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Abstract

Synthesis, Structure, and Catalytic Activity of Bimetallic Rhodium Complexes in the
Hydroformylation and Allylic Oxidation of Alkenes

Four N,N’-bridging diphenylformamidine (dpf) ligands L1 — L4 were synthesised and
characterised to ascertain purity. These known ligands were further reacted with the dimeric
rhodium precursor [RhCI(COD)]> producing a series of diphenylformamidinato-Rh(l)
bimetallic complexes C1 — C4. The same ligands were also reacted with either the dirhodium
trifluorotetraacetate [Rha(TfOAC)4] or the traditional acetate [Rho(OAc)s] dimers. Thes
reactions yield a series of diphenylformamidinato-Rh(I1) homoleptic bimetallic complexes C5
— C7 of the type [Rh2(R-dpf)s4] (where R = H, CHs or F) as well as the novel mixed ligand
heteroleptic dirhodium complexes C8 — C11 of the type [Rh2(R-dpf)x(OAC)sx] with x =2 or 3
(where R = H, CHs or F), respectively (Figure 1).
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Figure 1. Hydroformylation and allylic oxidation of 1-octene and 1-cyclohexene, respectively.

The complexes were fully characterised using various spectroscopic and analytical techniques
inclusive of the melting points, *H NMR, *C NMR, '°F NMR and FT-IR spectroscopy as well
as high resolution mass spectrometry. Furthermore, UV-visible spectroscopy and cyclic
voltammetry were carried out in various coordinating and none or poorly coordinating solvents

to elucidate the absorption spectroscopy and electrochemical properties of the complexes.



The Rh(I) bimetallic complexes C1 — C4 were evaluated as possible catalyst precursors in the
hydroformylation of 1-octene, optimized at 85 °C and 30 bar of syngas (1:1 H2/CO). Facile and
quantitative conversions were obtained within 4 hours under these conditions. All complexes
have near quantitative conversion, with complete conversion for complex C4 (R = CFz). There
is equal amount of both nonanal and branched aldehydes with C4, indicating the rate of

isomerisation is equal to the rate of aldehyde formation from the iso-octenes.

Homoleptic (C5 — C7) and mixed ligand heteroleptic (C8 — C11) dirhodium complexes were
evaluated as potential catalysts towards the allylic oxidation of cyclohexene. At 0.1 mol%
catalyst loading and 3 eq. of TBHP, a near quantitative substrate conversion was observed in
the presence of a coordinating solvent, acetonitrile at 82 °C. Under such conditions, the
heteroleptic complexes C8 — C11 demonstrate superior catalytic activity compared to the
homoleptic complexes C5 — C7. The desired 2-cyclohexen-1-one is the dominant product over

the 2-cyclohexen-1-ol and cyclohexene oxide which are also produced in this catalytic reaction.



<

Vmax

ACN
Ar
ATR-IR

br

13C NMR
calcd.

cat
CDCls
CHCI3
cm?
COD
COSY

d

dd

DCM
DMF
DMSO
DMSO-ds
DN

dpf

List of Abbreviations and Symbols

Degrees

Degrees Celsius

Percent

Angstrom

Chemical shift

Reactivity constant
Hammett’s constant
Wavenumber

Maximum wavelength
Amperes

Acetonitrile

Aromatic

Attenuated total reflectance infreared spectroscopy
Axial coordination

Broad

Carbon-13 nuclear magnetic resonance
Calculated

Catalyst

Deuterated chloroform
Chloroform

Reciprocal centimetres
1,5-cyclooctadience
Correlation spectroscopy
Doublet

Doublet of doublets
Dichloromethane
N,N-dimethylformamide
Dimethyl sulfoxide
Deuterated dimethyl sulfoxide
Donor number

Diphenylformamidine ligand



E

eq
ESI-MS
ET(30)
EtOH

BENMR
Fc/Fc*
FT-IR

MHz
mL
MLCT
mol
mmol
M.P.
MS
m/z
nm
NMR

Half wave poterntial

Equatorial coordination

Electrospray ionisation mass spectrometry
Dimroth-Reichardt

Ethanol

Faraday’s constant

Florine-19 nuclear magnetic resonace
Ferrocene/Ferrocenium

Fourier transform infrared spectrometry
Grams

Gas chromatography

Hours (unit of time)

Proton nuclear magnetic resonance
Heteronuclear single quantum correlation
Hertz

Anodic current

Cathodic current

Infrared

Coupling constant

Comproportion constant

Metres for length or multiplrt for nuclear magnetic resonance

Milligram
Megahertz
Millilitre

Metal to ligand charge transfer
Moles

Millimoles

Melting point

Mass spectrometry

Mass to charge ratio
Nanometres

Nuclear magnetic resonance

Solvent polarity



PGM Platinum group metals

PhCI Chlorobenzene

ppm Parts per million

q Quartet

r.t. Room temperature

Rh2(OAC)4 Dirhodium(ll) tetraacetate
Rhy(TfOAC)4 Dirhodium(I1) tetrakis(trfluoroacetate)
S Singlet

Syngas Synthesis gas

t Triplet

TBHP Tert-butyl hydroperoxide

THF Tetrahydrofuran

TOF Turnover frequency

TON Turnover number

UV-Vis Ultraviolet Visible light spectroscopy

\V Volts



Chapter 1

Review on the Design and Synthesis of Homobimetallic Rhodium
Complexes and their Applications in Catalysis

1.1 Brief History

Over the past two decades, scientific researchers have adapted to conduct their experiments on
a more conservative approach, as urged by agencies such as the Environmental Protection
Agency.! In the field of chemistry, this approach is introduced in the form of Green Chemistry.?
This is defined as the “design of new chemical processes and chemical products that seeks to
reduce or eliminate the use or generation of substances hazardous to living organisms (humans,
animals and plants)”.2 Thanks to the intensive work done by John Warner and Paul Anastas, a
formulation of policies now known as the 12 Principles of Green Chemistry, serve as guidelines
and basis of conducting chemical experiments to protect the environment.? Figure 1.1 shows

this 12 principles of green chemistry.

Real-time analysis Inherently
for pollution safer chemistry
prevention for accident Prevention

Atom economy

Design for degradation

prevention
Catalysis e

Green
Chemistry
Reduce derivatives } Designing safer
\ chemicals
/

Use of renewable ‘

—| Less hazardous
chemical
e svnthesis

Safer solvents

feedstock Design for

and auxiliaries

energy
efficiency

Figure 1.1 Principles of Green Chemistry Green Chemistry Design.

Included in Figure 1.1 of green chemistry is the incorporation of catalysis. A catalyst is defined
as a compound that provides an alternative path that goes via a lower activation energy in a

chemical reaction that is thermodynamically favoured, to form products much faster than



without the catalyst. The catalyst is regenerated once the reaction has reached its completion

(Figure 1.2).

- — E“.
Z without
S catalyst
5= E, with
5 catalyst
°
=¥
Products

b - - -

v

Reaction progress

Figure 1.2 Reaction energy profile showing catalyst effect in lowering activation energy.*

If a catalyst is in a similar phase to the reactants and products, it is said to be homogeneous. A
catalyst with a different from the reactants or products is then said to be heterogeneous.® There
are both advantages and disadvantages in both forms of catalysts.® In heterogenous catalysis,
it is easier to separate the catalytic species due to having a distinguishable phase, and are
generally cheaper and more robust. However, their selectivities are much poor, while they are
also not easily modified. Contrary to this, homogeneous catalysts are comparatively more
expensive and more difficult to isolate due to the same phase relationship.” They are often

sensitive to moisture and thermal conditions, but provide good activity and selectivity in the

2



reaction.2 1% The advantages and disadvantages of homogeneous and heterogeneous catalysis

are summarised in Table 1.1.

Table 1.1 Differences between homogeneous and heterogeneous catalysis

Homogeneous catalysis Heterogeneous catalysis
Activity High Variable
Catalyst recycling Expensive Easier and cheaper
Diffusion issues None Very important
Mechanistic understanding Plausible and possible to Very uncertain and difficult
ascertain in random to understand
conditions
Selectivity High Variable
Sensitivity towards catalysts Low High
poisons
Service life of catalyst Variable Long
Reaction conditions Low to mild Harsh

Generally, catalysis applies to broad topics, including acid-base catalysis, enzyme catalysis and
organometallic catalysis.!* Organometallic catalysis utilises organometallic compounds as
catalysts for chemical reactions.'? Since catalysts lower the activation energy of a chemical
reactions, they are designed for energy efficiency. The use of catalysts can also reduce the
amount of starting material, resulting in less feedstock as there is no need for stoichiometric
amounts. Catalysts tend to improve the selectivity of reactions, and thereby reducing the waste
and this corresponds to another major policy of green chemistry. They also consist of renewable
feedstock since catalysts are regenerated with the products upon completion of the reaction.
Other catalysts allow for unfavorable (thermodynamically) reactions to be carried out. Green
chemistry has a growing impact; however, it is believed that it has not yet reached its full
potential. Hence, there is still a lot to be explored in this diverse field. Due to such reasons,
catalysis is a major area of research in laboratory, as it will not only beneficial to laboratory
research but to all industries that perform organic reactions. Some of these reactions are

hydroformylation and allylic oxidation of alkenes.



1.2 Bimetallic Rhodium Complexes

1.2.1 Homobimetallic Rh complexes without a metal-metal bond

Synthetic chemists continue to explore the design of catalysts in attempts to mimic naturally
occurring metal-containing enzymes (bearing two or more active sites).’*14 These synthetic
catalysts are designed to imitate the characteristics of biocatalysts, having synergistic and
cooperative effects between the active metal sites contained therein. Park and Hong reported a
detailed structural review on the classification of bimetallic catalysts (Figure 1.6).% The
cooperative effects of the metal centres are realised as most efficiently when the two metal sites
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 serves as the counterion of nucleophiles.*® At
this optimum separation, even without direct interactions between the metal centres, their close
proximity permits for interactions of the substrate with both metal centres or the close binding
of two reactants to the adjoining metal centres.
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Figure 1.3 Bonding modes of ligands to metals in bimetallic complexes.
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The combination of multiple catalytic sites to a single ligand structure can enhance the
reactivity of a catalytic system through an induced cooperative activation and selective
substrate binding to improved catalytic efficiency. The compounds can either be
homobimetallic or heterobimetallic, with respect to the metals.'®® Stanley and co-workers
have reported on the hydroformylation of 1-hexene with a racemic bimetallic rhodium complex
rac- [Rhz(nbd)z(et,ph-P4)](BF4). (nbd = norbonadiene, et = ethyl, ph = phenyl). This gave a
higher rate of reaction and regioselectivity for linear aldehydes, in comparison to the same
reaction with the Rh/PPhs which is considerably slower and less selective.'® They proposed a



catalytic cycle that involves an intramolecular transfer of a hydride from one rhodium centre
to another which contains an acyl chain, resulting in the aldehyde. This charge transfer is
dependent on the close proximity of the two metal centres. In the case of heterobimetallics
where different metals are used, it is often expected that the two metals will perform different

functions. This allows for a more selective functionalisation of the substrate.

1.2.2 Homobimetallic Rh complexes containing a metal-metal bond

Dirhodium complexes have fascinating properties that span different including antitumour
metallopharmaceuticals, phototherapeutic agents, design of supramolecular arrays and more
importantly catalysis.?®?' These compounds are said to be ‘paddlewheel’ with two types of
ligands (Figure 1.4). The Rh atoms are connected by four bridging ligands located at the
equatorial positions and other coordinating ligands including solvents at the axial positions,

with the Rh—Rh bond insensitive to o-donating axial ligands.

R

Equatorial coordination
(eq) (_/

I/

R

L Rh Ax1al coordination

(ax)
X=0,N, P orS donor
R = substituent
L = solvent or small-molecule ligand

Figure 1.4 General structure of dirhodium(ll) complexes showing equatorial and axial
bonding.

The key in the stabilisation of the Rh2*" dirhodium core is the formation of the Rh—Rh bond.
The molecular bonding orbital construction, (Figure 1.5) has fourteen electrons with eight
distributed among the o, © and & bonding orbitals. The remaining six are distributed among the

&* and * antibonding orbitals.?? This gives a configuration with all electrons paired, hence

diamagnetic.
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Figure 1.5 Molecular orbital construction of the Rh-Rh bond showing electron distribution.

Dirhodium carboxylate complexes are obtained from the reduction of Rh(111) compounds in
alcohols media which act as reducing agent. Other preparative methods include the reflux of
salts of [RhClg]** in aqueous formic acid, refluxing [Rn(OH)s.H20] in a carboxylic acid or
mixture of carboxylic acid and alcohol.?® However, the yields are low by these methods. A
more efficient is the reflux of [RhCl3.3H>QO] under nitrogen in a mixture of sodium acetate,
acetic acid and ethanol.?* The reduction of [RhCls] by dimethylformamide in

dimethylammonium acetate has been suggested as an alternative method.?®

Dirhodium formamidinate complexes can be prepared by the reaction of [Rh2(O2CCHj3)4] with
the molten formamidine ligand. Furthermore, replacing the [Rh2(O2.CCHz3)s] with
[Rh2(0O2CCFs3)4], the yield is improved significantly.?® An alternative method is the reflux
[RhCI3] with a neutral formamidine in a mixture of ethanol and triethylamime, however, the
yields are lower. The properties of the dirhodium complexes vary based on the nature of the
ligands. The formamidinate bridging ligands introduce a chemical and structural diversity to
these complexes which results in rich electrochemistry and improving their biological activity.
Since N atoms are better o-donors than O atoms, the formamidinate groups form more stable

complexes as they render the Rhz** core more electron rich. This is evidenced by Rh-Rh and



Rh-Oeqg/Rh-Neq bond lengths, Rh2(02CCHs)4 has a bond length of 2.38 A and Rhz(DPhF)4 has
a bond length of 2.457(11) A.?” In the latter, the antibonding orbitals of Rh2** core are more
populated with electron density in combination of the ‘bite’. This also accounts for the observed
electrochemical process, whereby the carboxylate complexes stabilize the Rh,** state and the

formamidinate complexes stabilize the Rh2°>* much easier as well as the higher Rh,®".

1.3 Homogeneous Catalysis

A number of factors should be considered whenever choosing a catalyst. These include the
selectivity of the catalyst, its lifetime, ease in recycling the catalyst as well as the amount of
the catalyst required. A catalyst with good selectivity will yield a larger quantity of the desired
product with minimum side product. Homogeneous catalysts tend to possess good
chemoselectivity as well as good regioselectivity. The high selectivity of such homogeneous
catalysts makes them ideal for wide applications in industry and academia. This has contributed
to increased interests in homogeneous catalysts, and they have been applied in classical organic
processes such as carbonylation (in the Monsanto process),®® hydrogenation (with the

Wilkinson catalyst)'® and hydroformylation reactions?®.

Some drawbacks of homogeneous systems such as the recovery of the often-expensive
organometallic catalysts has propelled researchers to consider a combination of the two
systems. This is aimed at subduing the disadvantages of a homogeneous system with the
advantages of a heterogeneous system. The goal is to bridge the gap between the two systems
through a more selective system which can operate under mild conditions and offer a more
simplified procedure for catalyst separation from the product. Several approaches that have
been developed are based on the immobilisation of the catalyst onto organic or inorganic
support and immobilisation in biphasic systems. Employing the former comes with the
possibility of leaching by the metal from the catalyst-support matrix into the product,
degradation of the support system as well as a constrained catalyst which impacts negatively
on its mobility for effectiveness. In contrast, biphasic catalysis not only counteracts the
disadvantage of catalyst recovery associated with homogeneous systems but creates a balance

between heterogeneous and homogeneous processes.



1.4 Hydroformylation

Hydroformylation, which is widely known as the “oxo process”, is a metal catalysed addition
reaction of hydrogen gas (H2) and carbon monoxide (CO) across an alkene functionality, to
produce a mixture of linear and branched aldehydes with an extra carbon on the original chain,
Scheme 1.1. This homogeneously process was accidently discovered by Otto Roelen in 1938
at Ruhrchemie AG, during his time investigating the Fischer-Tropsch reaction.*1* Initially,
cobalt-based catalysts were employed, whereby a Co(l) complex, HCo(CO)4 is the unmodified
active catalyst precursor. The hydroformylation is usually carried out under high pressure
conditions to prevent dissociation of the CO ligands, with the production aldehyde and alcohol
products.3! The product ratio of linear and branched products n:iso is found to be typically 4:1,
with a small formation of the alcohol products.®? At higher reaction temperatures, there is a
competition between the formation of the aldehyde and a subsequent reduction of the aldehyde,
so alcohols are observed as major products. As of recently, the focus has been on the design of

rhodium-based catalysed due to higher reactivity of Rh centres.

R? R CHO

th A COJ Hy R >{ R
R —= i a R \r
catalyst
- R CHO

Scheme 1.1 A general reaction scheme for the hydroformylation of alkenes. Here, R1 — R4 is
an alkyl, aryl or H.

1.4.1 Mechanism for the rhodium catalysed hydroformylation

A possible mechanism for the Rh catalysed hydroformylation is proposed in Scheme 1.2.3% The
first step is the dissociation of CO from the five-coordinate precursor to generate the active
four-coordinate catalyst [HRh(CO)3] (Rh(l) complex 1.21, (16e’) with a vacant site for
coordination. The alkene substrate can then coordinate to the vacant site in the second step, to
a Rh(I) complex 1.22 (18e”). From here, the reaction can go via a path that leads to the linear
products and the other leading to branched products. For the linear pathway, there is a hydride
migration of the hydride cis to the alkyl ligand, inserting itself to the more internal carbon to
form the four-coordinate complex 1.23b. To this species, a CO molecule is coordinated leading
to five-coordinate complex 1.24b. The coordinated CO which is cis to the o-bound alkyl
migrates to insert itself between the C—Rh bond to make a s-bound acyl Rh(I) complex 1.25b.
To this complex, the hydrogen molecule coordinates to yield a six-coordinate Rh(111) complex,
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which then undergoes reductive elimination to regenerate the active species 1.21 while
dissociating the aldehyde product. In the branched pathway, the hydride migration occurs at
the terminal carbon of the alkyl chain to form the o-bound alkyl complex 1.23a. To this
complex, an incoming CO molecule coordinates to generate the five-coordinate complex 1.24a.
A similar ligand migratory insertion of the CO to the alkyl leads to the formation of the o-
bound acyl complex 1.25a. The hydrogen molecule oxidises the complexes to the six-
coordinate Rh(IIl) species which is followed by a subsequent reductive elimination. The

oxidation state and coordination number both decrease by two, regenerating the active species.

RT/J}O Zhn .
"/ "

i L-Rh—L
Lo L_EI(;_L ¢ (1.25b)
(1.250) €© 1.21 R
(1.21) .
Branched Product ( Linear Product
Cycle { ( | Cycle
R R
WL " R
OC-Rh’, L, L
o " Rh— ||
co L n R _ Ri-CO
(1.24a) Rﬁ/ / co 7 o
‘> / (1.22) \ / (1.24)
L-Rh-L
co L-Rh-L
co . ]
(1.23a) Co co
(1.23b)

Scheme 1.2 A catalytic cycle of an unmodified Rh catalysed hydroformylation.

The rhodium catalyst precursor is usually modified to an isoelectronic and isostructural catalyst
precursor by replacing one of the CO ligands with a phosphine ligand (PR3), [HRh(CO)3(PR3)]
(Figure 1.6). The modified species is generally stable compared to the unmodified and requires
low pressure. The bulky PR3 has a large cone angle and high steric bulk, so its introduction
permits for the hydride migration step to favour the linear products.® The n:iso ratio would
then change to 8:1, with more linear products.3* Further scrutiny reveals that there is greater
hydrogenation activity. This is rationalised from the reduction of the aldehyde to the alcohol,
leading to more alcohol products rather than the aldehydes. The mechanism is similar with that

of unmodified Rh catalyst with the third step with the introduced steric bulk favouring the



terminal alkyl ligand and another H> molecule introduced on the C=0 bond of complexes 1.24a

and 1.24b to CH-OH, followed by a reductive elimination to regenerate the active species.®

H
RyPs,
““Rh——PR,
R3P/
CO

Figure 1.6 Structure of phosphine modified Rh(l) complexes used in hydroformylation.

There has been a wide usage of hydroformylation of alkenes in industrial processes, most
specifically in pharmaceuticals, perfumery and agrochemical.®® Most specifically is the use of
rhodium catalysts. Due of the high cost of rhodium, much of literature has attempted to develop
techniques which will use rhodium catalysts in hydroformylation to produce targets with a
margin of higher profits. This still proves to be difficult because aldehydes are difficult to
remove from the expensive rhodium catalyst, but products of lower olefins are easily separated
by distillation techniques. Biphasic systems and immobilised catalysts are just a few separation
methods currently in use.® In immobilised catalysis, the catalyst is bound to a solid support
like silica and the activity is improved by this binding. In both cases, it is easier to isolate the
catalyst due to the different phases. As such, these separation techniques are currently in use.®
This is slightly different from systems whereby the catalyst is active in its solid state, where

the activity is caused by the presence of the nanoparticles.

o O

)J\o/\ Rh-biphephos )J\o /\[(H
o)

CO, H,

Scheme 1.3 Preparation of 2-oxoethyl acetate under hydroformylation conditions.

A Rh-biphephos catalyst has been used for the hydroformylation of vinyl acetate (Scheme 1.3),
with a molar substrate to catalyst loading ratio of 4000:1 at 80 °C, 3 bar.3” The n:iso ratio was
reported to be 15:1, attributed to high steric demand of the biphephos ligand, which inhibit the
hydride migration to branched product. The same catalyst was used in the hydroformylation of
N-allyl phthalimide to afford an aldehyde with a ratio of 11.5:1 (Scheme 1.4).
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Scheme 1.4 Hydroformylation of N-allyl phthalimide.

Rh-diazaphospholane was employed as a catalyst for the hydroformylation of vinyl acetate to
the aldehyde 2-(acetoxy)propanal, with reports of a 96.8%ee enantiomeric selectivity and a
large n:iso ratio of 139:1.3 An aldehyde Florhydral is prepared by the selective
hydroformylation of 1,3-propylenebenzene with Rh-PPhs (Scheme 1.5) . The Florhydral is

reduced with a hydrogen molecule and a Pd/C catalyst to afford its respective saturated form.

Scheme 1.5 Preparation of Florhydral by hydroformylation and reduction sequences.

There has also been attempts to prepare the enantiomerically pure Florhydral by asymmetric
hydroformylation methods, but this has only led to low enantioselectivities compared to the far
more enantioselective asymmetric hydrogenation route with a 97%ee.?® Using Rh-(S,R)-
Binaphos in the asymmetric hydroformylation of aryl vinly ethers, the chiral aldehyde 2,4-
DCPPA is produced with a 72%ee and a 2:1 n:iso ratio.’

il
\fﬁ 1-{ 5, Ri-Binaphos 0
CHO
CO, H- \|/\

Scheme 1.6 Asymmetric hydroformylation of aryl vinyl ethers.

Finally, a Rh-xantphos is used in the preparation of an insecticidal sulfoximine, by the
hydroformylation of 3-methylenetetrahydrothiophene to an aldehyde intermediate.® The linear
aldehyde is the only regioisomer formed. The intermediate can be aminated sequentially,

followed by cyclisation to form a pyridine ring and oxidation of the sulphur.
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Scheme 1.7 Preparation of an insecticidal sulfoximine by hydroformylation.

S

1.5 Allylic oxidation

The allylic oxidation of an alkene is one of the simplest cases that proceeds via C—H bond
functionalization.®® This eco-friendly process aims to functionalise C—H bonds, making
synthetic scheme shorter, cleaner and more efficient, without use of protection-deprotection
sequences. As mentioned above, the reaction requires harsh conditions due to the high
dissociation bond of the carbon-hydrogen bond.** Investigations have been placed in similar
reactions that will enable the use of mild conditions. Of these is weak coordination by directing
functional group in Pd, Rh and Ru. It has been reported that with Pd(ll), strongly coordinated
palladacycles form thermodynamically stable intermediates that are unreactive with
functionalizing reagents under mild conditions. However, the presence of a strong acid is
needed to activate the intermediate. In contrast, cyclopalladation intermediates containing
weakly coordinating directing groups are thermodynamically disfavoured, however, these are
more reactive towards functionalization reagents to give desired products controlled by

kinetics. This observation is similar to that reported by Halpern in asymmetric hydrogenation.

For Rh(III), relatively high yields are obtained for the synthesis of isoquinolone natural
products from pivaloyl hydroximates and vinyl acetate in methanol using a [Cp*RhCl2]. (6)
catalyst with CsOAc, Scheme 1.8.%> Webb et. al. postulate that the mechanism involves a
rearrangement of N-metalated hydroxamic acid intermediate since the reaction occurs only in
the presence of [Cp*RhCl:]..
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Scheme 1.8 Allylic oxidation of vinyl acetate with pivaloyl hydroximates with a Rh(lll)
catalyst 6.

In allylic oxidation, the olefin substrate either linear or cyclic is reacted with an oxidizing agent
as an oxygen source with a metal catalyst present. As seen on Scheme 1.6, alkenone (enone)
and alkenol (enol) products can be obtained, which gives the problem in chemoselectivity.

[catalyst]

g S T

H H oxidant O H OH

Scheme 1.9 Allylic oxidation of a linear alkene.

There has also been reports of epoxide products and other side products.**#* In the case of the
enone and enol products, the allylic C-H bond is activated with a lower bond dissociation
energy due to the possible resonance with the C=C double bong to stabilize the transition state.
As a result of this, the allylic hydrogens are more susceptible to radical abstraction than proton
abstraction provided no basic reagent is involved in the reaction. Products derived from allylic
oxidation have wide applications ranging from intermediates for total synthesis of natural
products, anticancer reagents and flavouring constituents. Strategies that have been adopted in
the past lack regioselectivity, stereoselectivity and usually have overoxidation issues.
Moreover, the assisting reagents were mainly based on Se or Cr oxides in stoichiometric
amounts. Fortunately, eco-friendly alternative methods based on the chemistry of Cu, Pd and
Rh have been reported. The key is the ability for the metal complexes to undergo a 1-electron

oxidation.*®
In the case of Cu, Garcia-Cabeza et. al. have reported the preparation of a copper-aluminium
mixed oxide (Cu-Al Ox) that catalyses the allylic hydroxylation of enones.*® They observed

that the electron-deficient C=C double bond is oxidized with good yields, when employing Cu-
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Al Ox with potassium tert-butoxide (‘BuOK) and molecular oxygen (Oz) from air as the
oxidant. They proceeded to investigating the allylic oxidation of electron-rich alkenes, using
tert-butylhydroperoxide (TBHP) as the oxidant. The reaction was observed as sensitive to the
nature of the solvent and is quantitative when acetonitrile is used. Furthermore, the Cu-Al Ox
catalyst is essential since the yields are significantly low in its absence. Cycloalkenes substrates
and aromatic carboxylic acids bearing different functional groups as oxidants were also
evaluated. The presence of either electron-withdrawing or electron-donating group in the
aromatic ring of the acid does not affect the outcome of the reaction.*® They were able to
propose a mechanism, Scheme 1.10, based on the work of Beckwith and Savitzas*’ and
Mayoral et. al.*®. This was supported by whereby the Cu-Al Ox provides a surface for
coordination, thus reducing the activation energy for the O-O bond cleavage of TBHP or C-H
of cyclohexene. The cyclohexenyl radical carbon at C3 is stabilised by the shift of the double
to C2 and C3, with coordination at C1. The cyclohexenyl radical is locked by the Cu or Al
atoms. This is followed by a pericyclic rearrangement around the plane containing the metallic

surface, which leads to the formation of the corresponding ester.

Scheme 1.10 Mechanism for the allylic oxidation of cyclohexene with TBHP.

Surprisingly, when the carboxylic acid is replaced with L-proline, instead of an ester, the
corresponding enol or enone are obtained, Scheme 1.11. A possible explanation would involve

a formation of a complex between L-proline and copper atom of Cu-Al Ox as reported by Ding
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and Stahl.**° Statistical analysis on the reaction found that the highest yield is obtained with
at 60 mg/mmol catalyst loading of Cu—Al Ox and 4.5 eq. of TBHP, increasing the reaction

yield from 40 to 64 %. This could be due slow reactivity of the Cu metal centre.

Cu-Al Ox
(HOH @ (15 mol% [Cu]) d @
+
N ©
H TBPH (48 %) (40 %)

CH;CH, 82 °C, 24 h

Scheme 1.11 Synthesis of cyclohexenol and cyclohexanone from L-proline and cyclohexene.

1.5.1 Metal-free allylic oxidation of linear and cyclic substrates

Recently, selective oxidation strategies which require synergistic effects of fundamental
parameters that will achieve optimal efficiency. This includes oxidants, catalysts, feedstock,
reaction solvents and mechanisms of the optimised reactions.®* These complexes result to an
improvement of the oxidation systems to fulfil the important reactions.>? The focus has been
placed on environmental issues to minimise toxic chemicals, energy consumption and waste
production on the basis of atom efficiency and sustainability of the chemical transformation.®
% In this case, the traditional stochiometric amounts of toxic oxidants is replaced with molecular
oxygen 02.5° This is an ideal oxidant due to water being its sole by-product. However, the
direct use requires activation processes that rise from the Wigner spin conservation rule®” in its
triplet ground state and challenges of selective oxo-functionalisation.®®® The metal-free
organocatalytic strategies have gained momentum in many oxidation processes with molecular
oxygen,®585% with advantages in green chemistry for long-term considerations.®® In context of
metal-free catalysis, use of photocatalytic oxidation is quiet appealing as it can afford good
conversion and selectivity under mild reaction conditions.®*%* Allylic and benzylic oxidation
are of special interest due to their products from raw materials found as key intermediates with
commercial applications including pharmaceuticals, flavourants, polyester fibres, and

agrochemical (Figure 1.6)>1724-%0
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Figure 1.7 Metal-free allylic oxidation of cyclic alkenes with Oa.

Innovative oxidation strategies that involve the relatively cheap and non-toxic N-
hydroxyphthalimide (NHPI)81#2 have emerged as tools for organocatalysts for the selective
oxo-functionalisation of various organic substrates at mild reaction conditions. Several reviews
have summarised these striking applications.>®%8%° Mechanistic investigations have reached
the following consensus (Scheme 1.12); the hydrogen abstraction from alkene substrates by
phthalimide-N-oxyl radical (PINOe) (route b), in situ that is generated by NHPI (route a),
serves as a crucial step.2® The resulting carbon-centred radicals are easily trapped by a
molecular oxygen (route c) leading to peroxyl radicals which then generates PINO and yield
hydroperoxides via a near-perfect equilibrium reaction (route d).3* Hydroperoxides are
ultimately converted into oxygenated molecules through radical a-H abstraction routes or

redox decomposition.6°8+-88
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Scheme 1.12 Literature mechanism of allylic oxidation with NHPI is an initiator.

There are quite a few organic substrates that utilise the electron-transfer and oxidation
processes. Xu and co-workers attempted to develop similar organocatalytic systems.”” The
performances of the combination of o-phenanthroline (o-Phen) or bipyridine (and its
analogues) with NHPI were assessed in the oxidation of ethylbenzene with a presence of
molecular bromine (Brz).”” o-Phen was found to be the most efficient mediator, followed by
2,2-bipyridine and bathophenanthroline. The lower modulated behaviours of other analogues
are reported to be related to the steric hindrance of the substituents around the active sites of
nitrogen atoms which hinder their contact with NHPI. These oxidation reactions undergo free
radical pathways with no induction periods, while Br, functions as a single-electron initiator
for the conversion of o-Phen derivatives to the corresponding cation radicals, thus promoting
the generation of PINOe from NHPI (Scheme 1.13).

1/3Bry f R,
|
R;—C-0O0H
aYat d/ \ f_\> A
—N N= =N N= ’ products
o-Phen Br- Br

1/;Br, 0-Phen

Scheme 1.13 Allylic oxidation with NHPI and o-Phen in the presence of Bro.

Peroxides are commonly used as oxidising agents, radical initiators, and precursors in
preparation of phenols. Dibenzoyl peoxide (DBP) (ref 79, 111),23# cyclohexenebenzene-1-
hydroperoxide (CHBHP),% tert-butylperoxypivalate (BPP)"*%! and m-chloroperobenzoic acid
(m-CPBA)’® have been utilise as initiators in the NHPI-catalysed allylic and benzylic
oxidation. These peroxides induce PINOe« from NPIH through heat or light induced self-
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decomposition (Scheme 1.14) Foricher et. al. reported on the oxidation of allylic isoprenoids
by the NHPI/BPO system and its analogous systems, which affords an acceptable conversion
(ca. 62—-100%) and selectivity (ca. 65-91%) of allylic ketones.®® The catalysts were used in

stoichiometric amounts, and could be recovered at the end.
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Scheme 1.14 Allylic oxidation with NHPI and hydroperoxide.

1.5.2 Metal catalysed allylic oxidation of linear and cyclic substrates

Classically, allylic oxidation was mainly based on selenium (SeO),”*"* manganese (MnQ2),%
and potassium (KMnOs) compounds. However, these were found to lack in stereo- and
regioselectivity, and frequently encountered toxicity. This prompted researchers to shift their
focus to transition metal, as this are easily oxidised and favour the generation of radicals.®®
Zhang et. al. reported on the allylic oxidation of cyclic alkenes with molecular oxygen and tert-
butyl hydroperoxide with a copper-manganese oxide catalyst (Scheme 1.15).%¢ They found that
in acetonitrile, total conversion is obtained with unhindered cycloalkenes and is chemoselective
to only the ketone product with excellent regioselectivity. The ketone product could be oxidised

to the oxide product with a yield of 92.8 %.

Cu-Mn oxides, TBHP

0,,20-24 h

Scheme 1.15 Allylic oxidation of cyclic alkene with Cu-Mn oxides.

On the other hand, Garcia-Cabeza designed a copper-aluminium mixed oxide used as a catalyst
in the allylic oxidation of internal olefins (Scheme 1.16 ).%” With L-proline and TBHP, yields
a 50/50 mixture of the ketone and alcohol products. The reaction of the internal olefine with a
carboxylic acid and TBHP, esters are obtained with moderate to excellent yields (40 — 80 %).
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Similar products are obtained from the Kharasch-Sosnovsky reaction, where an alkene is

reacted with a peroxide with CuBr in benzene.*3:%8-100

R4 Cu.Al Ox R4 Cu-Al Ox R4
} 1 3 5
RWW L-proline RV\(RS R coon R%\(R
2
R? X TBHP R* H TBHP R* 0.0
X = H, OH R
X=0

Scheme 1.16 Oxidation of internal olefins with Cu-Al oxide catalysts.

As of recent, the focus has shifted to transition metals and the platinum-group metals (PGM),

101 102

namely Rh as a potential catalyst for allylic oxidation, as shown by White™* and Doyle*~.
Certainly, Catino et. al. showed that the dirhodium(Il) caprolactamate complex [Rhz(cap)4] is
more active than the dirhodium(Il) acetate complex [Rh2(OAc)4] and the pentafluoro acetate
complex [Rhz(pfb)4] with 1 mol% of catalyst in the oxidation carbon 1 substituted
cyclohexenes.’®®1% This is accounted for by the easier access to the Rh2°* species since
[Rhz(cap)a] readily undergoes a one electron oxidation (with E12 = 11 mV). The addition of
50 mol% K>COs significantly reduces reaction time to 1 h and catalyst loading to 0.1 mol%
while increasing the yield. The reaction is regioselective towards unhindered o-H.

Withdrawing groups at carbon 1 cause the alkene to be electron deficient, giving lower yield.

Du bois’ dirhodium(IT) complex [Rh2(esp).] was found to be a robust, efficient and recyclable
catalyst for solvent-free allylic and benzylic oxidation.® With 1 mol% catalyst loading and T-
Hydro in n-heptane could oxidise the AS-steroid with excellent yields (> 80 %) in 6 h. Su et. al.
found that the [Rhz(cap)s] complex is able to oxidise styrenes with TBHP, giving complete
conversion when water is the solvent, however, the reaction lacks any chemoselectivity.8’-88
Finally, Anderson et. al. designed a tethered, axially coordinated heteroleptic dirhodium(ll)
complex [Rh2(OACc)3(PhTCB)], which was used in the cyclopropanation of styrenes, good
yields (> 70 %) and chemoselectivity towards the cyclopropane over the diester.1%®

1.6 Motivation and Rationale of the Study

Owing to the differences in binding strength, electrochemical and spectroscopic properties of
O donor and N donor atoms at the equatorial position in dirhodium complexes, the synthesis
of ligands with these donor atoms; acetates (O donors) and formamidinates (N donors) with
electron-releasing or electron-withdrawing substituents at designated position and the

preparation of fully substituted and mixed-ligand complexes could lead to a series of
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compounds with fascinating properties, including electronic and steric properties of the
dirhodium complexes. The availability of two Rh(Il) metal centres could afford easier access
to the catalytically active Rh(lll) species for both allylic oxidation and hydroformylation.
Finally, the applications of these bimetallic Rh(l) and Rh(Il) complexes as catalysts in the
above-mentioned organic transformations, namely hydroformylation and allylic oxidation will

broaden the scope of available methods in the laboratory to installing oxidized functionality.
1.7 Research Aims and Objectives

1.7.1 General aims

The aim of the study is to design, synthesise and characterise bimetallic rhodium(l) and
dirhodium(Il) paddlewheel complexes containing bridging diphenylformamidinate ligands.
The complexes will be evaluated for their catalytic activity: the bimetallic rhodium(l)
complexes are to be evaluated in the hydroformylation of 1-octene and the dirhodium(ll)

complexes are to be evaluated in the allylic oxidation of cyclohexene.

1.7.2 Specific objectives

e Synthesis and characterisation of diphenylformamidine ligands.

0.05mol% Glacial CH3COOH \©\ /©/
H N
0/\ 2

/\o)\o/\ 140-150°C, 18 h, N, L1:R=H
-EtOH L2: R =CH;,

L3:R=F
L4: R = CF;

Scheme 1.17 Synthesis of diphenylformamidine ligands L1 — L4.

e Synthesis and characterisation of bimetallic rhodium(I) complexes.
R

(i) KO'Bu, Toluene, 2 h _
(ii) [Rh(COD)Cl],, 24 h, N,
R@N//_NH /Rh \ Cl:R=H
. \ s
‘\\\// \\/7 C2:R=CH,

C3:R=F
C4:R=CF,

Scheme 1.18 Synthesis of bimetallic rhodium(l) complexes C1 — CA4.
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e Synthesis and characterisation of homoleptic dirhodium(ll) paddlewheel complexes.

R R R
A
Rhy(TfOAC),, 24 h, N
2 )4 2 Né\lr A

,—NH o |
RON/ C5:R=H Rh——Rh
C6:R:CH3

C7:R=F

Scheme 1.19 Synthesis of homoleptic dirhodium(11) complexes C5 — C7.

e Synthesis and characterisation of dirhodium(ll) paddlewheel complexes.

R
[Rh,(OAC),]
PhCL, 24 h, N,

//—NH
O

. L
NN
th_RIh
[O /O}
T,
C10: R = CH,
Cl11:R=F

2

Scheme 1.20 Synthesis of mixed ligand heteroleptic dirhodium(ll) complexes C8 — C11.

e Evaluation of the bimetallic rhodium(l) complexes as potential catalysts for the
hydroformylation of 1-octene.
e Evaluation of the dirhodium(Il) paddlewheel complexes as potential catalysts for the

allylic oxidation of cyclohexene.
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Chapter 2

Synthesis and Characterization of Bimetallic-Univalent
Rhodium(l) and Dirhodium(l1) Complexes with Bridging

Diphenylformamidine Ligands

2.1 Introduction

A range of studies have been carried out on the binuclear transition metal complexes, inclusive
of theoretical, spectroscopic, and magnetic studies to better understand the metal-metal
interactions of these complexes.!%®112 One example is the study of rhodium ions containing
bridging ligands having donor atoms such as nitrogen, oxygen, in some cases anionic halogens
such as chloride atoms.***'® The introduction of these bridging ligands is reported to improve
the stability and reactivity of the metal centre towards interaction with substrates where such

complexes are used as catalysts.®

Formamidine compounds [HC(NR):], where R = aromatic, are a subclass of amidine
compounds [R’C(NR).], where R’ = alkyl, aryl, amido or H. These The compounds have
attracted interests of chemists due to their convenient synthesis, vast tunability in their
electronic and steric properties.!!’”  These have been synthesised by heating triethyl
orthoformate with respective anilines in neat conditions.''® An acid catalyst may be used to
promote the speed of the reaction. Recently, researchers were able to use a green process in
their preparation by use of sonication.’® They have been found to be key intermediates in
constructing heterocycles and functional group transformations. Furthermore, these have broad
versatility in their modes of coordination to transition metals. For these, reasons, these were

chosen as ligands for the purpose of the current research.

A subclass of bimetallic transition metal complexes are the bimetallic Rh(I) complexes. Early
reports of such complexes include on binuclear chlorido-bridged rhodium(l) complexes
[Rh(u—CI1)(COD)]2 containing 1,5-cyclooctadiene (COD),*?° a number of analogous Rh(l)
complexes such as [Rh(L)(COD)]., where (L = amidinato, triazenido and anilinopyridinato),
with their applications as catalysts towards organic reaction transformations such as
hydroformylation, hydrogenation, hydroamination and polymerization of alkenes.?!122

Piraino et al. have reported on the characterisation and electrochemical studies of
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formamidinate-bridged rhodium(l) dimers.1?® These complexes would serve as potent reducing
agents, and be considered for their catalytic activity which is easily fine-tuned by the
introduction of various substituents on the aromatic carbons of the bridged ligands.
Furthermore, the Rh---Rh catalytic centre can be adjusted sterically and electronically by
considering the nature of the ligands. Thus, the elucidation of the structural, spectroscopic, and

redox properties of these complexes is paramount for the development of efficient catalysts.'?*

On the other hand, dirhodium(ll) complexes have fascinating properties that span from
antitumour metal pharmaceuticals, phototherapeutic agents, design of supramolecular arrays,
and more importantly catalysis.?>?* The key for such complexes is in the stabilisation of the
Rhz**, with a molecular bonding orbital construction of eight of fourteen electrons are
distributed among the o, © and & bonding orbitals. The remaining six are distributed among the
n* and &* antibonding orbitals.?? This results in a single bond connecting the two Rh metals

and gives rise to configuration with all electrons paired, hence diamagnetic.

These dirhodium(II) compounds are said to be ‘paddlewheel’ complexes with two types of
ligands, equatorial (eq) or axial (ax). The Rh atoms are connected by four bridging ligands via
eq coordination, while solvent and small coordinating ligands bind via ax coordination. The
Rh—Rh bond is reported to be insensitive to the oc-donating axial ligands. The first reported
dirhodium(Il) is the dirhodium(ll) tetraacetate complex [Rh2(O2.CCHa)4] obtained from the
reduction of RhCls-3H,0 in a mixture of sodium acetate, acetic acid, and ethanol.'?® The
replacement of the acetate ligands with other bridging ligands with nitrogen, sulphur and
phosphorus has also been reported.'?® However, only a few examples have been found where
a degree of two or three acetate ligands are substituted for selectively.

The properties of the dirhodium(l1) complexes vary based on the nature of the ligands. The
carboxylate ligands allow for unhindered ligand coordination at the ax coordination sites. The
formamidinate ligands introduce a chemical and structural diversity to these complexes which
results in rich electrochemistry. A combination of the acetate and the formamidinate ligands
within the Rh** core should improvement their biological and catalytic activity. Due to N
atoms having better c-donor ability of O donors, the formamidinate groups form more stable
complexes as their render the Rh2** core more electron rich. In this chapter, the syntheses,

characterisation, structure, and electrochemistry of bimetallic Rh(lI) complexes of the type
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[Rh(R-dpf)(COD)]2 and dirhodium(ll) complexes of the type [Rh2(R-dpf)x(OAC)s-x], Where x
=2, 3 or 4, with bridging N,N -diphenylformamidinate ligands are discussed.

2.2 Synthesis and Characterization of Diphenylformamidine Ligands (L1 -
L4)

The diphenylformamidine (R-dpf) ligands L1 — L4 were synthesised following a previously
described literature procedure (Scheme 2.21).227130 The respective commercially available
para-substituted aniline was heated to reflux with triethyl orthoformate in the presence of acetic
acid via an acid catalysed nucleophilic substitution reaction. The R-dpf ligands were isolated
as white crystalline solids with a moderate yield of 49 — 54 % and melting points ranging from

139 to 147 °C. The ligands are soluble in common polar solvents.

0.05mol% Glacial CH;COOH R \©\ /©/ R
=
o HzN@R NN

. H
/\o)\o/\ 140-150°C, 18 h, N, LI:R-H
-EtOH L2: R = CH;
L3:R=F
L4: R = CF,

Scheme 2.21 Preparation of ligands L1 — L 4.

In the first step of the reaction (Scheme 2.22), acetic acid protonates the triethyl orthoformate
to enhance the lability of the ethoxy group. This in turn increases the electrophilicity of the
electrophilic carbon by forming a carbocation. The addition of aniline leads to the elimination
of ethanol. There is a proton-transfer, which is followed by an elimination of a second ethanol
molecule forming an imine intermediate. The second equivalence of the aniline attacks the
electrophilic carbocation of the intermediate species, followed by another proton-transfer.
Subsequently, an ethanol molecule is eliminated, and acid regenerated upon the collapse of

electrons from secondary amine to form a stable formamidine functionality.
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Scheme 2.22 Possible mechanism for the formation of the ligands L1 — L4.

The *H NMR spectrum of L1 (Figure 2.8) indicates the successful synthesis of the reaction due
to the presence of a sharp singlet appearing at 6= 8.24 ppm integrating for one proton. This
corresponds to the formamidinyl proton Hr.13* A triplet integrating to four protons, resonating
at 7.31 ppm belongs to the protons Hy meta to the nitrogen atoms. A multiplet at 7.04 — 7.11
ppm integrating for six protons is due to the overlapping signals of the Ha and Hc protons. The
number of signals recorded indicates that in solution, the proton attached to the nitrogen is
tautomerized by proton transfer between the two nitrogen atoms of the formamidine
functionality. This dynamic behaviour is well established to analogous ligands that have been
studied previously.'*? Consequently, the molecule is symmetrical as the proton is equally likely

to be located on either nitrogen atom. The n-electrons are thus delocalised.

X f 2 a,C
b L\/]L\l . /‘\\‘ . o ¢

- N
b H

1

e

T 72852

—— 82354

—=~7.2600 Chloroform-d

1.00

T T T T T T T T T T T T T T T T T T T T T T
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1 (ppm

Figure 2.8 'H NMR of L1 in CDCls.
For ligand L2 (Figure 2.9), a singlet at 2.34 ppm integrating for six protons is assigned to the

methyl protons Ha. Two doublets resonate at 6.95 ppm and 7.12 ppm each integrating to four
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protons. These conform to a 1,4-disubstitution of an aromatic ring. With the aid of 2D COSY
experiments, the more shielded signal is assigned to protons Hc para to the methyl substituent,
resulting from the shielding effect of the methyl group at these positions. Consequently, the
formamidinyl groups becomes more electron withdrawing due to its ability stabilise charge by
delocalisation, evidenced by the shielding of the formamidinyl proton compared to L1. The
latter signal thus belongs to protons Hqg. The formamidinyl proton Hg is shifted upfield relative

to that in L1, resonating at 8.18 ppm.
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Figure 2.9 Stacked *H NMR for ligands L1 — L4 in CDCls.

For L3, upon the substitution with fluoride group, the aromatic proton signals for He and Hg
move closer together compared to L2 and converge to a doublet signal at & =6.99 —7.01 ppm.
This signifies the mesomeric effect of the fluorine substituent is dominating its counteracting
inductive effect to the ring which causes an increased electron withdrawing ability of the
formamidine functionality. This is further supported by the upfield shift of the formamidinyl
proton Hg which resonates as a sharp singlet at 8.05 ppm integrating for one proton.

For L4, there are two doublets at 7.15 ppm and 7.59 ppm each integrating to four protons,
which correspond to the aromatic protons with substitution at the para positions. In contrast to
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L2, the protons directly ortho to the trifluoromethyl groups H¢ are the more shielded doublets.
This is due the withdrawing nature of the trifluoromethyl group which in turn shields the ortho
positions. Hence, the order of the signals is reversed and proton Hq resonates as the latter signal.
Furthermore, the signal for the formamidinyl proton Hy is slightly deshielded and appears as a

singlet at 8.19 ppm compared to that of L1.

The BC{*H} NMR together with 2-dimensional NMR was used to validate the assignments of
the carbon signals. The formamidine carbon Ct resonates at 149.55 ppm for L1. The signal (Cg)
is shifted upfield in L2 and L3, to resonate at 149.50 ppm and 149.99 ppm, respectively. On
the other hand, there is a upfield shift of the signal to 147.91 ppm in L4. The methyl signal Ca
for L2 is seen at 20.85 ppm and the trifluoromethyl signal in L4 is seen at 114.35 ppm. For L3,
a doublet at 116.17 ppm (*Jcr = 22.6 Hz) belongs to C¢ due to a two-bond coupling between
Cc and Fa. In comparison, a doublet at 120.57 ppm (*Jcr = 7.4 Hz) belongs to Cq due to the

four-bond coupling of Cq and Fa.

v(C=I\'12 Z v(C-C)

_» Vv(N-H)

—L1
L2
L3

E— l
WM | -

rd L N L C-
v(C=C) =) &N
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure 2.10 IR of ligands L1 — L4.

The infrared (IR) spectra of the ligands (Figure 2.10) display broad v(N—H) absorption bands
above 3000 cm™. For L2, an aliphatic v(C—H) absorption band is observed at 2850 cm™. For
L3, a v(C—F) absorption band appears at 1150 cm™ while appearing at 1100 cm™ in L4. The

characteristic formamidine absorption band v(C=N) resonates at 1581 cm™ in L1. However,
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this absorption band is shifted down field to 1608 in L2, 1601 in L3 and 1608 in L4. The ESI
mass spectrum was recorded in both the positive and negative ion modes. It displays a base
peak for [M + H]" ion at m/z = 197.11 for L1, 225.14 for L2, 233.09 for L3 and 333.27 for L4.
These molecular weights correspond with a protonation on the more basic nitrogen of the

formamidine backbone.

2.3 Synthesis of Dipenylformamidinate Rhodium(l) Homobimetallic
Complexes (C1 - C4)

The new homobimetallic complexes C1 — C4 were synthesised by reacting two equivalents of
each of the respective ligands L1 — L4 with the rhodium(l) precursor [Rh(COD)CI]> dimer in
toluene with excess potassium tert-butoxide (Scheme 2.23).12313 The nucleophilic nitrogen
donor ligands displace the labile chlorido ligands, while maintaining the bridging coordination
mode. These rearrange in a way that the bridging ligands cis to each other to reduce steric
interaction between the two ligands. The complexes were obtained as orange solids in moderate
yields of 51 — 67 % and are thermally unstable with decomposition upon heating in the range
of 210 and 218 °C. These are soluble in common polar solvents (DCM, EtOH, DMSO, THF
and CHCIz), sparingly in toluene at room temperature and become more soluble above 30 °C.

The complexes were characterised using *H, BC{*H}, **F{*H} NMR and FT-IR spectroscopy.
R
(i) KO'Bu, Toluene, 2h
(ii) [Rh(COD)CI],, 24 h, N,
/—NH N\
O NN
‘\// K\J/] C2: R = CH,

C3:R=F

Scheme 2.23 Synthesis of the bimetallic Rh(I) complexes C1 — CA4.
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Figure 2.11 *H NMR of complex C1 in CDCls.

The *H NMR of complex C1 (Figure 2.11) displays a triplet at & = 7.02 ppm integrating to four
protons which correspond to the aromatic proton para to nitrogen Ha and a multiplet integrating
for twelve protons at 7.22 ppm is assigned to the aromatic protons Hc and Hq as these signals
overlap. A triplet that integrates for two protons at 7.30 ppm belongs to the formamidinyl
proton He, with the splitting is due to proton coupling with the two equivalent, spin-active ®*Rh
nuclei.’* The symmetricity of the signals indicates coordination through a bidentate mode as
the protons of the benzene ring on one side are in identical environment to the corresponding
protons of the other aromatic ring. This is also true for the protons on the COD ligands. Six

signals around the aliphatic region are observed, like other analogous compounds.*35-137

In the aliphatic region, 2D COSY and HSQC experiments were used to validate the
assignments (Figure 2.5). A pair of quartet signals each integrating to four protons resonating
at 1.79 ppm and 1.92 pm is assigned to Hs and Hi, respectively. It is not clear which proton
would be more shielded, so the assignments were chosen arbitrary. From the COSY spectrum
(Figure 2.12), there is a cross peak between Hrand Hr at 2.53 ppm. Since the two signals are
in different chemical shifts, the two protons are diastereotopic, so they possess a geminal
coupling. This in turn indicates that upon coordination of the H-dpf ligand, the COD ligands
rearrange themselves and adopt a boat conformation to reduce the strain with the phenyl rings
of the ligand.
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Figure 2.12 *H-1H COSY NMR of complex C1 in CDCls.

In situ, this species is the dominant species since it is the one with the lowest energy. Another
cross peak is observed between Hi and H;- which resonates at 2.92 ppm and integrates to four
protons. Similarly, the two protons H; and H;- are also diastereotopic with each other as seen
with the other methylene protons Hr and He. The two protons Hr and H; are more shielded than
their counterparts Hr and H;> because the former pair are directly aligned and eclipse the
methine protons, which results in hyperconjugation of their magnetic moments. On the other
hand, Hr and H;> are antiperiplanar with a dihedral angle of ~180° with the methine protons,
and the two magnetic moments cancel each other out, hence less shielding. Finally, there is a
cross peak between cis-methine protons Hg and Hn, which both appear as broad multiplets at
4.40 ppm and 6.99 ppm, each integrating to four protons, making them also diastereotopic

protons of sp? hybridized carbons.
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Figure 2.13 *H NMR of complex C2 in CDCls.
For the *H NMR of complex C2 (Figure 2.13), a singlet that integrates for twelve protons at

2.30 ppm signifies the presence of methyl protons. There is a slight upwards shift in the
chemical shifts of the signals of protons on the COD ligands compared to those of C1. This is
due to the presence of the electron donating methyl groups by conjugating its electron density
to the Rh(I) metal centres through the n-electron system of the CHs-dpf ligands. In response,
more electron density is retained by the COD ligands and there is an increased overlap of the
magnetic moments of the protons. The methine protons Hy and Hi of COD ligand resonate at
3.85 ppm and 4.37 ppm, respectively, while there are four methyl protons of COD each
integrating to four protons for Hg, He’, Hj and H;- appear as quartets at 1.78, 1.90, 2.54 and 2.91
ppm, respectively. For the aromatic protons, Hc is shifted upfield while Hgq is shifted downfield
and converge to a multiplet at 7.00 — 7.18 ppm due to the competing electron effects of the
methyl group and the formamidine functionality. The formamidine proton Hr appears as at
triplet 7.25 ppm due the splitting by the equivalent Rh metal centres and integrates for two
protons. This signal is also shifted 0.06 ppm units upfield when compared to that of C1, a

consequence of localised charge conjugated around the formamidine group.
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Figure 2.14 *H NMR of complex C3 in CDCls.
For the *H NMR complex C3 (Figure 2.14), there is a slight upfield shift in the chemical shifts

in the signals of protons on the COD ligands compared to those of C1. This is due to the
presence of the fluoride substituent having an inductive effect as the dominant electronic effect
upon coordination of the ligand to the Rh(I) metal centres. This is the direct opposite effect that
was observed in the free ligand L3 where mesomeric effect was more dominant. In response,
less charge is available from the ligand and more electron density comes from the COD ligands
which are more bound to the Rh metal centres and hence, a decrease in the overlap of the
magnetic moments of the protons of COD. The methylene protons Hn and H; of COD ligand
resonate at 3.77 ppm and 4.35 ppm, respectively, while there are four methyl protons of COD
each integrating to four protons for Hg, H,’, Hj and H;- appear as quartets at 1.80, 1.93, 2.52 and
2.92 ppm, respectively. For the aromatic protons, Hc appears as a triplet (3Ju-r = 6.08 Hz) at
6.93 ppm due to the splitting by the activated °F nucleus following coordination by the ligand.
There is an overlap of the formamidine proton Hr and the aromatic proton Hq around 7.19 ppm.
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Figure 2.15 *H NMR of complex C4 in CDCls.
For the 'H NMR complex C4 (Figure 2.15), the downward shift in the chemical shifts in the

signals of protons on the COD ligands relative to those of C1 is more pronounced, as compared
to C3. This is due to the presence of the trifluoromethyl substituent strongly withdrawing
electron density away from the aromatic ring. This results in the formamidine functionality
donating its electron density to the ring to stabilise the insufficient charge. The Rh(l) metal
centres then pull away more electron density from the COD ligand as the nitrogen atoms of the
formamidine functionality become less electron rich. The COD ligands become more bound to
the Rh metal centres and hence, a decrease in the overlap of the magnetic moments of the
protons of COD. The methylene protons Hn and Hi of COD ligand resonate at 3.85 ppm and
4.41 ppm, respectively, while there are four methyl protons of COD each integrating to four
protons for Hg, He’, Hj and H;- appear as quartets at 1.85, 1.97, 2.56 and 2.94 ppm, respectively.
For the aromatic protons, Hc appears as a doublet at 7.52 ppm due to the splitting by Hq. This
signal is the most deshielded aromatic proton due to the withdrawing nature of the
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trifluoromethyl substituent which deshields the ortho positions. There is an overlap of the

formamidine proton Ht and the aromatic proton Hq around 7.19 ppm.
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Figure 2.16 IR spectra of complexes C1 — C4.

The C NMR of the complexes displays the diagnostic formamidinyl carbon Ce signal as a
singlet at 165.2 ppm in C1. This is more downfield compared to the free ligand. Upon
substitution with a methyl group in C2, the signal shifts downfield to 164.9 ppm. In C3 and
C4, the electron withdrawing groups shift the signal to 165.1 and 165.5 ppm, respectively. The
ESI-MS finds a base peak of 868.2279 (m/z) in C2 and 1084.1407 (m/z) in C4, which
corresponds to the [M]* cation, in agreement with literature.*®

The v(C=N) absorption bands resonate at to 1550 cm™ in C1, 1560 cm™ in C2, 1564 cm™ in
C3 and 1564 cm™ in C4 (Figure 2.16). The downfield shield in the band stretches relative to
their respective free ligands is due to m-backbonding from the Rh metals to the * orbital of
the formamidine functionality weaking the bond, which supports the coordination of the
ligands. The decrease in the v(C=C) absorption band frequencies to the range of 1604 and 1613
cm™ on 1,5-cyclooctadiene is an indication of reduced density n-backbonding, because of a
competing electron accepting group and the replacement of a w-donor ligand C1 with a =-

acceptor ligand.
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2.4 Synthesis and Characterisation of Homoleptic Dirhodium(ll) Complexes
(C5-C7)

The fully substituted complexes C5 — C7 were prepared following a literature procedure.?
These were synthesised by melting the respective ligands L1 — L4 and adding trifluoroacetate
dirhodium complex precursor [Rh2(TfOAC)4] to stir under nitrogen for 24 h, as shown in
Scheme 2.24. The resulting solution was cooled to room temperature and then dissolved in hot

methanol. A crude was filtered with suction and dried under vacuum to afford the desire

R R R
A
Rh,(TfOAc),, 24 h, N
o )4 2 N&\T A

4, NH P |
R@N/ CS:R=H Rh—Rh
C6: R = CH3

C7:R=F

complexes.

Scheme 2.24 Synthesis of the homoleptic complexes C5 — C7.

The complexes are obtained from their respective ligands as dark-green solids in excellent
yields of 83% (C5), 87% (C6) and 80% (C7). C5 and C7 undergo thermal decomposition in
the range of 389 — 393 °C, slightly higher for C6 in the range 402 — 405°C. The trend observed
is due to the strength of binding by the nitrogen atoms as result of the basicity. These are soluble
in small molecule solvents (DCM, ACN, MeOH, DMSO and THF) and partially soluble in
other common solvents due to steric crowding around the vacant axial coordination site on the

rhodium metals.

The *H NMR of complex C5 (Figure 2.17) shows a doublet at 6.70 ppm integrating for sixteen
protons for H¢ as the most shieled proton. A triplet at 6.97 ppm integrating for eight protons
corresponds to Ha and a triplet at 8.08 ppm for integrates for sixteen protons is assigned to He.
The arrangement of the signals is indicative of the formamidine functionality which conjugates
its electron density towards the aromatic rings and hence shielding the protons located at the
positions ortho and para to the nitrogen atoms. The signal for the formamidinyl proton Hs is
now a triplet (3Jrn-1 = 3.1 HZ) at 7.80 ppm integrating to four protons, as compared to the sharp
singlet observed in L1. The proton is coupling with the two Rh metals of the dirhodium(Il)

core, which confirms the successful complexation by chelation. The signals are at lower
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chemical that those of L1 as a resulting of the shielding backdonation by the Rh metals. This

agrees with the reported chemical shifts of similar compound previously reported.*®*
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Figure 2.17 *H NMR of complex C5 in CDCls.

The *H NMR for complex C6 (Figure 2.18) shows a doublet resonating at 6.58 ppm which is
assigned to the ortho proton Hc and a doublet at 6.88 ppm is assigned to meta proton Hq. Hc is
more shielded, while Hq is more deshielded than in C5 due to the inductive effect of the
donating methyl substituent and the increasing withdrawing effect of the formamidine
functionality that provides a more shielding effect for the proton. Hr appears as broad signal at
7.68 ppm integrating to four protons. The broadness is due to coupling with the spin active
193Rh isotope, however, the splitting pattern for this proton due to the Rh metals could not be

measured at the frequency of the NMR experiment.
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Figure 2.18 *H NMR of complex C6 in CDCls.

The *H NMR for complex C7, (Figure 2.19) shows a doublet of doublet 3Ju-n = 8.8 Hz, “Jn.r
= 4.7 Hz) at 6.53 ppm and a triplet with 3Ju.r = 8.54 Hz appearing at 6.82 ppm. The former
signal has been assigned to Hq with the large splitting caused by H¢ and the small splitting
caused by F through a four-bond coupling. The fluorine is activated and couples with the
hydrogen after complexation. The latter signal has been assigned to H¢ due to its equivalent
three-bond couplings to both F and Hq. The F substituent has a dominant electron withdrawing
effect after complexing, reversing the order of shielding for the aromatic protons of the
unsubstituted complex C5, which results in the formamidinato functional group to electron
release to the ring. However, this together with w-backdonation from the metals shifts Hs
downfield from 7.82 ppm in complex C7 to 6.82 ppm in complex C5. The **F{*H} NMR for
C5 shows one singlet signal at -119.3 ppm for the F substituent.
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Figure 2.19 *H NMR of complex C7 in CDCls.

The 3C NMR of the complexes displays the diagnostic formamidinyl signal as a singlet at
162.9 ppm in C5, 162.3 ppm in C6 and 162.7 ppm in C7. The methyl carbon C, in C6 resonates
as a singlet at 20.9 ppm. Furthermore, there is a triplet at 125.3 ppm and a triplet at 115.9 ppm
in C7. The more shielded triplet (*Jc.r=9.75 Hz) corresponds to meta carbon Cq, which couples
with Fa through a 4-bond coupling. The more deshielded triplet (3Jc.r = 22.83 Hz) corresponds
to the ortho carbon Ce, that couples to Fa through a 3-bond coupling.

According ESI-MS, the [M + H]" cation is found to be the base peak in all the homoleptic
complexes. C5 has the m/z of 987.1862, C6 has the m/z of 1099.3120 and C7 has the m/z of
1130.1064.

Figure 2.20 shows the IR spectra of the complexes C5 — C7. For C5, the formamidine
absorption band v(C=N) decreases from 1634 cm™ to 1571 cm™ upon complexing. This change
is attributed to the m-backbonding of the Rh metals to the mn*-antibonding orbitals of the
formamidine. The symmetric stretching band resonates at 1621 cm™. For C6, the v(C=N)
absorption band decreases from 1669 cm™ to 1587 cm™. The decrease is larger compared to
C5 due to the presence of methyl substituent that causes the formamidine to become

withdrawing onto the m*-antibonding orbitals and thus an increase in the electron density
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around the formamidine. This results in more double bond character of the conjugated N-C=N

backbone in C6 relative to C5.
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Figure 2.20 IR spectra of homoleptic complexes C5 — C7.

The symmetric stretching band resonates at 1622 cm™. The v(C=N) bond stretching frequency
of C7 decreases from 1668 cm™ to 1495 cm™. This is attributed to the inductive effect fluoride
substituent being more dominant than mesomeric effect upon complexing, resulting in more -
backdonation from the metals as the charge density is stabilised by the withdrawing fluoride
substituents. The symmetric stretching band occurs at 1616 cm™. For the aromatic C=C bonds,
the frequencies resonate at v = 1485 in C5, 1510 in C6 and 1495 cm™ in C7. This is influenced

by the electronic nature of the substituent.

45



2.5 Synthesis and Characterisation of Mixed ligand Dirhodium(ll)
Complexes (C8 — C11)

The novel mixed ligand complexes C8 — C11 were synthesised from the refluxing mixture of
tetraacetate dirhodium(Il) complex precursor [Rh2(OAc)s] and the respective ligands L1 — L3
in chlorobenzene, as shown in Scheme 2.25.12® The desired products are obtained from column
chromatography. In changing the amount (one, two or three equivalents) of the ligands, a
mixture of the desired products is obtained.

R e

1

Q C8:R=H

//—NH [Rhy(OAc),] C9:R=F
R‘@’N PhCI, 120 °C, 24 h, N,

Rh—Rh
[O /O I

C10: R = CH,
CI1:R=F

Scheme 2.25 Synthesis of the mixed ligand complexes C8 — C11.

The *H NMR for complex C8 (Figure 2.21) shows a singlet at 2.07 ppm integrating for three
protons as the most shielded signal. The signal belongs to the methyl protons Hq of the acetato
ligand. A triplet at 7.56 ppm integrating for one proton is assigned to the formamidinyl proton
He from the formamidinato ligand that is trans to the acetato ligand. The most deshielded signal
is a triplet (3Ju-rn = Which resonates at 8.14 ppm and integrates for two protons. This is assigned
to the formamidinyl proton He:, from the formamidine ligands which are cis to the acetato
ligand. The formamidinyl proton of the ligand trans to the acetato ligand is more shielded that

the ligands that are cis, with this indicating that the formamidinato ligand is more electron
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withdrawing than the acetato ligand. The formamidinato ligand pulls more electron density
away from the acetato ligand that is directly trans to it and the latter signal becomes more
deshielded. However, for the two formamidinato ligands directly trans to each other, the
electron withdrawing and donating effects cancel each other out as they are equivalent since
the ligands are equivalent. This is proven to be true with the aromatic proton signals as the
trans protons appear more upfield and the cis protons appear more downfield. A doublet at
6.58 ppm integrating to four protons is assigned to Hc. A triplet at 6.80 ppm integrating for two
protons belongs to Ha and a triplet at 6.85 ppm integrating to four protons belongs to Hy. The
protons ortho and para to the nitrogen atoms are more shielded than the ones meta, hence the
formamidine functionality has a dominant electron donating character. For the aromatic
protons of the cis formamidinato ligands, the reversed order is observed. The para proton H.-
is the more shielded and resonating as a triplet which integrates to four protons at 6.70 ppm.
On the other hand, the ortho protons H.- are resonating as a doublet which integrates for eight
protons at 7.07 ppm. The electron donating character of formamidine functionality localises
more electron density at the para positions over the ortho positions. Hy resonates as a triple
integrating for eight protons at 7.21 ppm.
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Figure 2.21 *H NMR of complex C8 in CDCls.
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Figure 2.22 'H NMR of complex C9 in CDCls.

The *H NMR for complex C9 (Figure 2.22) has the methyl protons of the acetato ligand
resonating 2.10 ppm integrating for three protons. For the formamidinato protons, the trans
ligand has the formamidinyl proton Hs resonating as a multiplet at 7.45 ppm integrating for one
proton and the cis protons He resonating as a multiplet integrating for two protons at 7.93 ppm.
For the aromatic protons, Hq resonates as a doublet of doublets (3Ju-n = 8.13 Hz, *Jn.r = 4.72
Hz) at 6.47 ppm integrating to four protons. The larger splitting is a result of a 3-bond coupling
to Hc and the smaller splitting is due to a 4-bond coupling to Fa. Proton Hc is seen as a triplet
(3Jn-F = 8.40 Hz) at 6.62 ppm integrating to four protons. Contrary to C8, the meta protons are
more shielded than the ortho protons, due to the increasing withdrawing nature of the fluoride
group which pulls away electrons from the ortho and para positions. For the cis formamidinato
ligands, the aromatic protons are in a similar magnetic environment and resonate as a multiplet,

to which the signal integrates to sixteen protons.
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Figure 2.23 'H NMR of complex C10 in CDCls.
The *H NMR for complex C10 (Figure 2.23) shows two singlets at 2.06 ppm and 2.25 ppm.

The more shielded signal integrating for three protons belongs to the methyl protons on the
acetato ligands Hn. The less shielded aliphatic signal integrating to twelve protons is assigned
to the methyl protons on the formamidinato ligands Ha. These assignments are supported by
the 2:1 ratio in intensity of the signal Ha to Hn as there is twice the protons of former relative
to the latter. The formamidinyl proton Hs resonates as a triplet (3Jrn-n = 3.36 Hz) at 7.49 ppm
and integrates for two protons. This signifies that the ligands are in similar chemical
environment. Furthermore, since the signal is more shielded than in the free ligand L2 (with &
= 8.12 ppm), it suffices to postulate that the each of the formamidinato are trans to one acetato
ligand. This is supported by what is seen in C8 and C9, that the formamidinato is more
withdrawing if it directly opposite an acetato ligand, will have more electron density and hence
more shielded. Given that the CHs-dpf ligands are cis to each other, the presence of the phenyl
rings induces steric interactions between the two ligands. This is the only isolated product, so
the reaction favours the kinetic product. The trans product is the thermodynamical favoured
and was not isolated. For the aromatic protons, Hc is resonating as a doublet at 6.89 ppm that
integrates for eight protons. Similarly, Hq resonates as a doublet at 6.95 ppm, integrating for
eight protons. The protons ortho to the methyl substituent is more shielded due to the electron

donating ability of the methyl group.

49



2.0801

Alcetate

7.2600 Chloroform-d
o
6.
6.8571
| — |
-ﬂ’; -
-E-2
/>*"
Z,
<\/ \\>
oo
J

1801 %7—74015 ]

8.35+
8.48-
6.00

T T T T
7.0 6.5 6.0 5.5

~N
“»

4.5
f1 (ppm)

Figure 2.24 'H NMR of complex C11 in CDCls.

The *H NMR for complex C11 (Figure 2.24) shows a singlet at 2.08 ppm. This aliphatic signal
integrates for six protons, is assigned to the methyl protons Hnx of the acetato ligand. There is a
slight downfield shift of the signal relative to that of C10 (6 = 2.06 ppm) that results from the
presence of the fluoride substituent at the para position of the aromatic rings. The fluoride has
slightly dominant withdrawing strength, so it pulls away electron density of the formamidine
N-C=N backbone. Since the nitrogen donor atoms become more electron deficient, the acetato
ligands begin to share more of their electron density to stabilise the deficient charge. The
formamidine proton Hr appears as multiplet 7.40 ppm which integrates for two protons. The
slight shift compared to C10 (& = 7.49 ppm) also supports increased electron donating effect
of the acetato ligand to the formamidinato ligand backbone which shields the proton. A
multiplet at 6.80 — 6.86 ppm is assigned to aromatic protons Hq which integrates for eight
protons. The triplet signal integrates for eight proton belongs to proton Hc. This reversed order

of the signals compared with C11 also supports that the fluoride substituent is withdrawing.
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In the IR spectra of the complexes (Figure 2.25), C8 — C11 have an absorption band around
3000 cm™* of a C—H stretch due to methyl group on the acetato ligands. There is a symmetric
and asymmetric stretch for the delocalised carbonyl C=0 stretch at 1594 — 1612 cm™. These
band frequencies are slightly higher than the stretching frequency of the parent complex
[Rh2(OAC)4] which occurs at 1567 cm™. Since the acetato ligand is trans to the R-dpf ligand
which is more withdrawing, there is less n-backbonding towards =* orbitals of the acetato
ligand. This makes the bond stronger and resonate at higher frequency. For C8, there are two

formamidine C=N stretches.
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Figure 2.25 IR spectra of mixed ligand complexes C8 — C11.

The higher stretching frequency at 1567 cm™ is due to the two formamidinato ligands cis to the
acetato ligand, while the lower stretching frequency at 1486 cm™ is due to the trans
formamidinato ligand. The frequencies are lower than those of the free ligand. The
formamidine bond of the trans ligand is weaker due to more r-backdonation. Similarly for the
other complexes, C9 resonates at 1578 and 1494 cm™ (lower than 1601 cm™ found in L3), C10
resonates at 1584 and 1503 cm™ (lower than 1608 cm™ found in L2), and C11 resonates at 1584
and 1494 cm* (lower than 1601 cm™ found in L3). The conjugated aromatic C=C stretch occurs
at a frequency of 1423 — 1433 cmL,
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2.6 X-ray Crystallography of Complexes

2.6.1 Single crystals of C1 and C4

To confirm the coordination of the L1 ligand through a bridging mode, a single crystal of C1
was obtained from layering a concentrated solution of C1 in dichloromethane with pentane
allowing for slow diffusion. Similarly, the single crystal of C3 was also obtained by layering a
dichloromethane solution of C3 with pentane. The molecular structures for C1 and C3 as
elucidated from single crystal X-ray diffraction are shown in Figures 2.26 and 2.27,
respectively. Table 2.2 shows the crystallographic data and refinement details of the

complexes.

Figure 2.26 Molecular structure of C1. Hydrogen atoms have been omitted for clarity.

C1 crystallizes in the monoclinic P21/n space group with four molecules in the unit cell found.
Interestingly, C2 crystallizes in the monoclinic C2/c space group with four molecules per unit
cell, as reported by Ide and co-workers.13313% On the other hand, C3 crystallizes in the P21/c

space group, with two independent molecules A and B, with eight molecules in the unit cell.
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Figure 2.27 Molecular structure B of C3. Hydrogen atoms have been omitted for clarity.

The complexes exhibit a distorted square planar geometry around each Rh(l) centre with angles
of 87 —88 °in C1 and 86 ° in C3. An average of 2.122 A in the Rh-N bond lengths in C1 are
slightly shorter than 2.123 A in C3. This agrees with the notation of the negative charge being
delocalized across the amidine N-C=N backbone.'*® Furthermore, the N-Car average bond
lengths in C3 are 0.003 A shorter. The presence of the withdrawing effect of the trifluoromethyl
substituent from ligand L3 stabilizes the n-backbonding of the metal centres to the n*-orbitals
of the amidine group by conjugation into the aryl ring. This is further supported by the longer
C=C bonds of 1.400 A in C1 than 1.392 A in C3 of the chelating COD ligands. In all the
complexes, the separation of metal centres is much greater than the distances between the
nitrogen atoms across. This would make it impossible to form a Rh—Rh bond, resulting in the
electron-rich centres.**! No apparent hydrogen bonding interactions are present in the packing
diagrams of these complexes. The COD ligands adopt a face-down boat confirmation as the
most energy stable conformer. In this case, each pair of opposite bonds are anti-parallel, which
reduces the o—B proton-proton interactions. The protons are thus in different chemical
environment, which is why a doubling-up of signals is identified in the NMR of the complexes.
Selected parameters for C1 and C3 are summarized in Table 2.3.
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Table 2.2 Selected crystal data and refinement details for C1 and C3.

Parameters C1 C3
Empirical formula Ca2H16N4RN2 CasHa2F12NaRh2
Weight (g.mol ™) 812.65 1084.66

Crystal system Monoclinic Monoclinic
Space group P2i/n P2i/c
Crystal size (mm) 0.10x0.11x0.12 0.12x0.17x0.38
a(A) 11.6393(5) 21.9192(11)
b (A) 22.1062(9) 25.1328(16)
c(A) 13.4152(5) 16.0635(9)
a () 90 90
B (9 98.009(10) 109.212(2)
0] 90 90
Cell volume (A3) 3418.07 8354.4
Z 4 8
T (K) 173 100
D¢ (g.cm™) 1.579 1.724
n(mm?) 1.003 0.884
Rint 0.048 0.031
Min, max Ap/e (A% -0.63, 0.63 -0.87,0.91

Table 2.3 Selected contact distances, bond distances, bond angles for C1 and C3.

Parameters Cl C3

d(Rh-Rh) (A) 3.239 3.270

d(Rh-N) (A) 2.125 2.125

d(Rh—Ccop) (A) 2.138 2.138

d(N=C) (A) 1.322 1.338

d(C=Ccop) (A) 1.400 1.394

Bond angle around N1-Rh1-N2 86.84(7) N1B-Rh1B-N3B 86.43(6)

Rh atoms (°)
N3-Rh2-N4 87.95(7) N2B-Rh2B-N4B 85.84(6)
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2.6.2 Single crystals of [C5(CHsCN)] adduct and C8

Well defined single crystals of C5 and C8 were obtained from acetonitrile and
dichloromethane/hexane solutions, respectively. C5 crystallizes in the tetragonal P4/ncc space
group with one molecule in the unit cell found. Furthermore, this crystallizes to an adduct with
one acetonitrile molecule coordinated axially to afford [C5(CH3CN)]. The coordination of
acetonitrile in the adduct causes the Dan symmetry that is present in the free parent complex
[Rh2(dpf)4] and other homoleptic dirhodium(1l) complexes not be preserved.!4>143 The adduct
falls in the C4n symmetry point group. The asymmetric unit of [C5(CH3CN)] in seen in Figure
2.28. One formamidinato ligand is shown for simplicity since all four equatorial ligands are

equivalent.

Figure 2.28 Asymmetric unit of C5. Hydrogen atoms have been omitted for clarity.

The complex exhibits a slightly distorted octahedral geometry around each Rh metal centre
with angles of 89.88, 174.72 ° N1-Rh1-N1 and 89.78, 172.98 ° N2-Rh2-N2. The bonds around
Rh2 slightly repel the axial coordination site to accommodate the coordination of the
acetronitrile molecule. This results to smaller deviations from the expected right angles and
straight lines around Rh1 as it is less affected by any interaction with the axially coordinated
ACN. The equatorial Rh—-N bond lengths of 2.054 A around Rh1 are slightly shorter to those
around Rh2 with 2.056 A.?” The axial Rh-N bond is 0.055 — 0.057 A longer than the equatorial
bonds, indicating stronger coordination at equatorial sites. The longer bond lengths around Rh2
are induced by the increased electron density from the ACN, to which is compensated by bond
weakening.}** Interestingly, axial coordination of ACN has negligible effect on n-backbonding

towards equatorial ligands.

The formamidine C=N bond with a bond length of 1.316 A is much longer than that 1.325 A
of the free ligand.!*® This double bond is more localised around Rh2 and this reduced
conjugation is explained by the misalignment of the pr-orbitals between the two benzene ring.

This is due to the distortion away from the plane of the free ligand upon coordination of ACN.
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The Rh—Rh bond has a length of 2.461 A. The axial coordination of the acetonitrile molecule
has a bond angle of 180 © for Rh1-Rh2-N3, with a Rh2-N3 bond length of 2.111 A which is

comparable to the analogous adduct.!#*

C8 crystallizes in the monoclinic C2/c space group with two independent molecules per unit
cell. Interestingly, the coordination of the acetato ligand results in the loss of a horizontal mirror
plane that is found in C5, and the principal axis of rotation is a C> which bisects the Rh—Rh
bond, acetato and the dpf ligand directly trans to it. C8 belongs to the Coy symmetry point
group. Figure 2.29 shows the molecular structure of C8.

Figure 2.29 Molecular structure A of C8. Hydrogen atoms have been omitted for clarity.

The Rh—Rh bond has a length of 2.405 A, which is shorter compared to C5. This indicates that
the coordination of the acetato ligand provides more electron density to the Rh2** core. This is
supported by the results obtained from NMR where the acetato ligand is more electron donating
compared to the R-dpf ligand that is directly trans to it. In contrast to C5, the complex exhibits
a smaller distortion from a regular octahedral geometry around each Rh metal centre. For the
trans equatorial bonds, N-Rh-O bond angles have an average of 176.54 °, and an average of
176.70 ° is measured for the N-Rh-N. For the cis equatorial bonds, N-Rh-O have an average
angle of 89.75 °. The N-Rh-N have bond angles of 90.16 °. These angles reveal that the H-dpf
ligands cis to the acetato ligand are slightly distorted towards the side with the acetato ligand
as there is less steric strain and more degrees of freedom for the phenyl rings. The Rh—0O bonds
have an average bond length of 2.057 A which is longer than the 2.025 A found for the Rh—
Nitrans indicating stronger coordination of the trans diphenylformamidinato ligand favoured by

more backbonding.
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For the ligands cis to the acetato ligand, Rh—Ncis bonds are slightly longer than their trans
counterpart with an average of 2.045 A. This due to the ligands being similar and thus having
equal and competing effects on m-backbonding, making these bonds slightly weaker. This
further explains the slightly longer formamidine C=N bond for the trans ligand with a bond
length of 1.318 A compared to the 1.316 A bond length found for the cis ligands. In this case,
charge conjugation of the N=C-N backbone is more favoured in comparison to C5 and in turn,
more symmetry is maintained by the molecule. As expected, no hydrogen bonding interactions

are observed.

2.6.3 Single crystals of [C10(H20)] and [C10(H20).] adducts

Two well defined and independent single crystals of C10 were obtained from a
dichloromethane/hexane solution. The blue crystal contains one water molecule coordinated to
one axial site shown in Figure 2.30 and the red crystal contains two water molecules
coordinated to both axial sites shown in Figure 2.31. Both structures reveal that the cis complex
is easily isolated which agrees with the results from NMR. The cis isomer is a kinetical product
and will be explained in Section 2.10 of the current chapter.

Figure 2.30 Molecular structure of the [C10(H20)2] adduct.

The blue crystal crystallises in the triclinic P-1 space group with one molecule in the unit cell
found. Furthermore, this crystallizes to an adduct with one water molecule coordinated axially
to afford [C10(H20)]. The coordination of water in the adduct causes the Dan symmetry that is
present in the free parent complexes [Rh2(CHs-dpf)s], [Rh2(OAc)s] and likewise other

homoleptic dirhodium(Il) complexes not be preserved.'*>1* The adduct falls in the C;
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symmetry point group which contains only the identity symmetry element only. It follows from
this that the parent molecules C10 ([Rhz2(CHs-dpf)2(OAc)2]) falls in the Cs symmetry point

group, as axial coordination of one solvent molecule removes the mirror plane in the molecule.

A bond length of 2.406 A Rh—Rh bond is comparable to C6 as reported in literature for bis-
heteroleptic dirhodium(Il) complxes.'?* In comparison, the bond is much shorter than found
in the C5 water adduct, and similar in C8. Like most dirhodium(ll) complexes with four
bridging ligands, the Rh metal centres have a slightly octahedral geometry.’* The trans
equatorial N-Rh1-O bonds have an average bond angle of 177.05 °, while the average bond
angle of N-Rh2-0 is 175.56 °. For the cis equatorial bonds, O-Rh1-0 has an angle of 89.37 °
and N-Rh1-N has an angle of 89.74 °. In comparison, bond angles of 89.22 and 90.35 ° are
measured for the O-Rh2-O and N-Rh2-N, respectively. Further analysis shows that the water
molecule is slightly distorted towards the quadrant containing the two equatorial acetato
ligands with an angle of 169.65 ° for Rh1-Rh2-05. The decrease in the number in a degree of
coordination by the sterically demanding diphenylformamidinato ligands induces distortion

away from the hindered side to release the strain.

For the equatorial ligands, the Rh1—-N bonds have a bond length of 2.005 A, which are slightly
longer than the Rh2—N bonds with a bond length of 2.022 A. The Rh—O bonds are longer than
the Rh—N with bonds of 2.065 and 2.007 A for Rh1-N and Rh2—-N, respectively. These
observations indicate that the CHs-dpf ligands are strongly bound since they stabilise charge
much better, as observed for the trans ligand in C8. Furthermore, there is more n-backbonding
from Rh2 as electron density is increased by the presence of the water molecule, which makes

the bonds shorter.

The axial bond Rh2-O5 has a bond length of 2.246 A, which is much longer than the axial
bond length found for C5, since the nitrogen atom is a better donor atom over oxygen making
its coordination stronger.!3314 The N=C and N-C bonds have similar bond lengths with an
average of 1.319 A, indicating more charge delocalization around the N=C-N. However, these
conjugated N=C double bonds are longer than the conjugated C=0 double bonds with a length
of 1.269 A due to the presence of the electron donating methyl group at the para position which
results in a more localized charge around the formamidine backbone. The packing diagram of
the complex reveals an intermolecular hydrogen bonding interaction between two molecules
of [C5(H20)] involving the axial water molecule and one acetato ligand from the neighbouring
molecule through O2---H5B, with an interaction distance of 1.965 A.
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The red crystal crystallises in the triclinic P-1 space group, similarly to [C10(H20).], with one
molecule in the unit cell found (Figure 2.24). Furthermore, this crystallizes to an adduct with
two water molecules coordinated axially to afford [C10(H20).]. The coordination of water in
the adduct causes the loss of Dsn symmetry that is present in the free parent complexes
[Rh2(CHs-dpf)4], [Rh2(OAC)4] and likewise other homoleptic dirhodium(ll) complexes. 143144
The adduct falls in the Cs symmetry point group which contains the identity and two mirror
plane symmetry elements. The adduct falls to the same symmetry group as the parent molecules

C5 as axial coordination are equivalent when similar molecules to both axial sites.

Figure 2.31 Crystal structure of a [C10(H20).] adduct.

A bond length of 2.433 A for Rh—Rh bond is much longer compared to that of [C5(H20)]. This
bond lengthening results from the coordination of the second water molecule at other axial site,
which increases electron density charge to the Rh2*" core. A repulsion of the two Rh metal
centres is required for the molecule to stabilize the increasing charge. As observed for the
[C5(H20)] adduct, the Rh metal centres have a slightly octahedral geometry. The trans
equatorial N-Rh-O bonds have an average bond angle of 175.70 °.

For the cis equatorial bonds, O-Rh-O has an angle of 88.77 ° and N-Rh-N with an angle of
90.67 °. The two acetato ligands move towards each other while the CHs-dpf ligands slightly
repel each other to reduce the steric strain around each Rh metal. The water molecules are
slightly distorted towards the quadrant containing the two equatorial acetato ligands with an
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angle of 167.45 ° for Rh1-Rh2-Oax. For the equatorial ligands, the Rh—N bonds have a bond
length of 2.022 A. These bonds are which are slightly shorter than the Rh—O bonds with a bond
length of 2.079 A. This is indicative of the stronger coordination of the equatorial nitrogen

donor ligands over the oxygen donor ligands.

The axial bonds Rh1-05 and Rh2—06 have an average bond length of 2.322 A, which is much
longer than the axial bond length of 2.246 A found for the [C10(H20)] adduct. This is explained
by the increase in the electron density around the Rhx** core. This results to a weaker axial
binding, in turn the bonds lengthen. The observation is supported by the increase in the Rh—Rh
bond, as previously mentioned.*?* The N=C and N-C bonds have similar bond lengths with an
average of 1.320 A, indicating more charge delocalization around the N=C-N. However, these
conjugated N=C double bonds are longer than the conjugated C=0 double bonds with a length
of 1.268 A due to the presence of the electron donating methyl group at the para position which
results in a more localized charge around the formamidine backbone.

Similar observations are noticeable for the [C10(H20)] adduct. The packing diagram of the
complex reveals an intermolecular hydrogen bonding interaction between two molecules of
[C10(H20)2] involving one axially bound water molecule with one acetato ligand from the
neighbouring molecule through O1---H5A, with an interaction distance of 1.954 A. This forms
a 6-membered ring void space between the two molecules and a rod-like continuous extended
network in the morphology. The selected crystal data information and refinement details are

summarized below in Table 2.4.
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Table 2.4 Selected crystal data and refinement details for C5, C8 and C10

Parameter [C5(CH3CN)] C8 [C10(H20)] [C10(H20).]-CHCI2
Empirical CssHa7NoRh2  CatH3sNeN2Rh2  CasHzsNsOsRhy  CasHa2NsOsCloRh
formula
Weight (g/mol) 1027.83 850.58 788.50 891.45
Crystal system Tetragonal Monoclinic Triclinic Triclinic
Space group P4/ncc C2/c P-1 P-1
Crystal size 0.10x0.14x0.18 0.04x0.04x0.25 0.12x0.17x0.38 0.03x0.07x0.12
(mm)
a(A) 13.59(7) 67.28(5) 21.92(11) 12.51(7)
b (A) 13.59(7) 9.89(7) 25.13(16) 13.24(7)
c(A) 24.96(14) 22.44(17) 16.06(9) 14.02(8)
a (°) 90 90 70.97(1) 91.56(2)
B (°) 90 107.95(2) 75.16(1) 114.51(2)
0] 90 90 89.17(2) 115.51(8)
Cell volume 4609.3(5) 14198.0(18) 1797.5(14) 1847.0(19)
(A%
z 4 16 2 2
F(000) 2096 6880 800 904
T (K) 173 100 173 100
Dc (g/cm?®) 1.48 1.59 1.46 1.60
u (1/mm) 1.003 0.976 0.961 1.087
Rint 0.0263 0.0361 0.0338 0.0250
Min, max Ap/e -0.50, 0.37 -1.16,0.74 -0.75, 1.75 -0.74,1.12
(A%
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2.7 UV-visible Spectroscopy of Complexes

2.7.1 UV-Vis of homobimetallic rhodium complexes C1 — C4

To study the electronic behaviour of the homobimetallic Rh(I) complexes, solution containing
0.10 mmol.dm of each complex in DCM were prepared. DCM was the solvent of choice due
to the high solubility of the complexes and its less interference with the complexes, which can
be negligible.
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Figure 2.32 UV-Vis spectra of homobimetallic Rh(I) complexes C1 — C4 in DCM.

The Rh(I) complexes are d® low-spin metal complexes that contain a distorted square planar
geometry around each metal centre, which contain orbitals that can interact with the ligand’s
high lying p orbitals and the low lying n* orbitals. As seen in Figure 2.32, each complex is
characterised by four absorption bands. To assign these bands, previously reported examples
analogous complexes found in literature were used.?’” The absorption band at 463 nm is
attributed to a MLCT transition. This low energy band arise from the dn(Rh) — n*(N-C=N)
transition. From this transition, the metal becomes oxidized. The energy band at 369 nm is
attributed to a LMCT transition, which belongs to the charge transfer from the n(C=Ccop) —
dr*(Rh) and the metal is reduced. The high energy transition band at 308 — 316 nm is attributed

to the ligand centred n — n*(N—-C=N), where n results from the lone pair of electrons on the
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nitrogen atoms. The intense higher energy band at 287 nm results from the ligand centred w(N—
C=N) — n*(N-C=N). For complex C3, it can be observed that the two high energy bands
overlap and appear as one absorption, indicating that they result from transitions of equal
energy of electron excitation. For these complexes, a general trend is observed in that there is
as slight blueshift p(N-C=N) — n*(N-C=N) and a slight redshift in both the n — ©*(N-C=N)
and n(C=Ccop) — dn*(Rh) transitions, which is indicative of substituent dependence. The

MLCT dn(Rh) — n*(N-C=N) transition remains unaffected by changes in the substituents.

2.7.2 UV-Vis of dirhodium complexes C5 — C11 in DCM

To study the electronic behaviour of the dirhodium Rhz(11) complexes C5 — C11, solutions
containing 10.0 mmol.dm™ of each complex in DCM, THF and ACN were prepared. These
solvents were used as they were solvents of choice for the catalysis. The electronic spectra will
indicate the influence the interactions of the solvents, that is where the coordinating or non-

coordinating solvent effect the energy transitions of electron excitations.
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Figure 2.33 UV-Vis spectra of dirhodium(Il) complexes C5 — C11 in DCM.
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In DCM, the homoleptic complexes C5 — C7 have three absorption bands (Figure 2.33). The
high energy band at 472 nm is attributed to the ligand = > ©* electronic transition resulting
from the excitation from an electron in the =-orbital to the n*-antibonding orbital. A weak
shoulder band at 600 nm is attributed to n*(Rh2) -» n*(L) MLCT band. An intense, low energy
band at 882 nm is assigned to the 7*(Rh2) - o*(Rh.) involving the bonding and antibonding
orbitals in of the dirhodium core. For the mixed complexes C8 — C11, the ligand centred
n - ©* electronic transition is blue shifted 344 nm, indicating the presence of the acetate ligand
populates the n-bonding orbital with more electron density more density, and the orbital is
stabilised to lower energy levels. The separation between the bonding and antibonding orbitals
is increased. The transition thus requires more energy. The n*(Rh2) > n*(L) MLCT band is
unaffected by the acetate ligand and remains at 600 nm. The n*(Rh2) > o*(Rhy) transition is
reduced as the HOMO =n* is destabilised and LUMO o* is stabilised for the bimetal core

become less separated, hence lower energy is required for the excitation.

2.7.3 UV-Vis of dirhodium complexes C5 — C11 in THF
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Figure 2.34 UV-Vis spectra of dirhodium(Il) complexes C5 — C10 in THF.
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In THF, the homoleptic complexes C5 — C7 have two absorption bands (Figure 2.34). The high
energy band ligand = > =* electronic transition resulting from the excitation of an electron in
the w-orbital to the w*-antibonding orbital is slightly red shifted to 477 nm. The n*(Rh2) >
n*(L) MLCT band observed in DCM is absent, indicating some interaction between the ©*
orbitals of the Rh2** core and the weakly coordinating THF. The intense, low energy band at
882 nm found observed with DCM, which is assigned to the n*(Rhz) - ¢*(Rhy) involving the
bonding and antibonding orbitals in of the dirhodium core remains unaffected. For the mixed
complexes C8 — C11, the ligand centred = - w* electronic transition is red shifted compared
to DCM and resonates at 344 nm. This also indicates that the presence of the acetate ligand
populates the w-bonding orbital with more electron density more density, and the orbital is
stabilised to lower energy levels. The separation between the bonding and antibonding orbitals
is increased. The transition thus requires more energy. The n*(Rh2) - o*(Rhy) transition is
reduced as the HOMO =* is destabilised to a higher energy and LUMO o* is stabilised to a
lower energy for the bimetal core become less separated, hence lower energy is required for

the excitation.

2.7.4 UV-Vis of dirhodium complexes C5 — C11 in ACN

In ACN, the homoleptic complexes C5 — C7 have two absorption bands (Figure 2.35). The
high energy band ligand = - =* electronic transition resulting from the excitation of an electron
in the m-orbital to the n*-antibonding orbital is slightly red shifted to 425 nm. The 7*(Rh2) >
n*(L) MLCT band observed in DCM is absent, indicating strong interaction between the ©*
orbitals of the Rh2** core and the coordinating ACN. The intense shoulder band at 380 nm is
due to the n(L) > o*(Rh2) LMCT involving the bonding orbital of the ligand and the
antibonding orbitals in of the dirhodium core. For the mixed complexes C8 — C11, the ligand
centred © - ©* electronic transition is red shifted compared to DCM and resonates at 240 nm.
The acetate centred © > ©* resonates at 260 nm. This also indicates that the presence of the
acetate ligand populates the m-bonding orbital with more electron density more density, and the
orbital is stabilised to lower energy levels. The LMCT & (L) - o*(Rh) transition is appears

as a shoulder at 345 nm.
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Figure 2.35 UV-Vis spectra of dirhodium(ll) complexes C5 - C11 in ACN.

2.8 Electrochemistry

Cyclic voltammetry was used to elucidate the electrochemical properties of both series of Rh
complexes to confirm the oxidation states of the complexes and understanding the product
distribution in the yields obtained upon completion of catalysis. For the homobimetallic Rh(l)
complexes C1 — C4, the electrochemical experiments were performed in a 0.10 mol.dm=
solution of TBAP in DCM containing 1.00 mmol.dm of the analyte. For the dirhodium Rhx(I1)
complexes C5 — C11, the electrochemical experiments were performed in 0.20 mol.dm™
solutions of TBAP in DCM, THF or ACN containing 1.00 mmol.dm= of the analyte.
Measurements were taken at room temperature. A glassy carbon electrode was used as a
working electrode, the reference electrode used contained 0.10 mol.dm Ag/AgCl solution and
a platinum wire used as a counter electrode. The electrochemical potentials were recorded with

a scan rate of 0.10 V/s.
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2.8.1 Cyclic voltammetry of the homobimetallic rhodium complexes C1 — C4
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Figure 2.36 Cyclic voltammograms of C1 — C4 in CHCl. containing 0.10 mol.dm™ of TBAP
showing the reversible Rh,?*/Rh3" redox couple event. Scan rate = 100 mV/s. WE = glassy
carbon, RE = Ag/AgCl and CE = Pt wire.

Figure 2.36 shows the cyclic voltammograms of the complexes C1 — C4. When sweeping
positively, there is a metal-centred one electron oxidation peak belonging to the redox couple
at one Rh(1) centre. The Rh2?*/Rh®" oxidation in C1 occurs at a potential 0.54 V. A cathodic
shift of 80 mV to 0.46 V potential upon substitution with a methyl brings about an easier
oxidation in C2 relative to C1 as the electron donating methyl group shares more of its electron
density to the Rh metal centres. This destabilises the HOMO of the metal, making it more prone
to electron abstraction. In contrast, the presence of the fluoride substituent in C3 pulls electron
density away from the Rh metal centre. In turn, the HOMO of the metal is stabilised to lower
energy, making the electrons occupying the orbitals less prone to abstraction. This results to an
anodic shift of 70 mV to 0.61 V potential.

The trifluoromethyl substituent is more withdrawing compared to the fluoride substituent, so a
larger anodic shift of 230 mV to 0.78 V potential in C4 is observed. The electron withdrawing
substituent stabilises the HOMO of the electrons to lower energy, making it harder to extract
an electron. Beyond an applied potential of 1.00 V, and the 1,5-cyclooctadiene ligands
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dissociated from the complexes in an irreversible process. The half-wave potentials are
recorded in Table 2.5.

Table 2.5 Half-wave potentials (E12, V vs Ag/AgCl) of Rh(l) complexes at room temperature
in DCM containing 0.1 M TBAP at room temperature. Scan rate = 100 mV/s.

Complex R E12? ipalipc” 26
C1 H 0.54 1.04 0.00
C2 CHs 0.47 1.03 -0.34
C3 F 0.62 1.05 0.12
C4 CFs 0.79 1.12 1.08

%E1p = %(Epa +Epc). bio/ipa = ratio of cathodic (reduction) and anodic (oxidation) peak

currents.

There exists a linear-free energy relationship between the type of substituent at the para
positions of the aromatic rings and the energy required for the oxidation as shown in Figure
2.37. By Hammett’s equation, E1» and the Hammett substituent constant are related by
Equation (1), where X is the substituent, ¢ is the substituent constant and p is the reactivity

constant.146
AE12 = E12(X) — E12(H) = p*206 (1)

This provides information on the reactivity of the complexes C1 — C4 as the substituents is
changed to an electron donating methyl and electron withdrawing fluoride and trifluoromethyl
groups. This further indicates the higher oxidation states species are stabilized. The complexes
undergo a similar redox process mechanism, to which an electron is abstracted reversibly from
the HOMO of the Rh metal centre. This process is largely dependent on the nature of the
substituent as observed with similar bridging ligands.1#® The electron donating groups have an
easily accessible HOMO and the electron withdrawing groups have a less accessible HOMO
of the metals. The oxidation process is highly affected with reactivity constant of p = 0.22 by

the resonance effect of the substituent.
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Figure 2.37 Hammett’s plot in testing for a linear-free energy relationship.

2.8.2 Cyclic voltammetry of the dirhodium(ll) complexes C5 — C11 in DCM

—C7
C9
C11

Potential (V vs Ag/Ag*)

Figure 2.38 Cyclic voltammograms of C7, C9 and C11 in DCM containing 0.10 mol.dm™ of
TBAP showing the Rh2**/Rh®" reduction, the Rh2**/Rh>* and Rh,>*/Rh®* oxidation redox
couple event. Scan rate = 100 mV/s. WE = glassy carbon, RE = Ag/AgCl and CE = Pt wire.
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Figure 2.38 shows the cyclic voltammograms of C7, C9 and C11 in a solution containing 0.2
mol.dm= TBAP in DCM. The homoleptic dirhodium(l1) complexes C5 — C7 are characterised
with one reversible one-electron reduction event and two reversible one-electron oxidation
events. These are evidenced with the cyclic voltammogram of C7 which was chosen as a
representative for the homoleptic complexes. On the other hand, the mixed ligand
dirhodium(I1) complexes are characterised with one irreversible one-electron reduction event
and two reversible one-electron oxidation events. These are evidenced by the cyclic
voltammograms of C9 and C11. Generally, in DCM, decreasing the number of R-dpf ligands
coordinated to the Rh2** core shifts the redox events to lower potentials. Furthermore, when an
acetato ligands is coordinated, the reduction event becomes irreversible. It is postulated that
the acetato ligand is displace by the increasing in the charge around the Rh2*" core and the

compound disintegrate.

2.8.3 Cyclic voltammetry of the dirhodium(Il) complexes C5 — C11 in THF

—C7

C9

Cl1

Potential (V v Ag/Ag*)
Figure 2.39 Cyclic voltammograms of C7, C9 and C11 in THF containing 0.10 mol.dm™ of
TBAP showing the Rh2**/Rh®" reduction, the Rh2**/Rh>* and Rh,>*/Rh®* oxidation redox

couple event. Scan rate = 100 mV/s. WE = glassy carbon, RE = Ag/AgCl and CE = Pt wire.
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Figure 2.39 shows the cyclic voltammograms of C7, C9 and C11 in a solution containing 0.1
mol.dm= TBAP in THF. The homoleptic dirhodium(ll) complexes C5 — C7 are characterized
with one quasi-reversible one-electron reduction event and two reversible one-electron
oxidation events. These are supported by the cyclic voltammogram of C7. The mixed ligand
dirhodium(Il) complexes C8 — C11 are characterized with two reversible one-electron
oxidation events. These are evidenced by the cyclic voltammograms of C9 and C11. Generally,
in THF, decreasing the number of R-dpf ligands coordinated to the Rh2** core shifts the redox
events to higher potentials. The presence of a coordinated acetato ligand in combination with
the weak axial coordination of a THF molecule, increases the electron density on the Rhy**
core, making it harder to reduce and easier to oxidize. Hence the disappearance of the reduction

peak in the solvent window.

2.8.4 Cyclic voltammetry of the dirhodium(ll) complexes C5, C7 and C11 in ACN

—C7

C9

Ci11

Potential (V v Ag/Ag*)

Figure 2.40 Cyclic voltammograms of C7, C9 and C11 in ACN containing 0.10 mol.dm™ of
TBAP showing the Rh2**/Rh®" reduction, the Rh2**/Rh>* and Rh,>*/Rh®* oxidation redox
couple event. Scan rate = 100 mV/s. WE = glassy carbon, RE = Ag/AgCl and CE = Pt wire.

Figure 2.40 shows the cyclic voltammograms of C7, C9 and C11 in a solution containing 0.1
mol.dm= TBAP in ACN. The homoleptic dirhodium(ll) complexes C5 — C7 are characterised
with two reversible one-electron oxidation events. These are evidenced by the cyclic
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voltammogram of C7. Similarly, the mixed ligand dirhodium(ll) complexes C8 — C11 are
characterized with two reversible one-electron oxidation events. These supported by the cyclic
voltammograms of C9 and C11. Generally, in ACN, decreasing the number of R-dpf ligands
coordinated to the Rh2** core, shifts the redox events to lower potentials. The presence of a
coordinated acetato ligand in combination to a strong axial coordination of and ACN molecule
increases the electron density around the Rhx** core results to harder reduction and easier

oxidation, and the reduction disappears in the potential window of the solvent.

Table 2.6 shows the half-wave potentials E1/» of the reduction, first and second oxidation redox
couple events in DCM, THF and ACN are summarised in Table 2.5. In DCM, the homoleptic
complexes C5— C7 have a reversible reduction event. The reduction event is related to Rh,**3*
redox couple that occurs at a potential of -1.23 V in C5. Upon substitution with a methyl group
at the para position in C6, there is a 90 mV cathodic shift. The harder reducibility is induced
by the increased electron density from the electron donating methyl group. In C7, a 130 mV
anodic shift is brought up by the reduced electron density around the core due to the electron
withdrawing fluoride group.

For the mixed ligand dirhodium(I1) complexes, the one-electron reduction event is irreversible.
Decreasing the R-dpf ligand coordinated by one degree, the cathodic potential Epc is higher
than Ey» of homoleptic complexes with electron rich substituents (C8 versus C5) and lower
for electron deficient substituents (C9 versus C7). Decreasing the R-dpf ligand coordinated by
two degrees, the cathodic potential Eyc is lower than E12 of homoleptic complexes for both the
electron rich (C10 versus C6) and electron deficient substituents (C11 versus C7). C7 has a
cathodic potential of -1.28 V, which is shifted anodically by 100 mV when substituting with
the electron withdrawing fluoride substituent which pulls away electron density from the Rh,**
core, favouring the reduction. With a cathodic potential of -1.57 V in C10, the 20 mV anodic
shift in C11 is supported by the replacement of the electron rich methyl substituent with the
electron deficient fluoride substituent.
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Table 2.6 Half-wave potentials (E12, V vs Ag/AgCI) reduction, first and second oxidation
redox-couple events in solutions containing 0.1 M TBAP at room temperature.

Complex xR Euz(Rhz2"") Eu(Rho*™) Eun(Rho™)

I —

C5 4 H -1.23 0.28 1.15

C6 4 CHs -1.32 0.23 1.02

C7 4 F -1.10 0.42 1.18

C8 3 H -1.28* 0.40 1.23

C9 3 F -1.18* 0.42 1.22

C10 2 CHs -1.57* 0.48 1.27

Cl1 2 F -1.55* 0.57 1.36
A | —

C5 4 H -1.53** -0.08 0.79

Cé6 4 CHs -1.65** -0.17 0.69

C7 4 F -1.39** -0.02 0.78

C8 3 H - 0.47 1.25

C9 3 F - 0.51 1.23

C10 2 CHs - 0.48 1.37

Cl1 2 F - 0.55 1.46
. —

C5 4 H - 0.16 0.99

Cé6 4 CHs - -0.07 0.85

c7 4 F - 0.24 1.04

C8 3 H - -0.14 0.68

C9 3 F - -0.11 0.74

C10 2 CHs - -0.07 0.85

Cl1 2 F - 0.03 1.01

*Irreversible, Epa is reported. **Quasi-reversible.

In THF, only the homoleptic dirhodium(Il) complexes exhibit a reduction event. The use of
THF causes a negative shift in the half-wave potentials of the reduction event. The shift is in
response to the weak axial coordination interaction of the THF which increases the electron
density around the core, making it harder for reduction to occur. The cathodic shifts are slightly
higher in THF (120 mV in C6 and 140 mV in C7) compared to DCM (90 mV in C6 and 130

73



mV in C7). There is a stronger o-coordination by ACN at the axial sites which is evidenced by
the crystal structure of the [(C1)(CHsCN)] adduct. This increases the electron density around
the Rh2*" core. The LUMO o* orbital is lowered in energy and becomes less accessible to

receive an electron, hence the absence of the reduction event in the solvent window.

The first oxidation event is related to the Rh2*"/>* redox couple, which occurs with the Ei/ of
0.28 V in C5. A substitution with a methyl group at the para position causes a 50 mV cathodic
shift as the core become easier to oxidise. A substitution with fluoride group causes a 140 mV
anodic shift as the electrons are less accessible. In both THF and ACN, the event is shifted to
lower potentials when compared to DCM, indicating an ease in oxidizing the Rh,** core. For
THF, there is cathodic shift of 36 — 44 mV, where it is higher in C7 due to the affinity of the
more electron deficient Rhy** core to the weak axial coordination of THF to provide more
electron density. For ACN, there is a cathodic shift of 0.18 — 0.44 mV, due to the strong axial
coordination by the ACN increasing the electron charge density of the core and favoured

stabilisation of higher charge.

For the mixed ligand complexes, the oxidation potentials are higher than those of the
homoleptic complexes. The presence of the coordinated acetato ligand provides less electron
density since the acetato ligand has a shorter electron w-system than the R-dpf ligands, making
charge loss less favoured. The HOMO =* orbital will be low-lying in energy, leading to harder
electron abstraction. A decrease in the degree of R-dpf ligands coordinated has a larger anodic
shift in the potential. In THF, the mixed ligands complexes C8 — C11 show an anodic shift of
20 — 90 mV. In contrast, there is a cathodic shift of 510 — 550 mV when using ACN. Similar
trends are observed for the second oxidation Rh,*5* redox couple event.

2.8.5 Cyclic voltammetry of the dirhodium(Il) complexes C5 — C11 in DMF

Due to its wider potential window, DMSO attempted for use to determine the presence of the
reduction event that does not appear with THF and ACN, as well as in the mixed ligand
complexes. However, it was found that the DMSO is strongly coordinating and forms crystals
of the complexes which have limited solubility. So DMF was used since it has a slightly similar
potential window to DMSO and the complexes are soluble. The half-wave potentials are

summarised in Table 2.7.
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Table 2.7 Half-wave potentials (E12, V vs Ag/AgCl) reduction, first and second oxidation

redox-couple events in DMF solution containing 0.1 M TBAP at room temperature.

Complex  x R E1(Rh2*"%) E12(Rh2*7%) E12(Rh2>7%)
C5 4 H -1.11 0.21 0.96
C6 4 CHs -1.17 0.11 0.79
Cc7 4 F -1.08 0.27 1.01
C8 3 H - 0.21 0.94
C9 3 F - 0.22 1.00
C10 2 CHs - 0.23 1.11
Cl1 2 F - 0.32 1.22

The reduction event Rh2*"3* is present in the homoleptic complexes C5 — C7 and absent in the
mixed ligands complexes C8 — C11. It suffices to postulate that the methyl group of the acetato
ligand is a strongly donating substituent, while the acetate is a poor r-acceptor ligand.'?® The
coordination of the acetato ligand will cause an increase in the electron density around the
Rh2** core and stabilize the LUMO c* orbital to lower energy. The orbital becomes less prone
to accept electrons upon reduction. This is supported by the absence of the reduction event in
the parent complex [Rh2(OAC)4] as previously reported in literature.!*” However, the analogous
[Rh2(TTOAC)4] complex exhibits an irreversible one-electron reduction and no oxidation redox
couple.}*® Compared to the other solvents, the DMF solvent has the reduction events occurring
at slightly higher potentials than DCM and THF for the homoleptic complexes. For the first
oxidation Rh**®* event, there is a cathodic shift compared to DCM and an anodic shift
compared to THF and ACN in the homoleptic complexes. For the mixed ligands complexes,
there is a cathodic shift compared to the other solvents. This is likely a result of axial
coordination of DMF via the oxygen donor atom, which induces a higher dipole with the Rh,**

core.

Piraino and co-workers have reported that for such dirhodium(Ill) complexes, the Rhy®*
complex is only stable for short times of cyclic voltammetry, which then undergoes redox
changes.?* This will modify its composition to lead to further oxidisable products. According
to Gagne’s suggestions,'*® one must consider the equilibrium reaction (2). From this, the

relationship between the equilibrium constant of (2), known as the comproportionation
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constant, K¢om, and the difference between the potentials of the two one-electron oxidation

steps should hold as shown by equation (3).138

2 Rh,>*

Rh24++Rh26+ Kcom

)
Ko = EFAEYRT (3)

Table 2.8 shows the calculated compropotionation constants of the homoleptic complexes for
each solvent. Based on literature studies, it has been shown that the substitution of O with NH,
from tetracarboxylates to tetraamidates, in the dirhodium complexes reduces the oxidation
potential by about 700 mV.**® In DCM, the unsubstituted complexes provide a shorter lived
Rh2%* as evidenced by the higher Kcom Values indicating favouring the products. However, the
fluoride substituted complexes have smaller Kcom Values of the methyl substituted complexes.
This indicates the electron withdrawing groups gives less stable Rhx®* species, hence
equilibrium is shifted towards the reactants. In the coordinating solvents, the di- and tri-
substituted complexes have much larger Keom Values. In such a case, the equilibrium is shifted
towards the product side. This results from the increase of the coordinated acetato ligands,
which is good electron donating ligand. So, the reaction species are easily long lived and more
stabilised by the increasing electron density provided by the axially coordinated ligands. The
axial coordination is much stronger with the electron deficient complexes of the electron

withdrawing fluoride substituent.

Table 2.8 Comproportionation constants, Kcm for the homoleptic complexes C5 — C11 in
different solvents.

Complex  x R DCM THF ACN DMF

C5 4 H 5.11x 10" 5.11x 10" 1.08x 10" 4.78 x 10'?
C6 4 CHjs 227x 108 5.11x10"“ 358x10Y° 3.13x 10
C7 4 F 7.06 x 1012 3.35x 10* 3.35x 10'* 3.24 x 10?
C8 3 H 1.08 x 10* 1.35x 108 7.29x 10 2.19 x 10?
C9 3 F 3.35x 108 1.49x 10 2.35x 10" 1.54x 10
C10 2 CHs 227x 108 1.11x10% 358x10Y 7.54x10%
Cl1 2 F 227x 108 2.42x10% 3.70x10'® 2.42x10%°
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To further investigate the effect of solvent, the relationship between the half-wave potentials
of the two oxidation states and the donor number of the solvent was constructed. This was done
by means of Guttman’s donor number, DN (in kcal/mol).® Ferrocene was used as an internal
standard to eliminate variable diffusion potentials, which arise from the aqueous-nonaqueous
reference electrode. So, the half-wave potentials were compensated with the ferrocene-

ferrocenium redox couple.

Figure 2.41 shows the plots of relevant E12(V vs Fc/Fc*) of the Rh2**5* and Rh,>*®* couples
for C5 as a function of DN formal electrode potential of C5 in on the donor number of the
solvent. In all solvents, the two processes appear as reversible charge transfers. For the Rhy*°*
oxidation, equation (4) is obtained with a regression coefficient of r = 0.99 indicating good
correlation. Similarly, good correlation of equation (5) is obtained for the Rh2>*/6* oxidation
with r =0.98.

E1r2(V) = -0.3749 + 0.0075 DN (R? = 0.9894) (4)
E12(V) = 0.4877 + 0.0070 DN (R? = 0.9543) (5)

However, on addition of DMF, poor correlation results for both the Rh,*"** and Rh,>/¢*
couples with r = 0.58 and 0.04, respectively. This indicates that there is incomplete ability for
the DN to account for the solvent effects. We considered linear regression analysis with
multiparameters that considers the hydrogen-bonding donor (Lewis acidity) and polarity-
polarizability parameters for the Rh,**>* couple. In this case, we have chosen the Dimroth-
Reichardt (E1(30)) and solvent polarity (n*) parameters,’>152 together with DN as this have

been shown to achieve better correlation than their individual regressions.

77



o
oo
]

ACN

DCM THF

o
D
1

e Rh(I1)-Rh(I1)

©
Ea
I

Rh(I11)-Rh(111)

o
N
1

E12(V v Fct/Fc)
(@)

THF ACN

DCM

-0-6 T T T T 1
0 5 10 15 20 25

DN

Figure 2.41 Half wave potential (E12) dependence of C5 on the solvent donor number (DN)

for the Rh*">* (blue dots) and Rh,>*"* (orange squares).

In our case, the multiparameter regression is impossible since there are four observations, while
we aim to predict four parameters. So, multiregression model with two independent parameters
including DN would make a better predictor. Regression for DN and Et(30) has been found to
be insignificant, with R? = 0.3818, with E1(30). A Student t test indicates that E+(30) is the
insignificant variable. The regression for DN and n* is more significant, R? = 0.7455, obtaining
equation (6) to describe the model. However, to determine whether DMF solvent is an outlier,
more solvents would need to be evaluated to increase the sample size, which would make the

conclusions drawn from each independent variable more accurate for the regression
model 138,151,153,154

E12(V) = -0.0732 + 0.0032 DN — 0.3618 n* (6)
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2.9 Attempted Synthesis of Mono-substituted Complexes

2.9.1 Identification of isolated intermediate species

For comparative reasons, we attempted to synthesise the mono-substituted complexes of the
type [Rh2(R-dpf)(OAc)s] with one diphenylformamidinato and three acetato ligands
coordinated. The first attempt was to add dropwise a solution of 1.00 eg. H-dpf ligand in
chlorobenzene and triethyl amine at reflux. However, the reaction leads to very low yields of
the di-substituted complexes [Rh2(R-dpf)2(OAc).] and tri-substituted complexes [Rhz(R-
dpf)3(OACc)]. These lead us to believe that it is likely this reaction is kinetically controlled
reaction, and hence leads to the formation of the kinetically favoured higher substituted
complexes. The second attempt was to instead add the solution of 1.00 eq. H-dpf ligand in
chlorobenzene at room temperature. A purple intermediate quickly forms, and this was stirred
overnight. The purple solid was isolated and upon its analysis by *H NMR, it was found that

two H-dpf ligands are coordinated axially. A single crystal was obtained from DCM/Hexane.
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Figure 2.42 'H NMR of the isolated intermediate in DMSO-ds.

The *H NMR (Figure 2.42) shows an aliphatic signal integrating for twelve protons. This leads
us to believe that the acetato ligands still occupy all the equatorial sites like the parent complex
[Rh2(OAC)4]. In the aromatic region, a triplet (3Ju-n = 5.06 Hz) at 6.99 ppm integrating to four
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protons corresponds to the protons Ha, directly para to the nitrogen coordinated to the Rh
centre. A multiplet at 7.26 — 7.28 ppm and the asymmetrical doublet at 7.41 ppm collectively
integrate to fourteen protons. These are assigned to the overlapping aromatic protons adjacent
to the non-coordinated nitrogen and the protons meta and ortho to the coordinated nitrogen.
The number of the aromatic signals is an indication of some dynamical behaviour of the proton
transfer between the two nitrogen atoms within the in situ. The two ligands will thus be
identical and average out. Finally, the formamidinyl protons Hs resonate as a broad singlet at

8.14 ppm and integrate for two protons.

Figure 2.43 Crystal structure of isolated purple intermediate.

Figure 2.43 shows the single crystal of the isolated intermediate compound. The Rh metal
centres are coordinated with the proton-free, basic nitrogen of the formamidine functionality
at both axial sites. In doing so, the phenyl ring adjacent to coordinated nitrogen rotates 3.4 °
about the free rotating N—-Car bonds, labelled N1-C1 and N2—-C8. The phenyl rings become
distorted from the plane of the free ligand molecule to minimize the strain experienced by the
acetato ligands, with a distortion angle of 123.4° around N1 for a distorted trigonal planar. This
becomes the most stable form in solid-state. The coordination of the H-dpf at both axial sites
changes the Dan in the parent [Rh2(OAc)s] to a C symmetry point group in
[Rh2(OAC)(dpf)2]. 14214

The intermediate complex crystallizes in the triclinic P-1 (No. 2) space group with two
molecules in the unit cell. The complex exhibits a distorted octahedral geometry around the Rh

metal centres with an average Oeq—Rh—Nax angle of 92.26 ° for both Rh1 labelled metals centres.
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The Oeq—Rh—O¢q bond angle, involving two equatorial oxygen atoms directly trans to each
other has an average of 175.46 °, of which a slight deviation from 180 ° of a straight line. The
Rh1-Rh1 bond distance of 2.418(3) A is slight shorter.'%>%6 The aromatic C=C double bonds
have average bond distances of 1.391 and 1.392 A. This indicates that charge delocalization is
to both rings is equal and is independent of the proximity to the N-coordinated. The N2-C7
has a bond length of 1.351(2) A is longer than 1.293(19) A bond length of N1-C7 bond. While
these bonds are slightly, the difference in lengths indicates a stronger n-backbonding towards
the ©* orbitals which contains more C7=N1 bond character as delocalization around the N—
C=N backbone is limited by the protonation of the non-coordinated N. The average Rh—O bond
length of 2.044 A shorter than the bond length Rh—O in the parent [Rha(OAC)4.*" In
comparison, the bond length is shortened upon replacing the methyl group with a
trifluoromethyl group.'*® Interestingly, the Rh1-O3 has the longest bond length of 2.054 A
compared to 2.042, 2.041 and 2.039 A for O1, 02 and O4, respectively. This is because of the
existing hydrogen bonding interaction N2—-H2----O3, which elongates the equatorial bond to

overcome the energy barrier.

There have been examples from literature which report that such complexes are held by solvent
or axially coordinating molecules to form continuous polymeric chains in their extended
network 1311%8-160 The packing diagram has two equivalent dirhodium(ll) molecules of
[Rh2(OAC)4(dpf)2] in a unit cell. Within each molecule, there exists two intramolecular
hydrogen bonding interactions which keeps the axially bound ligands intact with the Rhy**
core. The hydrogen on the non-coordinating nitrogen is hydrogen bonding to the lone pair of
electrons of the closest oxygen of the acetato ligand. This interaction labelled N2—H2----O3 on
both dpf ligands has a non-covalent bond length of 2.023 A. Contrary to this, the interaction
labelled N2—-H2----O1 has a non-covalent bond length of 3.235 A and is too long to form a
favoured interaction, hence no hydrogen bond is present. Due to the absence of n-stacking of

the phenyl rings due to the distortion, the molecule takes a discreet morphology in its network.

2.9.2 Proposed mechanism for ligand substitution

Based on the isolated intermediate [Rh2(OAc)s(dpf)2], a reaction mechanism for the
substitution of the acetato ligands with the dpf ligands can be elucidated (shown in Scheme
2.26).1%! The first step involves the binding of the dpf ligands at both axial through the high
lying o* HOMO. This occurs independently of the equivalents of dpf ligand relative to the
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[Rh2(OAC)4] starting material. This step is fast since is occurs at room temperature with no

energy required, so the reaction takes a kinetic pathway.
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Scheme 2.26 Proposed reaction mechanism for substitution of acetato ligands with dpf
ligand.

Upon the addition of heat, the coordinated ligand is able reconfigure itself to cyclize by
displacing the immediate equatorial oxygen, forming an intermediate with a Neq—Rh/Rh—Nax
non-bridging bonds around a Rh centre, known as an ax-eq chelate species. Further energy is
used to break the axial bond, and the previous axially bound nitrogen displaces the second Rh—
Oeq bond of the leaving acetato ligand to form a chelate of the formamidinato functionality

towards the Rh2** core, known as an eq-eq species.

Under basic conditions, the second step is favoured by the increased nucleophilicity of the
negatively charged formamidine backbone. In this way, the bi-substituted complexes are
formed first and are selective to the cisoid species where the two dpf ligands are added cis to
each other. This is due to O1 (3.628 A) and O3 (2.811 A), which are cis to each other, having
shorter distance with N2, so less energy is needed to substitute at those positions. The tri-
substituted and homoleptic complexes are formed by similar subsequent stepwise substitutions
from the bi-substituted product. The coordination of the dpf ligand is limited to one axial site
due to the increased steric bulkiness around the Rh centres, allowing for better lability of the

acetato ligand leaving group.
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2.10 Summary

A series of N,N’-bidentate formamidine ligands were prepared and fully characterise with
various spectroscopic techniques. These ligands were reacted with the [Rh(CI)(COD)]. to
affording the bimetallic complexes of the type [Rh(R-dpf)(COD)]., where R-dpf is a para
substituted bridging diphenylformamidine ligand with R = H, CHs, F or CFs. These were
characterised fully according to their spectroscopies and structures elucidated. The
hydroformylation activity of the complexes is discussed in Chapter 3. The formamidine ligands
were also reacted with [Rho(TfOAC)4] and [Rh2(OAc)4] to afford the homoleptic and mixed
ligand dirhodium(11) complexes of the type [Rh2(R-dpf)4] and [Rh2(R-dpf)x(OAC)sx] with x =
2,30or4and R =H, CHsor F. These were also fully characterised by various spectroscopic
techniques and their structures elucidated. A mechanism for the formation of the mixed ligand
dirhodium complexes is proposed based on an intermediate that was isolated. The activity of
these dirhodium(I1) complexes in the allylic oxidation of cyclohexene will also be discussed in
Chapter 4.
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Chapter 3

Catalysis: Hydroformylation of 1-octene

3.1 Introduction

Homogeneously catalysed reactions are known to display good catalytic activity and
selectivity, despite being confounded by complications related to catalyst recovery and
recycling. The use of bimetallic complexes in homogeneously catalysed reactions such as
hydroformylation reaction has gained momentum.*3” This reaction involves the conversion of
an olefin to an aldehyde in the presence of hydrogen and carbon monoxide and a metal catalyst
(Scheme 3.27).1232162-164 The aldehyde that is generated from the atom-economical
hydroformylation reaction is frequently processed into valuable consumer products in the

cosmetics, bulk and fine chemicals industries, 3165166

catalyst CHO J\
RN + R

)

X + CO +H

2 CHO

R = alkyl or aromatic group

Scheme 3.27 Hydroformylation of olefins.

A major disadvantage of this process is characterised with competing side reactions, involving
the isomerisation of the olefin as well as hydrogenation of the aldehydes which gives rise to
alcohols.%-78167-170 Fyrthermore, selectivity (chemo- and regioselectivity) of a catalyst is one
of the main factors that are considered in catalyst development and evaluation. A typical
industrial hydroformylation catalyst possesses excellent chemoselectivity towards aldehydes,
as well as excellent regioselectivity towards either linear or branched aldehydes, depending on
the desired product.*6¢171-173 _inear aldehydes are mostly utilised in the bulk and fine chemical
industries where as the branched aldehydes have found use in the agrochemicals and
pharmaceutical industries. Current industrial hydroformylation catalysts are based on cobalt
[Co2(CO)s] and rhodium [HRh(CO)(PPhs)s] metal complexes. Rhodium-based metal
complexes are generally preferred over other transition metals (Co, Ru and Ir) as
hydroformylation catalysts due to their high activity and selectivity under milder reaction

conditions.32174
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Naturally occurring metalloenzymes bearing two or more metals as active sites, for example,
iron-sulfur proteins (ferredoxins) that catalyse biological redox processes, have the effect of
improving the catalytic activity via cooperative interactions between the metals.}’®1" 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. This
has sparked interest in developing rhodium-based bimetallic complexes for hydroformylation
in the hope that similar cooperativity may result in improved catalytic activity. From this, we
were prompted to evaluate the effect of homobimetallic complexes in the hydroformylation

reaction, 134176

In our laboratory, bimetallic rhodium complexes have been investigated and were shown to be
catalytically active in the hydroformylation of 1-octene.’**'’" de Doncker et. al. demonstrated
that homoleptic diphenylformamidine-based dirhodium(Il) complexes are catalytically active
in the hydroformylation of 1-octene. The use of the diphenylformamidine ligands engenders
steric bulkiness around the metal centres.'* Furthermore, Govender et. al. reported good
catalytic activity in the hydroformylation of 1-octene using mixed valent bimetallic Rh(l,I11)
complexes.t’” As a result, the aforementioned studies have motivated us to design related Rh(l)
bimetallic complexes of the type [Rh(COD)(R-dpf)]. bearing diphenylformamidinate ligands
bridging the two Rh metals and 1,5-cyclooctadiene ligands chelated on each Rh metal. This
should reduce steric bulkiness around the Rh metal whilst maintaining the active Rh(l)

oxidation state to further improve on the results reported.

) 2
Rh Rh\ Rh Rh
‘\\\/\j c1 \/\J/I ‘\\\/\j C2 \/\J/]

R}{ Rh /Rl{ Rh
Ly WU Ly WD

Figure 3.44 Bimetallic Rh(I) complexes C1 — C4 used in the hydroformylation of 1-octene.
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The diphenylformamidine ligands bridging the two Rh(I) metal centres on complexes C1 — C4
(Figure 3.44) impart on the effect of a reduced steric bulkiness, so their evaluation as catalysts
in the hydroformylation of 1-octene should have the potential to improve activity and
chemoselectivity towards aldehydes.

3.2 Catalytic Evaluation of Bimetallic Rh(l) Complexes in the
Hydroformylation of 1-octene

3.2.1 Preliminary screening using precatalyst C1

A clean and dry 90 mL stainless steel pipe reactor that was equipped with a Teflon-coated
magnetic stirrer bar. The reactor was loaded with 1-octene (2.25 mL) as a substrate, n-decane
as an internal standard (204 mg, 1.43 mmol) and each of the bimetallic complexes C1 — C4
(2.87 x 10 mmol) in 5.00 mL toluene. The reactor was sealed, degassed with nitrogen three
times, and pressurized with syngas (1:1, CO:H2) at a desired pressure of 30 — 50 bar. The
contents inside the reactor were heated to 55, 65, 75, 85 or 95 °C as chosen and stirred for 4 h.
After which, the reaction mixture was cooled to room temperature, filtered and samples were
collected and analysed by GC. The products were confirmed with respect to authentic iso-

octenes (2- and 3-octene) and aldehydes (linear and branched).

The initial catalytic studies towards the optimum reaction conditions in the hydroformylation
of 1l-octene were performed with the unsubstituted bimetallic Rh(l) complex C1 as the
representative catalyst precursor (Figure 3.1). The effects of temperature (55 — 95 °C) and
pressure (30 — 50 bar) were evaluated in the hydroformylation of 1-octene over 4 h as shown
in Table 3.9.
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Table 3.9 Activity evaluation and optimization of reaction conditions with C1.

Entry Temperature Pressure Conversion Aldehydes Iso- TOF n;iso
(°C) (bar) (%) (%) octenes  (h™)
(%)
1 55 30 9 71 29 38 1.7
2 65 30 29 75 25 123 2.0
3 75 30 41 70 30 179 2.2
4 85 30 97 67 33 407 1.8
5 95 30 99 58 42 337 1.9
6 55 40 13 78 22 66 1.7
7 65 40 20 80 20 91 2.2
8 75 40 55 75 25 251 2.0
9 85 40 98 79 21 500 1.7
10 95 40 99 76 24 466 1.5
11 55 50 11 82 18 54 1.5
12 65 50 25 85 15 121 1.7
13 75 50 54 79 21 268 1.9
14 85 50 95 84 16 451 1.7
15 95 50 99 79 21 472 1.5

The reactor was loaded with toluene (5 mL), substrate (0.574 mmol) and Rh—metal loading 2.87 x 10~ mmol.
The reactor was purged with nitrogen, followed by purging three times with syngas. The data was analysed using
GC-FID. Conversion is referred to as olefins (includes iso-olefins) to aldehydes exclusively. Reactions were
conducted for 4 hours.

3.2.1.1 Pressure Variation

An increase in pressure at constant temperature has no significant effect on the conversion of
1-octene, for example, as observed with entries 4, 9 and 14 at 85 °C and syngas pressure of 30,
40 and 50 bar, respectively. On the other hand, a gradual increase in conversion is observed
when temperature is increased at constant pressure, with near-quantitative conversion of 1-
octene (99%) obtained at 95 °C and 30 bar syngas pressure (entry 5). However, a decrease in
chemoselectivity for aldehydes is observed when temperature is increased at constant pressure,
from 71% aldehydes at 55 °C / 30 bar to 58% aldehydes at 95 °C / 30 bar. This is ascribed to
the preferential temperature-promoted isomerisation of the substrate at high temperatures,

leading to a build-up of iso-octenes in the system, from 29% (entry 1) to 42% (entry 5). This
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process is complimentary to the formation of iso-octenes via the metal-hydride addition-
elimination mechanism of the generally accepted Rh(l)-mediated hydroformylation catalytic

CyCIE 178,179

3.2.1.2 Temperature Variation

A steady increase in the catalytic activity of C1 is observed when temperature is increased at
constant pressure, for example, from 53 h (55 °C / 30 bar) to 602 h (85 °C / 30 bar). It is
worth mentioning that catalytic activity decreased when temperature was increased from 85 °C
to 95 °C at constant pressure, attributed to the susceptibility of the olefin to isomerisation at
high temperatures. This leads to a decrease in the quantity of aldehydes and consequently the
TOF calculated based on ((mmol of aldehydes per mmol of Rh)/time). However, this decrease
in activity was not observed at the highest temperature and pressure (95 °C / 50 bar) owing to
the increased syngas pressure that has the effect of subduing the temperature-promoted
isomerisation, effectively leading to the hydroformylation of the iso-octenes to aldehydes.
Overall, moderate n;iso ratios were obtained throughout the optimisation study, with the best
ratios obtained at the expense of conversion (entries 3 and 7). From this optimisation data, the
best conditions were established at 85 °C and 40 bar syngas pressure, based on the good
chemoselectivity for aldehydes (79%), near-quantitative conversion of the substrate (98%) and
the high activity (500 h!). However milder conditions of 85 °C and 30 bar syngas pressure
were chosen based on the closely similar results (entry 4 vs entry 9).

3.3 Ligand Substituent Effects, Mercury Poisoning and Product Distribution

3.3.1 Para-substitution electronic effects

The influence of the electron-donating (C2) and electron-withdrawing (C3 and C4)
substituents at the para-position was investigated at 85 °C and 30 bar syngas pressure (Table
3.10). A closer look at the results shows that the chemoselectivity for aldehydes interestingly
increases in the order C3 < C1 < C2 < C4 (entries 5, 1, 3 and 7 respectively). Similarly, the
activity of the catalyst precursors increases in that order, with the precatalyst bearing the most
electron-withdrawing substituent (C4) posting the best activity of 541 h't. Such activity can be
ascribed to the inductively electron-withdrawing CFs-group favouring the dissociation of the
CO ligand and in turn facilitating stronger olefin coordination.'® Moreover, this observation
can be rationalised by the larger oxidation potential of C4 (0.78 V vs Ag/AgCl) as discussed

in section 2.8.1 of Chapter 2. In this case, the formed aldehydes easily dissociate from the
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electron deficient Rh centres in order to stabilise this reduction in the charge density.
Interestingly, C3 has the lowest conversion (72%, entry 5) and activity (246 h), ascribed to
the competing mesomeric and inductive effects of the fluoride substituent on the metal centres.
In essence, the trifluoromethyl group in C4 is more electron-withdrawing, and hence a high
potential is required to access the higher oxidation states. Due to this, the displacement of the
formed products is facilitated by the poor interaction with the electron-deficient Rh centre.
However, in C3, the inductive effect of the fluoride substituent begins to dominate in order to
stabilise the deficiency in charge experienced by the Rh centres at higher oxidation states. In
this case, the products have better interaction with the Rh centre and remain coordinated,

impeding further coordination of the substrate.

Table 3.10 Aryl substituent effect and mercury-drop poisoning.

Entry Complex Conversion Aldehydes Iso- Linear Branched TOF n:iso
(%) (%) octenes (%) (%) (hh
(%)
1 C1 97 67 33 64 36 407 1.8
2 Cl+Hg 91 58 42 69 31 331 22
3 C2 99 74 26 59 41 448 15
4 C2+Hg 93 62 38 66 34 342 20
5 C3 72 54 46 68 32 246 2.2
6 C3+Hg 18 55 45 72 28 63 2.6
7 C4 >99 91 9 50 50 541 1.0
8 C4+Hg 34 56 44 63 37 116 21

The reactor was loaded with toluene (5 mL), substrate (0.574 mmol) and Rh—metal loading 2.87 x 10~ mmol.
The reactor was purged with nitrogen, followed by purging three times with syngas. The data was analysed using
GC-FID. Conversion is referred to as olefins (includes iso-olefins) to aldehydes exclusively. Reactions were
conducted for 4 hours at 85 °C and 30 bar CO: H». Note for entries 2, 4, 6 and 8, mercury drops were added.

3.3.2 Mercury drop test

The addition of mercury in the catalytic reactor creates an inactive amalgam between the
mercury and the nanoparticles. A slight decrease in conversion is observed upon addition of a

drop of mercury when C1 and C2 are used as catalyst precursors (entries 2 and 4), indicative

92



of the good stability of the complexes (Table 3.10). However, the conversion and activity show
a drastic decline for catalyst precursors C3 and C4 (entries 6 and 8), suggesting that the

catalytic performance of these two catalyst precursors is mediated by both homogeneous and
heterogeneous particles.

3.3.3 Product distribution

Given the rather unique catalytic behaviour of C3 and C4 in the presence of mercury when
compared to C1 and C2, we were interested in probing further the substrate and product-
distribution profiles of C4 as a function of time in the hydroformylation experiments (Figure
3.45). The profile shows that the quantity of 1-octene present in the system reaches near-

depletion at 2 h of reaction time.

100

—@— 1-octene
90 A Nonanal
Iso-octene
80 4
Branched
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Figure 3.45 Percentage composition over 4 h using precatalyst C4, reaction performed at 85
°C and 30 bar.

Within the first 2 h, a gradual build-up of the linear aldehyde nonanal is observed, reaching a
plateau at ca. 50 mol % in the system. Branched aldehydes are observed to increase in the
system with time and this is ascribed to a combination of direct formation via the Markovnikov
addition of the olefin during the catalytic cycle, and the hydroformylation of the isomeric
products that are formed in the system. The latter is corroborated by the observed decrease of
the isomers in the system from 1 h of reaction time, indicative of their conversion to branched

aldehydes that are accumulating even well after 1-octene has been depleted in the system. At
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this stage there exists no competition for the catalytic active sites between the depleted 1-octene

and the iso-octenes present in the system.

Overall, the substrate and product-distribution profile studies with C4 show that conversion of
the iso-octenes to aldehydes accounts for the increase in branched aldehydes in the system post-
substrate depletion after 2 h of the hydroformylation reaction. This sheds light towards possibly
designing analogous catalyst precursors that could be fine-tuned towards good regioselectivity
in the hydroformylation of olefins.

3.4 Summary

A series of dinuclear rhodium(l) complexes [Rh(COD)(R-dpf)]. (C1 — C4) synthesised were
found to be active as precatalysts in the hydroformylation of 1-octene. Conversion is similar
between C1 and C2, but lower with C3 and higher with C4. The trifluoromethyl substituent is
more selective towards total aldehydes with outstanding turn-over frequencies, hence more
active of the series. Time studies with C4 shows that isomerization of 1-octene is favoured as
the reaction time is increased and the precatalyst is chemo-selective towards aldehydes, by

converting the octene isomers to their respective aldehydes.
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Chapter 4

Catalysis: Allylic Oxidation of Cyclohexene
4.1 Introduction

The functionalisation of C—H bonds to oxidised products is an important transformation in
organic chemistry towards the preparation of naturally occurring compounds.®! These
products have major applications in industries such as pharmaceuticals, cosmetics, plant and
fine-chemicals.3>%6:171.173 One drawback is the high activation energy required to break the C—
H bond.*%181 As a result, harsh reaction conditions are usually employed to provide the system
with enough energy to overcome the energy barrier.*®? As of recent times, the use of transition-
metal catalysts has increased exponentially. This is due to the high reactivity of the transition-
metal compounds, and they provide more energy at shorter reaction times, in this way desired

products are obtained faster.

One example of a homogeneous process is the allylic oxidation of alkenes where an alkene
functional group is converted to enones and enediones by functionalising the a-(C-H) bond
adjacent to the C=C alkene bond (Scheme 4.28).18 For example, the 1,4-enedione is found in
a variety of bioactive natural products and is useful as a starting material in organic synthetic
pharmaceutical drugs.?84185 Due to the proximity of the alkene double bond to the C—H bond,
the C—H bond is activated with a lower bond dissociation energy due to the possible resonance
with the C=C double bond to stabilise the transition state.*%8? As a result, allylic hydrogens
are more susceptible to radical abstractions than proton abstractions, provided that no basic

reagent is involved in the reaction.

lyst
/\/R cataly o = R
[O] /\ﬂ/
O
0 O
@ catalyst N
> +
0] » 'n

R = alkyl or aromatic group

Scheme 4.28 Allylic oxidation of alkenes.
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The products obtained from allylic oxidation have wide applications ranging from
intermediates for the total synthesis of natural products, anticancer reagents, and flavouring
constituents.'®®-188  Strategies that have been adopted in the past lack regio- and
stereoselectivity, and usually have overoxidation issues. Moreover, the assisting reagents were
mainly based on Se or Cr oxides in stochiometric amounts, which gives rise to side products
including oxides, enoles and diols.*® Eco-friendly alternative methods based on the
chemistry of Cu, Pd, and Rh have been reported with catalytic amounts of complexes.*® The
key is in the ability of the catalyst to undergo a 1-electron oxidation, in order to facilitate the
radical reaction.**** Ketones obtained by this method can be used as a valuable raw material
for plant protection products or in pharmaceutical industry. Improvement of selectivity and

efficiency of the reaction is carried out by developing new and more efficient catalytic systems.

Dirhodium(l1) complexes such as the Du Bois catalyst,'*® the benzenedipropionic acid based
Rha(esp)4!®* and the caprolactamate complex Rha(cap)s 1%t have been utilised as catalysts in the
conversion of sulfide to sulfoxide and allylic products.t®19219 Fyrthermore, the use of
Rhz(cap)s as a catalyst could rapidly convert most olefins to their corresponding enones and
diones in 1 h with 0.1 mol% catalyst loading.'®® Owing to their orbital arrangement of the
dimetal core (Shown in Figure 1.5 of Chapter 1), these complexes are easily reduced and
oxidised. The redox potentials are largely influenced by the electronics of the equatorially
coordinated ligands. Enhancing the electron density around the Rh,** core could provide easier
access to the higher oxidation states of the metal centre involved in the catalytic mechanism.
This can overcome the harsh reaction conditions linked with the promotion of products from

this reaction.

The examples mentioned above have utilised bulky, bidentate ligands with both oxygen and
nitrogen donor atoms simultaneously. Further to this, the ligands lack any conjugated =-
electron system and accounts for their catalytic activity. These studies have motivated us to
design dirhodium(Il) complexes bearing diphenylformamidinate ligands with an elongated r-
electron system. Precisely, homoleptic dirhodium(l1) complexes of the type [Rhz(R-dpf)4] are
expected to allow for easier oxidation at the Rh metal centres due to the electron rich
environments. Heteroleptic mixed ligand complexes of the type [Rho(R-dpf)x(OAC)4-x] with x

= 2 or 3 are expected to have less steric bulk due to the presence of the acetate ligands. This
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chapter discusses the catalytic activity of these complexes in the allylic oxidation of

cyclohexene.

4.2 Reported Mechanism of Dirhodium(I1) Complexes in Allylic Oxidation

Based on reported mechanisms from literature, 92193194 we can postulate the mechanism for
the allylic oxidation of cyclohexene using the homoleptic dirhodium(ll) complex [Rhz(dpf)4]
(Scheme 4.29). The reaction is initiated by the radical reaction between the oxidant TBHP and
the complex, where an electron is abstracted from the HOMO =* orbitals, increasing its
reactivity to form the hydroxy species labelled 2. Another TBHP binds to the vacant axial site,
followed by an H-migration to form H.O which dissociates from the axial site forming the tert-
butyl peroxide complex 3. Simultaneously, the tert-butoxide radical reacts with another TBHP
to generate the more basic tert-butyl peroxide intermediate 1. The intermediate abstracts the .-
proton from the cyclohexene substrate to generate the reactive cyclohexene radical 4, which in
turn binds to the reactive complex 3. The subsequent reductive elimination of the tert-butyl
peroxide from intermediate complex 3 regenerates the catalyst and cyclohexene tert-butyl
peroxide 5. This is then converted to the desired enone product by a reductive quenching to

terminate the reaction, releasing tert-butanol.

Q.0
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0 /EIJ\O‘Bu 1 7
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Scheme 4.29 Possible mechanism for the formation of cyclohexen-2-one using.

98



4.3 Solvent Variation with Dirhodium(I1) Complexes in the Allylic Oxidation
of Cyclohexene

4.3.1 Catalytic performance in DCM

The homoleptic diphenylformamidinate complexes (C5 — C7) as well as the acetate containing
mixed ligand heteroleptic complexes (C8 — C11) were evaluated for their catalytic activity in
the allylic oxidation of cyclohexene (Figure 4.46). The expectation is that combination of the
formamidine ligands and the acetate ligands will favour the higher oxidation state Rh2°* of the

core, which is the key intermediate involved in this reaction and should allow for easier

e

formation of less bulky products.

SWNe L cWNen|

Rh Rh Rh_Rh Rh—Rh
C5
[:N/N:] [ :N/N':] :Iﬁ%’j
Rh Rh Rh Rh th—Rh
OTO [o /o] o) /o]
C8
Rh—Rh
o /o]

Figure 4.46 Dirhodium(1l) complexes C5 — C11 used in the allylic oxidation of cyclohexene.

The reaction conditions were chosen based on previously reported procedures in literature, with
slight modifications.*¢8319 |t has also been reported that T-Hydro (70% TBHP in water) is the
more active oxidant over TBHP in n-decane,?*2 For this reason, T-Hydro was chosen as the
oxidant. Furthermore, it has been found that there is significant improvement in catalytic
activity when the reactions are performed at the boiling point of the solvent. Due to this, we
have chosen to run the reactions at the boiling point temperatures. The solvents of choice are

DCM, THF and ACN due to their polarity, weakly coordinating and strongly coordinating
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effects, respectively, at the axial sites of the dirhodium(I1) complexes as well as their ability to

stabilise the higher oxidation states, and Table 4.11 shows catalytic results in DCM.

Table 4.11 Activity evaluation in the allylic oxidation of cyclohexene in DCM?

Selectivity (%)

Entry  Catalyst  Conversion (%) 0 on TONP
0O O Y
1 C5 58 77 14 9 138
2 C6 63 82 11 7 154
3 C7 80 84 9 7 194
4 C8 83 85 8 7 203
5 C9 91 86 8 6 228
6 C10 88 86 7 7 226
7 Cl1 92 86 8 6 229
Parameter variation
8¢ C7 97 87 12 1 46
9d C7 72 73 25 2 175
108 C7 92 82 16 1 241
11¢ C9 96 81 17 2 45
124 C9 92 75 21 4 231
13° C9 93 81 17 2 233
14° Cl1 95 83 14 3 44
154 C11 92 74 23 3 230
16 C11 93 80 18 2 231

8Reaction conditions: T-Hydro (470 mg, 3.65 mmol) was added to a solution of cyclohexene (100 mg, 1.22 mmol),
catalyst (0.1 mol %) and 10.0 mL of DCM. The reaction was stirred for 24 h at 40 °C. The products were identified
and quantified using GC-FID. Values provided in the table are from three experiments, and the yields are averaged
(+/- 1-4%). "Turnover number is calculated from the amount of cyclohexene reacted per amount of
catalyst.°Reaction was performed with 0.5 mol% catalyst loading. YReaction was performed with (784 mg, 6.09
mmol) of T-Hydro. ®Reaction was stirred for 48 h.

In DCM, C5 and C6 are found to have the least conversion (58%, C5) and (63%, C6). In
comparison to their acetate counterpart, there is significant increase in conversion upon the
increase of the acetato ligands coordinated (C5 vs C8) and (C6 vs C10). This can be related to
the relatively lower potential for the first oxidation Rh,*"/>* compared to the homoleptic

complexes and less steric hindrance by the dpf ligands related to the nature of the mixed
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ligands. In comparison with the homoleptic complexes, the addition of the acetato ligands
hinders the backdonation from the metal centres to the acetato ligand due to less o* orbital of
the dimetal core, which is destabilised and brings about easier oxidation. In this case, more of
the active species of Rhy>* is generated.1% The same trend is observed for C7, C9 and C11. In
all complexes, the reaction is chemoselective towards the 2-cyclohexen-1-one product. In the
case of C5, the generation of O, which is needed to react with the radical of the substrate is
much slower, hence less 2-cyclohexen-1-one is formed. In comparison with C8, the dimetal
core of the reactive species is less electron deficient than in C5 due to the presence of the
acetato ligand. Since there is conjugation between the p-orbitals of the alkene (C=C) and
carbonyl (C=0) functionalities of the 2-cyclohexen-1-one product, it therefore follows that the
alkene functional group is more electron deficient. The interaction between this orbital and the
Rh2°* core of C8 is less favoured. This will propagate the dissociation of the product much
faster than in C5 where the interaction is more stable. The formation of 2-cyclohexen-1-ol is
favoured by the reduction event that is present in C5 — C7. The formation of cis-1,2-

cyclohexanediol could not be propagated by these complexes.

. H OOH
0,
—> 7T
RH .
4 7 9

Rhy(dpf), i

Rh,(dpf),(OH

2 0 Y OH
8 10

Scheme 4.30 Propagation of cyclohexene radical leading to the enone (8) and enol (10).

The initially formed allylic radical 4 reported earlier in Scheme 4.2 can react with the highly
reactive tert-butyl peroxide complex 3 (also in Scheme 4.2),'°® while also undergoing a side
reaction by trapping the dioxygen formed as by product during the formation of di-tert-butyl
peroxide 9 (Scheme 4.30). This peroxide intermediate 9 is then reduced to form the enol
product 10. On the other hand, the intermediate 7 undergoes a Russel’s chain termination

mechanism which gives the enone product 8.1°° The formation of the ketone should be favoured
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over the alcohol in the presence of the catalyst which traps the intermediate 7. The cleavage of
the O—O bond and a hydrogen transfer should lead to the formation of the oxidised catalyst 2

and ketone 8.

4.3.2 Reaction parameter variations

The catalyst loading was increased from 0.1 mol% to 0.5 mol% (Table 4.11, entries 8, 11, and
14). As a result, the conversion of cyclohexene C7 (entry 8), C9 (entry 11) and C11 (entry 14)
was observed to increase. This was expected because increasing the catalyst loading increases
the number of Rh metal centre sites available to interact with the substrate. As such, more
cyclohexene undergoes radical abstraction to produce the active radical species. Surprisingly,
at this high catalyst loading, the complexes become inactive much faster as attested to by the
decrease in the TON (< 46, entries 8, 11 and 14). For C7, the amount of 2-cyclohexen-1-one
in the system is slightly higher compared to the 84% found when using 0.1 mol% catalyst
loading (Table 4.1, Entry 3), while also increasing the amount of 2-cyclohexen-1-ol. This can
be related to the rate of formation of the reactive tert-butyl peroxyether complex which leads
to more 2-cyclohexen-1-one, that is forming faster. In comparison, the amount of 2-
cyclohexen-1-ol in the system increases for C9 (Entry 11) and C11 (Entry 14) as the increase
in the peroxide radical is compensated by the peroxide intermediate and easier reduction

facilitated by the acetato ligands.

The increase in the amount of TBHP added to the system (from 3 eq. to 5 eq.) leads to a
decrease in the conversion with C7, from 80% to 72% (Entry 9) with no significant change
with C9 and C11. Furthermore, there is also an increase of 2-cyclohexen-1-ol in the system.
The excess TBHP reacts with the unused catalyst in the reaction mixture. This increase the
concentration of the active Rh,>* species in the reaction, which in turn increases the formation

of the hydrogen peroxide intermediate which is reduced to the enol product.

Doubling the time increases the conversion of the substrate, with the greatest difference
observed for C7 (Entry 10, 92 vs 80%). The increase in the time allows for more collisions
between the cyclohexene and the complexes, which causes the system to absorb enough energy
to overcome the reaction barrier. Over longer periods, the less more electron rich complexes
(C9 and C11) with three and two acetato ligands, respectively, induce more production of the
reactive peroxide species that is easily converted to the hydrogen peroxide intermediate. Due
to the electron rich environment, there is favourable reduction of the hydrogen peroxide

intermediate to the enol product. Consequently, the formation of the enone is inhibited.
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4.3.3 Catalytic performance in THF

Table 4.12 shows the catalytic activity complexes in the allylic oxidation of cyclohexene in
THF at 66 °C. There is slight increase in conversion when using THF with the homoleptic
complexes C5 — C7. Evidently, there is no formation of 2-cylohexen-1-ol. This indicates that
all the dirhodium tert-butyl peroxyether fully converts the cyclohexenyl radical to 2-
cyclohexen-1-one at a faster rate, as the reduction process is not favourable in THF, hence
lower TON values in THF compared to DCM.

Table 4.12 Activity evaluation in the allylic oxidation of cyclohexene in THF.?

Selectivity (%)

Entry Catalyst ~ Conversion (%) o on @ TONP
O O
1 C5 63 86 0 14 150
2 C6 64 88 0 12 158
3 C7 60 98 0 2 147
4 Cs8 61 75 0 25 148
5 C9 64 78 0 22 162
6 C10 68 76 0 24 176
7 Cl11 62 79 0 28 154

8Reaction conditions: T-Hydro (470 mg, 3.65 mmol) was added to a solution of cyclohexene (100 mg, 1.22 mmol),
catalyst (0.1 mol %) and 10.0 mL of THF. The reaction was stirred for 24 h at 66 °C. The products were identified
and quantified using GC-FID. Values provided in the table are from three experiments, and the yields are averaged
(+/- 1-5%). "Turnover number is calculated from the amount of cyclohexene reacted per amount of catalyst.

The electron rich complexes are more active, as the more reactive higher oxidation states are
easily stabilised by the electron donating substituents (Entry 2, C6) and (Entry 10, C10). For
the mixed ligand complexes C8 — C11, there is slight decrease in the conversion from DCM to
THF. This is explained by the favourable interaction between the oxygen atom of THF and the
dimetallic core. As the degree of coordination by the acetato ligand is increased from 0 to 1
and 2, the steric hindrance is reduced. This allows for easy coordination of the THF ligand,
which destabilises the HOMO =* orbitals of the dimetallic core, making the core more

susceptible to electron abstraction and increasing the concentration of the active Rh2** species.

103



4.3.4 Catalytic activity in ACN

In ACN (Table 4.13), there is almost complete conversion obtained. The strongly coordinating
ACN cause the charge distribution between the two Rh metals of the dirhodium core to be
uneven. In this case, the uncoordinated Rh will have increased ability for reduction, so more
2-cylohexen-1-ol is able to form in comparison to THF. The formation of 2-cylohexen-1-ol
reduces the amount of 2-cyclohexen-1-one in the system and induces a slow formation of the

cyclohexene oxide.

Table 4.13 Activity evaluation in the allylic oxidation of cyclohexene in ACN.?

Selectivity (%)

Entry Catalyst ~ Conversion (%) o oH @ TONP
O O
1 C5 98 75 7 18 233
2 C6 98 89 8 2 240
3 C7 98 90 8 2 239
4 Cs8 98 89 8 2 241
5 C9 98 91 7 2 247
6 C10 99 91 7 2 241
7 Cl11 99 90 8 2 247

4Reaction conditions: T-Hydro (470 mg, 3.65 mmol) was added to a solution of cyclohexene (100 mg, 1.22 mmol),
catalyst (0.1 mol %) and 10.0 mL of ACN. The reaction was stirred for 24 h at 82 °C. The products were identified
and quantified using GC-FID. Values provided in the table are from three experiments, and the yields are averaged
(+/- 1-2%). "Turnover number is calculated from the amount of cyclohexene reacted per amount of catalyst.

For the mixed ligand heteroleptic complexes C8 — C11, the reason is more chemoselective to
the ketone product. This is explained by the favourable interaction between the nitrogen donor
atom of ACN and the dimetallic core. Furthermore, an increase in the degree of coordination
by the acetato ligand from 0 to 1 and 2, the steric hindrance is reduced. The rate of coordination
of acetonitrile increases and the HOMO =* orbitals of the dimetallic core is destabilised as
mentioned in section 1.2.2 of Chapter 1, making the core more susceptible to electron
abstraction and increasing the concentration of the active Rh2>* species at a faster rate. This in
turn gives higher TON (>240).

Catino et. al. reported that the dirhodium(Il) caprolactamate complex [Rh2(cap)s] achieves a
selectivity of 33 % in DCM with 5 eq. of TBHP with 1 mol% catalyst loading in the allylic
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oxidation of 1-acetylcyclohexene.®® The addition of 50 mol% K2COs in the reaction improves
the reaction to 80%, and decreasing the catalyst loading by 10-fold, 78% selectivity is achieved
in 1 h. However, using the same conditions with cyclohexene, moderate selectivity (60%) of
2-cyclohexen-1-one is obtained, while no activity is achieved in THF and ACN.% In our case
we have managed to design high performing catalysts (C9 and C11) that can achieve selectivity
towards 2-cyclohexen-1-one with 86% (and TON of 228 and 229, respectively) in DCM, with
less TBHP (3 eq.). This can be rationalised by the lower oxidation potentials (E12 =-110 and
30 mV vs Ag/AgCl, respectively) over 55 mV for [Rhz(cap)4], so the easier oxidation in C9
and C11 permits for better reactivity. Given that these two complexes had the highest oxidation
potentials among the series of the complexes in the study, we have found that these complexes

have better activity compared with [Rhz(cap)a].

Our complexes are also catalytically active in THF and ACN, while [Rhz(cap)4] is inactive in
these solvents. These complexes also outperform the oxygen based dirhodium tetraacetate
[Rh2(OAC)4] and dirhodium perfluorobutyrate [Rh2(pfb)s] complexes, which afford < 33% of
the ketone. The reactivity is limited by the difficulty in the first oxidation, with E1>= 1170 and
1800 mV, respectively.1#32% |t is our belief that there are benefits in reducing the degree of
coordination of the bulk dpf ligands with the acetate ligands. However, not all the dpf ligands
should be replaces as this provide for me electron density towards the dirhodium core, raising
the HOMO r* orbital in energy. It is our expectation that these complexes would be active in

various substituted cyclohexenes, as shown by Catino et. al., but still requires more evaluation.

3.4 Summary

The homoleptic and mixed ligand dirhodium(Il) complexes [Rh2(R-dpf)x(OAC)ax] (C5 — C11,
where R is H, CHz or F), bearing diphenylformamidinate ligands with x = 2, 3 or 4 synthesised
were evaluated and found to be active catalysts in the allylic oxidation of cyclohexene. In
DCM, the mixed ligand complexes (C8 — C11) are more active due to more stabilisation of the
higher Rh,>* oxidation state. In THF, there is no formation of 2-cyclohexen-2-ol. With ACN,
there is near quantitative conversion, resulting from the strong coordination of acetonitrile that
causes uneven charge distribution between the two Rh metals, allowing for easier reduction.
The complexes become more active in ACN as the higher oxidation state species are more

favoured.
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Chapter 5

Experimental procedures
5.1 General details

The anhydrous reagents and salts used were purchased from Sigma Aldrich and were used
without any further purification. Solvents purchased from Kimix were distilled and stored with
drying agents before use. Nuclear magnetic resonance (NMR) spectra were recorded using
either a Bruker X-400 (*H at 400 MHz, °C at 101 MHz and *°F at 337 MHz) or a Varian
Mercury 300 (*H at 300 MHz and *3C at 75 MHz) spectrometers at room temperature. The
chemical shifts reported were determined using solvent signal as the reference. Coupling
constants are reported in Hz and chemical shifts are reported in ppm. Infrared (IR) absorptions
were measured using a Perkin-Elmer Spectrum 100 FT-IR spectrometer with KBr pellets. The
absorption band frequencies are reported in cm™. Electron Spray lonisation Mass Spectrometry
(ESI-MS) was carried out on a Waters API Quattro instrument in both the positive and negative
modes. Melting points have been determined using a Buchi melting-point B-540 apparatus.
Cyclic voltammetry was performed with a three-electrode system using an Epsilon Eclipse
voltammetric analyzer. A glassy carbon electrode was used as a working electrode. A Pt wire
was used as a counter electrode and an Ag/AgClI solution was used as the reference electrode.
The electrode was separated from the bulk of the solution by a fritted glass bridge containing
the non-aqueous solvent with TBAP as the supporting electrolyte. The solvent was saturated
with N2 gas prior to taking measurements. Measurements were carried out with a scan rate of
0.1 V.s unless otherwise stated. The experiments were performed in degassed CH,Cl,, THF
or CHsCN containing 0.1 M TBAP as a supporting electrolyte. [Rh(COD)CI]z,*?°
[Rh2(OAC)4],%%* and [Rh2(TfOAC)4]?* starting materials were synthesised following previously

reported literature procedures.
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5.2 General preparation of ligands

The para-substituted N,N’-diphenylformamidine ligands L1 — L4 were prepared following a
previously reported literature procedure.'?’ Triethyl orthoformate (1.87 mL, 11.3 mmol), para-
substituted aniline (2.05 mL, 22.5 mmol), with R = H, Me, F or CF3z and glacial acetic acid
(32.17 pL, 0.56 mmol) were added in a dry two neck round bottom flask equipped with a stirrer
bar and a condenser. The feint yellow mixture was heated to reflux at 145 — 148 °C for 18 h
under a nitrogen atmosphere. The resulting brown reaction mixture was removed from the heat
and allowed to cool down to room temperature. The resulting brown crude solid was dissolved
in minimum hot dichloromethane and cooled to 0 °C on an ice bath. The contents were

removed, quickly filtered by gravity, washed with cold petroleum ether and dried in vacuo.

5.2.1 N,N’-diphenylformamidine ligand L1
e
b NAN
¢ H
€

Yield: (1.09 g, 49 %). Appearance: thin-white crystals. M.P.: 139 — 141 °C. *H NMR (CDCls,
Spm): 8.20 (s, 1H, Hy), 7.31 (t, 3Jnwn = 7.88 Hz, 4H, Hp), 7.04 — 7.11 (m, 6H, Hac). 3C{H}
NMR (CDCls, Spm): 149.6 (Cr), 145.3 (Cd), 129.5 (Cp), 123.5 (Ca), 119.2 (Cc). FT-IR (KBr,
vem2): 3304 (br m, N-H), 2847 (w, C-H), 1581 (m, C=N), 1485 (s, C=Car). ESI-MS (m/2):
197.1082 ([M + HJ*, 100 %) (calcd. 197.1079).

5.2.2 N,N-Di-(4-methyl)phenylformamidine L2

Yield: (1.34 g, 53 %). Appearance: pale-white crystals. M.P.: 141 — 143 °C. *H NMR (CDCls,
Spm): 8.18 (s, 1H, Hy), 7.12 (d, 33 = 8.08 Hz, 4H, Ha), 6.95 (d, 3Jn-+ = 8.24 Hz, 4H, Ho),
2.34 (s, 6H, Ha). 3C{*H} NMR (CDCl3, Spm): 149.5 (Cg), 142.9 (Ce), 132.8 (Cb), 130.0 (Ca),
119.1 (Cc), 20.9 (Ca). FT-IR (KBr, vem™): 3302 (br m, N-H), 2912 (w, C-H), 2854 (w, C-H),
1668 (m, C=C), 1608 (m, C=N), 1485 (s, C=Car), 1312. ESI-MS (m/z): 225.1387 ([M + H]",
100 %) (calcd. 225.1392).
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5.2.3 N,N’-Di-(4-fluoro)phenylformamidine L3

F b F
a
\©€g/©/
C NS

/\N

I W
f

Yield: (1.22 g, 47 %). Appearance: white crystals. M.P.: 145 — 147 °C. 'H NMR (CDCls,
Spm): 8.05 (5, 1H, Hg), 6.99 (d, 3344 = 7.76 Hz, 8H, He,d). 3C{*H} NMR (CDCls, Spm): 160.8
(Ce), 158.4 (Cb), 150.0 (Cg), 120.8 (d, 3Jcr = 7.40 Hz, Cg), 116.2 (d, e = 22.61 Hz, Co).
FE{'H} NMR (CDCls, pm): -120.2 (Fa). FT-IR (KB, vem™®): 3174 (br m, N-H), 2852 (w, C—
H), 1601 (m, C=N), 1497 (s, C=Car). ESI-MS (m/z): 233.0887 ([M + H]*, 100 %) (calcd.
233.0890).

5.2.4 N,N-Di-(4-trifluoromethyl)phenylformamidine L4

Yield: (1.06 g, 49 %). Appearance: white-needle crystals. M.P.: 155 — 158 °C. 'H NMR
(CDCls, pm): 8.19 (s, 1H, Hg), 7.59 (d, Ju-r = 8.40 Hz, 4H, Hc), 7.15 (d, 3Jn-n = 8.25 Hz, 4H,
Ha), 5.10 (s, 1H, Hr). 3C{*H} NMR (CDCls, &pm): 162.1 (Ce), 158.9 (Cy), 147.9 (Cg), 127.0
(d, 3Jcr = 3.52 Hz, C¢), 119.1 (Cq), 114.4 (Ca). 8F{*H} NMR (CDCl3, &pm): -62.0 (Fa). FT-
IR (KBr, vem): 3174 (br m, N-H), 2852 (w, C—H), 1608 (m, C=N), 1490 (s, C=Car). ESI-MS
(m/z): 333.0927 ([M + H]", 100 %) (calcd. 332.2650).

5.3 Preparation of bimetallic rhodium(l) complexes

The bimetallic Rh(l) complexes were synthesised following a known procedure with minor
changes.!® L1 — L4 (2 eq.) of each of the respective ligand and potassium tert-butoxide (171
mg, 1.52 mmol) were added to a clean, dry round bottom flask with a side arm. The flask was
purged with nitrogen before anhydrous toluene (10 mL) was added. The contents were stirred
vigorously for 2 h. To this solution, [Rh(COD)CIl]. (250 mg, 0.51 mmol) dimer was added. The
resulting orange solution was stirred at room temperature for 24 h. A bright orange precipitate

was filtered under vacuum, washed with n-hexane and dried in vacuo.
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5.3.1 N,N’-Diphenylformamidine-(1,5)-cyclooctadiene dimer complex C1

D L
[b &N Sy ]
Rh Rh
Ro s

Yield: (412 mg, 61 %). Appearance: orange solid. M.P.: 216 — 218 °C.'H NMR (CDClI;,
Sopm): 7.30 (t, 3Jrhn = 2.16 Hz, 2H, He), 7.19 — 7.25 (M, 16H, Hoc), 6.99 (t, 3J = 8.33 Hz, 4H,
Ha), 4.40 (m, 4H, H), 3.85 (M, 4H, Hy), 2.92 — 2.95 (m, 4H, Hy), 2.53 — 2.58 (m, 4H, Hr), 1.92
(9, 3Jn-n1 = 5.56 Hz, 4H, Hi), 1.79 (q, 3Jn-+ = 5.68 Hz, 4H, Hy). 3C{H} NMR (CDCl3, &pm):
165.2 (Ce), 152.6 (Cd), 128.4 (Cp), 125.0 (Cc), 122.9 (Ca), 84.2 (Cy), 75.6 (Cn), 31.3 (Cr), 30.9
(Ci). FT-IR (KBr, vem'): 2936 (w, C—H), 2878 (w, C-H), 1610 (w, C=Ccop), 1550 (m, C=N),
1505 (m, C=Cay).

5.3.2 N,N’-Di-(p-tolyl)formamidine-(1,5)-cyclooctadiene dimer complex C2

a
H;C p d CH;
LT
)
h._. Rh Rh
' .’j'
2.8

Yield: (441 mg, 51.4 %). Appearance: brown solid. M.P.: 214 — 216 °C. *H NMR (CDCls,
Spm): 7.25 (M, 2H, Hr), 7.00 — 7.18 (m, 16H, Hcd), 4.37 (M, 4H, H;), 3.85 (m, 4H, Hp), 2.91
(M, 4H, Hy), 2.54 (M, 4H, Hy), 2.30 (5, 12H, Ha), 1.90 (q, 3w+ = 5.97 Hz, 4H, H;), 1.78 (q,
3Ju-n = 5.94 Hz, 4H, Hy). 3C{*H} NMR (CDCls, &pm): 164.9 (Cs), 150.1 (Ce), 132.1 (Cp),
128.9 (Cq), 124.9 (C¢), 84.0 (Ch), 75.4 (Ci), 31.3 (Cj), 30.9 (Cg), 20.9 (Ca). FT-IR (KBr, vem™):
2912 (w, C-H), 2874 (w, C-H), 1613 (m, C=Ccop), 1560 (m, C=N), 1498 (C=Ca). ESI-MS
(m/z): 868.2279 ([M + H]*, 100 %) (calcd. 868.798).
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5.3.3 N,N’-Di-(4-fluoro)phenylformamidine-(1,5)-cyclooctadiene dimer complex C3
% b F
Tk LY
N \ITI
h.__Rh Rh
1 .’jv
g,gu ; $ % :\ U

Yield: (550 mg, 66.8 %). Appearance: orange solid. M.P.: 230 — 233 °C.H NMR (CDCls,
Spm): 1.80 (q, Jn-n = 5.82 Hz, 4H, Hg), 1.93 (q, *Jn-n = 6.57 Hz, 4H, Hj), 2.51 — 2.53 (m, 4H,
Hg), 2.92 (m, 4H, H;), 3.77 (m, 4H, Hs), 4.35 (m, 4H, Hi), 6.93 (t, ®Ju.r = 6.08 Hz, 8H, Hc),
7.19 (m, 10H, Hqys). *C{*H} NMR (CDCl3, &pm): 165.1 (Cs), 159.4 (d, *Jc.r = 243.07 Hz, Cy),
148.4 (Ce), 133.2 (C;j), 132.98 (Cy), 125.7 (Cq), 115.1 (d, 3Jc.F = 21.79 Hz, C¢), 84.6 (Cn), 75.9
(Ci). *F{*H} NMR (CDCl3, &ppm): -120.94 (Fa). FT-IR (ATR, vem®): 2872 (w, C-H), 2837 (w,
C—H), 1604 (m, C=Ccop), 1564 (m, C=N), 1489 (C=Ca).

5.3.4 N,N-Di-(4-trifluoromethyl)phenylformamidine-(1,5)-cyclooctadiene dimer complex C4

F3C b CF,

Yield: (349 mg, 61.6 %). Appearance: orange solid. M.P.: 210 — 213 °C. 'H NMR (CDCls,
Spm): 7.31 — 7.53 (M, 18H, Heas), 4.41 (M, 4H, Hi), 3.85 (M, 4H, Hn), 2.95 (m, 4H, H;), 2.57
(M, 4H, Hy), 1.97 (0, 3Jn-n = 5.27 Hz, 4H, H;), 1.85 (q, 3341 =5.57 Hz, 4H, Hg). 3C{*H} NMR
(CDCls, Spm): 165.6 (Cr), 155.0 (Ce), 126.7 (Cp), 126.0 (Cc), 124.6 (Cd), 85.1 (Cn), 76.7 (Ci),
79.1 (d, Yc-r = 13.26Hz, Ca), 30.8 (Cj), 30.6 (Cg). **F{*H} NMR (CDCls, &pm): -62.02 (Fa).
FT-IR (KBr, vem?): 2939 (w, C-H), 2872 (w, C-H), 1610 (C=Ccop), 1551 (m, C=N), 1505
(m, C=CAr). ESI-MS (m/z): 1084.1407 ([M]*, 100 %) (calcd. 1084.678).

5.4 Preparation of homoleptic dirhodium(l1) complexes

L1— L3 (10eq.) of each respective ligand was melted at 149 °C in a clean, dry Schlenk tube.??
After 30 mins, [Rh2(OTfAc)4] (202 mg, 0.31 mmol) precursor was added to the ligand melt

and the mixture was stirred with heat under nitrogen for 24 h. The reaction mixture was cooled
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to room temperature resulting in a black crude precipitate. The precipitate was dissolved in hot

methanol and filtered under vacuum. A green solid precipitate was dried in vacuo.

5.4.1 Tetrakis(N,N -diphenylformamidinato)dirhodium(ll) complex C5

d e
b PO
c NN 4

| |
Rh—Rh

Yield: (253 mg, 83 %). Appearance: green solid. M.P.: 389 — 393 °C. 'H NMR (CDCls, &pm):
7.80 (s, 4H, He), 7.08 (t, 3Jnn = 7.58 Hz, 16H, Hp), 6.97 (t, 3Jn-n = 7.26 Hz, 8H, Ha), 6.70 (d,
3Jhn = 7.60 Hz, 16H, Hc). BC{*H} NMR (CDCls, Sypm): 162.85 (C), 151.02 (Ca), 128.94 (Cy),
124.40 (C.), 123.42 (Ca). FT-IR (KBr, vem?): 1621 (C=N), 1571 (C=Car). ESI-MS (m/2):
987.1862 ([M + HJ", 100 %) (calcd. 987.8230).

5.4.2 Tetrakis(N,N -di-4-methylphenylformamidinato)dirhodium(ll) complex C6

H3C A CH,
e A
NTSN 4

I I
Rh—Rh

Yield: (289 mg, 87 %). M.P.: 402 — 405 °C. 'H NMR (CDCls, Ssm): 7.68 (s, 4H, Hy), 6.88 (d,
3344 = 8.00 Hz, 16H, Ha), 6.59 (d, 3Ju.n = 8.12 Hz, 16H, He), 2.23 (s, 24H, Ha). BC{IH} NMR
(CDCl3, Sypm): 162.3 (Cg), 148.8 (Ce), 132.5 (Cb), 129.4 (Ca), 124.3 (Cc), 20.9 (Ca). FT-IR
(KB, ven?): 1622 (C=N), 1587 (C=Cas). ESI-MS (m/z): 1099.3120 ([M + H]*, 100 %) (calcd.
1099.0310).

5.4.3 Tetrakis(N,N -di-(4-fluoro)phenylformamidinato)dirhodium(I1) complex C7

a
Fwp d F
NN ‘
Rh—Rh
Yield: (276 mg, 80 %). Appearance: green solid. M.P.: 391 — 393 °C. 'H NMR (CDCls, &pm):
7.69 (t, 3Jrn-n=3.22 Hz, 4H, Hg), 6.82 (t, 3Ju-r = 8.53 Hz, 16H, Hc), 6.53 (dd, 3J1-+ = 8.80 Hz;

4Jur = 4.76 Hz, 16H, Ha). BC{*tH} NMR (CDCls, Spm): 162.7 (Cg), 160.0 (d, Yc.r = 244.23
Hz, Cb), 146.7 (Ce), 125.3 (d, 3Jcr = 7.95 Hz, Cy), 115.9 (d, Xcr = 22.83 Hz, Cc). °F{*H}
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NMR (CDCls, &pm): -119.4 (Fa). FT-IR (KB, ven): 1615 (C=N), 1581 (C=Ca,). ESI-MS
(m/z): 1130.1064 ([M + H]*, 100 %) (calcd. 1130.7510).

5.5 Preparation of mixed-ligand dirhodium(11) complexes

[Rh2(OAC)4] (251 mg, 0.57 mmol) was stirred in 90 mL chlorobenzene at 136 °C for 1 h under
nitrogen. A solution containing stoichiometric amounts of respective ligand L1 — L3 (336 mg,
1.71 mmol) and triethylamine in 10 mL chlorobenzene was added dropwise to the stirring
solution. The resulting purple solution was refluxed under nitrogen for 24 h.1% The reaction
mixture was removed from heat and cooled to room temperature, followed by filtration under
vacuum. The filtrate was concentrated under reduced pressure and subjected to silica gel

column chromatography for purification using ethyl acetate/hexane (40:60) as the eluent.

5.5.1 Acetato-tris(N,N -diphenylformamidinato)dirhodium(ll) complex C8

d [
NN

| |
th_th
Ox__0O
b

g

3

Yield: (115 mg, 67 %). M.P.: 282 — 284 °C. Appearance: dark green solid. 'TH NMR (CDCls,
Sppm): 8.14 (t, 2Jnr = 3.04 Hz, 8H, Hy), 7.56 (t, *Jrn-n = 4.18 Hz, 1H, Hy), 7.21 (t, *Jn-n = 7.68
Hz, 8H, Hy), 7.07 (d, 3Ju.1 = 7.68 Hz, 8H, Hc), 6.70 (t, 3Ju.n = 7.10 Hz, 4H, Hy), 6.86 (t, *Jn-
H = 7.38 Hz, 4H, Hp), 6.80 (t, 3Jn.+ = 7.06 Hz, 2H, Ha), 6.57 (d, 3Jr-n = 7.52 Hz, 4H, Hc), 2.07
(s, 3H, Hy). 3C{*H} NMR (CDCls, &pm): 162.1 (Cy), 150.6 (Ce’), 149.6 (Ce), 129.2 (C) 128.9
(Ce), 128.7 (Cb), 124.4 (Cq), 123.8 (Cc), 123.3 (Ca), 123.1 (Cx), 122.6 (Ce’). FT-IR (KBr, vem
1): 3031 (w, C-H), 1616 (s, C=0), 1567 (m, C=N), 1486 (m, C=N), 1433 (m, C=Ca). ESI-MS
(m/z): 850.0944 ([M + H]*, 100 %) (calcd. 850.6190).
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5.5.2 Acetato-tris(N,N -di-4-fluorophenylformamidinato)dirhodium(ll) complex C9

a
F-b F
Q/f\

N™ N 3

Yield: (274 mg, 70 %). Appearance: dark green solid. M.P.: 274 — 277 °C. *H NMR (CDCls,
Oppm): 7.93 (brs, 2H, Hr), 7.45 (br s, 1H, Hs), 6.90 — 6.96 (m, 16H, Hc>¢*),2.10 (s, 3H, Hh), 6.62
(t, 3JnF = 8.40 Hz, 4H, Hc), 6.47 (dd, 3Jn.n = 8.16; “Jnr = 4.72 Hz, 4H, Hg). 3C{*H} NMR
(CDCls, Spm): 186.1 (Cg), 163.1 (Cr), 162.7 (Cr), 160.8 (Cv), 158.4 (Cp), 146.5 (C.), 145.6
(Ce), 124.7 (d, 3Jc.F = 7.24 Hz, Cq), 124.0 (d, Xc-r = 6.35 Hz, Cs), 116.3 (d, 3Jc.r = 22.46 Hz,
Ce), 115.6 (d, 2Jc.r = 22.40 Hz, C¢), 24.3 (Cr). °F{*H} NMR (CDCls, &pm): -119.6 (Fa), -
119.7 (Fx). FT-IR (KB, vem): 2923 (w, C-H), 2855 (w, C-H), 1614 (s, C=0), 1578 (m,
C=N), 1494 (m, C=N), 1423 (m, C=Car). ESI-MS (m/z): 958.0374 ([M + H]*, 100 %) (calcd.
958.5710).

5.5.3 Diacetato-bis(N,N -diphenylformamidinato)dirhodium(I1) complex C10

a
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Yield: (141 mg, 61 %.) Appearance: shiny green crystals. M.P.: 265 — 267 °C. 'H NMR
(CDCls, &pm): 7.51 (t, *Jrn-H = 3.36 Hz, 2H, H), 6.97 (d, *Jn-+ = 7.96 Hz, 8H, Hq), 6.91 (d, 3Jn-
H=8.04 Hz, 8H, Hc), 2.28 (s, 12H, Ha), 2.08 (s, 6H, Hn). *C{*H} NMR (CDCl3, Spm): 186.7
(Cy), 165.6 (Cx), 148.0 (Ce), 133.2 (Cp), 129.7 (Cqd), 124.2 (Ce). FT-IR (KBr, vem): 2921 (w,
C-H), 2858 (w, C—H), 1594 (s, C=0), 1584 (m, C=N), 1503, (m, C=N), 1425 (m, C=Ca). ESI-
MS (m/z): 770.0757([M + H]*, 100 %) (calcd. 770.5220).
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5.5.4 Diacetato-bis(N,N -di-4-fluorophenylformamidinato)dirhodium(ll) complex C11
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Yield: (139 mg, 60 %). Appearance: dark green solid. M.P.: 222 — 226 °C. *H NMR (CDCls,
Sopm): 7.40 (t, 3Jrhn = 4.00 Hz, 1H, Hr), 6.80 — 6.96 (M, 16H, He '), 2.08 (s, 6H, Hh). 3C{H}
NMR (CDCls, Spm): 187.0 (Cy), 166.0 (Cr), 159.9 (d, Ycr = 244.23 Hz, Cp), 146.3 (Ce), 24.1
(Cn), 125.7 (d, 3Jc-F = 7.54 Hz, Cc), 115.7 (d, 2c.r = 22.40 Hz, Cq). 1°F{*H} NMR (CDCls3,
Spm): -119.1 (Fa). FT-IR (KBr, vem): 2924 (w, C—H), 2853 (w, C-H), 1612 (s, C=0), 1584
(m, C=N), 1493 (m, C=N), 1432 (m, C=Ca). ESI-MS (m/z): 786.9843 ([M + H]*, 100 %)
(calcd. 786.3820).

5.6 Single crystal X-ray diffraction

Single-crystal X-ray diffraction data were collected on a Bruker D8 Venture diffractometer
using graphite-monochromated Mo-Ka. radiation (A = 0.71073 A). Data collection was carried
out at 100(2) K. Temperature was controlled by an Oxford Cryostream cooling system (Oxford
Cryostat). Cell refinement and data reduction were performed using the program SAINT. The
data were scaled, and absorption correction performed using SADABS. The structure was
solved by direct methods using SHELXS-97 and refined by full-matrix least-squares methods
based on F? using SHELXL-97 and using the graphics interface program X-Seed. The
programs X-Seed and POV-Ray were used to prepare molecular graphic images. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in idealised
positions and refined in riding models with Uis, assigned 1.2 times Ueq Of their parent atoms
and the C-H bond distances were constrained to 0.95 A for CH and 0.99 A for CH.. Some of
the CFs moieties were disordered and the positions of the fluorine atoms were refined with

fractional site occupancy factors.
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5.6.1 Preparation of a single crystal of complex C1

.0
[ ;Rh Rh; ]
complex C1 (10 mg) was dissolved in 1.00 mL of distilled dichloromethane in a glass vial. To
the concentrated solution was 0.5 mL of n-hexane was added. The resulting heterogeneous
mixture was sealed and cooled to 0 °C overnight. Holes were punched on the lid of the vial and

the solution allowed to slowly diffuse at room temperature. An orange single crystal of C1 was

obtained after 2 days.

5.6.2 Preparation of a single crystal of complex C4

Y
[ ;Rh Rh; ]
Complex C4 (10 mg) was dissolved in 1.00 mL of distilled dichloromethane in a glass vial. To
the concentrated solution was 0.5 mL of n-hexane was added. The resulting heterogeneous
mixture was sealed and cooled to 0 °C overnight. Holes were punched on the lid of the vial and

the solution allowed to slowly diffuse at room temperature. An orange single crystal of C4 was

obtained after 2 days.

5.6.3 Preparation of a single crystal of complex C5

SWe)

I I
Rh—Rh—NCMe

Complex C5 (10 mg) was dissolved in 2.00 mL of anhydrous acetonitrile in a glass vial. The
vial was sealed and purged with nitrogen while stirring at room temperature for 15 mins. The
solution was left to slowly diffuse overnight. A red single crystal of [C5(CH3CN)] adduct was

obtained the next day.
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5.6.4 Preparation of a single crystal of complex C8

(SWwe
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Complex C8 (10 mg) of was dissolved in 1.00 mL of dichloromethane in a glass vial. To the

3

concentrated solution was 0.5 mL of n-hexane was added. The resulting heterogeneous mixture
was sealed and cooled to 0 °C overnight. Holes were punched on the lid of the vial and the
solution allowed to slowly diffuse at room temperature. A green single crystal of C8 was

obtained after 5 days.

5.6.5 Preparation of single crystals of complex C10

H,C CH, H,C CH,4
PO P
N N
NN 2 R 2

R e
2 2
(blue) (red)

Complex C10 (10 mg) was dissolved in 1.00 mL of dichloromethane in a glass vial. To the
concentrated solution was 0.5 mL of n-hexane was added. The resulting heterogeneous mixture
was sealed and cooled to 0 °C overnight. Holes were punched on the lid of the vial and the
solution allowed to slowly diffuse at room temperature. A blue single crystal of [C10(H20)]
adduct and a red single crystal of [C10(H20)2] adduct were obtained from the same solution

after 5 days upon.
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5.7 Preparation of catalytic reactions

5.7.1 General procedure for hydroformylation

A clean and dry 90 mL stainless steel pipe reactor that was equipped with a Teflon-coated
magnetic stirrer bar. The reactor was loaded with 1-octene (2.25 mL, 7.17 mmol) as a substrate,
n-decane as an internal standard (204 mg, 1.43 mmol) and each of the bimetallic complexes
C1-C4(2.87 x 10 mmol) in 5.00 mL toluene. The reactor was sealed, degassed with nitrogen
three times, and pressurised with syngas (1:1, CO:H>) at a desired pressure of 30 — 50 bar. The
contents inside the reactor were heated to 55, 65, 75, 85 or 95 °C, stirred for 4 h. The reaction
mixture was cooled to room temperature, filtered and samples were quantified by GC-FID. The

products were confirmed with respect to authentic iso-octenes and aldehydes.

5.7.2 General procedure for allylic oxidation

Cyclohexene (100 mg, 1.22 mmol, 1.00 eg.) and each of the respective dirhodium(ll)
complexes C5 — C10 were dissolved in 4.00 mL solvent (DCM, THF or MeCN) in 25 mL
carousel tubes equipped with stirrer bars and an inflating balloon. To this, tert-butyl
hydroperoxide (70% in water) (471 mg, 3.66 mmol, 3.00 eq.) solution in 1.00 mL of the similar
solvent was added. The reaction mixture was stirred vigorously at respective boiling point of
the temperature for 24 h. The resulting reaction mixture was cooled to room temperature and
small samples were taken for analysis of reaction products by use of GC analysis by
comparison with authentic samples. Peak area of each signal was recorded, with the linear fit

of the calibration standard curves used to estimate the concentration for each component.
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Chapter 6

Overall Summary and Future Recommendations

6.1 Overall Summary

A series of N,N’-bidentate diphenylformamidine ligands L1 — L4 were synthesised. The
ligands were characterised using various spectroscopic and analytical techniques, which was
in agreement to what is reported in literature. These ligands were reacted with the dimeric
rhodium precursor [Rh(COD)CI]. to produce a series of bimetallic Rh(I) complexes C1 — C4
of the type [Rh(R-dpf)(COD)]2 bearing the bridging diphenylformamidinate ligands, R = H,
CHs, F or CFz at the para positions. The ligands were also reacted with rhodium trifluoroacetate
precursor [Rhz(TfOAC)4] to afford the homoleptic complexes C5 — C7 of the type [Rha(R-
dpf)s], with bridging diphenylformamidinate ligands, where R = H, CH3 or F at the para
positions. The ligands were also reacted with rhodium acetate precursor [Rh2(OAc)4] to afford
the mixed ligand heteroleptic complexes C8 — C11 of the type [Rhz(R-dpf)x(OAC)4-x], bearing
bridging diphenylformamidinate ligands with x = 2 or 3 and R = H, CH3 or F at the para

positions. These complexes were fully characterised using spectroscopic analytical techniques.

The bimetallic Rh(l) complexes were evaluated as catalysts in the hydroformylation of 1-
octene. These were found to be active as catalysts in the hydroformylation reaction. These
complexes posed near quantitative conversion, with the highest observed for C2 and CA4.
Furthermore, the complexes are chemoselective towards aldehydes over the octene isomers.
The highest chemoselectivity is observed for C4. These observations are attributed to the
electron deficiency of the Rh metal centres upon oxidation due to the withdrawing
trifluoromethyl substituent. In such a case, there is unfavourable interactions between the metal
orbitals and the p orbitals of the acyl group of the aldehyde products, so the aldehyde product
dissociate faster to regenerate the ground state Rh(l) complexes. Contrary to this, C3 has both
mesomeric and inductive effects due to the fluoride group, and the mesomeric effect is more
dominant at higher oxidation states, which stabilises the interaction with the acyl group,
slowing the dissociation of the aldehyde products. Nonanal is generally more favourable over

the branched aldehydes due to the bulkiness of the ligands.
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The homoleptic and mixed ligand heteroleptic Rh(11) complexes were evaluated as catalysts in
the allylic oxidation of cyclohexene. These were found to be active as catalysts for the allylic
oxidation reaction with 0.1 mol% catalyst loading and 3 eq. of TBHP. The catalysis was
evaluated in dichloromethane, tetranydrofuran and acetonitrile. In dichloromethane, the mixed
ligand complexes were found to be the best complexes for conversion. High selectivity is
observed towards 2-cyclohexen-1-one over 2-cyclohexen-1-ol and cyclohexene oxide.
Independent increase in catalyst loading, reaction time or amount of oxidation improves the
conversion, however the reactivity of the catalyst is reduced with a 0.5 mol% catalyst loading
based on the lower turnover numbers. In tetrahydrofuran, the conversions and turnover
numbers are slightly lower compared to dichloromethane, due to the unfavourable axial
interaction of the oxygen donor atom. In acetonitrile, the conversions are improved to near
quantitative with higher turnover numbers and better chemoselectivity towards 2-cyclohexen-

1-one. This is due to the stabilising effect of the higher oxidation states by acetonitrile
6.2 Future Recommendations

The utilisation of bimetallic rhodium complexes in catalysis is on a steep increase as
researchers are seeking for an ideal catalyst to be used for industrial purposes. This work has
contributed to the design of suitable candidates of bimetallic rhodium catalysts with uses in
hydroformylation and allylic oxidation. These complexes pose good catalytic activity and
selectivity in different solvents. This is supported by their easy in oxidation to generate the
higher oxidation state reactive species, with lower oxidation potentials. There is great benefit
in utilising ligands with a conjugated =-electron system, which affects the stabilisation of
charge. Substituents with more electron-withdrawing or electron-donating strengths can thus
be used to fulfil this purpose. The combination of the ligands with non-bulky ligands such as
acetates greatly improves the activity. The complexes can also be evaluated for their catalytic
activity in hydroformylation and allylic oxidation of other substrates, to increase their scope in
reactivity. Theoretical investigations are required to determine if the monosubstituted
dirhodium(Il) complexes can be formed. This can be done by calculating energies of the
complexes based on their degree of substitution. An energy profile can then be used to predict
the energy and stability of the monosubstituted complexes. The ligands can be altered to make
the complexes more water soluble. This can be done by adding sulfonate substituents.

Performing the catalytic reactions in water is in line with the principles of green chemistry.
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Appendix A
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Appendix A-1 BC{*H} NMR of C1 in CDCls.
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Appendix A-2 *C{*H} NMR of C2 in CDCls.
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Appendix A-3 BC{*H} NMR of C3 in CDCls.

4
£
S
2
5
S
© @ Taom
2 g REE8 2E2 8g
I = Suwem 8S= =&
8 3 £638 S Zg
< n SNay RER "8
NE N4 N

165 160 155 150 145 140 135 130 125 120 115 110 105 100f EBS )90 8 8 75 70 65 60 55 50 45 40 35 30 25 20
1 (ppm

Appendix A-4 C{*H} NMR of C4 in CDCls.
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Appendix B
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Appendix B-1F NMR of C4 in CDCls.

20
{2.5634,30.6032} ,{1.8128,30.5951}

{2.9514,30.922
! L £ F30

(1.9346,30.9289)
40

50
60
{4.4238,75. 540& r70

(3.@696,&4.195‘& )

90

f1 (ppm)

r 100

r110

{7.3083,124.7985} 120

—_ {7.0329,122.6775)
{7.2420,128.2310}

130
r140
150
j7,3208,165,6163) 160

170

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0
f2 (ppm)

Appendix B-2 HSQC of C1 in CDCls.
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Appendix C
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Appendix C-1 *C{*H} NMR of C5 in CDCls.
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Appendix C-2 *C{*H} NMR of C6 in CDCls.
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Appendix C-3 BC{*H} NMR of C7 in CDCls.
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Appendix D
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Appendix D-1'°F NMR of C7 in CDCla.
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Appendix D-2 HSQC of C5 in CDCla.
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Appendix E

Appendix E-2 3C{*H} NMR of C9 in CDCls.
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Appendix E3C{*H} NMR of C10 in CDCla.
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Appendix E4 *C{*H} NMR of C11 in CDCla.
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Appendix F
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Appendix F-11°F NMR of C9 in CDCls.
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Appendix F-2HSQC of C8 in CDCls.
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