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ABSTRACT 

In this thesis we describe the synthesis of several carbonyl complexes of molybdenum and 

tungsten, compounds (Cl-ClO). The compounds Cl- C4 are zero valent carbonyl complexes 

containing N-base ligands prepared by following a common synthetic procedure. 

Compounds Cl 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 CS and C6 

were 3,5-dimethylpyrazole dibromotricarbonyl metal complexes prepared from the 

dibromotetracarbonyl metal dimers at room temperature while the compounds C7 and C8 

were cyclopentadienyl halogenoaryltricarbonyl complexes prepared from the 

cyclopentadienyl metal dimers. 

Compounds C9 and ClO were prepared from cyclopentadienyl metal dimers by reacting the 

[CpM(C0)3r anion with CCl4 to obtain [CpM(C0)3Cl] and further reacted with 3-(1-

methylpyrrolidin-2-yl) pyridine. All the compounds, Cl-ClO, were characterized by the 

standard analytical techniques such as FTIR, 1H, 13C 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 Cl-ClO were then tested towards the epoxidation of selected cyclic and 

straight chain alkenes. The substrates used were cis-cyclooctene (Cyg), 1-octene (C8) 

cyclohexene (Cy6), 1-hexene (C6) 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 

iii 

https://etd.uwc.ac.za/



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, Cl-ClO 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 I 

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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OH 

<;0 " _ H+~Nu~R 

~ R 
Nu: 

(a) Nu attack at the least hindered end 

Nu 

HO~ 
R 

(b) Nu attack at the most hindered end 

Scheme 1.1: Ring opening reactions of epoxides 

Epoxides are produced in large scale for application 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 
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tungsten complexes. The section ellaborates the chemical properties of different cr and n

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 20th 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 halides and 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 ofreactions [I I]. 

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-1 and 

2004 cm-1 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 0- 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 n-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::O, (M-C::O) exhibit three types of interactions, as shown in Figure 1.1 below. 

M-CO sigma bond 

a 

M to CO pi backdonating 

b 

Fig 1.1: Types ofM-CO bond interaction (A-C) 

CO to M pi bonding 

C 

The carbonyl ligand can also exhibit three bonding modes; µ 1.terminal, µ2-bridging and µ3-

bridging modes as shown in Figure 1.2. 

:o==c: ~ M 

Terminal mode 

a 

µ2-bridging mode 

b 

Fig. 1.2: Metal- carbonyl bonding modes (a-c) 
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The stretching frequencies of the carbonyl ligand decreases as the bonding mode moves from 

terminal (1850-2120 cm-1
) to µ2-bridging (1720-1850 cm-1

) and to µ3-bridging mode (1500-

1730 cm-1
). 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 cr 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. 

( ~ 

~ 
•• 

M..-:x: 
•• 

2e-donor 2e-donor 4e-chelating 

a b C 

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

These include group 15 (N-, P- and As-), group 16 (0-, S-, Se-) and group 17 (F, er, Br-, 

and r) 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 1t*

orbitals as shown in Figure 1.4. Through the cr and n*-orbitals back-donation, they are able to 

coordinate to the transition metal. 

s 
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\f 
Mt8YC) ,. cC) 

/\ 
pi -donation (triplet) pi -back donation (singlet) 

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 1t-electrons 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 -----•- [LnM(CO))h ................ eq 1 

M=Mo, W; Ln= 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: 1/ (A), 1/ (B), or 1)
1 (C) 

coordination modes. 
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~ 
I 
M 

a 

~ 
I 
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b 

H>O ~ ... ,. 

M ~ 

C 

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 hexacarbonyls. 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)4X2]z, 

[MX2L2(CO)3] and [CpM(CO)3X] complexes, (M=Mo, W; L= phosphines, arsines and 

nitrogen bases; X=halides; Cp = cyclopentdienyl). The individual complexes are discussed in 

the following sections. 
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1.2.1 Dihalotetracarbonyl Mo and W dimer complexes 

The dihalotetracarbonyl metal dimers, [M(CO)4X2h (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 CC14 [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 halo-bridged complexes, 

[M(CO)~2h, (M=Mo, W; X= Br, Cl) Fig. 1.6, readily dissolve in coordinating solvent such 

as acetonitrile to give corresponding mononuclear complexes [22,24]. 

CO X CO 

x'/ I / ' I ,,,co ✓,,. /.,,,co "'- .. ,, 
OC--M'''' M ........ 

I ~c/ I ----• x 
CO X CO 

M =Mo, W; X= Br, Cl 

Fig 1.6: Structure of dihalotetracarbonyl metal dimer 

The [M(CO)4Br2h (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]. 
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1.2.2 bis-coordinated dihalotricarbonyl Mo and W complexes 

The hepta-coordinated complexes, [MX2L2(C0)3], (M= Mo, W; X= Cl, Br, I) are 

successfully prepared from dihalotetracarbonyl metal dimers, [M(C0)4X2h 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]. 

2L 
2 + 2CO ........... eq2 

DCM; rt 

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] 

---- L2M(C0)3X2 + CO ................... eq 3 

M=Mo, W, L= neutral ligand, X=Br, Cl 

Interestingly, Westland and Muriithi observed that the dihalotetracarbonyl metal dimers, 

[M(C0)4X2h (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(C0)6 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(C0)4Chh reacted with pyridine via a 
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disproportionation to W(0) and WC14(Py)2 and that the WCl4(Py)2 further transform to 

WCb(Py)3 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 et 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 involve [LnM(CO)3X], (M=Mo, W; Ln= 

C5H5, C5Me5, indene, mesitylene; X=alkyl, Cl, Br, I). These complexes are easily synthesized 

from the [LnM(CO)3h metal dimers. Scheme 1.2 illustrates the general synthetic procedure 

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

~ oc co 
~ , .~co 1. Na/Hg, THF 

.. M---M _________ ..,.. 

oc''''/ \. ~ 2. -L 
oc ~o ~ 

~ 
2 I 

.. M-L ,,,,. ·, oc ~ 
oc ~o 

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)3r anion as 

shown in equation 4, which further react with the L moiety to produce [CpM(CO)3L]. The 

[CpM(CO)3r ion can also be obtained by photolytic homolysis of the metal dimers [36,37]. 
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[CpM(CO)3h -----•- 2 [CpM(CO)3l ·························· eq 4 

Dessy et al. observed that the chemical reduction process, equation 4, which leads to the 

formation of [CpM(CO)3r ion is an irreversible process [38]. However, starting with 

molybdenum hexacarbonyl, Abrantes et al. synthesized chloro derivative, [Cp'Mo(CO)3Cl], 

(Cp* = C5Me5) [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 CCl4 was then added to obtain [Cp*Mo(CO)3Cl], (Cp* = 

C5Me5). 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 successfully 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 

modem 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 

11 

https://etd.uwc.ac.za/



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. These 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 saturated and the Lewis bases are better electron 

donors [ 4 7]. The process takes place in steps and up to three carbonyl ligands can be 

displaced by Lewis base donor ligands from groups 15 and 16 (N-, As-, P-, 0-, 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]. 

hv -----•• M(C0)5* + CO M(C0)6 

M(C0)5* + L ----•• M(C0)5L 

L- Lewis base ligand 

M=Mo, W ................. eq5 

M=Mo, W ................... eq6 

* cordinatively unsaturated metal carbonyl (16-electrons system) 
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The dissociation of the C:O from the metal hexacarbonyl, equation 5 results into a 

pentacarbonyl intermediate, M(CO)5*, (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 cr-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]. 

Figure 1.7: Lewis base ligand a-bonding and transition metal n-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 trans-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. 

IR, CO= 2011 cm-1 

a 

IR, CO = 1987 cm-1 

b 

M=Rh; PPh2 > P=S > P=O 

IR, CO= 1983 cm-1 

C 

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

Good er-donating ligands do not compete with the carbonyl for the n-back-donation and 

therefore increases the M-C=O bond strength. They do not compete for the meta- to 1t-back 

bonding. The illustration in Fig 1.8 shows that PPh2 is a better er-donor than P=S and P=O. 

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 Wis 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:O 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 1t- acceptor ability compared to C:O such as pyridine and 

amines do not compete with the trans-C:O 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 trans 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= 0- on the trans

carbonyl, where the negatively charge oxygen atom, 0-, 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 Jae- isomers of the tri-coordinated 

metal tricarbonyl complexes (Fig. 1.9b ). However, bis-tetracarbonyl complexes of the trans

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

a 

co 
oc,,,,,. 1 .,,,,,co 

.M. 

L.,,,,, I ' L 
L 

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)3], [(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 better electronic properties for catalytic 

applications [56]. Specifically, the molybdenum and tungsten 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 transition 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-1 and 2100 cm-1
) 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-1
- 2080 cm-1• The IR band of the highest stretching frequency 

which is characteristically weak is always assigned to the trans-carbonyl (2065-2080 cm-1
) 
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for group 6 metals. In most cases, these pentacarbonyl complexes have square pyramidal 

molecular structure and C4v symmetry [47,61]. They are known to be unstable complexes 

with W forming relatively stable M(CO)5L 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-1 and 

2020 cm-1 in an octahedral molecular structure with C2v 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-1 and 2000 cm-1 which is unique for the Jae

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

The molybdenum and tungsten carbonyl 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 carbonyl 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 cr and dn-pn 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)6 and [W(CO)3(MeCN)3] 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 a and n-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 Occupied Molecular Orbital (HOMO) 

to the Lowest Unoccupied Molecular Orbital (LUMO). Out of the HOMOs, a-orbitals have 

the lowest energy followed by the n-orbitals and the non-bonding orbitals (containing lone 

pair electrons) consecutively. There are two unoccupied molecular orbitals; a* and n* [68]. 

Between the a* 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 (Vl)-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 complexes studied for the olefin 

epoxidation include among others, the complexes of cyclopentadienyl 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. 

[O] 
M(IV)-oxo 

• 
H\.L_./H 
) \ 

R R' 

Scheme 1.4: General epoxidation reaction 

M=Mo, W 

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 

1~x 
/M'-...._ 

CO/ CO 
co 

"0" 

+ 

M= Mo, W , L = Cp, Cp* ligand, X= Alkyl, halide 

"0"= Oxygen atom from oxidants 

3CO 

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 MoO3 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] 
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Path A depicts that the reaction is initiated by the binding of 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 properties 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 

22 

https://etd.uwc.ac.za/



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 performance as 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) 

11. Synthesize and characterize dibromo nitrogen-base carbonyl complexes ofMo(II) and 

W(II) 
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iii. Synthesize and characterize cyclopentadienyl carbonyl complexes of Mo(II) and 

W(II) 

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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CHAPTER2 

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 (DCB) and dichloromethane (DCM) 

were dried over phosphorous (V) oxide (P2O5) refluxed and distilled under nitrogen. 

Tetrahydrofuran (THF) and hexane were dried over sodium wire, refluxed and distilled under 

nitrogen too. 

Metal precursors [M(CO)4Br2]2, (M=Mo,W) were prepared according to the literature 

procedures [2] and details are given in section 2.5.3. Mo(CO)6, (Technical), W(CO)6, 

(97%), cyclopentadienyl molybdenum (II) tricarbonyl dimer, cyclopentadienyl tungsten (II) 

tricarbonyl dimer, manganese dioxide(>99%), magnesium sulphate (2:98% (KT)), bromine 

liquid (2:99%), sodium lumps (99% ), 3-(1-methylpyrrolidin-2-yl)pyridine (2'.:99% GC), a, a'

dibromo-p-xylene (2:98% GC), and 3,5-dimethylpyrazole (2:99.0% 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-1 were recorded 

on Perkin-Elmer spectrum-100 Series FT-IR spectrophotometer. The 1H and 13C NMR 

measurements were recorded on a Varian XR200 MHz spectrometer. The 1H and 13C 

chemical shifts were referenced internally using the residual CDCb (99.9%) and reported 

relative to the internal standard tetramethylsilane (TMS). Electronic transitions were recorded 

on a GBC UV NIS 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 DCM 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 F2 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 

µm X 0.25 µm, 5% phenyl methyl Siloxan HP5-column. 
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2.3 Olefin epo:xidation reactions 

Standard experiments for the liquid-phase epoxidation of cis-cyclooctene (Cy8), 1-octene 

(C8), Cycloohexene (Cy6), 1-hexene (C6) 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. 

I 
R 

+ [O] 
Catalyst ~ 

. I 
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. TBHP, 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 

respectively. The resulting slurry mixtures were filtered through propylene membrane filters, 

30 mm, 0.45 µm pore size. 10 µL of the filtrate from each sample was pipetted and further 

diluted to 1.4 mL with DCM in a 2 mL GC sample vial. The period for most of the reaction 

was 24 h but was extended to 48 h for other reactions to establish the thermal stability and 

efficiency of the catalyst. 

The chromatograms obtained for the products were compared with those of the corresponding 

standard samples commercially obtained from Sigma Aldrich. The Solutions of the standard 

samples (substrates, internal standard and the corresponding epoxides) were prepared by 

pipetting 10 µL of each liquid compound and weighing 5% equivalent of each solid catalyst 

precousor. The mixture was then dissolved in DCM and the solution topped up to 1.4 mL 

before analysis on the GC. The data obtained; retention times were used to calculate the 

response factors, R, for each of the substrate and the corresponding peroxide. The following 

section will highlight the process of calculation of the response factor. 

The data used were obtained from the GC analysis of the standard samples, Table 3.9. The 

retention times were identified by the percentage peak areas, the highest being for the solvent, 

the second for the dissolved cis-Cyclooctene, Isooctane (internal Standard) and 1,2 

epoxycycloooctane. 
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The response factor, R, for each of the sample was calculated by using the following 

equation. 

[S] P.AIS 
R =-- *--

P.As [I.S] 

Where, 

[LS]= concentration of the internal standard, lsooctane; 

P.As=Peak area of the internal standard; Cy8= 3449.88, Cy80 = 3238.95 

[S]=concentration of the sample 

P.AIS= Peak area of the internal standard; Isooctane = 2309.57 

R 

R 

0.000077 2309.57 ---*---
3449.88 0.0000605' 

Rcy8 = 0.852 

0.0000759 

3238.95 

2309.57 
*---

0.0000605' 

Reyso = 0.894 
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2.4 Synthesis of 3-(1-methylpyrrolidin-2-yl) pyridine complexes 

2.4.1 3-(1-methylpyrrolidin-2-yl) pyridine pentacarbonyl molybdenum (0), 

[Mo(CO)s(CuHuN2)]- (Cl) 

The compound Cl was prepared following a modified literature procedure [12]. Mo(CO)6, 

(0.5 g, 1.89 mmol) was accurately weighed in a clean and dry schlenk tube equipped with a 

stirrer bar. Freshly distilled MeCN (10 mL) was added and the tube evacuated and filled with 

dry nitrogen gas. While nitrogen gas was still flowing, a solution of 3-(1-methylpyrrolidin-2-

yl) pyridine, (0.30 mL, 1.89 mmol) in acetonitrile (5 mL) was added and the mixture 

refluxed. The reaction was monitored with regular IR monitoring until no noticeable changes 

were observed in the IR spectra. 

After 8 h the resulting brown solution was filtered under nitrogen and the solvent removed 

under reduced pressure. The residue was washed with 10 mL of MeCN, recrystallized in 

DCM/hexane (1 :2) and dried under vacuum to give a yellow compound. Yield: 0.58 g (77%). 

IR (CH2Cb), cm-1
, v(C=O); 2072 m, 1983 sh, 1922 s, 1832 sh, v(C=N); 1602 w, v(C=C); 1578 

w, v(C-N); 1314 w. 1H NMR (CDCh, 200 MHz, rt): 6 8.49, 8.46 (s, lH,N=CH, d, lH, N

CH), 7.75 (d, IH, CH cx-pyrrolidine), 7.23 (t, lH, CH-~-pyrrolidine), 3.18 (d, lH, CH-cx

Pyrrolidine), 2.38-1.61 (m, 6H, Pyrrolidine ring), 2.15 (s, 3H, CH3-pyrrolidine). 13C NMR 6 

(CDCh, 200 MHz, rt): 6 214.00, 204.37 (C=O), 154.11, 153.38 (N=CH, N-CH), 141.20 (C

pyridine), 136.36 (CH cx-pyrrolidine), 124.72 (CH-~-pyrrolidine), 68.03 (CH-Pyrrolidine), 

56.80 (N-CH2, pyrrolidine), 40.24 CH3-pyrrolidine), 35.51 (CH2 ex-Pyridine), 22.68 (CH2 ~

pyridine). 
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2.4.2 3-(1-methylpyrrolidin-2-yl) pyridine pentacarbonyl tungsten (0), 

[W(CO)s(C1oHuN2)]- (C2) 

The procedure used to prepare compound Cl was followed. W(CO)6, (0.5g, 1 .42mmol) and 

3-(1-methylpyrrolidin-2-yl) pyridine, (0.22 mL, 1.42 mmol) was refluxed for 10 hrs in 

MeCN giving a yellow compound. Yield: 0.43 g (62%). IR (CH2Ch), cm-1
, v(C=O); 2075 w, 

1997 m, 1928 sh, 1904 s, 1826 sh, v(C=N); 1604 w, v(C=C); 1581 w, v(C-N); 1315 w. 1H 

NMR (CDCh, 200 MHz, rt): B 8.68, 8.50 (s, lH, JHH = 14 Hz, N=CH, s, lH, JHH = 10 Hz N

CH), 7.71 (d, lH, JHH = 8 Hz CH a-pyrrolidine), 7.29 (t, lH, JHH = 12 Hz CH-~-pyrrolidine), 

3.11 (m, lH, JHH = 32 Hz, CH-a.-Pyrrolidine), 2.39-l.61(m, 6H, Pyrrolidine ring), 2.18 (s, 

3H, CH3-pyrrolidine). 13C NMR B (CDCh, 200 MHz, rt): B 198.75(C=O) 155.35, 149.99 

(N=CH, N-CH), 133.08 (CH a.-pyrrolidine), 124.62 (CH-~-pyrrolidine), 136.25 (C-pyridine), 

68.33 (CH-Pyrrolidine), 55.85 (N-CH2, pyrrolidine), 38.23 CH3-pyrrolidine), 32.43 (CH2 a

Pyridine), 21.37 (CH2 ~-pyridine). 

2.5 Synthesis of 3, 5-dimethylpyrazole complexes 

2.5.1 bis(substituted-di-3,5-dimethylpyrazole)tetracarbonyl molybdenum (0), 

[Mo(CO)4(Cs HaN2h)- (C3) 

Compound C3 was prepared by suspending Mo(CO)6, (0.5 g, 1.89 mmol) in freshly distilled 

MeCN (15 mL) and 3,5-dimethylpyrazole, (0.181 g, 1.89 mmol) was added and the mixture 

refluxed for 6 hrs under continuous flow of dry and oxygen-free nitrogen. The reaction was 

monitored by IR for any changes on the terminal carbonyl stretching frequency region. A 

dark brown solution formed which was filtered under nitrogen to remove unreacted 

molybdenum hexacarbonyl. Dry hexane was slowly added to the filtrate and light yellow 

precipitate formed. The mother liquor was decanted and the precipitate dried under vacuum. 
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The light yellow solid was again re-crystallized from a dichloromethane/hexane mixture and 

dried under vacuum. The compound is stable in air but slowly decompose in solution when 

left in air for a longer time. Yield: 0.56 g (75%). IR (CH2Ch), cm-1, v(N-H); 3382 br, v(C=O); 

2011 w, 1886 s, 1860 sh, 1799 s, v(C=N); 1650 w v(C=C); 1575 s. 1H NMR (CDCl3, 200 

MHz, rt): 8 9.47 (hrs, 2H, N-H, pyrazole), 5.88 (d, 2H, CH- pyrazole), 2.25 (s, 6H, CH3-C
5

, 

methyl), 1.95 (s, 6H, CH3-e3, methyl). Be NMR 8 (CDCh, 200 MHz, rt): o 211.88, 204.03 

(C=O), 145.30 (C-5, pyrazole), 140.15 (e-3, pyrazole), 106.49 (e-4, pyrazole), 15.46 (CH3-

C-5, methyl), 10.85 (CH3- e-3, methyl). 

2.5.2 bis(substituted-3,5-dimethylpyrazole)tetracarbonyl tungsten (0), 

[W(CO),,(Cs HaN2)2}- (C4) 

The procedure used to prepare compound C3 above was followed. W(eO)6, (0.5 g, 1.42 

mmol) was suspended in freshly distilled acetonitrile (15 mL) and 3,5-dimethylpyrazole 

(0.136 g, 1.42 mmol) was added. The mixture was refluxed for 8 hrs under continuous flow 

of dry and oxygen-free nitrogen. A yellow precipitate was obtained after the removal of the 

mother liquor. The precipitate was dried under reduced pressure, recrystallized from a 

DCM/hexane mixture and dried under vacuum again. Yield: 0.35 g (51 %). IR (eH2eh), cm-1
, 

v(N-H); 3420 br,v(e=O); 2001 w, 1926 s, 1872 s, 1815 m, v(e=N); 1656 s v(e=C); 1577 s. 1H 

NMR (CDeh, 200 MHz, rt): o 9.49 (br s, 2H, N-H, pyrazole) 6.08 (s, 2H, CH- pyrazole), 

2.47(s, 6H, CH3-C5
, methyl), 2.0l(s, 6H, eH3-C3, methyl). Be NMR o (eDCh, 200 MHz, 

rt): 8 219.28, 190.71 (C=O), 144.45 (e-5, pyrazole), 137.59 (e-3, pyrazole) 104.72 (C-4, 

pyrazole), 14.72(CH3- C-5, methyl), 11.92 (CH3- e-3, methyl). 
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2. 5.3 dibromo-bis(substituted-3,5-dimethylpyrazole)tetracarbonyl molybdenum (II) 

[Mo(C0)4Br2(Cs HsN2)2]-(C5) 

Compound CS was prepared by stirring a mixture of dibromotetracarbonyl molybdenum (II) 

dimer, [Mo(CO)4Br2h and excess 3,5-dimethylpyrazole in DCM. The dimer was first 

prepared by following the literature procedure [2]. Mo(CO)6 (0.5 g, 1.89 mmol) was 

suspended in freshly distilled DCM (10 mL). The resulting suspension was reacted with a 

solution of bromine liquid in DCM (5 mL) at -78 ° C for over 30 min to obtain a yellow 

solution. The solvent was removed under reduced pressure at -78 ° C. The [Mo(CO)4Br2]2 

was then dissolved in freshly distilled DCM (10 mL) and excess 3,5-dimethylpyrazole in 

dichloromethane (10 mL) was added to the yellow solution and the mixture stirred at room 

temperature for 4 hrs. 

The brick red solution was filtered under nitrogen and the solvent removed under reduced 

pressure. The residue was recrystallized from dichloromethane/hexane, 1 :2. Yield: 0.57 g 

(57%). IR (CH2Ch), cm·1, v(N-H); 3435 br, v(C=O); 2093 w, 2033 s, 1946 s, v(C=N); 1615 

w, (C=C); 1566 w. 1H NMR (CDCh, 200 MHz, rt): 8 9.37 (hrs, 2H, N-H, pyrazole) 5.94 (s, 

2H, CH- pyrazole), 2.37(s, 6H, CH3-C-5, methyl), 2.25(s, 6H, CH3-C3, methyl). 13C NMR 8 

(CDCh, 200MHz, rt): 8 201.00, 196.76 (C=O), 145.30 (C-5, pyrazole), 140.28 (C-3, 

pyrazole), 106.49 (C-4, pyrazole), 15.97(CH3- C-5, methyl), 9.86 (CH3- C-3, methyl). 

2.5.4 dibromo-bis(substituted-3,5-dimethylpyrazole)tetracarbonyl tungsten(II), 

[W(C0)4Br2(Cs HsN2h]- (C6) 

The procedure used to prepare compound CS above was followed. W(CO)6 (0.5 g, 1.42 

mmol) was used to prepare the [W(CO)4Br2]2. The dark orange solid was dissolved in DCM 

(10 mL) and excess 3,5-dimethylpyrazole in DCM (10 mL) was added to the orange solution 

and the mixture stirred at room temperature for 4 h. 
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A greenish-brown solution was obtained after filtration under nitrogen and the solvent 

removed under vacuum. The residue was the recrystallized from DCM/hexane mixture and 

vacuum dried. Yield: 0.63 g (72%). IR (CH2Ch), cm-1, v(N-H); 3428 br, v(C=O); 2089 s, 

2013 s, 1928 s, v(C=N); 1616 w, v (C=C); 1569 w. 1H NMR (CDCl3, 200 MHz, rt): 6 9.49 (br 

s, 2H, N-H, pyrazole) 5.85 (s, 2H, CH- pyrazole), 2.25 ( s, 6H, CH3-C
5

, methyl), 2.0l(s, 6H, 

CH3-C3, methyl). 13C NMR 6 (CDCb, 200MHz, rt): 6 204.23, 197.41 (C=O), 145.12 (C-5, 

pyrazole), 141.32 (C-3, pyrazole), 106.74 (C-4, pyrazole), 15.78 (CH3- C-5, methyl), 11.19 

(CH3- C-3, methyl). 

2.6 Synthesis of l-(bromomethyl)-4-methylenebenzyl cyclopentadienylcarbonyl 
complexes 

2. 6.1 1-(bromomethyl)-4-methylenebenzyl cyclopentadienyl tricarbonyl molybdenum (II), 

The Na (0.047 g, 2.05 mmols) was slowly reacted with mercury (6 mL) in a Schlenk tube 

fitted with a tap at the bottom under nitrogen. The Na/Hg amalgam was allowed to cool to 

room temperature and freshly distilled THF (10 mL) was added followed by cyclopentadienyl 

molybdenum (II) tricarbonyl dimer, [Cp(CO)3Mo h, (0.506 g, 1.03 mmol). The mixture was 

stirred at a room temperature for 30 min. The formation of [Cp(CO)3Mo r anions was 

established when the colour of the solution mixture turned from brick-red to pale green [13]. 

Meanwhile another Schlenk tube was equipped with a stirrer bar and 1,4-

dibromomethylbenzene (0.545 g, 2.06 mmol) was accurately weighed and freshly distilled 

THF (5 mL) added to dissolved. The solution was cooled in a dry ice/acetone bath to 

temperature between -25 °C - -30 °C for 15 min. 
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The solution of [Cp(CO)3Mo r anions was added drop wise through the tap and the mixture 

stirred for 4 hrs. The colour of the solution changed from pale green to orange and finally to 

brown. The mixture was then filtered under nitrogen to remove NaBr salt. A yellow filtrate 

was obtained and the solvent was removed under vacuum to obtain a yellow residue. The 

residue was recrystallized in a DCM/hexane mixture, 1:2, washed with hexane (15 mL) and 

dried under vacuum. Yield: 0.47 g (47%). IR (CH2Ch), cm-1, v(C=O); 1996 s, 1899 vs. 1H 

NMR (CDCh, 200 MHz, rt): 8 7.14 (s, 2H, Bz), 7.05 (d, 2H, JHH = 2 Hz, Bz), 5.07 (d, 6H, 

JHH = 6 Hz, Cp), 4.36 (s, 2H, CH2Br), 2.75 (s, 2H, a -CH2). 13C NMR 8 (CDCh, 200MHz, 

rt): 8 137.92, 129.39, 127.12 (Bz), 93.94 (Cp), 32.78 (CH2Br), 1.07 (a.-CH2). 

2.6.2 1-(bromomethyl)-4-methylenebenzyl cyclopentadienyl tricarbonyl tungsten (II), 

[CpW(C0)3 CH1C~4CH1Br]- (CS) 

The procedure used to synthesize C6 was followed. Cyclopentadienyl tungsten (II) 

tricarbonyl dimer, [Cp(CO)3 Wh (0.507 g, 0.877 mmol) and 1, 4-dibromomethyl benzene 

(0.46 g, 1.75 mmol) were used. A yellow solid was obtained. Yield: 0.94 g (53%). IR 

(CH2Ch), cm-1, v(C=O); 2006 s, 1885 vs. 1HNMR (CDCb, 200 MHz, rt): 8 7.15 (s, 2H, Bz), 

7.01 (s, 2H, Bz), 5.18 (s, 6H, JHH = 6 Hz Cp), 4.36 (s, 2H, CH2Br), 2.83 (s, 2H, JHH = 6 Hz a 

-CH2). 
13C NMR 8 (CDCh, 200 MHz, rt): 8 137.94, 129.41 , 128.63, 127.51, (Bz), 92.50 

(Cp), 34.37 (CH2Br), 32.72 (a-CH2). 
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2.7 Synthesis of 3-(1-methylpyrrolidin-2-yl)pyridine cyclopentadienyl 

chlorotricarbonyl complexes 

2. 7.1 3-(1-methylpyrrolidin-2-yl) pyridine cyclopentadienyl chlorotricarbonyl 

molybdenum (II), /CpMo(CO)JC/(Cl()l/14Ni))- (C9) 

The compound C9 was prepared by first preparing [CpMo(CO)3Cl] using a modified 

procedure by Amor et. al. [14]. Cyclopentadienyl molybdenum (II) tricarbonyl dimer, [Cp 

(CO)3Moh, (0.506 g, 1.03 mmol) was dissolved in THF (10 mL) and the solution added to 

Na/Hg amalgam. The mixture was stirred until the brick red solution of, [Cp(CO)3Moh 

turned pale green to confirm the formation of [Cp(CO)3Mo]" anions [13]. The pale green 

solution was filtered under nitrogen to another Schlenk tube and excess CC14 was added. The 

solution quickly turned yellow which indicated the formation of [CpMo(CO)3Cl]. The 

yellowish solution of [CpMo(CO)3Cl] was then added drop wise to a solution of 3-(1-

methylpyrrolidin-2-yl) pyridine (0.33 mL, 2.06 mmol) in THF (5 mL) put in acetone/dry ice 

bath at a temperature between -25 °C - -30 °C) for 15 min. 

The mixture was stirred at a room temperature for 12 hrs after which the solvent was 

removed under reduced pressure to obtain reddish brown residue. The residue was 

recrystallized in DCM/hexane ratio 1 :2 and dried under vacuum. Yield: 0.55 g (61 %). IR 

(CH2Clz), cm-1
, v(C=O); 2046 s, 1976 vs, 1939 sh. 1H NMR (CDCh, 200MHz, rt): <> 8.53, 

8.51 (d, lH,N=CH, lH, N-CH), 7.89 (d, lH, CH a-pyrrolidine), 7.30 (t, lH, CH-13-

pyrrolidine), 5.78 (s, Cp), 3.30 (m, lH, CH-a-Pyrrolidine), 2.53-1.86 (m, 6H, Pyrrolidine 

ring), 2.24 (s, 3H, CH3-pyrrolidine). 13C NMR o (CDCh, 200MHz, rt): o 149.57, 149.21 

(N=CH, N-CH), 135.30 (CH a-pyrrolidine), 123.86 (CH-j3-pyrrolidine), 95.67 (Cp), 69.18 

(CH-Pyrrolidine), 56.63 (N-CH2, pyrrolidine), 39.75 CH3-pyrrolidine), 34.29 (CH2 a

Pyridine), 22.23 (CH2 13-pyridine). 
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2.7.2 3-(1-methylpyrrolidin-2-yl) pyridine cyclopentadienyl tricarbonyl tungsten (II), 

[CpW(CO)2Cl(C1oHuN2)/- (CJ0) 

The procedure used to prepare C9 was followed. Cyclopentadienyl tungsten (II) tricarbonyl 

dimer, [Cp (CO)3 Wh, (0.5 g, 0.865 mmol) and 3-(1-methylpyrrolidin-2-yl) pyridine (0.277 

mL, 1.73 mmol) were used as starting materials. An orange residue was obtained. Yield: 0.42 

g (51%). IR (CH2Cb), cm-1, v(C=O); 2042 s, 1953 s, 1773 w. 1H NMR (CDCl3, 200MHz, 

rt): o 8.50, 8.46 (d, lH, JHH = 2 Hz ,N=CH, lH, JHH = 2 Hz N-CH), 7.72 (d, lH, JHH = 12 Hz 

CH a-pyrrolidine), 7.27 (t, lH, JHH = 34 Hz CH-p-pyrrolidine), 5.75 (s, Cp), 3.24 (m, lH, JHH 

= 34Hz, CH-a-Pyrrolidine), 2.37-1.65 (m, 6H, Pyrrolidine ring), 2.15 (s, 3H, CH3-

pyrrolidine). 13C NMR o (CDCh, 200MHz, rt): o (C=O), 149.54, 48.67 (N=CH, N-CH), 

138.48 (C-pyridine), 134.90 (CH a-pyrrolidine), 123.60 (CH-p-pyrrolidine), 93.91 (Cp), 

68.90 (CH-Pyrrolidine), 56.97 (N-CH2, pyrrolidine), 40.30 CH3-pyrrolidine), 35.08 (CH2 a.

Pyridine), 22.55 (CH2 p-pyridine). 
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CHAPTER3 

3.0 Results and Discussion 

3.1 3-(1-methylpyrrolidin-2-yl) pyridine pentacarbonyl complexes (Cl=Mo, C2= W) 

M(CO)• + 0-0 
I 

MeCN 
Reflux 

Scheme 3.1: Synthesis ofpentacarbonyl complexes Cl and C2 

M=Mo,W 

Compounds Cl and C2 were prepared as illustrated by Scheme 3.1 above. The coordination 

of 3-(1-methylpyrrolidin-2-yl) pyridine onto the metal centres occurred after decarbonylation 

of the metal hexacarbonyls. The complexes could not be prepared by direct reaction of the 

metal hexacarbonyls with the ligand because the metal hexacarbonyls exhibit strong metal

carbonyl, M-CO bonds as seen from the literature. 

The process of coordination of 3-(1-methylpyrrolidin-2-yl) pyridine is proposed to be 

initiated when one of the terminal carbonyl ligands is first substituted by the weakly 

coordinating acetonitrile solvent molecule. The coordinated acetonitrile ligand is then easily 

replaced by the 3-(1-methylpyrrolidin-2-yl) pyridine because of the weak pn-dn bonds that 

exist between it and the metals [ 1]. The remaining terminal carbonyl ligands act to stabilize 

the complexes against oxidation and thermal decomposition by accepting the extra charge of 

the metal centre into their n*-orbitals [2]. 
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3.1.1 IR spectroscopic analysis of Cl and C2 

Figure 3.1 shows the IR spectrum for compound C2. The spectrum obtained for Cl is given 

in Fig A3 .1 (See appendix). 

110 , 

OQ 1----~-~--~-~--~-~-----,---~-~-~~-~---~ 
1·000,0 36-00 3200. ta:oo z4-00: .~ooo uo.o 1000. Hoo 1wo 10.00 ~o.o (>00 450 0 

.cm-.! 

Fig 3.1: IR spectrum for 3-(1-methylpyrrolidin-2-yl) pyridine pentacarbonyl molybdenum 

(0)- (Cl) 

The stretching frequencies of the selected functional groups for compounds Cl and C2 are 

compared with the corresponding frequencies of uncoordinated ligand. While the 3-(1-

methylpyrrolidin-2-yl) pyridine spectrum has no peaks in the region between 1700 crn·1 and 

2100 cm·1, the spectra of compounds Cl and C2 showed four peaks between 1826 crn·1 and 

2075 cm·1
• These peaks are attributed to the IR stretching frequencies of the terminal 

carbonyl ligands. The presence of the band with the highest stretching frequency at 2072 cm·1 

and 2075 cm·1 for compounds Cl and C2 respectively is suggesting that these compounds are 

metal pentacarbonyls. This band which is weak is characteristically common for the 
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pentacarbonyl compounds for example those prepared by Stolz et al. and Kraihanzel et al [3. 

Kraihanzel et. al reported this peak in the region between 2071 cm·1 and 2079 cm·1 for amine 

substituted molybdenum and tungsten pentacarbonyl compounds. Fowles and Jenkins 

reported the values between 2080 cm·1 and 2069 cm·1 wavenumbers for the N-coordinated 

molybdenum and tungsten pentacarbonyl compounds. The band having the highest frequency 

is most intense and characteristically broad. It is usually observed at the region between 1900 

cm·1 and 1950 cm·1 as previously reported [3-6]. These substituted metal pentacarbonyl 

compounds are characterized with the square pyramidal arrangements of the terminal 

carbonyl ligands which gives rise to 3-4 absorption bands [3,5,6]. The carbonyl stretching 

frequency values recorded for these compounds, Cl and C2 are consistent with those 

observed by Wen-Li et al. and Zingales et al. for the pentacarbonyl complexes such as 

pyridine, ferrocenylpyrazole and 4-picoline pentacarbonyl molybdenum complexes. Tang et 

al. reported 5-6 terminal carbonyl bands, the lowest at 1825 cm·1 and the highest at 2075 cm·1 

[6,7]. 

Significant shifts from 1590 cm·1 to 1599 cm·1 (Cl) and 1604 cm·1 (C2) of the pyridine ring 

C=N bond IR stretching frequencies are observed indicating the coordination of the 3-(1-

methylpyrrolidin-2-yl) pyridine ligands. The increase in C=N bond stretching frequency can 

be attributed to the effect of bond polarization because the cr donation from the N-atom of 

the3-(1-methylpyrrolidin-2-yl) pyridine reducing the electron density on it. The electron back 

donated to n*-orbitals is delocalized over the N=C bond. This implies that the N atom 

becomes positively charged while the C atom is negatively charged. The bond polarization 

therefore increases the stretching frequency of the C=N bond as observed [8]. The shifts 

observed on the IR stretching frequencies of the C=N bonds is proposed to be influenced by 

the electronegativity of the transition metals. The more electronegative the metal is the 

greater the shift because the a-donation is expected to be least. This effect was observed 
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when the IR stretching frequencies of the C=N bond were compared for divalent complexes 

of Ni, Pd and Pt which are all in group 10. The results show that the C=N bond stretching 

frequencies were 2128 cm-1, 2143 cm-I and 2150 cm-1 for Ni, Pd and Pt respectively; the 

order of their increasing electronegativity [9]. The spectrum of compound C2 showed the 

highest value for the C=N stretching frequency compared to Cl which is consistent with the 

higher electronegativity exhibited by W when compared to Mo [10]. 

The IR stretching frequencies values 1314 cm-I (Cl) and 1315 cm-I (C2) were attributed to the 

C-N bond of the pyrrolidine ring. They showed no significant shift from the value recorded 

for the uncoordinated 3-(1-methylpyrrolidin-2-yl) pyridine (1314 cm-1
). This observation and 

those discussed above indicate that the pyrrolidine ring nitrogen atom did not coordinate to 

the metal centre. A summary of the IR stretching frequencies for the important functional 

groups is given in Table 3.1. 

Table 3.1: A summary of IR data for 3-(1-methylpyrrolidin-2-yl) pyridine, Cl and C2 

Stretching frequencies, cm-1 

Compound C-N co C=N C=C 

Ligand - 1590 1576 1314 

Cl 2072, 1983, 1922, 1832 1602 1578 1314 

C2 2075, 1997,1904,1826 1604 1581 1315 
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3.1.1. 1H NMR spectroscopic analysis of Cl and C2 

Figure 3.2 shows the 1H NMR spectrum obtained for the compound Cl. A section of the 

spectrum and the spectrum obtained for C2 are given in Fig A3.2 (See Appendix). 
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Fig 3.2: 1H NMR spectrum for 3-(1-methylpyrrolidin-2-yl) pyridine pentacarbonyl 

molybdenum (0)-(Cl) 

The 1H NMR spectra for compounds Cl and C2 indicated that there are noticeable chemical 

shifts on the protons of the pyridine ring of the coordinated 3-(1-methylpyrrolidin-2-yl) 

pyridine ligand compared to the uncoordinated ligand. The proton, H-C=N chemical shift 

values is recorded at 0.03 ppm up field and 0.16ppm down field for Cl and C2 respectively 

compared to that of the uncoordinated ligand. Similarly, noticeable shifts were observed in 

the protons coordinated to the carbon atoms, C-9 and C-8. The chemical shifts, C2 for the 

protons HC-9 and HC-10 are shifted more down filed compared those of Cl. This may be as 

a result of unequal deshielding of the electron density on the carbon atoms surrounding the 

pyridine nitrogen by the different metal centres. The electron density reduction on C-10 and 

C-9 cause the down field proton chemical shift. 
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The reduction in electron density is observed to be relatively greater in the tungsten complex 

compared to the molybdenum. Table 3.2 summarises the chemical shifts of important 

functional groups in the ligand, 3-(1-methylpyrrolidin-2-yl) pyridine and the compounds Cl 

and C2. 

Table 3.2: A summary of 1H NMR data for 3-(1-methylpyrrolidin-2-yl) pyridine, Cl and C2 

Compound C-lOH C-9H C-SH C-43H 

Ligand 8.52 8.49 3.17 2.17 

Cl 8.49 8.46 3.18 2.15 

C2 8.68 8.50 3.11 2.18 

Significant shifts are observed on the protons at position 9 and 10 on the pyridine ring which 

indicated the coordination of the 3-(1-methylpyrrolidin-2-yl) pyridine via the (N=CH) in the 

pyridine ring. The protons attached to the carbon atoms C-9 and C-10 are close to the imine 

nitrogen which is involved in the coordination. The changes in the chemical shifts observed 

for the C-9 and C-10 are due to the change in electron density on the imine moiety (C=N) 

after coordination. Other chemical shifts associated with the potential atoms liable for 

coordination did not show any observable change and this led to the conclusion made. 

The electron donated to the empty p-orbitals of the metal is transferred to the 1t-orbitals of the 

carbon atom of the trans-carbonyl ligand, since it is a good 7t- acceptor compared to the 

nitrogen atom [11]. Through induction the amine nitrogen becomes partially positively 

charged resulting to the down field shift observed. 
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3.1.2 13C NMR spectroscopic analysis of Cl and C2 

Figure 3.3 shows a 13C NMR spectrum of Cl. The 13C NMR spectrum obtained for C2 is 

given in Fig A3.3 (See Appendix). 

Fig 3.3: 13C NMR spectrum for 3-(1-methylpyrrolidin-2-yl) pyridine pentacarbonyl 

molybdenum (0)-(Cl) 

The characteristic chemical shifts, 154.11 ppm and 155.32 ppm (Cl) and 153.38 ppm and 

154.59 ppm (C2) for the pyridine ring C=N and -C-N= carbon respectively show significant 

downfield shifts compared to those of the uncoordinated ligand, 149.45 ppm and 148.51 ppm. 

These two carbon atoms are deshielded by the coordination of the 3-(1-methylpyrrolidin-2-

yl) pyridine resulting to the down field chemical shifts observed. The shifts are generally 

greater in the compound C2 than Cl which can be explained by the difference in the 

electronic properties of the two metal centres. The shifts observed at 204.37 ppm (Cl) and 

191.10, 198.92 ppm (C2) are associated with the carbon atoms of the terminal carbonyl 

ligands. 
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The 13C NMR spectrum of C2 shows that the terminal carbonyls are inequevalent sites. The 

chemical shift that appears further down field, 198.92 ppm, is attributed to the cis-carbonyl 

while the trans-carbonyl, 191.91ppm because it is shielded by the n*-back donation of 

electrons from the metal centre [12]. A summary of the chemical shifts recorded for selected 

carbon atoms are given in Table 3 .2. 

Table 3.3: A summary of 13 C NMR for 3-(1-methylpyrrolidin-2-yl) pyridine, Cl and C2 

Compound C=O C-10 C-9 C-5 C-4 

Ligand - 149.45 148.51 68.83 40.32 

Cl 204.37 154.11 153.38 68.03 40.24 

C2 
198.92, 155.32 154.59 69.12 40.24 
191.10 

3.2 Bis-3, 5-dimethylpyrazole tetracarbonyl complexes 

Compounds C3 and C4 were prepared by following the procedure used to prepare and isolate 

Cl, (section 2.4.1). The procedure is illustrated by the Scheme 3.2. Compound C3 and C4 

were isolated as light yellow and yellow air stable solids respectively. 

--y)-----;, ~ ~ 
M(C0)6 + MeCN • 

Reflux 

HN-N N-NH 
'-/ o==-M- = = o 

/~ 
M=Mo, W 

Scheme 3.2: Synthesis of 3, 5-dimethylpyrazole tetracarbonyl metal complexes C3 and C4 
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3.2.1 IR spectroscopic analysis of C3 and C4 

Figure 3.4 shows the IR spectrum for compound C4. The IR spectrum obtained for C3 is 

given in Fig A3.4 (See appendix). 
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Fig 3.4: IR spectrum for 3, 5-dimethylpyrazole tetracarbonyl tungsten (0) - (C4) 

The IR spectra show four absorption peaks between 1799 cm·1 and 2011 cm·1 and N-H 

absorption peaks at 3382 cm·1 (C3) and 3420 cm·1 (C4).The four absorption bands are as a 

result of all the four non-degenerate terminal C;;;O bond stretching modes. The peaks display 

a familiar pattern associated with bis-coordinated tetracarbonyl Mo and W complexes and the 

two middle terminal C:O absorption bands are of almost the same intensity but stronger than 

the two at a higher and lower frequencies as previously observed by Kraihanzel and Cotton 

[Error-I Bookmark not defined.]. These peaks are also in the same stretching frequency region 

(2015 cm· 1 -1831 cm-1
) observed by Ardon et al. for similar complexes [13,14] . 
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The IR bands for N-H bond shifted to lower stretching frequencies compared to 3450 cm-1 

recorded for the uncoordinated 3, 5-dimethylpyrazole ligand. They were in the same range as 

3446 cm-1, and 3384 cm-1 by Tang et al. [15]. The shifts on the stretching frequency observed 

for the N-H bond can be attributed to the intramolecular interaction due to the N-H · .. · O:C 

hydrogen bonding [15,16]. The n*-back donation cause the mesomeric, -o=C=M\ form of 

the trans-carbonyl ligands resulting to the interaction between the acidic N-H and the basic 

oxygen -o=C=M+. The hydrogen bonding interaction weakens the N-H bond hence the 

observed shift on the IR stretching frequencies to the lower wave numbers. The hydrogen 

bonding also causes the broadening of the N-H absorption peak as observed in the IR spectra 

of C3 and C4 [19,17,18]. 

The absorption peaks initially not observed in the uncoordinated 3,5-dimethylpyrazole ligand 

were observed at 1650 cm-1 and 1656 cm-1 for the C3 and C4 respectively and are attributed 

to the C=N bond stretching frequency. The C=C bond stretching frequencies are observed to 

shift to the lower frequencies by ~ 10 cm-1 in both compounds. This is proposed to be 

indication the electronic effect on the pyrazole ring after coordination onto the metal centre. 

The reduction of the electron density on the ring due to the cr bonding improved the electron 

donation from the methyl group attached to C-5 this in tum causes the electron repulsion 

between the C=C 11:-electrons and the electron from the methyl group. The C=C bond is 

weakened as a result hence the observed reduction in stretching frequencies_ 

It is also observed that the intensity of the C=C absorption band has greatly reduce after 

coordination. A summary of the stretching frequencies for the main functional groups for the 

C3 and C4 are given in Table 3.4. 
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Table 3.4: A summary of IR data for 3, 5-dimethylpyrazole, C3 and C4 

Melting Stretching frequencies, cm-1 

Compound Point co C=N C=C N-H 

(OC) 

Ligand - - 1586 3450 

C3 143-146 2011, 1886, 1860, 1799 1650 1575 3382 

C4 128-132 2001, 1926, 1872, 1815 1656 1577 3420 

3.2.2 1H NMR spectroscopic analysis of C3 and C4 

Figure 3.5 shows the 1H NMR spectrum obtained for the compound C3. The spectrum 

obtained for C4 is given in Fig A3.5 (See appendix).The 1H NMR spectra of the compounds 

C3 and C4 suggests that the two coordinated pyrazole ligands are chemically equivalent. 

-~ 
11 . . " • 

Fig 3.5: 1H NMR spectrum for 3, 5-dimethylpyrazole tetracarbonyl molybdenum (O)-(C3) 
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The signals for the pyrazole protons had a general downfield shift compared to those of the 

uncoordinated ligand. The C-7 methyl proton chemical shifts for the C3 and C4 are observed 

to differ by 0.22 ppm. This observation may be as a result of the difference in the properties 

of the two metal centres. The shift that is greater for W compound compared to the Mo 

compound may be as a result of the difference in the extent of deshielding of the carbon 

atoms directly bonded to the coordinated N-atom s a result of cr-bonding onto the metal 

centre. The C=N may have been greatly deshielded by the W metal centre compared to the 

Mo. 

The N-H chemical shift appeared as a small hump at 9.47 ppm for C3 and was not observed 

on compound C4. The N-H chemical shifts have been reported in the range between 9.34-

9.58 ppm for most of the pyrazole and pyrazole derivative metal complexes [15,19,20]. It is 

always observed as a small broad hump because of intramolecular or intermolecular 

hydrogen bonding between the N-H and the terminal carbonyl moiety M+ =C= ff, N-H···· 

O=C= ·Mand the possible exchange of the amine proton, N-H with deuterium atom, D, from 

CDCh. The intramolecular and intermolecular hydrogen bondings are responsible for the 

downfield chemical shifts that are observed in the 1H NMR spectra of C3 and C4 while the 

proton exchange causes the broadening and the disappearance of the amine proton chemical 

shift. The amine protons (C3) showed down field shifts of approximately 0.2ppm compared 

to that of the free ligand [19,21,22]. 

The chemical shifts for the protons C-4 H appear at 5.88 (C3) and 6.08 ppm (C4). This is 

comparable to 5.87 ppm and 6.08 ppm for [Mo(CO)4(Hdmpz)2] and 3-

methylferocenylpyrazole pentacarbonyl tungsten complexes reported by Paredes et al. and 

Tang et. al [15, 19]. The high values for C-4H chemical shift observed for the C4 compared 

to the C3 can be attributed the difference in the electronic effects caused by these two metals. 

Table 3.5 summarizes the proton chemical shifts for the compounds C3 and C4 
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Table 3.5: A summary of 1H NMR for 3, 5-dimethylpyrazole, C3 and C4 

Compound N-H C-41H C-63H C-73H 

Ligand (Pz) 9.22 5.81 2.16 2.26 

CJ 9.47 5.88 1.95 2.25 

C4 - 6.08 2.01 2.47 

3.2.3 13C NMR spectroscopic analysis of CJ and C4 

Table 3.6: A summary of 13 e NMR for compounds C3 and C4 

Compound C=O C-5 C-J C-4 C-6 C-7 

CJ 211.88, 204.03 145.30 140.15 106.49 10.85 15.46 

C4 219.28, 190.71 144.45 137.59 104.72 11.92 14.71 

Table 3.6 gives a summary of the 13e NMR chemical shifts observed for the compounds C3 

and C4. From the 13e NMR spectra values obtained for the compounds C3 and C4. The two 

chemical shifts for each compound in the region above 190 ppm observed were attributed to 

the terminal carbonyl groups. The chemical shifts further downfield 211.88 ppm (C3) and 

219 ppm (C4) are assigned to the cis- carbonyl ligands while those observed at 204 ppm (C3) 

and 190 ppm (C4) were both attributed to the trans-carbonyl. 
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3.2.4 X-ray crystallographic analysis 

The molecular structure obtained was a bimolecular and crystallized in Triclinic PI space 

system. The molecular structure is shown in Fig. 3.6 and the selected bond lengths and bond 

angles of the crystal are listed in Table 3.7. 

Fig 3.6: Crystal structure of 3, 5-dimethylpyrazole tetracarbonyl tungsten (0)-C4 

The hydrogen atoms H2 and H4 of the N-H groups were located in the electron difference 

maps and refined with simple bond length constraints [d (N-H) = 0.97 (2) A]. All other 

hydrogen atoms were placed at geometrically calculated positions with d(C-H) = 0.95 A for 

the aromatic hydrogen and d(C-H) = 0.98 A for the methyl hydrogen and refined as riding on 

their parent atoms with Uiso (H) = 1.2 or 1.5 Ueq (C). 
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Table 3.7: Selected bond angles (0
) and bond lengths (A) for compound C4 

Bond Angles (0
) Bond Length (A) 

N(3)-W(l )-N(l) 85.48(6) W(l)- C(2) 1.941(2) 

C(2)-W(l)-N(l) 90.34(8) W(l)- C(l) 1.951 (2) 

C(3)-W( 1 )-N(l) 94.39(8) W(l)-. C(4) 2.029(2) 

C(l)-W(l)-N(3) 98.25(8) W(l)- C(3) 2.037(2) 

C( 4)-W(l )-N(3) 93.67(8) W(l)- N(3) 2.2523(18) 

C(l )-W (1 )-C(2) 85.95(8) W(l)- N(l) 2.2842(18) 

The data obtained confirms the structure of C4 as a bis-coordinated 3,5- dimethylpyrazole 

tetracarbonyl tungsten (0) complex with similar properties as compound C3 previously 

characterized by X-ray crystallography [19]. The structure shows that the pyrazole ligands 

are cis-coordinated to the W metal centre. The bond angles around the W metal atom, N(3)

W( l )-N(l) (85.48(6)0
), C(3)-W(l)-N(l) (94.39(8)0

) and C(2)-W(l)-N(l) (90.34(8)0
) show 

deviations from the octahedral angles of 90° therefore the coordination geometry about the 

metal centre is distorted octahedral. The corresponding bond angles N(3)-W(l)-N(l) 

85.48(6)0 and C(l)-W(l)-C(2) 85.95(8)0 are slightly different and the W(l)- C(l) and W(l)

C(2) bond lengths are notably slightly longer than W{l)- C(3) and W(l)- C(4) as a result of 

the trans effect from the cis-substituted pyrazole ligands. 

The W-N bonds lengths reported here for the compound C4 are slightly different from 2.276 

A and 2.304 A reported for the [Mo(CO)4(Hdmpz)2], (Hdmpz= 3,5-dimethylpyrazole). The 

metal-trans carbonyl, M-Ctrans, W(l)-C(l) and W(l)-C(2) bonds are relatively shorter 

compared to the M-Ccis, W(l)- C(3) and W(l)- C(4) bonds because of the stronger M-C bond 

as a result of electron back-donation into the n*-orbitals the corresponding C atoms [23]. 
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The average bond length between the metal, W, and the surrounding carbonyl carbons, 1.945 

A (W-C(l),W-C(2)) and 2.033 A (W-C (3),W-C(4)) compare with 2.04 A and 1.96 A 

reported for carbonyl complexes [24, 25]. The W-N bond lengths are also closely 

comparable the value 2.27 A obtained for W-N bond of 3-(1-methylpyrrolidin-2-yl) pyridine 

pentacarbonyl tungsten complex and the average of Mo-N(l) and Mo-N(3) 

[Mo(CO)4(Hdmpz)2], (Hdmpz= 3,5-dimethylpyrazole) [19,26]. The parameters for crystal 

data collection are contained in Table 3.8. 
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Table 3.8: Crystallographic data and structure refinement for compound C4 

Empirical formula C14 H16 N4 04 W 

Formula weight 488.16 

Temperature 173(2) K 

Wavelength 0.71073 A 

Crystal system, space group 

Unit cell dimensions 

Volume 

Z, Calculated density 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Limiting indices 

Reflections collected/ unique 

Completeness to theta = 28.42° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I >2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

Triclinic, PI 

a= 7.7986(4) A alpha= 93.0840(10)0 

b = 8.8284(5) A beta= 90.2660(10) 0 

c = 12.9654(7) A gamma= 111.7790(10) 0 

827.45(8) A3 

2, 1.959 Mg/m3 

7.005 mm-1 

468 

0.16 x 0.10 x 0.04 mm 

1.57 to 28.42 deg. 

-1 0shslO, -11::::ksl 1, -17:Sl:Sl 7 

23910 / 4154 [R(int) = 0.0271] 

99.5 % 

Semi-empirical from equivalents 

0.7670 and 0.4003 

Full-matrix least-squares on F2 

4154/2/220 

1.070 

Rl = 0.0147, wR2 = 0.0341 

Rl = 0.0164, wR2 = 0.0347 

0.906 and -0.641 e. A-3 
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3.3 Dibromo-bis-3, S-dimethylpyrazole complexes tetra carbonyl complexes, (CS=Mo, 

C6=W) 

Compounds CS and C6 were then prepared and isolated as described in the experimental 

section 2.5.3 and illustrated by Scheme 3.3. Freshly prepared dibromotetracarbonyl metal 

dimers, [M(CO)4Br2]2 , (M=Mo, W), with 3,5-dimethylpyrazole were reacted in DCM at 

room temperature. 

DCM, 
rt, 4 

h 

2CO 

M=Mo, W 

Scheme 3.3: Synthesis of dibromo-bis-3, 5-dimethylpyrazole tricarbonyl metal complexes 

CS and C6 

3.3.1 IR spectroscopic analysis for CS and C6 

Figure 3.7 shows the IR spectrum obtained for compound C6. The spectrum obtained for 

compound CS is given in Fig A3.7 (See appendix). The IR spectra of the compounds CS and 

C6 indicate the presence of the 3, 5-dimethylpyrazole ligands and the three terminal carbonyl 

ligands. The presence of the 3,5-dimethylpyrazole ligands is indicated by the observed 

relatively intense peaks at 1615 cm-1 (CS) and 1616 cm-1 (C6) attributed to the C=N bonds 

and the broad strong peak observed at 3435 cm-1 and 3420 cm-1 for compounds CS and C6 

respectively. The latter sets of stretching frequencies are attributed to the N-H bonds. These 

values are lower than the value, 3450 cm-1
, recorded for the uncoordinated ligand. The shifts 

are proposed to be due to the effect intermolecular/intermolecular hydrogen bonding between 

the N-H···-O=C= M- of the terminal carbonyl ligand. 
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Fig 3.7: IR spectrum for dibromo•bis-3, 5-dimethylpyrazole tricarbonyl tungsten (II)- (C6) 

The hydrogen bonding weakens the N-H bond hence the recorded decrease in the IR 

stretching frequencies and causes the observed peak broadening compared to the 

uncoordinated ligand (17, 27,28]. 

The terminal carbonyl ligands' stretching frequencies were observed at the range between 

1928 cm-1 and 2093 cm-1and the values reported were within the close range with those 

reported previously between 2080 cm-1 and 1948 cm-1 previously reported for the 

heptacoordinated diiodo tricabonyl complexes [29] They depict that all the three terminal 

carbonyl ligands are not stereochemically equivalent. The absorption bands at 1566 cm-1 and 

1569 cm-1 display 20 cm- 1 and 17 cm-1 shift to the lower frequencies compared to the 

uncoordinated ligand and were attributed to C=C bond. This was of~ 10 cm-1 more than the 

observed shift for the zero valent compounds C3 and C4. 

The same electronic effect proposed to have caused this observation in compounds C3 and 

C4 is suspected here aswell; however the extent of the shift is enhanced by the presence of 
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the electron withdrawing groups, Bf ions which increased the strength a donation by the 

ligands. Table 3.9 summarises the IR data for the compounds CS and C6 

Table 3.9: A summary ofIR data for 3, 5-dimethylpyrazole, CS and C6 

Melting Stretching frequencies, cm-1 

Compound Point co C=N C=C N-H 

(OC) 

Ligand - - 1586 3450 

cs 126-129 2093,2033,1946 1615 1566 3435 

C6 >220 2089,2013, 1928 1616 1569 3428 

The IR spectra show three absorption bands in the region between 2093 cm-1 and 1928 cm-1
• 

The values of the terminal carbonyl stretching frequencies recorded for the molybdenum 

compound CS are relatively higher than those recorded for the tungsten compound C6. 

Similarly, it was noted that they are equally higher than those recorded for the corresponding 

tetracarbonyl compounds C3 and C4. This can be attributed to the effect of the electron 

withdrawing bromine groups attached to the metal centre which have reduced the trans effect 

of the coordination on the terminal carbonyl ligands. 
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3.3.2 1H NMR spectroscopic analysis for C5 and C6 

Figure 3.8 shows 1H NMR spectrum obtained for C6. The spectrum obtained for C5 is given 

in Fig A3.8 (See appendix). 
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Fig 3.8: 1H NMR spectrum for dibromo-bis-3, 5-dimethylpyrazole tricarbonyl molybdenum 

(11)-(CS) 

The spectrum above show the chemical shifts of the coordinated 3.5-dimethylpyrazole. The 

amine protons appear as a small hump at about 9.40 ppm. This was a notable down filed shift 

compared to the uncoordinated ligand because of the proposed effect of either intramolecular 

or intramolecular hydrogen bonding, N-H· · ·o=C= +M between the N-H and the terminal 

carbonyl moiety M+ =C= O" or N-H···· Br. The possible exchange of the amine proton, N-H 

with deuterium atom, D, from CDCb may be the responsible cause of the amine peak 

broadening or disappearance as previously reported [ 18,30,31]. The difference noted in the 
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chemical shifts of the N-H proton (9.37 ppm vs 9.49) is as a result of the difference in the 

strength of the hydrogen bonding resulting from the different metal centres. 

The C-4H proton show shifts from the value recorded for the uncoordinated ligand and this 

may be due to the electronic pyrazole ring induction arising from the effect of coordination. It 

has been previously observed by Lopez et al. that coordination of piperidine to the metal 

resulted to the chemical shifts on the protons not directly bonded to the coordinated atom be 

proposed that the effect of coordination resulted to the down field chemical shifts on the 

proton attached to the non-coordinated atoms [32). The value recorded for the N-H chemical 

shift (C6) compared to (CS) suggest that the N- atom is relatively more acidic, it can 

therefore be expected that the carbon atom, C-5 is relatively basic because of the presence of 

the electron donating methyl group hence the C-4H becomes more shielded compared to that 

of compound (CS). Table 3.10 give the summary of the proton chemical shifts. The methyl 

protons attached to C-6 and C-7 are both deshielded hence the observed downfield shifts. The 

shift is greater for the C-7 3H protons because they are closer to the coordinated N-atom 

compared to the C-6 3H protons. 

Table 3.10: A summary of 1H NMR for 3, 5-dimethylpyrazole, compounds CS and C6 

Compound N-H C-4H C-63H C-7 3H 

Ligand 9.22 5.81 2.16 2.26 

cs 9.37 5.94 2.25 2.37 

C6 9.49 5.85 2. 2.25 
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3.3. 3 13C NMR spectroscopic analysis for C5 and C6 
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Fig 3.9: 13 C NMR spectrum for dibromo-bis-3, 5-dimethylpyrazole tricarbonyl tungsten (II)

(C5) 

Figure 3.9 is a 13C NMR spectrum obtained for compound C5. The 13C NMR chemical shifts 

observed in the region beyond 200 ppm were attributed to the terminal carbonyl carbons. 

This showed that the three carbonyl ligands have the same chemical and electronic properties 

and are expected to have a single chemical shift as previously reported for 

tetrahydroquinoline tricarbonyl complexes of Cr, Mo and W [32]. The chemical shifts for the 

methyl carbons, C-6 and C-7 appear up field at 11.11 ppm and 11 .40 ppm and 11.19 ppm and 

15.78 ppm for C5 and C6 respectively. The difference in the C-7 chemical shifts, 11.40 ppm 

and 15.78 ppm for C5 and C6 respectively is attributed to the difference in the difference in 

the properties of the two metal centres. The relatively high electronegativity of the W, (Mo 

(CS) (2.16 Pauling scale) and W (C6) (2.36 Pauling scale), causes the deshileding of the C-7 

metals hence the observed difference in the chemical shifts between [10]. 
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The same effect is not great on the C-6 because it far from the N-atom coordinated to the 

metal centre. The 13C NMR spectra data for the C5 and C6 is summarized in Table 3 .1 1. 

Table 3.11: A Summary of 13 C NMR for compounds C5 and C6 

Compound co C-5 C-3 C-4 C-6 C-7 

cs 200.86 144.41 142.68 105.61 11.11 11.40 

C6 197.41 145.12 141.32 106.74 11.19 15.78 

3.4 1-(bromomethyl)-4-methylenebenzyl cyclopentadienyl tricarbonyl complexes, 

(C7=Mo, CS=W) 

Compounds C7 and CS were prepared as discussed in experimental Section 2.6.1 and 

illustrated by Scheme 3.4. 

Br 
[CpM(COhr Na+ 

THF, 
rt, 2 hr 

~ 
I 

, .. M .,, I ,,, I l,1/ 

~ II ~ 
0 

M=Mo,W 

+ NaBr 
Br 

Scheme 3.4: Synthesis of 1-(bromomethyl)-4-methylenebenzyl cyclopentadienyl tricarbonyl 
metal complexes, C7 and CS 
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3.4.1 IR spectroscopic analysis of compounds C7 and C8 

Figure 3.10 shows the IR spectrum for compound C7. The IR spectrum obtained for C8 is 

given in Fig A3.10 (See appendix). 
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Fig 3.10: IR spectrum for 1-(bromomethyl)-4-methylenebenzyl cyclopentadienyl tricarbonyl 

molybdenum (II) - (C7) 

The IR spectra of these compounds C7 and C8 have absorption bands observed at 1899 s and 

1996 vs (C7) and 1885 s and 2006 vs (C8) which are as a result of the terminal carbonyl 

ligands stretching frequencies. 
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The spectra only show two bands which suggests that two of the carbonyl ligands have the 

same stretching frequency possibly due to their geometrical similarity with respect to the 

other ligands. The third carbonyl ligand differ from the other two hence the observed two 

stretching bands. The band of the higher stretching frequency is weaker and may be attributed 

to the carbonyl ligand/s cis to the cyclopentadienyl ligand. A broad weak peak is appearing at 

1634 cm-' in both spectra is assignable to C=C bond stretching. 

A summary of stretching frequencies for carbonyl and C=C bonds are given in Table 3.12. 

Table 3.12: A Summary of IR data for compounds C7 and CS 

Melting Stretching frequencies, cm-1 

Compound Point co C=C 

(OC) 

cs 141-143 1996 1899 1634 

C6 143 2006 1885 1634 
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3.4.2 1H NMR spectroscopic analysis of compounds C7 and C8 

Figure 3.11 is a 1H NMR for compound C7. The spectrum obtained for C8 is given in Fig 

A3.11 (See appendix). 
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Fig 3.11: 1H NMR spectrum for 1-(bromomethyl)-4-methylenebenzyl cyclopentadienyl 

tricarbonyl molybdenum (II)-(C8) 

The similarity observed in the spectra of compounds C7 and C8 suggest the similarity of the 

structures of the two compounds. The chemical shifts for the protons attached to C-1 and C-6 

appeared as singlets depicting the mononuclear structure of the compounds formed. Since the 

complex is mononuclear the protons attached to C-3 and C-4 are not chemically equivalent 

and therefore had their chemical shifts appearing at about 7.05 ppm and 7.15 ppm 

respectively. They both appear as doublets due to the relative coupling between them. This 

observation suggests that the compound formed was a mononuclear complex. If the 

compound was symmetrical, i.e. binuclear then there would be an expectation of a single 

chemical shift instead of two. The Cp ring proton chemical shifts were observed at 5.07 ppm 

and 5.18 ppm for compounds C7 and CS respectively. 
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The observed chemical shift of 5.07 ppm and 5.18 ppm are very close to the reported values 

of 5.10 ppm amd 5.12 pmm for the ansa bridge cyclopentadienyl tricarbonyl complexes 

prepared by Zhao and Neves et al. [33, 34]. The observed difference in the chemical shift 

assigned to e-1 may be attributed to the difference in the reactivity between the W and Mo. 

W is less reactive than Mo and since e-1 is directly attached to the metal centre the 

difference is pronounced. Similarly it may be as a result of the effect of the high electron 

density associated with W compared to Mo. The 1H NMR data for compound C7 and CS are 

summarized in the Table 3.13. 

Table 3.13: A summary of 1H NMR for compounds C7 and CS 

Compound C-12H C-32H C-42H C-62H Cp-5H 

C7 2.75 7.05 7.14 4.36 5.07 

cs 2.83 7.01 7.15 4.36 5.18 

3.4.3 13C NMR spectroscopic analysis of compounds C7 and CS 

The 13e NMR spectrum, Figure 3.12 shows a spectrum for compound CS. Seven carbon 

chemical shifts observed confirm the proposed structure, Fig. 3.12. The 13e NMR spectrum 

for compound e7 is given in Appendix 1 (Fig A3 .12). The C-2 and C-5 have different 

chemical shifts assigned as 129.39 ppm and 137.92 ppm respectively. 

73 

https://etd.uwc.ac.za/



" 

f .. 

I I. ~= C-6 

L.---· --....... ·~--~--· __ )i_' .-..!~~~~ ~\.:J-.. :--.:-,;~ .... 11~•-·- -~-·----:.:-·_-:.--( ................ ---.... ·c-.-:: ..... :_ .. ~ ..... .: ... -....... , ................ ... 
~an ·t'\O 1t.e: t4t1 J}"fl 1..ou. e.o ·t• 413 

Fig 3.12: 13C NMR spectrum for l-(bromomethyl)-4-methylenebenzyl cyclopentadienyl 

tricarbonyl tungsten (Il) - (C7) 

The chemical shift for C-5 appears down field because of the effect of the bromomethyl, 

BrCH2-, group attached to it. On the other hand, the chemical shift for C-2 appears relatively 

up field as a result of the increased electron density of the metal centre. This indicates the 

mononuclear structure of the complexes as proposed. Table 3.14 gives the summary of the 

13CNMRdata. 

Table 3.14: A Summary of 13 C NMR data for compounds C7 and C8 

Compound C-1 C-2 C-3 C-4 C-5 C-6 Cp 

C7 1.07 129.39 127.66 128.68 137.92 32.78 93.94 

C8 -7.82 129.41 127.51 128.64 137.99 32.72 92.54 

The chemical shifts for the carbonyl ligands were not observed in the spectrum. The 

chemical shift for the C-1 for the two compounds do not fall in the same region, 1.07 ppm 
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(C7) and -7 .82 ppm (CS). The chemical shift for the C-1 for compound C8 is observed 

further up field compared to compound C7 Zhao et al. reported the chemical shift for a 

similar a-carbon at -7.3 ppm [33]. The same chemical shift for a-carbon has been reported in 

the range of -12.1 ppm and -9.9 ppm [35]. The difference observed in the chemical shift for 

the a-carbon between the Mo compound (C7) and W compound (C8) can be attributed to the 

difference in electronegativity of the two metals. Tungsten being more electronegative 

accumulate more charge from the carbonyl ligand causing the shielding of the a-carbon and 

the Cp ring carbons hence the observed comparable up field shifts observed. 
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3.5 3-(1-methyJpyrrolidin-2-yJ) pyridine cycJopentadienyl tricarbonyJ complexes 

(C9=Mo, ClO=W) 

Compounds C9 and ClO were prepared by following the procedure described in the 

experimental section 2.7.1 and illustrated the Scheme 3.5. 

N--

~ [CpM(CO)JCI] I 
-------11-CI'-. ,,,,,N ~ /) 

M·' \.\. ~1Jhr ~j ··,,,,,,~...__..-
+ co 

M=Mo,W 

0 

Scheme 3.5: Synthesis of 3-(1-methylpyrrolidin-2-yl) pyridine cyclopentadienyl tricarbonyl 

metal compounds C9 and ClO 

3.5.1 IR spectroscopic analysis for compounds C7 and C8 

321---~--~--~--~-~--~--~---.------~--, 
3:lloo.o 2aoo 2400 20,:,0 180(1 1600 1400 ·1:foo 1000 800 ,;;oo: .450 o 

crh71 

Fig 3.13: IR spectrum 3-(1-methylpyrrolidin-2-yl) pyridine cyclopentadienyl tricarbonyl 

molybdenum (II) - (C9) 
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Figure 3.13 shows the IR spectrum for compound C9. The spectrum obtained for compound 

ClO is given in Fig A3.13 (See appendix). The IR spectra were used to identify the 

compounds formed. Three absorption peaks, two of almost the same intensity and a weak one 

are observed in both the spectra, 1939 sh, 1976 vs and 2046 s for compound C9 and 1773 w, 

1953 s and 2042 s for compound ClO. These peaks are assignable to the three terminal 

carbonyl ligands. A shift of 5 cm-1 and 2 cm-1 to a higher stretching frequencies compared to 

the uncoordinated 3-(1-methylpyrrolidin-2-yl) pyridine ligand is observed for the C=N bond 

stretching. These shifts are attributed to the increase of the C=N bond strength. N- ligands are 

weaker 1t-acceptor Lewis base ligand compared to the carbonyl ligands. The difference in the 

electronegativity between molybdenum and tungsten causes the observed difference in the 

C=N bond stretching frequencies [36]. 

A summary of the IR data for the relevant bond stretching frequencies of compounds C9 and 

ClO is given in Table 3.15. 

Table 3.15: A summary of IR data for 3-(1-methylpyrrolidin-2-yl) pyridine, C9 and ClO 

Stretching frequencies, cm-1 

Compound 
co C=N C=C C-N 

Ligand - 1590 1576 1314 

Cl 2046,1976, 1939 1597 1578 1317 

C2 2042, 1953, 1773 1592 1578 1316 
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3.5.2 1H NMR spectroscopic analysis for compounds C9 and ClO 

Figure 3.14 shows a 1H NMR spectrum obtained for compound ClO. A section of the 

spectrum and the spectrum obtained for C9 is given in Fig A3.14 (See appendix). 

"' ... ... 
l 
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Fig 3.14: 1H NMR spectrum for 3-(1-methylpyrrolidin-2-yl) pyridine cyclopentadienyl 
tricarbonyl tungsten (II) - (ClO) 

The 1H NMR spectra shows that the two compounds are structurally similar. Even though no 

significant difference are observed on the chemical shifts for the compounds C9 and ClO 

compared to that of the uncoordinated 3-(1-methylpyrrolidin-2-yl) pyridine ligand. The 

spectra indicate the presence of both 3-(1-methylpyrrolidin-2-yl) pyridine and 

cyclopentadienyl ligands in both compounds. The chemical shift for the Cp ligand appears as 

a singlet at 5.78 ppm and 5.75 ppm for compounds C9 and ClO respectively. The 1H NMR 

spectra data is summarized in the Table 3.16. 
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Table 3.16: A summary of 1H NMR for 3-(1-methylpyrrolidin-2-yl) pyridine, C9 and ClO 

Compound C-lOH C-9H C-8H C-5H C-43H Cp-5H 

Ligand 8.52 8.49 7.71 3.17 2.17 -

C9 8.53 8.51 7.89 3.30 2.24 5.78 

ClO 8.50 8.46 7.72 3.24 2.15 5.75 

3.5.3 13C NMR spectroscopic analysis for compounds C9 and ClO 

Figure 3.15 is a 13C NMR spectrum for compound ClO. The spectrum obtained for C9 is 

given in Fig. A3.15 (see Appendix) 
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Fig 3.15: 13C NMR spectrum for 3-(1-methylpyrrolidin-2-yl) pyridine cyclopentadienyl 

tricarbonyl tungsten (II) - (ClO) 
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The spectra show the chemical shifts due to the carbons atoms of the 3-(1-methylpyrrolidin-

2-yl) pyridine and cyclopentadienyl ligand. The chemical shifts due to the carbonyl ligands 

expected in the region above 190 ppm were not observed in the spectra because the chemical 

shifts of non-hydrogen bonded carbons are always less intense. The intensity of the carbon 

atom chemical shift increases with increase in decoupling of the attached protons. Since ther 

are no attached protons on these carbonyl ligands' the intensities of their signals are highly 

suppressed [37]. The cyclopentadienyl, Cp, ligand carbon chemical shifts of 95.67 ppm and 

93.91 ppm are close to the values between 91.02 ppm and 92.98 ppm reported by Friedrich et 

al. [38]. The difference observed is attributed to the shielding effect of the benzene Table 

3.16 gives a summary of the 13C NMR spectra data for the compounds C9 and ClO. A 

summary of the 13 C NMR data is given in Table 3.17 

Table 3.17: A summary of 13 C NMR for 3-(1-methylpyrrolidin-2-yl) pyridine, C9 and ClO 

Compound co C-10 C-9 C-8 C-5 C-4 Cp 

Ligand - 149.45 148.51 138.80 68.83 40.32 -

C9 - 149.57 149.21 - 69.18 39.75 95.67 

C10 - 149.54 148.67 138.48 68.90 40.30 93.91 
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3.6 Electronic transition measurements 

Generally, three absorption peaks were observed in the electronic spectra of the complexes 

both in DCM and MeOH solutions. The absorption spectrum of 3, 5-dimethylpyrazole 

measures in DCM displayed two bands at 226 nm and 256 nm assigned to n- 1t *, n-n* 

transitions respectively. In the corresponding M (0) and M (II), (M=Mo, W) complexes, 

slight shifts on the absorption wavelengths and new absorptions were observed in the spectra 

of the complexes. Compounds C3 and C4 showed a general red shift particularly on the 

n-n* transition observed at 254 nm and 252 nm for the measurement in DCM and 252 nm 

and 252 nm for the measurements taken in MeOH. These observed red shifts illustrates the 

effect of the imine nitrogen coordination on the n-n* transitions. The lone pair electron have 

been utilized in coordination hence higher energy is required to cause the n-1t* transition. 

Weak absorptions were observed in the spectra of most of the compounds in the region 

between 383-478 nm, which were attributed to spin-allowed metal ligand transfer, MLCT, 

field transitions [39,40]. It is observed that these transitions occur at a lower energy in Mo 

compared to the corresponding W compounds. Absorptions of the higher energy observed 

288 nm- 338 nm are believed to be due to the M-n* CO charge transfer transitions [41,42]. 

The high energy absorption bands < 254 nm are supposedly due to spin-allowed intra-ligand 

transitions for example n- 1t *, n-n* transitions [43, 44]. The proposal is supported by the 

observation made on the intensities and the effect of the solvent on these absorption bands, 

Table 3.18. 
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Table 3.18: Electronic Spectral data for compounds Cl- ClO in DCM and MeOH 

Entry "-max, nm Solvent 

1 244, 310, 388 CH2Ch 

242,311,388 MeOH 

2 230,290 CH2Ch 

229,288 MeOH 

3 226, 254, 386 CH2Ch 

223,252,383 MeOH 

4 226, 252, 400 CH2Ch 

a,252,394 MeOH 

5 212,230,290 CH2Ch 

a, 231,288 MeOH 

6 210, 252, 336 CH2Ch 

215,250,338 MeOH 

7 214,246,318 CH2Ch 

a, 242,311 MeOH 

8 202,246,310 CH2Ch 

206,244,304 MeOH 

9 208,228,478 CH2Ch 

200,226,469 MeOH 

10 206,234,464 CH2Ch 

200,230,448 MeOH 

a All complexes exhibited an intense absorption near 200 nm 
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3.7 Evaluation of compounds Cl-ClO as catalysts for epoxidation 

In this section the results obtained from the catalytic evaluation of the compounds Cl-ClO 

towards the epoxidation of the selected alkenes are discussed. The compounds showed low to 

high conversions with varied selectivities towards the epoxide products. Typical GC 

chromatograms obtained for cis-cyclooctene, 1, 2-epoxycyclooctane and styrene, styrene 

epoxide standard samples are attached, Fig. A3.17 and A3.18 (see Appendix) and a summary 

of the retention times extracted from them are given in Table 3.19. These chromatograms 

were obtained specifically for the calculation of the retention factors for the alkene substrates 

and the corresponding products. 

The solution mixtures were prepared by accurately weighing 1, 2-epoxycyclooctane and 

pipetting 10 µL of each of the liquid components (cis-cyclooctene, styrene epoxide) and 

topping up with DCM to 1 .4 mL. The substrate conversions and yields obtained from the 

catalytic reactions were calculated based on the initial substrate concentrations. The 

maximum conversions reached were observed to be dependent on the type of substrate, 

oxidation state of the catalyst, reaction time and the type of the metal. 

Table 3.19: A summary of the retention times for the standard samples (Cy8, Cy8 epoxide, 

Sty, Sty epoxide and Isooctane) 

Compound Retention time Compound Retention time 
(min) (min) 

1 Isooctane 1.826 Isooctane 0.965 

2 cis-cyclooctene 3.651 Styrene 2.294 

3 1,2-epoxycyclooctane 6.024 Styrene epoxide 4.031 
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Pentacarbonyl complexes, compound Cl and C2 showed a moderate activity towards the 

conversion of the alkenes. Conversions of the cyclic alkenes were higher compared to the 

conversions of the straight chain alkenes and styrene. Their activity was comparable to those 

of the tetracarbonyl metal compounds C3 and C4. However, 87% conversion was reached by 

compound C3 for the cis-cyclooctene within the same time period. The stability and 

performance of Compound C4 was tested by extending the reaction time beyond the average 

24 h to 48 h. The compound showed increase conversion with time; the conversion of cis

cyclooctene increased from 49 to 69%, 1-octene from 18 to 30%, cyclohexene from 35 to 

56% and styrene from 24 to 44%. 

The divalent compounds, CS and C6 showed a relatively high activity out of ten the 

compounds evaluated. Compound CS displayed the highest conversion of cis-cyclooctene 

and styrene observed for the 24 h reaction. Despite of the high conversion recorded for the 

compound CS, low selectivity towards the desired epoxides was observed. The two 

compounds also showed catalytic activity even after 24 h depicted by the increased 

conversions. 

Compound C7 equally displayed high catalytic activity compared to other compound. 

Conversion of 94% was reached for cis-cyclooctene which improved to 96% when the 

reaction time was extended to 48 h. Relative high conversions were also achieved for the 

other substrate with that of the styrene which generally showed poor conversion being 58% 

after 24 h. However, the analogous tungsten compound, C8 did not perform as molybdenum 

compound C7. With C8, only 37% conversion was obtained as opposed to the 94% obtained 

with compound C7. 
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Compounds C9 and ClO though expected to be more active than Cl-C4 showed a low 

activity. 53% conversion was achieved for the cis-cyclooctene after 48 h reaction. Similarly, 

the selectivities of the complexes towards the intended products were equally poor. 

The substrate conversions by the catalysts were observed to initially increase rapidly and 

thereafter reduce with time. This observation is associated with the increasing formation of a 

by-product, tert-butanol and the decrease in the concentration of the substrate with time. The 

tert-butanol competes with TBHP for the coordination sites of the catalysts [45]. Generally, 

conversions of between 25%- 55% were reached in the first 4 h of the epoxidation of Cy8 and 

Cy6 as shown in Fig. 3 .16. 
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Fig. 3.16: Conversions of Cy8 and Cs using TBHP as oxygen donor. 
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Straight chain alkenes C8, C6 and Sty generally showed comparable low reactivity. The 

conversion between 94%-40% was reached for cis-Cyclooctene by the Mo (II) complexes. 

These conversions fall above 64% to the higher side but slightly lower than 45% reported by 

Saraiva et al. [46]. The results show that high conversions are obtained for cyclic alkenes 

compared to the corresponding straight chain alkenes. This is because of increases electronic 

effect exhibited by these cyclic alkenes as compared to their corresponding chain alkenes 

[ 4 7]. The table below shows typical results obtained for the epoxidation reactions using Cl

ClO 

Table 3.20: Epoxidation results for the compound C4 

Entry Alkene Conversion (%) Selectivity TOF-0 

1 Cys 69.19 22.30 2.88 

2 Cs 30.48 24.15 1.27 

3 Cy6 56.96 17.65 2.37 

4a c6 38.28 25.44 1.60 

5 Sty 44.30 16.52 1.84 

a Results obtained after 24 h period. 

The following sections discussed the effects of substrate types, the oxidation state of the 

metal, time and the metal centre in the catalytic activities of these compounds towards alkene 

epoxidation. 

3.7.2.1 Cyclic vs Straight chain alkenes 

Comparison of the catalytic activities of the Cl-ClO towards different type of alkenes was 

one of the key objectives of this study. Three type of alkene was used in this study, cyclic 

( cis-cyclooctene, cyclohexene ), straight chain alkenes ( 1-octene, 1-hexene) and styrene which 

has both multi-unsaturated bonds on the ring and a vinyl arm. From the results, Table 3.19, it 
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is observed that the conversions were higher for the cyclic alkenes compared to the 

corresponding straight chain alkenes. This was in agreement with the observation made by 

Bagherzade and Esfahani [ 45]. Most of the experiments showed relatively high conversions 

with comparable yields and selectivity. As earlier reported the structure of the olefins and the 

catalyst influences the catalyst activity. 

The conversions were generally higher for cis-cyclooctene and cyclohexene compared to 

their corresponding straight chain alkenes, 1-octene and 1-hexene respectively. The cis

cyclooctene is more reactive compared to the cyclohexene due to the presence of relatively 

more electron donating CH2. It has also been reported that the cyclohexene has a tendency to 

form diols that may have affected the yields [ 48] On the other hand 1-hexene reached 

higher conversions compared to 1-octene and this has been attributed to the steric factor, 

large hexyl group verses relatively small butyl group on the 1-hexene [ 49]. It was observed 

that percentage conversions reached for styrene were relatively high but this did not 

correspond to the yields recorded; this observation was attributed to the reported tendency of 

the styrene to forming epoxides prone to ring.,.opening reactions to form diols, benzaldehydes 

and benzoic acid [ 50] . 

The mechanism here show how the oxidant attack the oxirane ring leading to ring opening 

followed by subsequent bond shifts to produce benzaldehyde and 3,3-dimethylformate (Path 

A), benzaldehyde, formaldehyde and butanol (Path B) 
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Scheme 3.6: Ring opening reaction of 2-phenyloxirane to form benzaldehyde and other by

products 

3.7.2.2 Zero vs divalent catalysts 

From the catalytic results, it was noted that the divalent complexes gave rise to higher 

conversions compared to the zero valent complexes. This observation was associated with the 

high electrophilic properties associated with the divalent complexes, Table 3.20 compare the 

catalytic activities of compound Cl Mo (0)-complex) and compound CS, Mo (II) -complex. 
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Table 3.21: A summary of conversion, yield and selectivity for Cl and CS for the substrate 

after 24 h epoxidation reactions 

Cl cs 
Substrate Conversion Selectivity TOF" Conversion Selectivity TOFh 

(%) (%) (%) (%) 

Cis-Cyclooctene 58.80 24.26 2.45 90.08 32.69 3.75 

1-0ctene 34.95 6.29 1.45 71.19 54.63 2.97 

Cyclohexene 42.32 38.73 2.37 45.56 84.14 1.89 

1-hexene 46.29 11.59 1.76 71.37 17.71 2.97 

Styrene 42.53 36.43 1.77 41.04 36.17 1.71 

The table indicate that there is an increased conversion with the increase of the Lewis acidity 

of the metal centre, i.e. from oxidation state O to +2. The Lewis acidic property associated 

with divalent metal complexes is responsible for both the high conversions observed for each 

of the substrates tested. The influence of the oxidation state of the metal centre is very much 

depicted by the results obtained by Wong et al. [51]. This observation can be explained by 

the fact that the halides are good electron withdrawing group, they therefore reduce the 

electron density on the metal centre which enhances the substrate binding. 

This proposal is supported by the observations made by Pearson et al. [52]. Contrary to the 

high conversions achieved with the divalent complexes, the yields and the selectivities are 

comparably low, except for the cyclohexene substrate. This observation is associated with the 

high concentration of the by-product, tert-butanol resulting from high conversions which is 

responsible for the ring-opening reactions with the preformed epoxides, resulting to low yield 

recorded; refer to Scheme 3.8 [34]. 
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3.7.2.3 Time 

Table 3.22: A summary of conversion, yield and selectivity of the substrates by of C4 after 

24 h and 48 h reactions 

24 h 48 h 

Substrate Conversion Selectivity TOF"11 Conversion Selectivity TOF"11 

(%) (%) (%) (%) 

Cis-Cyclooctene 48.57 25.57 2.02 69.19 22.30 2.88 

1-0ctene 18.31 29.05 0.76 30.48 24.15 1.27 

cyclohexene 35.08 27.68 1.46 56.96 17.65 2.37 

Styrene 23.91 16.52 0.99 44.30 16.52 1.84 

The conversions were observed to progress very fast between the times 0-2.5 h and thereafter 

slow with time indicating that there is a formation of an active compound. Table 3.21, 

indicates that an increase in length of reaction time from 24 h to 48 h led to an increase in 

conversion as well as yield. This observation has been supported by the reported data of 

studies previously done [53]. However, the by-product, tert-butanol, produced at the initial 

reaction stages competes both with the oxidant and the substrate for the coordination sites 

there by resulting in the reduced activity of the catalyst with increase in time slowing the rate 

of conversion [54,55]. 
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3. 7.2.4 Molybdenum vs tungsten compounds 

A general low activity of the tungsten complexes compared to their corresponding 

molybdenum analogues was observed, Table 3.22. This is attributed to the difference in the 

reactivity of these two metals and a true reflection of the previously reported results. The 

oxidant, TBHP is more suitable for use with Mo catalyst as opposed to W catalysts [5454]. 

The difference in the catalytic performance of these two elements is reinforced by the results 

obtained for the catalytic epoxidation done by analogous complexes of the two metals. 

The results indicate that Mo generally performs better than W in most of the catalytic 

reactions based on the substrate conversions obtained for their similar compounds in these 

literature and many others [51,56]. The activity of the W complexes towards epoxidation 

reactions has been reported to be temperature dependent i.e. the activity increases with 

increase in temperature indicated by the results they obtained. It can be proposed that the 

increase in temperature increases the reactivity of the W hence the increase in the catalytic 

activity [33,57] 

Table: 3.23 A summary of conversion, yield and selectivity of the substrate by C7 and CS 
after 48 h reaction 

C7 (Mo) CS(W) 

Substrate Conversion Selectivity TOF· 11 Conversion Selectivity TOF-11 

(%) (%) (%) (%) 

Cis-Cyclooctene 95.57 99.22 1.99 41.39 84.92 0.86 

1-0ctene 59.25 7.81 1.23 12.12 27.50 0.25 

Cyclohexene 73.17 4.24 1.52 37.34 20.97 0.78 

1-hexene8 42.39 36.64 0.88 21.07 43.69 0.44 

Styrene a 58.04 7.27 1.20 45.78 - 0.95 

a The results were obtained after 24h reaction 
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CHAPTER4 

4.1 Conclusions 

In this study, a literature review of the chemistry of the zero and divalent carbonyl complexes 

of Mo and W was discussed. The application of Mo and W carbonyl complexes in olefin 

epoxidation is briefly highlighted and various exiting discoveries in the physical and 

chemical properties of the molybdenum and tungsten carbonyl complexes brought out by the 

review lead to the synthesis, characterization and eventual catalytic evaluation of the new 

carbonyl complexes of Mo and W. 

Chapter 2 outlined the synthesis procedure and spectral characterization carried out on these 

new molybdenum and tungsten metal carbonyl complexes. Chapter 3 gives a detailed 

discussion of the synthesis, characterization and catalytic evaluation is reported. Each 

spectral data obtained for the compounds were interpreted, compared and discussed for the 

corresponding compounds. The spectral data were also compared for analogous compounds 

and to those of similar compounds previously reported in the literature. 

The IR, 1H, 13C- NMR, elemental analysis, x-ray crystallographic (C4) techniques were used 

to identify the compounds and the data obtained used to explain their physical and chemical 

properties. Similarly, the data obtained was also used to deduce the observed difference in the 

catalytic performance of the compounds towards the epoxidation of alkenes. 

The electronic spectra data of the compounds were further used explain the chemical 

properties of the compounds and to establish effect of polarity in the chemical properties of 

these compounds. 
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All the compounds were evaluated towards epoxidation of cis-Cyclooctene, 1-octene, 

cyclohexene, 1-hexene and styrene. The compounds showed low to high conversions towards 

the tested alkenes tested. From the results obtained molybdenum complexes were better 

catalysts compared to their corresponding tungsten analogues. It was also observed that 

divalent complexes, C5-C10 were generally having a higher activity compared to the zero 

valent, Cl-C4. This observation was attributed to the improved nucleophilic nature of the 

metal centre caused by the presence of the electro withdrawing groups. It was found that 

these compounds were catalytically active beyond the average 24 h reaction period leading to 

higher conversions and in most of the cases high yields as well. 

4.2 Recommendations 

In this study new molybdenum and tungsten carbonyl complexes were synthesized and 

characterized by various spectroscopic techniques. They were the tested towards epoxidation 

of some selected alkenes. The results obtained indicated that they are potential catalyst for 

epoxidation of olefins. However, we recommend the following for future actions on this 

work: 

1. Single X-ray crystal studies should be done on the compounds, C5-C10 to establish 

their molecular structures to replace the expected elemental analyses results. 

2. The effect of different reaction conditions on the catalytic performance of the 

complexes should be investigated. The conditions to be investigated include, 

temperature, solvent, catalyst concentration, substrate loading and different oxidants. 

This is necessary to establish the optimum condition necessary for the application of 

these compounds for laboratory and possible industrial epoxidation reaction. 

3. Heterogenized the compounds C3-C10 to enhance catalyst recycling, and catalyst

product separation. 
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4. To vary the ligand substituents, particularly for compounds C3-C6 and study the 

effect of such variation in the catalytic activities of the compounds. 
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Fig A3.14: 13H NMR spectrum for 3-(1-methylpyrrolidin-2-yl) pyridine 
chlorocyclopentadienyl tricarbonyl molybdenum (II)-(C9) 

105 

https://etd.uwc.ac.za/



,-----
1 

.. 
C9 

C 10 

~ c-• l -,.: ...... •~ ... ~-t ~-• Al'.•1:4 ~ l 
_,.!_••• -~II . 

I 

C 5 

i 
s 

C-4 

.. -n U . 

FigA3.15: 13C NMR spectrum for 3-(1-methylpyrrolidin-2-yl) 
chlorocyclopentadienyl tricarbonyl molybdenum (II)-(C9) 

106 

, . 

I 
I 
I 
f 

pyridine 

https://etd.uwc.ac.za/



Table A3.22: Summary of structures of Cl-ClO 
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Table A3.23: Epoxidation Results 

Entry Catalysts Alkene Conversion Epoxide Selectivity Time 
(%t yield (o/o)b (%) (h) 

Cis-Cyclooctene 22.32 21.58 96.71 24 
Cis-Cyclooctene 32.84 28.78 87.64 48 

1-octene 1.86 1.49 80.39 24 

1 
No 1-octene 3.73 2.54 68.09 48 

Catalyst cyclohexene 62.50 0.18 0.28 24 
cyclohexene 65.94 0.29 0.43 48 

Styrene 26.46 1.39 6.26 24 
Styrene 27.00 2.55 9.46 48 

Cis-Cyclooctene 58.80 14.27 24.26 24 
1-octene 34.95 2.20 6.29 24 

2 Cl 
1-octene 42.32 16.39 38.73 48 

cyclohexene 46.29 5.37 11.59 24 
1-hexene 42.53 15.50 36.43 24 

Styrene 33.93 4.27 12.60 24 

Cis-Cyclooctene 64.11 3.35 5.23 24 

3 C2 
1-octene 37.45 1.23 3.28 24 

cyclohexene 46.27 13.54 29.26 24 
Styrene 51.00 0.00 0 24 

Cis-Cyclooctene 87.96 85.59 97.30 24 
1-octene 46.69 19.44 41.63 24 

4 C3 cyclohexene 57.32 28.57 49.84 24 
1-hexene 40.05 3.23 8.07 24 

Styrene 33.93 4.27 12.60 24 

Cis-Cyclooctene 48.57 12.42 25.57 24 
Cis-Cyclooctene 69.19 15.42 22.30 48 

1-octene 18.31 5.32 29.05 24 
1-octene 30.48 7.36 24.15 48 

5 C4 cyclohexene 35.08 9.71 27.68 24 
cyclohexene 56.96 10.05 17.65 48 

1-hexene 38.28 9.74 25.443 24 
Styrene 23.91 7.41 30.99 24 
Styrene 44.30 7.32 16.52 48 
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Epoxidation Results cont. .... 

Entry Catalysts Alkene Conversion Epoxide Selectivity Time 
(%)8 yield (%)b (%) (h) 

Cis-Cyclooctene 90.08 29.45 32.69 24 
Cis-Cyclooctene 99.75 52.01 52.14 48 

1-octene 71.19 38.89 54.63 24 

6 C5 
1-octene 80.72 50.30 62.32 48 

cyclohexene 45.56 38.33 84.14 24 
1-hexene 71.37 12.64 17.71 24 

Styrene 41.04 14.84 36.17 24 
Styrene 70.34 15.56 22.13 48 

Cis-Cyclooctene 48.79 12.42 25.57 24 
Cis-Cyclooctene 69.16 15.42 22.30 48 

1-octene 18.31 5.32 29.05 24 
7 C6 1-octene 30.45 7.36 24.15 48 

cyclohexene 27.30 3.86 14.17 24 
1-hexene 41.71 15.94 38.22 24 

Styrene 41.77 0.32 0.83 24 

Cis-Cyclooctene 94.09 93.35 99.21 24 
Cis-Cyclooctene 95.57 94.83 99.22 48 

1-octene 47.28 1.98 4.18 24 

8 C7 
1-octene 59.25 4.63 7.81 48 

cyclohexene 72.10 1.86 2.57 24 
cyclohexene 73.18 3.11 4.24 48 

1-hexene 42.39 15.53 36.64 24 
Styrene 58.04 4.22 7.27 24 

Cis-Cyclooctene 37.57 22.12 58.87 24 
Cis-Cyclooctene 41.39 35.15 84.92 48 

1-octene 6.66 0.78 11.71 24 
1-octene 12.12 3.33 27.50 48 

9 cs cyclohexene 10.84 6.62 61.07 24 
cyclohexene 37.34 7.83 20.97 48 

1-hexene 21.07 9.24 43.69 24 
Styrene 74.49 2.63 3.54 24 
Styrene 45.78 0.00 - 48 
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Epoxidation Results cont. .... 

Entry Catalysts Alkene Conversion Epoxide Selectivity Time 
(%t yield 

(¾l 
(%) (h) 

Cis-Cyclooctene 38.78 29.09 75.01 24 
Cis-C yclooctene 53.33 43.63 81.81 48 

1-octene 14.45 2.60 17.88 24 

10 C9 
1-octene 24.24 4.36 17.98 48 

cyclohexene 11.44 5.06 44.23 24 
cyclohexene 31.32 5.96 19.04 48 

Styrene 18.67 6.06 32.46 24 
Styrene 22.28 0.00 0.00 48 

Cis-Cyclooctene 15.75 7.27 46.32 24 
Cis-Cyclooctene 26.66 10.90 40.92 48 

1-octene 4.84 1.33 27.54 24 

11 ClO 
1-octene 8.48 4.00 47.16 48 

cyclohexene 39.15 0.44 1.13 24 
cyclohexene 45.8 1.50 3.27 48 

1-hexene 27.96 7.49 26.79 24 
Styrene 6.62 0.00 0.00 24 
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