 2.4). The complex is also soluble in dimethylsulfoxide and methanol. This new
heterobimetallic complex has been characterised fully using elemental analysis (C, H, N and

S), FT-IR, "H NMR and "°C NMR spectroscopy as well mass spectrometry.

The "H NMR spectrum of complex 2.5 (Figure 2.5) does not show the hydroxyl proton which
is observed in the '"H NMR spectrum of 2.4 (6 = 11.51), confirming the deprotonation and
subsequent coordination of oxygen to the rhodium metal. An upfield shift of the imine proton
signals of 2.4 from (0 = 8.82 and 8.64) to 2.5 at (0 = 8.03 and 7.97) respectively is observed
in the '"H NMR spectrum, further confirming coordination to the metal. The shift may be
attributed to back-donation of electrons from the rhodium metal to the imine nitrogen,
therefore creating increased electron density in the imine functionality and consequently
exerting shielding effects on the imine protons. The aryl and the ferrocenyl proton signals of
2.5 are very similar to those previously observed for 2.4. The vinylic COD protons are
observed as overlapping signals in the same region as the protons in the unsubstituted

ferrocenyl moiety (0 = 4.33—4.18, H; + Hpnm). Though not observed in this particular
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spectrum, in some instances, the olefinic COD protons are observed as separate signals in the
proton spectrum, which may be ascribed to the asymmetric environment induced by the
chelating N,O-bidentate ligand."” In such cases, the splitting of the signals for these protons
may be due to the trans effects of the coordinating N,O-bidentate ligand. The exo- and endo-
methylene protons of the COD (0 = 2.42 H,,, 0 = 1.9 H,) are observed further upfield as two

multiplets.

Figure 2.5 '"H NMR (DMSO-dg) spectrum for the heterobimetallic complex 2.5.

The “C{'H} NMR spectrum, together with 2D-NMR experiments (HSQC), also support the
formation of the heterobimetallic complex 2.5. The signal for the carbon adjacent to the
coordinating oxygen (0 = 165.8 C,) initially observed in 2.4 at (6 = 158.9 as Cy), is observed
to have shifted downfield. This is attributed to the increased deshielding effect exerted by the

adjacent oxygen atom as a result of coordination to the rhodium metal centre.

The COSY 2-dimensional NMR spectrum (Figure 2.6) substantiates assignment of the
protons in the '"H NMR spectrum of the heterobimetallic complex 2.5. The COSY spectrum
illustrates coupling of protons (H,) with protons (H,). Also observed is the coupling of the
aromatic protons (Hy, with Hc, and Hc with H.) as well as coupling of protons (H; with Hy) of

the monosubstituted ferrocenyl ring, similar to the observation for 2.4.
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Figure 2.6 'H-'H COSY 2D-NMR (DMSO-ds) spectrum of complex 2.5.

The infrared spectrum of complex 2.5 indicates an intense absorption band at 1600 cm™
assigned to the v(C=N) stretching frequency of the coordinating imine, with a shoulder
presumably representing the free non-coordinating imine. The frequency shift of the imine
absorption band from complex 2.4 to complex 2.5 (1624 to 1600 cm™) substantiates
coordination of the imine nitrogen to the rhodium metal centre. The shift is due to sigma
donation from the nitrogen and subsequent back-donation of electrons from the rhodium
metal through synergic effects. As a result, the Rh—N bond strengthens whereas the C=N
bond weakens. This decreases the wavenumber of the C=N bond in the infrared as observed
in the infrared spectrum of complex 2.5 from 2.4. Such imine shifts have also been reported

. . . 1
for similar compounds in the literature.”'”

The ESI mass spectrum was recorded in the negative ion mode and shows a base peak for
[M— Rh(COD)] ion at m/z = 411.01, corresponding to the molecular weight of the anionic
complex 2.5. The fragmentation of the heterobimetallic complex 2.5 in ESI mass
spectroscopy is unique, perhaps due to the ferrocenyl moiety as such is not observed in

similar water-soluble Rh(I) mononuclear complexes.’
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2.6  Synthesis and characterisation of 3-'butyl-5-sulfonato

salicylaldimine-ferrocenylimine complex (2.6)

Unlike 2.4, the 3-butyl-5-sulfonato salicylaldimine-ferrocenylimine mononuclear complex
2.6 was successfully prepared through a one-pot synthesis by the Schiff base condensation
reaction of monosodium 3-'butyl-5-sulfonatosalicylaldehyde with hydrazine monohydrate

and ferrocenecarboxaldehyde (Scheme 2.7).

SO3Na \
NaO3S @\N _NH2

CHO ~ MeOH/45°C @%N_N z + P
1. H2N_NH2H20
) HO
OH CHO Fle i(b? by-product
S b
22 | < 2.6
Fe

Scheme 2.7 Synthesis 3-'butyl-5-sulfonato salicylaldimine-ferrocenylimine complex 2.6.

Complex 2.6 was isolated as a dark brown solid in good vyield (82%), with the
ferrocenecarbaldehyde hydrazone as a by-product. The mononuclear complex 2.6 has good
solubility in water (4 mg/mL, r.t.). This new complex was characterised using FT-IR, 'H

NMR and *C{'H} NMR as well as 2-dimensional NMR (COSY and HSQC) spectroscopy.

Similar to 2.4, the "H NMR spectrum of 2.6 (Figure 2.7) confirms formation of the complex,
showing the presence of two imine proton peaks as singlets at 0 = 8.82 and ¢ = 8.68
respectively. All the other aromatic protons appear in similar chemical shifts to 2.4. Further

upfield at 0 = 1.42 is a singlet integrating for the nine tertiary butyl protons (Hg).
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Figure 2.7 'H NMR (DMSO-dg) spectrum for the mononuclear ferrocenyl complex 2.6.

The “C{'H} NMR as well as the 2-dimensional NMR experiments (HSQC and COSY) also
corroborate formation of the complex. All the carbon atoms, and proton-proton coupling are

assigned accordingly in the spectra.

The infrared spectrum of the complex 2.6 displays an v(O-H str.) absorption band at 3390
cm™ as well as the characteristic imine absorption band v(C=N str.) at 1615 cm™ as an intense

broad band with a shoulder at 1590 cm™ assigned to the second imine.

The negative ion mode ESI mass spectrum is consistent with the structure of 2.6, displaying a
base peak for [M] "~ ion at m/z = 467.07 corresponding to the molecular weight of the anion of

2.6.

The by-product was also characterised using various techniques. The 'H NMR spectrum of
the by-product shows a singlet assigned to the imine proton at 6 = 8.48. The four protons of
the substituted cyclopentadienyl ring are accounted for as two broadened signals at (6 = 4.71
and 4.76) each integrating for two protons. A singlet integrating for five protons at 0 = 4.24 is

assigned to the protons of the unsubstituted ferrocenyl ring.

The *C{'H} NMR spectrum shows the imine carbon signal at & = 161.2, and a signal for the
ipso- carbon at & = 78.1. All the other carbon atoms are accounted for in the *C{'H} NMR
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spectrum of the by-product at (6 = 70.9, 69.3 and 68.7). The infrared spectrum of the
ferrocenecarbaldehyde hydrazone shows absorption bands v(C=N str.) at 1627 cm™ and
v(N—H str.) at 3095 cm’.

2.7 Synthesis and characterisation of monosodium 3-'butyl-5-sulfonato
salicylaldimine-ferrocenylimine rhodium(I)1,5-cyclooctadiene

heterobimetallic complex (2.7)

The new heterobimetallic complex 2.7 was synthesised by reacting the mononuclear complex
2.6 with the Rh(I) precursor [Rh(COD)CIl], according to (Scheme 2.8). This complex was
obtained as a brown solid in excellent yield (97%) and was characterised using FT-IR, 'H
NMR and C NMR spectroscopy. The complex is sparingly soluble in water at room
temperature. The poor solubility may be due to the greater hydrophobic nature of the tertiary-
butyl substituent.

SO3Na SO3Na

S S &S
| -

O 0.5[Rh(COD)CI],

55—

|
Fe NaH/ DCM/ 1.t/ 24 h <F£ }: \
== = "

2.7

Scheme 2.8 Synthesis of the heterobimetallic complex 2.7.

Deprotonation and subsequent coordination to the rhodium metal is confirmed by the 'H
NMR spectrum, which does not display a signal corresponding to the hydroxyl proton (Figure
2.8).
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Figure 2.8 'H NMR (DMSO-dg) spectrum for the heterobimetallic complex 2.7.

In a similar manner to 2.5, the vinylic COD protons of 2.7 are observed as overlapping
signals in the same region as the protons of the ferrocenyl moieties (0 = 4.65-4.31). The exo-
and endo-methylene protons of the COD maintain their multiplicity upfield (0 = 2.42 H,, 6 =
1.91 Hy). The tertiary-butyl protons are accounted for as a singlet in their characteristic

region (0 = 1.31) integrating for nine protons.

The “C{'H} NMR together with the HSQC 2-dimensional NMR spectra of 2.7 show a
similar trend as observed with 2.6. The carbon (0 = 115.7 Cy) occurs upfield relative to (C,,
C. and C,) due to shielding through inductive effects by the tertiary-butyl substituent. All the

other carbon atoms are accounted for in the '*C{'H} NMR spectra of 2.7.

The infrared spectrum of the complex 2.7 displays a characteristic imine absorption band
w(C=N str.) at 1592 cm™ as an intense broad band with a shoulder assigned to the second
imine.

The ESI mass spectrum was recorded in the negative ion mode and shows a base peak for
[M— Rh(COD)] ion at m/z = 467.07, corresponding to the molecular weight of the anionic
complex 2.7. The fragmentation pattern is similar to that of 2.5, both heterobimetallic

complexes showing base peaks similar to their mononuclear counterparts.
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2.8 Synthesis and characterisation of formylated monosodium 5-

sulfonatosalicylaldimine-ferrocenylimine mononuclear complex (2.8)

In the past, we have synthesised water-soluble Rh(I) metallodendrimers (prepared in situ)
bearing multiple active sites.” The basis is that a multinuclear compound would possess
improved properties over that of a mononuclear complex through the numerous active sites
on the periphery. In line with extending our previous work, we sought to synthesise GI-
metallodendrimers of the water-soluble ferrocenyl-Rh(I) heterobimetallic complexes. The
work entails the synthesis of the mononuclear complex 2.8, by the Schiff base condensation
reaction of 1,1'-ferrocenedicarboxaldehyde with monosodium 5-sulfonato salicylaldimine 2.3
(Scheme 2.9). The complex was isolated by precipitation in diethyl ether as a dark red solid
in good yield (86%). The mononuclear complex 2.8 has good solubility in water (11 mg/mL,
r.t.).

SO;Na
CHO

= & X7 >/:’<
N | MeOH/45°C/20h | HO
N=—NH, + c Fe

NaO5S

Fe

OH

Scheme 2.9 Synthesis of the mononuclear complex 2.8.

The 1,1'-ferrocenedicarboxaldehyde was successfully functionalised on one aldehyde end in a
Schiff base condensation reaction through a controlled dropwise addition of a methanolic
solution of 2.3. The "H NMR spectrum (Figure 2.9) supports formation of 2.8 by showing a
singlet at 6 = 9.88, assigned to the aldehyde proton. All the phenyl protons are observed in
their characteristic region (0 = 7.94 Hy, 0 = 7.59 Hy, 6 = 6.91 H, respectively). Interesting to
note, (from the insert on the spectrum) are the ferrocenyl protons H,, which appear as a broad
signal overlapping with protons Hi at 6 = 4.89 and integrating for four protons. This overlap
may be due to the slight magnetic in-equivalence of the two ferrocenyl moieties brought
about by the differing functionality (C=N and C=0) of each moiety. The protons H; and H,
are observed as two broad signals at ca. 6 = 4.70 for reasons similar to 2.4 and 2.6 of the

monosubstituted moiety.
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Figure 2.9 'H NMR (DMSO-dg) spectrum for the mononuclear complex 2.8.

The C{'H} NMR as well as the 2-dimensional NMR experiments (HSQC and COSY) also
substantiate formation of the complex. All the carbon atoms, and proton-proton coupling is

assigned accordingly in the spectra.

The infrared spectrum of complex 2.8 displays an v(O-H str.) absorption band at 3417 cm’
as well as the characteristic imine absorption band v(C=N str.) at 1619 cm™ as an intense
broad band with a shoulder assigned to the second imine. The aldehyde absorption band

W(C=0 str.) of 2.8 is observed at 1657 cm™".

The negative ion mode ESI mass spectrum is consistent with the structure of 2.8, displaying a
base peak for [M] ~ ion at m/z = 439.01 corresponding to the molecular weight of the anion of

2.8.
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2.9 Synthesis and characterisation of formylated monosodium 5-
sulfonatosalicylaldimine-ferrocenylimine rhodium(I) 1,5-

cyclooctadiene heterobimetallic complex (2.9)

The new heterobimetallic complex 2.9 was synthesised by reacting the mononuclear complex
2.8 with the Rh(I) precursor [Rh(COD)CIl], according to (Scheme 2.10). This complex was

obtained as a brown solid in excellent yield (93%) and was characterised fully using FT-IR,

'H NMR and *C NMR spectroscopy.

SO,Na SO;Na

X N7 : @ N—N7

‘ HO 0.5[Rh(COD)CI], | |
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Fe NaH/ DCM/ r.t./ 24 h Fe 3 Ii
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Scheme 2.10 Synthesis of the heterobimetallic complex 2.9.

The 'H NMR spectrum accounts for all protons in the structure of 2.9 (Figure 2.10), and does

not show the hydroxyl proton of 2.8.

d SO;Na

Figure 2.10 'H NMR (DMSO-ds) spectrum for the heterobimetallic complex 2.9.
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The *C{'"H} NMR as well as the 2-dimensional NMR experiments (HSQC and COSY) were
also employed to corroborate formation of the complex. The spectra permitted assignment of

all carbon atoms, and identification of proton-proton coupling accordingly.

The infrared spectrum of complex 2.9 displays a characteristic imine absorption band v(C=N
str.) at a lower wavenumber to that of 2.8, occurring at 1600 cm™ as an intense broad band
with a shoulder assigned to the second imine. The aldehyde functionality of 2.9 is observed at

a similar absorption band v(C=0 str.) to that of 2.8 (1657 cm™).

The ESI mass spectrum was recorded in the negative ion mode and shows a base peak for
[M— Rh(COD)] ion at m/z = 439.00, corresponding to the molecular weight of the anionic
complex 2.8. The fragmentation pattern is similar to that of 2.5 and 2.7, with all

heterobimetallic complexes showing base peaks similar to their mononuclear counterparts.

2.9.1 Attempts to anchor complexes (2.8) and (2.9) onto a dendrimer

Dendrimers have also attracted attention in catalytic applications as homogeneous and/or
heterogeneous complexes. This owes to the multinuclear nature of dendritic structures,
bearing multiple active sites which often lead to improved catalytic activity. Such properties
have formed the basis to anchor the ferrocenyl-Rh(I) complexes onto a low-generation

dendrimer.

Our initial attempts were to conjugate the complexes 2.8 and 2.9 onto the DAB-Generation 1
dendrimer scaffold (Scheme 2.11). The condensation reaction of either 2.8 or 2.9 with the
G1-dendrimer was carried out under various reaction conditions. This also involved changing
the solvent system as well as varying the reaction time and temperature. Addition of a
catalytic amount of acid is known to promote a Schiff base reaction.'® However, in this
system of compounds, addition of a catalytic amount of sulfuric acid/ acetic acid could not
drive the reaction towards formation of the products 2.10 or 2.11. Despite the several efforts
carried out to conjugate the complexes, the intended products could not be attained. This
could be attributed to poor reactivity of the remaining aldehyde upon functionalisation of the
disubstituted ferrocene in 2.8 and 2.9. A number of examples of ferrocene derivatives grafted
onto a dendrimer are reported in the literature,”*’ but very few are known with disubstituted

. . 4
functionality on ferrocene.***
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Scheme 2.11 Anchoring complexes 2.8 and 2.9 onto DAB-G1 dendrimer.

In this work, the non-reactivity of the aldehyde functionality of 2.8 or 2.9 towards the Schiff
base condensation reaction was also observed with reactions using propylamine. Similar
behaviour of the compounds in solution was observed to that of the reactions with the DAB-
G1 dendrimer. This could lead to a conclusion that the remaining aldehyde functionality of

2.8 or 2.9 may not be as reactive to afford a stable compound.

2.10 Summary

A series of ferrocene-based mononuclear complexes bearing N, O-chelating donor atoms were
prepared and successfully used in the synthesis of water-soluble Rh(I)-ferrocenyl
heterobimetallic complexes. These mononuclear and heterobimetallic complexes were
characterised using various spectroscopic and analytical techniques which include; "H NMR
and "C{'H} NMR spectroscopy, FT-IR spectroscopy, elemental analysis as well as mass
spectrometry. The complexes will be employed as catalyst precursors in the aqueous biphasic
hydroformylation of 1-octene and the results from these evaluations are discussed in the

following chapter.
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Chapter 3

Catalytic evaluation of water-soluble mononuclear and heterobimetallic

complexes in aqueous biphasic hydroformylation of 1-octene

3.1 Introduction

The use of homogeneous catalysts which often display greater activity and selectivity than
related homogeneous ones is often confounded by complications involving catalyst recovery
and recycling. Employing homogeneous catalysts under aqueous biphasic conditions, as in
the hydroformylation reaction (transition metal-catalysed reaction of olefins with hydrogen
and carbon monoxide to afford aldehydes, Scheme 3.1) is one of many strategies that have
been developed.'® The aqueous biphasic system is ideal as it utilises water, which is an eco-
and user-friendly, relatively cheap, abundant and non-flammable solvent, in line with green

2.9-14 P .. . .
’ Moreover, water is immiscible with most organic solvents,

chemistry principles.
alleviating some of the challenges associated with homogeneous catalysis, such as long chain
aldehyde product recovery. "> ** Such efforts aim to overcome the difficulties associated with
the recovery of expensive and ever-diminishing transition metal resources. The technique
strikes a “characteristic” balance between heterogeneous and homogeneous processes for the

hydroformylation reaction.

X Llyst» R/\/CHO + )\

R + CO + H, R” “CHO

R= alkyl, aromatic group

Scheme 3.1 Hydroformylation of olefins.

The aldehydes generated from the atom-economical hydroformylation reaction are typically
processed into valuable consumer products in the cosmetics, bulk and fine chemicals
industries.”** Apart from the aldehydes, the hydroformylation reaction can be characterised

with side reactions through isomerisation of the olefin as well as hydrogenation of the
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aldehydes to give alcohols. Selectivity (chemo- and regio-selectivity) of a catalyst is one of
the main factors that are considered in catalyst development and evaluation. A typical
industrial hydroformylation catalyst would possess excellent chemoselectivity towards
aldehydes as well as excellent regioselectivity towards either linear or branched aldehydes

(depending on the intended downstream product).'***2¢2®

Current industrial hydroformylation catalysts are based on cobalt [Coy(CO)g] and rhodium
[HRh(CO)(PPh;);] metal catalysts. Rhodium-based metal complexes are generally preferred
over other transition metals (Co, Ru, Ir, etc.) as hydroformylation catalysts due to the high
activity and selectivity of the rhodium complexes under milder reaction conditions.'>?*"
However, due to the greater expense of rhodium, novel strategies are required to ensure

element sustainability. Immobilising the catalyst in water for aqueous-organic biphasic media

is one such strategy aimed at element recovery and reuse.

Catalyst design continues to intrigue scientists worldwide. Recent efforts in the field of
catalysis involve the use of bimetallic catalyst precursors in various olefin transformation

32-39

reactions. This stems from often improved activities and reaction rates conferred by

. : 40-42
metalloenzymes bearing two or more active metal centres.’™*’

A typical example may involve one metal acting as the main catalytic centre whereas the
other metal serves as an electron reservoir, stabilising the electron density around the
catalytic centre. Ferrocene, a redox-active sandwich complex, has been included in several
heterobimetallic complexes in combination with other transition metals, bridged by various
ligand structures. In this context, the inclusion of ferrocene moieties modified with

33363943 The application of such complexes in the

phosphorus donor sites is very common.
aqueous-organic biphasic hydroformylation of higher olefins, from an efficient catalyst
design and green chemistry perspective, is also intriguing. As an extension of our previous
work in catalysis,44 we were prompted to evaluate the effect of heterobimetallic complexes in

the hydroformylation process.
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3.2 Results and Discussion

3.2.1 Aqueous biphasic hydroformylation using complexes (2.4) and (2.5)

Initial catalytic studies to obtain the optimum conditions for the hydroformylation of 1-octene
in aqueous biphasic media were performed with the mononuclear complex 2.4 and the

heterobimetallic complex 2.5 (Figure 3.1).

SO,Na SO;Na
D &N

| HO | ,__——o

Fe ke ;ui
?527 2.4 Qi:7 fikf} 25

Figure 3.1 Catalyst precursors used for optimisation studies.

The conditions of the study (Scheme 3.2) were based on the previously reported conditions
for the hydroformylation of 1-octene using analogous Rh(I) catalyst precursors containing
N,O-bidentate ligands.** The reactions were first performed at a fixed temperature and time

of 75 °C and 8 hours respectively, with varying pressures (Table 3.1).

1:1 (H,O:Toluene)

Catalyst, 2.87 x 10"* mol%
/W - /@\/\? O e ~o
Me 5 Me 5 5

1:1 (CO:H,), A ,8h

+ Isomers

Scheme 3.2 Hydroformylation of 1-octene in aqueous biphasic media using 2.4 and 2.5

The Effect of Pressure

The pressure was varied at a fixed temperature (Table 3.1) to determine the effect of the
syngas pressure on chemoselectivity and regioselectivity in hydroformylation of 1-octene as
well as to establish optimum pressure conditions. The mononuclear complex 2.4 shows no
activity at the conditions of this study. To our knowledge, there has been no reported data on

the use of ferrocenyl mononuclear complexes as sole catalysts in the hydroformylation of
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olefins. This investigation of 2.4 is necessary to aid in ascertaining the contribution of the

ferrocenyl moiety to the overall hydroformylation reaction.

Table 3.1 Hydroformylation of 1-octene using complexes 2.4 and 2.5 as catalyst precursors
at 75 °C.?

Pressure Conv. Aldehydes (%) [so- . TOF
(bar) Complex (%) Total octenes n/iso (h'l)
aldehydes Nonanal Branched (%)
20 24 - - - - - - -
20 2.5 44.66 22.15 99.60 0.39 77.85 255.38 30.91
30 2.4 i i i i i - -
30 2.5 25.71 31.77 99.44 0.56 68.23 177.57  25.53
40 24 i i i - i - -
40 2.5 60.03 77.62 74.28 25.71 22.38 2.89 145.61
50 24 ] ] ] ] ] ] ]
50 2.5 25.78 50.20 3243 67.57 49.80 0.48 40.44

*Reactions carried out with (CO:H,) (1:1) at 75 °C, 8 h in distilled water (5 mL) and toluene (5 mL)
with 7.175 mmol of 1-octene and 2.87 x 10 ~* mmol Rh catalyst. GC conversions obtained using n-
decane as an internal standard in relation to authentic standard iso-octenes and aldehydes. "TOF =
(mol product/ mol cat.) h™" and is based on total aldehydes produced. Standard deviation = 3.3 (2.5).

The best hydroformylation activity for 2.5 is observed at 40 bar. At this pressure, the catalyst
also displays the best conversion of 1-octene to products, as well as good chemoselectivity
for aldehydes (about 78%). Under these conditions (40 bar, 95 °C, 8 hours), the
heterobimetallic catalyst displays similar regioselectivity to the water-soluble mononuclear
catalyst reported by Hager and co-workers.** Very poor conversion of l-octene and
chemoselectivity is observed at lower pressure (20 bar and 30 bar) but the catalyst shows
excellent regioselectivity to linear aldehydes. Isomerisation of 1-octene is highest at 20 bar

with 78% of the products being internal octenes.

The Effect of Temperature

With the optimum pressure set at 40 bar, hydroformylation studies of complexes 2.4 and 2.5
were carried out at varying temperatures (55, 75, 95 °C) (Table 3.2). The heterobimetallic
complex 2.5 shows excellent activity (99.9%) at a high temperature of 95 °C.
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Table 3.2 Hydroformylation of 1-octene using complexes 2.4 and 2.5 as catalyst precursors
at 40 bar.”

Temp. Conv. Llidiydies (V) [so- . TOF
°C) Complex (%) Total octenes n/iso (b
aldehydes Nonanal  Branched (%)
55 2.4 - - - - - - -
55 2.5 69.60 68.06 83.31 16.19 31.94 515 148.02
75 2.4 ] ] ] ] ] ] -
75 2.5 60.03 77.62 74.28 25.71 2238 2.89 145.61
95 2.4 - - - - - - -
95 2.5 99.90 99.90 39.00 61.00 - 0.64 313.00

*Reactions carried out with (CO:H;) (1:1) at 40 bar, 8 h in distilled water (5 mL) and toluene (5 mL)
with 7.175 mmol of 1-octene and 2.87 x 10 ~* mmol Rh catalyst. GC conversions obtained using n-
decane as an internal standard in relation to authentic standard iso-octenes and aldehydes. "TOF =
(mol product/ mol cat.) h™" and is based on total aldehydes produced. Standard deviation = 1. 9 (2.5).

Excellent chemoselectivity for aldehydes is also observed at 95 °C. The regioselectivity to
linear aldehydes is poor, as indicated by the dominance of branched aldehydes (61%) over
linear aldehydes (39%), which is also reflected by the low n:iso ratio (0.64). However, the
mononuclear complex reported by Hager and co-workers ** favours the formation of linear
aldehydes to branched aldehydes at similar reaction conditions. The higher percentage of
branched aldehydes with 2.5 could be a result of possible hydroformylation of the
isomerisation products to branched aldehydes with the introduction of a second metal at high
temperatures. At 75 °C, the complex displays a good linear aldehyde production of 74%, as
well as a moderate 1-octene conversion of 60%. The best regioselectivity to linear aldehydes
is obtained at 55 °C with 83% nonanal produced. However, the conversion at 55 °C (70%) is
lower than at 95 °C (99.9%). Overall, the complex favours branched aldehydes at the
conditions that give the best conversion, that is, at 40 bar and 95 °C. These conditions were

chosen for further reactions using catalyst precursors 2.4 — 2.7.

3.2.2 Aqueous biphasic hydroformylation using complexes (2.5) and (2.7)

Similar to complex 2.4, the mononuclear complex 2.6 does not show any activity in the
hydroformylation of 1-octene. At the conditions of 40 bar and 95 °C, the catalyst precursor

2.5 displays excellent conversion (99.9%) of 1l-octene as well as outstanding
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chemoselectivity (99.9%) towards aldehydes (Table 3.3, Entry 1). The catalyst exclusively
forms aldehydes at these conditions. Catalyst precursor 2.7 (Figure 3.2) also shows excellent

conversion (95%) and good chemoselectivity for aldehydes (77%) (Table 3.3, Entry 2).

SO3Na

Rh—O
4

& Sv—n?
|
Fe

@ Gﬂ 2.7

Figure 3.2 Catalyst precursor 2.7

Isomerisation of 1-octene is also observed with this catalyst precursor under the optimum
conditions. Furthermore, the presence of the electron-donating tertiary-butyl substituent in
catalyst precursor 2.7 seems to lower the chemoselectivity, yet improves the regioselectivity
towards linear aldehydes. The improved regioselectivity for linear aldehydes in catalyst 2.7 is
expected due to the steric effects from the bulkier tertiary-butyl substituent. Also influencing
the regioselectivity is the migratory insertion of the olefin into the Rh-H of the complex
favouring anti-Markovnikov route, giving rise to a straight-chain alkyl ligand which leads to

4346 This is similar to the data observed for

linear aldehydes (nonanal) as the final product.
related tertiary-butyl substituted catalysts bearing N,O-bidentate ligands reported by Hager
and Matsinha.***” Good catalytic activity is observed for both catalyst precursors (2.5,

313 h™") and (2.7, 229 h™).

Table 3.3 Hydroformylation of 1-octene with catalyst precursors 2.5 and 2.7 at 8 h.*

Aldehydes (% Iso-

Entry Complex C((;/n;/ ’ Total ydes (%) octenes  n/iso '(Fl?ll;
’ aldehydes =~ Nonanal Branched (%)

1 2.5 99.9 99.9 39 61 - 0.64 313

2 2.7 95 76.5 55 45 23.5 1.2 229

"Reactions carried out with (CO:H,) (1:1) at 40 bar, 95 °C in distilled water (5 mL) and toluene

(5 mL) with 7.175 mmol of 1-octene and 2.87 x 10° mmol Rh catalyst. GC conversions obtained
using n-decane as an internal standard in relation to authentic standard iso-octenes and aldehydes.
"TOF = (mol product/mol cat.) h™" and is based on total aldehydes produced. Standard deviation +
0.01 (2.5), + 3.6 (2.7).
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Both complexes are good hydroformylation catalysts, as evidenced by the good yields for
aldehydes as well as low isomerisation products and the absence of hydrogenation products

(alcohols).

3.2.3 Recyclability studies

Reusability of a catalyst is key to an effective and sustainable design and application strategy.
This has a bearing on the economics of an industrial scale setup.*® The studies were carried
out by simply decanting off the organic layer after the first catalytic reaction, followed by
addition of a fresh sample of 1-octene and n-decane (internal standard) dissolved in toluene,
onto the aqueous layer. This was repeated for each successive catalytic reaction using the

same aqueous phase.

The catalyst precursor 2.5 could be recycled for at least 5 cycles with a gradual loss in
activity and 1-octene conversion (Figure. 3.3). Catalyst precursor 2.7 could be recycled 4
times with a slight decrease in conversion before any loss in catalytic activity was observed.
The observed decrease in conversion of 1-octene for both catalyst precursors could be due to
a decrease in activity of the catalysts. This could also be ascribed to partial agglomeration of
in situ formed nanoparticles (from the catalyst) observed in the aqueous layer. This was
attested to through mercury poisoning tests; wherein a drop of mercury was added to a fresh
catalytic reaction so as to suppress the particles in each cycle and renders them unavailable
for catalysis. The results of this experiment are presented in section 3.2.5 of this report.
Moreover, loss of the catalyst due to leaching from the aqueous layer, shown by the
discolouration of the aqueous layer with each recycling could also possibly result in the
observed steady decrease in Il-octene conversions. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was used to analyse the aqueous layer for possible loss of

metal catalyst with each successive run.
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Recyclability of catalysts

100
E 80
§ 60 mCat. 2.5
=
S 40 mCat. 2.7
N

20

Runl Run2 Run3 Run4 Run5

Figure 3.3 Conversion of the catalysts in recyclability studies, performed at 95 °C, 40 bar in
a 90 mL stainless steel pipe reactor. Solvent (1:1, toluene:water), substrate (1-octene, 7.175
mmol), internal standard (n-decane, 1.435 mmol), metal catalyst (Rh, 2.87 x 10~ mmol),

syngas (1:1, CO:H,), reaction time (8 h). Standard deviation &+ 3.2% (2.5), = 1.3% (2.7).

Chemoselectivity of complex (2.5)

The catalyst precursor 2.5 shows excellent chemoselectivity for aldehydes in the first cycle/
run of the experiments (Figure 3.3). When the catalyst-containing aqueous layer is recycled
in the second run, about 40% isomerisation products are formed. Isomerisation of 1-octene is
induced in the second cycle and becomes more pronounced with each successive cycle. At

the fifth cycle, the predominant products are iso-octenes.
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Chemoselectivity of complex 2.5

100% -
80%
60% B [so-octenes
40% B Aldehydes
20%
' ' : : >

0%
Run 1 Run 2 Run 3 Run 4 Run 5

Selectivity

Figure 3.4 Chemoselectivity of the catalyst precursor 2.5 in recyclability studies, performed
at 95 °C and 40 bar in a 90 mL stainless steel pipe reactor. Solvent (1:1, toluene:water),
substrate (1-octene, 7.175 mmol), internal standard (n-decane, 1.435 mmol), metal catalyst

(Rh, 2.87 x 10~ mmol), syngas (1:1, CO:H,), reaction time (8 h). Standard deviation + 3.2%.

The significant increase of the iso-octenes with each successive recycle is indicative of loss
of catalyst activity during hydroformylation, possibly as a result of the change in the actual
active species. High pressure NMR studies could shed more light on the behaviour of the

catalyst under hydroformylation conditions.

Chemoselectivity of complex (2.7)

The catalyst precursor 2.7 shows good chemoselectivity for aldehydes (77%) in the first cycle
of the experiments (Figure 3.5). Isomerisation is induced in the first cycle and increases with

each successive cycle, similar to the observation with 2.5.
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Chemoselectivity of complex 2.7

100%
80%
60%
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20%
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Figure 3.5 Chemoselectivity of the catalyst precursor 2.7 in recyclability studies, performed
at 95 °C and 40 bar in a 90 mL stainless steel pipe reactor. Solvent (1:1, toluene:water),
substrate (1-octene, 7.175 mmol), internal standard (n-decane, 1.435 mmol), metal catalyst

(Rh, 2.87 x 10~ mmol), syngas (1:1, CO:H,), reaction time (8 h). Standard deviation + 1.3%.

Regioselectivity of complex (2.5)

In the first cycle of the experiments, complex 2.5 gives 60% branched aldehydes, as shown in
Figure 3.6. The higher percentage of the branched aldehydes in the first cycle may be

attributed to the flexibility of the ligand, promoting isomerisation of 1-octene well before

hydroformylation could occur.
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Regioselectivity of complex 2.5
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Figure 3.6 Regioselectivity of the catalyst precursor 2.5 in recyclability studies, performed at
95 °C and 40 bar in a 90 mL stainless steel pipe reactor. Solvent (1:1, toluene:water),
substrate (1-octene, 7.175 mmol), internal standard (n-decane, 1.435 mmol), metal catalyst

Rh, 2.87 x 107 mmol), syngas (1:1, CO:H,), reaction time (8 h). Standard deviation + 3.2%.
yn

Regioselectivity of complex (2.7)

The complex 2.7 shows better regioselectivity for linear aldehydes with 55% nonanal in the
first cycle of the experiments (Figure 3.7). This would be expected as the bulkier groups on

the catalysts would favour linear products in the hydroformylation reactions.
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Regioselectivity of complex 2.7
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Figure 3.7 Regioselectivity of the catalyst precursor 2.7 in recyclability studies, performed at
95 °C and 40 bar in a 90 mL stainless steel pipe reactor. Solvent (1:1, toluene:water),
substrate (1-octene, 7.175 mmol), internal standard (n-decane, 1.435 mmol), metal catalyst

(Rh, 2.87 x 10~ mmol), syngas (1:1, CO:H,), reaction time (8 h). Standard deviation % 1.3%.

The effects of ligand flexibility are not observed with catalyst precursor 2.7, as the tertiary-
butyl substituent imparts the bulkiness required to favour linear products. An average linear
to branched aldehyde ratio of 60:40 is realised for both catalyst precursors. The observed
regioselectivity for both catalysts is consistent with literature for related substituted N,O-
bidentate ligands.***’ Phosphine modified ligands in heterobimetallic complexes of ferrocene
and rhodium have been reported to show improved catalytic activity compared to their
mononuclear counterparts in the hydroformylation of olefins.** The heterobimetallic
catalyst precursors bearing N, O-bidentate ligands in this study showed comparable activity to

their monometallic counterparts reported in previous studies.

3.2.4 Metal Leaching studies

The aqueous layer of each complex (2.5 and 2.7) was analysed for rhodium metal using
inductively coupled plasma optical emission spectrometry (ICP-OES). The catalysts show
poor conversions after the fifth and fourth cycle for compounds 2.5 and 2.7 respectively, with
almost a 90% loss of metal observed. This could be due to the solubility of the metal

complexes in 1-octene under the hydroformylation conditions of elevated temperature and
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pressure. This substantiates the observed decrease in catalytic activity and 1-octene
conversion during recyclability studies, particularly after the fifth recycle. Discolouration of
the catalyst-containing aqueous layer was also observed, suggesting solubility of the catalyst

in the organic layer under hydroformylation conditions (Figure 3.8).

Before After

Organic layer .
with substrate OFgamc layer
/ with product

Aqueous layer
with catalyst———> Aqueous layer
precursor for recycling

Figure 3.8 Biphasic catalytic system of complex 2.5.

The accumulating black nano-particles in the aqueous layer with each cycle could be
responsible for the observed catalytic behaviour (since isomerisation starts to rise). These
together with the little amount of metal catalyst left in the aqueous phase could be responsible
for the conversion of I-octene to aldehydes and iso-octenes. This is in agreement to the
observation by Matsinha and co-workers working with similar catalyst precursors, in which
they attributed the increase in the iso-octenes with each successive cycle to the rhodium
nano-particles.”” Mercury poisoning tests were then carried out to confirm the presence of the

rhodium nano-particles.
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3.2.5 Mercury poisoning studies

The formation of nano-particles results in activity and conversion that is due to a combination
of both homogeneous and heterogeneous systems. Addition of mercury suppresses the metal
particles by amalgamation, making them unavailable for catalysis. A drop of mercury was
added into the reactor after loading the catalyst, solvents (water and toluene) and internal
standard. The reactions were run for 8 hours and recycled in a similar manner as in the

absence of mercury (Table 3.4).

Table 3.4 Mercury poisoning experiments using complex 2.5.%

Conv. Aldehydes (%) o- " op
Cycle (%) octenes  n/iso (h'l)
Total aldehydes Nonanal Branched (%)
no
mercury
1 99.90 99.90 39.00 61.00 - 0.64 313.00
2 92.00 63.00 62.00 38.00 37.00 1.63 178.00
3 84.00 40.00 75.00 25.00 60.00 3.00 102.00
4 68.00 68.00 76.00 24.00 72.00 320  59.00
5 69.00 34.00 69.00 31.00 66.00 2.20  71.00
with
mercury
1 63.00 48.00 72.00 28.00 52.00 2.57  93.00
2 67.00 32.00 73.00 27.00 68.00 2.70  67.00
3 49.00 40.00 70.00 30.00 60.00 2.33  69.00
4 - - - , , , ,

"Reactions carried out with (CO:H,) (1:1) at 40 bar, 95 °C, 8 h in distilled water (5 mL) and toluene

(5 mL) with 7.175 mmol of I-octene, 2.87 x 10~ mmol Rh catalyst and a drop of mercury. GC
conversions obtained using n-decane as an internal standard in relation to authentic standard iso-
octenes and aldehydes. "TOF = (mol product/mol cat.) h" and is based on total aldehydes produced.
Standard deviation + 3.2% (no mercury) and = 0.78% (with mercury).

In the presence of mercury, the catalyst could only be recycled 3 times. The catalyst shows a
decrease in 1-octene conversion and activity to the third cycle. In the first cycle conversion
can be said to be entirely due to homogeneous catalysis. From the second to the third cycle
conversion drops considerably and at this stage both homogeneous and heterogeneous

catalysis are responsible for the conversions observed. The species formed during each
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successive cycle also favours formation of internal olefins. Such behaviour has been observed

in the past.***

3.3 Summary

The ferrocenyl monometallic complexes and the ferrocenyl-Rh(I) heterobimetallic complexes
were evaluated as aqueous biphasic hydroformylation catalyst precursors. The monometallic
complexes 2.4 and 2.6 were not active in the hydroformylation of I1-octene. The
heterobimetallic complexes 2.5 and 2.7 showed good activity and selectivity in the
hydroformylation experiments. The conversion and selectivity of the heterobimetallic
complexes is comparable to the results obtained by Hager and co-workers with the water-
soluble mononuclear Rh(I) complex. The effects of incorporating ferrocene as a second metal
were not pronounced, possibly due to the distance between the two metals which did not
enable cooperativity. Moreover, the imine bond could be labile allowing the ferrocenyl
moiety to be oriented in a fashion that would not confer effective cooperativity with the
rhodium metal centre. The high metal losses as well as the accumulation of nano-particles on
recycling have a significant bearing on the observed loss in catalyst activity, chemoselectivity
and 1-octene conversion. In the past, formation and accumulation of these colloidal particles
(during recycling) has been associated with an increase in the rate of isomerisation, and such
observations are also reported in this work. A closer look at this behaviour may lead to a
strategic approach in designing catalysts for isomerisation, which can eventually enable

efficient hydroformylation of internal olefins from naphtha.
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Chapter 4

Experimental

4.1 General experimental

All reactions were carried out in air unless otherwise stated. All solvents were reagent grade
and used as received from Sigma-Aldrich, unless otherwise stated. RhCI5.3H,O was
purchased from Heraeus South Africa. Ethanol and dichloromethane were dried in the
presence of molecular sieves. All other chemicals were purchased from Sigma Aldrich and
used as received. Nuclear Magnetic Resonance (NMR) spectra were recorded on either a
Bruker Ultrashield 400 Plus (‘H: 400.22 MHz; *C: 100.65 MHz) or a Bruker 300 MHz ('H:
300.08 MHz; "C: 75.46 MHz) spectrometer. Chemical shifts were reported in parts per
million (ppm) relative to the internal standard tetramethylsilane (¢ 0.00). FT-IR spectra were
recorded as KBr pellets using a Perkin Elmer 100 Spectrum One spectrometer or using

Attenuated Total Reflectance Infrared spectroscopy (ATR-IR).

Melting points were determined using a Biichi melting point apparatus B-540. Mass
spectrometry was carried out on a Waters Synapt G2 electron spray ionisation mass
spectrometer in the positive or negative-ion mode. Elemental analyses were carried out using

a Fission EA 110 CHNS Analyser.
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4.2  Synthesis of the water-soluble ligands
4.2.1 Preparation of monosodium 5-sulfonatosalicylaldehyde (2.1)'

f e _SO3Na
OHC d
h - f
aHO
Salicylaldehyde (4.63 g, 37.9 mmol) and aniline (3.53 g, 37.9 mmol) were stirred in methanol
(50 cm’) overnight at room temperature. The solvent was reduced to a minimum
(approximately 10 cm’) and a yellow crystalline product was observed. The round bottomed
flask containing the product was then immersed in an ice bath for further crystallisation of the
product. The resultant yellow crystalline product (N-phenyl-salicylaldimine) was filtered
using a Biichner funnel and washed with cold methanol, and dried in vacuum. N-phenyl-
salicylaldimine (3.41 g, 17.7 mmol) was then added to concentrated sulfuric acid (10 cm’)
slowly with stirring. The yellow reaction mixture was heated at 100—105 °C for 2.5 hours.
The hot solution was poured carefully into a beaker containing approximately 100 cm’ of ice
water. A yellow product precipitated immediately and this suspension was redissolved to give
a bright orange solution. The solution was filtered by gravity and the filtrate left to stand at
room temperature to allow crystallisation. The product (N-phenyl-5-sulfonatosalicylaldimine)
was filtered and washed with small portions of cold water and dried. N-Phenyl-5-
sulfonatosalicylaldimine (1.49 g, 5.37 mmol) and sodium carbonate (0.600 g, 5.62 mmol)
were brought to boil in an open flask containing distilled water (10 cm?) for 2 hours with
periodic replenishment of water when necessary. The resultant solution was cooled and
glacial acetic acid (6 cm’) was then added. The same amount of ethanol was added and the
solution cooled in an ice-bath for several hours. A beige precipitate was formed. The product
(monosodium 5-sulfonatosalicylaldehydes, 2.1) was filtered using a Biichner funnel and
washed with cold ethanol, and dried under vacuum. Yield: (0.740 g, 62%). M.P.: 331-336 °C
(Literature value: 331-334 °C). '"H NMR (D,0, § ppm): 10.03 (s, 1 H, Hy), 8.19 (d, *J=2.0
Hz, 1 H, Hy), 8.00 (dd, *J = 8.6 Hz, *J = 2.4 Hz, 1 H, Hy), 7.15 (d, °J = 8.8 Hz, 1 H, H.).
BC{'H} NMR (D;0, d ppm):  196.9 (Caidgenyae), 161.9 (Cayr), 134.9 (Ca,), 134.0 (Cay), 131.0,
120.5, 118.1 (CHa,). FT-IR (vpadem™): 3478s (O-H str.), 1660s (C=O str.). Elemental
analysis (%) Calcd. For C;HsNaOsS.H,O: C, 34.72; H, 2.91; S, 13.24. Found: C, 34.59; H,
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2.86; S, 12.82. ESI-MS (m/z) = 200.99 ([M]_ where M is the anion). Sys «c = 125 mg/mL in

water.

4.2.2 Preparation of monosodium 3-'butyl-5-sulfonatosalicylaldehyde (2.2)'

£ e SO3Na

OHC d
h

3-tert-Butyl-2-hydroxybenzaldehyde (0.890 g, 4.98 mmol) and aniline (0.464 g, 4.98 mmol)
were stirred in ethanol (20 cm®). Anhydrous magnesium sulfate was added to the solution and
the reaction mixture stirred overnight. The reaction mixture was then filtered under gravity
and the solvent removed to afford the product (N-phenyl-3-'butyl-salicylaldimine) as a yellow
oil. The round-bottomed flask with N-phenyl-3-'butyl-5-sulfonatosalicylaldimine was
submerged in an ice bath and 6 cm® of concentrated sulfuric acid were added slowly with
stirring. A very dark orange solution was observed and this was heated at 105-110 °C for 2.5
hours. The solution was allowed to cool in an ice bath. Ice was added into the solution to
induce crystallisation. A yellow-white precipitate (N-phenyl-3-"butyl-5-
sulfonatosalicylaldimine) was observed; this was filtered using a Biichner funnel and washed
with ice cold water and dried under vacuum. N-phenyl-3-butyl-5-sulfonatosalicylaldimine
(0.352 g, 1.06 mmol) was then dissolved in hot distilled water (100 cm’) and Na,CO;

(0.112 g, 1.06 mmol) was added slowly to the solution over several minutes. The solution
was left to boil in an open flask for three hours, with periodic replenishment of water when
necessary. The solution was then removed from the heat followed by addition of acetic acid
(3 cm?) and ethanol (3 cm’). The solution was allowed to cool for several hours and no
precipitate was observed. The solvent was then removed to afford a solid. Ethanol was then
added to the solid (monosodium 3-'butyl-5-sulfonatosalicylaldehyde, 2.2) to remove traces of
acetic acid and washed well in a Biichner funnel. Yield: (0.215 g, 72.5%). M.P.: 164-167 °C
(Literature value: 158-161 °C). "H NMR (D-0, J ppm): 9.93 (s, 1 H, Hy), 8.03 (d, 7= 2.0
Hz, 1 H, Hy), 8.01 (d, *J=2.0 Hz, 1 H, Hy), 1.44 (s, 9 H, H;). "C{'"H} NMR (D0, J ppm):
198.9 (Caidehyde)s 162.4 (Car), 139.4 (Car), 133.9 (Car), 131.1, 130.1, 119.8 (CHa,), 34.5
(C'Buyt ), 28.5 (CH'puy)). (FT-IR (vmax/cm™', KBr): 3440s (O-H str.), 1654s (C=0 str.).
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Elemental analysis (%) Calcd. C;;H;3NaOsS.4H,0: C, 37.50; H, 6.01; S, 9.10. Found: C,
37.60; H, 5.68; S, 8.66. ESI-MS (m/z) = 239.11 ([M]_ where M is the anion). Sys «c = 26

mg/mL in water.

4.2.3 Preparation of monosodium-5-sulfonatosalicylaldimine (2.3)

NaO3S

Hydrazine hydrate (0.805 g, 16.1 mmol) was added to a stirring solution of monosodium-5-
sulfonato salicylaldehyde (1.80 g, 8.04 mmol) in ethanol (30 cm’) and the reaction mixture
refluxed for 1 hour. The resultant hot suspension was filtered using a Biichner funnel and the
solid collected was washed with hot ethanol to afford the product 2.3 as a pale yellow solid.
Yield: (1.50 g, 78%). M.P.: decomposes without melting, onset occurs at 394 °C. '"H NMR
(DMSO-dg, 6 ppm): 11.51 (s, 1 H, H,), 7.94 (s, 1 H, Hy), 7.48 (d, *J=2.0 Hz, 1 H, Hy), 7.37
(dd, °J = 2.0 Hz, “J = 8.4 Hz, 1 H, Hy), 6.88 (s, 2 H, NH>), 6.75 (d, °J = 8.4 Hz, | H, H.).
BC{'H} NMR (DMSO-dg, 6 ppm): 157.1 (Car), 141.9 (Cimine), 139.9 (Car), 126.9 (CHa,),
126.0 (CHay), 119.0 (Cay), 115.2 (CHa,). FT-IR (vipa/cm™, KBr): 3409 (N-H str.), 3297

(O—H str.), 1619 (C=N str.). Elemental analysis (%) Calcd. For C;H7N;NaO4S: C, 35.30; H,
2.96; N, 11.76. Found: C, 35.23; H, 2.70; N, 11.69. ESI-MS (m/z) = 215.01 ([M]i where M is

the anion). S>soc = 0.11 mg/mL in water.
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4.3 Synthesis of the water-soluble mononuclear and heterobimetallic

complexes

4.3.1 Preparation of monosodium S-sulfonatosalicylaldimine-

ferrocenylimine (2.4)

f e SO3Na
L1 h g
k ] d
NN HO; c
I a
Fe

m

Monosodium-5-sulfonatosalicylaldimine (0.101 g, 0.426 mmol) was added to a stirring
solution of ferrocenecarboxaldehyde (9.10 x 107 g, 0.426 mmol) in methanol (20 cm’) and
the reaction mixture refluxed for 48 hours. The dark red solution was cooled to room
temperature and filtered under gravity. The solvent was reduced to approximately 5 cm’ and
dichloromethane (30 cm®) was added to reveal a precipitate which was collected by filtering
using a Biichner funnel to afford 2.4 as a dark red solid product. Yield: (0.151 g, 82%). M.P.:
decomposes without melting, onset occurs at 174 °C. "H NMR (DMSO-ds, d ppm): 11.51 (s,
1 H, H,), 8.82 (s, | H, Hy), 8.64 (s, | H, H;), 7.91 (d, *J= 1.4 Hz, 1 H, Hy), 7.59 (dd, °J = 8.4
Hz, *J=1.6 Hz, | H, Hy), 6.89 (d, °J= 8.4 Hz, 1 H, H,), 4.78 (br s, 2 H, Hg.), 4.57 (brs, 2 H,
Hre), 427 (s, 5 H, Hyo). “C{'H} NMR (DMSO-d, 6 ppm): 164.4 (Cimine), 160.9 (Cimine),
158.9 (Car), 140.6 (Car), 130.5 (CHay), 128.7 (CHay), 117.7 (Car), 115.9 (CHay), 77.7 (Cre),
71.8 (CHge), 69.8 (CHr), 69.4 (CHgc). FT-IR (vpax/cm™', KBr): 1624 (C=N str.), 1589 (C=N
str.). Elemental analysis (%) Calcd. For C;gH;sFeN,NaO4S.4H,0O: C, 42.70; H, 4.58; N,
5.53. Found: C, 42.89; H, 4.44; N, 5.70. ESI-MS (m/z) =411.01 ([M]_ where M is the anion).

S250c = 1.87 mg/mL in water.
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4.3.2 Preparation of monosodium S-sulfonatosalicylaldimine
ferrocenylimine rhodium(I) 1,5-cyclooctadiene heterobimetallic

complex (2.5)

Monosodium 5-sulfonatosalicylaldimine-ferrocenylimine (0.100 g, 0.231 mmol) and sodium
hydride (6.00 x 107 g, 0.231 mmol) were stirred together in dichloromethane (20 cm’) for 90
minutes. [Rh(COD)Cl], (5.70 x 10 g, 0.116 mmol) was added and the reaction mixture was
stirred for 16 hours. Methanol (10 cm®) was added to quench the NaH and the solution was
filtered by gravity. The solvent was reduced to approximately 5 cm® and diethyl ether

(20 cm’) was added to reveal 2.5 as a yellow solid product which was collected using a Hirsh
funnel, washed with diethyl ether, and dried under vacuum. Yield: (0.140 g, 94.2%). M.P.:
decomposes without melting, onset occurs at 263 °C. "H NMR (DMSO-dg, § ppm): 8.03 (s, 1
H, Hy), 7.97 (s, 1 H, Hy), 7.70 (d, /= 2.2 Hz, 1 H, H,), 7.50 (dd, >J = 8.8 Hz, *J=2.1 Hz, |
H, H,), 6.61 (d, >*J=8.7 Hz, 1 H, Hy), 4.57 (brs, 1 H, H;), 4.54 (brs, 1 H, Hy), 4.33 (m, 9 H,
H; + CHcop), 2.42 (m, 4 H, CHacop), 1.90 (m, 4 H, CHacop). “C{H} NMR (DMSO-ds, &
ppm): 165.8 (Car), 158.7 (Cimine), 153.4 (Cimine), 135.2 (Car), 132.6 (CHa,), 132.2 (CHay),
120.2 (CHa,), 115.9 (Car), 77.4 (Cre), 71.4 (CHg.), 69.8 (CHg. + CH;cop), 69.0 (CHg.), 30.3
(CHcop). FT-IR (vpa/cm™, KBr): 1600 (C=N str.). Elemental analysis (%) Calcd. For
CosHosFeN,NaO4RhS.4DCM: C, 36.62; H, 3.48; N, 2.85. Found: C, 36.99; H, 3.90; N, 2.67.
ESI-MS (m/z) = 411.01 ([M — Rh(COD)]f where M is the anion). S>5 ¢ = 16.7 mg/mL in

water.
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4.3.3 Preparation of 3-butyl-5-sulfonato salicylaldimine-ferrocenylimine

complex (2.6)

Hydrazine hydrate (0.187 g, 3.73 mmol) was added dropwise to a stirring solution of 3-'butyl-
5-sulfonatosalicylaldehyde (1.05 g, 3.73 mmol) in methanol (20 cm®) and the reaction heated
for 6 hours at 45 °C. Ferrocenecarboxaldehyde (0.799 g, 3.731 mmol) was then added and the
reaction mixture heated at 45 °C for 24 hours. The dark brown solution was filtered by
gravity to remove an orange precipitate of ferrocenylcarbaldehyde hydrazone. The volume of
the filtrate was then reduced to approximately 5 cm’® and diethyl ether (20 cm’) was added to
form a brown solid (2.6) which was collected using a Biichner funnel and dried under
vacuum. Yield: (1.50 g, 82%). M.P.: decomposes without melting, onset occurs at 248 °C. 'H
NMR (DMSO-ds, 6 ppm): 12.82 (s, 1 H, Ha), 8.82 (s, 1 H, H;), 8.68 (s, 1 H, H;), 7.68 (d, =
2.25 Hz, 1 H, Hy), 7.63 (d, “J=225Hz, 1 H, H.), 4.78 (br s, 2 H, H)), 4.58 (br s, 2 H, Hy,),
428 (s, 5 H, Hy), 1.42 (s, 9 H, Hy). *C{'"H} NMR (DMSO-ds, 5 ppm): 164.1 (Ciminc), 162.7
(Cimine), 157.9 (Car), 138.9 (Car), 135.2 (Car), 127.7 (CHar), 126.8 (CHay), 116.3 (Cay),
76.74 (Crc), 71.17 (CHgc), 69.07 (CHg.), 68.67 (CHrc), 34.22 (C'puty1), 28.88 (CH'pygy1). FT-
IR (Vma/cm™, KBr): 3390 (O—H str.), 1615 (C=N str.), 1590 (C=N str.). Elemental analysis
(%) Calced. For CyHy3FeN,NaO4S.6.5H,0: C, 43.50; H, 5.97; N, 4.61. Found: C, 43.62; H,
5.12; N, 4.39. ESI-MS (m/z) = 467.07 ([M]i where M is the anion). S35 .c = 4 mg/mL in

water.
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Ferrocenylcarbaldehyde hydrazone (by-product of 2.6):

b

d_c¢
e@N—NEZ

le
<

Yield (0.072 g) M.P.: decomposes without melting, onset occurs at 264 °C. "H NMR (CDCl,
5 ppm): 8.48 (s, 1 H, Hy), 4.71 (s, 2 H, Hy), 4.46 (s, 2 H, He), 4.24 (s, 5 H, Hy), 1.61 (s, 2 H,
NH,). “C{'H} NMR (CDCls, 6 ppm): 161.2 (Cimine), 78.1 (Cgc), 70.9 (CHg.), 69.3 (CHg),
68.7 (CHgc). FT-IR (via/cm™, KBr): 3095 (N-H str.), 1627 (C=N str.).

4.3.4 Preparation of monosodium 3-butyl-5-sulfonato salicylaldimine-
ferrocenylimine  rhodium(I)1,5-cyclooctadiene  heterobimetallic

complex (2.7)

3-'‘Butyl-5-sulfonato salicylaldimine-ferrocenylimine (0.102 g, 0.207 mmol) and sodium
hydride (5.00 x 10 g, 0.211 mmol) were stirred together in dichloromethane (20 cm?) at
room temperature for 90 minutes. [Rh(COD)CI], (5.11 x 107 g, 0.104 mmol) was added and
the reaction mixture stirred for 24 hours. Methanol (10 cm®) was added to quench the NaH
and the solution was filtered by gravity. The solvent was then reduced to approximately

5 cm’® and diethyl ether (20 cm®) was added to reveal a precipitate (2.7) which was collected
by filtration using a Hirsh funnel and washed with diethyl ether. The brown solid product was
then dried under vacuum. Yield: (0.140 g, 97%). M.P.: decomposes without melting, onset
occurs at 335 °C. "H NMR (DMSO-dg, 0 ppm): 8.03 (s, 1 H, Hy), 7.94 (s, 1 H, H;), 7.56 (s, 1
H, Hy), 7.54 (s, 1 H, Hy), 4.65 (br s, 2 H, Hy), 4.52 (brs, 2 H, Hj), 4.31 (m, 9 H, Hy,, + CHcop),
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2.42 (m, 4 H, CH,cop), 1.90 (m, 4 H, CHacop), 1.31 (s, 9 H, Hy). “C{"H} NMR (DMSO-dq,
5 ppm): 164.0 (Cay), 158.3 (Cimine), 153.5 (Cimine), 137.8 (Car), 133.6 (CHay), 130.5 (CHay),
128.1 (Cay), 115.7 (Car), 76.95 (Cke), 70.86 (CHge), 69.26 (CHg. + CHacop), 68.44 (CH,),
34.65 (C'guy)), 2949 (CHcop + CH'puyl). FT-IR (vpa/em™, KBr): 1592 (C=N str.).
Elemental analysis (%) Calcd. For C3oH3sFeN,;NaO4RhS.4DCM: C, 39.26; H, 4.07; N, 2.69.
Found: C, 39.08; H, 4.64; N, 2.65. ESI-MS (m/2) = 467.07 ([M — Rh(COD)] where M is the

anion). S»soc = 0.8 mg/mL in water.

4.4 Synthesis of mononuclear and heterobimetallic precursors to DAB-

G1 dendrimer

4.4.1 Preparation of formylated monosodium 5-sulfonatosalicyladmine-

ferrocenylimine mononuclear complex (2.8)
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Monosodium 5-sulfonatosalicylaldimine (0.102 g, 0.426 mmol) was dissolved in methanol
(10 ecm’) and the solution was added slowly dropwise to a stirring solution of 1,1'-
ferrocenedicarboxaldehyde (0.104 g, 0.428 mmol) in methanol (15 cm®). The reaction was
heated for 20 hours at 45 °C and the solvent was reduced to a minimal (5 cm’). Diethyl ether
was then added to precipitate out 2.8 as a dark red solid which was then collected using a
Hirsh funnel and washed thoroughly with diethyl ether, and dried under vacuum. Yield:
(0.190 g, 86%). M.P.: decomposes without melting, onset occurs at 215 °C. '"H NMR
(DMSO-ds, 6 ppm): 11.44 (s, 1 H, Ha), 9.88 (s, 1 H, Hy), 8.83 (s, 1 H, Hy), 8.57 (s, 1 H, H;),
7.94 (d, *J= Hz, 1 H, Hy), 7.59 (dd, °J = Hz, *J= Hz, 1 H, Hy), 6.91 (d, >J= Hz, 1 H, H,),
4.89 (brs, 4 H, H, 1), 4.74 (br s, 2 H, H)), 4.65 (br s, 2 H, Hy). C{'H} NMR (DMSO-ds, ¢
ppm): 193.4 (Cagehyde)s 162.3 (CHimine), 160.8 (Cimine), 158.5 (Car), 140.0 (Car), 130.1
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(CHay), 128.1 (CHp,), 117.1 (Cay), 115.4 (CHy,), 80.13 (Ckg.), 78.40 (Cg.), 74.09 (CHg.),
72.34 (CHg), 70.53 (CHge), 69.95 (CHg.). FT-IR (via/cm™, KBr): 3417 (O-H str.), 1657
(C=0 str.), 1619 (C=N str.). Elemental analysis (%) Calcd. For C;oH;sFeN,NaOsS.5H,0: C,
41.32; H, 4.56; N, 5.07. Found: C, 41.70; H, 4.18; N, 5.53. ESI-MS (m/z) = 439.01 ([M]

where M is the anion). S>5oc = 11 mg/mL in water.

4.4.2 Preparation of formylated monosodium S5-sulfonatosalicyladmine-
ferrocenylimine rhodium(I) 1,5-cyclooctadiene heterobimetallic

complex (2.9)

The mononuclear complex 2.7 (0.164 g, 0.354 mmol) was stirred together with sodium
hydride (9.00 x 10~ g, 0.364 mmol) in dichloromethane (20 cm’) for 90 minutes at room
temperature to afford deprotonation of the ferrocenyl compound. [Rh(COD)CI], (8.74 x 107
g, 0.177 mmol) was added and the reaction mixture was stirred for 24 hours. Methanol (10
cm’) was added to quench the NaH and the solution was filtered by gravity. The solvent was
then reduced to a minimum (5 cm’) and diethyl ether (20 cm’) was added resulting in a
brown precipitate (2.9) which was collected using a Hirsh funnel, washed with diethyl ether
and dried under vacuum. Yield: (0.222 g, 93%). M.P.: decomposes without melting, onset
occurs at 291.3 °C. "TH NMR (DMSO-ds, 0 ppm): 9.97 (s, 1 H, H,), 8.03 (brs, 2 H, Hy,,), 7.74
(brs, 1 H, He), 7.53 (brs, 1 H, H), 6.63 (brs, 1 H, Hy), 4.95-4.62 (m, 8 H, H;_,), 4.14 (m, 4
H, CHcop), 2.40 (m, 4 H, CHacop), 1.86 (m, 4 H, CHycop). PC{'H} NMR (DMSO-d¢, 6
ppm): 193.7 (Cadenyde), 165.9 (Car), 157.3 (CHimine), 152.9 (CHimine), 134.5 (Car), 132.7
(CHap), 131.5 (CHar), 120.4 (CHar), 115.5 (Cke), 113.1 (Cap), 74.8 (Crkc), 72.9 (Ckc), 71.3
(Cke), 70.3 (Cke), 30.0 (CHcop). FT-IR (via/em™, KBr): 1657 (C=O0 str.), 1599 (C=N str.).
Elemental analysis (%) Calcd. For C9H;5sFeN;NaOsS.8DCM: C, 31.10; H, 3.13; N, 2.07.
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Found: C, 31.17; H, 3.98; N, 2.29. ESI-MS (m/z) = 439.00 ([M — Rh(COD)]_ where M is the

anion). Sysoc = 8 mg/mL in water.

4.5 General hydroformylation procedure

Conditions for the catalytic reactions were based on the previously reported conditions of the
hydroformylation of 1-octene using analogous Rh(I) catalyst precursors containing N,O-
bidentate ligands.' The water-soluble catalyst precursors were dissolved in distilled water (5
cm’) at a catalyst loading of 2.87 x 10 mmol and metal to substrate ratio (Rh : 1-octene) of
2500 : 1. This was charged into 90 mL stainless steel pipe reactors, followed by 1-octene
(805 mg, 7.175 mmol) and the internal standard n-decane (204 mg, 1.435 mmol) in toluene (5
cm?). The reactors were flushed three times with N, (g) followed with syngas (CO : Hp, 1:1
ratio), then pressurised and heated to the desired syngas pressure and temperature
respectively. A Perkin Elmer Clarus 580 GC instrument equipped with a flame ionisation
detector and a 30 metre capillary column was used for analysing and quantifying the catalytic
products. Authentic iso-octenes and aldehydes, alcohols and n-octane were used to confirm
the products. For the leaching studies, inductively coupled plasma optical emission

spectroscopy experiments were conducted on an ICP-OES Varian 730-ES spectrophotometer.

4.6 References
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Overall Summary and Future Outlook

5.1 Overall Summary

A series of water-soluble N, O-chelating Schiff base ligands were synthesised (2.3 and in one-
pot for 2.6). These were reacted with ferrocenecarboxaldehyde through Schiff base
condensation reactions, leading to water-soluble ferrocenylimine mononuclear complexes
(2.4 and 2.6). The monometallic complexes were reacted with a dimeric rhodium precursor
[Rh(COD)CI]; to produce a series of new ferrocenylimine-Rh(I) heterobimetallic complexes
(2.5 and 2.7). Both the monometallic and heterobimetallic complexes were found to have
good solubility in water. The ligand (2.3) and the complexes (2.4-2.7) were characterised
fully wusing various spectroscopic and analytical techniques. Mononuclear and
heterobimetallic precursors (2.8 and 2.9 respectively) to DAB-G1 metallodendrimers were
also prepared and characterised fully. All complexes are stable in air at room temperature.
The water-soluble monometallic and heterobimetallic complexes were evaluated as catalyst

precursors in the aqueous biphasic hydroformylation of 1-octene.

The ferrocenyl monometallic complexes were not active in the hydroformylation experiments
of l-octene. The heterobimetallic complexes posted good catalytic activity for 1-octene,
giving aldehydes (both linear and branched) and isomerisation products (cis and trans 2- and
3-octene). It is worth noting that a comparison of the conversion, reaction rate and selectivity
of the heterobimetallic complexes with that of rhodium(I)-mononuclear complex (reported by
Hager and co-workers) shows comparable results. The effect of the ferrocene moiety to the
overall reaction rates was not pronounced. This could be ascribed to lack of electronic metal-
metal communication between the two metals in the heterobimetallic systems. Where there is
interaction of the metals, formation of a weak interaction between iron and rhodium would
allow electron donation from iron to rhodium, thereby increasing the electron density around
the catalytic rhodium metal centre. This might offer improved catalytic properties for the

heterobimetallic complexes.
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Catalyst recyclability was achieved by using aqueous-organic biphasic medium. The catalyst
was recovered for reuse through decantation of the product-containing organic layer. The
catalyst-containing aqueous layer could be recycled up to 4 times, and metal loss from the
aqueous layer was determined using ICP-OES. Formation of isomerisation products

increased with each cycle, indicating a change in the active catalytic species.

5.2 Future outlook

The use of heterobimetallic complexes in catalysis is slowly increasing as researchers seek to
design suitable catalysts for industrial applications. This work contributes to the novel
approaches which can be used as a platform for designing heterobimetallic pre-catalysts that
possess good catalytic activity and selectivity. Similar complexes can be designed with a
rigid (pi- conjugated) linker between the two metals to allow direct communication of the
metals without the possibility of changes in catalyst conformation. These could offer
improved catalytic rates and selectivity at low catalyst loading. Varying the electronic
properties of the complexes through electron-withdrawing and electron-donating substituent
groups may be another avenue to explore in designing the heterobimetallic complexes. These
have in the past been reported to be influential in the rates and selectivity of a catalyst. New
heterobimetallic complexes of rhodium and a different metallocene, for example, the
dicyclopentadienyl derivatives of ruthenium and osmium (which are somewhat similar in
chemical reactivity and stability to ferrocene) can be of interest for future evaluation as

hydroformylation pre-catalysts.

88





