Dirhodium(11,11) paddlewheel complexes conjugated to a

polypyridyl tris-amine scaffold: synthesis and application as
pre-catalysts in the hydroformylation of 1-octene

Stephen de Doncker

"9"!39A!un}~‘-

University of Cape Town

November 2019



The copyright of this thesis vests in the author. No
guotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Dirhodium(11,11) paddlewheel complexes conjugated

to a

polypyridyl tris-amine scaffold: synthesis and application as

pre-catalysts in the hydroformylation of 1-octene

Dissertation presented for the degree of

Master of Science

Stephen de Doncker

Supervisors: Associate Professor Gregory S. Smith (UCT)

Doctor Siyabonga Ngubane (UCT)

Department of Chemistry

University of Cape Town

Rondebosch, 7701

Cape Town November 2019



Page |i

Plagiarism Declaration

| know the meaning of plagiarism and declare that all work contained in the document,

“Dirhodium(11,11) paddlewheel complexes conjugated to a polypyridyl tris-amine
scaffold: synthesis and application as pre-catalysts in the hydroformylation of 1-octene”,

is my own work and, to the best of my knowledge has never been submitted for examination
for any degree at any university. All sources of information contained herein are cited and fully

referenced.

Signature:

Signed by candidate

Stephen de Doncker

Date: 29 November 2019



Page |ii

Acknowledgements

Firstly, 1 would like to extend my utmost gratitude to my supervisors, Assoc. Prof. Gregory
Smith and Dr Siyabonga Ngubane for the continuous support, encouragement and guidance
throughout the duration of the degree. The constructive criticism, input and discussion over the
past few years, resulting in my general and academic growth has been invaluable, Thank you.

I would like to acknowledge Pete Roberts for his expertise and advice on NMR related topics,
Dr. Hong Su for single-crystal X-ray diffraction studies, Dr. Marietjie Stander (University of
Stellenbosch) for collection of ESI-MS data, and Eva Fischer-Fodor and her colleagues in
Romania for hosting me for a brief, but informative, 2-week period. Special mention must be

given to Deirdre Brooks for the meaningful chats and much needed laughter and smiles.

To my closest friends, Desmond, Geoffrey, Jauhar, Litha and Raihaan, thank you for the
friendship, support and good times over the years. The impact you guys have had on my life is

immeasurable.

To my colleagues and friends, Allan, Athi, Ana, Jasmin, Preshendren, Richard, Shepherd,
Taella, Taryn and Thato, thank you for the general atmosphere you provided in and around the
lab. Time could not have been spent more wisely in other company. A special thanks to Leah
for her advice in the final stages of writing.

I would like to acknowledge the members of the organometallic research group for the advice,

guidance and encouragement.

To my family; Edgar, Emma, Lauren and Michelle, lessons learned through and with you have

helped me throughout my life, and this instance was no exception.

Funding for this project was provided by the National Research Foundation- Department of

Science and Technology, c*change.

“Only those who will risk going too far can possibly find out how far one can go”

-T. S. Eliot



Page |ii

Abstract

The hydroformylation reaction is the addition of CO/H (synthesis gas) to olefins using a
transition-metal catalyst to produce linear and/or branched aldehydes. This reaction is in
alignment with the Green Chemistry philosophy, applying principles such as using renewable
feedstocks, atom economy, and catalysis. The use of rhodium-based catalysts for
hydroformylation offers greater selectivity and catalytic activity under milder conditions
compared to cobalt-based counterparts. Furthermore, the introduction of sterically demanding
ligands such as phosphines are often introduced to enhance selectivity and activity of active
catalysts. The conjugation of dendritic structures to transition-metal catalysts, to form
metallodendrimers, may be useful in introducing functional groups that alter electronic and

steric factors as well as increasing the activity through multinuclearity.

Dirhodium(I1,11) complexes contain two rhodium atoms, a metal-metal bond and an oxidation
state of 4+ over the bimetallic core, resulting in each rhodium atom having an oxidation state
of 2+. The electronic and steric influences can be altered by variety of ligands, bearing alkyl
or aryl substituents. The purpose of this investigation was to synthesize and characterize a
series of dirhodium(Il,11) complexes, a suitably functionalized poly-pyridyl scaffold and
conjugation of the synthesized complexes to the periphery of the scaffold to form low valent

metallodendrimers.

A series of diphenylformamidine ligands bearing electron-withdrawing (fluoro) and electron-
donating (methyl) substituents at the ortho- and para-postions on the phenyl rings were
synthesized. Two dirhodium(ll,11) complexes bearing acetate bridging ligands with methyl or
trifluoromethyl groups and four dirhodium(ll,1l) complexes, bearing synthesized
diphenylformamidinate bridging ligands, were obtained. A trisamine-based pyridyl scaffold
was synthesized and conjugated to each dirhodium complex to afford the corresponding low-

valent metallodendrimers.

All ligands, complexes and metallodendrimers were characterized by spectroscopic (*H,
BC{H}, °F NMR, FT-IR) and analytical (mass spectrometry) techniques where applicable.
The paddlewheel structure of the complex and pseudo-planar nature of the formamidine N-C-

N system was confirmed by Single crystal X-ray diffraction analyses.
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The activity of the synthesized complexes and metallodendrimers were evaluated as catalyst
precursors in the hydroformylation of 1-octene. Model reactions were carried out with
dirhodium(ll,11) tetraacetate as a precursor varying time, pressure and temperature resulting in
optimized conditions for the formation of aldehydes, with negligible effects on the activity

observed in the presence of mercury.

Acetate bearing complexes showed near quantitative conversion (>99.8%) of 1-octene,
excellent activity and chemoselectivity toward aldehydes (>98%) with moderate
regioselectivity towards linear products (40-44%). Excellent conversion (97-99%), moderate
to good chemoselectivity toward aldehyde products (59-87%) and moderate to good

regioselectivity (48-71%) where obtained for diphenylformamidine compounds.

Coordination of the trisamine-based scaffold leads to a general decrease (ca. 10%) in the
chemoselectivity toward aldehydes and an anticipated general increase in the regioselectivity
towards linear aldehyde of between 3-5% under optimized hydroformylation conditions.
Chemoselectivity towards aldehydes was favoured by electron-donating groups over electron-
withdrawing groups in the diphenylformamidinate complexes, with regioselectivity favouring

linear aldehydes observed for analogous complexes containing electron-withdrawing groups.
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CHAPTER 1

Introduction and literature review

1.1 Catalysis

Page |1

The use of catalyzed processes invoking transition metals form an integral part of both

synthetic chemical and industrial processes as an efficient pathway for transformation of low-

value feedstocks into higher-value. These compounds with applications in pharmaceutical,

petrochemical and polymer industries.! Industrially, catalytic processes are ubiquitous and the

need for designing and development of improved catalysts and catalytic processes for reducing

the environmental impact is an important consideration for large-scale ‘greener’ chemistry.?
The Green Chemistry philosophy (Figure 1.1, vida infra) is becoming more prominent and the

demand for new and more efficient methods of synthesis in academia and industry synthetic

chemistry is increasing. In this regard, catalysis ties into several other green chemistry

principles, namely, atom economy, energy efficiency and reduction in undesirable by-

products.®*

Figure 1.1:

1
Prevention

10
Design for
degradation

4
Safer
chemicals

Green
Chemistry

Renewable
feedstocks

Illustration of the twelve principles of green chemistry
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Due to the wide scope of applications and advantages of catalytic processes, more sustainable
synthetic methods in large scale processes through the reduction or elimination of harmful by-
products and waste in various chemical processes, compared to more conventional synthetic

methods.>®

Catalytic processes offer a range of benefits such as increases in selectivity, lower energy
requirements, minimising waste and the use of catalytic amounts of expensive/toxic materials.*

Catalysis is divided into two classes, namely, heterogeneous and homogeneous systems.

1.1.1 Heterogeneous catalysis

Heterogeneous catalysis makes use of a catalytic species which is in a different phase to the
reaction medium allowing for relatively facile separation processes such as direct filtration.
This is advantageous in the industrial sector where recovery of expensive and possibly toxic
transition-metal catalysts is desirable. A disadvantage in this class of catalysis is that reactions
take place at the interphase between different media, impacting the selectivity and reactivity
negatively through limited interaction between the substrate- and catalyst containing phases.

1.1.2 Homogeneous catalysis

Homogeneous catalytic systems contain a reaction medium with the catalysts and substrate in
the same phase. The primary advantages of homogeneous systems are high selectivity and
reactivity since the catalyst-substrate interaction is maximised throughout the reaction medium
as well as the ability to modify key aspects such as the chemoselectivity, regioselectivity and
enantioselectivity of the catalyst.”® Examples of catalysts modified for enantioselectivity are
widely used in organic synthesis such as in Sharpless epoxidation®?, where the accessibility of
incoming substrates are hindered by chiral ligands which induce chirality to the metal complex.
While characteristics of homogeneous systems are widely considered to be advantageous, a
major disadvantage in the form of separation of the desired product from the expensive or toxic
transition-metal catalytic species is encountered. This is usually accomplished by energy
intensive processes such as distillation.®!® Additionally, separation of products in
homogeneous systems carried out through distillation may cause catalyst degradation if high

temperatures are required.! Furthermore, catalyst degradation may occur through the breaking
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and reforming of metal-ligand bonds throughout the catalytic cycle, hence, optimal binding of

the ligand remains an important factor to consider when designing highly efficient catalysts.!

1.2 Hydroformylation

Hydroformylation is the transition-metal catalysed addition of carbon monoxide and hydrogen
to olefins resulting the formation of C-C bonds and ultimately, formation of aldehydes (Scheme
1.1, vida infra). The process was first discovered by Otto Roelen in 1938 using a carbonyl
based cobalt active catalyst species, HCo(CO)4, obtained in situ from the catalytic precursor
Co2(CO)s in the presence of high pressure molecular hydrogen.'? Although aldehydes are the
major product, hydrogenation of the alkene substrate to form alkanes and alcohols can also
occur.®*® Catalytic methods of functionalizing alkene feedstocks is one of the largest important
industrial processes, converting low-value substrates from the petroleum and chemical
industries into higher value aldehyde precursors with many synthetic applications.t!4
Aldehyde products obtained from the hydroformylation of suitable feedstocks can be used to
produce compounds such as acrolein, alcohols, carboxylic acids, acetals, amines and pyrans

through more conventional stoichiometric means.

CO, H,
R/\/ S RM + R + Isomers
Catalyst | ~
O 0

Linear Branched

R = alkyl, aryl
Scheme 1.1: Outline of products formed in the hydroformylation reaction

Catalysts studied in hydroformylation reactions mostly make use of metals such as ruthenium,
platinum, iridium, cobalt and rhodium, with the latter being subject to intensive study.> Thus
far, at least theoretically, it seems reasonable to assume that any transition metal atom capable
of forming a carbonyl-hydride complex with suitable activity under the right reaction

conditions could be viable as a catalyst species.

Investigations into the hydroformylation activity of transition metals such as osmium,
ruthenium, iridium, platinum, palladium, iron and nickel have been carried out.*%!" Intensive

study into catalyst precursors containing rhodium, cobalt, ruthenium and platinum centred
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transition metal complexes have been undertaken, with ruthenium and platinum studied mostly

for academic interest.16:17

Historically, rhodium and cobalt are the transition metals of choice for the design of catalysts
for hydroformylation in industrial application for first- and second-generation processes in
modified and unmodified forms.”1° First generation hydroformylation processes made use of
cobalt-based carbonyl (CO) containing catalysts almost exclusively in industry, initially
providing adequate reaction rates and target products.?® Primary disadvantages of the
unmodified cobalt catalyst systems are the harsh reaction conditions necessary, requiring high
temperatures and pressures, as well as low selectivity and the formation of by-products such as
alcohols. In addition, catalyst deactivation leads to the formation of metallic cobalt requiring a
prior ‘de-cobaltation® step before separation by distillation.?* The use of ligands such as
phosphines affording cobalt-phosphine based second-generation catalysts were attempted to

address factors in the optimisation of the process and are mostly utilized in the Shell Process.?

Rhodium-based catalysts typically requiring milder reaction conditions than the cobalt
counterparts, in addition to a decrease in the formation of hydrogenated products and increases
in the activity and selectivity.”?>?* The regioselectivity (linear vs branched) as well as
chemoselectivity (aldehydes vs alcohols or iso-octenes) aspects can be altered through the use
of modified ligands, whereby increases in steric interactions and manipulation of the electronic

character on the metal centre result in favouring the formation of desired products.?®

Second generation rhodium-based catalysts utilize modified phosphine ligands, initiated by
Wilkinson et al. in the 1960s, with chloridotris(triphenylphosphino)rhodium(l) and
hydridotris(triphenylphosphino)rhodium(l) being classic examples.?® Exchanging carbony! for
triphenylphosphine ligands to afford second generation rhodium-centred catalytic precursors
show increased selectivity towards linear aldehydes as well as minimisation of isomerisation
of the substrate.?® Wilkinson described two plausible catalytic cycles (Scheme 1.2, vida infra)
for rhodium based catalysts whereby both dissociative (D) and associative (A) mechanistic

pathways are described, starting at the activated catalyst species.?®

Major differences between the associative and dissociative mechanisms is the initial loss of a
carbonyl ligand, although key reaction steps occur in either case. By way of example, the
associative mechanism proceeds via the formation of a rhodium hydride 5-coordinate species
(a), followed by coordination of the alkene substrate forming a coordinatively saturated

octahedral complex (b). A hydride migration step forms the rhodium alkyl intermediate (c),
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before migratory insertion of a carbonyl ligand occurs to form the rhodium-acyl species (d).
The oxidative addition step where the addition of molecular hydrogen forms an octahedral
acyl-dihydride complex (e) is formed before reductive elimination occurs, releasing the
aldehyde product and reforming the active catalyst species.

Experimental evidence shows that the lowering of CO partial pressure and higher ligand
concentration favours the production of linear aldehydes, thus supporting the premise that the
increased crowding around the metal centre plays a major role in the formation of specific

products in the hydroformylation reaction for these systems.?’

Associative Dissociative
0 H
R H PhsPi g o6 -CO
) Ph3P( | ’\\ Ph3P/' ) \H
co @ phyp= RI~CO
RE ;=
R
0 g | o) W
I o
H J\ﬁ 37" Rh Ph+Pu.,
PhsP/ . 'J R Php” | NCO > SRh
RO Co PhyP” |
Phy,P” [} YCO (b) Co
(e
OA HM \ HM
Hy
0 R R
PhP: ,Rh/U\AR (
Ph,p”  YCO Ph3P"/"RIh-CO -~ Ph3f:Rh‘CO
@ M Mo D) | e
co

HM - H migration

MI - Migratory insertion
OA - oxidative addition

RE - REductive elimination

Scheme 1.2: Rhodium catalytic cycle depicting associative and dissociative mechanisms®’

Variation of the reaction conditions for hydroformylation such as temperature, pressure,
catalyst concentration and ligand concentration can be used to affect the regioselectivity,
chemoselectivity and activity for catalytic systems. Therefore, careful considerations into the
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appropriate reaction conditions are required for the formation of desired products in terms of

intermediate reaction kinetics.

The electronic environment around the metal centre is an important factor to consider with the
use of ligands having different o-donor and m-acceptor characteristics being attractive areas of
investigation. Based on a multistep the catalytic cycle, influencing the stability of intermediates
in the cycle and the ability of the metal centre to undergo reductive elimination or oxidative
addition influences the comparable rates of these steps and, in turn, the product distribution.
Tucci et al. reported that the effects of increasing the basicity of coordinating atoms have a
major effect on hydroformylation rates, the trend being the lower the Lewis basicity, the lower
the binding affinity and the higher the observed rate of linear product formation when using
ligands bearing group 15 coordinating atoms (phosphorous, arsenic and antimony), more
specifically, PPhs, AsPhs and ShPh3.%8

The consequence of using these ligands as modifications in cobalt, rhodium, and ruthenium
catalyst systems resulted in comparable activities between the phosphorous and arsenic ligands
with the obvious trend being a marginal difference in the n:iso ratios, 1.0 and 0.8 respectively,
due to the expected higher m-acidity of the arsenic bearing ligand which promoted
Markovnikov addition in the catalytic cycle. The SbPhz bearing catalyst showed lower
selectivity towards aldehydes with a higher n:iso ratio of 2.0 and a twenty percent conversion

to hydrogenation products being observed.

In this regard, ligands containing nitrogen atoms should have the highest binding affinity
affording a slower hydroformylation rate when directly compared to analogous phosphines.
Catalyst precursors with ligands containing oxygen, phosphine and nitrogen atoms are well

documented.16:29:30

More recently it has been shown that multinuclear complexes exhibit hydroformylation
activities greater or equal to their mononuclear counterparts.®® In this regard, dirhodium
complexes are of interest and studies involving the activity of both mono- and bimetallic
compounds are common, having shown valuable activities in other catalytic reactions such as
allylic oxidation, carbonylation and hydrogenation.33 Govender et al. reported and
enhancement in the activity in the hydroformylation of 1-octene using mixed valent bimetallic
Rh(1)/Rh(111) complexes.® Studies on effects of ligand modification to bimetallic catalytic
species and improvements with respect to the activity of such complexes by other methods is

an attractive area for investigation.
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1.3 Dirhodium(l11,11) paddlewheel complexes

The effects of binuclearity may be further investigated through complexes containing a
bimetallic core as opposed to those containing two discrete metal centres tethered through a
bidentate linker ligand. Paddlewheel complexes containing a variety of metal atoms such as
vanadium, niobium, chromium, tungsten, molybdenum, rhenium, ruthenium, iron, cobalt,
iridium and rhodium have been reported (Figure 1.2), with varying bond orders between metal

atoms located in the core.3*

L/\ L
| Tk
/ /
/v /'\|’I i
L L| \\
Axial l{ L Axial
site \/ site

M = Rh, Ru, Re, Cr, Ir, Co, W, Mo, Fe

i m/@
_ . R' A R “
lf//\\L - 4l* SNFINT R' NN

O NR

R' R’ |
PN P
o} o S O '

R, R' = alkyl, aryl

Figure 1.2: Bimetallic paddlewheel structure with examples of bridging ligands

Dirhodium(I1,11) paddlewheel complexes having structural nuances such as a metal-metal
bond, Dan symmetry and vacant axial sites available for coordination have been studied for
their interesting spectroscopic and electrochemical properties.®® The bridging ligands may be
modified to tune the electronic character of the metal centres, allowing for stabilization of

higher or lower oxidation states of the bimetallic core.*

Early dirhodium complexes were afforded by reacting hexachlorido rhodate species in formic
acid to obtain the dirhodium(l1,11) tertraformate complex.3” More recently, dirhodium(ll,II)
tetraacetate is efficiently obtained through a reaction of RhCl3-3H20 in a mixture of sodium
acetate, ethanol and acetic acid.®® Further dirhodium(l1,11) compounds are afforded through
ligand metathesis reactions by reacting suitable ligands derived from carboxylic acids,

formamidines, benzamidines, and oxopyridines (Figure 1.2, vida supra).3%-42
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The availability of uncoordinated axial sites may be occupied by solvent molecules containing
electron donor atoms, additional pre-formed ligands or modified bridging ligands containing a
suitable tether.*® Coordination to the vacant axial sites of the complex result in changes in the
electronic character of the complex. Thus, for reactions such as hydroformylation, the catalytic
cycle relies on the ability of the metal to undergo changes in oxidation state (Scheme 1.2,
Section 1.2).

Comparatively, the intermediary oxidation state of 2+ in dirhodium paddlewheel complexes,
in relation to the 1+ oxidation state in more conventional rhodium centred hydroformylation
catalytic precursors, may allow for more facile oscillation between Rh(l) and Rh(Ill) oxidation
states required in the catalytic cycle. Additionally, the bond between the rhodium atoms may
allow for delocalization of charge in the core combined with the electronic effects of the
bridging ligands. This could further allow for better accessibility to higher and/or lower

oxidation states as required.**

1.4 Methods of catalyst immobilization

Homogeneous and heterogeneous catalysis are widely used in industry, however, increasing
the ease of separability of catalysts from homogeneous systems would have major benefits to
the recyclability of the catalyst species in decreasing factors such as the cost, degradation and
possible ecological hazards. The immobilization of catalysts onto various inorganic and
organic supports has been attempted to achieve these goals.” Several types of immobilization
techniques have been introduced to homogeneous catalysis, each can be identified or defined
by the types of support used and the catalyst-support interaction, including covalent interaction,
electrostatics, adsorbtion, encapsulation.***#” Covalent bonding is a popular type of method
for the anchoring of catalysts (Figure 1.3), being robust enough to withstand the harsh

conditions in reactions such as hydrofomylation.” 4°

The process of heterogenizing catalysts which would otherwise fall into the class of
homogeneous catalysis uses suitably functionalized ligands which are attached to solid
materials, usually inorganic oxides or polymers to form insoluble supports. These then allow
for separation by direct filtration.” An observable trend with the use of polymeric supports as a
means of catalyst immobilization results in a notable decrease in catalytic activity or selectivity,

due to poor substrate to catalyst contact is observed in heterogeneous catalytic systems.4
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coordination to a metal centre

Figure 1.3: Examples of modified polyethylene glycol and silica supports’

1.4.1 Metallodendrimers

A variation on the polymer support approach is to use a suitable dendrimer than can be removed
from the solution easily via precipitation, membrane filtration or a combination of these two
methods.* Dendrimers are three-dimensional molecules characterized by a central core which
expands into a periphery which becomes denser with increasing generation number, n (Figure
1.4).>* These types of macromolecules possess features and physical properties such as precise
control of molecular weight, monodispersity and 100% branching degree, and as such have

become increasingly popular in chemistry, biology and material and nanotechnololgy.*

Figure 1.4: Graphic representation of a general dendritic structure
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By way of example, the synthesis of dendritic scaffolds based on a diaminobutane core is
obtained through a Michael addition of acrylonitrile to diamino butane, forming a branched
nitrile species, followed by a Raney-Cobalt reduction of the terminal nitrile groups to afford

the branched amine species.*®>!

The applications of dendrimers include drug delivery agents, adhesives, high performance
polymers, biosensors, chemotherapeutic agents, diagnostic imaging and catalysis.>>>* Common
dendrimers make use of functionalities such as polypropyleneimine, poly(amidoamine) and
poly(benzylether) moieties.>** An example of a widely used dendritic scaffold from the
polypropyleneimine family makes use of diaminobutane (DAB) as a base or core, branching
into 4n propylamine chains, depending on the generation number n. In theory, these terminal
amine groups can then be functionalized to incorporate ligands such as phosphines, imines and
oxides capable of binding to metal complexes, thereby forming metallodendrimers. Low-valent
scaffolds may be obtained through a similar synthetic modifications to suitable molecules such
as tris(2-aminoethyl)amine.>® Molecular structures of simple polyamine scaffolds are shown

in Figure 1.5 below.

H,N
NH,

DAB- Generation 1

NH
2 H2N\/\/Ng K/\NH

DAB- Generation 2
NH,

N

I

H,N
Tris(2-aminoethyl)amine
Figure 1.5: Tris(2-aminoethyl)amine and first-and second-generation DAB-based dendrimers

Metallodendrimers, like their dendrimer conjugates, are branched monodisperse

macromolecules which contain metal atoms at the core, interspersed throughout the molecular
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framework or at the periphery (Figure 1.6, vida infra).?>?° The integration of transition metals
into dendritic frameworks to form metallodendrimers was initiated by Newkome et al. in the
1990s who reported the use and modification of functional groups capable of binding to
metallic complexes located on the periphery of dendrimer scaffolds.>’

The application of these techniques to afford catalytic species in the form of metallodendrimers
may be used as a method of catalyst immobilization via covalent interactions as previously
described.®® This allows for an increase in the concentration of metal complexes at defined sites
in the macromolecule which can, in turn, influence factors such as reactivity, selectivity and

separability, which have become a recurring motif in the area of catalysis.

N
C(\/NB/\/\N/\/\/ \/\ N N/\/\N/\/\/N\/\/N\/\
r
N—Re_ oc N J) H\ N
1\ Nco i
oc” Lo J) oc:R,e/\ N/\/\NQ b
(T % e W | Q
ANRE o ~
oc” L4 N

Figure 1.6: Examples of first- and second-generation DAB- based metallodendrimers with metal

centres located at the periphery®*?

The separability aspect of metallodendrimers is usually achieved through ultrafiltration, of
catalysts from the reaction medium and products formed.® Dendritic frameworks may
contribute to the stabilization of metal complexes through functional groups throughout the

molecular structure.®®

Careful design or selection of a dendritic support for specific catalytic applications may be used
in order to combine the best properties of both heterogeneous and homogeneous systems for

industrial applications.
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1.5 Aims and objectives
1.5.1 General aims

The application of dirhodium(ll,11) complexes in catalytic reactions is widely reported due to
the ability of complexes in this class to access high and low oxidation states with the use of
appropriate ligands. Reports of dendritic structures having these bimetallic complexes are less
prominent. The use of dirhodium(ll,11) catalytic precursors based on acetate and formamidinate
ligands, as well as coordination of these complexes to dendritic scaffolds is an attractive area
for further investigation. In this regard, the aims of this project were:

e To synthesize and characterize a series of ortho- and para-substituted
diphenylformamidine ligands bearing electron withdrawing and electron releasing
groups.

e To synthesize and characterize fully substituted dirhodium(ll,Il) complexes with
carboxylate and diphenylformamidinate bridging ligands.

e To synthesize and characterize a series of low-valent metallodendrimers bearing
dirhodium(I1,11) complexes on the periphery.

e To evaluate all synthesized complexes in the hydroformylation of 1-octene

1.5.2 Specific objectives

1. The synthesis of diphenylformamidine ligands bearing fluoro- and methyl substituents at

either the ortho- or para- positions (Scheme 1.3).

L * ’
i ISR NG ONY
+2x —_—
/\0)\0/\ H,N H&N

Reflux

R = 4-Methyl, 2-Methyl, 4-Fluoro, 2-Fluoro
Scheme 1.3: Outline for the synthesis of diphenylformamidine ligands

2. Fully substituted dirhodium(ll,11) paddlewheel complexes containing bridging carboxylate

and diphenylformamidinate ligands were synthesized and characterized (Scheme 1.4).
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Scheme 1.4: Outline for the synthesis of dirhodium(ll,11)complexes

3. A tris(2-aminoethyl)amine based scaffold bearing pyridyl groups on the periphery was

synthesized and characterized (Scheme 1.5).

N=
)
H,N o
1 ' O N
N A~ NH; +3x l A ( ; NN
H _N 1 H
NH, NH
z
(i) CH,Cl,/MgSO,/r.t ~ I
(il) NaBH,/MeOH/r.t N

Scheme 1.5: Outline for the synthesis of low-valent dendritic scaffold

4. The conjugation of synthesized dirhodium(ll,11) complexes to model and dendritic scaffold

moieties via coordination of the pyridyl moiety to an axial site (Scheme 1.6).
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Scheme 1.6: Outline for the synthesis of low-valent metallodendrimers with dirhodium(l1,11) complexes

on the periphery

5. All compounds were characterized using standard spectroscopic and analytical techniques,
including Nuclear Magnetic Resonance spectroscopy (NMR), Fourier-Transform Infrared
spectroscopy (FT-IR), and Electron Impact (EI) or Electro-Spray lonization (ESI)
spectrometry. Single Crystal X-ray Diffraction (XRD) analysis was used in the cases where
single crystals were obtained to verify molecular structures.

6. The synthesized complexes and low-valent metallodendrimers were evaluated as catalytic
precursors in the hydroformylation of 1-octene to determine optimum conditions to produce
aldehydes and whether conjugation to a scaffold favours product selectivity and activity. The
hydroformylation products were quantified using GC-FID.
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