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ABSTRACT

Herein we report the successful synthesis of a class of stable and flexible Schiff-base
chelators capable of coordinating both ruthenium (I1) and rhenium (VI1) and which would be
catalytically active for oxo-transfer reactions. The synthesis of bidentate (L1), tetradentate
(L2-L3), and multidendate ligands (DL1-DL4) of nitrogen was a result of a reaction of
primary amine with 2-pyridinecarboxaldehyde. Ligand (L3) is reported herein for the first
time. The amines (n-propylamine, ethylenediamine, butanediamine,  diaminobutane,
propylene iminopyridyl (DAB-PPI) dendrimer) were varied as to afford metal complexes that
exhibit different physical and chemical properties. The ligands were isolated and fully

characterized by IR, NMR spectroscopy and elemental (H, C, N) analysis.

The Schiff-base complexes of methyltrioxorhenium (MTO): Methyl(n-pyridin-2-
yl)methylene)propan-1-amine)trioxorhenium (C1), Methyl([bis(pyridin-2-
yl)formylidene]butane-1,4-diamine)trioxorhenium (C2), Methyl(diaminobutane propylene
imonopyridyl)trioxorhenium G*(DC1) and G*(DC2) have exhibited sensitivity to water than
MTO itself. Rapid ligand-exchange reactions in solution are observed at elevated
temperatures. The MTO Schiff-base complexes are also slightly sensitive to light and slowly
decompose as they are exposes to air. These complexes were isolated and fully characterized
by IR, NMR, UV-Vis, EA and MS. In the ESI mass spectra of compound C1-C2 and DC1-
DC2 show the peaks of the Schiff-base ligand and the MTO moiety separately, without a
traceable fragmentation pattern. The isotopic cluster and the molecular ion peak were

observed.
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ABSTRACT

The mononuclear ruthenium compounds (B1 and B3) were prepared from
dichlorotetrakis(dimethyl sulfoxide)ruthenium (1) metal precursor by reacting the
synthesized ligands (L2 and L3) with the metal precursor. Compounds (B2 and B4) were
obtained by subsequently stabilizing the neutral compounds (B1 and B2) as

hexaflourophosphate salts via metathesis employing thallium (1) hexafluorophosphate (V).

The homobimetallic cationic compound (B5) was synthesized by reacting the dinuclear

complex [(p-cymene),RuCl;], with ligand (L4).

The neutral tetranuclear (V1 and V3) and octanuclear (V2 and V4) (N,N) ruthenium(Il)
metallodendrimers were synthesized mimicking the same route as for the neutral
mononuclear compounds (B1 and B3). The compounds (V1-V4) were prepared from the
dichlotetrakis(dimethyl sulfoxide)ruthenium(Il) based on the synthesized dendritic scaffolds
(DL1-DL4). Compounds (V5 and V6) were fashioned in a similar manner to compound (B5),
by reacting the iminopyridyl dendritic scaffolds (DL1 and DL3) with the dinuclear precursor
[(p-cymene),;RuCl,], to afford two complexes of the type [{(p-cymene)RuCl,}.G", V5] and
[{p-cymene)RuCl,}sG?, V6]. Electronic spectra of the prepared complexes were obtained (in
a Sharpless Biphasic solvent system: CCl;:MeCN:H,0) in order to understand the nature of
the active species in the catalytic cycle and to propose a mechanism for the catalytic cycle .
Confirmation of the prepared complexes (B1-V6) was done using several spectroscopic

techniques (IR, NMR, UV-Vis, ESI-MS) in conjuction with elemental analysis.
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ABSTRACT

The compounds C1-DC2 were then tested towards the epoxidation of selected cyclic alkenes
i.e cyclohexene and cis-cyclooctene, respectively and straight chain alkenes. The catalyzed
epoxidation reactions were carried out at room temperature employing using Urea hydrogen
peroxide adduct (UHP) as the oxidant and dichlomethane (DCM) as the solvent. The
complexes displayed high catalytic activity and selectivity when applied to the epoxidation of
cyclohexene and cis-cyclooctene with urea hydrogen peroxide adduct (UHP) as oxidant in
dicholoromethane. The epoxidation reaction was quantified using gas chromatography.
Conversions reached 100% for all the complexes within 6 hours. The catalytic activity of
complex C1 and C2 was relatively low compared to the catalytic activity of complex DC1

and DC2.

Ruthenium compounds (B1-V6) were evaluated in the catalyzed oxidative cleavage of
straight chain alkene. The substrate chosen was 1-octene. The oxidative cleavage reactions
were carried out at room temperature in a Sharpless biphasic solvent system
(CCl4:MeCN:H,0) using sodium periodate (NalO,) as the cooxidant. The catalysts were
found to be active in the oxidative cleavage of 1-octene with the metallodendrimers

exhibiting superior catalytic efficiency.
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Chapter 1: Introduction to Ruthenium and Rhenium complexes in catalyzed oxidation of
alkenes.

1.1 Ruthenium in the catalyzed transformation of alkenes.

1.1.1 Introduction.

Alkenes (synonymously olefins) are a family of hydrocarbons that represent convenient
starting material in the synthesis of organic chemicals due to their availability in fairly high
purity and at relatively low cost. Much of their reactivity involves the introduction of
additional or alternate functional groups to the material, and this is often conveniently

achieved by reaction at the carbon-carbon double bond(s).

Alkene oxidation is a subject of fundamental interest, which profoundly impacts the
development of synthetic organic chemistry [1]. Oxidation reactions constitute core
technologies for the synthesis of chemical intermediates in the production of both high-
tonnage commodities [2] and high-value fine chemicals, such as agrochemical and

pharmaceutical precursors.

One of the fundamental oxidation reactions is the oxidative cleavage of alkenes. This has
been previous done using stoichiometric reagents such as KMnO,. For the past few decades

catalyzed oxidative cleavage has gained intense focus.

Literature documents two main pathways for the oxidative cleavage, namely:

e Transformation of olefins into 1,2-diols followed by oxidative cleavage [3a]

e Direct cleavage into a variety of functionalized products dependent on the conditions

applied [3b]
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Within the scope of catalyzed reactions, ruthenium compounds constitute a versatile class of

catalysts for important synthetic transformations in organic chemistry [4].

1.1.2 One-step oxidative cleavage applying ruthenium catalysts and percarboxylic acids as
oxidants.

The short-comings that are associated with the two-step synthesis are: low overall selectivity
and poor yields for a variety of long chain substrates. These drawbacks that are imposed by
the previous invention are well addressed by the catalyst systems with only one metal
species. For the fragmentation of the olefinic bonds, only one metal proves superior in the

one-step cleavages i.e. ruthenium.

Ruthenium tetraoxide (RuO,) was introduced by Djerassi and Engle in 1953 as an organic
oxidant [5]. Dating from then, its utility for a variety of oxidative transformations has been
recognized immensely [6]. The expense of ruthenium metal provided incentive for the
development of catalytic procedures, the most popular of which involve use of periodate or
hypochlorite as the stoichiometric oxidant [6]. Since it is toxic and volatile it is usually made

in situ from RuCl;.nH,O or RuO,.nH,0O with co-oxidant, normally sodium periodate, NalO,.

Parallel to osmium-catalysed fragmentations, ruthenium tetroxide, RuO4, when reacting with
the olefinic carbons confers the ruthenate (V1) ester intermediate. In a study disclosed by
Muharashi et al., the nature of the active species was investigated [5] due to suggestions of

the formation of metal-oxo intermediate by low-valent ruthenium complexes.
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o/ \o
\/‘ Ru02 \/
2 RzC:O

Scheme 1.1: A general depiction of the catalytic cycle of RuO4 [5].

The availability of alkenes as convenient starting materials for functionalization so as to
obtain desired functionality steered scientists in exploring ways to take advantage of the oxo-
transfer reactions. Oxidative cleavage of alkenes is one way of converting unsaturated
hydrocarbons to more valuable oxygenates. In the previous invention this was done in a
stoichiometric manner using ozone or permanganate solutions and the more recent

adjustments indicated that it can also be performed catalytically using a transition metal and
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an oxidant such as 104 or H,O,. Typically group 7 and 8 metals have been found to be

effective as catalysts for this process [7-9].

Transition metal complexes with their tunable coordination environments and versatile redox
and spectral properties have been used for oxidative cleavage of DNA and as a model for
chemotherapeutic agents. Typical examples of these DNA cleavers are iron-bleomycin,
Fe(1)-EDTA, Mn(I1)-porphyrin, nickel complexes, Co, Rh, and Ru complexes of

phenanthroline or bipyridine and [Cu(Phen),]** [10].

RuCls.nH,0O is no stranger to oxidative cleavage of alkenes to acids, it has been used in a
number of systems. Wolfe et al. [11] reported the oxidation of cyclohexene to adipic acid by
stirring a solution of cyclohexene in CH,Cl, with an aqueous solution of RuCls.nH,O and
NaOCIl. The most widely used procedure is reported by Carlesen et al., in which
cyclopentene was converted into glutaric acid by employing RuCls.nH,O as a catalyst with
NalO, as a cooxidant in a biphasic CH3CN-CCls-H,O solution [17]. Halostyrenes and
haloalkenes were oxidized to their acids using RuO,.nH,O with either NalO4 or NaOCI as
cooxidants. However, the observable hindrance of these prepared catalyst systems is the
formation of the sparingly soluble NalO3; and/or NaCl throughout the oxidation process in
water with a specified solvent quantity. These solids impact on the workup of the reaction by
remaining at the end of the reaction. Shoair et al. reported on the proposed mechanism for the
oxidative cleavage of alkenes with the catalyst system cis-[RuCl,(bpy).].2H,O/1I0(OH)s [14].
The oxidative cleavage of alkenes to acids by the catalyst system is likely to proceed through

a similar mechanism as that suggested for RuQOj4. In this mechanism, the produced RuQ4
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cleaves the alkene to acid and itself converts into RuO,, which in turn will be further oxidized

to RuO,4 by excess IO(OH)s according to the following scheme 1.2.

u Vi DICARBOXYLIC ACID

&

Scheme 1.2: Catalytic cycle for oxidative cleavage of alkenes to acids by cis-
[RuCly(bpy).].2H,0/I0(OH)s [14].

|O(OH)5

HIO3 u ALKENE

Ruthenium tetraoxide, RuQy, has long been known for being a much more vigorous oxidant
than its osmium analogue, capable of readily cleaving C=C double bonds. The reaction can
be carried out with catalytic amounts of RuO,4, which is neither explosive nor poisonous and
therefore has advantage over ozonolysis reactions and the C=C bond cleavage with chromium
oxide [16]. Alkenes that have been functionalized into corresponding acids with additional or
alternate functional groups carry more benefits. One commonly used method of introducing
functionality is to employ an oxidative cleavage reaction of the C=C double bond to produce
one or more hydroxyl and/or carbonyl groups. Several methods are available for achieving
this, including the use of reagents such as potassium permanganate, osmium and ruthenium

tetraoxide, often known as stoichiometric reagents. Despite the reported high yields ranging
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from 80 to 97% of osmium tetroxide catalysed-oxidative cleavage of olefins with acids, the
osmium derivatives bear a negative aspect such as high-priced oxidant, ozone, in
stoichiometric amounts with the handling complexity that it encompasses. A recent report on
four different “ecasy-to-handle” osmium sources, that are an alternative to the previously
employed osmium tetraoxide (OsO,), exhibited enhanced catalytic activity than the osmium

tetraoxide., OsO4[9].

As a result of the problems encountered with the previous mentioned inventions, a catalyst
system, RuCls, reported by Barak and Sasson et al. [12] identified a new route being
undertaken for the catalytic oxidation of styrene to benzaldehyde or acetophenone with
hydrogen peroxide, H,O,, as an oxidant. The report of Shoair and Mohamed et al. on the
oxidative cleavage of alkenes to carboxylic acids by cis-[RuCly(bpy)2].2H20 in the presence
of 10(OH)s was reported to lack ability to oxidatively cleave some of the commercially
prominent substrates such as oct-1-ene and non-2-ene. A system that employs peracetic acid
reported by Warwel et al. in their publication covered the failure of their system when

hydrogen peroxide was used as an oxidant.
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1.1.3 Some of the ruthenium catalysts documented in the literature for oxidation reactions:

1.1.3.1 Synthesis and Study of Mononuclear Ruthenium(l1) Complexes of Sterically
hindered diimine Chelates.

Colins and Sauvage reported on the synthesis and study of mononuclear ruthenium(ll)
complexes with sterically hindered diimine chelates. They used 6,6'-dimethy-12,2'-bipyridine
(6,6'-dmbp) or 2,9-dimethyl-I,10-phenanthroline (2,9-dmp) in their study. The electrochemical
behaviour of the complexes was investigated in relation to the oxidation of water to form
molecular oxygen. The study concluded that the complexes were not active for the catalyzed
oxidation of water as it was observed that dinuclear species such as
(bpy)2(H20)RuORuU(H;0)(bpy),** are required for catalytic regeneration of molecular oxygen

from water [16(2)].

1.1.3.2 Synthesis of ruthenium (I1) perchlorate complexes.

Vancheesa et al. [16(b)] reported the catalytic oxidation of alkenes with ruthenium (I1)
perchlorate complexes ([Ru(dppm)3(ClO4)]CIO,, [Ru(dppe)s(ClO4)]CIO,,
[Ru(dpae)s(ClO4)]CIO,) under mild and homogeneous conditions in the liquid phase with
TBHP and H,0, as oxidizing agents. The ruthenium complexes that were employed were
prepared as reported in literature [5]. The complexes were prepared by the general method of
treating ruthenium (I11) perchlorate with excess of the ligand (L-L) in absolute alcohol under
reflux. Complexes [Ru(dppe)s(CIO4)]CIO, and [Ru(dpae)s(ClO,)]CIO, were obtained by an
alternative route through the interaction of [RuCl;(AsPhs)(MeOH)] with a 10-mol excess of
sodium perchlorate followed by the addition of the ligands 1,2-bis(diphenylphosphino)ethane

(dppe) and 1,2-bis(diphenylarsino)ethane (dpae), respectively.
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1.1.3.3 Synthesis of ruthenium (11) bipyridine complex, RuClx(bpy)..

The modification, as depicted below, for the preparation of the complex cis-
(bpy)2RuCl,.2H,0 was developed by weaver et al. and was utilized to give good yields of the
complex. The complex was used in chemoselective degradation of a range of phenyl and
fused hydroaromatic substrates with NalO, in CH,Cl,-H,0O solution at room temperature to
their corresponding monocarboxylic and dicarboxylic acids and it was found to be highly

effective catalytic system with RuO, generated in situ [16¢,16d].

DMF, LiCl, —
N/
reflux, 8 hrs \ // / Cl
N

Scheme 1.3: Synthesis of RuCl,(bpy), compound.

Yang et al. [13] reported the use of RuCl; as the catalyst system for the oxidative cleavage of

olefins to aldehydes instead of carboxylic acids from olefins that were not fully substituted.
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1.1 Optimized catalyst systems and reaction conditions.

The system “RuQ,”/peracetic acid (on-site-formed peroxyacetic acid from H,O,, acetic
acid, and H,SO, as catalyst) upon reacting with an olefin i.e., 1-octene, yields two different
primary products, i.e. 1-heptanal and formic acid, mediated by the ruthenium catalyst, and 1-
octenoxide, formed by direct epoxidation of the olefin by peracetic acid. The octene oxide
can further be oxidized to the corresponding acid by the peracid, this is achieved by
solvolysis into the glycol. The theoretical value of % for the molar ratio of olefins to
peroxyacid generally needed is great i.e. 1/5 to 1/6, an excess of peroxyacetic acid increases
the yield of the desired carboxylic acid at an optimized pH of ca. 2 (Na,CO3s/H,SO, buffer).
The ratio that is normally used for the catalyst to substrates totals to 1/1000, conceding the
best selectivities. However, the extraordinary activity of the ruthenium-containing catalyst
can be followed to even higher catalyst/substrate ratio i.e. 1/60000, with a reported 15% yield
of heptanoic acid. Thus, the outstanding catalytic activity rendered by the ruthenium catalyst
singles out this metal for the oxidative cleavage of C=C double bonds. The best solvents have
been reported to be water/n-hexane mixtures (two-phase) system. Strong coordinating
solvents such as DMF, acetonitrile, or THF are less suitable. The most prominent drawback
of the ruthenium catalysts is their high activity in decomposing hydrogen peroxide. Donor
ligand-substituted ruthenium compounds like RuCls(PPh); or RuCls(dmp), exhibited
significantly notable lower decomposition of the environmentally benign oxidant, H,O,, than
RuQ, or RuCls. Thus, by employing these complexes in acetic acid as a solvent, it is possible

to activate H,O, without its quick degradation with an increase in the acid formation
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accompanied by increased conversion as well. It has been speculated that In-situ-formed

peracetic acid is acting as the chief oxidant during the catalytic cycle (scheme 4) [15].

Y

\é%; \Q/COZH + COZ + HZO
[Ru—catalyst] 5

CH4CO;H CH3CO,H

H,0,

lRu-cataIystl

Scheme 1.4: A general scheme pertaining to catalyzed cleavage of 1-Octene [15].

From the previous problems of assembling a catalyst precursor that would produce some of
the commercially in demand carboxylic acids from readily available alkenes, it has been

discovered that various “novel” low-valent ruthenium-catalyzed reactions can be explored.

It is within the scope of this review to report on the previous inventions as rudimentary tools
for the synthesis of even more sterically demanding catalyst systems for selective
oxidation/epoxidation of selected olefins. Hence this review seeks to address some of the
short-comings of the previous catalytic endeavours for these olefinic fragmentation/oxo-

transfer patterns and to introduce a new mode of these fragmentation employing dendrimeric

10
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ruthenium/rhenium skeletons that would be complemented by the electronic and steric
factorsto accomplish the desired mission: selective oxidative cleavage and epoxidation of

alkenes catalytically.

1.3 Why ruthenium?

Ruthenium is found in group 8, directly beneath iron, within the d-block of the periodic
table. Ruthenium has an extremely extensive coordination chemistry that combines relatively
facile ligand substitution reactions with good product stability. Its complexes show well-
understood redox and photochemical properties and are of interest for various practical
applications, both currently (e.g in catalysis) and future (e.g., in molecular electronics).
Osmium tetraoxide is expensive and very poisonous, and it seemed of interest, therefore, to
investigate the behaviour of the corresponding ruthenium derivative, since ruthenium appears
immediately above osmium in the periodic table. Being isoelectronic with OsO4, RuQ;, is a

powerful oxidant that cleaves the C=C bond upon reaction with alkenes [16].

1.4. Introduction to Epoxidation.

The oxidation of organic compounds and the transformation of stoichiometric reactions
into catalytic processes have been under active investigation for several decades [19].
Epoxidation is an important transformation of alkenes, because epoxides are versatile

intermediates in organic synthesis. The use of transition metal complexes as epoxidation

11
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catalysts is of particular interest [20], due to their ability to activate environmentally benign
oxidants such as molecular oxygen [21] and hydrogen peroxide, H,O, [22,23]. Industrial
transformations of olefins into epoxides commonly involve the use of catalysts associated
with oxygen, hydrogen peroxide or organic peroxides. Stoichiometric oxidants are still

commonly used mainly for the oxidation of fine chemicals [24].

1.4.1. Discovery of Methyltrioxorhenium (MTO).

An important improvement in the field of catalytic epoxidation arose with the discovery
of the catalytic activity of methyltrioxorhenium (VI1) (CH3ReO3;, MTO) [24] by Herrmann
and co-workers in 1991 [25]. With its exposure, MTO has emerged as one of the most active

catalysts for alkene epoxidation in the presence of H,O, as the terminal oxidant.

1.4.2 Methyltrioxorhenium (MTO) in the epoxidation reactions of olefins.

MTO-catalyzed epoxidaion was initially investigated in a homogeneous medium using
tert-BuOH as solvent with anhydrous H,O, [27, 28]. While high yields of certain epoxides
may be obtained by this procedure, the main disadvantage, however, was the low selectivity
in the cases where acid sensitive epoxides were formed. The Lewis acidity of the rhenium
centre caused hydrolysis and the concomitant cleavage of the epoxide ring leading to the
formation of 1,2-diols in the presence of water [27]. Several methods have been suggested

during recent years to overcome this problem [28].

12
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1.4.3 Mechanism of the catalytic cycle of methyltrioxorhenium (MTO).

MTO does not undergo redox chemistry during catalytic reactions; it remains in
the +VI1 oxidation state. MTO activates H,0, through an equilibrium formation of the n*
peroxo species | and 1. The structure of Il (scheme 1.5) was confirmed crystallographically,

and the methyl resonances of | and I1 were detected by both *H and **C NMR [29, 30].

H,0
27Uy H,0 0 o
U os L] +H0, o',O"’o o
CHiRe0; = - \/Re\\/ JaN|
m W T o 'V'e/n °
H,0, H,0
alkenes alkenes
' Y
epoxides epoxides

Scheme 1.5: Catalytic cycle of methyltrioxorhenium (MTO) mediated epoxidation with
hydrogen peroxide (H,0O,) [29, 30].

13
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A very interesting approach to limit the deleterious side reactions is the use of Lewis bases as

additive to the biphasic (H,O/organic solvent) catalytic system [27].

None of the procedural-modifications to MTO-mediated epoxidations satisfactorily addressed
the issue of acidity until Sharpless and co-workers tested pyridine in the system [32]. This

additive confers two important features.

e First, it creates a slightly basic medium, thus hindering ring opening of the acid-
sensitive epoxides, and

e Secondly, it accelerates the rate of the desired epoxidation reaction

Herrmann had previously investigated the use of nitrogen bases in MTO-catalyzed
epoxidations but did not observe significant ligand-accelerated catalysis [33] because the
amines used were oxidized to amine N-oxides under the reaction conditions [34,35].
Additionally, it was found that the use of 3-cyanopyridine and pyrazole as the Lewis bases is
more effective and less problematic than the wuse of pyridine as additive in
methyltrioxorhenium-mediated epoxidations as depicted in Figure 1.1. The pyridine oxide
forms a highly selective though less active cocatalyst with MTO/H,0O. Conversely, it has
been reported that bipyridine N,N-dioxide is an effective species with respect to reducing the

acidity of the catalytic system, suppressing the diol formation [19].

14
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alkenes.
0.5 mol % MTO,
> 0]
12 mol % additive
1.5 eq H202, CH2C|2, 250C
CN
\ — \
additives NH
= \N/ =
N N
yields 98 95 96

Figure 1.1: Additive in the methyltrioxorhenium (MTO) mediated epoxidation with 30%

H,0; [31].

Whilst the conversion of the amines (to amine N-oxides) was observed, amine N-oxides also
exhibited weaker donor capacity than the corresponding amines, resulting in less selective but

more active complexes.

15
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There are relatively few documented disadvantages of MTO/base systems in epoxidation.

Some of the documented cases include:

e Cases where the separation of the additive from the product was experienced
e Separation of acid-sensitive epoxides from bases having similar boiling points can be
experimentally cumbersome since the product may not survive treatment of the crude

reaction mixture with acid or exposure to silica.

With few exceptions [36-38], additives only work when used in an aprotic medium like
nitromethane or chlorinated solvents, but such solvents pose the risk of explosion and there
are toxicity issues for large scale reactions rendering them not suitable. Nevertheless, MTO-
catalyzed epoxidations are a very attractive option, particularly for small-scale epoxidation
reactions. MTO has been employed in the epoxidation of variety of diverse alkenes with both

aliphatic and aromatic substituents.

The scope of this research endeavour is to investigate the epoxidation ability of the prepared
dendritic Schiff base-MTO complexes. It is also within the scope of this thesis to investigate
the catalytic activity afforded by the synergy of the multinuclear dendrimer compared to the

mono- and homobimetallic MTO analogues.

16
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1.5 Aims and Objectives.

The proposed work for this MSc project was to develop dendritic complexes of ruthenium
and rhenium which could be employed in the oxidative cleavage/epoxidation reactions of
alkenes, respectively. The dendritic complexes are based on dendrimeric diimine ligands of
which several types have been reported. An example of a target complex (ruthenium)
prepared is shown below. This compound requires a 1:2 molar ratio of a Ruthenium metal

complex and the first generation DAB-PPI ligand.

_ /N o
o at %/%\?
— N \

Figure 1.2: Binuclear first generation pyridinal imine Ru(ll) complex.

The steric bulk around the complex active site is advantageous in achieving higher yields. In
an attempt to increase the steric bulk around the active site we increased the steric bulk of the

dendrimer by preparing dendrimeric quinolinyl-imine ligands and employing these for the

17
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formation of multinuclear ruthenium complexes. An example of a second generation

quinolinyl-imine complex of ruthenium is again shown in Figure 1.3 below.

Figure 1.3: Tetranuclear second generation quinoline-imine Ru(Il) complex.

With the aim of evaluating other transition metals as catalysts, our metal precursors were also
extended to methyltrioxorhenium (MTQO) thus producing novel dendrimeric catalysts. All the
dendritic ruthenium complexes were employed as catalyst precursors in the oxidative
cleavage of long chain alkenes (C8 and greater) to produce carboxylic acids whilst rhenium
dendritic complexes will be exploited for their epoxidation ability. Different oxidants

(10(OH)s, tetrabutylhydroperoxide, 104 or H,O, ) were evaluated to ascertain the most

18
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effective catalyst system. The following reaction parameters were thoroughly investigated,

including: use of different solvents, reaction time and reaction temperature.

In conclusion the thesis is structured as follows:

Chapter 1 highlights the developments in the literature concerned with the oxidative
cleavage and epoxidation, respectively, of alkenes and briefly summarizes how some of the

shortcomings of previous inventions have been addressed.

Chapter 2 details the synthesis and characterisation of mono-, bi- and multifunctional
ligands and their ruthenium(Il) and rhenium(VI1) derivatives respectively, in preparation for

catalytic studies.

Chapter 3 outlines the use of Schiff-base MTO adducts as catalyst precursors for the

epoxidation of selected olefin substrates

In Chapter 4 extensive comparison of the prepared complexes is discussed pertaining

oxidative cleavage of 1-octene.
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Chapter 2: Synthesis and Characterization of mono-, bi- and multinuclear Ru(Il) and Re(VI1)
complexes directed towards catalytic studies.

2.1 Introduction.
2.1.1 Diimine ligands.

Imine formation can be achieved when any primary amine reacts with an aldehyde or
ketone under appropriate conditions. Diimine ligands (with two or more nitrogen atoms used
as donor sites) are a family of Schiff-base compounds. Three types of diimine ligands that
are well studied include a-diimine, B-diimines and y-diimines (Figure 2.1). Different
synthetic routes for the di-imine ligands have been devised. The synthesis of the di-imine
ligands also involves Schiff-base condensation of ketones or aldehydes with any primary-

amine [1]. However in this case diketones or dialdehydes are employed.

o hy - 02

= alkyl, aryl, etc "= alkyl, aryl, etc.
R =alkyl, aryl, etc.

Scheme 2.1: General representation of a Schiff-base condensation reaction.

Schiff-base ligands due to their ease of synthesis, their inherent ability to coordinate to

virtually all types of metals regardless of oxidation state and the enhanced stability imparted
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to the ensuing metal complexes have been elevated to the status of the “privileged ligands”
[2a]. Their design allows for the incorporation of various steric and electronic modulating
functional groups as well as chiral elements thereby facilitating the synthesis of ligand-metal

systems with unique physical and chemical properties [2b].

Diimines have established a niche as catalyst stabilisers in many catalytic processes such as
olefin polymerisation, Heck coupling, Suzuki coupling, olefin oligomerisation and in atom
transfer polymerisation [3-9]. Guo et al. reported an efficient synthesis, characterisation and
application of B-diimines as supporting ligands in the palladium catalysed Suzuki coupling
reaction of phenyl bromide and phenyl boronic acid [10]. Diimines can be tweaked as to
complex to various transition metals to form stable and flexible metal complexes which act as

active catalysts.

R R
R' R'
R \ / R’
J N\ NN
R—N N—R / \
R R
alpha-diimine beta-diimine gamma-diimine

Figure 2.1: General structures of three types of diimine ligands [1].
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2.1.2 Schiff-base/diimine complexes of methyltrioxorhenium (MTO).

As it is defined in chapter 1 (vide supra), the discovery of the methhyltrioxorhenium
(CH3ReO3, MTO) Herrmann and co-workers opened a new avenue in the field of catalyzed
epoxidation reactions. Despite the large numbers of Lewis base adducts of MTO described in
the literature, only a few examples of complexes with Schiff-bases have been reported [12]
(exhibited below, Figure 2.2). Considering the outstanding catalytic properties of MTO and
the excellent corresponding ability of Schiff-bases, it is very interesting to synthesize some

Schiff-bases especially the bidentate ones and their complexes with MTO.

(@) (b)

8
>
.
l N C\« R/
HsC—Re HsC—Re
21N\ FIN
R= iso-propyL pheny|Y me[hoxy|pheny| N, N' = 2,2-bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 1,10-

phenanthroline, 4,4'-bis(t-butyl)-2,2"-bipyridine, 2,2"-bipyrimidine,
etc.

Figure 2.2: Some of Schiff-base MTO complexes documented in the literature [11,12].

These Schiff-base complexes of MTO have been found to be highly efficient as catalysts in
the epoxidation of cyclic alkenes i.e. cyclohexene and cis-cyclooctene, respectively. The
afore mentioned researchers have discovered that the catalytic activity of these Schiff-base
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complexes of MTO can be enhanced depending on the bidentate ligand and the type of

oxidant used. They have obtained great conversions (100%) of epoxides [11, 12].

2.2 Results and Discussion.
2.2.1 Mono- and bifunctional Schiff-base/diimine ligand synthesis, L1-L4.

The synthetic methodology for these ligands was a result of the rudimentary work that
has been produced by Haddleton et al. [2], Chen et al. [4] and Cloete et al. [5]. The synthesis
of both pyridyl and quinolyl mono- and bi-functionalised ligand was carried out via Schiff
base condensation of n-propylamine with the corresponding aldehyde in 1:1mole ratio with
removal of water by using anhydrous magnesium sulphate as shown below in Scheme 2.2.
After isolation by filtration and reduction of the solvent under vacuum, the pyridylimines
(L1-L3) and quinolylimine (L4) were easily purified by dissolving in diethylether and

cooling overnight at -5°C in order to precipitate out any unreacted aldehyde.
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L1

L2 and L3

/\/NHZ
AO R
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(i) dry Et,0, 4 hrs, r.t, MgSOy,

Q
N :
L1
Q
N :
L2 and L4

Scheme 2.2: A Schematic representation of the synthesis of mono- and bi-functional diimine

ligands, L1- L4.
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The monofunctional ligand (L1) was obtained as a viscous oil in good yield (88%), which
undergoes decomposition when left for prolonged periods at room temperature as reported by
Hawker et al. [17]. However, there was no decomposition at all when the oil was stored at -
4°C for extended periods. The bifunctional ligands (L2-L4) were obtained as a brown solid in
good vyields. All the ligands are soluble in common organic solvents such as CH,Cl,, CHCls,
toluene, DMSO, hexane, pentane, CH3sCN etc. These ligands were fully characterised by *H
& BC-NMR spectroscopy, FT-IR spectroscopy, ESI-mass spectrometry and by elemental

analysis. Results are shown in Tables 2.1 & 2.2.

The mono- and bifunctional ligands were characterised by a range of analytical techniques.
FT-IR spectra of the pyridyl/quinolylimine ligands indicated three strong stretching
frequencies which appeared at approximately 1647-1650, 1567-1590 and 1550-1573 cm™
and were ascribed to the azomethine fragment, v(c=n), Vibration and the pyridine-ring v(C=N)
& v(C=C) vibrations respectively. The absence of the characteristic aldehyde band was
evidence for the formation of the desired condensation product. The quinolylimine (L3) is
distinct from the pyridylimine ligands. This ligand exhibits strong bands at 1642, 1595, 1557
and 1502 cm™, ascribed to v(C=N) vibration and quinoline-ring v(C=N) & v(C=C) vibrations
respectively. Table 2.1 indicates v(C=N) vibrations of the free imine group. The obtained
results confirms the condensation reaction of the aldehydes with the amino group of the
propylamine, 1,2-ethylenediamine and 1,4-butanediamine chain to form the corresponding

imines.
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3 4
v 2
77N\ :
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N
\ N
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\
L4

Figure 2.3: A schematic representation of the synthesized ligands, L1-L4, with numbering
for NMR analysis.
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Table 2.1: Analytical data pertaining to ligand synthesis.

Ligand FT-IR (vc=n, cm™)  ESI-MS Micro-analysis Calculated (found)
KBRpellets [M+H]"(m/2) C H N

L1 1650 149 66.14 (66.63) 7.35(7.60) 17.15 (17.36)

L2 1650 239 70.57(69.99) 5.92(6.00) 23.51(23.66)

L3 1646 339 78.08(77.18) 5.36(5.58)  16.56(16.76)

L4 1649 268 72.15(71.81) 6.81(6.86)  21.04(20.88)

The 'H NMR spectra of the ligands were recorded in CDCl; solutions to probe the solution’s
chemical environment and ascertain detailed information of the structures. The proton
numbering scheme is shown above (Figure 2.3) in the schematic representation of the Schiff
base systems (Figure 2.3). The spectral data are listed in Table 2.2. For each of the three
ligands (L1, L2 and L4), only one set of protons corresponding to the picolinylaldimine
moieties of the ligand appeared in the range & 7.1-8.6 ppm. A multiplet centred at
approximately & 7.8 ppm corresponding to two protons and another multiplet in the range &
7.5-7.6 ppm corresponding to a single proton is observed. The former is assigned to the 3-H
and 4-H and the latter is assigned to the 5-H. The 6-H proton appears as a doublet within &

7.1-8.6 ppm.
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The azomethine proton (7-H) is observed as a singlet in the range & 7.5-8.4 ppm. A trend is
observed in the spectrum of L2 and L3, a singlet corresponding to two sets of two protons is
observed at d 4.82 ppm. This signal is assigned to the methylene group protons. Appearance
of the protons of a solitary methylene group as a singlet suggests that not only two
picolinylaldimine fragments but also two methylene groups of the ligands (L2 and L3) are
magnetically equivalent, at least on an NMR time-scale. Two multiplets of equal intensity are
observed at 6 4.7 ppm and 6 2.4 ppm in the spectrum of L4. The multiplet at the lower field is
assigned to the methylene group protons attached to the azomethine nitrogen and the

multiplet at higher field is assigned to the adjacent methylene group protons.

In the 3C NMR spectra of the ligands the imine carbon resonances were observed in the
range 6 158-162 ppm. Tabulated results of ESI-MS analysis are in large agreement with the
proposed formulations, indicating peaks corresponding to proton adducts of the molecular
ion, [M + HJ", further confirming the ligands were successfully prepared (Table 2.1). The

mass spectrum of ligand L3 is provided below (Figure 2.5).
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Table 2.2: *H NMR spectroscopic data of Schiff-base ligands, L1-L4, recorded in CDCls

at 25°C.
Ligand HC=N Methylene Aromatic protons
6 (ppm) 6 (ppm) o (ppm)
L1 8.4 1.8(m, 2H, HY); 7.2(t, 1H, H?, *Jpy 6.8 Hz);

3.8(t, 2H, H®, *Jpy 7.1 Hz);

1.1 (t, 3H, H™, %3414 6.7 Hz)

7.7(t, 1H, H*, 2Jp4 7.0 Hz);
7.9(d,1H, H* 3341 6.9 H2);

8.6(d, 1H, H®, *Ju. 7.1 H2)

L2 8.2 3.867(s, 4H, H®) 7.1(m, 2H, H);
7.5(t, 2H, H*, 2J4.46.8 Hz);
7.7(d, 2H, H?, 334 6.9 Hz);
8.4(d, 2H, H®, *Ju. 6.7 H2)

L3 8.4 3.9(s, 4H, H') 7.8-8.0(m, 2H, H®?);

7.1-7.6(d, 2H, H**"*° 33,4 6.8 Hz)
L4 7.5 1.2(q, 4H, HY); 7.9-8.6(m, 8H, ArH)
1.6(m, 4H, H®)
_CHa.
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The *H NMR spectrum of the ligand L2 is provided below (Figure 2.4), showing a singlet

peak corresponding to the methylene proton upfield (shown by 8-H).
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Figure 2.4: *H NMR spectrum of L2.
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Figure 2.5: Plausible fragmentation pathway of bifunctional diimine ligand L3.
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2.2.2 Schiff-base complexes of methyltrioxorhenium MTO, C1 and C2.

- 7 N\_/
O G

L1 c1

(i) 1 mol eq. methyltrioxorhenium (CHsReO3, MTO), DCM, r.t

AV S A

HsC—Re Re —CH;
AN > 71N
0 g O o)
L2 c2

(ii) 2 mol eq. methyltrioxorhenium (CH3ReO3;, MTO), DCM, r.t

Scheme 2.3: General representation of the Schiff-base complexes of MTO.
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Ferreira et al. reported the synthesis of bidentate Lewis base adducts of MTO complexes in
THF and Qui et al. reported on the detailed synthesis of the Schiff-base complexes of MTO
in an alcoholic medium (methanol). Herein, the discrete mono- and binuclear complexes C1
and C2, (see Scheme 2.3) were synthesized by treating MTO with the
pyridinecarboxaldimine ligand in dichloromethane at room temperature. Both complexes
were isolated as yellow crystals in yields 75-80%. In comparison with other N-coordinated
Lewis base adducts, compounds C1 and C2 are slightly more sensitive to moisture and
temperature, indicating observable trend of the previously synthesized complexes that are
documented in literature [33,35]. The complexes are only soluble in dimethylsulfoxide and
dimethylformamide and it was also observed that the complexes were not stable in solution as
they turn form yellow to orange brown in minutes thus imposing difficulty in terms of
“proper” characterization. Their colour changes from yellow to black green slowly when

exposed to air, which can be avoided by storing under a water free nitrogen atmosphere.

A range of analytical techniques were thus employed in characterization of the complexes. In
the IR spectra of compounds C1 and C2, in comparison with that of the free ligands, the
corresponding imine (C=N) bands were shifted and appeared between 1621 and 1650 cm-*
slightly lower than those of the Schiff-bases ligands (shown in Table 1), indicative of
coordination as the double bond character of the imine functionality was reduced. The
symmetric Re=0 stretching vibrations appear within a narrow range of 935— 945 cm-*, and
the asymmetric stretching vibrations occur between 909 and 914 cm-'. Compared to the

vibrations of non-coordinated MTO, the Re=0 bands of compounds C1 and C2 are strongly
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red-shifted due to the pronounced donor capacity of the respective ligands in the solid state.
The additional electron density donated from the ligand to the rhenium (VI1) centre generally

reduces the bond order of the Re=0 bhonds.

1438 ,08
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1599 ,37
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fe— V(C=0)
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V(C=N) v [Re=0 (symm)] —*
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30-; v [Re=0 (asymm)] ——»
5
0l

914,28
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Figure 2.6: FT-IR spectrum of the complex C2 recorded using KBr pellets.

As reported by Qui et al. the proton chemical shift of C1 originating from the Re-CH3 group
of non-coordinated MTO was observed at approximately 2.67 ppm, due to pronounced

electron donor character of the ligand (L1), the methyl signal was shifted to high-field after
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complexation to the ligand, clearly indicating the electron-donor capability of the ligand.
Unlike C1, not much information was obtained for C2 due to the instability of C2 in solution.
Even though not stable in solution, partial information about the Re-CHj3 group shift was
obtained. There was an observable high-field shift of the Re-CH3 group signal relative to un-
complexed MTO. To further confirm our claims other spectroscopic techniques in
conjunction with elemental analysis were employed in order to probe and ascertain

conclusive evidence about the structure of the complex.

The complexes were further analysed by ESI mass spectra. The sensitivity of the complexes
to elevated temperatures complicated the analysis and inconclusive information was obtained.
For example ESI mass spectra of the complexes did not show any molecular ion but rather
showed peaks of the Schiff-base ligand and the MTO separately. Qui et al., reported similar

problems with the analogous complexes.
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2.2.3 Neutral mononuclear ruthenium(l1) complexes, B1 and B2.

= / -
/K(Nj N /
N [”\/u
E g N/ u%l
| L
y 7 \
e )
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[ (i) N N\Rulu
N/ iu
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\ <

(i) 1 mol eq. RuCl,(dmso),, DCM, r.t, overnight

Scheme 2.4: General representation of the synthesis of neutral mononuclear ruthenium(ll)
complexes.
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Compound B1 is known in literature and was first synthesized by Pal et al. [33] but herein we
describe a new synthetic methodology of B1 with a “convenient” starting material as to

increase the yield of the compound from what is reported by the aforementioned.

The newly devised synthetic pathway of the mononuclear compounds involved the use of
Dichlorotetrakis(dimethyl sulfoxide)ruthenium (11), [RuCl,(dmso),] as the catalyst precursor.
The compounds were synthesized by reaction of a 1:1 molar ration of the metal precursor
with the ligands, L2 and L3, in a presence of dichloromethane as a solvent at room
temperature. The devised synthetic route resulted in the isolation of the compounds in
moderately good yields as purplish solids. The purplish-blue compounds were isolated by
chromatographic work-up using a neutral aluminium oxide column. The compounds are

soluble in less polar solvents such as CHCIz and CH,Cl, as reported by Pal et al.

A range of analytical techniques were employed in the characterisation of the complexes. In
the FT-IR the azomethine fragment was observed to shift to lower wavenumbers in the range
(1620-1595 cm™), indicative of coordination of the \HC=N fragment to the metal centre thus
decreasing the double bond character of the azomethine fragment. The pyridine ring
[(C=N)pyr] stretching frequencies were observed as medium to strong peaks in the range
1570-1454 cm™. The complexes were further examined with *H NMR. The *H NMR of the
complexes was recorded in CDClI3 in order to probe the solutions chemical structures. The
same numbering scheme used for the Schiff base ligands is used for the proton numbering
scheme of the complexes. As reported for the ligands, L2 and L3, the set of protons for the

picolinylaldimine moiety appear in the range & 7.5-7.9 ppm. A multiplet corresponding to
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two protons (3-H and 4-H) was observed centre at 6 7.8 ppm with another multiplet
appearing in the close range (6 7.5-7.6 ppm) ascribed to the 5-H. The doublet that appears
within the range & 9.2-9.4 ppm is assigned to 6-H. The presence of a singlet observed in the
range 6 8.9-9.2 ppm was assigned to the azomethine proton (7-H). In the spectra of C1 and
C2, a singlet is observed at 6 4.8 ppm corresponding to two protons. This signal is assigned
to the methylene group protons. Appearance of the protons of a solitary methylene group as a
singlet confirmed that not only the picolinylaldimine moiety but also two methylene groups
of B1 and B2 are magnetically equivalent, at least on an NMR time-scale. This observation is

consistent with the observation made by Pal et al. of the chlorides being mutually trans in B1.

42



Chapter 2: Synthesis and Characterization of mono-, bi- and multinuclear Ru(Il) and Re(VI1)
complexes directed towards catalytic studies.

224 Cationic mononuclear ruthenium(ll) complexes, B3 and B4.
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Scheme 2.5: General representation of the synthesis of mononuclear cationic ruthenium(ll)
complexes.
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The cationic ruthenium complexes are derivatives of the compounds B1 and B2 and were
obtained by abstracting a chloride with TIPFs to obtain B3 and B4. These derivatives were

stabilized by the use of hexafluorophosphate salts via metathesis.

2.2.5 Cationic homobimetallic ruthenium complex, B5.

(i) [(p-cymene)RuCl,],, ethanol

(ii) TIPF,
— | @ -
W /aY,
ClI—Ru U RU—cl
BS

Scheme 2.6: Representation of the synthesis of cationic homobimetallic ruthenium(I1)

complex B5.
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Table 2.3: 'H NMR spectroscopic data of neutral and cationic mononuclear Ru(ll)
complexes, B1-B5, recorded in (CD3),CO and CDCl; at 25°C.

Mono- and binuclear HC=N Aromatic region Aliphatic region
complexes
8 (ppm) 8 (ppm) 8 (ppm)

B1 8.8 7.8 (m, 4H%") 4.4(t, 4H, *J411 6.5
7.5-8.7 (m, 4H*®) 12 2.5 (an, 4F)

B2 8.6 7.9(m, 4H, H™®%) | 4.1(t, 4H,*)n 6.4
7.8 (m, 4H3'4) Hz); 2.2(gn, 4H)

B3 8.8 7.8 (m, 4H, H*%) | 4.4 (t, 4H, 3,14 6.53
7.5-8.7 (m, 4H, H*®) Hz): 2.5(an, 4H)

B4 8.6 7.9 (m, 4H, H™®): | 4.1(t, 4H, )y 6.4
7.7 (m, 4H, H) Hz); 2.21(gn, 4H)
B5 8.7 5.9 (t, 2H, *Jy4 6.3 1.1&1.2 (d, 12H,

Hz); 6.4 (dd, 4H, *Jy.

H 6.3 Hz, ArCYE); 7.8
(t, 2H, 34 5.7 Hz,
Pyr); 8.28 (d, 2H,
3Jnn 7.7 Hz); 8.32 (t,
2H, 334 7.6 H2);
9.58 (d, 2H, %3444 5.8
Hz)

CH(CHa); cve, 2Jun
7.1 Hz); 4.4 (t, 4H,
)4 6.4 Hz); 4.46 (t,
4H, 34441 6.6 HZ); 2.8
(sep, 2H, CH(CH3);

CYE)
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The related cationic homobimetallic complex was prepared as a model of the multinuclear
complexes. The complex was achieved by reacting the bifunctional ligand (L4) with the
dinuclear arene ruthenium(ll). This complex was isolated as an orange-yellow, air stable solid

in good yield and is soluble in polar organic solvents.

2.3.1 Dendrimers as Ligands

After Vogtle et al in 1978, who used the term “cascade macromolecules” to elaborate on
the synthesis of dendrimers [10], Tomalia et al. [12-14] termed this phenomena “dendrimer”
as they provided detailed synthesis of poly(amidoamine) (PAMAM) dendrimers. Fréchet et
al. [15-17] also contributed in the synthesis of “true dendrimers” in their independent study

of the subject.

Dendrimers are distinguishable by the architectural components which they possess i.e. (a) an
initiator core, (b) an interior layer (generations), composed of repeating units, radially
attached to the initiator core and (c) exterior (terminal functionality) attached to the outermost
interior generation (Fig 2.2) [12]. Generally the periphery bears functional groups, the

number of which is dependent on the dendrimer generation (Fig 2.2) [18].
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b) branching points

c) periphery

a) core

Figure 2.7: Schematic representation of a 4™ Generation Dendrimer.

2.3.2  Approaches devised for the synthesis of dendrimers.

2.3.2.1 Divergent approach.

The divergent route to dendrimer synthesis, introduced by Tomalia et al., details the way
in which the dendrimer grows outwards from the focal point or core, diverging into space as
portrayed in Figure 2.2. Starting from a reactive core, a generation is grown, and then the new

periphery of the molecule is activated for reaction with more monomer. The number of active
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sites on the core determines their n-directionality and limits the number of building blocks
that can be added to form the next generation. The pattern is followed in a repetitive manner
(iterated synthesis) exposing reactive sites on the periphery for the assembly of the next
generation growth layer [19]. The divergent approach is successful for the production of large
quantities of dendrimers since, in each generation-adding step, the molar mass of the
dendrimer is doubled. Very large dendrimers have been prepared in this way, but incomplete
growth steps and side reactions lead to the isolation and characterization of slightly imperfect

samples [20].

2.3.2.2  Convergent approach

The convergent approach was pioneered by Fréchet et al. as a response to the
shortcomings of the divergent synthesis. Fréchet et al. aimed at synthesizing dendrimers by
growth that begins at what will end up being the surface of the dendrimer and works inwards
by gradually linking surface units together with more monomers (Figure 2.2) to achieve the
desired product. When the growing wedges are large enough, several of these are attached to
a suitable core to give a complete dendrimer. This leads to the formation of a single reactive
dendron, after which several of these dendrons are then reacted with a multi-functional core
to obtain the dendrimer molecule (Fig 2.2) [15]. The advantages of convergent growth over

divergent growth stem from the fact that only two simultaneous reactions are required for any
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generation-adding step. Most importantly, this protocol makes the purification of perfect

dendrimers simple [20].

\ /
N\Y/
5 .

DIVERGENT ROUTE \ﬁ< CONVERGENT ROUTE

Figure 2.8: A schematic representation of divergent (left) and covergent (right) approach to
dendrimer synthesis.

49



Chapter 2: Synthesis and Characterization of mono-, bi- and multinuclear Ru(Il) and Re(VI1)
complexes directed towards catalytic studies.

2.4.1 Synthesis of peripherally modified PPI dendrimers.

Meijer et al. were the first to synthesize the first poly(propyleneimine) diaminobutane (DAB)
core dendrimers that are now comnmercially available [19]. Many different catalyst systems
have made extensive use of PAMAM (polyamidoamine) and PPl poly(propyleneimine)
dendrimers due to their easy accessibility [20]. Mapolie et al. have done extensive work in
the peripheral modification of the commercially available PPl dendrimer, in attempts to
produce dendritic ligands for transition metal complex synthesis [6,9,21]. They have achieved
this by functionalization of the amimo-terminated periphery via Schiff base condensation

with various aldehyde derivatives.

2.4.1.1 Synthesis and characterization of dendritic ligands, DL1-DL4.

The Smith et al. [6,9] and Malgas et al. [12, 13] mode of preparation was employed for
the synthesis of generation 1 (DL1-DL2) and generation 2 (DL3-DL4) dendrimeric N, N’
donor ligands. The synthetic methodology involves the use of Schiff base condensation to
achieve suitable functionalized dendritic ligand scaffolds for the synthesis of multinuclear
dendritic complexes. The dendritic ligands were thus synthesised via Schiff base

condensation of the 1, 4-diaminobutane poly (propylene-imine) dendrimer [DAB-(NH2),] (n

= 4 or 8) with an appropriate aldehyde. The ratio of [DAB-(NH,),] to aldehyde was 1:4 for

DL and DL2 and 1:8 for DL3 and DL4. The scheme below depicts the general approach to
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the preparation of the dendritic ligands DL1 and DL2, with the preparation of generation-1 as

an example given that the preparation of generation-2 is similar.

NHZE ////NHz 5

PhMe, 72 hrs, r.t, N,

©— | I

: j/
X

//_/
O —®

IS DL1 =G1
DL2 = G2

SN DL3=G1
R = _— DL4 = G2
N <

Scheme 2.7: General representation of the synthesis dendritic scaffolds, DL1-DLA4.
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As observed by Swarts [2b], the challenge encountered with the synthesis of the peripherally
modified PPl dendrimer ligands was the appearance of the unreacted aldehyde starting
material regardless of all the efforts to ensure correct molar ratio. Thus preparation of the
dendrimeric ligands (DL1-DL4) was carried out over an extended period of time to ensure
complete modification of peripheral amino groups of the PPl dendrimer with the
corresponding aldehyde. All these ligands were isolated as crude oily products and were
further subjected to work-up with de-ionised water to remove any unreated DAB-G1 or G2
starting material. Residual aldehyde was further removed by vacuum distillation at reduced
pressure using at a Kugelriihr apparatus thus isolating pure peripherally modified dendritic
ligands DL1-DL2 as yellow oils with product yields ranging between 75-90 %. DL3 and
DL4 was purified by refluxing in hot pentane at 36°C resulting in the isolation of a yellow
solid from the original oily residue. These dendritic ligands displayed solubility in most
common polar solvents, chlorinated and aromatic solvents but DL3 and DL4 was found to be

insoluble in MeCN as reported by Mketo [2c].

To confirm successful synthesis of the dendritic ligands a range of analytical techniques were
employed to establish the purity and to probe the chemical structure. As the ligands were
subjected to further work-up to remove unreacted aldehyde, FT-IR was employed and the
appearance of C=N, imine moiety, stretching frequency in the range 1630-1650 cm™ without
the presence of the aldehyde (C=0) absorption band was indicative of the formation of the
intended product. The infra-red spectroscopy investigation of the pyridylimine ligands shows

three strong bands which appeared in the regions 1647-1650, 1567-1590 and 1550-1573 cm™,
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assigned to imine v(C=N) vibrations and pyridine-ring v(C=N) & v(C=C) vibrations
respectively. The stretching frequencies of the pyridine based dendritic ligands are consistent
with the data obtained for monofunctional ligands. For quinoline based ligands these peaks
are significantly lower than what was observed for monofunctional ligands because of huge
amount of electron delocalisation around the quinoline ring. However , for the quinolylimine
ligands (DL3 and DL4) different infra-red spectra were obtained which show strong bands in
the range 1642-1644, 1595-1596, 1557- 1561 and 1502-1504 cm™, ascribed to v(C=N)
vibration of the imine functionality and quinoline-ring v(C=N) & v(C=C) vibrations
respectively. These results confirm that the aldehydes have condensed with the amino groups
on the periphery of dendrimer forming the corresponding imines. Elemental analysis results
are presented in Table 2.4, which also indicate that the condensation reaction of the
dendrimer (DAB-G1 or G2) with various aldehydes was successful because all the results

correspond well with the expected molecular formula of the ligands.

To further confirm the successful synthesis of the ligands *H and **C NMR spectra of the
dendritic were also recorded in CDCIz. The spectra of these ligands revealed the symmetric

nature of the dendritic structures.

In the 'H NMR the singlet in the range & 8.2-8.6 ppm was assigned to the imine proton as
they integrated for a total of four protons that are magnetically equivalent the NMR-time
scale proving the symmetry once more. The resonances for the dendrimer corresponded to the

resonances of the analogous monofunctional ligands synthesized.
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Figure 2.9: A schematic representation of the synthesized ligands with numbering for NMR

analysis.
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Table 2.4: "H NMR spectral data of dendritic ligands, DL1-DLA4.

Ligand HC=N Aromatic region Aliphatic region.

DL1 8.3 (s, 4H, H) 7.2(t, 4H, H°, %), 7.4 1.4(m, 4H, H); 2.4(t,
Hz); 8.7(d, 4H, 3.y 7.9 | 4H, H™?® 33,1, 6.7 Hz.);
Hz) 7.7(t, 4H, H*, 33y | 2.4(t, 4H, H®, *0,
7.7 Hz); 7.9(d, 4H, %3,y | 6.3Hz); 3.1(gn, 8H, H)
7.9 Hz)

DL2 8.3(s, 8H, H") 8.6(t, 8H, H, *J,1.y 7.52 3.6(t, 16H, H™, *J,
Hz); 7.3(t, 8H, H, *J,1.4 6.4Hz);1.6(qn, 24H, H'Y);
7.4 Hz); 7.7(t, 8H, H°, 1.8(qn, 24H, H*°); 2.5(t,
39w 7.32 Hz); 7.9(d, 8H, | 24H, H™* 33y, 7.3Hz);
H', *Jhn 7.42 Hz) 2.4(t, 4H, H*, 3y

6.9Hz); 1.4(m, 4H, H)

DL3 8.4(s, 4H, H™) 8.2(d, 4H, H™, *J,48.1 | 1.41(m, 4H, H™);
Hz); 8.1(t, 4H, H* *Jun | 2.4(t,4H, H®, )41 7.75
7.6 Hz); 7.70 (t, 4H, H®, | Hz); 2.58(t, 8H,
Jun 7.7 H2); 7.7 (t, 4H, | H*):1.92(gn, 8H, H®);
H®, *Ju.y 7.8 Hz); 8.32(t, | 4.0(t, 8H, H'?, 3341 7.0
4H, H?, 33y 7.5 Ha); Hz)

DL4 8.5(s, 8H, H) 8.2(d, 8H, H®, ®Jyy 7.7 | 1.3(m, 4H, H™); 2.41¢t,
Hz); 8.1(d, 8H, H*, *Jyny | 4H, H'®, %),y 7.3Hz);
7.2 Hz):; 7.7(d, 8H, H', 2.5(t, 24H, H'™* 23,
3Jun 7.6 Hz); 7.7(t, 8H, | 6.9 Hz); 1.92(gn, 24H,
H8, 3Jun 7.2Hz); 7.6(t, | H'™®™): 1.63(qn, 24H,
8H, H, %34 7.0 Hz); H™): 4.1(t, 16H, H*, %,
8.2(d, 8H, H™, %), 4 7.4 | 4 7.2H2)
Hz)

% Spectra run in CDCl; at 25°C. Chemical shifts reported as & ppm values, referenced to
residual solvent peak. Superscript denotes proton numbering as depicted in the scheme
(Figure 2.8).
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The high degree of symmetry in the ligands permits us to divide the aliphatic region into two
respective regions. The resonances corresponding to the propyl chains from the dendrimer
branches appears in the range & 50-60 ppm, with three carbon resonances observed. The
resonances of the diaminobutane chain, that forms the core of the dendrimer, were observed
in the range & 20-30 ppm, with two carbon resonances. The same features have been observed
for peripherally modified dendrimer ligands which have been previously prepared by

Mapolie et al. [24, 26].

2.5.1 Synthesis and characterization of dendritic complexes, DC1-DC2 and V1-V6.

The following Fig 2.10(a) is a representation of the abbreviated bulky end of the entire

ligands and complexes found in DC1-DC?2 and V1-V6.

%N [\sjyc
DAB-
dendr

N N

Figure 2.10 (a): General abbreviation of the diaminobutane skeleton in the dendritic
complexes DC1-DC2 and V1-V6.
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2.5.1.1 Dendritic Schiff-base complexes of MTO, DC1 and DC2.

O]
—~ (/N 2l —— el / \_J
dendr dendr N\ /
Ré—CH
" AN
o

n
(i) 4 mol. eq. MTO, DCM, overnight, r.t, N,

n=4,DCl1=G1

n=8,DC2=G2
Figure 2.10 (b): General representation of the synthesis of MTO dendritic complexes.

2512 Neutral dendritic ruthenium(l1) complexes, V1-V4.

(i) 2 mol. eq. RuCIz(dms0)4, DCM, overnight, r.t, N,-G1

Figure 2.11: General representation of the synthesis of neutral dendritic Ru(ll) complexes.
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25.1.3 Cationic dendrimeric ruthenium complexes, V5-V6.

.
nPFg

N N
N N .
DAB- _ O DAB- \\\Ru———C
dendr . dendr

(i) =\

R
n
n

(i) 4 mol. eq. [(p-cymene)RuCl,],, DCM, overnight, r.t, N, n=4,V5=Gl
n=8,V6=G2

(ii)Acetone, r.t, 3hrs, TIPFg

Figure 2.12: General representation of the synthesis of cationic dendritic Ru(Il) complexes.

The isolation of the dendritic Re(VIl) complexes, DC1 and DC2, was achieved by the
reaction of the dendritic ligand, DL1 and DL2, with 4 mole equivalents of MTO in
dichloromethane as a solvent (Scheme 2.7). The novel multinunclear Schiff-base complexes
of MTO were isolated as brown amorphous solids in 60-70 % yield. As observed with the
homobitellic Schiff-base complex of MTO, the dendrtic complex displayed solubility in
DMSO and DMF only and were found to be sensitive to moisture and temperature as
compared to MTO itself. This is noted by colour change as they change from brown to black
when exposed to air. This can thus be circumvented by storing under inert, water free

atmosphere. FT-1T was employed to investigate the nature of the functional groups of the
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complexes. In the IR spectra of the dendritic complexes, DC1 and DC2, the appearance of
the symmetric Re=0O stretching vibrations with a narrow range 938-945 cm-1 and the
asymmetric vibrations in the range 909-912 cm™ was indicative of the coordination of the
MTO to the dendritic ligands, DL1 and DL2, as compared to the free ligands. The additional
electron density contribution from the ligand to the MTO metal centre reduces the bond order
thus the Re=0 bands are red-shifted due to the donor capacity of the donor capacity of the
respective ligands in the solid state as observed by Qui et al. The ligands displayed strong
bands in the interval 1626-1650 cm™ and the corresponding dendrimer bands were slightly

lower than those of the ligands.

The tetranuclear and octanuclear chelating neutral (V1-V4) and cationic (N,N’) (V5-V6)
ruthenium (I1) arene metallodendrimers were achieved by reacting the known iminopyridyl
poly(propyleneimine) dendritic scaffold with an appropriate molar equivalence of the metal
precursor [RuCl,(dmso)4] and dinuclear ruthenium complex [(p-cymene)RuCl,],. These
complexes (V5 and V6) were later stabilized as hexafluorophosphates and were obtained
within the reported yields [27]. As reported, these complexes were found to be soluble in
dimethylsulfoxide, acetone and actonitrile. FT-IR investigations were undertaken and it was
observed that imine nitrogen (C=N)imine shifted to lower wavenumbers (~1620 cm-1)
confirming coordination of the ruthenium. Similar spectroscopic information was observed
for the second generation metallodendrimer. The coordination of the ruthenium centre was
further confirmed by MALDI-TOF mass spectrometry. The complexes showed a molecular

ion peak with either the loss of a chloride ligand or one of the PFs counter-ions.
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The *H NMR spectra of the ruthenium metallodendrimers (V1-V4) showed a significant shift
in the imine protons to (V5-V6) indicated a loss of two-fold symmetry upon the successful
coordination of the N.N’-dendritic scaffold. Four sets of doublets belonging to the p-cymene
aromatic protons were observed due to this change/loss of symmetry. The protons (-CHy-)
adjacent to the imine protons appeared as two sets of signals induced by the chiral ruthenium

centre. The imine protons appeared as a singlet with the range 6 ~ 7.6-8.8 ppm.

Since these compounds (V5-V6) are low-valent ruthenium complexes, the nature of the
active species that would be responsible for the oxidative cleavage reactions was investigated
by conducting electronic spectrum experiments, as it is precisely known for low-valent
ruthenium complexes [28, 30]. The obtained electronic spectrum (Figure 2.13) indicated
characteristic peaks of ruthenium tetroxide (RuO,) with attendant vibrational fine structures
at about 445 nm and 380 nm for the organic layer and at about 425 nm and 370 nm for the
aqueous layer . similar results have been reported for oxoruthenate complexes containing

RuO; [29].
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Figure 2.13: Electronic spectrum of the catalyst (\V5) system; catalyst (0.00278 mmol, V5),
and NalO, (2.78 mmol) were added in a biphasic solvent system [CNCH3 (cm?),

CCl, (5 cm®), and H,0 (10 cm®)] with stirring. The electronic spectrum of
organic layer and electronic spectrum of aqueous layer.
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AVB=DC5 proton in cdcl3

Pulse Sequence: s2pul
Solvent; CDC13
F15es a8 D Srgfialcﬁm
M e P INDEX FREQUENCY PPM HEIGHT INDEX FREQUENCY PPM HEIGHT
GENINI-200 *“uwcchem200 1 2054.254 10.069 4.9 36 325.949 1.828 35.0
2 1753.464 8.765 3.8 37 275.474 1.877 13.7
B ae ey hies ¢ 3 1716.300 8.589 16.2 38 245.072 1.225 9.3,
Acq. time 1.984 sec 4 1697.421 8.485 9.4 39 8.447 0.042 3.9
‘g;d:g i'{?'@ii 22 5 1669.583 8.346 22.3
DBSERVE. ~ Ki, 200.0472682 MHz 6 1644.309  8.220 10.2 12
DATA PROCESSING 7 1596.097 7.949 12.5
Line broadening 1.0 Hz 8 1582.405 7.910 18.3
FT size 16384 3 1572.515 7.861 10.7 14
Total time 8 min, 17 sec 10 1564.828 7.82% 10.7 13
11 1557.1381 7.784 10.2 15
12 1545.776 ?7.727 12.4 13&16 N
13 1538.084 7.689 15.9
14 1531.491 7.656 13.0
15 1448.342  7.240 85.6 16
16 1421.969 7.108 26.3
17 1328.198 6.639 3.2
18 1055.677 5.277 10.9
19 1029.304 5.145 5.0 -
20 836.268 4.180 3.7
21 731.142 3,655 28.9
22 725.281 3.626 27.8
23 712.095 3560 23.4
29 701.106 3i505 51.0 n:4, V3=G1
25 684.146 3470 105.2
26 688.286 3441 74,1,
2?7 682.791 3413 125.6
28 676.931 3[384 1208.9
29 660.814 3308 95.2
30 635.540 30177 25.8
31 579.497 2,897 8.4
32 541.036 2705 61.0
33 518.692 2|593 121.7
34 492.686 2| 463 54.3
35 477.301 2|386 30.2
1 15&14
Aromatic region.
‘ b

Figure 2.14: 'H NMR spectrum of dendritic complex, V3, with inset displaying the aromatic
region



Table 2.5: "H NMR spectral data pertaining to dendrimeric Ru(I1) complexes, V1-V6.?
Dendrime | HC=N Aromatic region Aliphatic region
ric
complex
V1 8.59 (s, 4H, | 7.55-7.89 (overlapping tt, 8H, Pyr), | 1.08-2.07(br m, 24H), 2.12-2.78(overlapping dd, 16H), 3.10-3.76 (overlapping gn, 16H)
CHinine) 8.25-8.68(overlapping , 8H, Pyr),
88-8.99(overlapping, 8H, Pyr)
V2 8.63 (s, 8H, | 7.61-8.00 (overlapping tt, 8H, Pyr), | 1.15-2.19(br m, 24H), 2.22-2.89(overlapping dd, 32H), 3.19-3.85(overlapping gn, 32H)
CHimine) 8.25-8.68(overlapping, 8H, Pyr),
8.67-8.77(overlapping, 8H, Pyr)
V3 8.71 (s, 4H, | 7.21-7.31 (overlapping tt, 8H, Pyr), | 1.18-2.21(br m, 24H), 2.22-2.89(overlapping dd, 16H), 3.23-3.96 (overlapping gn, 16H)
CHinine) 8.25-8.68(overlapping, 8H, Pyr),
8.28-8.99(overlapping, 8H, Pyr)
V4 8.87 (s, 8H, | 7.81-7.39 (overlapping d, 8H, Pyr), | 1.21-2.42(br m, 24H), 2.32-3.29(overlapping dd, 12H), (overlapping gn, 32H)
CHinine) 7.41-8.18(overlapping tt, 8H, Pyr),
8.38-9.19(overlapping dd, 8H, Pyr)
V5 8.99 7.83 (br m, 8H, Pyr), 8.26 (br m, | 1.06&1.12(br d, 96H, CH(CH3), cye); 2.49 (br m, 4H, NCH,CH,CHj; core), 2.99 (br m,
16H, Pyr), 9.58 (br m, 8H, Pyr) 8H, NCH,CH; pranch,), 1.84 (br m, 8H, NCH,CH,CH;N pranch,), 4.61&4.78(NCH,CH,CN
branch), 2.31 (S, 12H, CHs cve), 2.82 (br m, 8H, CH(CHa): cve), 1.32 (br m, 4H,
NCH,CHacore), 5.99 (br m, 16H), 6.31 (br m, 16H),
V6 9.22 (br s, 8H,|7.99 (br m, 8H, Pyr), 833 (br m, | 1.08&1.13(br d, 96H, CH(CHz), cve); 1.39(br m, 4H, NCH,CH,CH, () 1.67-3.39
CH|m|ne) 16H, Pyr), 9.61 (br m, 8H, Pyr) (Overlapping m, 60H, NCHZCHZ coresy NCHZCHZCHZN 1st branchs NCHZCHZCHZN 1st branch,
NCHZCHZCHZN 1st branch, NCHZCHZCHZ 2nd branch; NCHZCHZCHZ 2nd branch)y 2.33 (51 24H,
CHs cve), 2.82 (br m, 8H, CH(CHa); cve), 4.82 (br m, 16H, NCH,CH>CH:Nang branch),
5.99 (br m, 16H), 6.31 (br m, 16H),

#Spectra run in CDCls;and (CD5),CO at 25 °C. Chemical shifts given in ppm,

referenced relative to residual
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2.6 Conclusion

Mono-, bi- and multi-functional Schiff-base ligands were prepared by Schiff base
condensation of various aldehyde starting materials. The peripherally modified Schiff-base
ligands were isolated in high yields and characterised by a range of analytical techniques. The
Schiff-base complexes of MTO displayed sensitivity to moist and temperature and this posed
challenge when the complexes had to be analysed as they exhibited signs of decomposition.
The ruthenium complexes were isolated in moderate to good yields and were also analysed

by the same range of analytical techniques. The purity was confirmed by elemental analysis.
2.7. Materials and Methods

Handling of air-sensitive and/or moisture-sensitive compounds was performed in a
nitrogen-filled glove box. Transformations were performed using standard Schlenk
techniques under a nitrogen atmosphere. Solvents were dried by distillation prior to use, and
all reagents were employed as obtained. The metal precursors ([RuCly(dmso), and [(p-
cymene)RuCl],) were prepared according to literature[31,32]. *H NMR (200 and 500 MHz)
and *C {*H} (75.38 and 100 MHz) spectra were recorded on Varian VNMRS (300 MHz);
Varian Unity Inova (500 MHz) spectrometers and chemical shifts was reported in ppm,
referenced to the residual protons of the deuterated solvents and tetramethyl silane (TMS) as
internal standard. ESI-MS (ESI+) analyses were performed on Waters APl Quattro Micro and
Waters APl Q-TOF Ultima instruments by direct injection of sample. FT-IR analysis was
performed on a Thermo Nicolet AVATAR 330 instrument, and was recorded as neat spectra
(ATR) unless specified. Melting point determinations was performed on a Stuart Scientific

SMP3 melting point apparatus and is reported as uncorrected.
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2.7.1.  Synthesis of mono- and bi-functional ligands

The work that was done on the synthesis of the diimine ligands paved a way for the

synthesis and thorough characterization of the following prepared ligands.
2.7.1.2 (E)-N-((pyridin-2-yl)methylene)propan-1-amine, L1.

To a stirred solution of 2-pyridinecarboaldehyde (1.98 ml, 21 mmol) in Et,O (5 ml) was
added dropwise a slight excess of n-proplylamine (1.87 ml, 25 mmol) that was dissolved
separately in dry Et,O (5ml). The reaction mixture was cooled in an ice-bath during the
addition of the amine. The reaction mixture was stirred for 24 hrs at room temperature. After
the allotted time the solvent was removed, the oily residue obtained redissolved in
dichloromethane (20 ml) and washed with H,O (10 x 20 ml portions). The organic layer was
dried over MgSOy, filtered and the solvent removed. Yield: 2.25 g, 90 %. **C {*H} NMR
(75.38 MHz, CDCls;, numbering as per Fig. 2.3): 11.65(CHs, C¥):; 23.66(CH,, C%):;
63.08(CH,, C%); 161.53(CHimine, C'); 154.45(Cp,, C?); 136.30(CHa;, C°); 120.98(CHar, CY;
124.39(CHar, C°); 149.18(CHa,, C%). Anal. Found: C, 66.14; H, 7.35; N, 17.15. Calc. for

CoH12N2.0.5CH,Cl,: C, 66.70; H, 7.714; N, 17.40. MS (ESI, m/z): 149.

2.7.1.3. (7E,10E)-N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine, L2

The same synthetic procedure as outlined above for L1 was employed for the synthesis
of L2, using 2-pyridinealdehyde and 1,2-diamineethane as reagents. Yield: 2.46 g, 87 %. *C
{*H} NMR (75.38 MHz, CDCls, numbering as per Fig. 2.): oppm = 68.88(CHy, C®;
153.56(CHimine, C'); 159.99(Car, C?); 123.33(CHa;, C%); 136.55(CHar, C*); 127.22(CHar, C°);
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149, 65(CHay, C°). Anal. Found: C;67.57; H; 6.11; N, 21.55. Calc. For C14H14N4.0.5CH2CI2:

C, 68.11; H, 5.92; N, 23.15. MS (ESI, m/z): 240.

2.7.1.4 (7E,10E)-N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine, L3.

The same synthetic procedure as outlined above (L1) was employed for the synthesis of
L3, using 2-quinolinealdehyde and 1,2-diamineethane as reagents. Yield: 2.16 g, 85 %. **C
{*H} NMR (75.38 MHz, CDCls;, numbering as per Fig. 2.): dppm = 68.88(CH,, C*?):;
154.56(CHimine, C™); 157.99(Car, C%): 122.33(CHa;, C°); 134.55(CHp;, C%); 131.82(CHar,
C®); 148, 65(CHa;, C°); 128.33(CHa, C'); 128.55(CHa;, C®); 130.82(CHa, C°); 130,
65(CHar, C'). Anal. Found: C;77.95: H; 5.41; N, 16.50. Calc. For C,HisN4: C, 78.08; H,

5.36; N, 16.56. MS (ESI, m/z): 339.

2.7.1.5 (7E,8E)-N1,N4-bis((pyridin-2-yl)methylene)butane-1,4-diamine, L4.

The same synthetic procedure as outlined above (L1) was employed for the synthesis of
L4, using 2-quinolinealdehyde and 1,2-diamineethane as reagents. Yield: 2.11 g, 87 %. *C
{*H} NMR (75.38 MHz, CDCls, numbering as per Fig. 2.): dppm = 31.12(CH2, C);
62.88(CH,, C%); 152.56(CHimine, C'); 158.99(Ca,, C?); 124.33(CHa;, C°); 135.55(CHar, CY);
127.82(CHa, C°); 148, 65(CHa;, C%). Anal. Found: C; 72.11; H; 6.77; N, 21.22. Calc. For

CisH1sNa: C, 72.15; H, 6.81; N, 21.04. MS (ESI, m/z): 267.
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2.7.2 Synthesis of mono- and bi-functional ruthenium and rhenium complexes, C1 and
C2.

2.7.2.1 Schiff-base MTO complex, C1.

To a stirring solution of MTO (124.6 mg, 0.5 mmol) in dichloromethane (3ml) was
added (E)-N-((pyridin-2-yl)methylene)propan-1-amine (L1, 74.1 mg, 0.5 mmol). A few
seconds later a yellow precipitate was formed. The yellow precipitate was collected by
filtration, washed with 1x5ml of DCM, and dried under reduced pressures. Yield = 123 mg,
80%. *C {*H} NMR (75.38 MHz, CDCls, numbering as per Fig. 2.3): 11.75(CHs, C);
25.66(CH,, C°); 67.08(CH,, C?); 163.53(CHimine, C'); 158.45(Cp;, C%); 136.30(CHar, C°);
120.98(CHar, C*); 126.39(CHar, C°); 150.98(CHa,, C%). Anal. Found: C 30.12, H 3.77, N
7.00. Calc. For C44Hs4N10012Res: C, 30.22; H, 3.80; N, 7.05. MS (ESI, m/z): 267 (for the

ligand) and 249 (for MTO).

2.71.2.2 Homobimetallic Schiff-base MTO complex, C2.

The same synthetic procedure as outlined above (C1) was employed for the synthesis of
C2, using L4 as reagent. Yield: 115 mg, 85 %. Anal. Found: C 31.42, H 3.90, N 7.70. Calc.
For C44HesN10012Rey4: C, 31.65; H, 3.86; N, 8.39. MS (ESI, m/z): 149 (for the ligand) and 249

(for MTO).
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2.7.2.3  Neutral mononuclear ruthenium complex, B1.

(0.4097 mmol, 198.5 mg) of the RuCl,(dmso), metal precursor was added to a stirred
solution of the ligand (L2, 0.4097 mmol, 98.0 mg) in 5 ml of dry dichloromethane at room
temperature. While the metal precursor was dissolved separately in 5 ml before addition. The
reaction was allowed to continue stirring overnight. The volume was reduced to 1/5 th and
neutral aluminium oxide was added, and the mixture transferred to a neutral aluminium oxide
packed with DCM and the blue band was eluted using 10:1 mixture of
dichloromethane:acetone. The blue solution was dry under reduced pressures. Yield = 135
mg, 88 %. “C {*H} NMR (75.38 MHz, CDCls;, numbering as per Fig. 2.3): dppm =
68.88(CHy, C?); 163.7(CHimine, C'); 158.99(Car, C?); 123.93(CHa;, C*); 137.55(CHa;, C%);
128.76(CHay, C°); 151, 65(CHar, CG). Anal. Found: C, 40.54; H, 3.36; N, 13.55. Calc. For

C14H14N4CloRu: C, 40.99; H, 3.44; N, 13.66.. MS (ESI, m/z): 411

2.7.2.4  Neutral mononuclear ruthenium complex, B2.

The same synthetic procedure as outlined above for C2 was employed for the synthesis
of B3, using L3 as reagent. Yield: 85 %. *C {*H} NMR (75.38 MHz, CDCls, numbering as
per Fig. 2.3): dppm = 68.88(CH,, C'%); 163.76(CHimine, C™); 159.19(Car, C?); 122.93(CHar,
C%); 136.56(CHar, C*); 131.86(CHar, C°); 149.11(CHa;, C%); 128.73(CHar, C'); 127.25(CHay,
C®); 130.92(CHar, C%); 131.15(CHp;, C*°). Anal. Found: C 50.07, H 3.48, N 11.22. Calc. For

C22HeaN1sCILN4Ru: C, 51.77; H, 3.55; N, 10.98. MS (ESI, m/z): 513 (doubly charged)
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2.7.2.5  Cationic mononuclear ruthenium complex, B3.

The cationic complex B3 was achieved by chloride abstraction using thallium
hexaflourophosphate salt (TIPFg, 51.8 mg, 0.106 mmol) from the neutral complex B1 and
subsequently stabilized via metathesis as hexaflouorophosphate . Yield:, 80 %. **C {*H}
NMR (75.38 MHz, CDCls;, numbering as per Fig. 2.3): dppm = 68.88(CH,, C°);
163.7(CHimine, C'); 158.99(C,, C?); 123.93(CHap;, C%); 137.55(CHar, C*); 128.76(CHar, C°);
151, 65(CHar, C°). Anal. Found: C, 42.52; H, 2.66; N, 8.99. Calc. For C;H1sCIFsN4PRu: C,

42.63; H, 2.93: N, 9.04. MS (ESI, m/z): 474 [M-PF6]*. Melting Point: 183-185

2.7.2.6 Cationic mononuclear ruthenium complex, B4.

The same manipulation for isolation of complex B3 was undertaken for the achievement of
B4 using thallium hexaflourophosphate salt (TIPF6, 14.3 mg, 0.0410 mmol). Yield = 74%.
3¢ {*H} NMR (75.38 MHz, CDCls;, numbering as per Fig. 2.3): dppm = 68.88(CH,, C*);
163.76(CHimine, C'); 159.19(Cpa;, C?); 122.93(CHar, C?); 136.56(CHp;, C*); 131.86(CHar,
C®); 149.11(CHay, C°); 128.73(CHar, C7); 127.25(CHa;, C?); 130.92(CHay, C°); 131.15(CHay,
C!). Anal. Found: C 51.07, H 3.48, N 10.22. Calc. For C,,H1sCIFgN4PRu: C, 51.77; H, 3.55;

N, 10.98. MS (ESI, m/z): 457 [M-PF6]*. Melting Point: 182-184
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2.7.2.7 Cationic nomobimetallic ruthenium complex, B5.

The compound was synthesized in a similar fashion as reported in literature for a cationic
mononuclear complex [27]. The ligand, (L4, 0.0830 g 0.312 mmol) was dissolved in ethanol
(5 mL) and the resulting solution was added drop-wise to a stirred solution of [Ru(n®-p-Pr
CsHsMe)Cl3], (0.191 g, 0.312 mmol) in ethanol (20 mL). The solution was allowed to stir
overnight at r.t, filtered and the filtrate reduced to about 5 mL. TIPFs (0.053 g, 0.311 mmol)
was added and the reaction was stirred at 0oC for 3 hrs. The r.b.f was left in the freezer for 12
hrs to precipitate the product which was filtered, washed with ethanol and diethyl ether, and
dried under vacuum. Yield = 82 %.°C {*H} NMR (75.38 MHz, CDCly): 5ppm = 21.8, 22.56,
24,11(CHs, Ccve); 167.76(CHimine, C'); 156.19(Car, C?); 122.93(CHar, C%); 136.56(CHar,
C*; 131.86(CHar, C°); 155.11(CHar, C%); 128.73(CHar, C7); 127.25(CHar, C®); 130.92(CHa,
C%); 131.15(CHar, C*%) Anal. Found: C 50.07, H 3.48, N 11.22. Calc. For CyH1sCIFsN4PRU:
C, 51.77; H, 3.55; N, 10.98. MS (ESI, m/z): 838 (doubly charged) [M-2PFs]". Melting Point:

185-189°C

2.7.3 Synthesis of dendritic ligands, DL1-DL4.

The ligand synthesis is well documented by Smith et al. [6, 9], Malgas et al. [12, 13] and
the same synthetic methodology was followed. The synthesis of DL1 is described as it is the

general synthetic methodology for all the dendritic ligands.
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2.7.3.1 G1 DAB-[N=CH-(2-pyr)s], DLL.

A moist free environment was ensured, thus a Schlenk was evacuated and purged with a
stream of nitrogen gas. 2-pyridinecarboxyaldehyde (0.2 7g, 2.17 mmol) was dissolved in 10
ml dry toluene and stirred for a few minutes before the addition of DAB-dendr-(NH)4
generation one ( 0.18g, 0.56mmol) dropwise that was dissolved in 10 ml of dry toluene as
well. The reaction was allowed to proceed for 72 hrs at room temperature. The solvent was
removed and the yellow oil residue obtained redissolved in dichloromethane (20 ml). The
organic layer was washed with water (5x20 ml portions), separated and dried over MgSO..
The solvent was removed and the yellow oil obtained purified by vacuum distillation, using
the Kugelrohr apparatus, at 90 °C and 15 mmHg for 60 min. Yield 78%. *C {*H} (75.38
MHz, CDCls, numbering as depicted in the schematics above Fig. 2.9): éppm = 23.2 (CHj,
C'%); 25.4 (CH,, C'); 28.5 (CH,, C™); 52.1 (CH,, C%); 54.3 (CH,, C%); 159.8 (CHimine, C);
162.5 (Carpyrs C°); 121.8 (CHar, C%); 124.7 (CHar, C*%); 139.8 (CHar, C°); 150.9 (CHay, C?).

(a) Anal. Calc for C40H52N10%CH2CI2: C, 68.00; H, 7.47; N, 19.58. Found: C, 68.36; H, 7.51;

N, 20.00%.

2.7.3.2 G1 DAB-[N=CH(2-quin)4], DL2.

The ligand, DL2, was synthesized mimicking the synthetic procedure outlined above for
the synthesis of DL1, using 2-quinolinecarboxaldehyde as reagent. Yield = 2.07 g, 81 %. **C
{*H} (75.38 MHz, CDCls, numbering as depicted in the schematics above Fig. 2.9): sppm =

22.2(CH,, C*); 24.9(CH,, C*); 28.9(CH,, C*); 51.4(CH,, C**); 55.4(CH,, C*);
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59.7(CH,, C*); 162.4(CHimine, C*); 118.3(CHa;, C°); 127.3(CHar, C'); 136.5(CHa;, C*);
147.7(CHp, C%); 129.4(CHAr, C'); 129.5(CHAr, C'); 127.6(CHar, C?); 128.7(CHa;, C°);
154.7(Cpar, C?). Anal. Found: C, 69.30; H, 8.18; N, 20.50. Calc. For. CggHi2N2 . 0.5

CH,Cly: C,69.54; H, 7.99; N, 20.16. MS (ESI, m/z): 874

2.7.3.3 G2 DAB-[N=CH(2-pyr)s], DL3.

The ligand, DL3, was synthesized mimicking the synthetic procedure outlined above for
the synthesis of DL1, using 2-pyridinecarboxaldehyde as reagent. Yield = 2.07 g, 79 %. *C
{*H} (75.38 MHz, CDCls;, numbering as depicted in the schematics above Fig. 2.9): dppm =
23.4(CH,, C*); 24.2(CH,, C%); 28.1(CH2,C); 51.6(CH,, C); 53.13(CH,, C); 59.5(CH,, C)
161.8(CHimine, C*); 121.2(CHar, C3); 124.5(CHayr, C4); 136.4(CHar, C5); 149.3(CHar, C°);
154.5(Car, C?); 127.3(CHar, C'); 126.3(CHar, C?); 128.3(CHar, C°); 129.3(CHar, C™). Anal.
Found: C, 75.70; H, 7.06; N, 16.37. Calc. For. CssHsoN1o . 0.2 CH,Cl,: C, 75.86; H, 6.79; N,

15.75. MS (ESI, m/z): 874

2.7.34 G2 DAB-[N=CH(2-quin)g], DL4.

The ligand, DL4, was synthesized mimicking the synthetic procedure outlined above for the
synthesis of DL1, using 2-quinolinecarboxaldehyde as reagent. Yield = 2.07 g, 80 %. *C
{*H} (75.38 MHz, CDCI3, numbering as depicted in the schematics above Fig. 2.9): sppm =
22.0(CH,, C%); 24.9(CH,, C*®); 27.8(CH,, C*'); 51.3(CH,, C*); 52.8(CH,, C*); 59.2(CH,,
C™); 161.9(CHimine, C*); 117.9(CHay, C%); 127.2(CHar, C*); 135.9(CHay, C°); 147.4(CHay,
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C®); 128.9(CHar, C); 129.1(CHar, C?); 127.5(CHar, C%); 128.8(CHar, C*°); 154.4(CHa,, C?).
Anal. Found: C, C7179, H, 7.15; N, 16.03. Calc. For C120H136N22. 2 CH2C|2: C, 7128, H,

6.82; N, 14.99. MS (ESI, m/z): 874

2.7.4 Synthesis of multinuclear dendritic MTO complexes, DC1 and DC2.
2.74.1 G1 DAB-MTO complex, DC1.

The synthesis of the complexes was achieved using Qui et. al [11] synthetic route
modified as follows: dry dichloromethane was used instead of methanol to achieve the
desired products. To a stirring solution of MTO (47.76 mg, 0.192 mmol) in dry
dichloromethane (2.5 ml), was added a solution of dendritic ligand (G2: 35.6mg, 0-023955
mol, 2.5ml). The reaction was allowed to stir at room temperature over night under moist free
atmosphere. Subsequently, the solvent was reduced to 2.5ml and the precipitated formed was
filtered, washed with DCM (1x5ml) and the yellow solids dried under reduced pressures.
Yield 83%. Anal. Found: C, 31.75; H 3.96; N 8.40. Calc. For CasHsaN10O12Res: C, 31.65; H,

3.84; N, 8.41. MS (ESI, m/z): 673 (for the ligand) and 249 (for MTO).

2.74.2 G2 DAB-MTO complex, DC2.

The same synthetic procedure outlined above was followed for the synthesis of the

Dendritic Complex, DC2. Yield 80%. Anal. Found: C, 33.50; H, 4.10; N 8.82. Calc. For
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C96H144N22024REg: C, 3313, H, 4.17; N, 8.85. MS (ES|, m/z): 1486 (fOf the Ilgand) and 249

(for MTO).

2.7.5 Synthesis of generation 1pyridyl/quinolylimine ruthenium (I1) complexes, V1-V6 .

2.7.5.1 G1 DAB pyridylimine ruthenium (I1) complex, V1.

(0.123 mmol, 59.6 mg) of the RuCl,(dmso)4 metal precursor was added dropwise to a
stirring solution of the dendritic ligand (DL1, 0.0616 mmol, 41.5 mg) in 5 ml of dry
dichloromethane at room temperature. While the metal precursor was dissolved separately in
5 ml before addition. The reaction was allowed to continue stirring overnight. The volume
was reduced to 1/5 th and neutral aluminium oxide was added, and the mixture transferred to
a neutral aluminium oxide packed with DCM and the blue band was eluted using a 10:1
mixture of dichloromethane:acetone. The blue solution was dried under reduced pressures.
Yield 56%. **C {*H} (75.38 MHz, CDCls, numbering as depicted in the schematics above
Fig. 2.9): dppm = 25.4 (CH,, C*%); 52.4 (CH,, C'); 47.5 (CH,, C™); 5341 (CH,, C°); 54.3
(CHa, C%; 163.8 (CHimine, C'); 162.5 (Carpyr, C°); 123.8 (CHar, C°); 126.7 (CHa,, C*); 139.8

(CHa, C%); 151.9 (CHar, C°). (@) Anal. Calc for CyoHsoN10.zCH:Clz: C, 47.25; H, 5.15; N,

13.77. Found: C, 47.12; H, 5.20; N, 14.01. MS (ESI, m/z): 1030.14. Melting point: 157-

159°C.
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2.715.2 G2 DAB pyridylimine ruthenium (I1) complex, V2.

The same above outlined synthetic procedure for (V1) was mapped for the synthesis of
V2, using DAB-[N=CH-(2-pyr)s] (DL2) as reagent. Yield = 152 mg, 68 %. *C {*"H} (75.38
MHz, CDClIs, numbering as depicted in the schematics above Fig. 2.9): dppm = 25.43(CHa,
C'®); 26.48(CH,, C™); 50.17-53.82(CH,,C*™): 58.9(CH,, C9) 163.80(CHimine, C);
121.17(CHar, C%); 124.51(CHar, C*): 136.45(CHar, C°); 150.50(CHar, C°); 154.53(Car, C2).
Elemental Analysis (%): Calc. For CsgHgoN1oClsRUz: C, 48.62; H, 5.56; N, 14.17. Anal.

Found: C, 49.22; H, 5.96; N, 14.88. MS (ESI, m/z): 2213.42 . Melting Point: 158-162°C.

2.7.5.3 G1 DAB quinolylimine ruthenium (11) complex, V3.

The same above outlined synthetic procedure for (V2) was mapped for the synthesis of
V3, using DAB-[N=CH-(2-quin),] (DL3) as reagent. Yield = 122 mg, 60 %. **C {*H} (75.38
MHz, CDCIs, numbering as depicted in the schematics above Fig. 2.9): dppm = 22.17(CHa,
C'"); 24.91(CH,, C'°); 28.88(CH,, C"); 51.44(CH,, C'*); 55.38(CH, C'®); 61.46(CH,, C*?);
163.44(CHimine, CY); 118.33(CHa, C°); 127.26(CHa, C7); 136.48(CHa, C%);
147.68(CHar, C%); 129.36(CHa;, C'°); 129.54(CHa;, C'); 127.63(CHp,, C?); 128.78(CHar,
C%); 159.76(Car, C?). Elemental Analysis (%): Calc. For CssHgoN1oClsRu,: C, 55.26; H, 4.97;
N, 11.51. Anal. Found: C, 55.11; H, 4.90; N, 11.71. MS (ESI, m/z): 1240.18 [M+Na]".

Melting Point: 174-177°C.
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2.715.4 G2 DAB quinolylimine ruthenium (I1) complex, V4.

The same above outlined synthetic procedure for (\V3) was followed for the synthesis of V4,
using DAB-[N=CH-(2-quin)g] (DL3) as reagent. Yield = 102 mg, 62 %. **C {*H} (75.38
MHz, CDClIs, numbering as depicted in the schematics above Fig. 2.9): dppm = 22.81(CHa,
C'%); 25.92(CH,, C'®); 29.82(CH,, C'); 52.27(CH,, C*°); 53.76(CH,, C*°); 60.75(CH,, C**);
163.85(CHimine, C*); 122.93(CHa;, C%); 127.20(CHAr, C*); 136.99(CHar, C*); 148.26(CHa,,
C®); 128.95(CHAr, C); 129.13(Car, C°); 127.46(CHa, C?); 128.80(CHa, C°); 159.36(Car,
C'%). Elemental analysis (%):Calc. For Ci20H13sN22ClsRu,: C, 56.96; H, 5.41; N, 10.89. Anal.
Found: C, 56.11; H, 5.21; N, 11.21. MS (ESI, m/z): 2595.51 [M+Na]*. Melting point: 179-

182°C.
2.7.5.5 G1 DAB cationic pyridylimine ruthenium (11) complex, V5.

The same synthetic procedure reported by Govender et. al. was employed in the
synthesis of the cationic metallodendrimers [27]. The complexes were first reported by them
as well. The dendritic ligand (DL1, 102 mg, 0.152 mmol) or (DL2, 101 mg, 0.068 mmol)
was dissolved in ethanol (5.0 ml) and added dropwise to a stirring solution of [Ru(n°®-p-
Pr'CsHsMe)Cl,], (191 mg, 0.312 mmol for V5 or 0.276 mmol for V6) in ethanol (15.0 ml).
The solution was allowed to stir at room temperature overnight. The solution was then
filtered and the filtrate reduced to about 5 ml. NaPF6 (53 mg, 0.311 mmol for V5 or 0.276
mmol for V6) was added and the reaction was stirred at 0°C for 3 hrs. The reaction vessel

was left in the freezer for an additional 12 hrs to precipitate the product. The product was
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filtered, washed with ethanol and diethyl ether, and dried under vacuum. Yield = 240 mg,
66 %. °C {*H} (75.38 MHz, (CD3),CO, numbering as depicted in the schematics above Fig.
2.9): dppm = 18.59, 21.53, 22.23(CHacye); 24.53, 26.56, 51.33, 53.44, 64.98(CH,, C**%):
31.2, 84.99, 85.76, 85.98, 87.69 (CHcye); 104.29, 106.21(CHcve); 167.78(CHimine, C™);
128.93, 129.20, 139.19, 153.26(CHpyr); 155.56(Cpyr). Anal. Found C, 41.21; H, 4.70; N,
5.71. Calc. for CgoH10sN1oRU4Cl4P4F24 (2335.8): C, 41.14; H, 4.66; N, 6.00. MS (MALDI-

TOF, m/z): 2192 [M]". Melting point: 169°C-172°C.

2.7.5.6 G2 DAB cationic pyridylimine ruthenium (11) complex, V6.

The same above outlined synthetic procedure for (\V5) was followed for the synthesis of
V6, using DAB-[N=CH-(2-pyr)4] (DL2) as reagent. Yield = 132 mg, 42 %. **C {*H} (75.38
MHz, (CD3),CO, numbering as depicted in the schematics above Fig. 2.9): dppm = 18.89,
21.93, 22.43(CHscve); 25.56-27.33, 50.44-52.23, 64.9(CH,, C'Y'%): 31.2, 84.99, 85.76,
85.98, 87.99 (CHcye); 104.29, 106.21(CHcye); 168.85(CHimine, C'); 128.93, 129.20, 140.19,
156.26(CHpyr); 155.36(Cpyr). Anal. Found C, 41.82; H, 5.02; N, 6.19. Calc. for
CiesH232N22RUgClgPgFag (4811.8): C, 41.94; H, 4,86; N, 6.40. MS (MALDI-TOF, m/z): 4811

[M]*. Melting point: 175°C-179°C.
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Chapter 3: Catalytic application of mono-, bi-, and multinuclear Schiff-base complexes of
methyltrioxorhenium.

3.1 Introduction.

The constant endeavour, both in industry and academia, to catalytically transform C-C
double bonds has developed into an active area of research. One area that is constantly
developing due to “new” discoveries is the catalyzed oxidation of alkenes. Important
oxidation reactions include the transformation of alcohols to either the corresponding
carbonyl compounds or carboxylic acids, the oxidation of sulfides to sulfoxides and alkenes
to epoxides and diols. Various studies have been devoted to oxidation of alkenes to the
corresponding epoxides using transition metal complexes. The epoxide class of organic
compounds plays an important and versatile role in the synthesis of intermediates for fine

chemicals and as such the selective epoxidation of alkenes is a major area of research [1].

3.2 Rhenium complexes in the catalysed epoxidation reactions of olefins

The discovery of the catalytic ability of MTO by Herrmann et al. paved a way for
exploration of MTO derivatives as inorganic rhenium compounds like Re,O; or ReO3; were
long considered to have negligible catalytic oxidation activity with H,O, [2]. The catalytic
activity of MTO was quickly recognised and as a result further researches concerning the
understanding of its active species was undertaken. The active catalyst was discovered to be
the monoperoxo (A) and bis-peroxo (B) rhenium complex formed by the reaction of MTO
with H,O, [3]. The latter intermediate active catalyst has been fully characterised by X-ray

studies [4-6].
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The acidity of the rhenium centre restricted its use only to anhydrous H,O; because low yield
of the acid sensitive epoxide were obtained. Thus efforts made were aimed at improving the
catalytic oxidation of sensitive alkenes by employing an urea-H,O, adduct to circumvent the
deleterious ring opening of epoxides. This process requires long reaction times. Other
endeavours introduced the use of an additional tertiary base to suppress the epoxide ring
opening and this resulted in the unfavourable detriment on the catalyst activity [3]. Sharpless
et al. reported an improvement in selectivity by adding a large excess of pyridine with respect
to the catalyst, without inhibition of the catalyst activity [7a]. This discovery led to the
synthesis of sensitive epoxides with only 1.5 equivalents of aqueous H,O, even at low
catalyst loading [7a,b]. It was observed that higher catalyst loadings were necessary in the
presence of bipyridine N,N’-dioxide as the N,N’-oxide suppresses the epoxide ring- opening
[8]. This also ensured that unreactive terminal alkenes were converted to corresponding

epoxides by making use of a less basic pyridine derivatives like 3-cyanopyridine [9].

The enhancement of the catalyst activity by an additive was further investigated by
Herrmann’s group. They reported the use of pyrazole as the most efficient additive and
proposed a bis(peroxo)rhenium(V1l)/pyrazole complex as the active oxidation species [10].
After a careful examination and comparison of the finding by Herrmann’s group, Sharpless et
al. [11] showed through mechanistic investigations [5], that incorporating the positive

pyridine effect

82



Chapter 3: Catalytic application of mono-, bi-, and multinuclear Schiff-base complexes of
methyltrioxorhenium.

[12], minimises the formation of the perrhenate (ReO,4) [12a] with the MTO decomposition
thereby retaining high catalyst activity. The increased rate in the presence of pyridine was
attributed to its intrinsic Brensted basicity thus increasing the HO,™ concentration. The HO*
is more nucleophilic and therefore more reactive with MTO compared to H;O,. This
characteristic of pyridine and related additives lowers the concentration of hydronium ions

and as a result reducing the sensitivity of epoxides towards decomposition via ring-opening.

3.2.1 Mechanism of epoxidation reaction

The field of olefin epoxidation has been explored and a vast range of transitional metal
catalysts have been tested and applied at both laboratory and industrial levels. Thus it has
become certain to include compounds such as methyltrioxorhenium (CH3ReO3;, MTO) and
MoO; as far as catalyzed oxidation reactions are concerned. These and other prominent
catalysts in the field have been applied in industrial epoxidation of alkenes using the oxidants

hydrogen peroxide and tertbutylhydroperoxide (TBHP) [3a,3d].

As mentioned (vide supra), Herrmann et al. have done extensive work on the subject of
epoxidation with MTO [3,12c,13-15] consequently, its mechanism with H,O, has been
reported (Fig. 3.1) [16]. The mechanism discusses two important intermediates (vide supra)
that have been isolated and studied as active catalysts [4], a bisperoxo complex of
stoichiometry (CH3)Re(0,),0.H,O(B) [4] obtained by reaction of MTO with excess H,0;
and a monoperoxo complex of composition (CH3)Re(0),0,(A) [12c, 25] obtained by reaction

of MTO with 1 equiv. of H,0,. Experimental data indicate that these intermediates have
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similar rate constants in magnitude [12c,25,27]. Further work was pursued by density
functional calculation in order to validate these findings [17,18,26]. The mechanism involves
a nucleophilic attack on MTO by H,0, as an activation parameter for the coordination of
H,0, to MTO. The protons lost in the conversion of H,O to a coordinated peroxo ligand,
0,%, are then transferred to one of the terminal oxygen atoms, which remain on the Re as an

aqua ligand. The rate of this reaction is not pH dependent [19].

The concentration of the H,O, used in the epoxidation reactions has been shown to be
important because it directs the pathway the reaction will follow. The concentration
dependent pathways can be categorised in two: high H,O, and low H,O, concentrations [16].
The isolable bisperoxo (B, path A) complex is responsible for the oxidation activity at high
H,0, concentration (85 wt%), while the monoperoxo (A) complex is responsible for
epoxidation at low H,O, concentration (<30 wt%) for the (path B). The studies of both
catalytic pathways support a concerted mechanism in which the electron-rich double bond of
the alkene electrophilically attacks a peroxidic oxygen of the complex possibly through a

spiro arrangement [17-20].

84



Chapter 3: Catalytic application of mono-, bi-, and multinuclear Schiff-base complexes of
methyltrioxorhenium.

H ioi H H: :H
H H H H
— OH?2 y e B :CHZ iy
C O 1 »CH2
/O /)CHZ \\ /Q
ol V9 Re_ !
_Re Hee™ | 6
HyC H 0 0
0
L | e 1 1
(B) H (A)
R
ANTVE
PATH A HC @) PATH B
0
|| CHs 0
N Re
H c/ © ZII
3 S/
S 3 H H
"0 0O ? (MTO, ©)
H H -2 H,0,
H H

Figure 3.1: Suggested mechanism of methyltrioxorhenium (MTO, C) catalyzed epoxidation

of alkenes [21,22].
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The above scheme of the suggested mechanism clearly indicates that the oxygen atom of the
oxidant is activated by the catalyst in preparation to incorporate alkene/substrate to the
activated oxygen atom. For both pathways, the presence of the metal is vital as it is a
prerequisite for the facilitation of the transfer of the oxygen atom from the oxidant to the

alkene/substrate [21,22].

Different sources of oxygen donors were used in the previous inventions for the transition
metal catalyzed epoxidation reactions in order to obtain epoxides as desired products. Some
of the oxidants that were explored were molecular oxygen, hydrogen peroxide, alkyl
peroxides, urea-hydrogen peroxide, trimethylsilyl peroxide and sodium hypochlorite among

others [23].

Deductions from the previous inventions serve as rudimentary tools for a better
understanding of the epoxidation reactions of alkenes and the improvement of selectivity over
the deleterious concomitant epoxide ring opening into diols. We herein report the use of
MTO mono-(C1), bi-(C2), and multinuclear dendritic (DC1 and DC2) catalysts (Figure. 3.3
and 3.5). To our knowledge, these MTO complexes, except C1, are reported herein for the
first time and their catalytic activity is evaluated for the first time towards epoxidation

reactions on selected cyclic substrates/alkenes.
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3.3 Results and Discussion: Epoxidation of cyclohexene and cis-cyclohexene.

Q)

UHP
DCM

25°C

(i) C1-C2 and DC1-DC2

Figure 3.2: A general epoxidation reaction of the alkene substrates.

This section documents the results obtained from the catalytic evaluation of the compounds
C1 and C2 towards the epoxidation of selected cyclic alkenes (Figure 3.2) with isooctane as
an internal standard. GC-FID was employed in the analysis and determination of conversion
as the consumption of the substrates (cyclohexene and cis-cyclooctene, respectively) was

monitored as a function of time.

3.3.1 Epoxidation reactions catalysed by mono- (C1) and bi-nuclear (C2) MTO

Complexes.

Schiff-base complexes of MTO that were synthesized, C1 and C2, were examined as
catalysts for the epoxidation of two cyclic subtrates i.e cyclohexene and cis-cyclooctene,
respectively. These complexes were examined in the epoxidation reaction with urea hydrogen

peroxide adduct (UHP) as the oxidant. A similar catalytic setup that was employed by Qui
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et. al., a catalyst: oxidant: substrate ratio of 1:200:100, for all catalytic reactions was used.
The catalysts were found to be activity as epoxidation catalysts for the transformation of the

two selected olefins/substrates.

C1 C2

Figure 3.3: A schematic representation of the Schiff-base MTO complexes.

Complex C1 is known and was first resolved crystallographically and tested as a catalyst for
both cyclic substrates by Qui et. al. [24]. Herein the complex is synthesized as a benchmark

for the novel synthesized homobimetallic MTO complex C2.

C1 was used as a catalyst for the epoxidation of the cyclic substrates i.e. cyclohexene and
cis-cyclooctene, respectively. As like the previously reported protocol [24], the suitable
oxidant used for the epoxidation reaction of the olefinic substrates was Urea-hydrogen
peroxide adduct (UHP). The use of hydrogen peroxide (H,O;) as an oxidant was avoided as
this is commercially available as an aqueous solution and tends to favour the further reaction

of the epoxides to subsequent diols. Hydrogen peroxide needs specialized instruments or
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procedures to dry and the alternative route of using urea-hydrogen peroxide as the source of
hydrogen peroxide was opted. This resulted in no significant amount of diols formed for both
cyclic olefinic substrates. All catalytic reactions reached completion within 4 h, exhibiting
elevated reaction rates with 98 % conversion. The epoxide yield reached up to 100 % after

4h, showing the same trend reported [24].

The catalytic activity of complex C2 followed the same trend as with C1, with notable
completion of the catalytic reaction in a shorter time (Table 3.1). Synergy between the two
rhenium centres in complex C2, that has been afforded by the bifunctional ligand, in the
epoxidation reactions of the cyclic substrates/alkenes under the buffering effect of urea-
hydrogen peroxide, afforded conversions to reaching 99 % with also no significant diols
amount observed. At selected time intervals, the novel Schiff-base complex of MTO (C2)

performed better that the benchmark complex C1.
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methyltrioxorhenium.

Table 3.1: Catalytic data of the epoxidation of cyclohexene with MTO(C) and catalysts C1

and C2.
Entry Catalyst Oxidant Time Conversion Selectivity

0 (%)* (%)’

1 MTO UHP 2.5 >99 >99

2 C1 UHP 2.5 72 97

3 C2 UHP 2.5 76 97

4 Ci UHP 8 >99 >99

5 C2 UHP 6.5 >99 >99

Reaction conditions: 0.955 mmol of cyclohexene; 1.9 mmol of oxidant; 0.00928 mmol of catalyst; 4 mL of

DCM; 25 °C. *Calculated by GC. "Calculated by GC.

The activity of the catalysts was observed to increase as a function of time with the highest

conversion being greater than 99% observed for both catalysts. Comparison of the catalytic

activity of the synthesized Schiff-base complexes of MTO (C1 and C2), with that of the free

MTO (in the absence of the imine ligand) showed that the free MTO performed better as the

highest conversion was reached within the shortest amount of time. This is documented in the

literature with other reported Schiff-base complexes of MTO [24]. A detailed trend is

exhibited in the figure below (Figure 3.4).
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Figure 3.4: Plot of the consumption of cyclohexene as a function of time.

The reason for the lower catalytic activity of the prepared complexes is similar to what is
documented in the literature [24]. Complexes derived from alkylamine (strong electron
donating) tend to exhibit low catalytic activity as compared to weak electron donating ligands
as the former tends to form stronger Re-N bond thus leading to a lower reactivity of the
catalysts, hence the reaction times had to be prolonged in order to ensure 100% epoxide
yields. This is explainable by the fact that the ligands exert their influence on the Lewis
acidity of the Re atom and the immediate surroundings of terminal ligands. The formation of

the catalytically
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active mono and bisperoxo species is hindered as the Lewis acidity of the metal centre (Re) is
reduced. Hence a decrease in the electron deficiency of the peroxo-oxygen results in the

catalyst being less activated to be attacked by the nucleophilic olefin.

Complexes C1 and C2 showed similar trend when applied as catalyst in the epoxidation cic-
cyclooctene. The catalytic reactions showed high reaction rate and completion within the
indicated time (Table 3.2). Complexes C1 and C2 showed similar catalytic activity for the
epoxidation of cyclooctene, and the epoxides yield reached 100% when the reaction times

where prolonged.
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Table 3.2: Catalytic data of the epoxidation of cis-cyclooctene with MTO(C) and catalysts

Cland C2.
Entry Catalyst Oxidant Time Conversion Selectivity

0 (%)* (%)°

1 MTO UHP 2.5 >99 >99

2 C1 UHP 2.5 77 97

3 C2 UHP 2.5 80 97

4 Ci UHP 8 >99 >99

5 C2 UHP 6 >99 >99

Reaction conditions: 0.955 mmol of cis-cyclooctene; 1.9 mmol of oxidant; 0.00928 mmol of catalyst; 4 mL of
DCM; 25 °C. *Calculated by GC. "Claculated by GC

3.3.2 Epoxidation reactions catalysed by multinuclear Schiff-base complexes of MTO
metallodendrimer, DC1 and DC2.

The 1% and the 2" generation Schiff-base Re(V11) metallodendrimers were evaluated as

catalysts in the epoxidation of cyclohexene and cis-cyclooctene, respectively. The dendritic

catalysts were found to be highly active as catalysts in the epoxidation reactions of the two

selected cyclic substrates/olefins.
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The consumption and conversion of the cyclic substrates/olefins occurred within 4 hrs for all
the dendritic catalyzed reactions. Drastic quantitative conversion of cyclohexene/cis-
cyclooctene was observed within the first hour in comparison with the mono- and binuclear

MTO complexes (Figure 3.5).
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Figure 3.5: A representation of the novel 1% and 2" generation Re(VII) metallodendrimer
tested in the epoxidation of cyclohexene/cis-cyclooctene.
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methyltrioxorhenium.

Table 3.3: Catalytic data of the epoxidation of cis-cyclooctene with MTO (C) and catalysts

DC1 and DC2.
Entry Catalyst Oxidant Time Conversion Selectivity

) (%)* (%)’

1 MTO UHP 2.5 >99 >99

2 DC1 UHP 2.5 82 98

3 DC2 UHP 2.5 85 98

4 DC1 UHP 4 >99 >99

5 DC2 UHP 3 >99 >99

Reaction conditions: 0.955 mmol of cyclohexene; 1.9 mmol of oxidant; 0.00928 mmol of catalyst; 4 mL of

DCM; 25 °C. "Calculated by GC. °Calculated by GC

It was also noted that with time the pyridineimine moiety undergoes hydrolysis and this

fragment was detected in the GC. This ease of hydrolysis was far more deferred in the case of

the dendrimer indicating the stability impacted by the dendrimer ligand.
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Epoxidation of cis-cyclooctene with catalysts DC-1&2
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Figure3.6: Plot of the consumption of cis-cyclooctene as a function of time.

The activity of the dendritic catalysts yielded higher conversion as compared to the mono-
and binuclear MTO complexes at any time. Although it was observed that MTO reaches the
highest conversion in the least amount of time, it was also observed that the dendrimer

catalysts give the highest conversion at any time but the only hindering was the prolonged

reaction time in order to attain 100% epoxide yield.
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Table 3.4: Catalytic data of the epoxidation of cyclohexene with MTO (C) and catalysts

DC1 and DC2.
Entry Catalyst Oxidant Time Conversion Selectivity

") (%)a (%)b
1 MTO UHP 2.5 >99 >99
2 DC1 UHP 2.5 80 >99
3 DC2 UHP 2.5 82 >99
4 DC1 UHP 4 >99 >99
5 DC2 UHP 3 >99 >99

Reaction conditions: 0.955 mmol of cyclohexene; 1.9 mmol of oxidant; 0.00928 mmol of catalyst; 4 mL of
DCM:; 25 °C. "Calculated by GC. ‘Calculated by GC

The rapid formation of the active species in the catalysis (a peroxo complex) renders these
novel rhenium dendritic complexes useful in the catalyzed epoxidation of cyclohexene and
cis-cyclooctene, respectively. High levels of conversion to epoxides were observed with no

significant (less than 5%) diol formation.
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3.4 Conclusion

All the complexes synthesized were evaluated as catalysts in the epoxidation of
cyclohexene/cis-cyclooctene reactions. The use of urea hydrogen peroxide as an oxidant
resulted in all the complexes displaying high catalytic activity and selectivity when applied to

the epoxidation of cyclohexene/cis-cyclooctene. No significant diols formation was observed.

3.5 Materials and Methods

Methyltrioxorhenium (MTQO) was purchased from Sigma-Aldrich/Strem Chemicals.
cyclohexene (99%), cyclohexene oxide (98%) cis-cyclooctene (95%), cyclooctene oxide
(99%) isooctane (99.8%) were purchased from Aldrich and used without further
purification. Dichloromethane was dried using standard procedures, distilled under nitrogen
and kept over dried 3 A molecule sieves. Other reagents were used as received. All
preparations and manipulations were carried out under an oxygen and water free nitrogen
atmosphere using the standard Schlenk techniques. The GC analysis was carried out on
Agilent 7890, GC Column: Agilent 19091J-413; 325 °C: 30 m X 320 pum X 0.25 um, 5%

phenyl methyl Siloxan HP5-column.
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3.5.1 General procedure for the Epoxidation of cyclohexene/cis-cyclooctene

The catalytic reactions were carried out under continuous stirring in a 50 ml r.b.f
immersed in a water bath with temperature control. In a typical experiment, 0.025 mmol of
the catalyst, 3.5 ml of methanol, and a given amount (5 mmol) of UHP were mixed in the
flask under agitation until the reaction temperature was reached. At this time, 2.5 mmol of the
substrate was added (time zero). Small aliquots were taken at selected reactions times. The
products were analyzed by gas chromatography in a capillary column using a FID detector. A

similar catalytic protocol was followed for the epoxidation of the substrates.
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Chapter 4: Application of mono-, bi-, and multinuclear neutral and cationic
Ru(Il) catalysts in the oxidative cleavage of 1-octene.

4.1 Introduction.

In Organic Synthesis, the craft of oxidative cleavage has grown tremendously elevating
olefin transformation to become one of the most prevalent reactions in the field. The
application of a variety of inorganic oxidizing agents to organic substrates has considerably
broadened the selectivity with which such oxidations may be carried out. The extensive study
documented in the literature highlights two main oxidative cleavage routes that can be
summed up as conversion of olefins to vicinal diols and subsequent cleavage with NalO, or

other oxidants [1].

The use of ruthenium as the catalytic metal in this field of research can be attributed to its
versatility, as it can catalyse a number of oxidative transformations viz. the oxidation of
alkanes, the cleavage of double bonds, the asymmetric epoxidation of alkenes, the oxidation

of alcohols and ethers and the oxidation of amines and amides [2].

4.2 Catalytic Oxidative Cleavage of alkenes by ruthenium compounds.

From the first example of a catalysed alkene cleavage using a from RuO; (aq.).
Na(104)/AcOH(I) system, the oxidative functionalization class has broaden into a field of

fundamental transformations in organic chemistry. This topic has been extensively reviewed

and applied in a myriad of various settings for the synthesis and production of valuable

intermediates and chemical commodities [2-8].
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The earliest inventions report on the use of RuO, as an active species generated in situ from

the system () (vide supra) to cleave alkenes into corresponding alkenes [3-8].

4.2.1 In situ generated ruthenium tetroxide promoted oxidations.

The nature of the active species, RuO, (Il), permits transformations such as
oxygenation and hydrogen abstraction of an array of organic compounds because it is a
powerful oxidant in the transformation of various organic substrates. Due to its reactive
nature, the reaction conditions are normally mild and performed at room temperature. The
catalytic reactions are known to conveniently take place in a biphasic solvent system (vide
infra) employing a catalytic amount of RuCl; or RuO; in conjunction with oxidants such as

NalOy4, HIO4, NaOCI and NaBrOs, or under electrochemical conditions (see Fig. 4.1).

C4H9\/\ Rucly Mal0s C“Hg\/\ + C4Hg—CHO
CaHo CCl,, H,0 CaHo
80% 17%
RuCl;, NalO
C4H9\/\ 3 4
/ C4Hg > C4H9_C02H

CCly, H,0, CH4CN

88%

Figure 4.1: A general scheme showing the usage of catalytic amounts of RuCl; [10].

Addition of acetonitrile has indicated to favour the formation of carboxylic acids over
aldehydes as the organic solvent, upon introduction into the reaction mixture, prevents the
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inactivation of the ruthenium catalysts as this leads to sluggish, incomplete reactions by

forming low-valent ruthenium carboxylate complexes [4].

4.2.1.1 Oxidative Cleavage of alkenes

The schematic depicted below (Figure 4.2) depicts olefins undergoing oxidative
cleavage to afford the desired carbonyl complex in good yield. The cyclohexene reacts with a
small amount of ruthenium trichloride in the presence of NaOCI dissolved in

dichloromethane to give hexanedioic acid. This reaction is shown in fig. 4.2 below.

RUC|3
NaOClI cOH

>

CH2C|2, Hzo COZH
90%

Figure 4.2: A general scheme pertaining to the synthesis of carboxylic acids [12].

The reaction conditions can be modified in order for the catalytic system to favour the
formation of cis-diols/dialcohols and not acids. This occurs selectively when the reaction is

carried out in short time. A typical example of such a reaction is shown below.
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RUC|3 OH
Na|O4
EtOAc, H,0, CH3;CN
0°C, 0.5 min OH
58%

Figure 4.3: A general selective scheme for the synthesis of cis-dihydroxyles [11].

Epoxides can be achieved in a similar catalytic setup as for the production of carboxylic acids
except that the use of a nitrogen ligand is employed in order to coordinate the active species

that is generated in situ.

RuCl,
Na|O4

Y

Ph\/\Ph

CH,Cl,, H,0
90%

7\ \

=N N=

Figure 4.4: A general ruthenium scheme for the epoxidation of alkenes [13].

4.3 Mechanism of Catalyzed Oxidative Cleavage of Alkenes by ruthenium.

A stoichiometric amount of the potent oxidant, rutheniumtetroxide (11), has long been

known to oxidatively fragment alkenes into corresponding carboxylic acids. This
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transformation of olefins, catalyzed by ruthenium, has been achieved by assistances of a
range of oxygen donors, e.g. NalO4 and NaOCI as primary oxidants [2-8]. The precise
mechanistic study of reactions containing low-valent ruthenium complexes as catalysts is
known, and proposes the formation of a metal-oxo (I1) intermediate as the active species.

This can be seen in the following catalytic cycle (Fig. 4.5).

2X RuOQ, \ /

/C_O\Ru/o
2X0 / \O
—C—0
RuO, /

2 c=—o0

X0 = NaOCl, NalO,, RCO;H

Figure 4.5: A catalytic cycle for ruthenium-catalyzed oxidative cleavage of olefins [7].
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4.4 Results and Discussion: Oxidative Cleavage of 1-Octene by ruthenium catalyst

The following schematic diagram illustrates the oxidative cleavage of 1-octene to form the
acid product. The reaction was carried out in a biphasic solvent system involving

tetrachloromethane, acetonitrile and water.

Ru-cat, NalO4
W CCly-CH,CN-H,,0 (1:1:2 VIv) OH

5 5
(1) (V)

Ru-cat = B1-B5 and V1-V6

Figure 4.6: A general oxidative cleavage of 1-octene in a biphasic solvent.

The low-valent ruthenium complexes were used with sodium periodate (NalO,) as the

cooxidant.

4.4.1 Oxidative cleavage of 1-octene by neutral and Cationic mono-, bi-, and multinuclear
ruthenium catalysts.

Mononuclear chelating neutral (N, N) (B1 and B3) and mono- and bi-nuclear cationic

(N, N-) (B2, B4 and B5) ruthenium (I1) catalyst were evaluated as complexes for oxidative
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cleavage of linear alkene (1-octene, 111) at room temperature in a biphasic solvent (CCl,-
CH3-H,0). The catalytic systems were found to be highly active for oxidative cleavage of 1-
octene with the chosen cooxidant (vide supra). The yields ranged from moderate to good,
Table 4.1 summarizes the results obtained for the oxidation of the linear alkene (1-octene,
I11). The results are within the range as those previously reported and are comparable for the

oxidation of the same linear olefinic substrate.
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N ol
a /
\ N \ N
\ y \ 7
| S l IS _|$ PFe
N/ N/
C'\R/_:z. C'\RL.
N {1
\ 7 \ 4
\_ /7 \, 7 N\_/
NN

B5

p-cymene

Figure 4.7(a): Scheme representing mono- and binuclear neutral and cationic (N,N) Ru(ll)
catalysts.
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fie

/4

\Ru//cl n=4Vi=Gl \R . n=4;V3=Gl
DAB-dendr / iﬁl n=8\Vv2=G2 DAB-dendr / g h=g:va= G2
0 o

PFe

//*‘<i> n=4;V5=G1
DAB-dend N N
ener ~.F =8 V6=G2
[ >
<&

R

R = p-cymene

Figure 4.7(b): Scheme representing tetra- and octanuclear neutral and cationic (N,N) Ru(ll)
catalysts.

It was confirmed that the in situ generated active species, ruthenium tetroxide (I), under
Sharpless conditions ensures the fragmentation of the C-C double bond to corresponding
acids. It was also observed that there was an induction period (10-15 minutes) before the
formation of the active species that was evident by the colour change to pale-yellow
indicative of the presence of the active species. The colour of the catalytic reaction mixture
changes from purple to yellow in the case of complex B1-B4. The experimental setup for the
catalytic reactions is a less complex one, with the major products being the acids. The yields
reported herein were higher than some of the previous reported reactions that employ a

ruthenium system [RuCl,(PPhs)3]/PhlO [16].
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Competing reactions such as aldehydes formation were observed but in yields that were less
than 5%. The presence of acetonitrile in the biphasic solvent system elevated the selectivity
of acids over undesired products as reported for the RuCl; . nH,O/IO(OH)s and RuCls .
nH,O/NalO, systems respectively [10,12]. The completion of the catalytic reaction was

confirmed by TLC.
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Table 4.1: Oxidative Clevage of 1-octene to heptanoic acid by B1-B5 and V1-V6/NalQ,.

Entry Catalysts Yield (%) Reaction time

[TO] (h)
1 B1 70(140) 2
2 B2 70(140) 2
3 B3 78(156) 2
4 B4 78(156) 2
5 B5 80(160) 2
6 V1 84(168) 2
7 V2 86(172) 2
8 V3 87(174) 2
9 V4 89(178) 2
10 V5 90(197) 2
11 V6 91(180) 2

Reaction conditions: alkene (0.556 mmol), catalyst (0.00278 mmol, V-1), and periodic acid
(2.78 mmol) were added to a mixture of CCl;-CH3CN-H,O (1:1:2 v/v), stirring at room
temperature for 2 h. TO = turnover = moles of the product/moles of the catalyst.
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Figure 4.8: *H NMR spectra of the crude product(IV) obtained after the ruthenium-catalyzed
oxidation of 1-octene(l11)

cat-dc3 proton in cdcld
Pulse Sequence: s2pul 1
Solvent: CDCI3 5 3
Temp. 20.0 C / 293.1 K
File: cat-dc3=proton-cdcl3
GENINI-200 “uwcchem2 00" THDEX  FREQUENCY PPM . MR

2 1613.937 8.068 4.9 HO
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Pulse 26.2 degrees 3 1449.105 7.244 0.8 7 6 4 2
Acg. time 1.934 sec 1 1435.483 7.181 22.1
\;;dlh 3000.3 1z 5 1416.505 7.081 3.2

repe’ ons

OBSERVE  Hi, 200.0472671 WHz 8 §34.088  4.659 5.4
DATA PROCESSIN 7 831.170 4.155 7.0
Line broadening 1.0 Hz 8 824.210 4.120 17.8
FT size 16384 L] 816.885 4.083 20.6
Total time 1 min, 33 sec 10 809325 4.048 10.6 5 3&4
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12 725.312 3.626 5.2

13 695.642 3.477 4.4

14 688.682 3.443 a.7

15 455,377 2.329 4.5

16 458.651 2.293 3.6

17 437.406  2.187 3.5

18 415.062 2.075 6.0 2

19 405.538 2.027 68.1

20 388.578 1.892 140.0

21 387.955 1.939 36.2

22 316.528 1.582 49.3

23 275.871 1.379 10.2

24 254,992 1.275 38.1 6

25 247.685 1.238 631

26 240.707 1.208 40.4

27 237.777 1.188 33.6

28 230,451 1.152 17.3

28 171.844  0.858 12.3

30 165.251 0826 13.8 1

7 31 9.576 0048 60.1 v
32 -0.680 -p.003 13.5
’ / /
- — / ‘ /
| UW |
T T T T T T N T T T T T T T
12 11 10 9 8 7 6 5 4 3 2 1 -0 -1 ppm
e —_— [
2.1! 2.45 21.78__ 25.50
B8.28 .70 25.10 7.94

Reaction conditions: (a) catalyst (0.00278 mmol, V-4), 1-octene (0.556 mmol), and periodic acid (2.78 mmol).

The *H NMR was employed in order to aid with the identification of the product. The spectra
of the crude product confirm cleavage of 1-octene to heptanoic acid. All the catalyst
evaluated for the catalyzed oxidative cleavage of 1-octene gave heptanoic acid as the major
product.Complex B3 and B4 gave higher yields of the acid in comparison with complex B1

and B2. The higher conversion of the substrate by the former mentioned complexes was
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attributed to the steric bulkiness around the active metal centre. The dendritic catalysts, V3
and V4, gave higher conversion of the substrate/alkene in comparison to the dendritic
catalysts, V1 and V2, further confirming the results obtained for the mononuclear complexes
with the same quinoline moiety. The yields of the product reached 90%, catalyzed by

complex V6.

Thus it can be concluded that the oxidative cleavage of 1-octene with the synthesized catalyst

systems required only mild reaction conditions at room temperature to achieve the results.

4.5 Conclusion

The results of the present studies convincingly demonstrate the catalytic ability of Ruthenium
Il-complexes towards the catalyzed oxidative cleavage of 1-octenes with NalO, as a
cooxidant. Under the catalytic conditions setup for the oxidation of the substrate/alkene, it
can be thus concluded that the catalyst system reported herein for the first time are able to

oxidize the chosen substrate/alkene.

4.6 Materials and Methods

Infrared spectroscopic measurements in the range between 4000 and 450 cm™ were recorded
on Perkin-Elmer spectrum-100 Series FT-IR spectrophotometer. The 'H and *C NMR

measurements were recorded on a Varian XR200 MHz spectrometer. The *H and **C
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chemical shifts were referenced internally using the residual CDCl; (99.9%) and reported

relative to the internal standard tetramethylsilane (TMS).

4.6.1 General procedure for oxidative cleavage of 1-octene

1-octene (0.556 mmol), catalyst (0.002782 mmol), and NalO,4 (2.782 mmol) were added in a
biphasic solvent system [CHsCN (5 cm®), CCl, (5 cm®), and H,O (10 cm®)] with stirring. The
reaction mixture was stirred at room temperature for the times specified in Table 4.1. The
products were extracted with diethylether (3x10 c¢m®), dried over MgSO,, and evaporated

under reduced pressure.
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5.1 General Conclusions

The present study detailed the synthesis and catalytic application of mono-, bi- and
multinunclear ruthenium(ll) and rhenium(VII) metallodendrimers. These complexes were
synthesized from Schiff-bases (L1-L4 and DL1-DL4) that were synthesized by condensation
of primary amines and aldehydes in good yields. These Schiff-bases were subsequently
reacted with the respective metal precursors ([RuCly(dmso)s], [(p-cymene)RuCl;], and
CH3ReO3(MTO)) and formed complexes with the metals via nitrogen lone pair electrons.
The Schiff-base Re(VIIl) complexes, C1, C2, DC1 and DC2, were evaluated in the
epoxidation reactions of selected cyclic alkenes while the neutral and cationic mono-, bi- and
multinuclear ruthenium(ll), B1-B5 and V1-V6, complexes were tested as catalysts in the

oxidative cleavage of a selected straight chain alkene.

The mono-, binuclear Schiff-base complexes of methyltrioxorhenium (MTQO), C1 and C2,
and 1% and 2" generation Re(VI1) metallodendrimers, DC1 and DC2, were evaluated in a
comparative study as catalysts in the epoxidation of selected cyclic substrates/alkenes, i.e.
cyclohexene and cis-cyclooctene, respectively. These Schiff-base complexes of MTO, both
the discrete mono- and binuclear as well as the metallodendrimers were efficient catalysts in
the epoxidation reaction of cyclic substrates/alkenes. The Schiff-base Re(VII)
metallodendrimers exhibited superior catalytic efficiency than the mono- and binuclear
Schiff-base Re(VII) complexes, i.e. catalytic activity. The complexes, C1, C2, DC1 and
DC2, displayed high selectivity towards the formation of epoxides with no significant

formation of side products.
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The mono-(B1-B4), bi-(B5) and multinuclear(VV1-V6) neutral and cationic Ru(ll) complexes
were also subjected to a comparative study as catalysts in the oxidative cleavage of 1-octene.
The chelating neutral and cationic 1%- and 2"-generation Ru(ll) arene complexes based on
the poly(propyleneimine) dendrimer scaffold gave higher yields in comparison to the mono-
(B1-B4), and binuclear(B5) neutral and cationic Ru(ll) complexes. In the catalyzed oxidative
cleavage of 1-octene, the catalytic active species was confirmed to be ruthenium tetroxide,

RUO4.

In general, the thesis has clearly described the synthesis, characterization and catalytic
application of various chelating flexible Schiff-base complexes of Ru(ll) and Re(VII) as
catalysts for the oxidative cleavage and epoxidation reactions, respectively. The thesis
explores new possibilities of development of environmental friendly and efficient catalysts
based on dendritic scaffold. In brief the thesis has contributed to Inorganic synthesis and

homogeneous catalysis.

5.2 Recommendations

It is within the study of these synthesized complexes to try and better some of the short
comings that arose from the study. It was discovered that the Schiff-base complexes of
methyltrioxorhenium (MTO) were sensitive to moisture, light and temperature. The bi- and
multinuclear Re(VII) complexes hindered thorough characterization as they decompose
before they could be analyzed by some of the spectroscopic techniques at hand. It is

recommended that a trial for stabilization of these Schiff-base MTO complexes should be
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carried out to gain their better understanding. Also their crystal structures should be obtained

through growing of crystals and resolving them crystallographically.

The scope of the epoxidation reactions should be widened to include more sensitive alkenes
because the epoxidation catalysts behave extremely well during the study of cyclohexene and
cis-cyclooctene, respectively. The investigation should involve the epoxidation of long chains

alkenes and sterically hindered cyclic alkenes.

It is also recommended that in the future, the catalytic reaction conditions for the Ru(ll)
catalyzed oxidative cleavage of alkenes be modified in order to homogenize the solvent
mixture so as to quantify the catalytic ability of the prepared complexes. Long chains alkenes

(> C8) and cyclic alkenes are to be evaluated using the catalysts in the future.
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ANNEXURE: Chapter 2

E

G

H

'H NMR spectrum of the ligand L1.

'H NMR spectrum of the ligand L3.

'H NMR spectrum of the dendrimeric quinoline based ligand DL3.

1H NMR spectrum of the neutral mononuclear ruthenium complex B2.

ESI-MS spectrum of ligand L4 showing [M+H]" fragment (indicated by arrow).

ESI-MS spectrum of dendrimeric ligand DL4 showing [M+H]" fragment (indicated by arrow)

ESI-MS spectrum of the neutral dendritc complex V4 showing [M+H]" fragment (indicated by arrow).

ESI-MS spectrum of the homobimetalic complex B5 showing [M+H]" fragment (indicated by arrow).
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AVB-L5 proton in cde13 22-05-2012
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18 1114.256 5.570 2.4
19 1056.381 5.281 3.0
20 1020.851 5.103 14.1
21 37.705 4,188 5.2 N
22 35.948 3.879 5.2
23 46.438 3.732 8.3 |
24 07.673 3.038 5.0 N
25 11.705 2.558 3.6
26 95.224 1.976 14.1 =
2?7 11.345 1.056 4.8
28 -176.9323 -1.384 1.5
L3
T e — —_——— T .
12 11 10 9 3 7 6 2 1 -0 -1 ppm
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AVB_- DIL2 2 L 80
i 80
AVB_- DL2_2_ AVB - DL2.2.
60 L 60
40 40
JMLJM\\ZO -
\‘\\‘s‘\‘»‘\‘\‘\70 ‘ ‘ : 0
86 84 82 80 78 76 74 72 7.0
f1 (ppm) 2.5 2.0 1.5
f1 (ppm)
15
/_N
16
DL3
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

170
- 160
;150
;140
;130
;120
;110
;100
90
80
70
- 60
50
- 40
30
;20

10
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AVB-MC5 proton in cdcl3
Pulse Sequence: s2pul
Solvent: CDC13
1760 AYBINGS -protorncdcls
P _AVB-MCS- Scde INDEX FREQUENCY PPM HEIGHT INDEX FREQUENGCY PPM HEIGHT
GEMINI-200 ‘uwcchem200 1 2052.848 10.262 4.0 36 437.205 2.485 5.8
2 1727.214 8.634 9.3 37 475.989 2.399 5.0
Relox-,2%1%Y, ar 000 =ec 3 1675.201 8.374 10.5 38 a438.232 2.191 5.0
Acg. time 1.994 sec a 1666.776 B.332 13.6 39 338.600 1.693 22.8
Wioth Suop.s Hz 5 1661.281 8.304 10.8 a0 289.517 1.447 7.1
6 1652.857 8.262 12.7 a1 252.521 1.262 8.8
R ocehsy 2000472585 MHz ? 1637.106 8.184 17.0 42 245.195 1.226 8.7
Line broadening 1.0 Hz 8 1629.048 8.143 8.9 43 237.870 1.189 6.6
FT size 16384 9 1616.059 &.088 15.4 aa 179.263 0.B96 6.1
Total time 1 min, 38 sec 1e 1609.634 B.046 12.4 as 16.9%5 0.085 7.3
11 1592.785 7.962 10.8
12 1584.726 7.922 1a.5
13 1S73.371 7.865 16 .2 12
14 1565 .679 7.827 14.8
15 1551.394 7.755 13.6
16 1544.800 7.722 12.7
17 1523.556 7.616 8.7
18 1516.230 7.579 8.5
19 1509.270 7.545 5.9
20 1456.524 7.28B1 100.1
21 1062.859 5|318 8.0
22 837.856 4| 188 15.2
23 774.854 3/873 7.3
24 764.964 3824 11.4
25 729 _300 3| 648 14.4a
26 709_654 a[547 43.s
27 706.357 3|531 58.3
28 704.160 3[520 53.5
29 695.735 3|a78 40.1
30 691.333 3|ase s0.2
31 669.362 3[346 31.7
az 653.978 3|269 15.7
33 617.715 aloss 6.5
34 549.584 2[747 28.9
3s 527.241 2[636 146.1 B2
et e TSR T T T T T T T T T T T
12 11 10 g 8 7 6 S 4 3 2 1 ~0 -1 ppm
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IAVB L4
MS_Direct_121106_20 50 (0.261) Cm (39:55) 1: TOF MS ES+
100+ 369.09 2.66e5
367.09
N N
7
%.| =
371.08
[M+H]
375.08
302.12 365.09
267.16 28915 ro0n 381.10 577‘35281 "
325.1 B . . . -
el I Wi [ s o |5 o
0-Leay ' \’ | L ‘\Hl‘r. ekt rH‘M ‘l " Lty “HM‘\ b ' i el ; b \‘\‘ ‘M SO OO PO 7 " ’ ' ’ » y ey ¥ . 5 miz
260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760
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1: TOF MS ESH

IAVB DL4
MS_Direct_121106_23 24 (0.144) Cm (22:26)
100, 7577876078
/:\ 756.77 [M+H ] +
/_% 755.77
874.80
\W;N \_<:Q 834.76 876.79
754.76 877.78
833.77 918.81
873.80
799.77
87281 916.81
796.78 879.78
% 838.76
762.79 832.79 915.82
736.76 920.81
738.78
735.76 WE 871.81 914.81
; 831.79
73476 753.75 80176
777.79
77879 807 840.77
752.76
776.74 scosd 881.78
77477 84277 91381
72180 73277 794.79 828.79 92281
720.79 793.8Q 803.77
780.79
703.84 74285 s65.5 912.80
700.83 | _704.86 764.80 -
705.85 790.81 854.77
698.8 772.74
679.81

630 640 650 660 670 680 690 700 710 720 730 740 750 760 770

L AR ALl Ui
780 790 800 810 820 830 840 850 860 870 880 890 900 910 920 930 940 950 960 970

4.38e3
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[AVB DC5
MS_Direct_121106_22 24 (0.144) Cm (22:26)
411.94
100,
413.94
410.94
%-
409.94
408.94
37092
43087
449.92
369.93
368.92
466.94
367.92
333.94
24715 30891
296.94 501.01
29291
A i
200 300 400 500

1: TOF MS ESH
3.07e4
0\ .
N NJ—/ ‘\—\>N/—/>C\Ru/c
/N _/ —
— N N—
[M+Na]
757.79
7867 836.76 g73.79
754.7 917.81
796.78
738.78 920.81
921.80
732.76
‘ ‘ ‘ 924.81
‘ Ll \\H LS i \H ity " L " i m o
U U T U f I T f T T T U T m/z
600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
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AVB BCZ
MS_Direct_121106_18 50 (0.261) Cm (50:58)

100

% _

688.57

687.53

680

700.56

702.56

700

714.57

728.61

733.58
715.58

726.60

740.64

!
720 740

756.63

754.66

796.73

794.70

782.70

760 780 800

806.12

807.11

809.11

810.12

811.11

820

[M-2PFq]*

824.76
825.74

838.77

842.70

Ml
840

1: TOF MS ES+
* 1.10e3

N\ N N \ / N
Cl—Ru Ru—=Cl

R5

955.09
871.72
870.74 921.11 953,07 959.10
876.75
919.11 951.10
20
508 gog07 )| | 92810
884,74
961.13
931,10
984,81
1012.83 1054.90 1076.81

‘\ “\H“H‘ | it
860 880 900

920

940

989.90

960 980

100171 1036.74 104672 | 1056.89
1014.84

1057.88 1079.01

1079.25

‘H‘ M\ LA | “ il ‘ ‘ /

miz
1000 1020 1040 1060 1080
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