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ABSTRACT

In this thesis we describe the synthesis of several carbonyl complexes of molybdenum and
tungsten, compounds (C1-C10). The compounds C1- C4 are zero valent carbonyl complexes
containing N-base ligands prepared by following a common synthetic procedure.
Compounds C1 and C2 were metal pentacarbonyl of 3-(1-methylpyrrolidin-2-yl) pyridine

while C3 and C4 are metal tetracarbonyl complexes of 3, 5-dimethylpyrazole, (M=Mo, W).

The compounds C5-C10 are divalent metal carbonyl complexes. Compounds C5 and Cé6
were 3,5-dimethylpyrazole dibromotricarbonyl metal complexes prepared from the
dibromotetracarbonyl metal dimers at room temperature while the compounds C7 and C8
were cyclopentadienyl halogenoaryltricatbonyl — complexes™ prepared from the

cyclopentadienyl metal dimers.

Compounds C9 and C10 were prepared from cyclopentadienyl metal dimers by reacting the
[CpM(CO);]" anion with CCly ‘to' obtain [CpM(CO);Cl] ‘and ' further reacted with 3-(1-
methylpyrrolidin-2-yl) pyridine.” All the compounnds, C1-C10, were characterized by the
standard analytical techniques such as FTIR, IH, Be NMR; and UV-Vis spectroscopy.
Compound C4 was characterized by X-ray crystallography. The structure is depicted as

having a distorted octahedral geometry around the metal centre.

The compounds C1-C10 were then tested towards the epoxidation of selected cyclic and
straight chain alkenes. The substrates used were cis-cyclooctene (Cys), 1-octene (Cg)
cyclohexene (Cys), 1-hexene (C¢) and styrene (Sty). The epoxidation reactions were carried
out at a temperature of 55 °C using tertbutylhydroperoxide (TBHP) as the oxidant and

dichloroethane (DCE) as the solvent. The metal carbonyl complexes were pre-activated by



first reacting them with the oxidant TBHP to obtain the metal-oxo complexes which are the
active compounds for epoxidation reactions. The products were analyzed using GC
techniques. The compounds, C1-C10 showed a promising activity towards epoxidation
reactions owing to the high conversions obtained by these compounds. For example,
conversions of 81% (1-octene), 90% (cis-cyclooctene) were obtained by compound C5, 87%
(cis-cyclooctene-compound C3, 95% (cis-cyclooctene-compound C7) and 69% (cis-
cyclooctene-compound C4) for an average period of 24 h. The divalent metal carbonyl
complexes showed a higher activity but with poor selectivity towards the expected epoxides

compared to the zero valent metal carbonyl complexes.
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CHAPTER 1

1.0 Introduction

Transition metal complexes have received great attention over the years because of their vast
application as catalysts in several chemical transformations and biological reactions. The
chemical transformation of organic compounds into different useful intermediates and
finished compounds make use of the transition metal properties such as variable oxidation
states. Some of the catalytic reactions to which they have been applied include
oligomerization, polymerization, C-C coupling, epoxidation and oxidation reactions among

other applications [1].

The suitability of any transition metal complex as a catalyst depends on its performance and
economic efficiency. Highly selective, thermally stable and highly active catalysts are
generally preferred particularly for-industrial applications. The various chemical properties
associated with these transition metals explain their preferential use as catalysts. Moreover,
different ligands systems can be ‘easily coordinated onto them to modify their chemical
properties and catalytic performance. Moreover, they can be easily designed for a particular

reaction and also to suit a particular reaction condition.

The transformation of alkenes into the corresponding oxiranes/epoxides and involving the
addition of oxygen atom onto the double bond of the unsaturated organic compounds is one
of the catalytic processes that heavily utilize the transition metal compounds [2,3]. The
resulting epoxides are important intermediates which can further undergo ring-opening
reactions with various reagents to give mono- or bi-functional organic products as illustrated
by scheme 1.1 These products are important both in the chemical and pharmaceutical

industries [2,4].
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Scheme 1.1: Ring opening reactions of epoxides

Epoxides are produced in large scale for applicatien. in the manufacture of other chemical
compounds such as surface active agents, fumigants, synthetic resins, cements, adhesives,
fine chemicals and anti-freezing additives. However, small scale  production of epoxides is
aimed at synthesizing chemicals and reagents for laboratory and pharmaceutical use, for
example, synthesizing therapeutic-drugs, agrochemicals-and food additives [5]. Some of the
transition metals which have been applied in catalytic epoxidation include those from group
5, 6 and 7 such as V, Mo, W, Cr, Mg and Re [6-8]. Of these, Mo and W metal complexes
have shown high efficiency in the laboratory and industrial catalytic epoxidation [9,10]. Out
of the various Mo and W catalysts investigated towards epoxidation, nitrogen base complexes
are numerous because of their favourable thermal and electronic properties. This thesis
therefore focuses on the synthesis and characterization of metal carbonyl complexes of
molybdenum and tungsten and their application as epoxidation catalysts on some selected
alkenes. The complexes prepared in this work include the nitrogen-base zero valent and
divalent metal complexes. The catalytic evaluation carried out is aimed at establishing the
electronic and steric effects of the substrates on the catalytic activities of these new

complexes. The following section discuses the chemistry of the zero valent molybdenum and



tungsten complexes. The section ellaborates the chemical properties of different ¢ and -
donor ligands such as carbon donor (carbonyl), non-carbon donor (N-, P-, Cl, Br, Alkyl),

straight chain and cyclic unsaturated organic molecules.

1.1 Zero valent molybdenum and tungsten carbonyl complexes

Organometallic chemistry of molybdenum and its chemical analogue, tungsten dates back to
the mid 20" century. These transition elements of group 6 exhibit a range of oxidation states
i.e. from -2 to +6. This wide variation of oxidation state enhances their diverse chemistry and
influences the nature of the complexes they form. Typically, their halides and oxides
commonly exist in high oxidation states, +4 to +6 while the carbonyls complexes have low
oxidation states ranging between -1.to+1. The halidcsand oxides of these metals are prone to
hydrolysis while their carbonyls compounds are relatively stable. The oxidation states
between +2 and +4 are characterized by a mixture of halide, oxide and carbonyl complexes

and display diverse and interesting types of reactions [11].

The transition metal carbonyls are one of the ‘most important types of metal complexes
known for a long time, for instance” Mo and W hexacarbonyls are the known most stable zero
valent carbonyl complexes of these two transition metals. They are white, air stable
octahedral structured crystals characterized by IR stretching frequencies of 1998 cm™ and
2004 cm™ assigned to the carbonyl bond. Other zero valent complexes which can be derived
from the metal hexacarbonyls include a mixture of C=O and other electron donor ligands

such as N-, P-, As- and O- donor coordinated complexes.

In general, Mo and W complexes display close similarity in terms of their chemical
propertiesand when compared to Cr, which is the first element in the group, they show
significant differences [12,13]. In all these complexes, the carbonyls act as Lewis bases.
Since different Lewis bases have different electron donor and acceptor abilities, they
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influence both the properties of the metal centre and the existing neighbouring ligands and
depending on these properties, the Lewis base ligands can be classified as carbon-donor

ligands, non-carbon donor ligands, unsaturated straight chain and cyclic organic molecules.

1.1.1 Carbonyl Ligands

Carbonyl ligands are good m-acceptor compared to other electron donor ligands. They can
therefore stabilize electron-rich low-valent metal centres [14]. The bond between the metal

and the C=0, (M-C=0) exhibit three types of interactions, as shown in Figure 1.1 below.
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Fig 1.1: Types of M-CO bond interaction (A-C)

The carbonyl ligand can also exhibit three bonding modes; piterminal, u,-bridging and ps-

bridging modes as shown in Figure 1.2.
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Fig. 1.2: Metal- carbonyl bonding modes (a-c)



The stretching frequencies of the carbonyl ligand decreases as the bonding mode moves from
terminal (1850-2120 cm™ ) to p,-bridging (1720-1850 cm™ ) and to p3-bridging mode (1500-
1730 ¢cm™). These carbonyl complexes and their derivatives are the most studied type of

transition metal complexes due to their relative thermal stabilities.

1.1.2 Lewis base Ligands

Lewis base ligands are non-carbon ¢ donor ligands with the ability to form complexes by
donating one or more lone pair of electron to the empty d-orbitals of the transition metal as

shown in Figure 1.3.

H
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2e-donor 2¢-donor 4e-chelating

a b ¢
Fig 1.3: Lewis base coordination to the transition metal (A-C)

These include group 15 (N-, P- and As-), group 16 (O-, S<, Se-) and group 17 (F, CI', Br ,
and I') donor ligands. The stabilities of their complexes are defined with the ability to donate

the electrons to the metals empty d-orbitals.

1.1.3 Unsaturated straight chain organic molecules

Unsaturated organic molecules such as alkenes and alkynes can also act as Lewis base sigma
donor ligands. The alkene ligands also accept back-donation of electrons into their empty 7*-
orbitals as shown in Figure 1.4. Through the ¢ and n*-orbitals back-donation, they are able to

coordinate to the transition metal.
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Fig 1.4: Coordination of straight chain alkenes

1.1.4 Unsaturated cyclic organic molecules

Cyclic unsaturated hydrocarbons such as benzene, cyclopentadienyl, indene, mesitylene and
phenanthrene are also Lewis base ligands because-they have n- electrons. They coordinate
onto the transition metals by donating their resonating w-clectrons into the empty d-orbitals of
the metals [15,16]. The reaction of these unsaturated cyclic hydrocarbons and the metal
hexacarbonyls proceed according to equation 1 below [17,18].

Reflux
M({CO)s + L, ————p [LM(CO)];............ eq 1

M=Mo, W; L ;= Cyclic,alkenes

These cyclic unsaturated hydrocarbons exhibit different coordination modes which are
defined by the number of electrons donated to the empty d-orbitals of the transition metals.
When these cyclic unsaturated hydrocarbons are thermally or photochemically reacted with
the metal carbonyls, the type of coordination mode they exhibit determines the number of
terminal carbonyl ligands substituted. The three diagrams in Figure 1.5 illustrate three
different coordination modes of cyclopentadienyl ligand: 5’ (A), n° (B), or n' (C)

coordination modes.
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Fig 1.5: Coordination modes of cyclopentadienyl ligand (a-c)

1.2 Divalent molybdenum and tungsten carbonyl complexes

The Mo and W are also able to form hepta-coordinated complexes and bind weakly
coordinating ligands which improve or impose novelty in their catalytic activities and
photochemical properties. These hepta-coordinated complexes in most cases exist as divalent
complexes derived from the parent hexaearbonyls: Like.the zero valent transition metal
complexes, these divalent complexes also exhibit the stable 18-electron configuration [19].
Some of the examples of these hepta-coordinated metal complexes include [M(CO)4X:]s,
[MX,L,(CO)3] and [CpM(CO);X] @ complexes, (M=Mo, W; L= phosphines, arsines and
nitrogen bases; X=halides; Cp = cyclopentdienyl). The individual complexes are discussed in

the following sections.



1.2.1 Dihalotetracarbonyl Mo and W dimer complexes

The dihalotetracarbonyl metal dimers, [M(CO)4Xz]» (M=Mo, W; X=Br, Cl) are prepared by
photochemical oxidation of the metal hexacarbonyls in cyclohexane in the presence of the
halogens or directly in CCl4 [20-22]. Alternatively, they can be prepared by halogen oxidation
of the metal hexacarbonyl in dichloromethane at -78 °C [23]. They exist as dimers because
their mononuclear species, 16 electrons configuration, are very unstable and decompose
rapidly in air. They are reported to be good starting materials for several reactions including
the preparation of hepta-coordinated tricarbonyl complexes. These Aalo-bridged complexes,
[M(CO)sX3]2, (M=Mo, W; X=Br, Cl) Fig. 1.6, readily dissolve in coordinating solvent such

as acetonitrile to give corresponding monenuclear.complexes.[22.24].
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M =Mo, W; X= Br, CI
Fig 1.6: Structure of dihalotetracarbonyl metal dimer
The [M(CO)4Br;], (M= Mo, W) dimers are orange powders and can be handled in air when
dry. They have been tested towards metathesis of alkene and are found to be able to retain
their catalytic properties for more than six months if stored under inert atmosphere at 253K

[25].



1.2.2 bis-coordinated dihalotricarbonyl Mo and W complexes

The hepta-coordinated complexes, [MX,L,(CO);], (M= Mo, W; X= Cl, Br, I) are
successfully prepared from dihalotetracarbonyl metal dimers, [M(CO)4X,]; by stirring the
neutral ligands together with the metal dimer, equation 2, in non-coordinating solvents or by
displacement process of the weakly coordinating solvent molecules such as acetonitrile and
tetrahydrofuran [26, 27, 28]. The ease and the faster rate with which the carbonyl ligands are

displaced in these types of dimer complexes predicts their possible use as catalysts precursors

[25].
co x €O L L
x | %
\\\\CO\ N0 2L v/
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s / | X ¢DCMit ——
TN T 5T |
co X cCo €o

M=Mo, W; X=Br,Cl; L= Neutral ligands
Scheme 1.2: Synthesis-of seven-coordinated-metal-carbonyl complex

Similarly, the above compounds may be prepared by oxidation of the zero-valent tricarbonyl

complexes with the halogens at 195 K, equation'3 19, 29]

L;M(CO); + X, —— L,M(CO)X; + CO oo eq3

M=Mo, W, L= neutral ligand, X=Br, Cl
Interestingly, Westland and Muriithi observed that the dihalotetracarbonyl metal dimers,
[M(CO)sX3], (M=Mo, W; X=Br, Cl) react with weaker field ligands with low stabilizing
ability such as nitriles, pyridine and tetrahydrofuran via disproportionation of the M(II) to
give both the zero M(CO)s and the trivalent, [MX3L3;] compounds while strong stabilizing
ligands such as As- and N- donor ligands preserve the oxidation state of the metals. They also

observed that the tungsten analogue, [W(CO)4Cl], reacted with pyridine via a
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disproportionation to W(0) and WCl4(Py), and that the WCly(Py), further transform to
WCI3(Py); upon raising the temperature to 140 °C [30]. The bromo- and chloro- derivatives
of these hepta-coordinated complexes have been reported to have one geometric
conformation in solid state which is depicted with the three carbonyl stretching frequencies
observed in their IR spectra. In most cases they exhibit distorted capped octahedron geometry
about the metal centre. Their structures as studied by Drew ef al. have one carbonyl ligand in
the unique capping position and one of the halide atom in the capped face [31]. The halide

atoms are depicted to be in mutual trans position with each other [31-33].

1.2.3 Cyclic alkenes tricarbonyl metal (II) complexes

The other type of divalet transition-metal complexes invelve {LaM(CO);X], (M=Mo, W; L=
CsHs, CsMes, indene, mesitylene; X=alkyl, CL, Br, I). These complexes are easily synthesized
from the [L,M(CO);]> metal dimers. Scheme 1.2 illustrates the general synthetic procedure

for mononuclear cyclopentadienyl metal (IT) complex [34].

M=Mo, W; L=Alkyl, halide

Scheme 1.3: Synthesis of hepta-coordinated cyclopentadienyl tricarbonyl (II) [35]

The reaction proceeds through the initial formation of intermediate, [CpM(CO);] anion as
shown in equation 4, which further react with the L moiety to produce [CpM(CO);L]. The

[CpM(CO);] ion can also be obtained by photolytic homolysis of the metal dimers [36,37].
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[COM(CO)]y;  —— 2 [CPM(CO)]"  eoseeeseessmmmmsneens eq 4

Dessy et al. observed that the chemical reduction process, equation 4, which leads to the
formation of [CpM(CO);]” ion is an irreversible process [38]. However, starting with
molybdenum hexacarbonyl, Abrantes et al. synthesized chloro derivative, [Cp’Mo(CO);Cl],
(Cp* = CsMes) [35]. The metal hexacarbonyl was refluxed in propanitrile. The
[Mo(CO)3(EtCN)3] was isolated and Cp* dissolved in toluene was added and the mixture
stired at room temperature. The CCly was then added to obtain [Cp*Mo(CO);Cl], (Cp* =
CsMes). The complexes could be easily handled in the air for a long period without

decomposition [35].

1.3 Substitution reactions of metal hexacarbonyls

The pioneering work on the organomolybdenum chemistry was-done by the Nobel laureates
Fischer and Wilkinson. They suceesstully synthesized molybdenum.carbonyl derivatives by
substituting terminal carbonyls with' molecules such ‘as arenes, azulenes, n-cyclopentadienyl,
cycloheptriene, and benzene. Later, the application studies on the roles played by
molybdenum in bio-enzymes, high solubility of its salts, abundance and its ability to catalyze
olefin disproportionation revolutionized the study of the chemistry of molybdenum [39-41].
Most of these properties are simillarly exhibited by W within the same group as Mo. The
modern synthetic chemistry aims at stabilizing the known short-lived organometallic
intermediates in reactions to utilize their unique properties in the syntheses of other prime
compounds [42]. The processes such as carbonyl ligand substitution from the Mo and W
hexacarbonyls and subsequently their derivatives are essential in understanding the chemistry

of these transition metal complexes either as chemo- or biocatalysts [43]. The terminal
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carbonyl ligands of the Mo and W hexacarbonyls are normally strongly bonded and the
complexes are very stable such that most Lewis base ligands cannot easily displace them.
However, their derivatives with ethers, nitriles and amines provides an easy starting
compounds for the syntheses of other Lewis base derivatives because they are weakly
coordinating ligands [44,45]. The process of ligand substitution in these transition metal
complexes depends on: the overall electron count of the metal complex, the existing ligands
on the metal and the steric and electronic properties of the coordinated and the incoming
ligands. More specifically, it largely depends on the level of coordinative saturation of the
parent metal complexes. Thes.e properties put together may lead to either ligand substitution
or addition in the complex. Coordinatively saturated complexes exclusively prefer the
dissociative substitution pathway while the Coordinatively unsaturated complexes usually
incorporate the incoming ligands, .except-for few cases when they have to undergo ligand
dissociation [46]. The substitution of the carbonyl ligands in Mo and W hexacarbonyls by
Lewis base occurs through a dissociative substitution —pathway because the metal
hexacarbonyl themselves are coordinatively saturatediand the Lewis bases are better electron
donors [47]. The process takes ‘place in steps Jand. up (to three (carbonyl ligands can be
displaced by Lewis base donor ligands from groups 15 and 16 (N-, As-, P-, O-, S-) as well as
unsaturated hydrocarbons [13,48]. The process go through a complete meta-carbonyl ligand,
M-C, bond rapture resulting into dissociative loss of a CO ligand followed by the

diplacement by a Lewis base ligand, equation 5 and 6 [49].

M(CO)y — 3 M(CO)* + CO  M=Mo, W ..occooo. eq 5
M(CO)s* + L —» M(CO)sL  M=Mo, W................. eq 6

L- Lewis base ligand

* cordinatively unsaturated metal carbonyl (16-electrons system)

12



The dissociation of the C=O from the metal hexacarbonyl, equation 5 results into a
pentacarbonyl intermediate, M(CO)s*, (M= Mo, W). The central metal environment in the
intermediated is similar to that in coordinative unsaturated state (16-electrons). These
coordinative unsaturations make the intermediates very reactive hence it shows non-
selectivity towards reaction with any two different and competitive incoming Lewis base
ligands [50]. Strong lone pair electron donors immediately coordinate onto the metal centre
forming a o-bond. The resulting derivatives are then stabilized by the removal of the negative
charge supplied by the incoming Lewis base ligand through the ligand—metal interaction. As
it is well known, the metal back-donates the electrons from filled metallic d-orbitals into

vacant antibonding n*-orbitals of the ligands as shown in Figure 1.7 {47].
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Figure 1.7: Lewis base ligand o-bonding and. transition metal s-back-donation to the n*-

orbital of the trans carbonyl ligand

The effect of back-donation process is observed when the IR stretching frequencies of the
terminal carbonyl ligand/s trans- to the Lewis base ligand/s are relatively higher than the cis-
carbonyl ligands. This IR stretching frequencies can be used to distinguish the carbonyl
ligands on the trans position from those in the cis position. The IR stretching frequencies of
the carbonyl bond of frans-carbonyls appear higher compared to the cis-carbonyls [51]. The

extent to which the n- back-donation takes place is influenced by the number and nature of
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the Lewis base ligand [46]. Figure 1.8 shows the effect the nature of the Lewis base ligand on

the stretching frequencies of the trans carbonyl ligands.

PPh, /_ P\<h2
thHP\ _ PHPh, thHP\ /\S thHP\ /o
M
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|
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IR, CO=2011 cm’! IR, CO = 1987 cm’! IR, CO = 1983 cm’!
a b c

M=Rh; PPh, > P=§ > P=0

Fig 1.8: Effect of o-donation on the IR stretching frequency of the frans carbonyl (a-c) [46]

Good o-donating ligands do not ¢ompete with the carbonyl for the m-back-donation and
therefore increases the M-C=0 bond strength. They do not compete for the meta- to n-back
bonding. The illustration in Fig 1.8 shows that PPh, is‘a better 6-donor than P=S and P=0.
The electron-back-donation to the terminal ligands, particularly to'the trans carbonyl ligand
is also influenced by the nature of the metal centre; it is observed to be greater for Mo

compared to W because W is electron rich than Mo [52].

On the other hand, the poor charge acceptance property exhibited by the Lewis base ligands
explains why only up to three terminal carbonyl ligands of the metal hexacarbonyl can be
substituted for a mononuclear complex. This is because the extra charge on the metal centre
donated by the coordinated Lewis base ligands are transferred to the n*-orbitals of the

carbonyl carbon. This back-donation process makes the M-C=O bond stronger but weakens

the trans C=0 stretching frequency [53].
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This also explains why consequent substitution of the C=O ligands on a metal carbonyl
derivative involves the displacement of the cis-carbonyl ligands rather than their trans-
counterparts [54]. However, halides and ligands with electron donor and acceptor properties
similar to carbonyl ligands such as acetylene can displace all the C=O ligands [47]. Ligands
with poor electron donors and 7m- acceptor ability compared to C=O such as pyridine and
amines do not compete with the trans-C=0 ligands for n-back-donation and thus are regularly
used to synthesize other Lewis base donor complexes [43]. Their complexes show higher IR
stretching frequencies for the frans carbonyls compared to other N-, donor ligands as well as

P- and As- ligands.

The back-donation is also believed to create a mesomeric form, M =C= O on the trans-
carbonyl, where the negatively charge oxygen atom, O, repels any incoming Lewis base
ligand. These two observations strongly suggest the preference of formation of cis-isomers
for bis-coordinated metal tetracarbonyl (Fig 1.9a) and fac- isomers of the #ri-coordinated
metal tricarbonyl complexes (Fig. 1.9b). However, bis-tetracarbonyl complexes of the #rans-

isomers have been isolated in good yields when the refluxing time is lengthened [55].

0Cy,, | wCO 0Cs,, | wCO
tr,, 1Y ‘M
M
R | N, il | v
co L
a b

Fig 1.9: (a) cis-bis-substituted tetracabonyl (b) fac-trisubstituted tricarbonyl
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The polarity of the zero valent transition metal carbonyl complex derivatives increases from 0
to 3-coordinated complexes. This is because as the number of the poor electron acceptor
ligands increases the charge also build up on the metal centre [47]. This explains why the
solubility of the neutral ligand metal carbonyl complexes in polar solvents increases with
increase in the number of coordinated ligands. However, the n-bonded complexes such as
[(diglyme)M(CO);], [(indene)M(CO)3], (M=Mo, W) have similar properties as the parent

carbonyls. They are non-polar, volatile and soluble in most organic solvents.

1.4 Nitrogen-base carbonyl complexes of molybdenum and tungsten

Transition metal carbonyl derivatives of nitrogen donor ligands have attracted a lot of
interests owing to their thermal stability “and™ betterelectronic_properties for catalytic
applications [56]. Specifically, the molybdenum and tunigsteni metal derivatives have been
widely investigated for application in various catalytic reactions such as oxidation and
polymerization [57,58]. They may be prepared through photo irradiation of the respective
metal hexacarbonyl and the nitrogen bases, in,weakly coordinating solvents or by substituting
the hemilabile ligands of the tramsition metal carbonyl derivatives with the strong nitrogen

donor ligands {55, 59, 60].

The structural stereochemistry of these carbonyl derivatives can be easily deduced by their IR
spectra. This is because the carbonyl region (1800 cm™ and 2100 cm™) in the IR spectrum is
very unique for each complex [55]. The patterns of the carbonyl stretching frequencies
successfully distinguish one coordination type from another and are therefore finger printing.
Generally, the mono-substituted Mo and W pentacarbonyls show IR stretching frequencies in
the region between 1800 cm™'- 2080 cm™. The IR band of the highest stretching frequency

which is characteristically weak is always assigned to the frans-carbonyl (2065-2080 cm™)
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for group 6 metals. In most cases, these pentacarbonyl complexes have square pyramidal
molecular structure and C4, symmetry [47,61]. They are known to be unstable complexes
with W forming relatively stable M(CO)sL compounds compared to Mo. They are slightly
air-sensitive in solution and therefore are preferably handled in inert atmosphere [62]. Bis-
substituted tetracarbonyls show four carbonyl stretching frequencies between 1800 cm™ and
2020 cm” in an octahedral molecular structure with C,, symmetry [60- 64]. The zero-valent
tri-substituted tricarbonyl metal complexes are usually characterized by three IR stretching
frequencies in the region between 1800 cm™ and 2000 cm™ which is unique for the fac-

isomers and are relative stable in solid state at low temperatures [65]

The molybdenum and tungsten catbenyl derivatives have. similar: preparation procedures,
however, the tungsten complexes, take relatively longer to prepare compared to those of
molybdenum because of low reactivity and stronger metal-carbonyl, M-C bond. King and
Fronzaglia observed that tungsten-hexacarbonyl-is-not-a suitable starting material for the
synthesis of olefin substituted metal ¢arbonyl complexes. However, they were able to
synthesis both molybdenum and |chromium | carbonyl derivative starting from the
corresponding metal hexacarbonyls. This observation is based on the fact that tungsten
hexacarbonyl is inert as a result of strong W-C=O bond created by both ¢ and drn-pzn back-
donations interaction [52,59,66]. The same property of tungsten hexacarbonyl explains why
Beall and Houk were not able to obtain any tungsten carbonyl derivative after refluxing
benzocycloheptatriene with W(CO)s and [W(CO)3;(MeCN)s] but were able to get traces of

similar products from Mo and Cr hexacarbonyl [67]
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1.5 Electronic Spectra studies

The electronic studies are conducted on the compounds to establish the formation of the
complexes and to identify if charge transfer reactions were taking place. This spectroscopic
study combined with the IR and NMR is very important for proposing the structures of the
transition metal complexes [68]. In general, chemical compounds have the ability to absorb
both the ultraviolet and visible light a feature which is distinct among different compounds.
The UV and visible light absorbed causes excitations of electrons in the ¢ and m-orbitals and
non-bonding orbitals within the molecules. It is therefore important to understand the
transitions resulting from the excitations in order to deduce the structures of these compounds
and to predict their reactivity. When a molecule-absorbs energy from the UV or visible light,
the energy is used to promote an electron. from Highest Oceupied Molecular Orbital (HOMO)
to the Lowest Unoccupied Molecular Orbital (LUMOQ). Out of the HOMOs, o-orbitals have
the lowest energy followed by the =-orbitals and the non-bonding orbitals (containing lone
pair electrons) consecutively. There are two unoccupied molecular orbitals; ¢* and n* [68].
Between the 6* and n*, the former has"a higher energy compared to the latter. In UV-Vis
spectroscopic study of the transition metal complexes, only the possible transitions are

expected to be visible and any extra band/s indicates a charge transfer state [69].

1.6 Catalytic epoxidation by molybdenum and tungsten complexes

Most of the compounds produced from chemical and pharmaceutical industries pass through
at least a catalytic step [70]. Catalysis is divided into three main sub-groups: homogeneous,
heterogeneous and biocatalysis. The divisions are based on the mode of interaction between
the catalyst and the substrate during the reaction [71]. Homogeneous catalysts exist in the
same phase as the substrates while heterogeneous catalysts exist in different phase.

Heterogeneous catalytic systems may exist as either a solid-liquid, immiscible liquid-liquid
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and solid-gas systems where the former is the catalyst while the latter is the substrate.
Enzymatic or biocatalysis on the other hand is based on the mode of substrate-catalyst active

site interaction [72].

Out of the many existing catalytic reactions, oxidation reaction is one of the main areas
common in academic and industrial research [71]. Olefins are some of the most important
substrates oxidized to other organic products such as epoxides, alcohols, aldehyde and ketone
in catalytic oxidation processes. They are not only applied in catalytic oxidation but also
susceptible to other significant synthetic and industrial catalytic reactions such as ring

opening, metathesis, oligormerization, polymerization and hydrogenation [70,73,74].

Due to relative stability of the double.-bonds of the-unsaturated organic molecules towards
different types of reactions, transition metal-compounds-are usually used to easily catalyze
them [22,75]. The prominence of Mo (IV) and W (VI)-oxo compounds came after Mioum
and co-workers discovered stable complexes which were capable of being employed for

catalytic epoxidation [76].

The M(IV)-oxo (M=Mo,W) compounds were found relatively unstable and decomposed
during their synthetic processes. However, they were later found to be easily derived from the
corresponding metal carbonyl precursors. The corresponding metal carbonyl complexes could
be easily transformed to the high oxidation state oxides and peroxides analogues, by
oxidative decarbonylation using various oxygen sources [77]. Figure 1.10 is a graph showing
the data obtained in a research conducted to establish the catalytic application of
molybdenum compounds between the year 1981- 2001 as depicted by the US patents. The
results show that molybdenum oxide compounds is highly used as catalyst compared to the

sulphide, carbide, and nitride compounds.
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Fig 1.10: Catalytic application of molybdenum compounds. US patents according to type of
compound [78]

Most of the high valent oxo-molybdenum and tungsten eomplexes studied for the olefin

epoxidation include among others, the complexes of cyclopentadieny! ligands and N- donor

base ligands such as bipyridyl, 3,5-dimethylpyrazoyl, amino, imidazole, porphyrin, oxazoline

phenanthroline and phosphorous ligands [79-82]. They were applied in epoxidation reactions

as illustrated in the following Scheme 1.3.

H H (9} H
Z H s
%, S %, 3 M=Mo, W
= M(IV)-oxo0 i i
/ \ + [0] ———— >
R R’ R R’

Scheme 1.4: General epoxidation reaction

These cyclopentadienyl and the N-donor complexes are most preferred because of their
ability to form thermally stable complexes and are resistant to oxidation as opposed to P-
donor complexes [83]. However, the metal- oxo derivatives are notably less air stable and

decompose rapidly in solution hence their corresponding metal carbonyl precursors which are
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easily transformed to metal-oxo by in situ oxidation are preferred for catalytic applications
[84]. The in situ oxidation of the carbonyl precursors takes place as depicted by Scheme 1.4
below [85,86]. Hydrogen peroxide and alkyl peroxides are preferably used as the oxygen
sources for both oxidative decarbonylation of the metal carbonyl precursors and epoxidation

[87,88].

L L
I ’x "0" |
M > M
7 = + 3CO
o/ co C I Ny
co o

M= Mo, W ,_L=Cp,€p*ligand,~X= Alkyl, halide

"0"=Oxygen atom from oxidants

Scheme 1.5: Oxidation of metal carbonyl precursor to metal-oxo derivatives

1.7 Mechanism of Epoxidation reaction

Various transition metal catalysts have been applied for both laboratory and industrial
epoxidation of olefins. For example, the methyltrioxorhenium, MTO and MoOj; have been
applied in industrial epoxidation of alkenes using the oxidants hydrogen peroxides, and
tertbutylhydroperoxide, TBHP respectively [89,90]. The mechanism of the epoxidation
process by these transition metal catalysts is proposed to occur through either of the two path

ways as shown in Scheme 1.5 [91, 92].
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Scheme 1.6: Mechanism of epoxidation of olefin [92]

Path A depicts that the reaction is initiated by-the bindingof the terminal oxygen atoms of the
oxidant to the metal centre. The oxidant is then activated by the catalyst in readiness for the
expected oxygen transfer. The alkene/substrate then binds to the activated oxygen atom;
Scheme 1.5-Path A. Path B illustrates an intermolecular nucleophilic attack of coordinated
alkene/substrate by the oxidant. The substrate together with the oxidant forms a five-member
metallacycle, producing an epoxide and a dioxo-peroxo complex, Scheme 1.5-Path B. In
either of the cases, the presence of the transition metal centre is a prerequisite for the transfer

of the oxygen atom from the oxidant to the alkene/substrate [93,94].

In the previously studied transition metal catalyzed epoxidation reactions, several oxygen
sources were used to produce the epoxide products. The oxidants used include molecular
oxygen, hydrogen peroxide, alkyl peroxides, urea-hydrogen peroxide, trymethylsilyl
peroxide, sodium hypochlorate among others [95].

From the discussion in this chapter, the propertics of Lewis base ligands and their
corresponding molybdenum and tungsten complexes are highlighted. The findings of this

review are very important in predicting the chemical and physical properties of these
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complexes towards their reactivity and molecular structures. The importance of the epoxides
as intermediates in the synthesis of other organic compounds has also been highlighted and
the process of catalytic epoxidation of alkenes/olefins into their corresponding epoxides is
discussed. Using these findings, we synthesized new metal carbonyl complexes, determine

their physical properties and to evaluate their catalytic activity towards epoxidation.

1.8 Aims and objectives

The review on the chemistry of the synthesis and properties of the zero- and di-valent
molybdenum and tungsten carbonyl complexes gives an insight of the unique characteristics
of these complexes that make them suitable for the application as catalysts in various
chemical reactions. Their recorded performatceas oxidation catalysts and ease of preparation
are some of the motivating reasons for the vast research work done, a fact that is supported by
the richly available literature material.
In this study new nitrogen base and cyclopentadienyl carbonyl complexes of molybdenum
and tungsten were prepared, characterized ,and, tested -for epoxidation of some selected
alkenes. The rationale behind the study was .to test new types,of both zero and divalent
carbonyl complexes of molybdenum and tungsten and to compare their catalytic performance
on epoxidation of both straight chain and cyclic alkenes substrate molecules. This was
motivated by the recorded performance of the two transition metals particularly toward
catalytic oxidation reactions.
The objectives of this study are therefore to:
i.  Synthesize and characterize nitrogen-base carbonyl complexes of Mo (0) and W (0)
ii.  Synthesize and characterize dibromo nitrogen-base carbonyl complexes of Mo(II) and

W(II)
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iii.  Synthesize and characterize cyclopentadienyl carbonyl complexes of Mo(IT) and
w({n
iv.  Evaluate these compounds olefin epoxidation of some selected alkenes
v.  Compare the catalytic activities of these compounds on epoxidation.
The next chapters discuss the synthesis and characterization and the results obtained from

characterization and catalytic evaluation of these metal carbonyl complexes towards catalytic

epoxidation.
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CHAPTER 2

2.0 Experimental Section

2.1 General remarks

All reactions were carried out under dry and oxygen-free nitrogen atmosphere using analar
grade reagents and chemicals, nitrogen/vacuum line and following the conventional Schlenk
techniques. The solvents used were purified according to standard procedures and purged
with dry, oxygen-free nitrogen before being stored in tightly sealed solvent storage bottles
[1]. The solvents, Acetonitrile (MeCN) dichloroethane (DCE) and dichloromethane (DCM)
were dried over phosphorous (V).-exide (P»O3) refluxed and. distilled under nitrogen.
Tetrahydrofuran (THF) and hexane were dried over sodium wire, refluxed and distilled under

nitrogen too.

Metal precursors [M(CO)4Br;]» . (M=Mo,W). were prepared according to the literature
procedures [2] and details are given in section, 2.5.3. . Mo(CO)s, (Technical), W(CO)s,
(97%), cyclopentadienyl molybdenum (II) tricarbonyl dimer, cyclopentadienyl tungsten (II)
tricarbonyl dimer, manganese dioxide(>99%), magnesium sulphate (>98% (KT)), bromine
liquid (>99%), sodium lumps (99% ), 3-(1-methylpyrrolidin-2-yl)pyridine (>99% GC), a, a.’-
dibromo-p-xylene (>98% GC), and 3,5-dimethylpyrazole (>99.0% GC), cis-cyclooctene
(95%), cyclooctene oxide (99%) 1-octene (98%), 1,2-epoxyoctane (Aldrich; 96%) styrene
(99%), styrene oxide (97%), cyclohexene (99%), cyclohexene oxide (98%), 1-hexene (97%),
1,2-epoxyhexane (97%), isooctane (99.8%) and Tertbutylhydroperoxide, TBHP (80%) were
purchased from Aldrich and used without further purification. Each reaction progress was

monitored by Infrared (IR) spectrometry and Gas chromatography (GC) as appropriate.
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Samples were submitted for elemental analysis at university of Cape Town but have not been

analysed because the machine is broken down.

2.2 Instrumentation

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
chemical shifts were referenced internally using the residual CDCl3 (99.9%) and reported
relative to the internal standard tetramethylsilane (TMS). Electronic transitions were recorded
on a GBC UV/VIS 920 model spectrophotometer, in the spectral range of 190 nm to 500 nm
using a matched quartz cuvettes..and -path-length 1-.cm.. The electronic transition
measurements were taken both in DEM and MeOH to evaluate the effect of polarity in the

electronic transitions of the compounds.

Single crystals of compound C4 suitable for X-ray analysis were grown by slow diffusion of
hexane into DCM at -4 © C. Single X-ray. diffraction data were collected on a Bruker KAPPA
APEX II DUO diffractometer using graphite-monochromated Mo-Ka radiation (x = 0.71073
A) at the University of Cape Town. The structures were solved by direct methods using
SHELXS-97 and refined by full-matrix least-squares methods based on F? using SHELXL-97
and using the graphics interface program X-Seed [3]. The programs X-Seed and POV-Ray
were both used to prepare molecular graphic images. All non-hydrogen atoms were refined
anisotropically [4]. The structure was successfully refined to R factor of ~0.01. The GC
analyses were done on Agilent 7890, GC Column: Agilent 19091J-413; 325 °C: 30 m X 320

pm X 0.25 pm, 5% phenyl methyl Siloxan HP5-column.
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2.3 Olefin epoxidation reactions

Standard experiments for the liquid-phase epoxidation of cis-cyclooctene (Cys), 1-octene
(Cg), Cycloohexene (Cys), 1-hexene (Cq) and - styrene (Sty) were carried out.
Tertbutylhydroperoxide, TBHP, was used as oxidant, Isooctane as internal standard (1 mL)
and DCE (10 mL), as the solvent for all the reactions. Scheme 2.1 is a general Scheme

showing the process of catalytic epoxidation reaction.

o}

Catalyst
/: + [0] ————»
R

R

Scheme 2.1: Catalyzed epoxidation reaction

The catalyst: substrate: oxidant molar ratios of 1:100: 200 were used in all the experiments
conducted at 55 °C because most of the similar,epoxidation reactions have been carried out
successfully in this ratio and at this temperature. ,/FBHP, was used as oxidant because of its
relative thermal stability compared to other organic peroxides and the ease of separation of
the by-product, turtbutanol from the reaction mixture by simple distillation [5]. DCE was
used as solvent of choice for all the reactions because the chlorinated solvents are known to
facilitate epoxidation reactions because they easily dissolve both the organic peroxides and
the transition metal complexes and they are non-coordinating. DCE was also preferred for

these reactions because it has high boiling point (81 °C), suitable for the reactions conducted

at 55 °C [6-9].

The catalysts were first stirred with TBHP until the colour change to pale yellow indicating

the oxidation of the metal carbonyl compounds to their corresponding high valent dioxo-
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metal (IV) compounds as previously observed by Zhao et al. They reported that the change of
colour of the transition metal carbonyl complexes upon the addition of TBHP is an indication
of the formation of high valent dioxo-metal complexes which facilitates oxygen transfer
during the catalytic epoxidation [10,11]. The substrates’ conversions and epoxides’ yields
were monitored by sampling at regular intervals. About 1 mL of the reaction mixture was
withdrawn each time, diluted with DCM (1 mL) and catalytic amounts of manganese dioxide
and magnesium sulphate added to destroy hydrogen peroxide and to remove water
r