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“Ye that through your hearts to-day 
Feel the gladness of the May! 

 What though the radiance which was once so bright 
Be now for ever taken from my sight, 

Though nothing can bring back the hour 
Of splendour in the grass, of glory in the flower; 

 We will grieve not, rather find 
Strength in what remains behind;” 

 

Intimations of Immortality from Recollections of Early Childhood 
William Wordsworth 

 1770–1850 
 

 

 

 

“There are three stages of scientific discovery: first people deny it is true; then 
they deny it is important; finally they credit the wrong person.” 

 

 Alexander von Humboldt 
1769-1859 

 

 

 

 

 

 

Ao meu pai 
Porque eu ainda quero ser como ele quando for grande. 
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Abstract 

 

The first chapter of this work contains a short description of 

heptacoordinated molybdenum(II) and tungsten(II) complexes and nitrogen 

mono- and bidentate ligands to which they can bind. A short review on 

reported mechanisms for the catalytic epoxidation of olefins promoted by 

different molybdenum(VI) complexes under homogeneous and heterogeneous 

conditions is presented. The synthesis and functionalization modes of the three 

types of silicon based materials used in this work, MCM-41, silica-gel and 

octasilsesquioxane, is briefly described.  

The second chapter describes the synthesis and characterization of five new 

Mo(II) and W(II) complexes of type [Mo(η3-C3H5)Br(CO)2(CH3CN)2] and 

[MX2(CH3CN)2(CO)3], where M = Mo or W and X = I or Br, obtained by 

coordination of two 2-amino-1,3,4-thiadiazole (C2H3N3S) ligands upon 

substitution of the two labile acetonitrile ligands. DFT calculations indicate that 

the two molecules bind to the metal center by a specific nitrogen atom, a fact 

that was not possible to elucidate based only on the used spectroscopic 

techniques (IR, 1H and 13C NMR). These five complexes were immobilized in 

MCM-41, and [Mo(η3-C3H5)Br(CO)2(C2H3N3S)2] was also supported in silica-gel 

and in octasilsesquioxane, using a grafting procedure, in order to obtain new 

heterogeneous catalysts. The new materials were characterized by IR, solid 

state 13C and 29Si NMR, nitrogen sorption studies and XRD. Catalytic tests were 

run using the new homogeneous and heterogeneous compounds as catalysis 

precursors, in order to study the epoxidation of four different allylic alcohols 

(geraniol, cis-3-hexen-1-ol, trans-3-hexen-1-ol, (S-)-limonene) and 1-octene, 

revealing a high selectivity towards the epoxide. MCM-41 as a solid support 

improved the catalytic performance of the homogeneous catalysts, but reduced 

their selectivity. The complex [Mo(η3-C3H5)Br(CO)2(C2H3N3S)2] supported in 



silica-gel yielded the best heterogeneous catalyst towards epoxidation of the 

studied substrates. 

The third chapter describes the synthesis and characterization of thirteen 

new Mo(II) and W(II) complexes coordinated to bidentate nitrogen ligands of α-

diimine type, C5H4NCY=N(CH2)2CH3, where Y = H, CH3 and Ph, and of eight new 

mesoporous materials. The modified ligands C5H4NCY=N(CH2)2CH2Si(OEt)3 (Y = H 

or CH3) were also synthesized and characterized, to bind the metallic species 

covalently to mesoporous MCM-41 walls. The complexes were characterized by 

IR and 1H and 13C NMR. Some complexes were also structurally characterized by 

single crystal X-ray diffraction to determine the molecular structure. The eight 

new complexes of C5H4NCY=N(CH2)2CH3, where Y = H e CH3, were supported in 

MCM-41, and the resulting materials were characterized by IR, solid state 13C 

and 29Si NMR, nitrogen sorption studies and XRD.  

The new complexes and materials were tested for the catalytic epoxidation 

of the allylic alcohols referred above, and 1-octene. The heterogeneous samples 

revealed often lower TOFs and reduced selectivity towards the epoxide, but 

higher conversions after 24 hours reaction time. Conversion of 1-octene in the 

presence of [WBr2(C5H4NCH=N(CH2)2CH3)(CO)3] was 8.7 % with 67.1 % of 1,2-

epoxyoctane and in the presence of MCM-[WBr2(C5H4NCH=N(CH2)2CH3)(CO)3] 

was 16.2 % with 89.5 % of 1-octanal. Also, conversion of geraniol in the 

presence of [Mo(η3-C3H5)Br(CO)2(C5H4NCCH3=N(CH2)2CH3)] was of 100 % with 

100 % selectivity towards the Z-2,3-epoxide, whereas its heterogeneous 

congener revealed a selectivity of 92.4 %, in the same reaction and conditions. 

Moreover, the molybdenum species were more active and selective for a single 

product (epoxide) than their tungsten congeners. 

   The fourth chapter describes the synthesis and characterization of five new 

Mo(II) and W(II) mesoporous materials. The complexes [MoBr(η3-

C3H5)(CO)2(CH3CH)2] and [MX2(CH3CN)2(CO)3], where M = Mo or W and X = Br or 
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I, were immobilized by direct reaction between the metal halide bond and the 

silicon surface functions, replacing a halogen by an oxygen. Five new 

heterogeneous catalysts, characterized by IR, solid state 13C and 29Si NMR, 

nitrogen sorption studies and XRD, were synthesized and tested as precursors 

for the catalytic epoxidation of olefins. The substrates used were the same as 

referred above. All molybdenum samples converted 100 % of (S-)-limonene 

within 24 hours reaction time. Selectivity towards the epoxide was shown to be 

influenced by the metal center, being observed with molybdenum. Tungsten 

species, on the other hand, favored oxidation of geraniol to the aldehyde.       

Chapter fifth starts with a brief description of ring-opening polymerization. 

Three different mechanisms for the polymerization of norbornene are shortly 

reviewed and a short analysis is made of polymerization studies of norbornene 

and norbornadiene promoted by molybdenum and tungsten compounds. The 

second part of this chapter describes the synthesis and characterization, using 

only 1H and 13C NMR, of twelve new polymers obtained by reaction between 

complexes [MoBr(η3-C3H5)(CO)2(L)2], where L = CH3CN, C2H3N3S, 

C5H4NCH=N(CH2)2CH3, BianH, BianCH3, BianOMe, BianOH and BianCl, with 

norbornene and norbornadiene. Experiments revealed the need of a co-catalyst 

(AlCl3) and temperature to start the reactions. All the polymers were formed by 

two competitive mechanisms, namely ROMP and vinyl polymerization. 

 

Keywords: Catalysis, epoxidation, molybdenum, tungsten, mesoporous 

materials, polymerization. 
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Resumo 

 

No primeiro capítulo deste trabalho é feita uma pequena introdução sobre 

complexos heptacoordenados de molibdénio(II) e tungsténio(II) e alguns 

ligandos mono e bidentados de azoto, que se podem coordenar a estes dois 

metais. Apresentam-se muito brevemente alguns mecanismos reaccionais que 

têm sido propostos para a epoxidação catalítica de olefinas, promovida por 

complexos de molibdénio(VI) de vários tipos, em fase homogénea ou 

heterogénea. Descreve-se ainda a síntese e modos de funcionalização dos três 

materiais à base de silício utilizados neste trabalho, MCM-41, sílica-gel e 

octasilsesquioxanos, de modo a convertê-los em catalisadores heterogéneos. 

No capítulo dois é descrita a síntese e caracterização de cinco novos 

complexos de Mo(II) e W(II), derivados de [Mo(η3-C3H5)Br(CO)2(CH3CN)2] e 

[MX2(CH3CN)2(CO)3], onde M = Mo or W e X = I or Br, e obtidos por coordenação 

do ligando 2-amino-1,3,4-tiadiazole (C2H3N3S) por substituição dos dois ligandos 

nitrilo. Com o recurso a cálculos DFT, pôde-se ainda concluir que as duas 

moléculas de ligando se coordenavam ao centro metálico preferencialmente 

por um dos átomos de azoto, facto que não se conseguiu deduzir dos dados 

espectroscópicos (IV, RMN de 1H e 13C). Estes cinco complexos foram 

imobilizados em MCM-41 e o complexo [Mo(η3-C3H5)Br(CO)2(C2H3N3S)2] foi 

ainda suportado em sílica-gel e octasilsesquioxano. Foi utilizado o ligando 3-

cloropropiltrietoxisilano, que reage covalentemente com os grupos silanóis das 

superficies, fazendo a ponte com as espécies metálicas. Estes materiais foram 

caracterizados por IV, RMN de 13C e 29Si de estado sólido, isotérmicas de 

adsorção de azoto e difracção de raios-X de pós. Foram realizados ensaios 

catalíticos com vista à epoxidação de vários substratos, desde alcóis alílicos 

(geraniol, cis-3-hexeno-1-ol, trans-3-hexeno-1-ol, (S-)-limoneno) a 1-octeno, 

verificando-se em geral  uma alta selectividade para o epóxido. Os catalizadores 



heterogéneos exibiram melhores conversões ao fim de 24 horas de reacção do 

que os homogéneos, mas muitas vezes à custa de uma redução de 

selectividade.   

No capítulo três é descrita a síntese e caracterização de treze novos 

complexos de Mo(II) e W(II) coordenados a ligandos bidentados de azoto do 

tipo diimina, C5H4NCY=N(CH2)2CH3, onde Y = H, CH3 e Ph, assim como de oito 

novos materias mesoporosos. É ainda descrita a síntese de ligandos do tipo 

C5H4NCY=N(CH2)2CH2Si(OEt)3, onde Y = H ou CH3, para reagirem com os 

complexos [Mo(η3-C3H5)Br(CO)2(CH3CN)2] e [MX2(CH3CN)2(CO)3], onde M = Mo 

or W e X = I or Br. Os novos complexos foram obtidos por substituição dos dois 

ligandos acetonitrilo por um ligando bidentado de azoto e caracterizados pelos 

métodos espectroscópicos habituais (IV, RMN de 1H e 13C). Alguns complexos 

foram também caracterizados por difracção de raios-X de cristral único, por 

forma a determinar a estrutura molecular no estado sólido. Oito destes novos 

complexos, obtidos com os ligandos C5H4NCY=N(CH2)2CH3, onde Y = H e CH3, 

foram imobilizados em MCM-41. Os ligandos foram modificados por forma a 

poderem reagir com os grupos silanóis da superficie; um grupo Si(OEt)3 foi 

acrescentado obtendo dois novos ligandos, C5H4NCY=N(CH2)2CH2Si(OEt)3, onde 

Y = H ou CH3. Posteriormente, as espécies metálicas foram coordenadas aos 

átomos de azoto, formando oito novos catalizadores heterogéneos. Os novos 

materiais foram caracterizados por IV, RMN de 13C e 29Si de estado sólido, 

isotérmicas de adsorção de azoto e difracção de raios-X de pós.  

Os novos complexos e materiais foram testados como catalizadores na 

epoxidação de alcoóis alílicos (acima referidos) e 1-octeno. Apesar de se 

observar uma maior selectividade para o aldeído na presença dos catalizadores 

heterogéneos, estes apresentam conversões mais elevadas, ao fim de 24 horas 

de reacção, quando comparados com os análogos homogéneos, assim como 

diferenças significativas de selectividade. Na presença do complexo 
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[WBr2(C5H4NCH=N(CH2)2CH3)(CO)3] a conversão de 1-octeno foi de 8.7 %, com 

uma selectividade para o epóxido (1,2-epoxioctano) de 67.1 %. Na presença do 

seu análogo heterogéneo, MCM-[WBr2(C5H4NCH=N(CH2)2CH3)(CO)3], observou-

se uma conversão de 16.2 % com uma selectividade 89.5 % para o aldeído (1-

octanal). Mais ainda, 100 % de geraniol foi convertido em epóxido (Z-2,3) na 

presença de [Mo(η3-C3H5)Br(CO)2(C5H4NCCH3=N(CH2)2CH3)], enquanto que, na 

presença de MCM-[Mo(η3-C3H5)Br(CO)2(C5H4NCCH3=N(CH2)2CH3)], para o 

mesmo substrato a selectividade diminui para 92.4 %. 

A síntese e caracterização de cinco novos materiais mesoporosos contendo 

Mo(II) e W(II) é descrita no capítulo quarto. Os complexos [MoBr(η3-

C3H5)(CO)2(CH3CH)2] e [MX2(CH3CN)2(CO)3], onde M = Mo or W e X = Br ou I, 

foram imobilizados por reacção directa entre o halogéneo coordenado ao metal 

e os grupos SiOH da superfície do material MCM-41, libertando HX. Foram 

assim obtidos cinco novos catalizadores heterogéneos que foram testados na 

epoxidação de olefinas. Foram usados como substratos alcoóis alílicos (acima 

referidos) e 1-octeno. Os catalisadores que contêm molibdénio convertem 100 

% de (S-)-limoneno em epóxido em 24 horas de reacção, sendo selectivos para 

os epóxidos, enquanto os de tungsténio  promovem, por exemplo,  a formação 

de geranial durante a oxidação de geraniol. 

Na primeira parte do capítulo cinco é feita uma breve descrição sobre 

polimerização de abertura de anel e é apresentada uma pequena revisão àcerca 

de aplicação de complexos de molibdénio e tungtsténio na polimerização de 

norborneno e norbornadieno, sendo referidos os três mecanismos possíveis 

para a polimerização de norborneno. Na segunda parte deste capítulo é 

descrita a síntese e caracterização, com base apenas em espectroscopia de 

RMN de 1H e 13C, de doze polímeros obtidos da polimerização de norborneno e 

norbornadieno catalisada por cada um dos complexos [MoBr(η3-C3H5)(CO)2(L)2], 

onde L = CH3CN, C2H3N3S, C5H4NCH=N(CH2)2CH3, BianH, BianCH3, BianOMe, 



BianOH e BianCl. Nem todos os catalizadores testados deram origem a 

polímeros. Verificou-se a necessidade de usar um co-catalizador (AlCl3), para 

além de temperatura, para iniciar as reacções. As características estruturais dos 

polímeros obtidos permitem concluir que polimerizaram por dois mecanismos, 

metátese de abertura de anel e polimerização vinílica, não tendo sido possível 

separá-los. 

 

Palavras-chave: Catálise, epoxidação, molibdénio, tungsténio, materiais 

mesoporosos, polimerização. 
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Abbreviations 

 

1-oct – 1-octanal 

1-octe – 1-octene  

1,2-Epox – 1,2-Epoxyoctane 

BET – Brunauer, Emmett and Teller 
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XRD – X-ray diffraction 
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Z-lim-OH and E-lim-OH – Stereoisomers of 2-Methyl-5-(1-
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Chapter 1 

Introduction 

 

 

 



 

 



1.1. Heptacoordinated molybdenum(II) and tungsten(II) complexes 

 

Although molybdenum complexes own their widespread research to the 

Halcon-Arco process, discovered in the late 60’s, it was in 1957 that Nigam and 

Nyholm1 reported the first molybdenum(II) complex with halogen and carbonyl 

ligands of the type [MoX2(CO)2(diars)], where diars = C6H4(AsMe2)2, obtained 

according to the reaction scheme:  

[M(CO)4(diars)] X2 [MX2(CO)2(diars)] 2CO2  

Scheme 1. 

The complex [M(CO)6], where M = Mo or W, became the precursor of choice 

to prepare a wide variety of organometallic complexes with different ligands 

such as π-allyl, halogens, carbonyls and acetonitriles.  

The first heptacoordinated molybdenum π-allyl complexes were reported in 

1968 by H. tom Dieck and H. Friedel.2 Oxidative addition of allyl-X compounds 

to [Mo(CO)6] in the presence of acetonitrile and at 80 ˚C, led to a new family of 

[MoX(η3-allyl)(CO)2(CH3CN)2] complexes, where X = Cl or Br. Baker and 

coworkers explored extensively the chemistry of heptacoordinated 

molybdenum and tungsten complexes of type [M(CO)3(CH3CN)3] following the 

1986 report of the synthesis of fac-[M(CO)3(CH3CN)3] (M = Cr, Mo or W) when 

refluxing [Mo(CO)6] in acetonitrile during several hours.3,4 After adding to this 

species an equimolar quantity of X2 (X = Br or I) at 0 ˚C, they were able to isolate 

the dihalide organometallic complex of type [MX2(CO)3(CH3CN)2] where M = Mo 

or W and X = I or Br (Scheme 2). 

 

M(CO)6 fac-[M(CO)3(CH3CN)3]
X2

[MX2(CO)3(CH3CN)2]
CH3CN

0ºC CH3CN

 

Scheme 2. 
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The structures and interconversions pathways of these seven coordinated 

complexes of Mo(II) and W(II) have been widely studied and reported.5 

Structures go from capped octahedron (a), capped trigonal prism (b), 4:3 

geometry (c) and pentagonal bypiramid (d), as can be seen in Figure 1. The 

most common is the capped octahedron.6  

Mo
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Figure 1. Four possible structures achieved with coordination number 7. 

Since their discovery, the complexes [MX2(CO)3(CH3CN)2], where M = Mo or 

W and X = halogen, or [MoX(η3-allyl)(CO)2(CH3CN)2], where X = halogen, 

attracted much attention mainly owing to the lability of the acetonitrile ligands, 

easily replaced by a wide variety of ligands with other donor atom, such as 

nitrogen,7,8 phosphorus,9 sulfur10 or oxygen, and the halogen. Either by 

changing the metal (electron configuration, oxidation state, coordination 

number, and geometry) or the ligands (binding mode and electronic and steric 

properties), these organometallic complexes can be fine tuned to suit better a 

specific application. This makes their future prospects quite promising 

particularly in homogeneous catalysis where the importance of a ligand system 

arises with the need to design new catalysts.11 

  

1.2. Nitrogen donor ligands 

 

Polydentate ligands form two or more bonds to a single metal atom are 

called chelate ligands. They usually form five, six or more membered rings with 



the metal center, five membered being the most stable ones. Compared to 

similar coordination complexes with monodentate ligands, chelate complexes 

are more stable (chelate effect).12 In addition, chelate rings lead to higher 

equilibrium constants for complex formation.  

The α-diimine class of ligands is easily synthesized via simple Schiff base 

condensation reactions and was originally developed by Pfeiffer in 1937,13 in 

order to obtain chiral ligands. Much later, Brookhart and coworkers developed 

not only a large number of α-diimine achiral ligands, but also complexes of Ni(II) 

and Pd(II) that were efficient catalysts for the polymerization of ethylene and α-

olefins.14 

Carbonyl-α-diimine complexes of group 6 transition metals (Cr, Mo, W) 

uniquely combine an electron-rich, low valent d6 metal atom stabilized by the 

CO ligands, with an electron-accepting α-diimine ligand. Because of their 

relative simplicity, [M(CO)4(α-diimine)] complexes, where M = Cr, Mo or W, 

were the booster for the synthesis of several α-diimine organometallic 

complexes. Excellent model systems to which new, state-of-the-art, 

experimental techniques and theoretical approaches were often applied in the 

early stages of their development, [M(CO)4(α-diimine)] have significantly 

contributed to our understanding of electronic transitions and absorption 

spectra of organometallic compounds, such as structure and reactivity of 

excited states, photochemical or electrochemical activation of a metal-carbonyl 

bond and of the properties of complexes generated by electrochemical 

reduction.15,16,17 The schematic structure of [M(CO)4(α-diimine)] complexes is 

shown in Figure 2. Composed of two moieties, M(CO)4 and the α-diimine ligand, 

these complexes are known for the great variety of ligands, ranging from 

polypyridines such as 2,2’-bipyridine to pyridine-2-carbaldehyde-imines (Pyca-

R), also represented in Figure 2. 
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Figure 2. Schematic structure of [M(CO)4(α-diimine)] complexes (top), and formulas of diimine 
ligands. bpy = 2,2’-bipyridine, phen =/1,10-phenanthroline, dmb = /4,4’-dimethyl-2,2’-

bipyridine, tmp = /3,4,7,8-tetramethyl-1,10-phenanthroline, PyCa = pyridine-2-carbaldehyde, 
DAB = 1,4-diaza-butadiene.
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During the last decade, the coordination chemistry of Schiff bases derived 

from 2-pyridinecarboxialdehyde (R-PyCa in Figure 2) has received considerable 

attention. Easily accessible by a one step reaction,7 pyridine-2-carbaldehyde-

imines ligands were first reported by tom Dieck et al,19,20 and since then used in 

different applications.  

Pyridylimines were synthesized, attached to biological molecules, and used 

for labelling or therapeutic applications.21 Ispir et al showed that not only the 

M(II) complexes, where M = Co, Cu Ni and Mn, with 2-pyridinecarboxyaldehyde 

derivative ligands but also the ligands themselves exhibited antifungal and 

antibacterial activity.22 The coordination of hydrophilic pyridinylimine-based 

and 1,4-diazabutadiene ligands to low-valent Pt(0) and Pd(0) metal centers by 

B. P. Buffin et al launched these nitrogen ligands into the aqueous phase 

catalysis, providing new alternatives to processes currently performed in 



organic solvents. These water soluble complexes may find utility as late 

transition metal polymerization catalyst precursors14,23 or, in the case of 

platinum-based compounds, as chemotherapeutic agents.24,25,26 Mentes et al, 

for example, have demonstrated the catalytic activity on methyl methacrylate 

polymerization catalysis of the water soluble Mo(0) tetracarbonyl containing 

pyridine-imine ligands.27 Pyridine-2-carbaldehyde was also modified to be used 

as a linker, to immobilize covalently molybdenum(II) species into MCM-41, and 

tested in the heterogeneous catalysis of cis-ciclooctene, ciclohexene and 

styrene epoxidation, revealing higher conversions when compared to the 

homogeneous congeners.7,21 The broad spectrum of applications comes as a 

consequence of how easy can electronic, steric and stereochemical properties 

vary by using different amine and pyridine derivatives.27  

The use of bidentate ligands is favored over the monodentate ones mainly 

owing to effects of entropy. However, in fields such as heterogeneous catalysis 

or drug delivery, other aspects should be taken to account, for instance the size 

of the immobilized molecules. Derivatisation of heterogeneous supports is 

normally a straightforward process, where an active species is immobilized into 

a solid surface. In most cases, the anchored species should be as small as 

possible to increase the percentage of ligand and subsequently of metal 

load.7,28 

Thiazole is an important class of S,N-containing heterocycles, which has been 

reported to be biologically active; complexes of Co(II) and Ni(II) with 2-

aminothiazole were reported to inhibit cancer cells growth, mainly owing to 

their complex-DNA binding ability.29  Additionally, these ligands are very stable 

in aqueous solution and their preference confers better conductivity properties 

when they are used in the synthesis of polymer films. They can be used to 

determine ascorbic acid at a physiological pH.30 The small size and the nitrogen 

donor characteristics increase their interest as organofunctional groups to 
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attach to silicon containing surfaces. A few reports by Dias Filho and co-workers 

demonstrated good adsorption capacity of such materials after being modified 

with a thiazole ligand for Cu(II), Ni(II), Co(II), Zn(II) and Fe(III) along with, 

chemical stability and high selectivity.31,32,33  

 

1.3. Materials 

 

Modern chemical society is nowadays ruled by strong environmental 

regulations, mostly concerning the disposal of hazardous wastes. The 

restrictions on the use of the conventional catalytic processes have been 

increasing owing to their inherent problems such as cost, separation, handling, 

waste disposal, etc. This contributed for the search of more viable offers. 

Simple separation, easy recovery, reuse, waste reduction, elimination of 

hazardous chemicals and their use in both liquid and gas-phase are just some of 

the more important advantages of heterogeneous catalysts. Eco-friendly, 

meaning recyclability and environment compatibility, is the first concern in the 

development of a new solid catalyst and/or solid support for catalysts.  

Heterogeneous (solid) catalysis owns its ever-increasing development to 

zeolites and zeolite-like microporous materials. An impressive number of large-

scale industrial processes in petroleum refining, petrochemistry and the 

manufacture of organic chemicals is nowadays carried out using zeolite 

catalysts. The future of zeolites in industrial catalysis continues to be bright.34,35 

However, their catalytic properties become inadequate when their micropores 

are responsible for limitations in the overall reaction rate. This tends to limit 

their performance mainly in liquid-phase synthesis of pharmaceuticals.36,37,38  

 

 

 



1.3.1. MCM-41 

 

The discovery of mesoporous molecular sieves known as the M41S phase, by 

Mobil Oil company researchers, whose structures are similar to those of 

mesophases formed by self assembly of molecular inorganic solutions, is 

considered one of the most exciting discoveries in the field of material 

chemistry.39 A huge number of mesoporous materials are since then accessible, 

varying the pore diameter, composition or morphology. Using anionic, cationic 

or neutral surfactants under different reaction conditions opened the way for 

the design and synthesis of various inorganic materials.40,41  

Like the microporous crystalline zeolites, this class of materials is 

characterized by very large specific surface areas, ordered pore systems, and 

well-defined pore radius distributions. Unlike the zeolites however, the M41S 

materials have pore diameters from approximately 2 to 10 nm and exhibit 

amorphous pore walls. The most well-known representatives of this class 

include the silica solids MCM-41, with a hexagonal arrangement of the 

mesopores and a space group p6mm, MCM-48 with a cubic arrangement of the 

mesopores and a space group Ia3d, and MCM-50 with a laminar structure, 

space group p2 (Figure 3).  

 

 

Figure 3. Structures of mesoporous M41S materials. MCM-41, 2D hexagonal, space group 
p6mm (left); MCM-48, cubic, space group la3d (center) and MCM-50, lamellar, space group p2. 

 

The use of SDAs (structure-directing agents) was the key idea for the 

synthesis of these materials; under basic conditions SDAs lead to the assembly 
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of an ordered mesostructured composite during the condensation of the silica 

precursors, hereupon two different mechanisms are involved in the formation 

process of these composite materials: a liquid-crystal templating, where under 

specific conditions of temperature and pH, the high concentration of surfactant 

is enough to form a liquid-crystalline phase without requiring the presence of 

the precursor inorganic framework materials (normally tetraethyl- (TEOS) or 

tetramethylorthosilica (TMOS),42 or, using lower concentration of surfactant 

molecules. For example, when there is a conjugate self assembly of the SDA and 

the already added inorganic species, a liquid-crystal phase with hexagonal, 

cubic or laminar arrangement can develop (Figure 4).  

A series of review articles cover the synthesis of mesoporous materials, the 

original approach being extended by a number of variations, whether they be 

pure silica phases or other metal oxides, and their applications.43,44,45,46,47,48 

 

 

Figure 4. Formation of mesoporous materials by structure-directing agents: a) liquid-crystal 
template mechanism, b) conjugate liquid-crystal template mechanism. 

 

Considerable efforts have been undertaken to incorporate organic 

compounds within an inorganic silica framework. Surface modification allows 

tailoring the surface properties of these mesoporous materials for numerous 

potential applications; during the last years tailoring has proved to be a striking 



force in the impact of material science in a wide range of catalytic reactions. 

These catalysts possess high mechanical, thermal and structural stability 

provided by the inorganic component while the organic groups can be readily 

modified for specific applications.49 The symbiosis of organic-inorganic 

components can be such that the properties of the materials can be 

considerably different from those of their isolated components.  

Surface modifications can be performed in three different pathways: 1 - 

grafting, a post synthesis modification of the inner surface of the pre-fabricated 

mesoporous support, 2 – co-condensation, the one step co-condensation of 

tetraalkoxysilanes [Si(OR)4, R = Et, Me] and organosilane of the type (R’O)3SiR 

and 3 – production of periodic mesoporous organosilicas (PMOs) from (R’O)3Si-

R-Si(R’O)3. 

 

 Grafting 

Grafting refers to the subsequent modification of the mesostructured silica 

internal surfaces where the organic functional groups of type (R’O)3SiR are 

introduced as terminal groups, usually after surfactant removal.50 Mesoporous 

silicas hold surface silanols groups (Si-OH) in high concentration which act as 

suitable anchoring points for organic groups (Figure 5). A change in the organic 

residue R allows a functionalization of the surface with a variety of organic 

groups. Grafting has advantages: under the synthetic conditions used, the 

structure of the starting silica phase is usually retained, the functional groups 

can be chosen according to the necessities, the obtained materials show 

enhanced hydrothermal stability and their hydrophilic-hydrophobic properties 

can be tailored by the choice of the organoalkoxysilanes.  

The coating of the walls is accompanied by a reduction in the porosity of the 

hybrid material, which depends upon the size of the organic residue and the 

degree of occupation. If the organosilanes react preferentially at the pore 
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openings during the initial stages of the synthetic process, the diffusion of 

further molecules into the center of the pores can be impaired, which can lead 

to a non-homogeneous distribution of the organic groups within the pores and 

to a lower degree of occupation. In extreme cases, for example, with very bulky 

grafting species, this can lead to complete closure of the pores, the so called 

pore blocking. 

 

 

Figure 5. Grafting (postsynthetic functionalization) for organic modification of mesoporous pure 
silica phases with terminal organosilanes of the type (R’O)3Si R = organic functional group.
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 Co-condensation 

A one pot synthesis leads to mesostructured silica phases by the co-

condensation of tetraalkoxysilanes (TEOS or TMOS) with terminal 

trialkoxyorganosilanes of the type (R’O)3SiR in the presence of structure-

directing agents leading to materials with organic residues anchored covalently 

to the pore walls (Figure 6). Modified silicas can be prepared in an oriented way 

so that the organic functionalities are projected into the pores. This happens 

due to the use of structure-directing agents (as referred previously). The main 

advantages of this method are the homogeneous distribution of the organic 

group R over the pore channels, and the single-step preparation procedure. 

Furthermore, in this method pore blocking is not a problem since the organic 

functionalities are direct components of the silica matrix. However, the loaded 



percentage of the organic functionalities does not normally exceed 40 mol %, a 

fact that comes as a consequence of the decrease of the products ordered 

structure with an increase of the (R’O)3SiR concentration.  

The concentration of (R’O)3SiR in the initial reaction mixture is usually higher 

than the incorporated one. This can be explained by the homocondensation 

reactions – cross-linking co-condensation with the silica precursors - that are 

favored by the increasing proportions of (R’O)3SiR in the reaction mixture. The 

homocondensation reactions are then the biggest problem of this method, 

making it impossible to guarantee the homogeneous distribution of the organic 

functions. An attempt to increase the loading of the incorporated organic 

groups can lead to a reduction in the pore diameter, pore volume and specific 

surface area.52,53 

 

Figure 6. Co-condensation method for the organic modification of mesoporous pure silica 
phases.
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 Preparation of Periodic Mesoporous Organosilicas (PMOs) 

The usage of organosilanes of the type (R’O)3Si-R-Si(R’O)3 has been known 

for a long time from sol-gel chemistry.54 PMOs rise from the concept of creating 

a surfactant-direct synthesis of ordered mesoporous silica to covalently bonded 

organic-silica scaffolds (Figure 7). With a controlled selection of the template 

surfactant and of the additives used in the polycondensation process,55 the 
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well-defined mesopores of PMOs can be obtained with controlled diameter 

range of 1.5-3.0 nm. The organic units in this case generate stable materials by 

condensation to a three dimensional network that contains organic groups in 

the framework. The most frequently used ionic structure-directing agents are 

bromide and chloride salts of long-chain alkyltrimethylammonium compounds 

and the corresponding salts of long-chain alkylpyridinium derivatives 

(hexadecyltrimethyl-ammonium bromide/chloride (CTAB/CTAC), 

octadecyltrimethylammonium bromide/chloride (OTAB/OTAC) and 

hexadecylpyridinium bromide/chloride (CPB/CPC). Controlling temperature, 

concentration, pH, solvent, etc, in the presence of a chosen organosilica 

precursor, these surfactants self-assemble to form a liquid-crystalline phase.  

This new class of mesostructured organic-inorganic hybrid materials, first 

synthesized in 1999 by three research groups working independently, Inagaki,56 

Melde 57 and Asefa58 is unique in terms of their inherent hydrophobic nature, 

high hydrothermal stability, tunable pore size, high surface area and crystalline 

pore channels. This type of hybrid material is considered as an emerging 

candidate for an enormous number of applications such as catalyses, 

adsorption, chromatography, nano-electronics or the preparation of active 

compound release system. 

 

Figure 7. General synthetic pathway to PMOs that are constructed from a bissilylated organic 
bridging units.
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1.3.2. Silica-gel and octasilsesquioxane 

 

Due to the lack of ordered pore channels amorphous silica-gel is not able to 

provide size/shape specificity properties. However, its chemical and thermal 

stability during the reaction immobilizing process, and the well disperse active 

sites among its surface area, makes it also a potential candidate for a good solid 

support with the advantage of a higher accessible rate of these active sites and 

a cheap cost. Amorphous silica gel seems to be more suitable for some 

processes, for example, in water treatment, compared to mesoporous silica 

materials due to smaller particle size.59,60 Silica-gel was also extensively 

reported owing to its catalytic, analytical, optical and electronic 

properties.61,62,63,33 Functionalized silica is synthesized as described for MCM-

41, binding an active compound such 3-aminopropyltriethoxysilane to the walls 

of the surface.  

Silsesquioxane molecules are in the nanometer range. These “homogeneous 

models” for heterogeneous catalysts not only offer an unique opportunity to 

reach a molecular level understanding of heterogeneous catalysts, but they are 

well underway to becoming catalysts themselves. Described as small silica 

particles, this three-dimensional oligomeric material consists of a cubic 

arrangement of Si-O-Si bonds based on RSiO3/2 repeat unit.64  A variety of 

polymeric structures based on the RSiO3/2 backbone may be readily prepared, 

from random polymers through ladder polymers to more highly ordered 

discrete molecular species with the general formula (RSiO3/2)n where n is 

commonly 6, 8, or 10 and R is an organic group attached to Si via C-Si bonds. 

The general structure of (SiO3/2)8 presents important features such as siloxane 

cage size (Figure 8) in the nanoscale dimension: for R = Me, R-R distance is 

approximately 1 nm and Si-Si approximately 0.5 nm. Thermally and chemically 

robust (organic-inorganic framework), this support is a well defined three 
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dimensional structure for introduction into polymers and composite materials, 

one or more reactive groups can suffer further modification, for example, 

grafting.65 Moreover, unreactive R groups are usually organic and give stability, 

solubility and compatibility to this nanomaterial. Functionalization of these 

particles with catalyst precursors, for instance, leads to new species resembling 

a catalyst immobilized in normal silica or other support, presenting the 

advantage of a nanomolecule. 

 

Figure 8. Octasilsesquioxane  

 

1.4. Catalytic olefin epoxidation  

 Homogeneous systems 

 

Metal oxo and dioxo complexes have been studied by many research groups 

and are largely known for their ability to epoxidize olefins.66,67,68,69,70 Some of 

the first organometallic oxides (Figure 9) were reported in the late 1950’s and 

early 1960’s by Fischer,71 Corradini,72 and Green.73  

 

 

Figure 9. First reported organometallic oxides: a) Fischer, 1958 b) Corradini, 1959 and c) 
Green, 1963. 



 

The importance of these metal oxo complexes is reflected in the patents for 

the ARCO and Halcon processes74,75 from the late 1960’s. The Halcon-Arco 

process, for the epoxidation of propylene (Scheme 3) with organic 

hydroperoxides, was the driving force for extensive research on molybdenum-

catalyzed homogeneous alkene epoxidation reactions.76 A first example of its 

potential industrial use of the co-products is given below by the conversion of 

methyl benzyl alcohol (by-product) into styrene after dehydration. Another, and 

maybe the most significant, owing to the use of tert-butyl alcohol (TBA, by-

product) as a gasoline octane booster, is its co-production (Scheme 4) when 

tert-butyl hydroperoxide (TBHP) is used as oxidant in the presence of d0 metal 

complexes, such as molybdenum(VI) or tungsten(VI).76 

 

 

Scheme 3. 

 

 

 

Scheme 4. 

 

Regardless of extensive research done on the epoxidation reactions, 

involving many different high valent metal compounds such as V(V),76 Cr(VI),77 

Mo(VI),69,68 W(VI)68,66 and Re(VII)70,67 in the presence of different organic 

peroxides, for instance H2O2 or tBuOOH, a unique mechanism for these 

reactions has not been accepted. Quite a few theories have been presented 
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though, deriving from the two main mechanisms initially proposed by 

Mimoun78 or Sharpless.79  

Mimoun mechanism (1970) was based on the stoichiometric reaction 

between olefins and molybdenum-peroxo complexes, such as 

MoO(O2)2[OP(NMe2)3] (A in Scheme 5) to yield epoxides.  

 

 

Scheme 5. 

 

Such mechanism was based on the fact that during the catalytic reaction 

metal peroxo compounds might be the responsible intermediates for the 

oxygen transfer.80 The coordination of the olefin to the metal center (B in 

Scheme 5) comes as the first step, followed by the formation of a metallacycle 

(C), yielding as final products the epoxide and a dioxo-peroxo complex, from 

which the catalyst will be regenerated.81 Mimoun also observed that increasing 

the concentration of additional donor ligands inhibits epoxidation, an idea that 

is supported by the initial step of the reaction; additional ligands could block a 

free coordination site. 

Sharpless suggested a concerted mechanism after performing labeling 

studies on Mo18O(O2)2[OP(NMe2)3].  He was able to show that none of the 

labeled oxygen appeared in the epoxide; they should come exclusively from the 

peroxo ligands.79,81,82 As a substitute for the molybdenum peroxo compound, an 

intact alkyl hydroperoxide (B in Scheme 6) is the responsible for the catalytic 

epoxidation shown in Scheme 6.  



 

Scheme 6. 

 

As mentioned before, many groups have not only studied other high valent 

metallic oxides but also have focused their research on the choice of the 

oxidant, for example comparing TBHP with H2O2. Owing to the high active-

oxygen content and the by-products, water or alcohol, hydrogen peroxide or 

organic peroxides are often the oxidant of choice. Hydrogen peroxide has also 

the advantage of increasing the “green” reagent in these catalytic reactions.  

The two proposed mechanisms (Schemes 5 and 6) are not consistent with 

experimental evidence when TBHP is the oxidant. Thiel et al proposed a 

mechanism where the oxygen is not transferred from a coordinated peroxido 

ligand, but rather from the tert-butylperoxide (or hydroperoxide) ligand.83,84 

This pathway not only takes into account the activity of TBHP (R = tBu in 

Scheme 7) but also the one from H2O2 (R = H).  

 

Scheme 7. 
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Further intensive research with [MoO2X2L2]-type catalysts in the presence of 

TBHP ended up invalidating both Mimoun and Sharpless mechanisms (as 

originally proposed) when it was shown, based on labeling experiments, by F. E. 

Kühn, C. C. Romão et al that in these systems the source of the oxygen atom for 

the epoxidation is TBHP.85 The first step of the proposed mechanism resembles 

that of Thiel, except that a hydrogen bonding was found to stabilize the 

intermediate; although olefin coordination does not occur, the second step 

involves an insertion into the metal by peroxide bond. 

The study of epoxidation of cys-cyclooctene with t-buthylhydroperoxide in 

the presence of Mo(VI) dioxo complexes, of general formula MoO2X2L2, where X 

= Cl, CH3 or CH2CH3 and L2 is a bidentate ligand, led Kühn et al to realize that all 

the examined complexes showed moderate to high activity (20-60 % of epoxide 

after 4 hours reaction time) depending on both the organic ligand L2 and the 

halogen ligand, X.86,87,88 However, under similar conditions their tungsten dioxo 

analogues complexes presented lower reactivity (4-30 % of epoxide after 6 

hours reaction time).89 In contrast, and since they appear to be more air stable, 

the tungsten analogues could be reused several times without lost of their 

catalytic activity, and the lower activity can be improved by raising the 

temperature or extend the reaction time. Together, these experiments 

demonstrate that Mo(VI) complexes, of type MoO2X2L2 where X = Cl, CH3 or 

CH2CH3 and L2 is a bidentate ligand, are much more effective for the Halcon 

process (where TBHP is employed owing to the value of its by-product, TBA, as 

it was previously mentioned) yet, their W(VI) congeners are a “greener” 

alternative.  

Dioxo complexes can be prepared from their carbonyl precursors using 

TBHP.90 Given that, and since TBHP is  the chosen oxidant source for olefin 

epoxidation, these metal carbonyl complexes were also tested as precursors in 

olefin epoxidation just by increasing the amount of TBHP in the catalytic 



reaction.91,92,93 Mo(VI) remains as the formal oxidation state in the active 

species,94,95 and catalyzes the olefin epoxidation. Recently, Costa et al, studying 

the cyclopentadienyl–Mo system, revealed that olefin epoxidation in the 

presence of an excess of TBHP can occur from two active competing 

intermediates (A and B in Scheme 8), both identified by DFT calculations and 

represented at Scheme 8.95 In MoO2X2L2, the peroxide route (B in Scheme 8) is 

not accessible. 

 

 

Scheme 8. 

 

 It has been show that Mo(II) carbonyl complexes such as Cp’Mo(Co)3X (X = 

halogen, CnH2n+1),90,96,97,98 [MoX2(CO)3(L)2] (X = halogen; L = bidentate nitrogen 

ligand)7 or [MoX(η3-allyl)(CO)2(L)2] where (X = halogen; allyl = C3H5 or C3H5O and 

L = bidentate ligand)8,99 have been successfully tested as precursors in the olefin 

epoxidation of cis-cyclooctene (Cy8), cyclohexene (Cy6) and styrene (Sty). These 

complexes demonstrate high conversions (> 60 %) after 24 hours reaction time, 

proving that molybdenum carbonyl complexes in lower oxidation states were 

just as active as their dioxo analogues. Carbonyl complexes, though, have the 

advantage of a higher stability and are easier to handle, therefore are ideal for 
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long term storage, becoming promising candidates for precursors in the olefins 

epoxidation.100,101,90  

These results were supported by studies perform by Luck et al69 where 

similar experiments with M-dichloro species bearing phosphine ligands, where 

M = Mo or W were performed. This group used both TBHP and H2O2 as the 

reaction oxidant very clean reactions took place with both; the epoxide was the 

only product detected. A reduced activity of the tungsten complexes in the 

presence of TBHP was also observed, but they went further to demonstrate 

that when H2O2 is used, the activity of the molybdenum complexes decreases 

whereas their tungsten analogues give > 90 % epoxide yield after 6 hours. 

Various solvents systems were also investigated and the use of ethanol turned 

out to be the most advantageous in the presence of H2O2; it is considered to be 

less toxic and more environmentally friendly than chlorinated or nonpolar 

solvents. 

The achievements in the field of enantioselective oxidation catalysis by K. B. 

Sharpless, and in the design and application of asymmetric homogeneous 

catalysts for enantioselective hydrogenation catalysis by W. S. Knowles and R. 

Noyori were recognized, in 2001, by the award of the Chemistry Nobel Prize.102 

However, the impact of these homogeneous processes was not the expected 

one; the ligands to create these systems are often expensive and the catalyst 

must be recovered and re-used if the catalytic process is to be viable.  

 

 Heterogeneous systems 

 

Heterogeneous systems with comparable catalytic activity started to be 

developed to solve this problem. Although mesoporous materials possess 

unique textural and morphological features, they show limited catalytic activity. 

Heterogenization of homogeneous catalysts, on supports based on mesoporous 



silica phases, has been a promising topic of research in the past years, aiming 

not only to improve techniques to obtain materials doped with metals, metal 

complexes or organometallic compounds, but also to combine simple methods 

of reuse or recovering with the (often) better catalytic activity and selectivity 

provided by the homogeneous catalyst. Immobilizing non-carbon atoms or 

catalytically active organic sites, into the inert framework of mesoporous 

materials is a simple way to modify these materials.  

A well known example of the activity of mesoporous based catalysts is 

shown by titanium mesoporous materials: Ti-MCM-41/48, Ti-SBA-15 or Ti-HMS, 

in different oxidation reactions. These catalysts were the door to other 

transition metals based materials.103,104 Different from Ti(IV), octahedral Mo(VI) 

or W(VI) sites, known as catalytically active centers for olefin epoxidation (as 

explained before), cannot easily be incorporated into the tetrahedral positions 

of porous silicas; therefore heterogenization of these two metal-based 

organometallic compounds became a potential alternative.  

Covalent bonding is, at present, the most used technique to design stable 

heterogeneous catalysts. Using this approach, described before (see grafting), 

various mono- or bidentate ligands have been used to functionalize a silica 

surface so that covalent bonds can be formed between the catalytically active 

site and the support. Some silicates containing molybdenum105,106,62 display 

high activity in the epoxidation of alkenes and the oxidation of alcohols. For 

example, catalytic tests show that the very dispersive structure of the MoOx-

siliceous-MCM-41 and MoOx/SiO2 promotes the generation of fairly active 

oxidation catalysts for liquid-phase olefin epoxidation (cyclooctene, R-(+)-

limonene) using TBHP as oxidant.62 They are not so active as Re(VII) or W(VI) 

complexes, but the ease and the low cost of their synthesis make them good 

candidates for oxidation reactions. Also, MoO2(acac)2, for example, supported 

on functionalized MCM-41 containing N–S chelating Schiff base ligand, is 
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reported by S. Tangestaninejad et al as an efficient heterogeneous catalysts, 

demonstrating that such catalyst can be reused several times without loss of 

catalytic activity.63  

Studies have also been made to establish the oxidant of choice, if there was 

one. S. Shylesh et al.107,108 tested whereas the use of H2O2 would improve or not 

the catalytic activity reported with TBHP, in the presence of a mesoporous silica 

source. Better results were obtained in the presence of TBHP. The use of H2O2 

as oxygen source in heterogeneous catalyses can be a disadvantage, as the 

linkage between the support and the active site may be irreversible hydrolyzed 

or the water (by-product) may obstruct the active sites of the catalyst. It is then 

necessary, to have TBHP as the oxidant of choice with heterogeneous systems.  

Metal-containing silsesquioxanes derivatives provide new catalysts with 

both homogeneous and heterogeneous applicability. In oxidation catalysis, 

silsesquioxanes have appeared as rigid, chemically inert ligands that displayed 

rich coordination chemistry. Their use as a ligand bonded to the rhodium(I) 

center through Rh-O-Si led to an efficient homogeneous catalyst in the sylilation 

coupling of vinyl silane with styrene.109 Also, a titanium-based POSS has been 

reported to be efficient in the ring-opening polymerization, by Monticelli et 

al110 and different metal-silsesquioxanes have been described as efficient 

catalysts for alkene epoxidation.111,112,113  

In the present work, the synthesis of new molybdenum and tungsten 

complexes, with mono and bidentate nitrogen ligands, the chemical 

modification of mesoporous MCM-41 and silica-gel and of nanomaterial 

octasilsesquioxane, to immobilize these complexes are reported. The 

complexes and materials were characterized and tested for the epoxidation of 

olefins using TBHP as the oxidant source. 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2. 
Mo(II) and W(II) complexes with the ligand 2-amino-1,3,4-thiadiazole (C2H3N3S): 

Synthesis, immobilization and catalytic activity. 
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2.1. Synthesis and characterization of the complexes 

 

Five new organometallic complexes C1, C2, C3, C4 and C5 were synthesized 

from the reaction between the ligand 2-amino-1,3,4-thiadiazol, (L1), and the 

allyl precursor [MoBr(η3-C3H5)(CO)2(CH3CN)2]114,2 (1, in Scheme 9) or the 

dihalide complexes [MoI2(CO)3(CH3CN)2] (2), [MoBr2(CO)3(CH3CN)2] (3), 

[WI2(CO)3(CH3CN)2] (4) and [WBr2(CO)3(CH3C)N)2]3,28 (5, Scheme 10). The 

complexes C1, C2, C3, C4 and C5 were prepared by refluxing the corresponding 

precursor complex 1-5, with two equivalents of the ligand for 12 hours, in a 

mixture of dichloromethane and benzene. The new organometallic complexes 

were characterized by elemental analysis (see experimental part), FTIR and 1H 

and 13C NMR spectroscopy. 
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 Infra-red spectroscopy 

The most important stretching vibrations in the FTIR spectra of C1 are listed 

in Table 1. The precursor complex 1 has characteristic νC≡N (2320 and 2287 cm-1) 

bands that disappear after reaction with the ligand. Furthermore, the deviation 

of the ligand stretching mode νC=N from 1622 cm-1 in the free ligand to 1610 cm-

1 in C1 suggests the coordination of the L1 ligand (Figure 10) by the substitution 

of the two labile nitrile ligands. The decrease in the wavenumber indicates a 

weakening of the C=N bond; the presence of a stronger nitrogen donor 

coordinated to the metal center makes the latter electron richer, increasing π-

backdonation. The two νC≡O stretching modes appear at 1923 and 1948 cm-1, 

shifted from their position in the precursor complex 1 (1850 and 1947 cm-1). 

The νC-H modes of the allyl group at approximately 3000 cm-1 are observed at 

higher frequencies. 

 

Figure 10. IR spectra for the ligand L1 and the complexes 1 and C1. 

 

The more characteristic bands from the FTIR spectra of complexes C2, C3, C4 

and C5 are shown in Table 2. They all display bands assigned to terminal 

carbonyl (CO) group vibrations. For example, for complex 2 they are observed 
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at 1921 and 2016 cm-1, while the bands observed at 2283 and 2300 cm-1 are 

assigned to the the νC≡N modes of the two labile MeCN ligands coordinated to 

the metal center. 
 

Table 1. Characteristic IR bands (cm
-1

) for the ligand L1 and the complexes 1 and C1. 

Sample νC≡O νC≡N νC=N νC-H Aliphatic νC-H Allyl 

L1 
  1622 784  892 1022 2749 2786 

   1219 1339 1379 3092 3322 

1 
1850 2287  815 916 928 2918 2965 

1947 2320  1018 1071 2978 3042  

C1 
1923   1610 718 807 930 3098 3362 

1948   1106 1240 1342 3465 

 

The IR spectrum of C2 (Figure 11) does not show any band assigned to the 

νC≡N modes, and νC≡O modes are observed at 1906, 1938 and 2008 cm-1. The 

shift of the carbonyl stretching mode to lower wavenumbers indicates an 

increased π backdonation, from the metal to the carbonyl group. The 

characteristic L1 ligand stretching νC=N modes at 1622 cm-1 shifts to 1597 cm-1 in 

C2, after reaction with precursor complex 2. Similar results were obtained for 

the complexes C3, C4 and C5. All the spectra are given in the experimental part 

and a selection of the most important vibration modes is shown in Table 2.  

 



 

Figure 11. IR spectra for the ligand Thiaz and the complexes 2 and C2. 

 
Table 2. Characteristic IR bands (cm

-1
) for the ligand L1 and the complexes 2, 3, 4, 5, C2, C3, C4 

and C5. 

Sample νC≡O νC≡N νC=N νC-H Aliphatic νC-H Allyl 

L1 
  1622 686 784 892 1022 2749 2786 

   1219 1339 1379 3092 3322 

2 
1921  2283    

2016 2300    

C2 
1906 1932   1597 732 892 923  3070 3135 

2008   1012 1226 1346 3263 3340 

3 
1849 1883 2280    

1943 2021 2310    

C3 
1853 1911  1601 801 927 1020 3084 3141 

1955    1228 1350 3257 3407 

4 
1889 1906 2274    

1996 2302    

C4 
1913 2000  1600 822 886 924 3092 3173 3264 

2005   1008 1244 1332 3382 3480 

5 
 1916 2288    

2028 2315    

C5 
1885 1952  1599 705 841 887 3095 3195 

2006   1079 1205 1335 3242 
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 1H and 13C NMR spectroscopy 

The 1H NMR spectra of all the five precursors 1-5 show a signal around 2 

ppm which can be assigned to the acetonitrile ligands. This signal disappears 

upon reaction with ligand L1. In the 1H NMR spectrum of C1 the signals for the 

five protons of the allyl group (Figure 12) are observed at 1.09 (Hanti, 2H) 3.37 

(Hsyn, 2H) and 5.77 (Hmeso, 1H), shifted from their position in the precursor 

complex 1, where they were assigned at 1.24 (Hanti, 2H) 3.45 (Hsyn, 2H) and 3.68 

(Hmeso, 1H). The proton from the thiazole ring, in complex C1 appears at 8.58 

ppm and the amine proton (NH2) at 7.24 ppm, both shifted, to lower (upfield) 

and higher (downfield) values than in the free ligand, 6.9 and 8.3 ppm, 

respectively. The 13C NMR spectrum of the ligand exhibits two peaks assigned to 

the thiazole ring, a CH (C2) and a quaternary carbon (C3) at 142.6 and 167.6 

ppm, respectively (see numbering in Figure 12). After reaction with the metallic 

precursors 1, 2, 3, 4 and 5, these signals are shifted downfield; for example, in 

C2, C2 appears at 144.6 and C3 at 169.1 ppm, and in C4, C2 is at 143.8 and C3 at 

169.0 ppm, indicating coordination to an electron-rich metal center. Similar 

results were obtained for the other L1 complexes, C2, C3, C4 and C5; the 1H and 
13C NMR shifts are shown in Table 3. 

 

 

NN

S
NH2L1

2 3

 

Figure 12. Ligand L1 (left) and the Allyl group (η
3
-C3H5) (right). 

 
 
 
 



 
Table 3. Characteristic 

1
H and 

13
C NMR resonances δ (ppm) for the ligand L1 and the complexes 

C1, C2, C3, C4 and C5. 

Sample 
1
H 

13
C 

L1 CHring 6.9 NH2  8.3 C2 142.6 C3 167.6 

C1 
2Hanti 1.09 2Hsyn 3.37 

Hmeso 5.77 
CHring 8.58 NH2 7.24 

Callyl 61.6 Callyl 75.2 
C2 143.3 C3 168.7 

C2 NH2  8.72 C2 144.6 C3 169.1 

C3 NH2 8.73 C2 144.4 C3 169.4 

C4 NH2 8.64 C2 143.8 C3 169.0 

C5 NH2 8.66 C2 143.9 C3 168.8 

 

The spectroscopic techniques FTIR, 1H and 13C NMR, and elemental analysis 

characterization indicate the coordination of two molecules of the L1 ligand to 

each metal precursor 1, 2, 3, 4 and 5. Not having a single crystal structure, it is 

not easy to identify which of the L1 ligand nitrogen atoms is coordinated to the 

metal. DFT calculations were performed to check the possible coordination 

modes of L1 and look for the most stable (lowest energy, Figure 13) isomer of 

the C1 complex. Figure 13 shows the possible coordination modes, C1_E being 

(energetically) the most favorable geometry. 

As Figure 13 shows, C1_A and C1_D are equatorial isomers, while C1_B, 

C1_C and C1_E are axial ones. In its lowest energy configuration the complex is 

present as an axial isomer with the L1 ligands coordinating to the metal center 

through the nitrogen atom adjacent to the C-NH2 bond. 
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                               C1_C                                 C1_A                                             C1_B                                              

          ΔE = 7.65 kcal/mol            ΔE = 4.17 kcal/mol            ΔE = 4.16 kcal/mol 

   

                                           C1_D                                              C1_E 

                                           ΔE = 1.28 kcal/mol                           ΔE = 0 kcal/mol 

Figure 13. Possible coordination modes of L1 ligand obtained from DFT calculations.  

 

2.2. Immobilization on silica frameworks 

2.2.1. Octasilsesquioxane  

 

Organofunctionalized silicas have been the subject of considerable interest 

owing to their multiple applications in fields such as separation115, 

catalyses116,7,117 or delivery.118 The mesoporous silica particle has three different 

areas as a functionalization site, an outer surface, a silica framework and an 

inner surface. Two approaches have been used for the functionalization of the 

silica framework: co-condensation of a functional organosilicon precursor with 

a silica precursor, which allows the introduction of functional groups into the 

silica framework, and grafting,119 which is widely used for the surface 



functionalization. These two methods have been used to introduce various 

organic functionalities into the silica particle to provide appropriate properties 

for specific applications. Selectively functionalizing the three areas of the silica 

particle remains very challenging.  

In this work we used grafting, which is the introduction of a (usually) 

substituted silyl group (RO)3Si– in to a molecule or solid. When applied to 

surface modification, grafting is used to make a bridge between a supporting 

material, with a free silanol group, and a metal-organic complex marked as M in 

Scheme 11. Silylation can then modify both the physical and chemical 

properties of a surface.  

 

 

Scheme 11.  

 

A new silsesquioxane cage polymer Cube_C1 was obtained after reaction of 

the allyl complex [Mo(η3-C3H5)Br(CO)2(NCMe)2] (1) with a previously 

functionalized Cube_L1 (Scheme 12). The cage polymer precursor (Cube) was 

prepared by stirring 3-chloropropyltriethoxysilane in methanol for six weeks 

under acidic conditions.65 The resulting white solid, octakis(3-chloropropyl) 

octasilsesquioxane (Cube, Scheme 12), was obtained with a yield of 37 %.  

Octakis[3-(2-amino-1,3,4-thiadiazole)propyl] octasilsesquioxane (Cube_L1) 

was synthesized from a mixture of Cube with the ligand L1, in a molar ratio of 

1:12, by refluxing in anhydrous dimethylformamide, for 12 h. The resulting pale 
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yellow solid was filtered off, washed and dried under vacuum to give Cube_L1 

with a yield of 80 %.32 The precursor materials Cube and Cube_L1 were 

obtained from a collaboration with Newton L. Dias Filho.31  
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Scheme 12. 

 

The Cube_L1 suspension was refluxed in toluene with complex [Mo(η3-

C3H5)Br(CO)2(NCMe)2] (1) in a ratio of 1:8 for 24 hours, under a nitrogen 

atmosphere. The resulting yellow solid, Mo-octasilsesquioxane (Cube_C1), was 

collected by filtration and dried under vacuum (yield 59 %). Elemental analysis 

was an essential technique to characterize this type of material. Analysis 

showed that the eight chloropropyl vertices in Cube reacted with L1 ligand. 8.21 

wt % Mo (0.82 mmol g-1) was found in the final material, Cube_C1, which is 

consistent with two [Mo(η3-C3H5)Br(CO)2NCMe]  per each Cube_L1 species and 

indicating one nitrile ligand remains coordinated to the metal. The procedure is 



represented in Scheme 12. Cube_L1 and Cube_C1 were also characterized by 

FTIR and 13C and 29Si solid state NMR. 

 

 Infra-red spectroscopy 

The FTIR spectrum of Cube_C1 exhibits the characteristic νSi-O-Si vibrational 

modes of the POSS (polyhedral oligomeric silsesquioxane) cage at 1166 and 681 

cm-1 (Figure 14). The νC–H modes of the propyl chain are observed at 2934 and 

2887 cm-1. The L1 characteristic bands of the νC=N and νC-N modes appear at 

1600 and 1353 cm-1. The C–H group from the thiazole ring can also be assigned 

at 3100 and 3170 cm-1. In the parent material Cube_L1, these functional groups 

show bands at 1624 (νC=N), 1252 (νC-N) 2870 and 2933 (νC–H_aliph) and a large 

band centered at 3168 cm-1 (νC–H_ring). In Cube_L1 spectrum no bands are 

observed between 1700 and 2000 cm-1. After coordination with the metallic 

precursor 1, the Cube_C1 spectrum shows two sharp bands at 1856 and 1948 

cm-1, assigned to the νC≡O stretching modes of the CO groups.  

The elemental analysis in the final nanomaterial, Cube_C1, show that two 

metal units and two CH3CN ligands (one per each metal fragment, see in 

Experimental part) were present. The weak νC≡N modes (≈ 2200-2400 cm-1) 

cannot be seen but, the νC≡O stretching modes in the Cube_C1 spectrum (1856 

and 1948 cm-1) a position very similar to that observed in 1 (1850 and 1947 cm-

1) suggest only minor changes in the electronic environment of the metal. The 

composition of the new material Cube_C1 is shown in Scheme 4.  
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Figure 14. IR spectra of Cube_L1 and Cube_C1. 

 

 13C solid state NMR spectroscopy 

The 13C CP MAS spectrum of the Cube_C1 shows the three signals (Figure 15) 

of the propyl chain carbons from the organo-silicon ligand, at 9.80 

(SiCH2CH2CH2N), 22.89 (SiCH2CH2CH2N) and 41.18 ppm (SiCH2CH2CH2N). These 

values are shifted upfield when compared to those in the precursor material 

Cube_L1, which shows signals at 10.3, 23.51 and 51.97 ppm, respectively. After 

coordination with the metal fragment 1, a new peak appears at 155.25 ppm 

marked in the spectrum with (*) indicating the presence of the thiazole ring 

carbon from the ligand L1. 

A signal around 16-20 ppm would be expected, for the CH3CN carbon. The 

presence of very intensive and broad peaks from the organo-silicon ligand 

propyl chain (10.30 and 23.51 ppm), and others already present in this region 

for the Cube_L1 made the assignment inconclusive. 



 

Figure 15. 
13

C CP MAS NMR spectra of Cube_L1 and Cube_C1. 

 

 29Si solid state NMR spectroscopy 
29Si solid-state NMR, with Magic-Angle Spinning (MAS), and usually with 1H 

→ 29Si cross polarization (CP) was run. In all types of silicon-based materials, 

three types of silanol groups can be observed: single (SiO)3Si-OH, hydrogen-

bonded (SiO)3Si-OH-OH-Si(SiO)3, and geminal (SiO)2Si(OH)2; however, only free 

silanol groups, single and geminal, are highly accessible to the silylating agent 

chloropropyltriethoxysilane. It is possible to identify the Si-O species present on 

the material surface by 29Si NMR. Normally, in 29Si MAS and CPMAS NMR 

spectra, the siliceous species are represented by Qn where Qn = Si(OSi)n(OH)4-n, 

Q represents the silicon atom tetrahedrally coordinated to four oxygen atoms 

and n, which can oscillate between 0 and 4, indicates the number of bonds this 

silicon atom makes with other silicon atoms through an oxygen (Figure 16).  

 

 

Figure 16. Silicon species Q2, Q3 and Q4 
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These silicon Q species exist at the material surface. After the surface 

treatment with silicon derivated R’Si(OR)3, the Si atoms of the ligand may 

originate three types of species, T1, T2 and T3. Tm=RSi(OSi)m(O)3-m, represents 

the silicon bonded tetrahedrally to other atoms of silicon through oxygen 

bridges (Figure 17).120  

 

 

Figure 17. Silicon species T
1
, T

2
 and T

3 

 

In the 29Si CP MAS spectrum from Cube_C1 only T3 species are observed 

(Figure 18) in the range of -65 to -80 ppm, indicating that the silicon corner is 

linked to a carbon atom.121,64 A single peak is present at -67.68 ppm for 

Cube_C1, slightly shifted from its position in the precursor material Cube_L1, at 

-68.03 ppm but with a considerable deviation from the former precursor, Cube, 

where it appears at -65.5 ppm. These results are in agreement with the 

reported ones for this type of material.122,123 The small deviation in the last step 

of the metal immobilization process is maybe due to the long distance between 

the N-metal bonding and the C-Si; the metal does not seem to cause a relevant 

interference in the Si atom environment.    



 

Figure 18. 
29

Si CP MAS NMR spectra of Cube_L1 and Cube_C1. 

 

2.2.2. Silica-gel 

 

A different functionalized silica based material, Silica_C1 was synthesized 

from the reaction between 3-(2-amino-1,3,4-thiodiazol)propyl silica-gel 

(Silica_L1) and the complex [MoBr(η3-C3H5)(CO)2(CH3CN)2] (1), as is seen in 

Scheme 5. The precursor materials 3-chloropropyl silica-gel (Silica_Cl) and 3-(2-

amino-1,3,4-thiodiazol)propyl (Silica_L1) were prepared as reported in the 

literature.115 Silica-gel, previously activated (heated for 4 h at 150 ᵒC under 10-3 

torr), was immersed in dry xylene and 3-chloropropyltriethoxysilane was added. 

The mixture was stirred under reflux and a nitrogen atmosphere for 24 hours. 

The resulting white powder, Silica_Cl, was dried under vacuum, degassed (10-3 

torr) for 6 hours at room temperature and immersed in dimethylformamide 

with 2-amino-1,3,4-thiadiazol (L1). The mixture was stirred for 40 hours at 110 

ᵒC. The chloro group of the modified 3-chloropropyl silica-gel is replaced with 

the secondary amine from the ligand L1. The resulting pale yellow powder was 

filtered off, washed with ethanol and dried under vacuum. This functionalized 

material can be used as a ligand and it reacts with the precursor complex 1 to 

afford a new material, Silica_C1. The materials Silica_Cl and Silica_L1 were 
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obtained from a collaboration with Newton L. Dias Filho31 as they are seen in 

Scheme 13. All these materials were characterized by elemental analysis, FTIR 

spectroscopy, 13C CP MAS, 29Si MAS and CP MAS solid state NMR. 
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 Infra-red spectroscopy 

The FTIR spectra of the materials Silica_L1 and Silica_C1 are shown in Figure 

19. The characteristic bands from Silica_C1 are the νC≡O vibration modes which 

appear at 1851 and 1947 cm-1, slightly shifted from their position in the 

precursor complex 1 (1863 and 1935 cm-1). The νC=N modes from the ligand L1 

appear as a broad band in Silica_C1 spectrum, at 1632 cm-1. Furthermore, in 

Silica_C1 it is possible to see two peaks at 2291 and 2317 cm-1, slightly shifted 

from their position in precursor complex 1 (2287 and 2320 cm-1), indicating the 



presence of CH3CN ligand and suggesting that the coordination geometry of the 

metal fragment at the silica surface is as represented in Scheme 5.  

 

 

Figure 19. IR spectra of Silica_L1 and Silica_C1. 

 

 13C and 29Si solid state NMR spectroscopy 

Figure 20 shows 13C CP MAS and 29Si CP MAS NMR spectra of Silica_L1 and 

Silica_C1. The solid state 13C CP MAS NMR spectra of Silica_L1 and Silica_C1 are 

rather similar. All the signals from the aliphatic carbon chain have been 

assigned at 9.35 ppm (SiCH2CH2CH2N), 25.91 ppm (SiCH2CH2CH2N), 35.43 and 

45.43 ppm (SiCH2CH2CH2N), and a signal from the SiOCH2CH3 group is detected 

at 46.17 ppm, resulting from incomplete hydrolysis. A signal at 155.25 ppm, 

present in Silica_C1, can be assigned to the thiazole ring carbon of the ligand. 

All values are consistent with previously reported data for this type of silicon 

bonds.124 The signal of the coordinated nitrile carbon atoms cannot be assigned, 

as there are several peaks in the respected region. 

The precursor silica-gel material displays 29Si CP MAS NMR spectra patterns 

known for silica samples,125,126,127,128 for example, a strong peak at about -109 

ppm due to silicon atoms linked by oxygen bridges to four other silicon atoms, 

Si(OSi)4, or Q4; a strong peak at about -99 ppm due to silicon atoms linked via 
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oxygen bridges to three other silicon atoms and one OH moiety, HOSi(OSi)3, or 

Q3, and a weak peak/shoulder at about -89 ppm due to silicon atoms in 

environments of type (HO)2Si(OSi)2, Q2.  

 

 

 

Figure 20. 
13

C CP MAS NMR (top) and 
29

Si CPMAS NMR spectra (bottom) of Silica_C1 and 
Silica_L1. 

 

In the material Silica_L1, the Si-OH moiety is replaced by a Si-O-C moiety, 

which should change the 29Si chemical shift by about -4 ppm.129 The single 

silanol sites are observed at -101.6 ppm and the geminal silanol sites at -92.4 

ppm, Q3 and Q2 species respectively. As is known from the literature, the Q4 

peak dominates in the spectra (by virtue of having the largest population), 

whereas the Q3 peak is largest in CP-MAS (see experimental section) spectra 



because it corresponds to the largest population of silicon atoms in close 

proximity to protons, thereby is most efficiently cross polarized. Reaction 

between complex 1 and Silica_L1 does not produce relevant changes within Q4 

and Q3 species. In Silica_C1, only a 1 ppm shift is observed for the Q4 (-111.8 

ppm) and for Q3 (-102.6 ppm) species.  

Two other sets of resonances are also present in the spectra of Silica_L1 (-

64.36 and-54.35 ppm) and Silica_C1 (-68.04 and -60.07 ppm) and are assigned 

to T3 and T2 species, respectively [Tm=RSi(OSi)m(OEt)3-m]. These species refer to 

the immobilized groups RSi(OSi)2(OR’) (T2) and RSi(OSi)3 (T3) at the silica surface 

and therefore the -5 ppm shift after coordination to the metal center in 

Silica_C1 is consistent (due to the proximity of the carbons). The intensity of the 

T3 peak indicates that RSi(OSi)3 is the main organosilicon species present in the 

material, suggesting that the hydrolysis/condensation of 3-

chloropropyltrymethoxysilane is nearly complete. The percentage of 

molybdenum in Silica_C1 was determined by ICP, and the results show that 

approximately 7.63 wt % Mo (0.76 mmol g-1) is present. The analysis for C, H, N 

and S is given in the experimental section and proves that the material obtained 

had a high load of metal maybe due to less structure restriction, compared to 

other silica supports as will be shown further ahead.  

 

2.2.3. MCM-41 

 

Five new materials were prepared from the precursor material MCM_Cl and 

the complexes C1, C2, C3, C4 and C5, as is shown in Scheme 6. The MCM-41 and 

MCM_Cl parent materials were synthesised by a template approach in the 

presence of a surfactant.130 MCM-41 is a mesoporous solid obtained after the 

calcination. The choice of surfactant, auxiliary chemicals and reaction 

conditions dictate the dimensions to which these pores can be tailored. Using 
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[(C14H29)NMe3]Br (CTAB) as surfactant and a silicate sodium solution as 

template, at pH 10, the MCM-41 parent material (white powder) was obtained 

after a calcination process at 540ᵒC for 6 hours and yielded empty mesoporous 

channels with exposed silanol groups. MCM-41 was then treated with an excess 

of the 3-chloropropyltryethoxysilane in dry toluene and the mixture was stirred 

for 24 hours under reflux. The product was filtered off and the resulting white 

powder (MCM_Cl) was dried under vacuum at room temperature for 4 hours. 

The use of 3-chloropropyltryethoxysilane was needed due to the lack of Si(OR) 

groups in the ligand L1, suitable for covalently reacting with the wall silanol 

groups of MCM-41. This method is constrained by the number of surface silanol 

groups and by their accessibility. The organochlorosilanes of MCM_Cl can 

subsequently react with the NH2 group from the ligand; this reaction uses 

benzene as solvent and refluxed for 24 hours. The mixture, after filtering off the 

product and drying under vacuum, affords MCM_L1. The nitrogen atoms of the 

ligand displace the acetonitrile ligands in the precursor complexes 1, 2, 3, 4 and 

5 yielding five new materials MCM_C1, MCM_C2, MCM_C3, MCM_C4 and 

MCM_C5 according to Scheme 14. 
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The five new mesoporous materials and their precursors, MCM-41, MCM_Cl 

and MCM_L1, were characterized by elemental analysis, X-ray powder 



diffraction, nitrogen adsorption, FTIR, 13C CP MAS solid state NMR and 29Si MAS 

and CPMAS solid state NMR. The spectroscopic characterization of the five new 

materials is very similar and therefore a detailed discussion will not be given for 

all of them.  

 

 X-ray powder diffraction 

The powder X-ray pattern of these materials shows four Bragg peaks in the 

2θ = 2-10˚ range, which can be indexed to different hkl reflections for a 

hexagonal unit cell, assigning the strongest reflection to d100, and the three 

weaker reflections with higher angles to d110, d200 and d210 (Figure 21). The 

presence of these reflections is the first indication that the observed molecular 

sieves have a highly ordered pore system.41 Upon functionalizing MCM-41, the 

higher peaks are still observed indicating the retention of the hexagonal cubic 

cell. The parameter a0 for the unmodified MCM-41 is 35.5 Å. This parameter is 

related to the average distance between pores in a two-dimensional 

framework. For an ideal structure for example the parameter is equal to the 

internal pore diameter plus the thickness of pore walls, and it decreases as the 

ligand and subsequently the metallic fragment are grafted into the material 

pores. As it is functionalized, the peak intensities of the resulting materials 

decrease and shift to lower angles, which correspond to higher d-values. This 

effect is attributed to the immobilization of organosilane groups on the MCM-

41 by reaction with Si-OH groups. This process reduces the defect sites of the 

material, resulting in a more dense structure with a lower a value and a 

reduction of pore size due to the immobilization of the chloropropyl groups. 
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Figure 21. X-ray powder diffraction of MCM_C1, MCM_L1, MCM_Cl and MCM-41. 

 

 

Figure 22. X-ray powder diffraction spectra of MCM-41, MCM_Cl, MCM_L1, MCM_C2, 
MCM_C3, MCM_C4 and MCM_C5. 

 

The lattice parameter [a] of MCM_L1 is 36.39 Å, indicating an expansion of 

the unit cell compared to parent compound MCM-41. The same occurs after 

grafting the metal precursors containing Mo(II) (1, 2 and 3) or W(II) (4 and 5) 

into the material. The peak intensities decrease, with the 100 reflection being 

the only one that remains visible (Figure 22) and most of them shift to lower 

angles (higher d-values). The lattice parameter increases when compared to the 

precursors due to the incorporation of bulky groups such as [MoBr(η3-

C3H5)(CO)2(CH3CN)2] (1) and [MX2(CO)3(CH3CN)2] (M=Mo, X=I 2; M=Mo, X=Br 3; 



M=W, X=I 4; M=W, X=Br 5). The lower intensities of the peaks are likely due to 

the decrease of surface uniformity. The same four Bragg peaks are observed in 

MCM_C1, MCM_C2, MCM_C3, MCM_C4 and MCM_C5. A decrease in the peaks 

intensities is observed, being more substantial in the final materials, a fact that 

is not interpreted as a loss in crystallinity, but a reduction of the diffusion of the 

X-rays in a material with a reduced pore size131,132 (Table 4).  
 

Table 4. XRD parameters for MCM-41, MCM_Cl, MCM_L1, MCM_C1, MCM_C2, MCM_C3, 
MCM_C4 and MCM_C5. 

Sample 
Position 
(°2Th.) 

Height (cts) d-spacing (Å) Rel. Int. (%) 

MCM-41 2.49 69679.28 35.5 100 

MCM_Cl 2.47 44106.19 36.3 100 

MCM_L1 2.43 35263.76 36.4 100 

MCM_C1 2.44 18567.51 37.2 100 

MCM_C2 2.54 7867.49 39.5 100 

MCM_C3 2.25 14905.24 39.6 100 

MCM_C4 2.39 6029.49 37.2 100 

MCM_C5 2.43 9139.54 37.4 100 

 

 Nitrogen adsorption studies 

The low temperature nitrogen adsorption/desorption isotherms of the 

parent compounds MCM-41 and MCM_Cl, seen in Figure 23, are of type IV 

according to the IUPAC classification133 and they are characteristic of 

mesoporous solids. A well defined sharp inflection is observed between the 

relative pressures (p/p0) 0.20-0.40 due to capillary condensation of nitrogen 

inside the primary mesoporous channels. The point-shaped peak of the MCM-

41 sample indicates uniformity in the pore size (Figure 24). The precursor 

material MCM-41 exhibits a narrow pore size distribution, with an average pore 

diameter (dBJH) of 3.60 nm, a specific surface area of 1037 m2.g-1 and a pore 

volume of 0.97 cm3.g-1. The functionalized materials, MCM_C1, MCM_C2, 

MCM_C3, MCM_C4 and MCM_C5 also display reversible type IV N2 adsorption 
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isotherms (Figure 23), indicating the structure is maintained and some of the 

porous remain accessible upon binding to the metal centres. Each of the 

modifications carried out to produce these five new samples (Scheme 6) leads 

to a decrease in N2 uptake, at high p/p0, and both the surface area and pore 

volume values decrease. These changes happen as MCM-41 is successively 

functionalized and they are in agreement with the reported values for this type 

of materials.134,135 The decrease of the unit cell value and the broad distribution 

of pore size are evidence that the organometallic complexes are grafted in the 

mesoporous samples and mainly located in the internal surface of the 

mesoporous material. Broader hysteresis loops are also observed for the 

grafted materials due to a decrease in the uniformity of the pore size. The 

calculated textural parameters, by BJH method136 using XRD and 

adsorption/desorption isotherms are summarized in Table 5. The values 

obtained are comparable with other modified mesoporous silicas previously 

reported.116,7 

 

 

Figure 23. N2 adsorption isotherms of MCM-41, MCM_Cl, MCM_L1, MCM_C1, MCM_C2, 
MCM_C3, MCM_C4 and MCM_C5 at 77 K. 



The calculated pore size distribution curves for MCM_C2 and MCM_C3 are 

shown in Figure 24. As was explained before, a well-defined step is observed for 

the precursor material MCM-41. This is confirmed by the results plotted on 

Figure 24, where a very narrow pore size distribution curve (PSD) can be 

observed. When taken at the maximum of the PSD curve, a value of 35.5 Å is 

obtained for the average pore diameter. Owing to the immobilization of bulky 

groups into the MCM-41 channels, a reduction on the PSD maximum curve is 

observed, indicating that the pores are being filled.137 A closer observation of 

the PSD curves from Figure 24 reveals that the position of the maximum (dBJH) 

decreases from 3.60 nm (MCM-41) to 3.03 nm (MCM_C2) and 3.03 nm 

(MCM_C3), which indicates a decrease in pore heterogeneity. The same 

observations were made for all five new materials MCM_C1, MCM_C2, 

MCM_C3, MCM_C4 and MCM_C5. 

 
 

Table 5.Textural parameters of MCM-41, MCM_Cl, MCM_L1, MCM_C1, MCM_C2, MCM_C3, 
MCM_C4 and MCM_C5 materials, from the N2 isotherms at 77 K. 

Sample d100 (Å) 
SBET 

m
2
.g

-1
 

ΔSBET
a
 

(%) 
Vp cm

3
.g

-1
 

ΔVp
b
 

(%) 
dBJH

c
 

(nm) 

MCM-41 35.5 1037 - 0.97 - 3.60 

MCM_Cl 33.1 948 9 0.61 37 2.87 

MCM_L1 32.9 929 10 0.57 41 2.87 

MCM_C1 32.9 462 55 0.26 73 2.87 

MCM_C2 32.2 603 42 0.37 62 3.03 

MCM_C3 33.0 502 52 0.31 68 3.03 

MCM_C4 30.3 570 45 0.39 60 2.87 

MCM_C5 30.6 571 45 0.39 60 2.87 

a – Variation of surface area in relation to parent MCM-41. 
b – Variationt of total pore volume in relation to parent MCM-41. 
c – Median pore width determined by the BJH method.  
 



69 
 

 

Figure 24. Pore size distribution curves of MCM-41, MCM_Cl, MCM_L1, MCM_C2 and 
MCM_C3.  

 

The percentage of metal (molybdenum, for materials MCM_C1, MCM_C2 

and MCM_C3, and tungsten for materials MCM_C4 and MCM_C5) inside the 

MCM channels was determined by atomic absorption (Table 6). For MCM_C1, 

MCM_C2 and MCM_C3, Mo(II) contents of 4.02 wt % (0.40 mmol g-1), 3.7 wt % 

(0.37 mmol g-1) and 5.05 wt % (0.51 mmol g-1) were found, respectively; for the 

tungsten congeners MCM_C4 and MCM_C5, metallic contents of 4.7 wt % (0.47 

mmol g-1) and 3.67 wt % (0.37 mmol g-1) were found, respectively.  

 
Table 6. Elemental analysis of MCM_C1, MCM_C2, MCM_C3, MCM_C4 and MCM_C5. 

 
Elemental Analysis (%) 

Sample Metal C H N 

MCM_C1 4.02 (Mo) 7.12 1.68 1.16 

MCM_C2 3.70 (Mo) 6.75 1.78 1.38 

MCM_C3 5.05 (Mo) 6.97 1.52 1.51 

MCM_C4 4.70 (W) 7.36 1.61 2.03 

MCM_C5 3.67 (W) 6.99 1.59 1.43 

 

 Infra-red spectroscopy 

The FTIR spectra of both the homogeneous C1 and heterogeneous 

counterpart MCM_C1 are shown in Figure 25. In the heterogeneized sample it is 

possible to observe the frequencies for the silicious matrix at 1256, 1002 and 

798 cm-1. Stretching νC-H modes at 2800-3000 cm-1, resulting from the aliphatic 



chain of the chloropropyltriethoxysilane ligand, are also present. The MCM_C1 

spectrum also exhibits the νC=N stretching vibrations at 1660 cm-1, shifted from 

its position in the free ligand (1622 cm-1). After the reaction with the metal 

fragment 1, the bands of the L1 ligand and the Si-O-Si modes of the material are 

still observed, and the νC≡O modes, assigned to terminal carbonyl groups, 

present in the organometallic fragment appear at 1860 and 1944 cm-1. No νC≡N 

bands are observed for MCM_C1. 

 

 

Figure 25. IR spectra of MCM_C1 and the complex C1 . 

 

The FTIR spectrum of MCM_C2 (Figure 26) shows vibration modes that can 

be attributed not only to the silicious structure of the material (asymmetric Si-

O-Si modes at 1063 and 688 cm-1) but also to the immobilized species 

(stretching νC–H modes of the propyl chain at 2979 and 2915 cm-1). The 

characteristic vibration of the L1 ligand appears at 1627 cm-1 and the νC≡O 

stretchings at 1886, 1935 and 2015 cm-1. The presence of an acetonitrile ligand 

cannot be confirmed or ruled out. The absence of bands around 2200-2300 cm-

1, assigned to the the νC≡N modes of the two labile MeCN ligands coordinated to 

the metal center, suggests that the metal immobilization is made by replacing 
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them, as depicted in Scheme 14. The mesoporous structure of MCM-41 might 

favor the coordination of two L1 ligands to one metal center, contrary to what 

was observed for octasilsesquioxane and silica-gel (Cube_C1 and Silica_C1). The 

spectra of MCM_C3, MCM_C4 and MCM_C5 are shown in experimental part 

and the most important vibrations are summarized in Table 7.   

 

 

Figuree 26. IR spectra of MCM_C2 and the complex C2. 

 

 13C solid state NMR spectroscopy 

The 13C CP MAS NMR spectrum (Figure 27) of MCM_C1 displays the ligands 

resonances. All the peaks present (for all the functionalized materials) appear in 

the aliphatic region between 9 and 60 ppm. It should be mentioned that all 

these mesoporous hybrid materials (MCM_C1, MCM_C2, MCM_C3, MCM_C4 

and MCM_C5) have a low content of organic ligand (≈ 3 %) and a dilution effect 

must be considered. In the precursors MCM_Cl and MCM_L1 the resonances of 

the SiCH2 group (from the propyl chain SiCH2CH2CH2N) are observed at 9.10 

ppm, and at 7.65 and 9.10 ppm, respectively (Figure 27). Indeed, a peak at 9.10 

ppm in MCM_L1 indicates non-reacted groups from precursor MCM_Cl, where 

the same group (SiCH2) appears un-shifted (9.10 ppm). Two resonances can be 

assigned to the SiCH2 group in the MCM_L1 and MCM_C1 functionalized 



materials (Table 8). For the grafted material MCM_C1, this carbon signal shows 

up at 7.64 and 8.80 ppm. After grafting the organometallic complex 1, from 

reaction of MCM_L1 with [MoBr(η3-C3H5)(CH3CN)2(CO)2] (1), two signals are 

observed once again (7.64 and 8.80 ppm) showing that part of the chains does 

not react with L1. Also resonances at 15.42 and 57.92 ppm referring to carbon 

atoms SiOCH2CH3 and SiOCH2CH3, respectively, are present in MCM_C1 

spectrum. Moreover, the other two carbon resonances of the NCH2 and 

SiCH2CH2CH2N groups at 46.81 ppm and 25.84 ppm, respectively, are also 

visible. The peaks of the metallic fragment in MCM_C1 do not reveal any drastic 

change in this spectrum compared to MCM_L1, as was explained; the 

concentration of metal is very low, making the carbon resonances from the allyl 

group or the carbonyl groups difficult to detect, since they can be obscured by 

the aliphatic chain signals.  

 
Table 7. Characteristic IR bands (cm

-1
) of complexes C1, C2, C3, C4 and C5 and materials 

MCM_C1, MCM_C2, MCM_C3, MCM_C4 and MCM_C5. 

Sample νC≡O νC=N νC-H 

C1 1923 1948 1610 3098 3362 3465 

MCM_C1 1860 1944 1608 3102 3162 3254 

C2 1906 1932 2008 1597 3070 3263 3340 

MCM_C2 1886 1935 2015 1627 2979 3360 

C3 1853 1911 1955  1601 3084 3141 3257 

MCM_C3 1893 1981 2003 1617 2963 3311 

C4 1913 2000 2005 1600 3173 3264 3382 

MCM_C4 1870 1903 1994 1626 2848 2957 3366 

C5 1885 1952 2006 1599 3095 3195 3242 

MCM_C5 1872 1960 2000 1627 2850 2955 3386 
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Figure 27. 
13

C CP MAS NMR spectra of MCM_C1, MCM_L1 and MCM_Cl. 

 

The materials MCM_C2, MCM_C3, MCM_C4 and MCM_C5 also only exhibit 

resonances for the immobilized ligand, chloropropyltryethoxysilane. 13C CP MAS 

solid state NMR resonances, for example, at 8.78 ppm (SiCH2CH2CH2N) and at 

45.64 ppm (SiCH2CH2CH2N) for MCM_C2, or at 9 ppm (SiCH2CH2CH2N) and 45.52 

ppm (SiCH2CH2CH2N) for MCM_C3 (Figure 28), indicate that a reaction has 

taken place. These peaks, which can be assigned to the two terminal carbons of 

the propyl chain, are observed shifted from their position in the MCM_L1 

material, 7.65 (SiCH2) and 46.61 (CH2N) ppm. In the spectrum of MCM_C2 there 

is a variation in the peak shape, corresponding to the different carbons of the 

SiOCH2CH3 group (11.94 ppm for SiOCH2CH3 and 58.55 ppm for SiOCH2CH3). This 

suggests a possible reaction: the covalent bonding between these SiOEt groups 

and some residual SiOH groups left un-reacted at the MCM-41 walls. The 

MCM_C4 spectrum shows a displacement of the resonances at 44.79 ppm 

(CH2N) and at 58.55 ppm (SiOCH2CH3) when compared to those in the precursor 

material MCM_L1 (46.17 ppm and 57.64 ppm).  

The peaks of the allyl group for MCM_C1 or the carbonyl groups are not well 

defined, most likely due to the low percentages of metal loaded into the pores 



of the MCM_L1 material (≈ 4 %). The 13C CP MAS NMR spectra of MCM_C3 and 

MCM_C5 are shown in experimental part. 

 

 

Figure 28. 
13

C CP MAS NMR spectra of MCM_C2 (top), MCM_C4 (bottom) and their precursors 
MCM_Cl and MCM_L1. 

 

 29Si solid state NMR spectroscopy 

The silica frameworks are generally viewed as consisting of a combination of 

silicon types Q and T where Qn = Si(OSi)n(OH)4-n and Tm=RSi(OSi)m(OEt)3-m), 

respectively, as described before (Figures 16 and 17). The presence of these 

species indicate the covalent bonding between the spacer ligand and MCM-41 
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walls.126 The 29Si CP MAS NMR spectrum of MCM-41 (Figure 29) shows two 

strong signals at -100.38 (Q3) and -109.93 (Q4) and a weaker signal at -91.21 (Q2) 

ppm, as expected considering previous examples in the literature.138,139 The 

high intensities of the Q2 and the Q3 peaks indicate that a large number of OH 

groups are present at the surface material. The first modification of the 

precursor material, the grafting of 3-chloropropyltriethoxysilane, MCM_Cl, 

originates a decrease in the intensities for the Q3 and Q2 peaks, relative to Q4. 

This indicates the etherification of the free hydroxyl groups by the triethoxy 

ligand. The additional peaks, around -48.3 ppm (T1), -57.47 ppm (T2) and -68.09 

ppm (T3) ppm, prove the presence of the new silicon groups from the spacer 

ligand. Reaction with the ligand L1, originating MCM_L1, results in the peak of 

the T1 species almost disappearing and in a decrease of Q3 intensity when 

compared with Q4, as can be seen in Figure 29. In MCM_L1 the peak referring 

to T3 (-65.7 ppm) species shifts to higher resonances and the T2 (-59.13 ppm) to 

lower ones, when compared to MCM_Cl (-68.09 (T3) and -57.47 (T2) ppm). A list 

of the characteristic 13C and 29Si NMR peaks is given in Table 8. 

 

Figure 29. 
29

Si CPMAS NMR spectra of MCM_C1 and its precursors MCM-41, MCM_Cl and 
MCM_L1.  



Taken together these observations reflect an increase in the silicon bonds 

through oxygen bridges. After reaction with the organometallic fragment 1, 29Si 

CP MAS NMR spectrum of MCM_C1 shows two large bands at -58.94 (T2) and -

67.64 ppm (T3). The intensity of the T3 peak indicates that RSi(OSi)3 is the main 

organosilicon species present at the MCM_C1 material surface. Moreover, the 

presence of resonances at -102.88 ppm (Q3) and at -110.3 ppm (Q4), where Q4 is 

the most intense signal, indicates a majority of Si(OSi)4 (Q4) species. 

The spectra of MCM_C2 and MCM_C4 are shown in Figure 30. The 

unmodified MCM-41 precursor material, as before, only displays resonances 

referring to the Q species. Upon grafting the chloropropyl ligand, and 

subsequently the L1 ligand, the resonance assigned to Q2 species almost 

disappear, indicating a reduction in the numbers of Si-OH species present at the 

walls of the material. With each of the metallic fragments 2 and 4, there is a 

switch of the relative amount of Q4 and Q3 species relative to MCM_C1; this 

may be due to a further reaction of the supported species with the silanols from 

the MCM-41 parent material. 29Si CP MAS NMR spectra of materials MCM_C3 

and MCM_C5 show similar results and are presented in the Experimental part. 
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Table 8. 
13

C CP MAS solid state NMR resonances δ (ppm) of MCM-41, MCM_Cl, MCM_L1, MCM_C1, MCM_C2, MCM_C3, MCM_C4 and MCM_C5. 

 
13

C CP MAS NMR (δ / ppm) 
29

Si CP MAS NMR (δ / ppm) 

Sample SiCH2 SiOCH2CH3 CH2CH2CH2 CH2N SiOCH2CH3 Q4 Q3 Q2 T
3
 T

2
 T

1
 

MCM-41 
     

-109.93 
-100.  

38 
-91.21 

   

MCM_Cl 9.10 16.02 25.21 46.17 59.34 -109.04 -101.99 
 

-68.09 -57.47 -48.30 

MCM_L1 
7.65   16.08 24.65 45.99 59.27 -109.93 -101.53 

 
-65.70 -59.13 

 
9.10 

          

MCM_C1 
7.64   15.42 25.84 46.81 57.92 -110.3 -102.88 

 
-67.64 -58.94 

 
8.80 

          
MCM_C2 8.78 11.94 25.84 45.64 58.55 -109.87 -103.82 

 
-67.9 -58.79 

 
MCM_C3 9.00 16.21 25.87 45.52 58.00 -109.92 -102.79 

 
-66.66 -58.47 

 
MCM_C4 8.86 14.92 25.72 44.79 58.55 -110.36 -103.15 

 
-68.43 -59.68 

 
MCM_C5 8.27 15.04 25.67 44.84 59.23 -109.83 -101.43 

 
-67.35 -58.9 

 
 



 

Figure 30. 
29

Si CPMAS NMR spectra of MCM_C2 and MCM_C4 and their precursors MCM-41, 
MCM_Cl and MCM_L1.  

 

2.3. Catalysis 

2.3.1. General 

 

The complexes C1-C5 and the seven functionalized materials MCM_C1, 

MCM_C2, MCM_C3, MCM_C4, MCM_C5, Cube_C1 and Silica_C1 were tested 

as catalyst precursors for the oxidation of allyl alcohols: geraniol, cis-3-hexen-1-

ol, trans-3-hexen-1ol, (S-)-Limonene and 1-octene; for simplicity these 
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substrates will be referred as geraniol, cis-3, trans-3, (S-)-limonene and 1-

octene, and the respective products as mentioned on Figure 31. Other possible 

products were not observed. The reaction was carried out in a 25 mL vessel 

under air. This vessel was loaded with substrate (100%), catalyst (1% for 

homogeneous catalysts and 175 mg for heterogeneous catalysts), oxygen donor 

TBHP (200%), internal standard (DBE) and approximately 2 mL of 

dichloromethane, used as reaction solvent (see experimental part). The 

reaction mixture was refluxed for 24 hours, the addition of the oxygen donor 

determining the initial time. Samples of 100 μL were obtained 10 and 30 

minutes after the reaction started, and after 1h, 1h30m, 2h, 4h, 6h, 8h and 24h. 

Each sample was diluted in 1 mL of dichloromethane.  

In order to destroy the hydrogen peroxide and stop the reaction each sample 

was treated with a catalytic amount of manganese oxide (Mn2O7). The filtrate 

was then injected in a GCMS to monitor the reaction. Blank experiments were 

made using only substrate and TBHP. A conversion < 0.05% occurs in the 

absence of the catalysts. This auto-oxidation process was already observed and 

reported for some substrates.140,141 Figure 31 exhibits a scheme of all the 

products identified for each substrate. Conversions after 24 hours reaction, 

TOFs (turn over frequencies after 10 minutes reaction) and selectivity for the 

different products, were calculated for each studied system. 

 

2.3.2. Conversions and TOFs 

 Complexes 

 

The total conversions, calculated after 24 h reaction, the selectivity of each 

homogeneous catalyst and the turn over frequencies (TOFs, a measure of how 

fast the catalysts start their activity) were calculated and are presented in 

Figure 32 (conversions) and in Tables 9-11 (TOFs, calculated after 10 minutes of 



the reaction). Of the five complexes tested, C1, C4 and C5 exhibit the highest 

conversions. After 24 h reaction, conversions of trans-3 and cis-3 are 88.5 % and 

98.5 % in the presence of C1, 98.7 % and 97.9 % in the presence of C4, and 99.6 

% and 89.1 % in the presence of C5 (Figure 32). These substrates were 

selectively converted in the epoxide. The molybdenum η3-allyl dicarbonyl 

complex, C1, is the most efficient catalyst for all the tested substrates, both in 

terms of conversions and TOFs. 

 
 

 

Figure 31. Representative scheme of the substrates tested (framed) and their reaction products 
detected by GC-MS. 
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Comparing the two tungsten derivatives, C4 and C5, the one containing 

bromide (C5) shows better conversions than the iodine analogue, a same trend 

that was previously reported,7,99 specially when the substrates are geraniol, 

trans-3 and (S-)-limonene, exhibiting 96.4, 99.6 and 100 % conversions, 

respectively. The complexes C2 and C3 show very low, or even no conversions 

at all, for some of the tested substrates, when using TBHP.142 The best TOF and 

conversion is achieved for the oxidation reaction of cis-3 in the presence of C3: 

43.7 % after 24 h reaction, with a TOF of 257 mol. molMo
-1. h-1 after 10 min as it 

can be seen in Figure 32. 

 

 

Figure 32. Overall conversions after 24 hours reaction for complexes C1, C2, C3, C4 and C5. 

 

The highest TOFs are obtained with complexes C4, 306 and 450 mol. molW
-1. 

h-1 after 10 minutes reaction and C5, 409 and 330 mol. molW
-1. h-1 after 10 

minutes reaction, for geraniol and trans-3, respectively. The lower TOFs and 

conversion are obtained for the oxidation of 1-octene: TOFs below 10 mol. 

molcatalyst
-1. h-1 after 10 minutes reaction and conversions under 30 % after 24 h 
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reaction. The kinetic profile curves in Figures 33 and 34 for C1, C4 and C5 

complexes, showing the conversions as a function of time, reveal that the 

maximum rate is achieved in most cases after the induction period up to 6 

hours. The required period to form the active species containing Mo(VI) is 

slightly different, but similar catalytic species were probably formed.99,142  

 

 

Figure 33. Kinetic profiles of the oxidation of each of the five substrates in the presence of C1. 

 

 Materials 

 

Conversions for the oxidation reaction of the five substrates (Figure 31) in 

the presence of the functionalized materials MCM_C1, MCM_C2, MCM_C3, 

MCM_C4, MCM_C5, Cube_C1 and Silica_C1 are shown in Figure 35 and the 

calculated TOFs are given in Tables 9-11. Materials containing the C1 complex 

(allyl complex) and complexes C4 and C5 (the tungsten metallic fragments) 

exhibit the best conversions and TOFs, with approximately 100 % conversions 

after 24 h reaction time for the majority of the substrates (Table 9-11).  
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Figure 34. Kinetic profiles of the oxidation of each of the five substrates in the presence of C4 
(top) and C5 (bottom). 

 

When testing the oxidation reaction of cis-3, all materials with the exception 

of MCM_C2 display a conversion of more than 97 % after 24 h reaction time. 

The heterogeneous catalysts MCM_C2 and MCM_C3 (molybdenum derivatives) 

exhibit conversions, for the other substrates, in the range of 40-60 % with very 

low TOFs. The functionalized metal materials show better conversions and TOFs 



when compared to the homogeneous analogues; for example, the conversion 

of 66.1 % in the oxidation of 1-octene by C1 increases to 100 %, 99.6 % and 74.3 

% when using the heterogeneous catalysts MCM_C1, Cube_C1 and Silica_C1, 

respectively as can be seen further in  Table 10. Also, conversions (after 24 h 

reaction time) of cis-3, by complexes C2 and C3, of 0 and 43.7 %, respectively, 

increase after immobilization in mesoporous material MCM-41, MCM_C2 and 

MCM_C3, to 38.3 and 99.7 % (in the same reaction conditions), respectively, 

with a decrease in the TOF for MCM_C2. The homogeneous catalyst C3 shows a 

TOF of 257 mol. molMo
-1. h-1 after 10 minutes reaction and its heterogeneous 

analogous 2 mol. molMo
-1. h-1 after 10 minutes reaction. Moreover, complex C4 

displays conversions/ TOFs of 68.1/ 306 and 54.1 %/ 43 mol. molW
-1. h-1 for 

substrates geraniol and (S-)-limonene, respectively, and its heterogeneous 

analogous, MCM_C4, 100/ 327 and 79.4 %/ 164 mol. molW
-1. h-1 conversions 

and TOFs, respectively, in the same conditions. Other examples are shown in 

Tables 9 to 11 and in the kinetic profiles drawn in Figure 36. Data from other 

Mo(II) catalytic studies7 show similar trends. Comparing the support materials, 

the silica-gel derivative performs better than MCM-41 or octasilsesquioxane, in 

terms of conversions and TOFs. This may be due, not only to a higher 

percentage of molybdenum loaded in silica-gel, but also to the absence of 

structural constraints to access the active species. In MCM-41, the species are 

supported inside the pores and in silica-gel the active species are located at the 

surface.  
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Figure 35. Overall conversions after 24h reaction for materials MCM_C1, MCM_C2, MCM_C3, 
MCM_C4, MCM_C5, Silica_C1 and Cube_C1. 

 

In the kinetic profiles presented in Figure 36 it is possible to observe an 

advantage of the immobilized catalysts, concerning catalytic activity. The 

oxidation of geraniol, cis-3 and (S-)-limonene in the presence of C2 exhibits 

conversions of 25.7 %, 0 % and 0 % after 24 hours reaction time, respectively. In 

the presence of the heterogeneous catalyst, MCM_C2, these conversions 

increase to 41.7, 38.3 and 67.2 % within the same reaction conditions, 

respectively. The same trend happens for homogeneous and heterogeneous 

counterpart, C3 and MCM_C3. Small conversions of 12.8 % and 43.3 % in the 

presence of C3 for the oxidation of geraniol and cis-3, respectively, increase to 

58.5 and 99.7 % when the heterogeneous counterpart, MCM_C3 is the catalyst, 

in the same reaction conditions. Moreover, C3 does not oxidize trans-3 and (S-)-

limonene, but MCM_C3 exhibits 56.3 and 59.5 % conversions for the oxidation 

of trans-3 and (S-)-limonene after 24 h reaction time, respectively. In MCM_C2 

and MCM_C3 functionalized materials, TOFs relative to the homogeneous C2 

and C3 do not have a relevant increase (Table 9).  
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Figure 36. Kinetic profile comparison between the homogeneous and the heterogeneous 
systems for the oxidation of geraniol, S-(-)-limonene, cis-3 and trans-3: C2 - full circles and 

MCM_C2 - full triangles (top); C3 – full circles and MCM_C3 - full triangles (bottom). 

 

Selectivity 

 

The selectivity for the different products (Figure 31) was calculated. Two 

kinds of reactive sites can be identified in the substrates studied, the C=C 

double bond carbons that can originate an epoxide or a diol and the terminal 

alcohol groups that can be oxidized to the corresponding aldehyde form. 
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Moreover, different products can occur owing to the restricted rotation about 

the double bond, for example, in (S-)-limonene, leading to the two possible 

stereoisomers.  

 
Table 9. Conversions (%) and turnover frequencies (*TOF / mol. molMo

-1. h-1
) achieved in the 

oxidation of cis-3 and trans-3 in the presence of complexes C1-C5 and materials MCM_C1-
MCM_C5. 

Catalyst Subst. TOF* Conv. Catalyst Subst. TOF* Conv. 

  C1 
Cis-3 5 98.5 

MCM_C1 
Cis-3 17 99.3 

Trans-3 10 88.5 Trans-3 38 86.1 

C2 
Cis-3 - - 

MCM_C2 
Cis-3 19 38.3 

Trans-3 - - Trans-3 - - 

C3 
Cis-3 257 43.7 

MCM_C3 
Cis-3 2 99.7 

Trans-3 - - Trans-3 5 56.3 

C4 
Cis-3 8 97.9 

MCM_C4 
Cis-3 191 100 

Trans-3 450 98.7 Trans-3 266 89.5 

C5 
Cis-3 6 89.1 

MCM_C5 
Cis-3 283 98.9 

Trans-3 330 99.6 Trans-3 17 78.5 

Cube_C1 
Cis-3 2 99.2 

Silica_C1 
Cis-3 60 97.5 

Trans-3 402 99.5 Trans-3 570 99.7 

 

The oxidation of cis-3 and trans-3 catalyzed by C1, C2, C3, C4 and C5 and 

their heterogeneous analogues MCM_C1, MCM_C2, MCM_C3, MCM_C4, 

MCM_C5, Cube_C1 and Silica_C1 with TBHP gives 100 % selectivity for the 

respective epoxides, cis-3-epox and trans-3-epox (see Figure 31). The 

conversions (calculated after 24 h reaction time) and TOFs calculated after 10 

min reaction for these two substrates are presented in Table 9. 

The oxidation of geraniol promoted by the complexes C1-C5 and their 

heterogeneized counterparts MCM_C1-MCM_C5, Silica_C1 and Cube_C1, lead 

to three reaction products that were detected by the GC-MS analysis: the 

correspondent aldehyde, geranial (Ger-al in Table 10), when the oxidation 

occurs selectively in the primary alcohol group, and the Z-2,3-oxyrane epoxide 



or the Z-6,7-oxyrane epoxide, depending on which of the two double C=C bond 

of the molecule the oxidation occurs. For simplicity these products will be 

referred as Z-2,3 and Z-6,7. Selectivity was calculated for each homogeneous 

and heterogeneous catalyst.  

As is shown in Table 10, molybdenum dihalide complexes C2 and C3 exhibit 

similar selectivity (around 50 %) for the Z-2,3 and the geranial, without any 

traces of Z-6,7 after 24 h reaction time for both catalysts. A similar trend is 

observed for complex C1, whereas with C2 and C3 a higher percentage was 

observed for geranial. With C1 the highest selectivity (87 % after 24 h reaction 

time) was achieved for Z-2,3. The selectivity of the two tungsten complexes, C4 

and C5, differs from their molybdenum analogues. In the presence of C4 and 

C5, the terminal 6,7 double bond was preferentially epoxidized with 46.7 and 

43.2 % selectivity, respectively, both reactions displaying only traces of geranial 

as a product (< 5 %). In this system, the halide does not seem to have large 

influence in the selectivity, the difference residing only in the metal center. The 

heterogeneous catalysts, MCM_C1, Silica_C1 and Cube_C1 present similar 

product selectivity. The two epoxides, Z-2,3 and Z-6,7 appear in very similar 

amounts (50 %) and there are only traces (< 6 %) of geranial. A loss of selectivity 

for Z-2,3 is observed after C1 is immobilized (MCM_C1), from 87 to 

approximately 50 %. For the catalysts MCM_C2, MCM_C3, MCM_C4 and 

MCM_C5 a different trend is displayed compared to their homogeneous 

analogues. A selectivity of more than 75 % is shown for geranial in all these four 

heterogeneous catalysts. Grafting the complexes C2, C3, C4 and C5 clearly 

improved the selectivity of the homogeneous catalysts towards geranial. 

Only two products were detected in the oxidation reaction of 1-octene: 1-

octanal (1-Oct in Table 10) and 1,2-epoxyoctane, referred to as 1,2-Epox in 

Table 10, and represented in Figure 22. Complexes C1 and C5 exhibit a higher 

selectivity for the epoxide, 96.1 % and 93.0 %, respectively. After immobilizing 
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C1 complex, Silica_C1 and Cube_C1 maintain the homogeneous catalyst 

selectivity trend, epoxidizing the double bond with 87.2 and 99.2 % preference, 

respectively. However, MCM_C1 presents 95.6 % selectivity for 1-octanal.  

 
Table 10. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of geraniol and 1-octene in the presence of the complexes C1-C5 and 
materials MCM_C1-MCM_C5. 

    Selectivity (%) 

Catalyst Subst. TOF*                    Conv.  Ger-al Z-2,3 Z-6,7 1-Oct 1,2-Epox 

C1 
Ger. 330 92.5 8.1 87.0 4.9   

1-Octe. 4 66.1    3.9 96.1 

C2 
Ger. 32 25.7 56.4 43.6 0   

1-Octe. 2 4.5    67.7 32.3 

C3 
Ger. 32 12.8 43.8 56.2 0   

1-Octe. 7 2.9    56.3 43.7 

C4 
Ger. 306 68.1 3.7 49.6 46.7   

1-Octe. 3 13.2    53.9 46.1 

C5 
Ger. 409 96.4 3.5 48.3 43.2   

1-Octe. 2 35.1    7.0 93.0 

MCM_C1 
Ger. 314 97.9 5.6 48.4 46.0   

1-Octe. 4 100    95.6 4.4 

MCM_C2 
Ger. 46 41.7 78.5 18.7 2.8   

1-Octe. 3 2.5    72.4 27.6 

MCM_C3 
Ger. 52 58.5 75.7 14.1 10.2   

1-Octe. 3 17.8    76.6 23.4 

MCM_C4 
Ger. 327 100 77.8 17.2 5   

1-Octe. 25 19.8    78.7 21.3 

MCM_C5 
Ger. 55 85.6 80.6 10.0 9.4   

1-Octe. 2 10.4    83.2 16.8 

Cube_C1 
Ger. 322 98.8 1.7 52.3 46.0   

1-Octe. 66 99.6    0.8 99.2 

Silica_C1 
Ger. 404 97.8 2.6 50.0 47.4   

1-Octe. 3 74.3    12.8 87.2 

 



In fact, all MCM-41 derivatives exhibit a higher selectivity for 1-octanal when 

compared to their homogeneous counterparts. For instance, MCM_C2 and 

MCM_C5 display 72.4 and 83.2 % selectivity, respectively. The materials 

MCM_C2, MCM_C3 and MCM_C4 are clearly more selective catalysts towards 

1-octanal, than their homogeneous counterparts as can be seen in Table 10.  

Limonene is a chiral molecule and therefore can exist as two enantiomeric 

forms. It occurs naturally as (S-)-limonene and its oxidation may originate 

several isomers. As shown in Table 11, five products were detected when the 

oxidation of (S-)-limonene was tested with TBHP in the presence of C1–C5 

complexes and their heterogeneous counterparts MCM_C1-MCM_C5, Silica_C1 

and Cube_C1. The reaction products were stereoisomers of 1,2-epoxy-p-meth-

8-ene (Z-limox and E-limox), stereoisomers of 2-Methyl-5-(1-

methylvinyl)cyclohexan-1-ol (Z-lim-OH and E-lim-OH) and 1,2:8,9-diepoxy-p-

menthane (di-epoxide) as is shown on Figure 31.  

No reaction occurred in the presence of C2 and C3 complexes. Complexes 

C1, C4 and C5 show similar selectivity results, around 50 % for the single site  

epoxidation of the 1,2 double bond to give Z-limox and E-limox, with small 

traces (< 5 %) of the two alcohol products. The di-epoxide was not detected in 

the presence of these homogeneous catalysts. The five mesoporous materials 

MCM_C1, MCM_C2, MCM_C3, MCM_C4 and MCM_C5 maintain the same 

selectivity trend as their homogeneous counterparts. The 1,2 double bond is 

preferentially epoxidized and, in an interesting feature, this preference tends to 

increase towards E-limox when going from I → Br and from Mo → W, indicating 

not only a halide influence but also a metal center one. 

In the two other silica frameworks, Cube_C1 and Silica_C1, the selectivity 

changes completely after immobilization of C1. In Cube_C1 the percentage of Z-

limox and E-limox decreases (less than 5 %) and the two alcohols, E-lim-OH and 

Z-lim-OH appear as main products with a similar selectivity (around 50 %). In no 
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mesoporous MCM-41 derivatives or in Cube_C1 heterogeneous catalysts was 

the di-epoxide species (both double bonds in the molecule epoxidized) detected 

as reaction product. However, Silica_C1 exhibits a totally different trend, with 

less than 0.5 % for Z-limox, E-limox, Z-lim-OH and E-lim-OH. This heterogeneous 

catalyst exhibits 99.2 % selectivity for the di-epoxide product. This fact may be 

due to a higher percentage of molybdenum loaded in silica-gel but also to the 

absence of structural constraints to access the active species. 

 
Table 11. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of (S-)-limonene in the presence of complexes C1-C5 and materials 
MCM_C1-MCM_C5.  

   Selectivity (%) 

Catalyst TOF                    Conv. Z-Limox E-Limox Z-Lim-OH E-Lim-OH di-epox 

C1 38 80.5 41.1 54.5 1.2 3.2 0 

C2 - - - - - - - 

C3 - - - - - - - 

C4 43 54.1 40.1 50.7 4.5 4.7 0 

C5 27 100 51 42.9 2.7 3.4 0 

MCM_C1 10 100 43.7 56.3 0 0 0 

MCM_C2 2 67.2 44.3 51.6 3.2 0.9 0 

MCM_C3 8 58.5 19.1 62.9 9.4 9.4 0 

MCM_C4 164 79.4 16.2 76 3.4 4.4 0 

MCM_C5 3 81.3 13.8 81.4 3.6 1.2 0 

Cube_C1 14 79.4 3.4 4 47.3 45.3 0 

Silica_C1 473 100 0.2 0.2 0 0.4 99.2 

 

The reaction of 1-octene, cis-3, trans-3 and (S-)-limonene under these 

conditions gives the respective epoxide as the mainly reaction product. In the 

oxidation of 1-octene by C1, epoxide yields at 30 min, 4 h and 8 h reaction times 

are 3.3, 61.6 and 66.1 %, respectively, in the oxidation of cis-3, 6.0, 85.1 and 

94.5 %, respectively, and of (S-)-limonene 25.2, 35.7 and 99.6 %, respectively. In 

another example, the oxidation of 1-octene, cis-3 and (S-)-limonene by C5 yields 



1.1, 2.3 and 3.5 %, 2.2, 43.6 and 67.3 %, and 7.0, 100 and 100 %, respectively, 

for the same reaction times. These results are consistent with the 

regioselectivity effects.143 Possibly, the higher electronic density of an olefinic 

double bond inside a ring, present in (S-)-limonene, compared with an internal 

one, present in cis-3 and terminal, present in 1-octene, favors a nucleophilic 

attack on an electrophilic oxidizing species, enhancing the epoxidation reaction 

rate. The reactivity of (S-)-limonene is higher than that of the C6 and the C8 

olefin suggesting that electronic effects may be more important than 

stereochemical ones in this catalytic system. This hypothesis is somewhat 

supported by the fact that cyclohexene and styrene were proved to be less 

reactive than cyclooctene for similar systems.7,143,144 

 



 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

Chapter 3. 

Mo(II) and W(II) complexes with N-N ligands: synthesis, immobilization and 

catalytic activity. 
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3.1. Synthesis and characterization of the ligands  

 

Three new bidentate nitrogen ligands, L2, L3 and L4 of the type 

C5H4NCY=N(CH2)2CH3 where Y = H, CH3 and Ph, respectively, were synthesized 

and characterized. They were prepared as published.7 A solution of 

propylamine, in dry THF, was added to a solution of each of the correspondent 

pyridine derivates, pyridine-2-carbaldehyde (L2), 2-acetylpyridine (L3) or 2-

benzoylpyridine (L4), followed by 4 Å molecular sieves and a catalytic amount of 

ZnCl2 as is seen in Scheme 15. The mixture was stirred for 12 hours at 60˚C. The 

resulting solution was filtered and the product was obtained after evaporating 

the filtrate and drying it in vacuum.  
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Scheme 15.  

 

These ligands are needed for covalent binding the organometallic complexes 

to the mesoporous surface MCM-41, and they were modified to include Si(OR)3 

moieties.138,145,139,146,147,21 The two ligands, L2Si and L3Si, were synthesized by 

stirring a solution of (3-aminopropyl)triethoxysilane in dry THF with a solution 

of each of the correspondent pyridine derivatives, pyridine-2-carbaldehyde 

(L2Si) and 2-acetylpyridine (L3Si), followed by addition of 4 Å molecular sieves 

and a catalytic amount of ZnCl2.7 All these new ligands were characterized by 

elemental analysis, FTIR, 1H and 13C NMR spectroscopy. To assign correctly the 

chemical shifts, bidimensional spectra (COSY) were run. 

 



 Infra-red spectroscopy 

The FTIR spectra (Figure 37) of the ligands show several characteristic 

bands.144,28 The νC=N imine modes, appearing at 1655, 1638 and 1629 cm-1 for 

L2, L3 and L4, respectively; the νC-H belonging to the aliphatic chain, for 

example, at 2875, 2933 and 2964 cm-1 for L3, or 2872, 2931 and 2962 cm-1 for 

L4; and the bands from the aromatic group, appearing as very strong vibrations 

(owing to the presence of two aromatic groups) for L4 at 3005, 3056 and 3314 

cm-1, and at 3255, 3142 and 3066 cm-1 for L3. In L2, the same νC-H modes are 

observed at 2873, 2932 and 2966 cm-1 for the aliphatic chain and at 3010 and 

3053 cm-1 for the aromatic part.  

The FTIR spectrum of ligand L2Si shows bands at 2975, 2927 and 2885 cm-1, 

assigned to the aromatic and aliphatic νC-H modes, also a strong band at 1626 

cm-1 indicates the presence of an imine group. The Si-OR modes appear as 

intensive bands at 1191, 1167 and 1102 cm-1; these values were removed from 

a previous publication.7 The FTIR spectrum of L3Si, in Figure 37, exhibits 

characteristic bands from the νSi-OR modes between 1000 and 1100 cm-1. Also, 

the characteristic νC=N imine modes are visible at 1642 cm-1, appearing in the 

unmodified ligand, L3, at 1638 cm-1. The aromatic and aliphatic νC-H modes are 

identified between 2800 and 3100 cm-1. 

 

 1H and 13C NMR spectroscopy 

Each of the 1H NMR spectra of ligands L2, L3 and L4 exhibits resonances 

between 7.0 and 8.7 ppm assigned to the protons of the pyridine ring H6-H9 (see 

numbering in Scheme 16). The imine proton (H4) in L2 appears at 8.39 ppm, 

shifted to a lower value relative to its position in the precursor reagent 

pyridine-2-carbaldehyde (9.61 ppm), where it was an aldehyde proton. The 

methyl group in L3 is seen as a singlet at 2.40 ppm (2.55 ppm in the precursor 2-

acetylpyridine) and the protons from the phenyl group H11-H15 (Scheme 16) in 
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L4  are assigned to signals between 7.12 and 7.63 ppm, all shifted to lower δ 

values, downfield, compared to those in the precursor 2-benzoylpyridine (7.65-

8.02 ppm).  

 

 

 

Figure 37. IR spectra of ligands L2, L3 and L4 (top) and of ligand L3 and modified ligand L3Si 
(bottom). 
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Scheme 16. 

 

The 13C NMR spectra of these type of ligands has its most relevant peak 

assigned to the imine carbon C4, the atom that will make a bond with the 

nitrogen one from the propylamine, and therefore its chemical shift will be 

significantly influenced. C4 appears at 161.0 ppm in ligand L2, at 167.4 ppm in L3 

and at 155.1 ppm in L4. These three carbons were observed in their precursor 

pyridine derivatives at 188.9, 194.4 and 191.3 ppm, respectively, showing that 

the C4 which was bonded to an oxygen atom is now bonded to a less 

electronegative atom, nitrogen, causing a shielding effect in C4 and leading to a 

chemical shift upfield. In the 1H NMR spectrum of L3Si, the Ha and Hb protons 

(Figure 38) at 1.11 (t, 3H) and 3.76 ppm (m, 2H), respectively, are assigned to 

the ethyl group of the silicious fragment. The H1, H2 and H3 protons from the 

aliphatic chain in L3Si appear at 0.68, 1.82 and 3.47 ppm. The most significant 

shift occurs within H1, compared to its position in the unmodified ligand L3, 

0.96 ppm, owing to the influence of the less electronegative silicon atom, next 

to it. In the aromatic region the same signals are observed: H6, H7, H8 and H9 are 

displayed at 8.03, 7.64, 7.21 and 8.55 ppm for L3 and at 7.99, 7.62, 7.23 and 

8.51 ppm in L3Si, respectively.  
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Figure 38. 
1
H NMR spectram of L3 (bottom) and L3Si (top). 

 

The 13C NMR spectrum of L3Si displays the imine carbon C4 at 166.2 ppm, 

shifted from its position in the precursor 2-acetylpyridine (194.4 ppm). Also two 

strong peaks are observed in the aliphatic reagion at 18.3 and 58.1 ppm 

assigned to the Ca and Cb carbons, respectively (Scheme in Figure 38) from the 

ethyl group of the silicious fragment. The characteristic 1H and 13C NMR 

resonances are presented in Table 12 and the remaining spectra are given in 

the Experimental part.  

 

3.2. Synthesis and characterization of the complexes 

 

Thirteen new organometallic complexes were synthesised from the reaction 

between each of the N-N ligand type C5H4NCY=N(CH2)2CH3 where Y = H (L2), CH3 

(L3) and Ph (L4) with the metal precursor [MoBr(η3-C3H5)(CO)2(CH3CN)2] (1) or 



the dihalide complexes [MoI2(CO)3(CH3CN)2] (2), [MoBr2(CO)3(CH3CN)2] (3), 

[WI2(CO)3(CH3CN)2] (4) and [WBr2(CO)3(CH3CN)2] (5) according to Schemes 17 

and 18. The organometallic precursor complexes were prepared as reported 

before.114,4 

 
Table 12. Characteristic 

1
H and 

13
C NMR resonances (δ/ppm) of L2, L3, L3Si and L4 ligands. 

Assigments for Ha, Hb, Ca and Cb in L3Si are made according to Scheme in Figure 30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.1. Complexes bearing C5H4NCH=N(CH2)2CH3 (L2) 

 

The precursor allyl complex [MoBr(η3-C3H5)(CO)2(CH3CN)2], (1) and the 

dihalide [WX2(CO)3(CH3CN)2], where X = I, (4) and X = Br (5), reacted with the 

ligand L2 affording the complexes C6, C7 and C8 (Schemes 17 and 18). The 

synthesis, characterization and catalytic application of complexes 

Samples 
1
H NMR 

13
C NMR 

L2 

H1 0.98 H2 1.87 H3 3.79 C1 11.6 C2 23.4 C3 61.4 

H4 8.39 H6 7.87 H7 7.61 C4 161.0 C5 149.7 C6 125.3 

H8 7.98 H9 8.70 C7 139.8 C8 127.6 C9 148.0 

L3 

H1 0.96 H2 1.87 H3 3.56 C1 11.9 C2 15.6 C3 54.2 

H6 8.03 H7 7.64 H8 7.21 C4 167.4 C6 124.9 C7 142.1 

H9 8.55 H10 2.40 C8 128.8 C9 146.4 C10 23.7 

L3Si 

H1 0.68 H2 1.82 H3 3.47 
C1 8.5 C2 13.8 C3 55.2 C4 

166.2 

H6 7.99 H7 7.62 H8 7.23 
C5 155.0 C6 120.7 C7 136.3 C8 

124.0 
H9 8.51 H10 2.29 Ha 1.11 

Hb 3.76 
C9 148.1 C10 23.8 Ca 18.3 Cb 

58.1 

L4 

H1 0.69 H2 1.53 H3 3.13-
3.22 

C1 10.7 C2 20.4 C3 41.0 C4 
155.1 

H6 7.94 H7 8.02 H8 7.80 C6 124.7 C7 137.0 C8 128.0 

H9 8.63 H11 H15 7.51 
C9 148.3 C11 C15 131.1 C12 

126.1 

H12 7.28 H13 7.41 H14 
7.15 

C13 132.6 C14 135.9 
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[MoI2(CO)3(L2)] and [MoBr2(CO)3(L2)2], the dihalide molybdenum analogues, 

was my diploma topic and it will not be discussed in detail here yet, the values 

will be used as reported.7 The three new complexes obtained with L2 were 

characterized by elemental analysis, FTIR and 1H and 13C NMR spectroscopy.  
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Scheme 17. 
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Scheme 18. 

 

 Infra-red spectroscopy 

The infra-red spectrum of complex [MoBr(η3-C3H5)(CO)2(L2)] (C6) is seen in 

Figure 39 and does not exhibit bands for the characteristic νC≡N modes, assigned 

to the nitrile ligands, present at 2287 and 2320 cm-1 in precursor 1. The 



presence of the characteristic bands from the new ligand L2, such as the νC=N 

imine stretching vibrations at 1648 cm-1, the aliphatic propyl chain (νC-H) modes 

at 2967, 2936 and 2870 cm-1, and the pyridine ring νC-H modes at 3075 and 3044 

cm-1 are observed; more significant are the strong bands assigned to terminal 

carbonyl groups at 1845 and 1942 cm-1 in the spectrum of C6. It is known that 

the coordination of the ligand L2 to the metal center is made through the imine 

group N=C, therefore the band νC=N will be the one providing more information 

about this coordination mode. Replacing the two acetonitrile ligands by a 

bidentate nitrogen stronger σ-donor, strengthens the metal-N bond and 

weakens both the N=C and the C≡O bond (another coordinated ligand with 

donor-acceptor character), resulting in a decrease of the frequencies of both 

the νC=N and the νC≡O bands. In the free ligand the νC=N band appears at 1655 cm-

1 and in the precursor complex 1, the νC≡O modes are assigned to the bands at 

1850 and 1947 cm-1. A shift to lower wavenumbers observed in C6 indicates the 

coordination to a high electron-density metal center (1) owing to π 

backdonation.  

 

 

Figure 39. IR spectra of ligand L2, complex 1 and C6. 
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The two tungsten precursor complexes 4 (X = I) and 5 (X = Br), also display 

evidence of coordination with L2. The infra-red spectra of C7 and C8 are 

presented in Figure 40. The νC≡N modes present in complexes 4 and 5 (Figure 40) 

disappear after reaction with bidentate ligand L2. The νC=N stretching modes, in 

C7 at 1617 cm-1 and in C8 at 1621 cm-1, are shifted from their position in the 

free ligand L2 (1655 cm-1). In these two complexes the aliphatic propyl chain νC-H 

modes are present at 2969, 2933 and 2885 cm-1 in C7 and 2942, 2921 and 2878 

cm-1 in C8, all shifted to higher frequencies compared to the νC-H modes in the 

free ligand L2 (2966, 2932 and 2873 cm-1). The pyridine ring νC-H modes of L2 at 

3052 and 3010 cm-1 are also present in the coordinated complexes at 3071 and 

3016 cm-1, and 3069 and 3022 cm-1, for C7 and C8, respectively. Complexes 4 

and 5 display bands assigned to terminal carbonyl groups at 1889, 1906 and 

1996 cm-1 and at 1916 and 2028 cm-1, respectively. After reaction with nitrogen 

donor ligand L2 these bands shift to 1896, 1935 and 2014 cm-1 at C7 and 1904, 

1956 and 2036 cm-1 at C8.  

When comparing to the molybdenum analogues there is not a significant 

difference in the influence of the two metal centers. The terminal carbonyl 

bands present at 1921 and 2016 cm-1 and at 1849, 1883, 1943 and 2021 cm-1 in 

[MoX2(CO)3(CH3CN)2] 2 (X = I) and 3 (X = Br) precursors,7 respectively, appear 

shifted after reaction with bidentate ligand L2 to 1825, 1899 and 1967 cm-1 in 

[MoI2(CO)3(L2)] and to 1829, 1899 and 2011 cm-1 in [MoBr2(CO)3(L2)]. Also the 

νC=N stretching modes, at 1655 cm-1 in the free ligand, shift to lower 

wavenumbers after reaction with each of the precursors 2 (1613 cm-1) and 3 

(1617 cm-1).  



 

 

Figure 40. IR spectra of ligand L2 and complexes 4 and C7 (top) and 5 and C8 (bottom). 

 

As explained before the position of the νC=N bands will depend not only on 

the metal center but also on the donor-acceptor properties of other 

coordinated ligands. The stronger σ donors, the larger π backdonation will be to 

the π acceptor ligands CO and L2. It is then expectable to have a lower ΔνC=N 

when coordinating L2 to the precursor complex 1, the dicarbonil allylic complex, 

than to the dihalide precursors 2, 3, 4 or 5, with three carbonyl ligands each. C6 

exhibits a ΔνC=N of 8 cm-1 and [MoI2(CO)3(L2)], [MoBr2(CO)3(L2)], [WI2(CO)3(L2)] 
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C7 and [WBr2(CO)3(L2)] C8 around 35 cm-1. These shifts indicate that the 

coordination of the ligand L2, to each of the metal centers Mo or W, by the 

nitrogen atoms has to be influenced by the number of CO ligands bonded to 

this metal center. A list of the most important bands from the vibrational 

modes of complexes C6, C7 and C8 is given in Table 13. 

 
Table 13. Characteristic IR bands (ν/cm

-1
) of ligand L2 and complexes C6, C7 and C8 

Sample νC≡O νC≡N νC=N νC-H Aliphatic νC-H Aromatic 

L2 
  1655 2873 2932 3053 3010 

   2966  

1 
1850 2287   2965 2978 

1947 2320   3042 

C6 
 1845   1647 2870 2936 2997 3044 

1942   2967 3075 

4 
1889 1906 2274       

1996 2302    

C7 
1896 1935  1617 2885 2933 2972 3016 

2014   2969 3071  

5 
1916 2288       

2028 2315    

C8 
 1904 1956   1621 2878 2921 2971 3022 

2036   2942 3069 

 

 1H and 13C NMR spectroscopy 

The 1H and 13C solution NMR were made and the chemical shifts assigned 

using bidimensional COSY and HMQC spectra. [Mo(η3-C3H5)X(CO)2(L-L)] 

complexes (X = Br and L-L = bidentate neutral ligand) have been widely 

studied148,99,149 and it is known that not only can they adopt two solid state 

structures (Figure 41) but also exist as even more isomers in solution, obtained 

by allyl rotation. The chelate ligand can occupy the equatorial coordination 

positions (A in Figure 41) trans to the two carbonyl groups, or the nitrogen 



donor atoms occupy one position trans to the CO and other trans to the allyl 

group (B in Figure 41). Both are seven coordinated pseudo-octahedral 

complexes with the allylic group having its terminal C atoms oriented over the 

carbonyls in a facial arrangement, the most energetically favorable one, as 

reported in the literature.150 Although it is known that bulky ligands favor the 

axial isomer there does not seem to exist any clear rule for adopting each of the 

structures. Neverthless, the majority of these reported adopt conformation 

A.151 When the bidentate ligand is symmetrical, NMR spectroscopy can help 

decide which of the isomers is present in solution by the number of peaks of 

the allylic group protons. The equatorial isomer, for example, will display one 

signal for each type of allylic proton, anti, syn and meso (Figure 12 in chapter 2, 

page 49). The structure has one mirror plane, which would make the two anti 

and the two syn protons chemically identical, showing up as one signal each in 

the 1H NMR spectrum.  

 

Mo

Br
CO N

CO N

A 
equatorial

Mo

N
CO N

CO Br

B 
axial

 

Figure 41. Two possible isomers for [Mo(η
3
-C3H5)X(CO)2(L-L)], equatorial  (A) and axial (B). 

 

The 1H NMR spectrum of C6 (Figure 42) shows at least two isomers in 

solution. Two sets of peaks for Hanti protons at 1.25 and 1.44 ppm, two sets for 

the Hsyn protons at 3.95 and 4.00 ppm and one large peak at 4.46 assigned to 

Hmeso, are associated to the η3-C3H5 group. Two other signals are observed at 
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2.97 and 3.21 ppm, assigned also to Hsyn protons. The bidimensional COSY 

spectrum indicates correlation with the same Hanti and Hmeso as before, 

indicating the fluxional behaviour of this complex, owing to allyl rotation. 

Integration for these peaks turned out inconclusive; a broad peak is observed 

for the Hsyn, a doublet for Hanti and a multiplet for Hmeso protons, though, as 

observed in literature.148,149 Three peaks at 1.09 (t, 3H, H1), 2.31 (m, 2H, H2) and 

4.24 (m, 2H, H3) ppm (see numbering at Scheme in Figure 42) are assigned to 

the propyl chain of the coordinated ligand L2. Nuclei tend to be deshielded by 

groups that withdraw electron density; they resonate at higher δ values 

(downfield), whereas shielded nuclei resonate at lower δ values (upfield). The 

coordination of the ligand is then accompanied by the deshielding (+δ) effect of 

the surrounding shells of electrons, especially to the closer protons of the 

coordination nitrogen atoms, in this case H3, H4 and H9. The deshielding of H3 

and H4 protons is visible with the downfield shift of the δ values. These signals 

are observed at 3.79 and 7.66 ppm in L2, respectively and at 4.24 and 8.24 ppm 

in the precursor complex C6.  

 

Figure 42. 
1
H (bottom) and 

13
C (top) NMR spectra of C6. 



It is not clear how the effect of a certain substituent induces a specific 

change on the chemical shift. The low field resonance of hydrogens bonded to 

double bond or aromatic ring carbons is puzzling, as the very low field signal 

from aldehyde hydrogens, compared to the hydrogen atom of a terminal 

alkyne, which in contrast, appears at a higher field. These anomalous cases 

seem to involve hydrogens bonded to π-electron systems, and an explanation 

may be found in the way these π-electrons interact with the applied magnetic 

field. The π-electrons are more polarizable than σ-bond electrons152 and the 

electron circulation is stronger in some orientations of the molecule in the 

magnetic field than in others. This kind of spatial variation is called 

anisotropy,153 and it explains why both shielding and deshielding effects are 

found in aromatic ring protons. Moreover, the mesomeric effect, which is used 

in a qualitative way, describes the electron withdrawing or releasing properties 

of substituents based on relevant resonance structures; in a conjugated system 

this effect can be transmitted along any number of carbon atoms.153 It is then 

justified that the pyridine protons in complex C6 are present at 7.69 (H6), 7.86 

(H7), 7.48 (H8) and 8.48 (H9) ppm shifted up and downfield from their position 

relative in the free ligand L2, 7.87 (H6), 7.61 (H7), 7.98 (H8) and 8.70 (H9) ppm. 

This trend was observed in other π-conjugated systems as will be demonstrated 

further ahead. 

As explained before, the effect of the ligand-metal coordination is most 

visible in the nuclei closer to the binding N atoms. In the 13C NMR spectra, the 

carbon C3 next to the C=N group, the carbon C4 belonging to the imine group 

and the two carbons C5 and C9 next to the nitrogen atom in the pyridine ring 

(Scheme in Figure 42), will be the ones providing more relevant information 

about the metal-ligand coordination. The quaternary carbon C5 is not always 

visible. In the 13C NMR spectrum of C6 (Figure 42), it is possible to observe the 

four signals at 72.7 (C3), 160.2 (C4), 152.7 (C5) and 150.2 ppm (C9); the 
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coordination of the ligand L2 induces a deshielding in these carbons observed 

with the downfield shift relative to their position in the free ligand 61.6 (C3), 

162.0 (C4), 149.7 (C5) and 148.0 ppm (C9). Moreover, the three signals assigned 

to the propyl chain carbons C1, C2 and C3 are observed at 11.6, 23.5 and 72.7 

ppm, respectively. The remaining carbons from the pyridine ring (H6-H8) are 

also downfield (Table 14).          

In the 1H NMR spectra of the tungsten complexes (see experimental part) 

two triplets are observed and assigned to the H3 protons of the propyl chain of 

complexes C7 and C8, at 4.46 and 3.14 ppm, respectively. The H4 resonance is 

visible as a singlet at 9.33 and 9.37 ppm, respectively, highly downfield and 

shifted from its position in the free ligand L2 (7.66 ppm). The pyridine proton H9 

(closer to the binding nitrogen atom) also appears deshielded after reaction 

with the precursors 4 and 5. This proton is observed as a doublet at 8.70 ppm in 

the L2 spectrum and at 9.81 and 8.97 ppm in C7 and C8, respectively. The 

positive Δδ occurring after reaction between L2 and each one of the tungsten 

metallic fragments (4 and 5) indicates coordination of the bidentate ligand to 

these metal centers. 

The molybdenum analogues present similar results, though with smaller Δδ. 

In these complexes the H4 resonance appears as a singlet at 8.15 and 7.88 ppm 

for [MoI2(CO)3(L2)] and [MoBr2(CO)3(L2)],7 respectively, shifted downfield 

relative to is position in the free ligand L2 (7.66 ppm), and the pyridine proton 

H9 is shown at 9.25 and 8.74 ppm for [MoI2(CO)3(L2)] and [MoBr2(CO)3(L2)], 

respectively, also shifted downfield compared to its position in the free ligand 

(8.70 ppm). The deshielding of protons H4 and H9 is larger for the tungsten 

derivatives, C7 and C8, (Δδ(H4) = 1.69 and for Δδ(H9) = 0.69 ppm) than in their 

molybdenum analogues (Δδ(H4) is 0.36 ppm and Δδ(H9) is 0.30 ppm). This can 

be explained by the difference in electronegativities between molybdenum 

(2.16) and tungsten (2.36). 



In both tungsten derivatives C7 and C8 the C5 resonance is not visible. The 
13C NMR spectrum of C7 displays the signals of C3, C4 and C9 (Table 14), at 67.4, 

168.2 and 155.4 ppm, respectively. In C8 these carbon resonances are visible at 

41.9, 165.8 and 150.3, respectively. In these two coordinated complexes these 

signals appear shifted from their position in the free ligand L2, where they are 

observed at 61.6 (C3), 162.0 (C4) and 148.0 (C9) ppm. The remaining aromatic 

resonances appear also shifted to higher and lower δ values, as can be seen in 

Experimental part. For example, C6, C7 and C8 are observed at 125.3, 139.8 and 

127.6 ppm, respectively, in L2, and after reaction with 4 these signals appear at 

140.4, 130.3 and 128.0 ppm, respectively. Two very downfield signals were also 

detected in C8 spectrum at 184.7 and 194.4 ppm. These high values suggest 

that they can be assigned to C atoms from the terminal carbonyl groups. In the 

molybdenum analogues the signals appear shifted upfield. C3, C4 and C9 are 

seen at 42.4, 148.7 and 142.2 ppm, respectively for [MoI2(CO)3(L2)] and at 42.5, 

153.7 and 143.7 ppm, respectively for [MoBr2(CO)3(L2)].7 In the free ligand (L2), 

these carbons appear at 61.6 (C3), 162.0 (C4) and 148.0 (C9) ppm. Coordination 

with precursor complexes [WX2(CH3CH)2(CO)3] (X = I and Br) causes a 

deshielding of the atoms (downfield) while in the case of their analogues, 

[MoX2(CH3CN)2(CO)3] (X = I and Br), coordination induces an upfield shift. The 1H 

and 13C NMR signals for complexes C6, C7 and C8 are listed in Table 14.  
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Table 14. Characteristic 
1
H and 

13
C NMR resonances (δ/ppm) for ligand L2 and complexes 

C6, C7 and C8. 

Samples 
1
H NMR 

13
C NMR 

L2 
H1 0.98 H2 1.87 H3 3.79 H4 7.66 C1 11.6 C2 23.4 C3 61.6 C4 162.0 

H6 7.87 H7 7.61 H8 7.98 H9 8.70 
C5 149.7 C6 125.3 C7 139.8 C8 127.6 C9 

148.0 

C6 

H1 1.09 H2 2.31 H3 4.24 H4 8.24 C1 11.6 C2 23.5 C3 72.7 C4 160.2 

H6 7.69 H7 7.86 H8 7.48 H9 8.48 C5 152.7 C6 126.3 C7 137.7 C8 127.6 

Hanti 1.25 1.44 Hsyn 2.95-4.00 Hmeso 
4.46 

C9 150.2 Callyl 55.1 Callyl 68.4 

C7 
H1 1.05 H2 2.05 H3 4.46 H4 9.33 C1 10.3 C2 24.4 C3 67.4 C4 168.2 

H6 8.51 H7 8.41 H8 7.88 H9 9.81 C6 140.4 C7 130.3 C8 128.0 C9 155.4 

C8 
H1 1.03 H2 1.87 H3 3.14 H4 9.37 

C1 10.2 C2 20.7 C3 41.9 C4 165.8 C6 
137.7 

H6 8.52 H7 8.43 H8 7.91 H9 8.97 
C7 128,6 C8 122.1 C9 150.3 CCO 184.7 

194.4 

 

 Single crystal X-ray analysis 

Single crystal X-ray structures were obtained for the three complexes C6, C7 

and C8, and the molecular structures are presented in Figures 43 and 44. Other 

crystals suitable for X-ray analysis grew in a NMR tube, in CDCl3, and proved to 

be the complex [ZnCl2(L2)], as the ligand coordinated to the reaction catalyst 

during its synthesis. This structure has already been reported.7 The crystal 

structure of C6 consists of two molecules in the unit cell. Selected bond lengths 

and angles are given in Tables 15. The coordination of the bidentate ligand (L2) 

occurs in different sites of the metal coordination sphere and two different 

geometric arrangements were observed, an equatorial and an axial one (Figure 

43). In both isomers, the allyl ligand adopts an endo conformation, with the 

terminal allylic carbons over the carbonyls; the coordination environment of the 

molybdenum center is pseudo octahedral with the centroid of the allyl ligand 

and the two carbons from the cis-carbonyl groups determining a fac 

arrangement, as reported in literature.148 Moreover, in the equatorial structure 

the centroid of the allyl ligand also forms, with the two nitrogen donors from 



ligand L2, triangular face of the octahedron. In this isomer, the Mo-N(11) and 

Mo-N(18) distances are 2.237(2) and 2.265(2) Å, respectively, leading to a 

N(11)-Mo-N(18) bite angle of 73.49(8)˚ for the five membered chelate ring. The 

metal coordination sphere is completed by a bromine atom trans to the allyl 

ligand with a Mo-Br distance of 2.6408(3) Å. On the C6 axial isomer, the Mo-

N(11) and Mo-N(18) distances are 2.284(2) and 2.203(2) Å, respectively, leading 

in this case to a N(11)-Mo-N(18) bite angle of 72.76(7)˚ for the five membered 

chelate ring. The bromine atom in the equatorial position with a Mo-Br distance 

of 2.6959(3) Å, completes the metal coordination sphere of the axial isomer.  

 

 

Figure 43. Molecular structure of [MoBr(η
3
-C3H5)(CO)2(L2)] (C6) showing the axial isomer 

(left) and the equatorial one (right) and the labelling scheme adopted. 
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Table 15. Selected bond lengths (Å) and angles (˚) for the two independent molecules of  

[MoBr(η
3
-C3H5)(CO)2(L2)] (C6). 

Bond lengths   Equatorial 
 

Axial    Equatorial  Axial 

Mo-C(1) 

 

2.321(3) 

 

2.329(3)  Mo-N(18)  2.265(2)  2.203(2) 

Mo-C(2) 

 

2.214(3) 

 

2.210(3)  Mo-C(100)  1.955(3)  1.939(2) 

Mo-C(3) 

 

2.331(3) 

 

2.303(4)  Mo-C(200)  1.968(3)  1.972(2) 

Mo-N(11) 

 

2.237(2) 

 

2.284(2)  Mo-Br  2.641(3)  2.696(3) 

 
 

 
 

 
      

 
 

 
 

 
      

Bond angles 

 
 

 
 

      

N(11)-Mo-N(18) 

 

73.49(8) 

 

72.76(7)  N(11)-Mo-Br  81.20(5)  82.60(5) 

C(100)-Mo-C(200) 

 

80.7(1) 

 

78.5(1)  N(18)-Mo-Br  83.49(5)  81.47(5) 

C(100)-Mo-Br 

 

88.98(9) 

 

168.57(9)  C(200)-Mo-Br  86.64(9)  96.77(7) 

C(100)-Mo-N(11) 

 

100.7(1) 

 

100.61(1)  C(200)-Mo-N(11)  167.7(1)  166.03(8) 

C(100)-Mo-N(18) 

 

171.1(1) 

 

87.3(1)  C(200)-Mo-N(18)   103.5(1)  93.27(8) 

 

  



Three main structures are possible for a coordination number 7, pentagonal 

bypiramid, capped trigonal prism and capped octahedron. The energy 

differences between them are small and distortions can occur, so that 

prediction of the closest idealized shape is generally difficult. The molecular 

structures of C7 and C8 can be described as a distorted capped octahedron. The 

carbonyl ligand C(300) is capping the triangular face C(100)-N(18)-C(200), trans 

to the X(1)-N(11)-X(2) triangular face, where X = I for C7 and X = Br for C8. In 

these structures (Figure 44), the chelation of the bidentate ligand L2 occurs in 

the equatorial plane of the metal coordination sphere. The two nitrogen 

donors, one halide (X(1) X = I or Br) and one carbonyl ligand C(200) complete 

the equatorial plane. In C7 molecular structure the W-N(11) and W-N(18) 

distances are 2.222(6) and 2.176 (6) Å, respectively and in C8 the same atom 

distances are 2.217(5) and at 2.173(5) Å, respectively. These distances lead to 

N(11)-W-N(18) bite angles, for the five membered chelate ring, of 72.3(2) and 

72.9(2)˚ for C7 and C8, respectively. Selected bond lengths and angles for these 

two structures are given in Table 16. 

 

 

Figure 44. Molecular structures of [WX2(CO)3(L2)] (X=I, C7 and X=Br, C8) showing the 
labelling scheme adopted. 
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Table 16. Selected bond lengths (Å) and angles (˚) for tungsten complexes [WI2(CO)3(L2)] (C7) and [WBr2(CO)3(L2)] (C8). 

C7   
 

      
 

      
 Bond lengths 

          W-C(100) 

 

2.002(7) 

 

W-C(300) 

 

1.965(7) 

 

W-N(18) 

 

2.176(6) 

W-C(200) 

 

2.014(8) 

 

W-N(11) 

 

2.222(6) 

 

W-I(1) 

 

2.8556(5) 

        

W-I(2) 

 

2.8421(5) 

Bond angles 

 
 

 
 

 
 

    N(11)-W-N(18) 

 

72.3(2) 

 

I(1)-W-I(2) 

 

87.80(1) 

 

C(200)-W-I(2) 

 

76.7(2) 

C(100)-W-C(200) 

 

109.6(3) 

 

I(1)-W-N(11) 

 

93.5(1) 

 

I(2)-W-N(11) 

 

87.3(1) 

C(100)-W-C(300) 

 

72.0(3) 

 

I(1)-W-N(18) 

 

158.4(2) 

 

I(2)-W-N(18) 

 

75.7(2) 

C(100)-W-N(11) 

 

82.2(3) 

 

C(200)-W-C(300) 

 

73.9(3) 

 

C(300)-W-N(11) 

 

124.4(2) 

C(100)-W-N(18) 

 

117.8(3) 

 

C(200)-W-N(11) 

 

161.3(3) 

 

C(300)-W-N(18) 

 

77.7(3) 

C(100)-W-I(1) 

 

74.6(2) 

 

C(200)-W-N(18) 

 

112.1(3) 

 

C(300)-W-I(1) 

 

123.8(2) 

C(100)-W-I(2) 

 

158.8(2) 

 

C(200)-W-I(1) 

 

76.6(2) 

 

C(300)-W-I(2) 

 

128.7(2) 

 

  



 

 

C8 

          Bond lengths 

          W-C(100) 

 

2.003(6) 

 

W-C(300) 

 

1.960(5) 

 

W-N(18) 

 

2.173(5) 

W-C(200) 

 

2.059(8) 

 

W-N(11) 

 

2.217(5) 

 

W-Br(1) 

 

2.6407(6) 

        

W-Br(2) 

 

2.6346(6) 

Bond angles 

          N(11)-W-N(18) 

 

72.9(2) 

 

Br(1)-W-Br(2) 

 

85.28(2) 

 

C(200)-W-Br(2) 

 

81.8(2) 

C(100)-W-C(200) 

 

108.4(2) 

 

Br(1)-W-N(11) 

 

94.0(1) 

 

Br(2)-W-N(11) 

 

85.3(1) 

C(100)-W-C(300) 

 

71.6(2) 

 

Br(1)-W-N(18) 

 

158.9(1) 

 

Br(2)-W-N(18) 

 

77.4(1) 

C(100)-W-N(11) 

 

80.7(2) 

 

C(200)-W-C(300) 

 

73.6(2) 

 

C(300)-W-N(11) 

 

120.6(2) 

C(100)-W-N(18) 

 

118.4(2) 

 

C(200)-W-N(11) 

 

165.5(2) 

 

C(300)-W-N(18) 

 

76.0(2) 

C(100)-W-Br(1) 

 

74.1(2) 

 

C(200)-W-N(18) 

 

110.5(2) 

 

C(300)-W-Br(1) 

 

125.0(2) 

C(100)-W-Br(2)   154.1(2)   C(200)-W-Br(1)   78.3(2)   C(300)-W-Br(2)   134.2(2) 
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3.2.2. Complexes bearing C5H4NCCH3=N(CH2)2CH3 (L3) 

 

Five new complexes were synthesized from the reaction between the allyl 

precursor [MoBr(η3-C3H5)(CO)2(CH3CN)2] (1), or the dihalide complexes 

[MX2(CH3CN)2(CO)3], where M=Mo, X=I (2), M=Mo, X=Br (3), M=W, X=I (4) and 

M=W, X=Br (5), and the ligand L3. All the new complexes were characterized by 

elemental analysis, FTIR, 1H and 13C solution NMR spectroscopy.  

 

 Infra-red spectroscopy 

In the Infra-red spectra of all the five precursors 1-5, bands assigned to the 

νC≡N modes are observed, for example in 1 these bands are visible at 2287 and 

2320 cm-1 or in 2 at 2283 and 2300 cm-1 (Figure 45). After reaction with 

bidentate ligand L3, these bands are not observed in the spectrum of C9, 

suggesting coordination of the chelating ligand by substitution of the two labile 

acetonitrile groups. The infra-red spectrum of C9 shows two very strong bands 

at 1853 and 1936 cm-1 assigned to the νC≡O stretching modes, typical of the 

coordinated terminal carbonyl groups (Figure 45). It also exhibits a band at 1593 

cm-1 assigned to the νC=N stretching frequency modes.  

As explained before the most relevant shift should occur within the νC=N 

stretching frequency, since the coordination of the L3 ligand is made by the 

nitrogen atoms. In the free ligand (L3) the band assigned to the νC=N modes 

appears at 1638 cm-1 revealing a Δν, after reaction with precursor 1, of -45 cm-1. 

This happens due to the weakening of the C=N bonding, visible in the FTIR as a 

decrease of the wavenumber. The same effect can be observed with the 

stretching modes of the carbonyl ligands that are displayed in precursor 1 at 

1850 and 1947 cm-1. Compared to the C6 complex, (dicarbonyl allylic complex 

coordinated with ligand C5H4NCH=N(CH2)2CH3, L2), the shift of the νC=N 

stretching frequencies are of Δν = 8 cm-1 with L2 ligand, and of Δν = 45 cm-1 



with L3. The influence of the CH3 group makes the ligand an even stronger σ 

donor; the π backdonation will also be stronger.  

 

 

Figure 45. IR spectra of ligand L3 and complexes 1 and C9. 

 

In the infra-red spectrum of C10, exhibited in Figure 46, four bands are 

observed at 1850, 1920, 1963 and 2012 cm-1 assigned to the coordinated 

terminal carbonyl, shifted to lower wavenumbers relative to those in the 

precursor complex 2 (1921 and 2016 cm-1). With three carbonyl ligands in a 

conical Mo(CO)3 fragment three bands assigned to the coordinated terminal 

carbonyls would be expected. In complex C10, on the one hand, the presence of 

four bands can be explained by the existence of isomers in solution and, on the 

other hand, the presence of two bands in the precursor complex 2, can be 

attributed to band overlapping of the frequencies. The shift to lower 

wavenumbers of the νC≡O modes and a band at 1616 cm-1, assigned to the νC=N 

modes and also shifted from their position in the free ligand L3 (1638 cm-1) are 

observed, and expected, due to the weakening of the C=N and the C≡O bonds. 

Bands at 3072, 3047 and 3021 cm-1 assigned to the pyridine ring νC-H modes and 
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at 2968, 2933 and 2873 cm-1, assigned to the propyl chain νC-H modes, 

characteristic from the ligand L3 appear also shifted from their position in the 

free ligand (νC-H aromatic = 3255, 3142 and 3066 cm-1 and νC-H aliphatic = 2964, 2933 

and 2875 cm-1).  

 

 

Figure 46. IR spectra of ligand L3 and complexes 2 and C10 (bottom). 

 

The dibromide molybdenum complex, C11 (C10 is analogous) shows similar 

FTIR data given in Table 17. The spectrum is shown in Experimental part. The 

infra-red spectra of the tungsten derivatives C12 (X = I) and C13 (X = Br) does 

not show negative shifts for the carbonyl bands as was expected. Precursors 4 

and 5 show strong νC≡N modes between 2274 and 2315 cm-1 assigned to the 

labile acetonitrile ligands, which disappear after reaction with bidentate ligand 

L3.  

The ligand characteristic imine νC=N modes, seen in the free ligand spectrum 

at 1638 cm-1, are shown in C12 and C13 at 1605 and 1603 cm-1, respectively, a 

shift to lower wavenumbers of around 34 cm-1 is observed, indicating a 

weakening in the C=N bond. This also indicates the coordination to the metal 



center (replacing the weakly bonded nitriles ligands) by the two nitrogen atoms; 

similar data was reported previously, where CH3CH is easily replaced by two 

equivalents of pyridine, bidentate bipyridine or diazobutadiene,2 or where the 

carbonyl stretching were lower by about 20 cm-1 when replacing a ligand by 

another, stronger σ-donor.154,155  

 
Table 17. Characteristic IR bands (ν/cm

-1
) of ligand L3 and complexes C9, C10, C11, C12 and 

C13 

Sample νC≡O νC≡N νC=N νC-H Alif νC-H Arom 

L3 
    1638 2875 2933 3066 3142 

   2964 3255 

1 
1850 2287    2965 2978 

1947 2320   3042 

C9 
 1853     1593 2873 2933 3021 3047  

1936   2968 3072 

2 
1921  2283       

2016 2300    

C10 
 1850 1920    1616 2872 2905 2990 3077 

1963 2012   2964 3415 

3 
1849 1883 2280       

1943 2021 2310    

C11 
1901 1921   1617 2873 2930 3028 3070 

1971 2044   2964 3440 

4 
1889 1906 2274       

1996 2302    

C12 
 1925 2003    1605 2873 3421 

2019 2065   2903 2966 3041  

5 
1916  2288       

2028 2315    

C13 
 1902 1949    1603 2874 2932 3046 

2033   2960 3411 
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Comparing these complexes with the analogous [MoX2(CO)3(L2)] (X = I, Br) 

ones,7 there is not a significant change in their IR spectra/data that can suggest 

a strong influence by the CH3 group. The remaining FTIR spectra are given in the 

Experimental part and a list of the most important bands for complexes C9, 

C10, C11, C12 and C13 is given in Table 17. 

 

 1H and 13C NMR spectroscopy 

The peaks in 1H and 13C NMR data for C9, C10, C11, C12 and C13 complexes 

were assigned using bidimensional COSY and HMQC experiments. In all five 

precursors (1, 2, 3, 4 and 5) one peak at around 2 ppm is observed assigned to 

the acetonitrile protons. In C9, C10, C11, C12 and C13 this peak does not exist. 

The 1H NMR spectra of C9 (Figure 47) shows three sets of signals appearing at 

4.41 and 4.80 ppm (two multiplets), 4.26 and 4.11 ppm (two doublets) and 1.61 

and 1.49 ppm (two doublets) that are assigned to Hmeso, Hsyn and Hanti protons, 

respectively, of the allyl fragment. This suggests not only the presence of, at 

least, two isomers in solution but also, as explained before, the dynamic 

behavior of the allyl complexes.156 Since the coordination of L3 is made by the 

nitrogen atoms, the closest protons (H3 and H9, see numbering in Figure 47) to 

these atoms will be the most influenced by the metal center; the chemical shift 

of a C-H bond is strongly affected by the presence of an electronegative 

neighbor. H3 and H9 can be observed in the free ligand L3 at 3.56 (multiplet) and 

at 8.55 ppm (doublet), respectively. After reaction with metal precursor 1, H3 

(3.88 ppm) and H9 (8.47 ppm) protons are shifted from their position owing to a 

deshielding and a shielding effect, respectively caused by metal coordination. 

The pyridine protons H6, H7, and H8 (Scheme in Figure 47) from the free ligand 

can be seen in the aromatic region at 8.03 (doublet), 7.21 (triplet) and 7.64 

(triplet) (Figure 47) and in C9 these protons are observed at 7.87, 7.94 and 7.53 

ppm, respectively. It was not uncommon to observe a deshielding effect in H7, 



as explained before, after coordination shielding and deshielding effects can be 

observed in different parts of the molecule.153 This is also observed in 13C NMR 

shifts. A shielding (-δ) effect was observed for protons H6, H8 and H9, and a 

deshielding (+δ) effect for proton H7. The remaining 1H NMR resonances for C9 

are given in Table 18.  

 

Figure 47. 
1
H NMR spectra of ligand L3 (bottom) and complex C9 (top). 

 

Signals at 55.2, 61.5 and 64.0 ppm in 13C NMR spectrum of C9 (Figure 40) are 

assigned, respectively, to the two terminal and the central allyl C atoms. The 

most significant changes, after reaction between L3 and precursor complex 1, 

occur with C3, C4, C5 and C9 (the carbon atoms directly bonded to the metal 

coordinated nitrogens). The quaternary carbons C4 and C5 (see Scheme in Figure 
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48) are not always observed. The deshielding at C3 peak in C9 is very strong. 

This signal appears at 72.8 ppm, highly shifted from its position in the free 

ligand L3 (54.2 ppm). The same effect is observed at C9, appearing at 150.1 

ppm, and shifted from its position in the free ligand, at 146.4 ppm, indicating 

coordination to a “high electron density” metal center. Both the quaternary 

carbons (C4 and C5) appear in the final complex C9 at 165.7 and 154.6 ppm, 

though, only the C4 carbon is visible in the spectrum of the free ligand L3 at 

167.0 ppm. The other aromatic pyridine carbons C6, C7 and C8, according to 

numbering in Figure 48, are displayed in the free ligand at 142.1, 124.9 and 

128.8 ppm, respectively, shielding and deshielding is observed once again after 

reaction with metal precursor 1. At the complex C9, C6, C7 and C8 appear at 

126.2, 137.6 and 125.6 ppm, respectively.   

 

 

Figure 48. 
13

C NMR spectrum of complex C9  

 

The 1H NMR spectra of complexes C10 and C11 exhibits the same effects of 

shielding and deshielding, after reaction between ligand L3 with each of the 

precursor complexes 2 and 3. The protons next to the binding nitrogens, H3 and 

H9, appear in the free ligand at 3.56 and 8.55 ppm, respectively, and are shifted 

to higher (downfield) δ values in C10 at 4.48 (H3) and at 9.68 ppm (H9), and in 



C11 at 4.64 (H3) and at 9.26 ppm (H9). The same occurs with C12 and C13, the 

tungsten analogues, where H3 and H9 are displayed at 3.78 and 9.56 ppm, and 

at 3.84 and 8.76 ppm, respectively. The molybdenum C10 and C11 induce a 

higher Δδ relatively to their tungsten analogues C12 and C13. This suggests that 

molybdenum, in this type of complexes might be a more effective π donor. In 

the three aromatic protons H6, H7 and H8 was also observed shielding and 

deshielding after reaction between the ligand L3 and the precursor complexes 

2-5. An upfield shift (-δ) was observed in C12, for example, (Figure 49) for 

resonance H8 (7.82 ppm) and a downfield shift was observed for protons H6 

(8.40 ppm), and H7 (8.52 ppm). The same was observed in C10, C11 and C13 

with the values listed in Table 18. The remaining 1H and 13C NMR spectra are 

displayed in Experimental part.  

 

Figure 49. 
1
H NMR spectra of complex C12. 

 

The 13C NMR peak data for complexes C9-C13 are listed in Table 18. The 13C 

NMR spectra of C10 and C11 exhibit a peak assigned to the C3 and C9 carbons at 

53.9 and 137.4 ppm, and at 55.0 and 148.8 ppm, respectively. In the spectra of 

their tungsten analogues, C12 and C13 seen in Figure 50, these carbons are 

observed at 44.0 and 151.0 ppm, and at 54.2 and 149.1 ppm, respectively. The 
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most significant shift occurs with C9 (seen in the free ligand, L3, at 146.4 ppm) 

where the tungsten dihalide complexes show higher downfield (+δ) shifts, 

approximately 4 ppm, consistent with the more electron-rich nature of the 

tungsten center, while in the molybdenum complexes shielding and deshielding 

was observed for C9.  

The 13C NMR spectra for complexes of the type M(II)-C5H4NCH=N(CH2)2CH3 

(L2) relative to the one of complexes M(II)-C5H4NCCH3=N(CH2)2CH3 (L3) where M 

= 1, 2, 3, 4 and 5, indicates a shielding of the C9 atom. In the “L2” complexes, for 

example, in [MoI2(CO)3(L2)]7 and [WI2(CO)3(L2)] (C7), the C9 signal appears at 

142.2 and 155.4 ppm, respectively, while in the complexes C10 and C12, their 

“L3” analogues, it appears at 137.4 and 151.0 ppm, respectively, indicating an 

influence from the CH3 group in the electron circulation of the molecule. This 

influence caused a larger shielding (-δ) and a smaller deshielding (+δ) in C9 

carbon atom compared to the free ligands L2 (148.0 ppm) and L3 (146.4). The 

quaternary carbons, C4 and C5, are visible in C11 and C13 spectra at 166.2 and 

158.3 ppm, and at 167.2 and 149.9 ppm, respectively. In the free ligand, only 

the C4 is observed at 167.0 ppm. The three pyridine ring signals C6, C7 and C8, 

appearing at 142.1, 124.9 and 128.8 ppm in the free ligand L3, are seen in the 

four complexes, C10, C11, C12 and C13 shielded and deshielded; as explained 

before, it is not so straightforward to assume, after coordination to a metal 

center, a deshielding of the signals. The mesomeric effects, electronegativity, 

anisotropyc effects, etc. should be considered. The same shift effects, though, 

are observed for all four complexes C10-C13. This means that C6 and C8 signals 

appear upfielded and C7 downfielded, relative to their position in the free 

ligand. In C10, for example, these resonances are displayed at 130.8 (C6), 132.6 

(C7) and 127.9 ppm (C8), and in C11 at 124.7 (C6), 136.1 (C7) and 121.3 ppm (C8). 

The shifts are more relevant in the tungsten analogues, in particular the C7 

deshielding. The 13C NMR spectrum of C12 (Figure 50) shows two peaks with a 



very high chemical shift (downfield) at 203.2 and 209.3 ppm suggesting two 

signals assigned to terminal carbonyl carbons. The aliphatic region exhibits four 

signals assigned to the ligand propyl chain and to the methyl group (C10, 

according to Scheme in Figure 50). In [WI2(CO)3(L3)] (C12) these signals are 

observed at 13.2 (C1), 22.9 (C2), 27.7 (C10) and 44.0 ppm (C3), and for 

[WBr2(CO)3(L3)] (C13) complex at 12.1, 14.9, 23.7 and 54.2 ppm, respectively.  

The spectra from the molybdenum analogues C10 and C11 are exhibited in 

Experimental part. The characteristic 1H and 13C NMR resonances obtained for 

complexes C9-C13 are shown in Table 18. 

 

 

Figure 50. 
13

C NMR spectra of complexes C12 (bottom) and C13 (top). 
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Table 18. Characteristic 
1
H and 

13
C NMR resonances (δ/ppm) for L3 and complexes C9, C10, C11, C12 and C13 

Samples 
1
H NMR 

13
C NMR 

L3 
H1 0.96 H2 1.87 H3 3.56 H6 8.03 C1 11.9 C2 15.63 C3 54.2 C4 167.0 

H7 7.21 H8 7.64 H9 8.55 H10 2.40 C6 124.9 C7 142.1 C8 128.8 C9 146.4 C10 23.7 

C9 

H1 1.24 H2 2.25 H3 3.88 H6 7.87 C1 11.9 C2 16.2 C3 72.8 C4 165.7 

H7 7.94 H8 7.53 H9 8.47 H10 2.58 C5 154.6 C6 126.2 C7 125.6 C8 137.6 C9 150.1 

Hanti 1.49 1.61 Hsyn 4.11 4.26 Hmeso 4.41 4.80 C10 22.9 Callyl term 55.2 61.5 Callyl center 64.0 

C10 
H1 1.07 H2 2.73 H3 4.48 H6 8.46 C1 10.9 C2 14.7 C3 53.9 C5 148.3 C6 130.8 

H7 8.52 H8 7.93 H9 9.68 H10 2.01 C7 132.6 C8 127.9 C9 137.4 C10 21.0 

C11 
H1 1.21 H2 2.67 H3 4.64 H6 8.45 C1 13.7 C2 18.1 C3 55.0 C4 166.2 C5 158.3 

H7 8.57 H8 8.21 H9 9.26 H10 2.20 C6 124.7 C7 136.1 C8 121.3 C9 148.8 C10 24.6 

C12 
H1 1.08 H2 2.85 H3 3.78 H6 8.40 C1 13.2 C2 22.9 C3 44.0 C6 123.6 C7 138.8 

H7 8.52 H8 7.82 H9 9.56 H10 2.10 C8 123.6 C9 151.0 C10 27.7 CC≡O 203.2 209.3 

C13 
H1 1.06 H2 2.13 H3 3.84 H6 8.20 C1 12.1 C2 14.9 C3 54.2 C4 167.2 C5 149.9 

H7 8.35 H8 7.92 H9 8.76 H10 2.69 C6 128.3 C7 141.8 C8 124.5 C9 149.1 C10 23.7 

 

  



 Single crystal X-ray analysis 

The crystal structure of the complex [MoBr(η3-C3H5)(CO)2(L3)] (C9) was 

determined by single crystal X-ray diffraction. Selected bond distances and 

angles are given in Table 19. The molecular structure of C9 is presented in 

Figure 51. In this structure the allyl ligand adopts an endo conformation, where 

the terminal allylic carbons lie over the carbonyls. The coordination 

environment of molybdenum center is pseudo octahedral with the centroid of 

the allyl ligand and the two carbons from the carbonyl groups determining a fac 

arrangement (as explained before for the similar structure of C6). The chelate 

ligand, L3, occupies one axial position. Mo-N(11) and Mo-N(18) distances are 

2.265(2) and 2.207(2) Å, respectively, leading to a N(11)-Mo-N(18) bite angle of 

71.81(6)˚ for the five membered chelating ring. With the bromine atom in the 

equatorial position giving a Mo-Br distance of 2.6959(3) Å, the metal 

coordination sphere of the axial isomer is complete. This geometric 

arrangement is not only comparable to the one found in related dicarbonyl η3-

C3H5 molybdenum(II) complexes with bulky ligands, but also the distances and 

the angles subtended at Mo(II) center are within the reported ones; Alonso et 

al, for example, reported a Mo(II) diimine derivative, [Mo(η3-

C3H5)Cl(CO)2(BIAN)] where BIAN = 1,4-(4-chloro)phenyl-2,3-naphthalene-

diazabutadiene, also leading to a five membered chelating ring with the 

distances Mo-N(11) and Mo-N(18) equals to 2.277(4) and 2.229(4) Å, 

respectively, and a N(11)-Mo-N(18) bite angle of  72.7(1)˚.99 Also S. Quintal et al 

reported a Mo(II) new complex with 2,2-dipyridylamine that exhibits a six 

membered chelating ring with Mo-N(11) and Mo-N(18) distances of 2.295(4) Å 

and 2.235(6) Å, respectively, achieving a N(11)-Mo-N(19) bite angle of 

77.7(2)˚.149 Moreover, this arrangement is the same as the one found for one of 

the isomers of complex C6, where Mo-N(11) and Mo-N(18) distances were 

2.284(2) and 2.203(2), respectively.  
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Figure 51. Molecular structure of [MoBr(η
3
-C3H5)(CO)2(L3)] (C9) showing the labelling 

scheme adopted. 

 
Table 19. Selected bond lengths (Å) and angles (˚)for complex  

[MoBr(η
3
-C3H5)(CO)2(L3)] (C9). 

Bond lengths   
 

     

Mo-C(1) 

 

2.347(2) 

 

Mo-N(18)  2.207(2) 

Mo-C(2) 

 

2.215(2) 

 

Mo-C(100)  1.951(2) 

Mo-C(3) 

 

2.317(2) 

 

Mo-C(200)  1.955(3) 

Mo-N(11) 

 

2.265(2) 

 

Mo-Br  2.7105(3) 

 
 

 
 

   

Bond angles 

 
 

 

   

N(11)-Mo-N(18) 

 

71.81(6) 

 

N(11)-Mo-Br  85.17(4) 

C(100)-Mo-C(200) 

 

76.2(1) 

 

N(18)-Mo-Br  80.66(5) 

C(100)-Mo-Br 

 

166.17(7) 

 

C(200)-Mo-Br  96.85(7) 

C(100)-Mo-N(11) 

 

98.58(9) 

 

C(200)-Mo-N(11)  165.25(8) 

C(100)-Mo-N(18) 

 

87.83(9) 

 

C(200)-Mo-N(18)   94.04(8) 

 

3.2.3. Complexes bearing C5H4NCPh=N(CH2)2CH3 (L4) 

 

Five new complexes, C14, C15, C16, C17 and C18 were synthesized from the 

reaction between the allylic precursor complex [MoBr(η3-C3H5)(CO)2(CH3CN)2] 



(1) or the dihalide complexes [MX2(CH3CN)2(CO)3], where M = Mo, X = I (2), M = 

Mo, X = Br (3), M = W, X = I (4) and M = W, X = Br (5), and ligand L4. All the new 

complexes were characterized by elemental analysis, FTIR and 1H and 13C 

solution NMR spectroscopy. To assign correctly the chemical shifts, 

bidimensional spectra (COSY) and (HMQC) were run.  

 

 Infra-red spectroscopy 

The infra-red spectrum of [MoBr(η3-C3H5)(CO)2(L4)] (C14) shows two sharp 

bands at 1848 and 1924 cm-1, assigned to the νC≡O stretching modes of terminal 

carbonyl groups (Figure 52), shifted to lower wavenumbers relative to their 

position in precursor 1 (1850 and 1947 cm-1). This indicates a weakening on the 

C≡O bond after reaction between precursor complex 1 and ligand L4. Two 

characteristic bands from precursor 1 are seen at 2287 and 2320 cm-1, assigned 

to νC≡N modes from the acetonitrile groups, are not present in C14. The ligand 

L4 νC=N characteristic vibration is exhibit at 1629 cm-1 in the free ligand and 

appears at lower wavenumbers, 1586 cm-1, in C14 also indicative of a 

weakening on the C=N bond. The three observations stated above, suggest that 

the coordination of the chelating ligand L4 was made by replacing the two labile 

nitrile ligands by a stronger σ donor ligand, a fact that is reflected in a decrease 

of the vibrational frequencies of νC≡O and νC=N as was demonstrated above. The 

existence of two aromatic rings in this ligand (a benzene and a pyridine one) 

and a propyl chain causes the presence of very intense bands assigned to νC-H 

modes from both the aromatic and the aliphatic moieties (Figure 52). The main 

ones observed in C14 are seen at 3106 and 3058 cm-1 (aromatic) and at 2874, 

2929 and 2979 cm-1 (aliphatic).  

In the FTIR spectra of complexes C15 (Figure 53) and C16, the presence of 

the ligand L4 is observed mainly in the νC=N stretching modes exhibited at 1593 

and 1594 cm-1, respectively and the aromatic and aliphatic C-H stretching 
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between 2800 and 3400 cm-1. This νC=N imine modes appear shifted to lower 

wavenumbers relatively to their position in the free ligand (1629 cm-1). The 

precursor complexes 2 and 3 show bands at approximately 2200-2300 cm-1, 

assigned to νC≡N modes from the acetonitrile ligands and their disappearance 

after reaction with L4 suggests substitution of these nitriles by nitrogen, 

stronger donor, chelate ligand L4. The νC≡O stretching modes observed in the 

precursors 2 and 3 at 1921 and 2916 cm-1, and at 1883, 1943 and 2021 cm-1, 

respectively, shift, after reaction with ligand L4, to 1843, 1918, 1966 and 2013 

cm-1 in C15 and to 1918, 1967 and 2040 cm-1 in C16. These bands not only 

appear shifted into a lower wavenumber range, but also four bands are visible 

in the C15 when only three were expected. The presence of more than three 

bands (as explained before) is consequence of another isomer in the solid. In 

addition, the bands for the aromatic and aliphatic C-H stretching are exhibited 

in both C15 and C16 spectra, as is possible to observe in Figure 53 and at 

Experimental part. 

 

 

Figure 52. IR spectra of ligand L4 and complexes 1 and C14. 

 



  

 

Figure 53. IR spectra of ligand L4 and complexes 2 and C15 (top) and 5 and C18 (bottom). 

 

In the spectra of the tungsten complexes [WI2(CO)3(L4)] (C17) and 

[WI2(CO)3(L4)] (C18, also shown in Figure 45) the same is observed. The 

precursors 4 and 5 exhibit their characteristic bands between 2200 and 2400 

cm-1, assigned to the νC≡N modes from the acetonitrile ligands, and the bands 

assigned to the νC≡O stretching modes are observed at 1889, 1906 and 1996 cm-1 

for 4, and at 1916 and 2028 cm-1 for 5. After reaction with ligand L4 no bands 

are visible in the range between 2200 and 2400 cm-1 in complexes C17 and C18. 

A band at 1563 cm-1 in C17 and at 1607 cm-1 in C18, assigned to the νC=N modes, 
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from the imine group is observed. This band appears in the free ligand at 1629 

cm-1. In addition, the νC≡O modes appear at 1919, 1949 and 2002 in C17 and at 

1910, 1956 and 2036 in C18 (Figure 53), in a lower wavenumber range than the 

one seen in the precursors 4 and 5. Bands assigned to the νC-H modes from the 

aromatic and the aliphatic moieties are observed between 2850 and 3100 cm-1. 

The remaining IR data collected for C14, C15, C16, C17 and C18 is shown in 

Table 20 and spectra from C16 and C17 is given in Experimental part. 

 
Table 20. Characteristic IR bands (ν/cm

-1
) of L4 ligand and complexes 1, 2, 3, 4, 5, C14, C15, 

C16, C17 and C18. 

Samples νC≡O νC≡N νC=N νC-H Aliphatic νC-H Aromatic 

L4 
  1629 2872 2931 3005 3056 

   2962 3314 

1 
1850 2287    2965 2978 

1947 2320    3042 

C14 
1848  1586 2874 2929 3058 

1924   2977 3106 

2 
1921 2283       

2016 2300       

C15 
1843 1918  1593 2867 2930 3055 

1966 2013   2964 3462 

3 
1883 2280       

1943 2021 2310       

C16 
1918 1967  1594 2874 2919 3019 

2040   2965 3073 

4 
1889 1906 2274       

1996 2302      

C17 
1919 1949  1567 2852 2928  3028 

2002   2964 3041 

5 
1916 2288       

2028 2315       

C18 
1910 1956   1607 2872 2966 3056 

2036    3092 
 

 



 1H and 13C NMR spectroscopy 

The 1H and 13C solution NMR spectra of M-L4 (M = 1, 2, 3, 4 and 5) are 

presented in experimental part. For a better understanding of these complexes 

analysis the bidimensional (COSY) and (HMQC) correlations are exhibited and 

discussed (Figures 54-59). In the COSY spectrum of [MoBr(η3-C3H5)(CO)2(L4)] 

(C14) represented in Figure 54, four signals are seen in the aliphatic region, 

assigned to the ligand propyl chain, at 0.97 (t, 3H, CH3), 2.29 and 2.46 (2m, 2H, 

CH2CH2CH3) and, 4.08 and 4.11 ppm (m, 2H, NCH2), identified in Figure 46 with 

purple lines. The proton next to the coordinated nitrogen atom (NCH2, H3 in 

Scheme at Figure 54) is the one providing more information about the ligand-

metal coordination. In the free ligand, the signals from the propyl chain protons 

(NCH2CH2CH3) show up at lower δ values, 0.69 (H1), 1.50-1.55 (H2) and 3.13-3.22 

ppm (H3), indicating a deshielding (+δ) of these protons after reaction with 

precursor complex 1. Spin-spin coupling is observed in H2 and H3 peaks.  

Correlation was used mainly for assigning the non-equivalent allylic protons. 

As is shown in Figure 54, four identical doublets are observed in the range 1.00-

1.50 ppm, assigned to the Hanti protons of the η3-C3H5 group, similar to what 

was reported by Alonso et al and by S. Quintal et al for [MoX(η3-C3H5)(CO)2(L)] 

where X = Cl or Br and L = bidentate chelating dinitrogen ligand.99,149  

Using bidimensional COSY correlation, it is possible to identify the correlated 

Hsyn and Hmeso protons and to assign four signals to Hanti proton (identified as 

green lines in Figure 54). The later signals are observed at 1.16, 1.24, 1.34 and 

1.48 ppm, and from them it is possible to recognize three signals assigned to 

Hsyn at 2.21, 3.14 and 3.28 ppm (the 2.21 ppm signals slightly overlaps with one 

CH2 proton signal from the propyl chain) and three multiplets assigned to Hmeso 

at 3.58, 3.76 and 3.95 ppm. The identification of non-equivalent allylic protons 

indicates the presence of isomers in solution, obtained by allyl rotation. 

Furthermore, three other signals were observed and assigned for “another” 
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propyl chain, at 0.73 (t, 3H, CH3), 2.21 (m, 2H, CH2CH2CH3) and 3.51 ppm (m, 2H, 

NCH2) confirming the presence of an isomer in solution. 

There are two aromatic rings in complex C14, a pyridine and benzene. The 

pyridine ring has four non-equivalent signals and the benzene ring has four, two 

by two, equivalent protons, H11 and H15 and, H12 and H14, as can be seen in 

Figure 55. Two doublets highly deshielded (downfield), at 8.74 and 8.91 ppm, 

both integrating for one proton, are assigned to the pyridine protons H6 and H9. 

The proton H9, next to the coordinated nitrogen atom, appears in the free 

ligand L4 at 8.63 ppm, appearing deshielded after reaction with metallic 

fragment 1.  

 

 

Figure 54. Selection of the upfield region of the bidimensional COSY spectrum of complex 
C14. 



Using bidimensional correlation COSY it is possible to identify H7 and H8 at 

8.01 and 7.65 ppm, respectively. According to Figure 55, H12 and H14 are the 

most upfield signals in the aromatic region, appearing as one signal at 7.20 ppm 

(d, 2H, H12/H14). The other benzene protons H11/H1 and H13 show up at 7.52 

ppm, a doublet integrating to 2 protons and at 7.72 ppm, a multiplet 

overlapped with the pyridine H8 signal, respectively.  

Their position in the free ligand, L4, suggest that H6 shows shielding and H7 

and H8 deshielding after coordination. These signals appear at 7.94, 8.02 and 

7.80 ppm, respectively. The same is observed for the benzene protons, 

appearing in the free ligand L4, at 7.51 (dd, 2H, H11/H15), 7.28 (t, 1H, H12), 7.41 

(t, 1H, H13) and 7.15 ppm (m, 1H, H14). The characteristic chemical shifts for 1H 

and 13C NMR assigned to ligand L4 and complex C14 are shown in Table 21. 

 
Table21. Characteristic 

1
H and 

13
C NMR resonances (δ/ppm) of ligand L4 and complex C14. 

Samples 
1
H NMR 

L4 

H1 0.69 H2 1.53 H3 3.13-3.22 H6 7.94 

H7 8.02 H8 7.80 H9 8.63 H11 H15 7.51 

H12 7.28 H13 7.41 H14 7.15 

C14 

H1 0.73 0.97 H2 2.29 2.45 H3 4.08 H6 8.74 

H7 8.01 H8 7.65 H9 8.91 H11 H15 7.52 

H12 7.20 H13 7.72 H14 7.20 

Hanti 1.16 1.25 1.34 1.48 Hsyn 3.14 3.28 Hmeso 3.58 3.76 3.95 
 13

C NMR 

L4 

C1 10.7 C2 20.4 C3 41.0 C4 155.1 C6 124.7 

C7 137.0 C8 128.0 C9 148.3 C11 C15 131.1 

C12 126.1 C13 132.6 C14 135.9 

C14 

C1 11.0 C2 23.2 C3 72.0 C4 155.3 C6 150.3 

C7 138.2 C8 129.0 C9 152.2 C12 127.7 C13 130.9 

C14 128.9 C11 126.6 C15 128.9 Canti 52.7 53.2 63.5 

Csyn 52.9 53.0 59.6 Cmeso 62.6 73.3 
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Figure 55. Selection of downfield region the bidimensional COSY spectrum of complex C14. 

 

The 13C NMR spectrum of complex C14 presents its most relevant changes in 

the C3 and C9 carbons, the two non-quaternary carbons directly bonded to the 

coordinated nitrogens, and in C4 and C5, the two quaternary ones. Starting with 

the upfield signals, eight signals are assigned to the allylic carbons, present at 

52.7, 53.2 and 63.5 assigned to CHanti, 52.9, 53.0 and 59.6 ppm, assigned to 

CHsyn and 62.6 and 73.3 ppm assigned to CHmeso. These assignments were made 

based on HMQC two-dimensional spectrum of C14 that gives direct H-C 

coupling present in Figure 56. The presence of more than three signals assigned 

to the allylic group results from the presence of isomers of C14 in solution. This 

hypothesis is also supported by the presence of a second signal assigned to C1 



carbon, at 10.90 ppm, from the propyl chain. Three resonances at 72.0, 23.2 

and 11.0 ppm are assigned to carbons C3, C2 and C1 (according to Scheme in 

Figure 56) respectively, from the aliphatic chain of the L4 ligand. In the free 

ligand these carbons are observed at 41.0, 20.4 and 10.7 ppm, respectively, 

indicating a shift (deshielding, +δ) to lower field regions after reaction with 

metal precursor 1; this observation is much more relevant in C3 due to the 

proximity of this carbon with the nitrogen atom. 

 

 

Figure 56. Selection of the upfield regionof the HMQC spectrum of complex C14. 

 

The quaternary carbon C4 (Scheme in Figure 57) is very well identify by 

HMQC analysis since it shows no proton correlation. It is observed at 155.3 ppm 

in complex C14, slightly shifted from its position in the free ligand L4, at 155.1 

ppm. The pyridine ring signals appear at 150.3 C6, 138.2 C7, 129.0 C8, and 152.2 



139 
 

ppm C9, shifted downfield from their position in the free ligand, where they 

appear at 124.7, 137.0, 128.0 and 148.3, respectively. Also in the aromatic zone, 

the benzene ring resonances C11, C12, C13, C14 and C15 are exhibited at 126.6, 

127.7, 130.9, 128.9 and 128.9, respectively.  

After reaction between dicarbonyl allylic precursor complex 1 and L4, 

deshielding was observed for the carbons assigned to the pyridine ring and both 

shielding and deshielding for the carbons assigned to the benzene ring. A list of 

all characteristic 13C NMR resonances for complex C14 is given in Table 21.  

 

 

Figure 57. Selection of the downfield region of HMQC spectrum of complex C14. 

 



The 1H NMR spectra of complexes C15, C16, C17 and C18 show only three 

resonances in the aliphatic region (-δ), assigned to the ligand H1, H2 and H3 

(Scheme in Figure 58) comparing with the free ligand L4 spectrum, were double 

resonances were observed for H2 (1.50-1.55 ppm) and for H3 (3.13-3.22 ppm). 

Examples of two-dimensional COSY and HMQC for complex C18 are shown in 

Figures 58 and 59) and the chemical values are presented in Table 20. The 1H 

NMR spectra of precursors 2, 3, 4 and 5 exhibit a peak around 2 ppm, indicating 

the presence of the acetonitrile ligands. This peak disappears after reaction 

with chelating ligand L4 indicating coordination to the metal center, in each of 

the five complexes, by substitution of the two nitrile ligands.  

The two iodide complexes [MoI2(CO)3(L4)] (C15) and [WI2(CO)3(L4)] (C17), 

present very similar 1H NMR resonances. Signals at 1.05, 1.90 and 3.27 ppm and 

1.05, 1.91 and 3.22 ppm, respectively, assigned for the aliphatic protons H1, H2 

and H3, and appear shifted to similar positions compared to their position in the 

free ligand at 0.69, 1.50-1.55 and 3.13-3.22 ppm, respectively. The pyridine 

protons, numbered H6, H7, H8 and H9 according to Scheme in Figure 58, are 

observed at 8.09, 8.16, 7.64 and 8.78 ppm, respectively, for complex C15 and at 

8.09, 8.06, 7.67, and 8.74 ppm, for complex C17. Compared to their position in 

the free ligand L4, at 7.94 (H6), 8.02 (H7), 7.80 (H8) and 8.63 ppm (H9), these 

protons appear shielded and deshielded after coordination. A downfield shift is 

observed for H6, H7 and H9, and H8 exhibits an upfield shift. The other aromatic 

part of the molecule exhibits resonances at 7.30 (t, 2H, H12/H14), 7.55 (d, 2H, 

H11/H15) and 7.68 ppm (m, 1H, H13) for complex C15 and at 7.27 (t, 2H, H12), 7.38 

(t, 2H, H14), 7.55 (d, 2H, H11/H15) and 7.76 ppm (m, 1H, H13) for complex C17. 

These signals shift up and downfield compared to their position in the free 

ligand L4, where they are shown at 7.51 (dd, 2H, H11/H15) (downfield), 7.28 (t, 

1H, H12) (upfield and downfield), 7.41 (t, 1H, H13) (downfield) and 7.15 ppm (m, 

1H, H14) (downfield). 
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Figure 58. Selection of downfield region of COSY spectrum of complex C18. 

 

In the bromine analogues [MoBr2(CO)3(L4)] (C16) and [WBr2(CO)3(L4)] (C18), 

the H6, H7, H8 and H9 protons (pyridine ring) can be seen at 8.77, 8.14, 7.68 and 

9.53 ppm, respectively, and at, at 8.44, 8.77, 8.33 and 9.23 ppm, respectively, 

the latter exhibited in Figure 58. The complexes C16 and C18, owing to the 

bromide ligand influence (higher electron withdrawing), exhibit a bigger 

deviation, relative to their iodide analogues, compared to the signals observed 

in the free ligand. Another difference is observed between the bromine 

complexes C16 and C18, and their iodide analogues C15 and C17. The signal 

assigned to the aliphatic proton NCH2 appears shifted upfielded (in the iodide 

complexes) compared to its position in the free ligand L4. The signals assigned 



to the benzene ring are exhibited at 7.56 (d, 2H, H11/H15), 7.41 (t, 2H, H12/H14) 

and 7.73 ppm (m, 1H, H13) for complex C16 and at 8.06 (d, 2H, H11/H15), 7.63 (t, 

2H, H12/H14) and 7.79 ppm (m, 1H, H13) for C18. These signals shift downfield 

compared to their position in the free ligand L4, where they are shown at 7.51 

(dd, 2H, H11/H15), 7.28 (t, 1H, H12), 7.41 (t, 1H, H13) and 7.15 ppm (m, 1H, H14). 

The overlapping resonances are observed for H11 and H15 and for H12 and H14, in 
1H NMR spectra of complexes C15, C16 and C18, and as explained before it 

reflects equivalence of these protons in the molecular structure.  

The 13C NMR spectra of the dihalide molybdenum complexes C15 (X = I) and 

C16 (X = Br) show the pyridine signals of C6, C7, C8 and C9 at 142.3, 137.6, 129.7 

and 148.3 ppm for complex C15 and at 138.2, 136.4, 130.8 and 148.5 ppm for 

complex C16. These signals are shifted compared to their position in the free 

ligand L4, at 124.7, 137.0, 128.0 and 148.3 ppm for C6, C7, C8 and C9, 

respectively. Both shielding and deshielding was observed, more significant for 

C6 resonance. In complex C16, quaternary carbons C4 and C5 are observed at 

154.1 and 154.6 ppm, respectively. The C4 signal appears upfielded after 

coordination. The same is observed for the five signals from the benzene ring: 

an upfield shift in molybdenum dihalide complexes C15 and C16. A list of the 13C 

NMR resonances is shown in Table 22.  

In the tungsten analogues C17 and C18 the C3 carbon is seen at 54.1 and 40.8 

ppm, respectively. The pyridine fragment of complex C17 presents signals at 

137.4 (C6), 132.7 (C7), 129.5 (C8) and 148.4 ppm (C9). Compared to the free 

ligand L4, these signals, with the exception of C7 reflect the influence of metal 

coordination (downfield). In complex C18 (part of HMQC is seen in Figure 59) 

the pyridine signals are shown at 127.0 (C6), 143.9 (C7), 129.2 (C8) and 145.2 

ppm (C9). Quaternary C4 is visible in this complex at 148.6 ppm, shielded 

compared to its position in the free ligand (155.1 ppm). The five signals from 

the phenyl ring are observed at 128.8 (C12/C14) 130.7 (C11/C15) and 134.2 (C13) 
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and appear shifted to higher and lower values relative to their position in the 

free ligand, where they are seen at 126.1 (C12) (+δ) 131.1 (C11/C15) (-δ), 132.6 

(C13) (+δ) and 135.9 (C14) (-δ). The 1H and 13C NMR resonances for L4, C15, C16, 

C17 and C18 are shown in Table 22. These assignments were based in 

homonuclear correlation COSY spectroscopy and heteronuclear correlation 

HMQC spectroscopy.  

 

 

 

Figure 59. Selection of downfield region of bidimensional HMQC spectrum of complex C18. 
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Table 22. Characteristic 
1
H and 

13
C NMR resonances (δ/ppm) of ligand L4 and complexes C15, C16, C17 and C18. 

Sample 
1
H NMR 

13
C NMR 

L4 

H1 0.69 H2 1.53 H3 3.13-3.22 H6 7.94 C1 10.7 C2 20.4 C3 41.0 C4 155.1 C6 124.7 

H7 8.02 H8 7.80 H9 8.63 H11 H15 7.51 C7 137.0 C8 128.0 C9 148.3 C11 C15 131.1 

H12 7.28 H13 7.41 H14 7.15 C12 126.1 C13 132.6 C14 135.9 

C15 

H1 1.05 H2 1.90 H3 3.27 H6 8.09  C1 10.5 C2 20.5 C3 41.9 C6 142.3 C7 137.6 

H7 8.16 H8 7.64 H9 8.78 H11 H15 7.55 C8 129.7 C9 148.3 C11 C15 128.0 

H12 H14 7.30 H13 7.68 C12 124.3 C13 130.7 C14 126.5 

C16 

H1 1.05 H2 1.90 H3 3.01 H6 8.77 C1 11.4 C2 22.8 C3 39.6 C4 154.1 C5 154.6 

H7 8.14 H8 7.68 H9 9.53 C6 138.2 C7 136.4 C8 130.8 C9 148.5 C11 127.9 

H11 H15 7.56 H12 H14 7.41 H13 7.73 C12 124.4 C13 132.6 C14 126.9 C15 129.5 

C17 

H1 1.05 H2 1.91 H3 3.22 H6 8.09 C1 10.3 C2 20.7 C3 54.1 C6 137.4 C7 132.7 

H7 8.06 H8 7.64 H9 8.74 C8 129.5 C9 148.4 C11 C15 128.0 

H11 H15 7.55 H12 7.27 H13 7.76 H14 7.38 C12 124.3 C13 130.8 C14 126.5 

C18 

H1 1.02 H2 1.88 H3 3.03 H6 8.44 C1 10.5 C2 20.5 C3 40.8 C4 148.6 

H7 8.77 H8 8.33 H9 9.23 C6 127.0 C7 143.9 C8 129.2 C9 145.2 

H11 H15 8.06 H13 7.79 H12 H14 7.63 C11 C15 130.7 C12 C14 128.8 C13 134.2 
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3.3. Immobilization in MCM-41 

 

The eight new complexes C6-C13 were immobilized in MCM-41 according to 

Scheme 19, in order to synthesize new heterogeneous catalysts. A synthetic 

procedure to immobilize this type of organometallic complexes on a silica-

based material was used. MCM-41 was synthesized by a template approach.130  

The complexes 1, 2, 3, 4 and 5 were grafted onto MCM-41 functionalized 

with the modified L2 and L3 ligands, L2Si and L3Si, yielding new ligand-

functionalized materials MCM_L2Si and MCM_L3Si and new materials 

MCM_C6, MCM_C7, MCM_C8, MCM_C9, MCM_C10, MCM_C11, MCM_C12 

and MCM_C13 according to Scheme 19. For the sake of simplicity, the new 

materials will only be referred to as MCM_C8-MCM_C13, instead of 

MCM_C8Si-MCM_C13Si. These eight new materials were characterized by 

elemental analysis, X-ray powder diffraction, FTIR spectroscopy, N2 nitrogen 

adsorption, 13C CP MAS and 29Si MAS and CPMAS solid state NMR.  

The characterization of the new materials MCM_L2Si, MCM_C6, MCM_C7, 

MCM_C8 and MCM_L3S, MCM_C9, MCM_C10, MCM_C11, MCM_C12 and 

MCM_C13, will be discussed first for L2Si derivatives and afterwards for the 

L3Si ones. 

 

3.3.1. Materials bearing C5H4NCH=N(CH2)2CH2Si(OEt)3 ligand (L2Si) 

 X-ray powder diffraction  

 

The powder X-ray patterns of the materials containing C6, C7 and C8 

fragments, MCM_C6-MCM-C8 is presented in Figure 60. The powder pattern of 

the calcined parent material MCM-41 clearly shows four reflections in the 2θ 

range 2-10ᵒ, indexed to the (100), (110), (200) and (210)132 reflections of a 

hexagonal unit cell. The d value of the (100) reflection was 35.5 Å 

corresponding to a lattice constant a= 40.99 (2d100/√3). After functionalizing the 



walls of the parent host material MCM-41 with the ligand L2Si the powder 

pattern of this new material, MCM_L2Si, remained almost unchanged in terms 

of the positions of the peaks assigned to the characteristic reflections. This fact 

indicates retention of the long-range hexagonal symmetry of the host material.  
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Scheme 19. 

 

Furthermore, after supporting each of the metallic fragments [MoBr(η3-

C3H5)(CH3CN)2(CO)2] (1), [WI2(CH3CN)2(CO)3] (4) and [WBr2(CH3CN)2(CO)3] (5) on 

the functionalized material MCM_L2Si, the peak intensities of the final 

materials MCM_C6, MCM_C7 and MCM_C8, respectively, decrease and shift to 

lower angles corresponding to higher d-values (Table 23). The reduction in the 
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peak intensity is not assigned to a loss of crystallinity, but rather to a 

consequence of the reduction in the X-ray scattering contrast between the silica 

walls and the pore-filling material, a situation well described in literature and 

also observed for other material.132,131 In the difractograms the same position is 

observed for all the peaks, indicating retention of the hexagonal structure, the 

100 reflection being almost the only one that remains visible. 

 
 

 

Figure 60. X-ray powder diffraction of materials MCM-41, MCM_L2Si, MCM_C6, MCM_C7 
and MCM_C8. 

 

The lattice parameter (d-spacing distance) for the three final materials has 

an average of 36.6 Å, indicating expansion of the unit cell compared with the 

parent MCM-41. This increment relative to the precursor material MCM-41 is 

due to the incorporation of bulky groups such as [MoBr(η3-C3H5)(CO)2(L2)] and 

[WX2(CO)3(L2)] (X = I 4 and X = Br 5). The percentage of metal (molybdenum for 

material MCM_C6 and tungsten for materials MCM_C7 and MCM_C8) loaded 

inside the MCM-41 channels was determined by ICP. For material MCM_C6, 

Mo(II) contents of 4.9 wt % (0.49 mmolg-1) was found, and for MCM_C7 and 



MCM_C8 metallic contents of 3.3 wt % (0.33 mmolg-1) and wt % 4.4 (0.44 

mmolg-1) were found, respectively. The C, H and N analyses are given in the 

Experimental part and support the proposed formulation of the materials.  

 
Table 23. XRD textural parameters of materials MCM-41, MCM_L2Si, MCM_C6, MCM_C7 

and MCM_C8. 

Sample Position [°2Th.] Height [cts] 
d-spacing 

[Å] 
Rel. Int. 

[%] 

MCM-41 2.49 69679.28 35.5 100 

MCM_L2 2.42 56987.36 36.4 100 

MCM_C6 2.45 18979.26 37.0 100 

MCM_C7 2.47 18975.01 36.7 100 

MCM_C8 2.44 16069.55 36.1 100 

 

 Nitrogen adsorption studies 

Nitrogen adsorption studies at 77 K revealed that the MCM-41, MCM_L2Si, 

MCM_C6, MCM_C7 and MCM_C8 materials exhibit a reversible type IV 

isotherm (Figure 61) characteristic of mesoporous solids (pore width 2-50 nm) 

according to the IUPAC classification,133 showing the appearance of a hysteresis 

loop resulting from the capillary condensation of nitrogen gas in the 

mesopores. For the pristine MCM-41, the step corresponding to capillary 

condensation appears in the relative pressure ranges 0.3-0.4 p/p0, observed in 

Figure 53. The specific surface area and total pore volume of the MCM-41 

sample are 1037 m2.g-1 and 0.97 cm3.g-1, respectively (Table 22). The isotherms 

of the materials MCM_L2Si, MCM_C6, MCM_C7 and MCM_C8, also seen in 

Figure 61, show a lower nitrogen uptake pointing out to a decrease of specific 

surface area and pore volume (Table 24), a fact that indicates the incorporation 

of the L2Si ligand first and then 1, 4 and 5 metallic fragments into MCM-41. The 

data obtained is in agreement with reported values for this type of 

materials.134,135 Broader hysteresis loops are also observed for the three final 
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materials, relative to the MCM-41 parent, owing probably to a decrease of 

uniformity in pore size. The decrease of the unit cell value and the broad 

distribution of pore size are evidence that the organometallic complexes are 

grafted in the mesoporous samples and mainly located in the internal surface of 

the mesoporous material.  

 

 

Figure 61. N2 adsorption isotherms at 77 K (left) and pore size distribution curves (right) of 
materials MCM-41, MCM_L2Si, MCM_C6, MCM_C7 and MCM_C8. 

 

The calculated textural parameters, by the BJH method,136 using powder X-

ray diffraction and adsorption/desorption isotherms are summarized in Table 

24 and the data obtained is comparable with other modified mesoporous silicas 

previously reported.7,116 

In Figure 61 are also represented the pore size distribuition (PSD) curves, 

determined by the BJH method, for materials MCM_C6, MCM_C7 and 

MCM_C8. The maximum of the PSD curve for MCM-41 (dBJH, Table 22) 

decreases from 3.60 nm to 3.26 nm in MCM_L2Si and, after the immobilization 

of the metallic fragments 1, 4 and 5, to less than 3.1 nm. This indicates an 

increase in pore heterogeneity; the pores of the material are being filled with 

the L2Si ligand on the first step of the reaction and with the bulky metallic 



fragments on the final step. The remaining textural parameters obtained for the 

materials MCM_L2Si, MCM_C6, MCM_C7 and MCM_C8 are shown in Table 24. 

 
Table 24. Textural parameters of materials MCM-41, MCM_L2Si, MCM_C6, MCM_C7 and 

MCM_C8 from the N2 isotherms at 77 K. 

Sample 
d100  
(Å) SBET m

2
.g

-1
 ΔSBET

a
 (%) 

Vp 
cm

3
.g

-1
 

ΔVp
b
  

(%) 
dBJH

c
 

(nm) 

MCM-41 35.5 1037 - 0.97 - 3.60 

MCM_L2Si 36.4 558 46.2 0.42 56.7 3.26 

MCM_C6 37.0 553 46.7 0.36 62.9 3.03 

MCM_C7 36.7 556 46.4 0.35 63.9 2.65 

MCM_C8 36.1 542 47.7 0.30 69.1 2.65 
a – Variation of surface area relative to parent MCM-41. 
b – Variationt of total pore volume in relation to parent MCM-41. 
c – Median pore width determined by the BJH method.  
 

 Infra-red spectroscopy 

The FTIR spectra of the three materials, MCM_C6, MCM_C7 and MCM_C8 

are shown in Figure 62. The three spectra are very similar. Bands at 1618, 1622 

and 1624 cm-1, respectively, can be assigned to the νC=N stretching modes of the 

imine group in the L2Si ligand. This band is observed in material MCM_L2Si at 

1652 cm-1. The stretching vibration modes of the Si-O-Si framework appear in 

the precursor material, MCM_L2Si, at 810, 1084 and 1243 cm-1. After binding 

the organometallic fragments 1, 4 and 5, the asymmetric vibration modes of Si-

O-Si are assigned to bands at 957 and 1061 cm-1 for MCM_C6, at 949 and 1066 

cm-1 for MCM_C7 and at 968 and 1087 cm-1 for MCM_C8. The νC≡O stretching 

modes are clearly visible at 1934 and 2031 cm-1 in MCM_C6, at 1944 and 2033 

cm-1 in MCM_C7 and at 1853, 1931 and 2044 cm-1 for MCM_C8, slightly shifted 

from their position in the homogeneous C6 (1845 and 1942 cm-1), C7 (1896, 

1935 and 2014 cm-1) and C8 (1904, 1956 and 2036 cm-1) complexes.  
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Figure 62.  IR spectra of MCM_C6, MCM_C7 and MCM_C8. 

 

 13C solid state NMR spectroscopy 

In the 13C CP MAS NMR spectra of MCM_C6, MCM_C7 and MCM_C8 peaks 

assigned to aromatic and aliphatic resonances were observed. The aromatic 

resonances are seen between 126.0 and 168.0 ppm (Figure 63) in positions 

similar of those observed in their homogeneous counterparts (between 126.3 

and 168.2 ppm). The signals of the aliphatic carbons are observed at 9.00, 

21.33, and 42.97 ppm in MCM_C6, 9.00, 20.91 and 42.80 ppm in MCM_C7, and 

9.22, 21.06 and 42.76 ppm in MCM_C8, for SiCH2CH2CH2, SiCH2CH2CH2N and 

SiCH2CH2CH2N, respectively as can be seen in Figure 63, also for MCM_L2Si. The 

silicon part of the L2Si ligand gives rise to two signals assigned to SiOCH2CH3 

and SiOCH2CH3 carbons. These signals are also observed at 17.45 and 58.12 

ppm in MCM_C6, at 16.79 and 58.12 ppm in MCM_C7, and at 17.30 and 58.21 

ppm in MCM_C8. The not so sharp peaks, mainly in the aromatic region, can be 

justified by the low percentage of metal loaded into the pores of the MCM_L2Si 

material. 



 

Figure 63. 
13

C CP MAS NMR spectra of materials MCM_L2Si, MCM_C6, MCM_C7 and 
MCM_C8. 

 

 29Si solid state NMR spectroscopy 

The 29Si CP MAS NMR spectra of functionalized materials MCM_L2Si, 

MCM_C6, MCM_C7 and MCM_C8 confirm the covalent bond formed between 

the silanol group from the ligand L2Si and the silanol groups dispersed on the 

MCM-41 surface, and are given in Figure 64. The spectrum of functionalized 

MCM_L2Si shows a decrease in the intensity of the Q3 signal, compared to 

MCM-41 precursor material, reflecting the reaction between the Si(OCH2CH3)3 

group from the ligand L2Si, with SiOH.7 The organosilane species T2 and T3 

(referred as T = RSi(OSi)n(OEt)3-n), present in MCM_L2Si material spectrum at -

57.7 and -67.11 ppm, respectively, are indicative of a high degree of 

condensation of the triethoxysilane moiety from ligand L2Si with the silica 

surface framework. Similar results were reported by R. Ballesteros et al when 

characterizing titanium supported catalysts onto MCM-41 and using triazine 

propyl triethoxysilane as a functional linker.157 The reduction in the intensity of 

Q2 and Q3 resonances indicates a covalent bonding to the surface silanol groups 

Si(OH)2. In opposition, the increased intensity in Q4 resonance shows that this 
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species is the main one present in the materials. A weak shoulder can also be 

seen at -49.5 ppm and can be assigned to a T1 environment. Immobilization of 

the metallic fragments [MoBr(η3-C3H5)(CO)2(CH3CN)2] 1, [WI2(CH3CN)2(CO)3] 4 

and [WBr2(CH3CN)2(CO)3] 5 caused a reduction in the intensities of Q3 with a 

concurrent increase in the intensities of Q4 suggesting direct reaction of the wall 

silanols with the metallic fragment (see chapter 4). Taken together these 

observations reflect an increase in the silicon bonds through oxygen bridges.   

 

Figure 64. 
29

Si CP MAS NMR spectra of materials MCM-41, MCM_L2Si, MCM_C6, MCM_C7 
and MCM_C8. 

 

3.3.2. Materials bearing C5H4NCCH3=N(CH2)2CH2Si(OEt)3 (L3Si) 

 

 X-ray powder diffraction 

The same characterization techniques were performed on the MCM_L3Si 

functionalized material and its derivatives MCM_C9-MCM_C13. The 

mesostructures of complex immobilized materials were confirmed by the 

powder X-ray diffraction and nitrogen adsorption-desorption techniques. The 

precursor material MCM-41 displayed a well resolved pattern at low 2θ values 

with a very sharp diffraction peak at 2.49 indexed to the (100) reflection, and 



three additional high ordered peaks indexed to (110), (200) and (210) 

reflections with lower intensities, indicating the well-developed mesopore 

structure (Figure 65) with a hexagonal unit cell. The d-spacing value, calculated 

for the (100) reflection was 35.5 Å and the lattice parameter a0, calculated by a0 

= d100(2/√3) was equal to a lattice constant of 40.99 Å (Table 25). A well-

resolved pattern also with a (100) reflection peak is observed for the 

functionalized materials MCM_C9, MCM_C10, MCM_C11, MCM_C12 and 

MCM_C13 (Figure 65). In MCM_L3Si the calculated lattice parameter is 35.9 Å 

and increases relatively to MCM-41 indicating expansion of unit cell due to the 

incorporation of the L3Si ligand. Compared to the parent MCM-41 material, 

samples containing the immobilized complexes exhibit an increase in the d-

spacing values and a decrease in the relative intensities of the XRD reflections, 

shifted to lower 2θ angles. This fact is likely due to the decrease of surface 

uniformity in the final materials. The decrease of the unit cell indicates the 

incorporation of bulky groups such as the organometallic fragments 1, 2, 3, 4 

and 5.  

 

Figure 65. XRD patterns of MCM-41, MCM_L3Si, MCM_C9, MCM_C10, MCM_C11, 
MCM_C12 and MCM_C13. 
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Table 25. XRD textural parameters of MCM-41, MCM_L3Si, MCM_C9, MCM_C10, 

MCM_C11, MCM_C12 and MCM_C13.  

Sample Position [°2Th.] Height [cts] 
d-spacing 

[Å] 
Rel. Int. 

[%] 

MCM-41 2.49 69679.28 35.5 100 

MCM_L3Si 2.46 83139.88 35.9 100 

MCM_C9 2.45 22922.93 35.9 100 

MCM_C10 2.44 12671.17 36.1 100 

MCM_C11 2.42 24409.48 36.4 100 

MCM_C12 1.96 11856.28 45.0 100 

MCM_C13 2.46 14341.34 35.8 100 

 

 Nitrogen adsorption studies 

The textural properties such as specific surface area (SBET, m2.g-1) and pore 

volume (cm3.g-1) were followed throughout the modification processes. The low 

temperature N2 adsorption/desorption isotherms of parent MCM-41 and 

functionalized materials MCM_L3Si, MCM_C9, MCM_C10, MCM_C11, 

MCM_C12 and MCM_C13 are of type (IV) according to the IUPAC 

characterization and typical of mesoporous solids133 (Figure 66). Hysteresis 

loops on the N2 adsorption isotherms is representative of the mesoporous 

cylindrical pores. The adsorbed N2 volume increases sharply at a relative 

pressure (p/p0) of 0.3-0.4, in all the material samples, which represents capillary 

condensation of nitrogen within the uniform mesoporous structure. The 

inflection position shifted slightly to lower relative pressures, the volume of 

nitrogen adsorbed decreased upon silylation and again after metal 

incorporation are indicative of a reduction in the pore size. The physical 

parameters of the nitrogen isotherms, such as SBET, pore volume and BJH136 

average pore width, for the mesoporous silicas, are shown in Table 24. The 

MCM-41 parent material possesses high SBET (1037 m2.g-1) and a BJH pore width 



of 35.5 Å, values that are typical of surfactant assembled mesostructures, and 

are in agreement with other examples of mesoporous structures 

reported.134,135,116                          

               

 

Figure 66. N2 adsorption isotherms of MCM-41, MCM_L3Si, MCM_C9, MCM_C10, 
MCM_C11, MCM_C12 and MCM_L3Si materials at 77K. 

 

After reaction between MCM-41 and L3Si ligand a decrease in the specific 

surface area of 35 % (SBET), in the pore volume of 56.7 % and in the average BJH 

pore width of 20.3 % was observed for material MCM_L3Si (Table 26). 

Furthermore, after immobilizing each of the metallic fragments 1, 2, 3, 4 and 5 

the same trend of these parameters is observed. For example, a specific surface 

area of 49.6 %, a pore volume of 74.2 % and an average BJH pore width of 26.1 

% were measured for sample MCM_C9; or a specific surface area of 44.3 %, a 

pore volume of 59.8 % and an average BJH pore width of 20.4 % in sample 

MCM_C12. These changes are due to the presence of organomolybdenum (1, 2 

and 3) or organotungsten (4 and 5) molecules anchored to the channels, 
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partially blocking the adsorption of nitrogen molecules and mainly located in 

the internal surface of the mesoporous material. The pore size distribuition 

(PSD) curves (Figure 67) were calculated by the BJH method136 using the 

adsorption branch of the N2 isotherms. The average pore width clearly 

decreases during the immobilization steps, once again, owing to the 

immobilization of bulky groups into the MCM-41 channels.  

 

Figure 67. Pore size distribution curves of materials MCM-41, MCM_L3Si, MCM_C9, 
MCM_C10, MCM_C11, MCM_C12 and MCM_C13. 

 
Table 26. Textural parameters of materials MCM-41, MCM_L3Si, MCM_C9, MCM_C10, 

MCM_C11, MCM_C12 and MCM_C13 from the N2 isotherms at 77 K. 

Sample 
d100 
(Ǻ) 

SBET 
m

2
.g

-1
 

ΔSBET
a
 

(%) 
Vp 

cm
3
.g

-1
 

ΔVp
b
 

(%) 
dBJH

c
 

(nm) 

MCM-41 35.5 1037 - 0.97 - 3.60 

MCM_L3Si 35.9 674 35.0 0.42 56.7 2.87 

MCM_C9 35.9 523 49.6 0.25 74.2 2.66 

MCM_C10 36.1 628 39.4 0.39 59.8 2.67 

MCM_C11 36.4 609 41.3 0.44 54.6 2.85 

MCM_C12 45.0 578 44.3 0.39 59.8 2.85 

MCM_C13 35.8 458 55.8 0.27 72.2 2.53 

a – Variation of surface area in relation to parent MCM-41. 
b – Variationt of total pore volume in relation to parent MCM-41. 
c – Median pore width determined by the BJH method.  

 



An observation of the PSD curves from Figure 67 reveals that the position of 

the maximum decreases from 3.60 nm, in precursor material MCM-41 to, for 

example, 2.67 nm in MCM_C10 and 2.85 nm in MCM_C11 grafted samples. This 

indicates not only an increase in pore heterogeneity but also that the pores are 

being filled. The same observation was made for all the five new materials 

MCM_C9, MCM_C10, MCM_C11, MCM_C12 and MCM_C13. 

 

 Infra-red spectroscopy 

The FTIR spectra of MCM-41 and the grafted samples MCM-C9-MCM-C13 

are seen in Figure 68. Functionalized materials show characteristic bands of the 

supported species. The material MCM_L3Si exhibits a new band, compared to 

MCM-41 spectrum, around 1640 cm-1 due to C=N stretching vibrations from the 

imine part of the ligand L3Si. In MCM_C9 two new bands appear at 1833 and 

1938 cm-1 characteristic of the terminal CO stretching modes also present in the 

other grafted samples MCM_C10, MCM_C11, MCM_C12 and MCM_C13 at 

1871, 1946 and 2023 cm-1, at 1853, 1934 and 2003 cm-1, at 1876, 1952 and 

2023 cm-1 and at 1865, 1955 and 2015 cm-1, respectively. This wavenumbers 

appear shifted to lower values relative to their position in the precursor 

complexes 1, 2, 3, 4 and 5. The same shift is observed with the bands assigned 

to νC=N modes, present in the final materials MCM_C9, MCM_C10, MCM_C11, 

MCM_C12 and MCM_C13 spectra at 1618, 1606, 1610, 1616 and 1591 cm-1, 

respectively. These facts suggest coordination of the metal fragments 1, 2, 3, 4 

and 5 (electron-rich metal centers) to bidentate ligand L3Si, grafted on the 

MCM-41 surface. The electron transfer between metal and ligands strengthens 

the metal-C and the metal-N and weakens the C≡O and the C=N bond, as 

explained for the homogeneous system, reflecting a decrease in the vibrational 

frequencies of the C≡O and the C=N. 
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Figure 68. IR spectra of functionalized materials MCM_C9, MCM_C10, MCM_C11, 
MCM_C12 and MCM_C13. 

 

In the complexes containing materials, the silica framework main 

characteristic bands remain observed, at around 3200 and 1100 cm-1, assigned 

to O-H stretching of the surface silanol groups and Si-O-Si stretching vibrations. 

The more important characteristic vibrations for these materials are displayed 

in experimental part. The not so sharp peaks, observed for example for the CO 

stretching vibrations band, can be justified by the low percentage of metal 

loaded into the porous of the MCM_L3Si material. These percentages were 

measured by atomic absorption and reveal molybdenum contents of 4.8 wt % 

(0.48 mmolg-1) for MCM_C9, 5.9 wt % (0.59 mmolg-1) for MCM_C10 and 5.1 wt 

% (0.51 mmolg-1) for MCM_C11Si; tungsten contents were found of 4.5 wt % 

(0.45 mmolg-1) for MCM_C12 and 3.4 wt % (0.34 mmolg-1) for MCM_C13. The 

analysis for C, H and N are given in the experimental part and support the 

proposed formulation of the materials.  

 

 

 



 13C solid state NMR 

The 13C CP MAS NMR spectra from the allylic fragment material MCM_C9 

and from the dihalide tungsten supported samples MCM_C12 and MCM_C13 

(Figure 69) show signals from the immobilized metal fragment on MCM-41. The 

three carbon resonances from the alkyl chain of the ligand L3Si are seen at 9.53, 

20.94 and 42.25 ppm in MCM_C9, at 8.81, 21.28 and 43.80 ppm in MCM_C12, 

and at 9.97, 21.23 and 42.97 ppm in MCM_C13 spectrum and are assigned to 

SiCH2CH2CH2N, SiCH2CH2CH2N and SiCH2CH2CH2N, respectively. Two broad 

signals are also observed for the aromatic carbons of the pyridine ring in 

material MCM_L3Si at 123.21 and 127.48 ppm. In the metal supported 

materials MCM_C9, MCM_C12 and MCM_C13 these signals are displayed, also 

as broad signals, at 125.38 and 128.83 ppm, 125.04 and 129.51 ppm and 

126.16, 127.62 and 129.89 ppm, respectively. Two peaks are assigned to the 

ethoxysilane group, Si(OCH2CH3)3 from the grafted ligand. These signals can be 

seen at 17.64 and 58.26 ppm in MCM_C9, at 17.35 and 60.13 ppm MCM_C12 

and at 17.68 and 58.85 ppm in MCM_C13 spectrum for SiOCH2CH3 and 

SiOCH2CH3 carbons, respectively. The presence of these peaks can result from 

incomplete reaction of the ligand with the MCM-41 parent material. The 

spectra from the other grafted samples MCM_C10 and MCM_C11 and their 

most important resonances are shown in the experimental part.  

 

 29Si solid state NMR 

The functionalization of MCM-41 was also followed by 29Si CP MAS solid 

state NMR (Figures 70 and 71). As explained in detail before, MCM-41 29Si CP 

MAS NMR spectrum exhibits two broad resonances at -109.93 and -100.38 

ppm, assigned to Q4 and Q3 species of the silica framework, respectively Qn = 

Si(OSi)n(OH)4-n. A weak shoulder is also observed at -91.21 ppm for the Q2 
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species. The high intensities of the Q2 and the Q3 peaks indicate that a large 

number of OH groups are present at the surface material. 

 

Figure 69. 
13

C CP MAS NMR spectra of MCM_C9, MCM_C12 and MCM_C13. 

 

As expected, the 29Si CP MAS spectra of the grafted samples show identical 

signals, since the chemical environment of the Si atoms does not change during 

the tethering process. The first step of this immobilization process is the 

reaction between MCM-41 and silane ligand L3Si, resulting in the grafted 

material MCM_L3Si. Its 29Si spectrum displays three signals at -66.77, -57.38 

and -47.63 ppm, assigned to T3, T2 and T1, respectively Tn =RSi(OSi)n(OEt)3-n, 

characteristic of the silanol groups from the ligand L3Si. These observations 

together reflect an increase in the silicon bonds through oxygen bridges. After 

reaction with metallic fragment 1, the spectrum of MCM_C9 shows signals at -

109.85 (Q4), -102.25 (Q3), -66.30 (T3) and -58.62 ppm (T2), indicating the 

presence of the Q and T species. The species T3 remains as the most intense 

peak (within the T species range) indicating that RSi(OSi)3 is the main 

organosilica specie present at the MCM_C9 material surface. The decrease in 



the intensity of Q3 relative to Q4 reveals a majority of Si(OSi)4 species. A weak 

shoulder is also observed at -49.83 ppm (T1). 

 

Figure 70. 
29

Si CP MAS NMR spectra of materials MCM-41, MCM_L3Si and MCM_C9. 

 

In 29Si CP MAS NMR of materials MCM_C10, MCM_C11, MCM_C12 and 

MCM_C13 similar trends were observed, MCM_C10 and MCM_C12 being 

shown as an example in Figure 71. Resonances at -109.59 (Q4), -102.17 (Q3), -

66.77 (T3) and -58.40 ppm (T2) are observed in the spectrum of MCM_C10 and 

resonances at -109.98 (Q4), -103.28 (Q3), -67.70 (T3) and -58.40 ppm (T2) are 

observed for MCM_C12. The signals assigned to Q2 and T1 species do not 

appear in any of the final materials spectra, but some of them may be present. 

This trend is kept in all the five final materials after reaction with the metallic 

fragments 1, 2, 3, 4 and 5. Relative to parent MCM-41, the grafting of L3Si 

ligand results in a reduction of the Q3 species with a concomitant increase of Q4 

resonances, reflecting an increase of the Si(OSi)4 species, and confirming that 

the ligand was grafted successfully. These results are also consistent with an 

etherification of the isolated silanol groups (single and geminal), by nucleophilic 
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substitution in the silicon atom at the organic ligand. Similar spectra were 

obtained for MCM_C11 and MCM_C13 and are exhibited in the experimental 

part.  

 

Figure 71. 
29

Si CP MAS NMR spectra of MCM-41, MCM_L3Si, MCM_C10 and MCM_C12. 

 

3.4. Catalysis 

 General 

 

The thirteen new complexes C6-C18 and the eight new materials MCM_C6-

MCM_C8 (using as functional spacer linker L2Si) and MCM_C9-MCM_C13 (using 

as functional spacer linker L3Si) were tested as catalyst precursors for oxidation 



of geraniol, cis-3-hexen-1-ol, trans-3-hexen-1-ol, (S-)-limonene and 1-octene, as 

shown in Figure 72. For simplicity these substrates will be referred as geraniol, 

cis-3, trans-3, (S-)-limonene and 1-octene. The catalytic tests were performed 

under the same conditions as described before in chapter 2. The reaction was 

carried in a 25 mL vessel loaded with substrate (100%), catalyst (1% for 

homogeneous catalysts and 175 mg for heterogeneous catalysts), oxygen donor 

TBHP (200%), internal standard (DBE) and approximately 2 mL of solvent, 

dichloromethane. The reaction mixture was refluxed for 24 hours, the addition 

of the oxygen donor determining the initial time and samples of 100 μL were 

obtained 10 and 30 minutes after the reaction started, and after 1h, 1h30m, 2h, 

4h, 6h, 8h and 24h. Blank experiments were made using only substrate and 

TBHP. A conversion < 0.05 % was detected in the absence of the catalysts. The 

course of the 24 hours reaction was monitored using GC and the reaction 

products were identified using MS. Figure 64 exhibits a scheme of all the 

products obtained for each substrate.  

Conversions after 24 hours reaction time, TOFs (turn over frequencies after 

10 minutes reaction) and selectivity for the different products were calculated 

for each studied system. Table 27 shows an overview of all the calculated TOFs 

after 10 minutes reaction time (a measure of how fast the catalysts start their 

activity) for catalysts bearing C5H4NCY=N(CH2)2CH3 ligands, where Y = H (L2), CH3 

(L3) and Ph (L4) and their silicon analogues L2Si and L3Si, for each of the tested 

substrates. Highlighted in red are the TOFs above 450 mol. molMetal
-1. h-1. 
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Figure 72.  Representative scheme of the substrates tested (framed) and their reaction 
products detected by GC-MS. 

 

3.4.1. Complexes and materials bearing the C5H4NCH=N(CH2)2CH3 

ligand 

 Conversions and TOFs 

 

The homogeneous catalysts C6, C7 and C8 and each of their heterogeneous 

counterparts MCM_C6, MCM_C7 and MCM_C8 were tested for the oxidation 

catalysis of the substrates represented in Figure 64. The total conversions, 



calculated after 24 hours reaction time, their product selectivity, and the turn 

over frequencies, (TOFs) were calculated. 

The results are shown in Figure 73 (conversions) and in Tables 28-30 (TOFs, 

calculated after 10 minutes of the reaction, and selectivity). The catalytic 

activity of the molybdenum analogues [MoI2(CO)3(L2)] and [MoBr2(CO)3(L2)] 

was tested, in previous work, for the epoxidation of cis-ciclooctene, ciclohexene 

and styrene.7  

The best conversions and TOFs are achieved with homogeneous catalyst C6, 

the molybdenum η3-allyl dicarbonyl complex with ligand L2. Conversions, 

promoted by C6, for the oxidation of geraniol, cis-3 and (S-)-limonene are 100 % 

and for trans-3, 96.3 %, with TOFs of 467, 363, 451 and 371 mol. molMo
-1. h-1, 

respectively. Moreover, complex C6 presents 75.0 % conversion of 1-octene 

after 24 hours reaction (Figure 73).  

The tungsten complexes, C7 and C8, exhibit the same behavior, the best 

TOFs being achieved for the oxidation of geraniol, with 585 and 560 mol. molW
-

1. h-1, respectively. Conversions of 100 % for both geraniol and (S-)-limonene 

were observed. The conversion of cis-3 and trans-3 are similarly converted by 

C7 and C8 a higher conversion is achieved with substrate trans-3, but a higher 

TOF is observed for cis-3.  

Immobilization proved to be disadvantageous. Compared to the catalytic 

activity of their homogeneous counterparts, the supported complexes did not 

show better conversions after 24 hours reaction, nor better TOFs after 10 min 

reaction time. MCM_C6 still has high conversions for geraniol, trans-3, cis-3 and 

(S-)-limonene, but very low TOFs were observed, namely, 32, 9 and 53 mol. 

molMo
-1. h-1 for trans-3, cis-3 and (S-)-limonene, respectively, much lower than 

those of C6.  
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Table 27. Turn over frequencies (TOFs/ mol. molMetal
-1

. h
-1

) achieved in the presence of 
complexes C6-C18 and materials MCM_C6-MCM_C13. 

 

TOF 

 
cis-3 trans-3 geraniol 1-octene (S-)-lim 

C6 363 371 467 47 451 

C7 217 116 585 2 5 

C8 170 18 560 2 2 

MCM_C6 9 32 372 4 53 

MCM_C7 277 7 62 1 2 

MCM_C8 266 16 25 4 6 

C9 326 404 564 2 554 

C10 145 435 473 3 129 

C11 322 67 357 2 247 

C12 190 186 172 1 2 

C13 169 119 35 249 1 

MCM_C9 212 1 353 5 15 

MCM_C10 4 16 338 1 121 

MCM_C11 265 62 478 1 472 

MCM_C12 1 4 50 2 3 

MCM_C13 254 19 48 - 3 

C14 253 344 564 3 342 

C15 254 10 554 34 410 

C16 484 367 564 2 588 

C17 138 6 49 2 2 

C18 242 205 350 1 242 

 

Nonetheless, these results compared favorably with others reported 

previously. [MoX(η3-C3H5)(CO)2(DAB)], where X = Cl or Br and DAB = 1,4-

diazobutadiene, and their heterogeneous mesoporous analogues were tested 

by Saraiva et al,116 and although the homogenous systems reached 100 % 

conversions of Cy8 (cis-ciclooctene) and around 85 % for Sty (styrene) after 24 

hours reaction time, the loss of catalytic activity in the heterogeneous systems 

was small. Also the epoxidation of cis-cicloctene, by the heterogeneous catalyst 



MCM-[Mo(CO)4(L2)], decreased compared to that of [Mo(CO)4(L2)].21 

Moreover, and differently from their W(II) analogues, the [MoX2(CO)3(L)2], 

where X = I or Br and L = CH3CN or bidentate nitrogen ligand L2, proved to be 

active precursors in the epoxidation of cis-ciclooctene, ciclohexene and styrene. 

Additionally, their heterogeneous analogues led to new and, in this case, even 

more active catalysts.7 Having in mind the different substrates, the best 

catalytic performance, in both homogeneous and heterogeneous systems, was 

achieved with C6.  

 

 

Figure 73. Conversions of the five substrates using TBHP as oxygen donor at 55ᵒC in the 
presence of C6, C7 and C8 complexes and MCM_C6, MCM_C7 and MCM_C8 materials. 

 

The induction period to achieve a maximum rate (100 %) is longer, maybe 

owing to structural constraints, with the MCM_C6 catalyst, compared to the 

homogenous C6. Active species are inside the pores of the material, making it 

difficult to access the substrate. The same is observed with the tungsten 

supported materials, MCM_C7 and MCM_C8. These heterogeneous catalysts 

exhibit a conversion of 100 % in the oxidation of cis-3 with TOFs of 277 and 266 
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mol. molW
-1. h-1, respectively. Furthermore, they demonstrate, in the same 

reaction conditions as their homogeneous congeners, better catalytic activity, 

with better TOFs (Table 27). This can also be seen in the kinetic profiles 

(conversions as a function of time) shown in Figures 74 and 75. For most 

substrates, the reaction catalyzed by the allylic complex C6 reaches the 

maximum conversion after an induction period of 2 to 3 hours. MCM_C6 shows 

a longer induction time of 6 to 9 hours. 

 

tt  

Figure 74. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
C6 (left) and its heterogeneous counterpart MCM_C6 (right). 

 

Although similar catalytic active species containing Mo(VI) were probably 

formed, the required period to form them is different. For example, the kinetic 

profile of complex [WBr2(CO)3(L2)] (C8), in Figure 75, reveals that after 24 hours 

reaction time it achieves higher conversions than its heterogeneous analogue. 

Also, the maximum rate for the conversion of geraniol seems to be inferior in 

MCM_C8 than in C8, indicating that the low percentage of tungsten loaded 

inside the material became a limitation in the catalytic reaction.  

 



 

Figure 75. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
C8 (left) and its heterogeneous counterpart MCM_C8 (right). 

 

 Selectivity 
 

The oxidation of cis-3 and trans-3 in the presence of C6, C7, C8 and their 

mesoporous heterogeneous analogues, MCM_ C6, MCM_C7 and MCM_C8 

results, with 100 % selectivity, in the cis-3 epoxide (see Figure 72).  No other 

product was detected. The conversions calculated after 24 hours, and the TOFs 

calculated after 10 min reaction, are exhibit in Table 28.  

 
Table 28. Conversions (%), and turnover frequencies (*TOF / mol. molM

-1. h-1
) achieved in 

the oxidation of cis-3 and trans-3 in the presence of complexes C6-C8 and materials MCM_C6-
MCM_C8. 

Catalyst Subst. TOF* Conv. Catalyst Subst. TOF* Conv. 

C6 
Cis-3 363 100 

MCM_C6 
Cis-3 9 99.8 

Trans-3 371 96.3 Trans-3 32 95.2 

C7 
Cis-3 217 41.3 

MCM_C7 
Cis-3 277 100 

Trans-3 116 65.7 Trans-3 7 43.1 

C8 
Cis-3 170 28.9 

MCM_C8 
Cis-3 266 100 

Trans-3 18 67.4 Trans-3 16 50.8 

 

The three distinct reaction sites were identified from the oxidation of 

geraniol: oxidation of the primary alcohol group to its corresponding aldehyde, 
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oxidation in the 2,3 double bond or oxidation in the 6,7 double bond (Figure 

72). Moreover, simultaneous reaction in the 2,3 and the 6,7 double bonds can 

also occur. Oxidation of geraniol in the presence of the complexes and the 

materials bearing C5H4NCH=N(CH2)2CH3 ligand (L2) led to three main products: 

the aldehyde, the Z-2,3-oxyrane and the Z-6,7-oxyrane (referred as geranial, Z-

2,3 and Z-6,7). Selectivity was then calculated for each of these products in the 

reaction catalyzed by the homogeneous C6-C8 and the heterogeneous 

MCM_C6-MCM_C8.  
 

Table 29. Conversions (%), turnover frequencies (*TOF / mol. molMo
-1. h-1

) and selectivity 

achieved in the oxidation of geraniol and 1-octene in the presence of complexes C6-C8 and 
materials MCM_C6-MCM_C8. 

    Selectivity (%) 

Catalyst Subst. TOF* Conv. Ger-al Z-2,3 Z-6,7 1-oct 1,2-Epo 

C6 
Ger. 467 100 19.3 40.3 40.4   

1-Octe. 47 75.0    1.2 98.8 

C7 
Ger. 585 100 22.6 70.8 6.6   

1-Octe. 2 1    - - 

C8 
Ger. 560 100 13.7 84.2 2.1   

1-Octe. 2 8.7    32.9 67.1 

MCM_C6 
Ger. 372 100 19.6 69.8 10.7   

1-Octe. 4 22.8    15.3 84.7 

MCM_C7 
Ger. 62 88.9 55.3 40.9 3.8   

1-Octe. 1 8.8    54.9 45.1 

MCM_C8 
Ger. 25 74.9 26.2 39.8 34.0   

1-Octe. 4 16.2    89.5 10.5 

 

As is observed in Table 29, C7 and C8, the tungsten dihalide complexes 

exhibit a selectivity of more than 70 % for the Z-2,3 epoxide product. After 

immobilization of these complexes, their heterogeneous analogues do not 

present such high selectivities; instead, similar percentages of geranial (55.3 %) 

and Z-2,3 (40.9 %) were observed in the presence of MCM_C7, and similar 



percentages of geranial (26.2 %), Z-2,3 (39.8 %) and Z-6,7 (34.0 %) in the 

presence of MCM_C8. In this case, a loss of selectivity occurs after grafting the 

complexes C7 and C8. When C6 is the catalyst, the two double bonds, 2,3 and 

6,7, were preferentially epoxidized instead of the C=O bond to give geranial. A 

selectivity of 40 % was achieved for each of the Z-2,3 and Z-6,7 epoxides. The 

heterogeneous MCM_C6 exhibits higher selectivity towards the Z-2,3 epoxide.  

Only two products, 1-octanal and 1,2-epoxyoctane (1,2-epox), were 

observed in the catalytic oxidation catalysis of 1-octene (Figure 72) in the 

presence of C6, C7, C8 and their mesoporous heterogeneous analogues. The 

best selectivity for the 1,2 double bond epoxidation is observed for catalyst C6 

(98.8 %, Table 29). Complexes C7 and C8 exhibit very low conversions of 1-

octene after 24 hours reaction time; for C7, for example, conversion of 1-octene 

after 24 hours reaction was < 0.5 % and therefore selectivity was not 

considered. Complex C8 demonstrates a preference for the epoxide with a rate 

of 67.1 % after 24 hours reaction.  

Immobilizing the complexes C6, C7 and C8 decreases their selectivity 

towards 1,2-epoxyoctane, yet MCM_C6 achieves 84.7 % selectivity of the 1,2-

Epox (Table 29), and MCM_C8, on the other hand, shows a 89.5 % preference 

for the aldehyde, 1-octanal.  

The main reaction products from the oxidation of (S-)-limonene were the 

stereoisomers, referred to as Z-lim-OH and E-lim-OH (Figure 72). Another 

product also detected was the epoxidation of both the double bonds, referred 

to as di-epoxide (Figure 72).  

The homogeneous catalyst C6 reached 96.2 % of the di-epoxide. Only small 

traces (< 2.5 %) of the stereoisomers, single-site epoxides, Z-limox and E-limox 

were detected (Table 30). Its heterogeneous counterpart, MCM_C6, maintained 

the same selectivity, 87.6 % for the di-epoxide, and a small increase in each of 
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the 1,2 epoxides products. Small traces of the stereoisomers Z-lim-OH and E-

lim-OH were also detected (< 0.1 %). 

The two tungsten derivatives, C7 and C8, show a different trend from the 

molybdenum η3-C3H5 dicarbonyl complex (C6), leading preferentially to the 

single-site Z-1,2 epoxide product with 63.9 and 56.9 %, respectively. Their 

heterogeneous analogues MCM_C7 and MCM_C8, in the same reaction 

conditions, show the same preference for the 1,2 epoxide products of 48.4 and 

58.2 %, respectively. An interesting feature is the formation of equal 

percentages of the stereoisomers Z-lim-OH and E-lim-OH (11 %), in the 

presence of C7. After immobilizing this complex, MCM_C7, the selectivity 

towards the lim-OH stereoisomers products increases to 19.6 % (same amount). 

The di-epoxide was never detected for any of the tungsten catalysts, 

homogeneous or heterogeneous.  

 
Table 30. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of (S-)-limonene in the presence of complexes C6-C8 and materials 
MCM_C6-MCM_C8. 

   Selectivity (%) 

Catalyst TOF* Conv. Z-Limox E-Limox Z-Lim-OH E-Lim-OH di-Epox 

C6 451 100 2.4 1.4 0 0 96.2 

C7 5 100 63.9 14.0 11.1 11.0 0 

C8 2 100 56.9 25.8 7.4 9.9 0 

MCM_C6 53 100 6.2 6.0 0.1 0.1 87.6 

MCM_C7 2 16.8 12.4 48.4 19.6 19.6 0 

MCM_C8 6 25.3 27.3 58.2 6.4 8.1 0 

 

3.4.2. Complexes and materials bearing C5H4NCCH3=N(CH2)2CH3 ligand 

 Conversions and TOFs 

 

Complexes C9-C13 demonstrate, in a general view (Figure 76), high 

conversions for geraniol, trans-3 and cis-3 substrates. The best catalytic 



performance (TOFs after 10 minutes reaction and conversions after 24 hours 

reaction time) is achieved by complex C9. The oxidation of geraniol, tran-3, cis-3 

and (S-)-limonene in the presence of this complex display TOFs of 564, 371, 326 

and 451 mol. molMo
-1. h-1, respectively, and conversions of 100, 87.7, 98.9 and 

100 %, respectively (Table 27).  

The molybdenum dihalide complexes, C10 and C11, display higher 

conversions and TOFs compared to their tungsten congeners, C12 and C13, a 

fact that suggests an influence by the metal center. The complexes C10 and 

C11, for example, exhibit conversions of 97.2 and 98.0 %, respectively, for the 

oxidation of geraniol with TOFs of 473 and 357 mol. molMo
-1. h-1, respectively. 

Also C10 and C11 convert 88.4 and 98.4 % of cis-3 with TOFs of 145 and 322 

mol. molMo
-1. h-1, respectively. The tungsten dihalide complexes C12 and C13 

oxidate geraniol, cis-3 and trans-3 with high conversions (≈ 90 %), but in this 

case, with small TOFs. This indicates that, in this type of catalysts, M_L3 where 

M = 1, 2, 3, 4 and 5, the tungsten analogues (C12 and C13) need a longer 

induction time to form the active species, Mo(VI). 

 

Figure 76. Conversions of the five substrates using TBHP as oxygen donor at 55ᵒC in the 
presence of C9, C10, C11, C12 and C13 complexes.  
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The kinetic profiles of the two molybdenum complexes, C10 and C11, are 

shown in Figure 77. The conversions as function of time reveal that the iodide 

derivative (C10) is more active towards the oxidation of geraniol > trans-3 > cis-

3 > (S-)-limonene > 1-octene than the bromide one, (C11) which prefers cis-3 > 

(S-)-limonene > geraniol > trans-3 > 1-octene. Moreover, it is also observed that 

in most cases, the maximum conversion is achieved after the induction period 

of approximately 8 hours, (Figure 77). The required period to form the active 

species containing Mo(VI) is slightly different, but similar catalytic species were 

probably formed.142,99  

 

Figure 77. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
C10 (top) and C11 (bottom). 
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These catalytic results can be compared with the ones obtained in the 

presence of catalysts containing the ligand L2, namely C6, C7 and C8 (See 3.4.1). 

The ligand methyl group does not seem to have a direct influence in the 

catalytic activity of these types of complexes, though there is an improvement 

towards certain substrates. For C6, and C9, its L3 analogues, this difference is 

not much significative; very high conversions and TOFs for the oxidation of 

geraniol, trans-3, cis-3 and (S-)-limonene are achieved in the presence of both 

catalysts. Higher TOFs, though, are registered in with the catalyst C9 for the 

oxidation of geraniol and (S-)-limonene. The increase goes from 467 to 564 mol. 

molMo
-1. h-1 and from 451 to 554  mol. molMo

-1. h-1, respectively, as can be seen 

in Table 27. Within the tungsten derivatives it depends on the substrates. For 

(S-)-limonene for example, small conversions are obtained for the C12 and C13 

complexes; with C7 and C8, their L2 analogues, 100 % is achieved after 24 h 

reaction; a different trend is observed for the oxidation of cis-3, where C7 and 

C8 exhibit 41.3 and 28.9 % conversions, respectively, and C12 and C13 99.6 and 

100 %, respectively.  

Conversions achieved in the presence of MCM_C9, MCM_C10, MCM_C11, 

MCM_C12 and MCM_C13 are shown in Figure 78 and the calculated TOFs are 

listed in Tables 31-33. The molybdenum containing heterogeneous catalysts, 

MCM_C9, MCM_C10 and MCM_C11 exhibit the best conversions and, in some 

cases, the best TOFs. For example, in the oxidation of geraniol and cis-3 these 

three materials display conversions of 100 % with TOFs of 353, 338 and 478 

mol. molMo
-1. h-1, and of 212, 4 and 265 mol. molMo

-1. h-1, respectively. The 

tungsten derivatives, MCM_C12 and MCM_C13, register their best result for 

the oxidation of geraniol, with conversions of 70.2 and 100 %, and TOFs of 50 

and 48 mol. molW
-1. h-1, respectively.  
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The MCM_C9-MCM_C13 type materials show higher conversions than their 

homogeneous counterparts, but smaller TOFs. This indicates that the 

heterogeneous species need a longer induction period to form the active 

species. Such fact can be explained by the difficult access to the active species, 

as in these mesoporous materials the complex is immobilized inside the MCM-

41 channels.  

 

Figure 78. Conversions of the five substrates using TBHP as oxygen donor at 55ᵒC in the 
presence of MCM_C9-MCM_C13 materials 
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also the required induction period to achieve the maximum rate decreases from 

8 to approximately 5 hours.  

 

Figure 79. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
materials MCM_C10 (top) and MCM_C11 (bottom). 

 

 Selectivity  

 

The five homogeneous catalysts C9-C13 and their heterogeneous 

counterparts MCM_C9-MCM_C13 selectively catalyze the oxidation of cis-3 and 

trans-3 to their epoxide products, according to Figure 64. No other products 

were detected after 24 hours reaction time. The conversions (calculated after 
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24 h reaction) and TOFs calculated after 10 min reaction for these two 

substrates are presented in Table 31. 

The oxidation of geraniol in the presence of the molybdenum complexes C9 

and C10 gives 100 % selectivity (Table 32) for the epoxidation of the 2,3 double 

bond, the Z-2,3-oxyrane product (Scheme in Figure 72). In their heterogeneous 

analogues, MCM_C9 and MCM_C10, the selectivity decreases to 92.4 and 56.0 

%, respectively. With the tungsten dihalide complexes, C12 and C13, the 

selectivity towards the Z-2,3-oxyrane was lower, yet above 78.0 %. A small 

amount (≈ 20 %) of geranial is formed with these two catalysts. In addition, with 

the heterogeneous catalysts, MCM_C12 and MCM_C13, a loss of selectivity, 

compared to their homogeneous analogues, is observed. The loss of selectivity 

towards Z-2,3 leads to an increase of Z-6,7, with, for example, 35.9 and 33.7 % 

selectivity in the presence of MCM_C10 and MCM_C12, respectively. In all the 

heterogeneous catalysts, less than 10 % of geranial was found. 

 
Table 31. Conversions (%) and turnover frequencies (*TOF / mol. molMo

-1. h-1
) achieved in 

the oxidation of cis-3 and trans-3 in the presence of complexes C9-C13 and materials MCM_C9-
MCM_C13. 

Catalyst Subst. TOF* Conv. Catalyst Subst. TOF                    Conv. 

C9 
Cis-3 326 98.9 

MCM_C9 
Cis-3 212 100 

Trans-3 404 87.7 Trans-3 1 90.2 

C10 
Cis-3 145 99.4 

MCM_C10 
Cis-3 4 100 

Trans-3 435 99.3 Trans-3 16 93.3 

C11 
Cis-3 322 98.4 

MCM_C11 
Cis-3 265 100 

Trans-3 67 88.6 Trans-3 62 100 

C12 
Cis-3 190 99.6 

MCM_C12 
Cis-3 1 21.3 

Trans-3 186 89.3 Trans-3 4 55.7 

C13 
Cis-3 169 100 

MCM_C13 
Cis-3 254 40.2 

Trans-3 119 89.6 Trans-3 19 19.3 

 
 



Table 32. Conversions (%), turnover frequencies (*TOF / mol. molMo
-1. h-1

) and selectivity 

achieved in the oxidation of geraniol and 1-octene in the presence of complexes C9-C13 and 
materials MCM_C9-MCM_C13. 

    Selectivity (%) 

Catalyst Subst. TOF* Conv. Geranial Z-2,3 Z-6,7 1-oct 1,2-Epox 

C9 
Ger. 564 100 0 100 0   

1-Octe. 2 26.3    7.7 92.3 

C10 
Ger. 473 97.2 0 100 0   

1-Octe. 3 32.7    4.5 95.5 

C11 
Ger. 357 98.0 2.0 90.4 7.6   

1-Octe. 2 67.8    6.4 93.6 

C12 
Ger. 172 89.2 18.0 81.3 0.7   

1-Octe. 1 41.6    0.3 99.7 

C13 
Ger. 35 85.6 20.5 78.4 1.1   

1-Octe. 249 44    0.1 99.9 

MCM_C9 
Ger. 353 100 3.0 92.4 4.6   

1-Octe. 5 20    71.3 28.7 

MCM_C10 
Ger. 338 100 8.1 56.0 35.9   

1-Octe. 1 12.6    77.6 22.4 

MCM_C11 
Ger. 478 100 1.8 70.5 27.7   

1-Octe. 2 26    76.1 23.9 

MCM_C12 
Ger. 50 70.2 2.6 63.7 33.7   

1-Octe. 2 10.6    77.0 23.0 

MCM_C13 
Ger. 48 100 0 70.8 29.2   

1-Octe. - -    - - 

 

The metal center, the halogen and the homogeneous/heterogeneous 

character of the catalyst, influence the catalytic activity, and a pattern could be 

established. When the catalyst metal center goes from molybdenum (C10 and 

C11) to tungsten (C12 and C13) and the ligands from iodide (C10 and C12) to 

bromide (C11 and C13), a decrease in their selectivity follows C10 > C11 > C12 > 

C13. Moreover, in the heterogeneous counterparts, the three bromide species, 

MCM_C9, MCM_C11 and MCM_C13, independently from the metal, exhibit the 
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higher selectivity towards Z-2,3, 92.4, 70.5 and 70.8 %, respectively. Their 

iodide analogues, MCM_C10 and MCM_C12 display also a preference for the 

epoxidation of the 2,3 double bond, though with lower selectivity of, 56.0 and 

63.7 %, respectively.  

The oxidation of 1-octene in the presence of the homogeneous catalysts C9, 

C10, C11, C12 and C13 favors 1,2-epoxyoctane by more than 90 % (Table 32). 

This preference seems to be higher in the reactions promoted by the tungsten 

derivatives, C12 (99.7 %) and C13 (99.9 %), where only small traces of 1-octanal 

were detected (< 0.5 %). Their heterogeneous counterparts exhibit a different 

trend, with a preference for the aldehyde product, 1-octanal, of more than 70 

%. This indicates that supporting the catalysts influences selectivity. In contrast 

to the results observed for the oxidation of geraniol, the mesoporous materials 

form the aldehyde in the oxidation of 1-octene.  

Five reaction products were identified in the oxidation of (S-)-limonene with 

TBHP promoted by the homogeneous catalysts C9-C13, and their 

heterogeneous counterparts MCM_C9-MCM_C13. As described before these 

products were stereoisomers Z-limox, E-limox, Z-lim-OH and E-lim-OH and, 

when epoxidation occurs in both olefinic sites of the molecule, di-epoxide, 

according to Figure 72.  

The molybdenum homogeneous catalysts, C9, C10 and C11, exhibit as main 

oxidation product the di-epoxide, with 95.3, 90.7 and 80.0 % selectivity, 

respectively, together with traces of the Z-limox and E-limox, as shown in Table 

33. The stereoisomers Z-lim-OH and E-lim-OH were not detected in the 

presence of C9 and C10 and only a small percentage was observed in the 

presence of the molybdenum dibromide complex C11 (< 0.1 %). With their 

tungsten analogues, C12 and C13, a different selectivity is observed. Z-limox 

and E-limox appear also as the major oxidation product, with 60.3 % preference 

for Z-limox (C12), and equal percentages (38.0 %) of each of the isomers (C13).  



Under the same reaction conditions, molybdenum containing materials 

MCM_C9, MCM_C10 and MCM_C11 exhibit a different trend. No traces of the 

di-epoxide were detected in the presence of the materials MCM_C10-

MCM_C13. The material containing η3-C3H5 dicarbonyl species, MCM_C9, 

maintains a high selectivity towards the di-epoxide (83.8 %) a 9.7 % of the Z-1,2 

double bond epoxidation and 6.5 % for the E-1,2 product are also detected. In 

the presence of MCM_C10 and MCM_C11, the main oxidation product is E-

limox, 69.0 and 89.5 %, respectively. The dihalide molybdenum complexes lose 

their selectivity towards the diepoxide after immobilization.  

The tungsten heterogeneous catalysts MCM_C12 and MCM_C13 exhibit a 

loss of selectivity towards the 1,2-epox. Similar percentages, around 45.0 %, are 

observed for Z-limox and E-limox and less than 5 % for the stereoisomers Z-lim-

OH and E-lim-OH. 

 
Table 33. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of (S-)-limonene in the presence of complexes C9-C13 and materials 
MCM_C9-MCM_C13. 

   Selectivity (%) 

Catalyst TOF* Conv. Z-Limox E-Limox Z-Lim-OH E-Lim-OH di-Epox 

C9 554 100 4.2 0.5 0 0 95.3 

C10 129 100 5.0 4.3 0 0 90.7 

C11 247 99.8 8.4 11.4 0.1 0.1 80.0 

C12 2 4.8 60.3 1.3 19.2 19.2 0 

C13 1 23.9 38.0 38.0 10.4 13.6 0 

MCM_C9 15 100 9.7 6.5 0 0 83.8 

MCM_C10 121 100 29.3 69.0 0.7 1.0 0 

MCM_C11 472 100 7.1 89.5 1.7 1.7 0 

MCM_C12 3 35.1 45.7 45.1 4.9 4.3 0 

MCM_C13 3 22.7 48.9 45.0 3.8 2.3 0 
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From these results it is possible to conclude that for the complexes with 

ligand C5H4NCCH3=N(CH2)2CH3 (L3) and their heterogeneous counterparts, 

homogeneous catalysts lead to higher selectivity towards a specific product. 

Molybdenum complexes have a higher selectivity for the di-epoxide product, 

and the tungsten ones for the stereoisomers single-site epoxides, Z-limox and E-

limox.  

With the exception of the material containing η3-C3H5 dicarbonyl fragment 

(MCM_C9), the immobilized molybdenum containing materials MCM_C10 and 

MCM_C11 exhibit a different preference in their product selectivity, compared 

to their homogeneous counterparts. All tungsten catalysts have the same 

selectivity, homogeneous analogues, have lower rates. Moreover, by changing 

the metal center on the homogeneous catalysts, or simply by immobilizing it in 

a mesoporous support, the oxidation of (S-)-limonene can be tuned towards a 

specific product. 

 

3.4.3. Complexes bearing C5H4NCPh=N(CH2)2CH3 ligand 

 Conversions and TOFs 

 

The total conversions, calculated after 24 hours reaction time, the selectivity 

of each homogeneous catalyst and the TOFs, were calculated for complexes 

C14, C15, C16, C17 and C18. These catalysts were obtained by reaction between 

precursor complexes 1, 2, 3, 4 and 5 with ligand C5H4NCPh=N(CH2)2CH3 L4, and 

results are given in Figure 80 (conversions) and in Tables 34-36 (TOFs, 

calculated after 10 minutes of the reaction).  

Among the complexes, the allyl complex C14 and the molybdenum diiodide 

complex C16 exhibit the best activities, with 100 % conversion of geraniol, 

trans-3, cis-3 and (S-)-limonene and with TOFs of, for example 564, 344, 253 

and 93 mol. molMo
-1. h-1, respectively for C14. Furthermore, among all the 



complexes and materials tested in this work, the best conversion of 1-octene 

was achieved in the presence of C14, with 85.5 % after 24 hours reaction time. 

In the tungsten dihalide derivatives, C17 and C18, conversions and TOFs 

decrease compared to the ones obtained for complexes with ligand L3 or L2, 

but are still satisfactory, as shown for example, in 86.4 (C17) and 92.2 % (C18) 

conversion of geraniol (after 24 h reaction time), with TOFs of 49 and 350 mol. 

MolW
-1. h-1, respectively.  

 

 

Figure 80. Conversions of the five substrates using TBHP as oxygen donor at 55ᵒC in the 
presence of C14-C18 complexes. 

 

As is observed in Figure 80, the species containing bromide, C16 and C18, 

were more active than their iodide analogues, C15 and C17. In addition, 

molybdenum catalysts C15 and C16 were more active than their tungsten 

analogues C17 and C18 following the trend reported in similar catalyic oxidation 
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iodide catalysts C15 and C17. For the oxidation of geraniol, cis-3, trans-3, (S-)-

limonene and 1-octene, the C17 catalyst requires not only a longer period of 

time to start its catalytic activity (lower TOFs), but also after 24 hours the 

maximum rate of conversions is inferior to its molybdenum analogues C15. The 

same was observed for the bromide analogues, but the differences where 

smaller suggesting a different influence of the bromide ligand in the oxidation 

reaction. 

 

Figure 81. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
C15 (top) and C17 (bottom). 



 Selectivity 

 

As already observed for all the complexes and materials tested previously in 

this work, only one product was identified in each of the oxidation reactions of 

cis-3 and trans-3. The five catalysts C14-C18 maintain the same trend as before, 

selectively catalyzing the oxidation of cis-3 and trans-3 to their epoxide 

products, according to Figure 72. No other products were detected after 24 

hours reaction time. The conversions (calculated after 24h reaction) and TOFs 

calculated after 10 min reaction for these two substrates is given in Table 34.  

 
Table 34. Conversions (%) and turnover frequencies (*TOF / mol. molMo

-1. h-1
) achieved in 

the oxidation of cis-3 and trans-3 in the presence of complexes C14-C18. 

Catalyst Substrate TOF* Conversions  

C14 
Cys-3 253 100 

Trans-3 344 100 

C15 
Cys-3 254 96.6 

Trans-3 10 61.1 

C16 
Cys-3 484 100 

Trans-3 367 100 

C17 
Cys-3 138 99.3 

Trans-3 6 74.9 

C18 
Cys-3 242 92.2 

Trans-3 205 82.3 

 

Three different products result from the oxidation of geraniol, in the 

presence of C14, C15, C16, C17 and C18: geranial, and the single-site epoxides 

Z-2,3-oxyrane and Z-6,7-oxyrane (Table 35). The C14 complex displays a high 

selectivity towards the epoxidation of the 2,3 double bond (96.8 %), small 

traces of geranial (3.2 %) being also registered. No Z-6,7 was not detected.  

The molybdenum dihalide complexes, C15 and C16, exhibit different product 

selectivity. The complex containing iodide (C15) shows a preference for geranial 
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(40.3 %) and for Z-2,3-oxyrane (58.7 %). Its bromide analogues leads to equal 

percentages of 49.1 % for each of the epoxides Z-2,3 and Z-6,7. Their tungsten 

analogues, C17 and C18, show the same trend. The oxidation of geraniol in the 

presence of the tungsten iodide species, C17, exhibits a preference for geranial 

and Z-2,3 epoxide, of 27.6 and 63.4 %, respectively. Its bromide congener C18, 

on the other hand, promotes the formation of the same amounts (45.8 %) of 

each of the Z-2,3 and Z-6,7 epoxides.  

 
Table 35. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of geraniol and 1-octene in the presence of complexes C14-C18. 

    Selectivity (%) 

Catalyst Subst. TOF* Conv. Ger-al Z-2,3 Z-6,7 1-Oct 1,2-Epox 

C14 
Ger. 564 100 3.2 96.8 0   

1-Octe. 3 85.5    0.8 99.2 

C15 
Ger. 554 100 40.3 59.7 0   

1-Octe. 34 29.8    5.7 94.3 

C16 
Ger. 564 100 1.8 49.1 49.1   

1-Octe. 2 34.0    2.4 97.6 

C17 
Ger. 49 86.4 27.6 63.4 9.0   

1-Octe. 2 4.7    22.8 77.2 

C18 
Ger. 350 92.2 8.4 45.8 45.8   

1-Octe. 1 38.8    6.9 93.1 

 

The main product observed in the oxidation of 1-octene by complexes C14-

C18 results from epoxidation on the 1,2 olefinic bond (Table 35). The species 

containing molybdenum and bromide, C14 and C16, lead to higher selectivity of 

99.2 and 97.6 %, respectively. These results reveal another example of a higher 

selectivity of the molybdenum complexes compared to the tungsten ones, in a 

relation of C14 > C16 > C15 > C18 > C17. The same five main products as before 

were identified in the oxidation of (S-)-limonene with TBHP in the presence of 



C14-C18 catalysts (Table 36): stereoisomers Z-limox, E-limox, Z-lim-OH, E-lim-

OH and di-epoxide (Figure 72). 

 
Table 36. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of (S-)-limonene in the presence of complexes C14-C18. 

   Selectivity (%) 

Catalyst TOF* Conv. Z-Limox E-Limox Z-Lim-OH E-Lim-OH di-Epox 

C14 342 100 7.0 6.2 1.6 1.4 83.8 

C15 410 100 1.1 1.3 0.9 1.1 95.6 

C16 588 100 7.4 4.4 0 0 88.2 

C17 2 100 12.5 13.9 0.5 0.9 72.2 

C18 242 33.3 15.2 16.3 7.5 11.4 49.6 

 

The highest selectivity rate was observed for the molybdenum diiodide 

catalyst, C15, with 95.6 % preference for the di-epoxide, followed by the other 

two molybdenum complexes, the dibromide C16 and the allylic C14 with 88.2 

and 83.8 %, respectively. Less than 10 % was found of each of the single-site 

epoxides, Z-limox and E-limox. In the presence of C14 and C15 less than 2 % for 

the stereoisomers Z-lim-OH and E-lim-OH was detected. The tungsten 

analogues, C17 and C18, show an increase of the selectivity towards the two 

epoxide products (Z-limox and E-limox), but the highest selectivities at 72.2 and 

49.6 %, respectively for the di-epoxide, whereas each of the epoxides, Z-limox 

and the E-limox, appear with an average of 15 % for both systems. 

 

3.4.4. Conclusions 

 

The allyl complex (C14) with ligand L4 displays the highest conversions 

relative to its analogues C6 and C9 with L2 and L3, following the order C14 > C9 

> C6. The presence of a benzene ring, in the ligand of the molybdenum η3-C3H5 

dicarbonyl complex, C14, makes it a more reactive species towards the 
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oxidation catalysis of the studied substrates on the other hand, the TOFs are 

higher for C9, than for C6, which the complex C14 exhibits (with the exception 

of conversion of geraniol) lower TOFs. The oxidation reaction in the presence of 

C14, in the same conditions, requires a longer induction period to form the 

active species but, afterwards, it achieves the maximum conversion faster, 

indicating also that similar active species containing Mo(VI) were probably 

formed.  

For the tested tungsten complexes, higher conversions are achieved for the 

oxidation of geraniol and (S-)-limonene, in the presence of complexes, C7 and 

C8, containing ligand L2, compared to C12 and C13, with L3 and C17 and C18, 

with L4. In an opposite trend, when testing the oxidation of trans-3 and cis-3, 

the influence of a benzene ring in complexes C17 and in C18, lead to higher 

conversions and TOFs. The same is observed in the molybdenum dihalide L3 

complexes, C10 and C11, compared to their L4 analogues, C15 and C16; the 

presence of an aromatic ring increases the catalytic activity of these complexes 

in terms of conversions and TOFs. Additionally, it was observed for the Mo 

complexes with ligand L4 to be more selective for a single product, than their 

tungsten analogues. 

As was mentioned before, these results prove together that the activity of 

the tested catalysts depends on the nature of the organic ligand L, the halogen 

X, the metal center, Mo or W and the homogeneous/heterogeneous character.  

Comparing the catalytic activity and selectivity of complexes obtained with 

the three different ligands L2, L3 and L4, the main oxidation products observed 

are epoxides. The catalysts were able to oxidize selectively the olefinic bonds in 

geraniol, cis-3, trans-3, (S-)-limonene and 1-octene. It has been shown that 1-

octene reacts extremely more slowly than other substrates; this might be due 

to being an unfuctionalized and unactivated olefin.90  



The selectivity towards the epoxide changes, when replacing the hydrogen in 

the ligand L2 with a methyl (L3) and subsequently with a phenyl group (L4). For 

example, in the oxidation of geraniol, the percentage of Z-2,3-oxyrane is 40.3 

and 70.8 % in the presence of complexes C6 and C7 (both with ligand L2), 

respectively, and 100 and 81.3 % in the presence of the L3 analogues, C9 and 

C12, respectively. The conversion of di-epoxide promoted by molybdenum 

dihalide L3 complexes, C10 and C11, is 90.7 and 80.0 %, respectively, increasing 

when this reaction takes place with catalysts C15 and C16 (their L4 analogues) 

to 95.6 and 88.2 %, respectively. Another example, is the selectivity towards the 

1,2-epoxyoctane, observed in the presence of the tungsten-iodide catalysts, C7 

with ligand L2 (no reaction occurs), C12 with ligand L3 (99.7 %) and C17 with 

ligand L4 (77.2 %), and by their bromide congeners C8 (67.1 %), C13 (99.9 %) 

and C18 (93.1 %), respectively. These facts suggest that the ligand substituent 

influences not only the reaction mechanism, but also the electronic situation of 

the metal and thus the catalytic performance, TOFs and conversions. 

Comparing the metal centers, an increase in the activity is observed when 

going from W to Mo, as was shown before for similar systems, using TBHP as 

the oxidant source.91 It has been reported that molybdenum complexes 

demonstrate a higher activity in the presence of TBHP whereas their tungsten 

analogues perform better when using H2O2. It would be an interesting 

extension to this work to investigate these complexes, and their heterogeneous 

congeners, in the epoxidation of the same substrates but in the presence of 

H2O2. 

Immobilizing the complexes in mesoporous MCM-41 material changes their 

selectivity towards the aldehyde product; it increases, showing that the 

structure of the material is a very important factor also for the reaction 

mechanism. It has been shown that the lower reactivity of the heterogeneized 
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catalysts may be due to problems of access of the active sites. A one-

dimensional pore opening of MCM-41 structure might influence this access. 
 



 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Chapter 4. 
Immobilization of nitrile complexes without spacer ligand in mesoporous MCM-

41: synthesis, characterization and catalytic activity 
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4.1. Synthesis and characterization of the materials 

 

Mesoporous silicates are widely used as inorganic supports, particularly 

MCM-41, a member of the M41S family of ordered mesoporous siliceous 

materials, and as described in the present work, formed by a surfactant 

templating method.127 Modification of this mesoporous material can be 

performed in two different ways, by reaction of the metal fragments derivatives 

with a covalently bonded linker (indirect grafting or thetering), or by direct 

reaction between the metal active sites and the silicon surface functions, also 

called as direct grafting.146,157  

Following the direct grafting synthetic route, five new materials were 

obtained by reaction of each of the [MoBr(η3-C3H5)(CO)2(CH3CN)2] (1), 

[MoI2(CH3CN)2(CO)3] (2), [MoBr2(CH3CN)2(CO)3] (3), [WI2(CH3CN)2(CO)3] (4) and 

[WBr2(CH3CN)2(CO)3] (5) catalysts, with a hydroxyl group from the mesoporous 

sieves, resulting in the elimination of HX, according to Scheme 20. A mixture of 

1 mmol of each of the metal fragment precursors 1, 2, 3, 4 and 5 in dry 

dichloromethane, with approximately 1 g of pristine MCM-41 suspension in dry 

toluene, was refluxed for 24 hours.  
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MCM_2 M = Mo; X = I
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MCM_5 M = W; X = Br

Scheme 20. 



This synthesis takes place in a one step reaction (Scheme 20) and after 

filtering the solution and drying the resulting powder under vacuum, MCM_1, 

MCM_2, MCM_3, MCM_4 and MCM_5 were obtained. The five new materials 

were characterized by elemental analysis, X-ray powder diffraction, N2 nitrogen 

sorption, FTIR, 13C CP MAS solid state NMR and 29Si MAS and CPMAS solid state 

NMR. The spectroscopic characterization of the five new materials is very 

similar and therefore a detailed discussion will not be given for all of them. 

 

 X-ray powder diffraction  

The powder XRD patterns of the MCM-41 precursor material and of the 

metal functionalized materials MCM_1, MCM_2, MCM_3, MCM_4 and MCM_5 

are shown in Figure 82. The X-ray diffraction powder of MCM-41 shows a four 

peak pattern with a very strong d100 = 35.5 Å reflection at 2θ = 2.49, 

corresponding to a lattice constant of a = 40.99 (2d100/√3), and three other 

weaker peaks at 2θ = 4.28, 4.94 and 6.52 for the reflections d110, d200 and d210, 

respectively, from the quasi-regular arrangement of mesopores with hexagonal 

symmetry, indicating the sample to be well ordered.127,7,158  

The XRD data of the metal containing materials is consistent with the 

retention of the hexagonal mesoporous structure, throughout the grafting 

process. A strong d100 reflection is still observed, while only the d110 and d200 are 

present among the weaker reflections. Compared to the parent MCM-41, the 

grafted samples show a decrease in the peaks relative intensities, most likely 

owing to a decrease in the surface uniformity, and a broadening of the XRD 

reflections, some shifted to higher 2θ values (Table in Figure 82). The lattice 

parameter a0, in all five grafted samples increases, compared to the parent 

MCM-41, indicated expansion of the unit cell. This increase is due to the 

introduction of bulky groups (1, 2, 3, 4 and 5) inside the MCM-41 pore channels. 

This process reduces the defect sites of the material, resulting in a more dense 
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structure with a lower a value corresponding to higher d, as can be seen in 

Table 37. This should not be interpreted as a loss of cristallinity but rather a 

reduction in the X-ray scattering contrast between the silica walls and the pore-

filling complexes, also observed for other mesoporous samples.131,132 The 

results indicate that the structure of the mesoporous materials remains intact 

after the grafting procedure.  

 

 

Figure 82. XRD powder pattern and parameters obtained of MCM-41, MCM_1, MCM_2, 
MCM_3, MCM_4 and MCM_5 materials. 

 
Table 37. Textural parameters for MCM-41, MCM_1, MCM_2, MCM_3, MCM_4 and MCM_5 

materials from the N2 isotherms at 77 K. 

Sample d100 (Å) 
SBET 

m
2
.g

-1
 

ΔSBET
a
 

(%) 
Vp 

cm
3
.g

-1
 

ΔVp
b
 (%) 

dBJH
c
 

(nm) 

MCM-41 35.5 1037.0 - 0.97 - 3.60 

MCM_1 36.8 615.9 41 0.53 45 3.19 

MCM_2 36.5 630.3 40 0.58 40 3.19 

MCM_3 36.2 722.1 30 0.61 37 3.20 

MCM_4 35.8 768.2 26 0.63 35 3.12 

MCM_5 36.4 697.3 33 0.57 41 3.28 

a – Variation of surface area in relation to parent MCM-41. 
b – Variationt of total pore volume in relation to parent MCM-41. 
c – Median pore width determined by the BJH method.  



 Nitrogen sorption studies 

The textural properties were calculated from the nitrogen adsorption 

isotherms measured at 77 K. Pristine MCM-41 exhibits a reversible type IV 

isotherm (Figure 83), according to the IUPAC classification,133 characteristic of 

mesoporous solids. A well defined sharp inflection is observed between the 

relative pressures (p/p0) of 0.3-0.4 due to capillary condensation of nitrogen, 

and the pore size distribution (PSD) curve is quite narrow with a 3.60 nm 

diameter.  

A decrease in the N2 uptake is reflected by a reduction of the surface area 

and the pore volume in all the five materials MCM_1, MCM_2, MCM_3, 

MCM_4 and MCM_5. Nevertheless, the structure of the mesoporous material 

remains intact after the grafting process; the final materials display reversible 

type IV N2 adsorption isotherms. The resulting SBET and Vp values, shown in 

Table 37, lie within the expected ranges, observed before for this type of 

ordered mesoporous silica.134,135 The functionalized materials exhibit also a 

broader hysteresis loop and a pore size distribution with average pore diameter 

of 3.10 nm, indicating not only a decrease in the uniformity of the pore size, but 

also that the organometallic fragments are grafted in the mesoporous host 

material and mainly located in its internal surface. For example, the relative 

decrease in SBET and Vp, for material MCM_1 (molybdenum-allyl fragment) 

relative to the MCM-41 host material is of 41 % and 45 %, respectively, and for 

MCM_4 (tungsten iodide fragment) is 26 % and 35 % (Table 34). These values 

are in agreement with the decrease of the p/p0 coordinates of the inflection 

points of the isotherms. The grafted materials exhibit an average of 35 % 

decrease in the surface area and about 40 % in the pore volume size. The 

calculated textural parameters, using the BJH method,136 XRD parameters and 

adsorption/desorption isotherms, are summarized in Table 37. The values 
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obtained are comparable with other modified mesoporous silicas previously 

reported.7,116,124 

 

 

Figure 83. N2 adsorption isotherms at 77 K and pore size distribution curves of MCM_M (M = 1, 
2, 3, 4 and 5) type materials. 

 

The percentage of metal (molybdenum in materials MCM_1, MCM_2 and 

MCM_3, and of tungsten in materials MCM_4 and MCM_5) loaded into the 

MCM-41 channels was determined by ICP (Inductively coupled plasma); for 

materials MCM_1, MCM_2 and MCM_3 molybdenum contents of 8.18 wt % 

(0.82 mmolg-1), 7.68 wt % (0.77 mmolg-1) and 6.19 wt % (0.62 mmolg-1) were 

found, respectively, and for the tungsten samples metallic contents of 9.81 wt 

% (0.98 mmolg-1) and 6.5 wt % (0.65 mmolg-1) were found for MCM_4 and 

MCM_5, respectively.  

These percentages are comparable to the ones observed previously in the 

present work (chapters 2 and 3). The heterogeneous samples, synthesized with 

spacer ligands, MCM_C1-MCM_C5 (ligand L1, described in chapter 2, page 70), 

MCM_C6-MCM_C8 (ligand L2Si, described in chapter 3, page 153) and 

MCM_C9-MCM_C13 (ligand L3Si, described in chapter 3, page 165), all 



exhibited lower metal contents than the directly grafted MCM_1-MCM_5 

materials, indicating that the absence of a spacer ligand, between the walls and 

the supported metallic fragment, increases the free space available inside the 

pore leading to a higher metal load. 

 

 Infra-red spectroscopy 

The FTIR spectra of MCM_1 and MCM_2 are shown in Figures 84 and 85. As 

it was not possible to obtain conclusive spectra with only the transmission FTIR 

technique, diffuse reflectance was used to measure the infrared spectra of 

these materials. The FTIR spectrum of MCM-41 includes a large broad band 

between 3400 and 3200 cm-1, attributed to O-H stretching of the surface silanol 

groups and the remaining adsorbed water molecules. The siloxane (Si-O-Si) 

appears as a broad strong peak centred at 1100 cm-1. A band at 1630 cm-1 is 

also observed, assigned to the deformation vibrations of the adsorbed water 

molecules.159 After grafting the metallic fragments 1, 2, 3, 4 and 5 into MCM-41 

some changes occur.  

 

 

Figure 84. IR spectra of complex 1 and material MCM_1. 
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The MCM_1 functionalized material (Figure 84) still exhibits the 

characteristic frequencies of the silica framework, namely a large band 

centered at 1130 cm-1 assigned to the νSi-O-Si stretching modes and a band at 

around 1620 cm-1 assigned to the deformation vibrations of the adsorbed water 

molecules. Two new bands appear at 1840 and 1945 cm-1 indicating the 

presence of terminal carbonyl groups, these bands are observed shifted from 

their position in the non-grafted complex 1 (1863 and 1935 cm-1). The 

substitution of the halogen ligand (I or Br) by an oxygen atom in the 

coordination sphere, according to Scheme 13, influences the CO bond. Bands at 

2287 and 2320 are exhibited in complex 1 spectrum and assigned to the νC≡N 

stretching vibrations from the acetonitrile ligands. In MCM_1 they are displayed 

at 2286 and 2318 cm-1. 

In the FTIR spectrum of MCM_2 (Figure 85), a large band centered at 1119 

cm-1 and a band at 1632 cm-1 are assigned to the νSi-O-Si stretching modes of the 

surface material and to the adsorbed water molecules, respectively. Compared 

to the MCM-41 precursor, two new bands are exhibited at 1890 and 2009 cm-1 

from the terminal carbonyl groups, shifted from their position in the precursor 

complex 2 (1927, 2003 and 2028 cm-1). In material MCM_2, the bands assigned 

to the νC≡N stretching modes (between 2200 and 2400 cm-1) were not observed, 

maybe owing to the low spectrum resolution. Similar spectroscopic IR results 

were obtained for MCM_3, MCM_4 and MCM_5 materials (the spectra are 

shown in Experimental part). A list of the most characteristic infrared bands for 

MCM_M (M = 1, 2, 3, 4 and 5) is shown in Table 38.  



 

Figure 85. IR spectra of complex 2 and material MCM_2. 

 
Table 38. Characteristic IR bands (ν/cm

-1
) for precursor complexes 1, 2, 3, 4 and 5 and MCM_1, 

MCM_2, MCM_3, MCM_4 and MCM_5 materials. 

Sample νC≡O νC≡N νC-H 

1 
1863 2287 2918 2965 

1935 2320 2978 3042 

MCM_1 
1840 2286 2866 2929 

1945 2318 3030 3068 

2 
1927 2003 2283 2915  

2028 2300 2980 

MCM_2 
1890  2885 2960 

2009  3043 

3 
1922 1943 2280 2917  

2021 2310 2974 

MCM_3 
1879 2285 2873 2916 

1966 2308 2981 3033 

4 
1879 1894 2274 2916  

2006 2302 2950 

MCM_4 
1890 2278 2898 2939 

1987 2333 2978 

5 
1908 1912 2288 2909  

2024 2315 2975 

MCM_5 
1884 2297 2911 2939 

1955 2307 2985 
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 13C and 29Si solid state NMR spectroscopy 

Figure 86 shows the resonances for 13C CP MAS NMR and 29Si CP MAS NMR 

of the molybdenum supported materials MCM_1, MCM_2 and MCM_3 and of 

the tungsten MCM_4 and MCM_5. 13C CP MAS NMR spectra of this type of 

materials show two strong resonances at around 16.0 and 57.0 ppm assigned to 

the NCCH3 groups bound to the metal and to toluene, the reaction solvent, 

respectively. A signal around 30 ppm is also visible and can be assigned to 

dichloromethane (CH2Cl2) used to wash the materials after grafting.  

In this type of functionalized materials no silicon group was introduced into 

the mesoporous channels, therefore no T species, Tm=RSi(OSi)m(OEt)3-m, are 

observed. In 29Si CP MAS NMR three bands are displayed. The precursor 

material MCM-41 shows its characteristic peaks: two strong resonances at -

100.38 and -109.93 ppm assigned to Q3 and Q4, respectively, and a weak 

shoulder at -91.21 assigned to the Q2 species as can be seen in Figure 86. In 

MCM_M (M = 1, 2, 3, 4 and 5), immobilizing the metallic fragments resulted in a 

reduction of the Q3 species relatively to Q4 resonances, indicating a reduced 

amount of Q3 silanol groups after reaction and an increase of the silicon bonds 

through oxygen bridges. Signals at -101.0 and -108.6 ppm, in MCM_1, at -101.7 

and -107.3 in MCM_2, at -100.4 and -109.7 ppm in MCM_3, at -101.5 and -

108.2 ppm in MCM_4 and at -101.9 and -109.3 ppm in MCM_5, assigned to Q3 

and Q4, respectively, confirm therefore that the metal was successfully grafted. 

The small peak assigned to Q2 environments is not visible in the functionalized 

metallic samples. The relative intensities of the Q3 (and Q2) peaks change only 

slightly upon functionalization. This is perhaps due to a weak interaction of the 

metal complexes with the surface. J. Rocha et al observed similar changes upon 

grafting dioxomolybdenum complexes into MCM-41.146  



 

 

Figure 86. 
13

C CP MAS (top) and 
29

Si CP MAS (bottom) NMR spectra of MCM_1, MCM_2, MCM_3, 
MCM_4 and MCM_5 materials. 

 

4.2. Catalysis 

 

The five new materials, MCM-Mo(η3-C3H5)NCCH3(CO)2 (MCM_1), MCM-

MoI(NCCH3)2(CO)3, (MCM_2), MCM-MoBr(NCCH3)2(CO)3 (MCM_3), MCM-

WI(NCCH3)2(CO)3 (MCM_4) and MCM-WBr(NCCH3)2(CO)3 (MCM_5), were tested 

as catalyst precursors for the oxidation of allyl alcohols, geraniol, cis-3-hexen-1-

ol, trans-3-hexen-1-ol and (S-)-limonene, and of 1-octene. For simplicity these 

substrates will be referred as geraniol, cis-3, trans-3, (S-)-limonene and 1-
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octene, and their respective products as shown in Figure 87. The reaction 

conditions were the same as described before in chapter 2 and 3. To a 25 mL 

vessel loaded with substrate, and TBHP (oxygen donor), in a ratio of 100:200, 

175 mg of catalyst, 2 mL of dichloromethane (solvent), and an internal standard 

(DBE), were added. The mixtures were refluxed for 24 hours and monitored by 

taking samples of 100 μL every 10 and 30 minutes followed by 1h, 1h30m, 2h, 

4h, 6h, 8h and 24h of reaction time. The initial time was determined with the 

addition of the oxygen donor. These samples were then treated with a catalytic 

amount of manganese oxide (Mn2O7), to stop the reaction and the filtrate was 

injected in a GCMS to identify the reaction products (selectivity). Conversions 

after 24 hours reaction time (Figure 88), TOFs (turn over frequencies after 10 

minutes reaction, Table 39) and selectivity (Tables 40-42) for the different 

products were calculated for each studied system. Moreover, the conversions 

as a function of time were calculated and are shown in Figures 89 and 90. A 

scheme representing all the detected products is drawn in Figure 87.  

 

4.2.1. Conversions and TOFs 
 

The molybdenum-allyl containing material, MCM_1, exhibits a conversion of 

100 % for all tested substrates with the exception of 1-octene (97.6 %), after 24 

hours reaction time, as can be seen in Figure 88. However, TOFs are shown 

from 12 (trans-3) to 541 ((S-)-lim) mol. molMo
-1. h-1. On the other hand, the 

other two molybdenum containing materials, MCM_2 (iodide) and MCM_3 

(bromide), present the same conversion results only when tested for the 

oxidation of geraniol, trans-3 and (S-)-limonene. The MCM_3 catalyst exhibits 

the best TOFs for the conversion of trans-3 (230 mol. molMo
-1. h-1), geraniol (466 

mol. molMo
-1. h-1) and (S-)-lim (586 mol. molMo

-1. h-1), after 10 minutes reaction 

time. Compared to its iodide analogous, MCM_2, the MCM_3 heterogeneous 



catalyst presents better TOFs, for all the five tested substrates, a fact that can 

be justified with the bromide influence. A trend also observed in similar 

epoxidation reactions (cis-ciclooctene, styrene and ciclohexene) promoted by 

heterogeneous system MCM-MoX2(CO)3(N-N), (X = Br or I) and where the 

bromide derivatives proved to be more active than the iodide ones,7 or by 

MCM-MoO2X2(THF)2 (X = Cl and Br), where the Cl derivatives proved to be more 

active than their Br analogues.146 

 

 

Figure 87. Representative scheme of the substrates tested (framed) and their reaction 
products detected by GC-MS. 
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The two tungsten analogues, MCM_4 and MCM_5, display high conversions 

for the oxidation of geraniol and cis-3, although, in some cases with low TOFs 

(Table 39). After 24 hours reaction time 100 % conversion of geraniol, with a 

turnover frequency of 35 mol. molW
-1. h-1, was achieved in the presence of 

MCM_4. Also, in the presence of the same catalyst 99.6 % conversion was 

obtained for the oxidation of cis-3, with a TOF of 2 mol. molW
-1. h-1. Its bromide 

analogues exhibits better catalytic activity: MCM_5 shows 100 and 89 % 

conversions of geraniol and cis-3, respectively, with TOFs of 56 and 224 mol. 

molW
-1. h-1. For the oxidation of trans-3, (S-)-limonene and 1-octene MCM_4 

shows conversions below 9.5 % after 24 hours reaction time.  

 

 

Figure 88. Conversions of the five substrates using TBHP as oxygen donor, at 55ᵒC in the 
presence of MCM_1, MCM_2, MCM_3, MCM_4 and MCM_5 heterogeneous catalysts. 

 

In general, the materials containing molybdenum, MCM_1, MCM_2 and 

MCM_3 are better catalysts for the oxidation of the five chosen substrates, 

than the tungsten materials. Despite the halogen, the three molybdenum 
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heterogeneous samples exhibit not only the best conversions but also the best 

TOFs, in particular with substrates geraniol and (S-)-limonene. The same was 

already observed by Z. Wang et al160 and by J. Zhao et al91 in the oxidation of 

phenol,160 cis-ciclooctene, styrene and 1-octene promoted by MCpX carbonyl 

complexes, where M = Mo or W and X = Cl or alkyl, tested in the presence of 

H2O2
160or TBHP.91 Not only the Mo derivatives performed better than their W 

analogues, but also the halide had no significant influence in the catalytic 

outcome.  

 
Table 39. Turnover frequencies (*TOF / mol. molM

-1. h-1
) achieved in the presence of materials 

MCM_1, MCM_2, MCM_3, MCM_4 and MCM_5. 

 

TOF 

 
cis-3 trans-3 geraniol 1-octene (S-)-lim 

MCM_1 188 12 445 99 541 

MCM_2 119 115 407 20 376 

MCM_3 148 230 466 21 586 

MCM_4 2 5 35 - - 

MCM_5 224 12 56 2 3 

 

In the present work, heterogeneous catalysts using spacer ligands were also 

tested. For example the materials containing MoX2(L1) fragment where X = I 

(MCM_C2) or Br (MCM_C3) with L1 = 2-amino-1,3,4-thiadiazole (C2H3N3S), 

described in chapter 2, show conversions of 2.5 and 17.8 %, when tested for the 

oxidation of 1-octene, and 0 and 56 % for the oxidation of trans-3, respectively. 

The direct grafted samples MCM_2 and MCM_3, their congeners, exhibit 

conversions higher than 77 % for all the studied substrates. Also, using spacer 

ligands L2Si and L3Si (described in chapter 3), the molybdenum allyl containing 

materials, MCM_C6 and MCM_C9, respectively, exhibit conversions of 75.0 and 

20.0 %, respectively, with TOFs below 50 mol. molMo
-1. h-1, for the oxidation of 

1-octene. The molybdenum allyl direct grafted sample, MCM_1, might have 
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improved the accessibility of the active species (immobilized inside MCM-41 

pores) towards a less bulky substrate, showing a conversion of 97.6 % for the 

epoxidation of 1-octene. 

 

 

Figure 89. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
MCM_1. 

 

In this chapter it is reported that, the tungsten halide materials, MCM_4 

(iodide derivative) and MCM_5 (bromide derivative), display also a better 

catalytic performance than their indirect grafted analogues. The use of spacer 

ligand L3Si (described in chapter 3), resulting in MCM_C12 (iodide derivative) 

and MCM_C13 (bromide derivative) heterogeneous catalysts, led to a decrease 

in the conversions of geraniol and cis-3. The direct grafted samples, MCM_4 

and MCM_5, show a conversion of 100 % for geraniol, and 99.6 % and 89.0 % 

for the conversion of cis-3, respectively, whereas, their L3Si analogues, exhibit 

70.2 % (MCM_C12) and 100 % (MCM_C13) for the conversion of geraniol and 

21.3 % and 40.2 % for the conversion of cis-3, respectively. Although the 

conversions achieved were very different, after 24 hours reaction time, the 

TOFs were very similar.  



In contrast, the use of spacer ligand L1, affording tungsten containing 

materials MCM_C4 (iodide) and MCM_C5 (bromide) described in chapter 2, and 

L2Si, affording tungsten containing materials MCM_C7 (iodide) and MCM_C8 

(bromide) described in chapter 3, showed a clear influence in the catalytic 

outcome. They exhibited higher activity than their directly grafted analogues, 

MCM_4 (iodide) and MCM_5 (bromide).  

In the epoxidation of cys-cyclooctene, using TBHP as oxygen source, Alonso 

et al99 examined the ligand dependency when testing complexes of the type 

[Mo(η3-allyl)X(CO)2(N-N)] (X = Br or Cl and N-N = bidentate chelating 1,4-

diazabutadiene ligands) and their precursors [Mo(η3-C3H5)X(CO)2(CH3CN)2]. The 

epoxidation reaction was slower for the complexes bearing the nitrogen 

bidentate ligands, and it has been attributed to the fact that bulkier and 

bidentate N-N ligands might be less fluxional in solution causing less reactivity 

of these complexes. Also, in previous work, our group has demonstrated that 

the catalytic activity of [MoX2(CO)3(N-N)], where X = I or Br and N-N = bidentate 

chelating ligand C9H12N2 (L2 described in chapter 3), was worse than the one 

observed with their precursors [MoX2(CO)3(NCCH3)2].7 A complete conversion 

occurs only in the epoxidation of ciclooctene, after 24 hours reaction time, 

promoted by [MoBr2(CO)3(NCCH3)2].  

However, immobilizing [MoX2(CO)3(N-N)] into MCM-41 has improved its 

catalytic performance towards the epoxidation of ciclohexene, ciclooctene and 

styrene, regardless the halogen. These discoveries demonstrate that, not only 

the NCCH3 ligands exhibit the highest catalytic activity, but also, immobilization 

of these species might improve their performance.    
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Figure 90. Kinetic profiles of the oxidation of each of the five substrates in the presence of 
MCM_2 (top) and MCM_3 (bottom). 

 

The kinetic profiles for MCM_1, MCM_2 and MCM_3 materials, conversions 

as a function of time, are displayed in Figures 89 and 90. After the first 8 hours 

of reaction, the maximum rate is complete for the conversion of geraniol, cis-3 

and (S-)-limonene. The first 2 hours exhibit a fast increase in the substrates 

conversions (with the exception of 1-octene), after which the reaction slows 

down with the course of time. After 24 hours, these three heterogeneous 



molybdenum catalysts behave in a very similar way, indicating that the required 

period to form the active species containing Mo(VI), is slightly different, but 

similar catalytic species were probably formed after a certain induction 

period.99,142 Higher initial reaction rates are observed for catalyses promoted by 

species containing allyl (MCM_1) and bromide (MCM_3), a fact, observed 

before for similar homogeneous systems and typical of the [MoX2O2L] type 

complexes with the same L, that has been attributed to the enhanced Lewis 

acidity at the metal center in the case of X = Cl, compared to Br,161,162,85 though 

not yet confirmed.85 

 

4.2.2. Selectivity  

 

The studied substrates can originate different reaction products, as shown 

before in chapters 2 and 3. Selectivity for these different products in the 

presence of MCM_1-MCM_5 was calculated and is presented in Tables 40-42. 

Within the studied substrates, two main oxidation reactive sites are identified: 

the olefinic carbons that can originate an epoxide or a diol and the terminal 

alcohol, present only in geraniol, cis-3 and trans-3, which can be converted in to 

their aldehyde form. Moreover, different products can occur due to 

stereoisomerism, for example, in (S-)-limonene as is shown in Figure 87.  

As described for heterogeneous catalysts in chapter 2 and chapter 3, also the 

MCM_1, MCM_2, MCM_3, MCM_4 and MCM_5 materials lead to 100 % 

epoxide selectivity for the conversions of cis-3 and trans-3, after 24 hours 

reaction time (Table 40).  
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Table 40. Conversions (%) and turnover frequencies (*TOF / mol. molMo
-1. h-1

) achieved in the 

oxidation of cis-3 and trans-3 in the presence of materials MCM_1, MCM_2, MCM_3, MCM_4 
and MCM_5. 

Catalyst Substrate TOF* Conversions  

MCM_1 
Cis-3 188 100 

Trans-3 12 100 

MCM_2 
Cis-3 119 91.2 

Trans-3 115 100 

MCM_3 
Cis-3 148 95.5 

Trans-3 230 100 

MCM_4 
Cis-3 2 99.6 

Trans-3 5 9.5 

MCM_5 
Cis-3 224 89.0 

Trans-3 12 47.0 

 

In a general view, the molybdenum containing materials reveal a better 

outcome, with conversions between 91.2 % (epoxidation of cis-3 promoted by 

MCM_2), and 100 % (epoxidation of trans-3 promoted by MCM_1, MCM_2 and 

MCM_3, and epoxidation of cis-3 promoted by MCM_1), after 24 hours 

reaction time. Moreover, the TOFs were almost all above 100 mol. molMo
-1. h-1 

contrary to those achieved with the tungsten containing materials, almost all 

below 15 mol. MolW
-1. h-1, suggesting a metal dependency in the initial reaction 

rate. This is comparable to the reported for homogeneous ciclooctene 

epoxidation catalysis with Cp’M(CO)3R carbonyl complexes (M = Mo or W and R 

= alkyl), where Mo complexes were far more active than the W compounds.91   

Oxidation of geraniol (Table 41) led to approximately 50 % selectivity for the 

aldehyde, in the presence of the molybdenum allyl material MCM_1 and the 

tungsten supported materials MCM_4 (X = I) and MCM_5 (X = Br). In the 

presence of their molybdenum analogues, MCM_2 and MCM_3, the Z-2,3-

oxyrane was found with a preference of 81.2 and 70.2 %, respectively.  



The presence of a halogen and an N-N ligand clearly influences the selectivity 

of these materials towards the oxidation products. Molybdenum allyl 

containing materials, with bridge ligand L2Si, MCM_C6 (described in chapter 3) 

and with ligand L3Si, MCM_C9 (also described in chapter 3) exhibited a 

selectivity higher than 70 % towards the Z-2,3-oxyrane. The same high 

selectivity was observed for the tungsten halogen heterogeneous catalysts, 

MCM_C12 and MCM_C13, synthesized with L3Si (described in chapter 3), 

exhibiting more than 64 % selectivity for the epoxide.  

A similar trend, though, was observed with heterogeneous catalysts with 

nitrogen ligand 2-amino-1,3,4-thiadiazole, L1Si (MCM_C1-MCM_C5). With the 

exception of the molybdenum allyl containing material MCM_C1, all exhibited a 

selectivity of more than 76 % towards geranial.  

 

Table 41. Conversions (%), turnover frequencies (*TOF / mol. molMo
-1. h-1

) and selectivity 

achieved in the oxidation of geraniol and 1-octene in the presence of materials MCM_1, 
MCM_2, MCM_3, MCM_4 and MCM_5. 

    Selectivity (%) 

Catalyst Subst. TOF* Conv. Ger-al Z-2,3 Z-6,7 1-Oct 1,2-Epox 

MCM_1 
Ger. 445 100 49.6 25.2 25.2   

1-Octe. 99 97.6    0.8 99.2 

MCM_2 
Ger. 407 100 7.9 81.2 10.9   

1-Octe. 20 91.6    1.1 98.8 

MCM_3 
Ger. 466 100 15.6 70.2 14.2   

1-Octe. 21 77.0    88.4 11.6 

MCM_4 
Ger. 35 100 45.2 22.4 32.4   

1-Octe. - -    - - 

MCM_5 
Ger. 56 100 46.0 27.0 27.0   

1-Octe. 2 16.3    87.5 12.5 

 

No oxidation of 1-octene occurs in the presence of MCM_4 (Table 41). In 

fact, and in a general view the calculated TOFs in the presence of 1-octene 
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promoted by the studied heterogeneous catalysts are very low, suggesting that 

it takes longer to initiate the oxidation process. This is comparable to not only 

the previously described materials, in chapter 2 and 3, but also the reported 

molybdenum(II) tricarbonyl homogeneous system where 1-octene, a terminal 

olefin, was more difficult to oxidize than the tested cyclic ones, by standard 

Mo(VI) catalysts.143 Nevertheless, despite the low TOFs, conversions above 77.0 

% were achieved in the presence of molybdenum containing materials, MCM_1, 

MCM_2 and MCM_3, and two products were detected. 

The molybdenum allyl containing material, MCM_1, exhibits 99.2 % 

selectivity towards the 1,2 epoxide (Figure 88) in contrast to the selectivity 

obtained with MCM_C1-MCM_C3 (molybdenum containing materials with 

ligand L1Si, described in chapter 2), and MCM_C9-MCM_C11 (molybdenum 

containing materials with ligand L3Si, described in chapter 3). The materials 

synthesized with bridge ligands exhibited more than 70 % selectivity for 1-

octanal. However, MCM_C6 (molybdenum containing material with ligand L2Si, 

chapter 3), has a selectivity of 84,7 % towards the 1,2-epoxide. 

The tungsten derivatives, MCM_3 and MCM_5, show more than 88 % 

selectivity for the aldehyde, 1-octanal. The molybdenum and tungsten bromide 

materials, MCM_3 and MCM_5, preferentially oxidized 1-octene to its aldehyde 

and the molybdenum iodide fragment material to its epoxide.  

Five reaction oxidation products of (S-)-limonene were identified in the 

presence of TBHP: Z-limox, E-limox, Z-lim-OH, E-lim-OH, and the bis(epoxide), 

previously described in chapter 2 and 3 and according to Scheme in Figure 87. 

No oxidation of (S-)-limonene occurs in the presence of MCM_4 (Table 42). As 

shown in the oxidation of 1-octene, the material containing the η3-C3H5 

fragment has the highest selectivity for the epoxide. The heterogeneous 

catalyst MCM_1 presents 82.8 % selectivity for the bis(epoxide) product, 

exhibiting only small amounts (8-9%) of the epoxides, Z-limox and E-limox. The 



materials containing the molybdenum halide complexes, MCM_2 (iodide) and 

MCM_3 (bromide), and the tungsten bromide compound, MCM_5, all display a 

higher selectivity for each of the stereoisomers epoxides Z-limox and E-limox, 

relatively to the alcohol products Z-lim-OH and E-lim-OH, which only appear in 

small traces below 2.5 % (Table 42).  

 
Table 42. Conversions (%), turnover frequencies (*TOF / mol. molMo

-1. h-1
) and selectivity 

achieved in the oxidation of (S-)-limonene in the presence of materials MCM_1, MCM_2, 
MCM_3, MCM_4 and MCM_5. 

   Selectivity (%) 

Catalyst TOF* Conv. Z-Limox E-Limox Z-Lim-OH E-Lim-OH di-Epox 

MCM_1 541 100 8.2 8.7 0.3 0 82.8 

MCM_2 376 100 16.7 78.7 2.3 2.3 0 

MCM_3 586 100 56.8 42.2 0.5 0.5 0 

MCM_4 - - - - - - - 

MCM_5 3 68.5 83.6 12.7 1.7 2 0 

 

The catalytic outcome of the studied heterogeneous samples depends 

clearly on metal, ligand and halogen. In a broad view, the molybdenum 

containing materials are better catalysts for the oxidation of the studied 

substrates, in terms of conversions and TOFs achieved after 24 hours and 10 

minutes reaction time, respectively, than the tungsten ones. The selectivity 

promoted by the studied Mo and W materials is also influenced by the metal 

center, the halogen and the nitrogen ligand type. For example, the tungsten 

samples encourage oxidation of geraniol towards the aldehyde, and the 

molybdenum towards the Z-2,3 epoxide. Also, the species containing bromide, 

namely MCM_3 and MCM_5, exhibited higher initial rates in comparison to 

their iodide congeners. 

The use of spacer ligands L1Si, L2Si and L3Si, described in chapter 2 and 3, 

reduced the catalytic activity of the synthesized materials, compared to the 

direct grafted samples, in particularly towards the oxidation of 1-octene. The 



217 
 

existence of the nitrogen ligand (L1Si) and the bidentate chelating ligands (L2Si 

and L3Si) might cause a less fluxional behavior in solution and a higher pore 

obstruction, owing to the size of the ligands. The access of the active species 

towards the substrates is then limited, decreasing the catalytic performance of 

these compounds.  
 



 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Chapter 5. 
Polymerization 
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5.1. Introduction 

 

Ever since a polymer, with a specific microstructure, was easily obtained by 

employing a certain catalyst, a wide range of polyolefinic materials were 

developed, following the boom in transition metal catalysis. In 1953, K. Ziegler 

et al163 accidentally discovered that nickel impurities stopped the propagation 

reaction favoring a terminal alkene (the polymerization of ethylene just stopped 

at 1-butene). This reaction, the so called nickel-effect, led to an exponential 

search for other catalysts that actually gave high molar mass polymers, such as 

the Ziegler-Natta catalysts. After detecting nickel unexpected reactivity, Ziegler 

studied several transition metal salts with alkyl aluminum compounds and 

concluded that salts from metals from group 4 to 6 were able to polymerize 

ethylene under mild pressure and temperature conditions (10-20 atm; 50-75 
oC). Titanium proved to be a very good catalyst, yielding high activity and high 

molecular mass polymers.164,165 

In an attempt to promote ethylene polymerization at milder temperatures 

and pressures, a lot of new catalysts were discovered. The first was a chromium 

trioxide-based catalyst discovered in 1951 by Robert Banks and J. Paul Hogan at 

Phillips Petroleum.163 Later, Karl Ziegler’s system based on titanium halides and 

organo-aluminium compounds afforded another catalyst that worked in even 

milder conditions than the Phillips one.163 By the end of the 1950s both the 

Phillips- and Ziegler-type catalysts were being used for HDPE (High density 

polyethylene) production. Since then, huge efforts have been devoted to the 

development of new catalytic systems for polymerization of olefins. Lately the 

major aim has been the discovery of catalysts which allow control over the 

structure, molecular weight and physical/chemical properties of the polymeric 

products.  



This intense research brought out the discovery of olefin metathesis, a 

process where the carbon-carbon double bonds of two olefins are broken and 

reformed again (Scheme 21) in a different way in the presence of an 

organometallic catalyst.166 

 

 

Scheme 21. 

 

The Ziegler–Natta-type polymerization of cyclic olefins afforded additional 

unexpected results. A group at DuPont observed that the polymerization of 

norbornene did not produce a saturated polymer as expected but, instead, 

afforded an unsaturated polymer in which one of the rings had been opened. 

Natta subsequently observed a similar result when attempting to polymerize 

cyclopentene. Using tungsten and molybdenum, he obtained a ring-opened 

unsaturated polymer.163 Finally, Banks and Bailey of Phillips Petroleum Co., 

while investigating the possible polymerization of propylene over cobalt 

molybdate, found ethylene and 2-butene instead of polymers. These three 

observations, apparently unrelated, were beginning to indicate a new olefin 

transformation. When the chemical process presented in Scheme 21 takes 

place with a cyclic olefin, a ring opening reaction occurs. If the cyclic olefin is 

sufficiently strained, the ring-opening releases energy, making this the driving 

force for the polymerization of the olefin. This is called Ring Opening 

Metathesis Polymerization (ROMP).  

The molybdenum and tungsten complexes Mo(CO)6, W(CO)6 and MoO3 

supported on Al2O3, first reported by Banks and Bailey, converted 3 to 8 carbon 

olefins to longer and shorter homologues.167 This system was able to reach an 

equilibrium mixture composed of propylene, ethylene and 2-butene (Scheme 
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21); however, the reaction of higher olefins was not selective and double bond 

migration products were also obtained. Such selectivity was achieved soon 

after, with a new catalytic system consisting of WCl6, C2H5OH and C2H5AlCl2, 

reported by Calderon et al.
168 It confirmed that the metathesis of olefins, here 

under mild conditions, occurred via scission of the olefin bond, resulting in a 

transalkylidation process where the product ratio is controlled by the relative 

thermodynamic stability. As stated above, the application of these reaction 

conditions to cyclic olefins results in the ring opening polymerization of the 

monomers. The first proposed structure of ROMP polynorbornene (poly-NBE) 

was reported in 1960.165 After polymerization of norbornene using a 

combination of TiCl4 and lithium tetraheptylaluminium, most double bonds 

were assigned by infra-red spectroscopy to be trans and the rest of the 

structure consisted of cyclopentane rings, suggesting the proposed product 

(Scheme 22).  

 

Scheme 22. 

 

Since then, many cycloolefins were polymerized using similar catalysts,169 

with ring-opening metathesis polymerization taking place in all. The strong 

Lewis acid used as catalysts implied that the reaction had to be carried out in 

the absence of oxygen containing compounds, which rapidly deactivated the 

catalyst, but the use as catalysts of late transition metals, such as the hydrated 

trichlorides of ruthenium, osmium or iridium, solved the problem. High 

reactivity under mild conditions for the polymerization of NBE and the lower 

Lewis acidity of these catalysts allowed the reaction to be performed in polar 

media (alcohols or aqueous emulsions).170 Until 1968 it was believed that all 



polymerizations took place by the scission of the carbon-carbon double bond. 

The analysis of data concerning acyclic olefins suggested that the ring-opening 

polymerization also occurred by a metathesis mechanism. 

The general principles of ROMP are now relatively well understood; 

therefore it is possible to control a ROMP reaction (Scheme 23) at the most 

basic level. Since many physical characteristics depend upon the primary, 

secondary, and tertiary structures of a polymer, it is possible to build polymers 

with high stereoregularity using a so called “well-defined” olefin metathesis 

catalyst. The most basic features of the primary structure of all ROMP polymers 

are cis or trans C=C bonds between polymer repeat units. Tacticity (the 

relationship of a chiral carbon atom in one repeat unit to the analogous carbon 

atom in the next repeat unit) is the next important structural component if 

olefins such as 2,3-disubstituted norbornenes or norbornadienes are 

employed.171,172  

 

Scheme 23. 

 

Another possibility to polymerize norbornene is to leave the bicyclic 

structural unit intact, only opening the double bond of the π component. This 

type of polymerization, vinyl or additive polymerization, is closer to the classical 

olefin polymerization affording a product that no longer contains double bonds 

(Scheme 24). Although nowadays it can be controlled, quite often it competes 

with the ROMP polymerization. Of interest is the vinyl copolymerization of 

cyclic and acyclic (especially ethene and propene) olefins.173,174,175 Compared to 
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ROMP that normally affords polymers with a good solubility in a variety of 

solvents, vinyl polymerization yields polymers with relatively high molecular 

weights and semicrystalline, therefore more insoluble.  

A known (third) mechanism of norbornene polymerization, also represented 

in Scheme 9, was only described in a few reports. Its main characteristics are 

the formation of low molar mass oligomeric material with 2,7-connectivity 

(according to numbering on Scheme 24) of the monomer from the cationic or 

radical homopolymerization of norbornene.176,177,178 

 

 

Scheme 24. 

 

It becomes evident that different directions of double bond opening usually 

require different metals. Catalysts containing titanium, zirconium, cobalt, 

chromium, nickel and palladium are described in the literature for the vinyl 

homopolymerization of norbornene and strained cyclic olefins in 

general,179,180,181 while catalysts containing molybdenum, tungsten, ruthenium 

and rhenium demonstrate a preference for the ROMP 

polymers.182,183,184,185,186,187 Some cases of ROMP, however, were also described 



with titanium and cobalt. 188,189 Also, the control of stereochemistry in 

unsubstituted polynorbornene is possible through the choice of reaction 

conditions, such as catalyst, cocatalyst, activator, solvent, and temperature. The 

ROMP polymer unit is also termed poly(1,3-cyclopentylenevinylene) and the 

addition one is poly(2,3-bicyclo[2.2.1]hept-2-ene), using the numbering 

convention for norbornene shown in Scheme 24. 

Among the most used ROMP classical catalysts are molybdenum and 

tungsten complexes, but their high reactivity for the metathesis of ordinary 

acyclic olefins limited their utility, as it is not possible to control molecular and 

polydispersity effectively. More tolerant and versatile catalysts were necessary 

to reach a high catalytic efficiency and high selectivity. The Szymanska-Buzar 

group explored extensively reactions of cyclic olefins. Studies revealed low 

polymer yields on the polymerization of norbornene and norbornadiene 

catalyzed by Mo(II) seven-coordinated complexes bearing N-N ligands28 

demonstrating that, in most cases, heating was required to start the 

polymerization. 190,191,192 The use of a η3-allyl dicarbonyl precursor complex 

enhanced the catalytic activity for the polymerization of norbornene; [MoCl(η3-

C3H5)(CO)2(CH3CN)2] revealed to be an effective catalyst for the polymerization 

of norbornene and terminal acetylenes.193 The catalyst initiated the ROMP of 

norbornene revealing a yield of 26 % after 12 hours reaction time; the cis-

selective (95 %) polymerization proceeded in THF.   
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5.2. Synthesis  

 

Following the report of the polymerization activity of [MoCl(η3-

C3H5)(CO)2(CH3CN)2],193 preliminary tests were made using [MoBr(η3-

C3H5)(CO)2(L)2] (1) L = CH3CN, C1 L = C2H3N3S (L1, described in chapter 2); C6 L = 

C5H4NCH=N(CH2)2CH3 (L2, described in chapter 3); Mo3 L = BianH; Mo4 L = 

BianCH3; Mo5 L = BianOMe; (Mo6) L = BianOH and (Mo7) L = BianCl, as 

initiators of polymerization of norbornene and norbornadiene. Besides 

complexes C1 (chapter 2) and C6 (chapter 3) already described in this work, five 

other allyl complexes with bidentate nitrogen donors [MoBr(η3-

C3H5)(CO)2(BianH)] (Mo3), [MoBr(η3-C3H5)(CO)2(BianCH3)] (Mo4), [MoBr(η3-

C3H5)(CO)2(BianOMe)] (Mo5), [MoBr(η3-C3H5)(CO)2(BianOH)]194 (Mo6) and  

[MoBr(η3-C3H5)(CO)2(BianCl)]99 (Mo7) were synthesized as reported. An excess 

of each of the ligands BianH, BianCH3, BianOMe, BianOH or BianCl, (Bian = 1,4-

(4-chloro)phenyl-2,3-naphthalenediazabutadiene) represented in Figure 91, 

was added to a solution in ethanol of precursor complex [MoBr(η3-

C3H5)(CO)2(CH3CN)2] (1), under a nitrogen atmosphere. The mixture was stirred 

for two days, after which the volume was reduced under vacuum and the 

solution was left, for several days, in the fridge to precipitate.  

In a typical procedure used to polymerize norbornene and norbornadiene, 

each complex 1, C1, C6, Mo3, Mo4, Mo5, Mo6 and Mo7 was added to a 

solution of either norbornene or norbornadiene in toluene. Since it had been 

previously investigated, by Baker and co-workers,195 that the addition of small 

amounts of a Lewis acid drastically increased the catalytic activity of closely 

related system [MX2(CO)3(NCMe)2], M = Mo or W and X = Br or I, one equivalent 

of AlCl3 (co-catalyst) was added, in a ratio of catalyst/substrate/co-catalyst of 

1:300:1. Two different reaction times, of 1 and 5 hours, were studied and two 

different temperatures, of 303 and 323 K. The reaction was quenched with 



methanol. The obtained polymers were dried under vacuum for 3 hours and 

placed inside a heater overnight at 80 ᵒC. To rule out that the polymer might 

derive from the co-catalyst (AlCl3) present in the polymerization system, or from 

only the organic ligand present in the catalyst, an experiment was conducted 

under the usual conditions in the absence of the co-catalyst, for the first case, 

and using ligands L2 or BianOMe, to rule out the second case. No 

polymerization took place.  
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Figure 91. List of ligands used. 

 

The aim of these preliminary tests was to try to distinguish whether the 

polymerization using this system, allyl complex with nitrogen ligands, took place 

via ROMP or via a vinylic route (or a mixture of both), to calculate the total 

weight yield, the cis/trans content and, if possible the tacticity of the polymer 

chain.  



229 
 

The analysis will rely only in the 1H and 13C NMR spectra, taken in CDCl3, 

therefore only the polymers which were freely soluble and afford well resolved 

spectra will be taken in consideration (see 5.3). Polymerization yield (%) was 

defined by comparing the weight of the polymer with the weight of the cyclic 

olefin used. The effect of temperature on the ROMP of NBE and NBD is shown 

in Table 47. The NMR spectra and the peaks assignments are given in Figures 

92, 93 and 94 and in Tables 43-47. 

 

5.3. Characterization  

 

All the above complexes were used to polymerize both norbornene and 

norbornadiene. In the presence of complexes [MoBr(η3-C3H5)(CO)2(BianCH3)] 

Mo4 and [MoBr(η3-C3H5)(CO)2(BianOH)] Mo6 no polymerization took place and 

therefore these two complexes will not be taken into account further. The 

weight yields, Table 43, go from ≈ 20 % to ≈ 90 %. The best result in total 

weight yield was obtained with sample Mo3 with 85.4 % for poly-NBE and 90.4 

% for poly-NBD after 5 hours reaction time.  

The catalyst Mo7 shows the lowest yields after 5 hours reaction time; the 

poor solubility in toluene might be the reason for the lower yields obtained with 

this sample. Moreover, the weight yields not only increase from C1 to C6 and to 

Mo3 but also with longer reaction time (1 to 5 hours). These results compared 

favorably with the reported previously by Yamaguchi et al193 or by Gimenez et 

al28 where seven coordinated molybdenum complexes of type [MoCl(η3-

C3H5)(CO)2(CH3CN)2] and [MX(CO)3(DAB)2] with M = Mo or W, X = Br or I and 

DAB = 1,4-diazobutadiene, respectively, catalyzed the ROMP of norbornene and 

norbornadiene, revealing lower yields (below 35 %) after 72 hours reaction 

time.  

 



Table 43. Norbornene and norbornadiene mass weight (m), yields of poly-NBE and poly-NBD (η) 
and trans content (%), measured after 1 and 5 hours in toluene, after ROMP in the presence of 

1, C1, C6, Mo3, Mo5 and Mo7 complexes. 

Samples time/h mpNBE /g mpNBD /g ηNBE /% 
trans 

content 
ηNBD /% 

trans 
content 

1 
1 0.18 0.28 6.9 0.62 11.3 -

b
 

5 1.03 0.76 40.5 0.67 30.7 0.63 

C1 
1 0.29 0.98 11.3 0.66 39.5 -

b
 

5 0.45 1.97 17.8 0.68 79.3 0.44 

C6 
1 1.34 1.51 52.8 0.73 60.6 -

b
 

5 2.05 2.22 80.7 0.76 89.5 0.47 

Mo3 
1 1.97 1.78 77.5 0.80 72.0 -

b
 

5 2.17 2.25 85.4 0.81 90.4 -
b
 

Mo5 
1 1.14 1.35 44.9 0.81 54.3 -

b
 

5 1.89 1.55 74.5 0.83 62.2 0.57 

Mo7 
1 -

a
 -

a
 -

a
 0.69 -

a
 -

b
 

5 0.58 1.09 22.8 0.72 43.8 -
b
 

a Conversion was too low to determine 
b Not determined (low solubility) 

 

 Conversion of NBE 

There are several reports on catalysts which can initiate both ROMP and 

vinyl-type polymerization, such as titanium189 and cobalt,188 depending on the 

co-catalyst ratio or the type of co-catalyst. However, the polymers obtained by 

those catalysts are only mixtures of the two types, and cannot be separated 

effectively; on the other hand, Meng et al have demonstrated that pure ROMP 

and vinyl-type polymers were possible to separate, from a mixture, changing 

only the amount of co-catalyst, methylaluminoxane (MAO), in the presence of 

half-sandwich iridium (III) complexes.196  

The 1H NMR and 13C NMR studies of the polymers indicate that a mixture of 

the two types of polymerization was found. Figure 92 shows the 1H NMR 

spectrum of poly-NBE obtained in the presence of C1. A possible structure of 
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poly-NBE was determined from 1H and 13C NMR spectra following procedures of 

Ivin et al.197,198,199 This spectrum exhibits two olefinic resonances at 5.16 and 

5.30 ppm assigned to H2,3 cis and H2,3 trans configuration, respectively. Two 

aliphatic resonances at 2.37 and 2.75 ppm are observed and assigned to H1,4 

trans and H1,4 cis, respectively. The resonances assigned to H7 appear at 0.99 

and 1.81 ppm and the H5,6 protons at 1.52 and 1.72 ppm, all these being 

characteristic of poly-NBE obtained by a ROMP mechanism (Scheme on figure 

92). In the same 1H NMR spectrum, broad resonances show up at 2.37-2.16 

ppm, 2.64-2.61 ppm and 1.10-1.40 ppm assigned to the protons of the byciclic 

system, all in agreement with the reported vinyl-type polymers.200 All 1H NMR 

signals observed for poly-NBE in the presence of complexes C1, C6 and Mo5 are 

given in Table 44. 

 

 

Figure 92. 
1
H NMR spectrum of poly-NBE in CDCl3 produced after 5 hours in the presence of C1.  



 

The fraction of trans double bonds in poly-NBE (Scheme in Figure 92), 

determined by 1H and 13C spectra, ranged from 0.62 to a maximum of 0.83; 

these results show that the use of a nitrogen chelating nitrogen ligand clearly 

increases the trans content when compared to bis(acetonitrile) molybdenum 

complex, [MoBr(η3-C3H5)(CO)2(CH3CN)2] 1 or even with a previous reported 

example, where a trans content of 0.61 was achieved with [MoCl(η3-

C3H5)(CO)2(CH3CN)2].193 The trans content differences determined after 1 hour 

and 5 hours reaction time are not significant (slightly higher with a longer 

reaction time) indicating that the structure of the polymer is determined in the 

first hour of the reaction.  

 

Table 44. 
1
H NMR chemical shifts (δ) of poly-NBE produced in the presence of C1, C6, and Mo5 

complexes. 

 δ/ppm 

Sample H2,3 cis H2,3 trans H1,4 cis H1,4 trans H7 H5,6 

C1 5.16 5.30 2.74 2.37 0.99 1.81 1.52 1.72 

C6 5.13 5.27 2.71 2.34 0.97 1.79 1.50 1.69 

Mo5 5.13 5.26 2.70 2.30 1.18 1.59 1.49 1.66 

 

Four regular structures are possible for a ROMP polymer prepared from a 

pure disubstituted NBE as shown in Figure 93. In cis, syndiotactic polymers, the 

protons at the double bond carbons are related by a C2 axis, which lies in the 

C2H2 plane and passes through the midpoint of the C=C bond, while in trans, 

syndiotactic polymers, the same protons are related by a C2 axis that passes 

through the midpoint of the C=C bond perpendicular to the C2H2 plane. In the 

cis, isotactic or trans, isotactic polymers, these protons are non equivalent. It 

should then be possible to determine the tacticity of these polymers directly by 

proton NMR methods if highly regular polymers can be prepared, and if the 
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olefinic proton resonances can be resolved. In the syndiotactic polymers, the 

two different types of olefinic protons should not be coupled. Non equivalent 

olefinic protons coupled imply isotacticity, while non equivalent olefinic protons 

not coupled imply syndiotacticity. The assignment of cis and trans double bonds 

was made by integrating the two distinct olefinic resonances (only visible in 

ROMP) but tacticity, via integration of 13C NMR, with the highly irregular 

polymers could not be determined.171,201 

 

 

Figure 93. The four possible regular polymers made from an enantiomerically pure 5,6-
disubstituted NBE 

 

The 13C spectra obtained with samples [MoBr(η3-C3H5)(CO)2(L1)2] C1, 

[MoBr(η3-C3H5)(CO)2(L2)] C6 and [MoBr(η3-C3H5)(CO)2(BianOMe)] Mo5 (Figure 

84) clearly show a mixture of poly-NBE produced by ROMP and by vinyl 

polymerization, as reported in literature.202 Assignment of the vinyl carbon 

peaks is made as reported in literature by Arndt and by Barnes203,200 (Table and 

Scheme in Figure 94) and by Szymanska-Buzar184 for the ROMP ones. It is 

important to mention that the chemical shift regions are essentially the same 

for each polymer but the number of resonances observed may be different. For 

example, C5 and C6 carbons, reported in the chemical shift region 28-34 ppm in 

a vinylic poly-NBE, correspond to two major peaks in the spectrum of Mo5 and 

three in C6 (Figure 94).  

 



 

Figure 94. 
13

C NMR assignments of vinylic poly-NBE  

 

According to numbering in Figures 92 (ROMP) and 94 (vinyl polymer), the 

Mo5 13C NMR spectrum (Figure 95) shows two strong resonances at 29.01 and 

30.65 ppm assigned to C5,6 from the vinylic polymer. The bridging CH2, carbon 

C7, appears as two resonances at 36.08 and 36.42 ppm. Two resonances are 

also observed between 45 and 55 ppm, assigned to the vinyl C2,3, as reported 

for other vinyl polymerization systems.202,204 The dearth of signals below 40 

ppm, assigned to the vinylic C1,4 indicates the low diisotacticity of the 

polymer.200  

Owing to the presence of a byciclic system, tacticity also depends on a exo- 

and endo- isomerism, (Scheme in Figure 95). The exo and endo prefixes describe 

the presence of a substituent on one of the bridges relative to the other two 

unsubstituted remaining bridges if they are of unequal length. The exo-prefix is 

when the substituent is closer to the shorter bridge (–CH2-, Scheme in Figure 

95).205 So, the presence of resonances between 19 and 22 ppm suggests that all 

the tested polymers are endo enchained.200 

A single peak at 39.16 ppm was assigned to the ROMP C7 carbon. The 

relative proportions of double bond pair sequences: trans-cis (tc), trans-trans 

(tt), cis-cis (cc) and cis-trans (ct) units, were determined for the four carbons 

C1,4, on the basis of assignments reported by Szymanska-Buzar,184 at 43.94 (tc), 

43.14 (tt), 38.72 (cc) and 41.56 (ct) ppm, respectively, characteristic of poly-NBE 

obtained by a ROMP mechanism. In all the obtained 1H and 13C NMR spectra of 
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poly-NBE, the assignments are analogous to those of Figures 92 and 94. The 1H 

and 13C chemical shifts of poly-NBE in the presence of complexes C1, C6 and 

Mo5 are given in Table 44 and 45. 

 

 

Figure 95. 
13

C NMR spectra of poly-NBE in CDCl3 after after 5 hours in the presence of 
complexes [MoBr(η

3
-C3H5)(CO)2(L2)] C6 (bottom) and [MoBr(η

3
-C3H5)(CO)2(BianOMe)] Mo5 

(top). Assignments are made according to numbering in Figures 92 and 94.  

 Conversion of NBD 

It was reported by Szymańska-Buzar et all that NBD is less readily 

polymerized than NBE.187 Also, the polymers obtained by the ROMP of NBD 

were less soluble and not all afforded well-resolved NMR spectra. After 1 hour 

reaction time, all the tested catalysts afforded polymers with very low 

solubility, revealing not so clear NMR spectra, and making it impossible to 

determine the trans content, as can be seen in Table 43. The same was 

observed before, when comparing the metathesis polymerization of NBE and 

NBD, in the presence of complexes of the type [MCl(SnCl3)(CO)3(NCMe)2] where 

M = Mo or W; all yields achieved for the polymerization of NBD where not 

higher than 20 %, after 24 hours reaction time.184   



 
 
 
 
 
 

Table 45. 
13

C NMR chemical shifts (δ) of poly-NBE produced in the presence of C1, C6, and Mo5 complexes. ROMP carbons are marked in blue and 
vinylic carbons are marked in black. 

 δ/ppm 

Sample C2,3 cis C2,3 trans C1,4 cis/trans C7 C5,6 cis/trans C2,3 vinylic endo conf 

[MoBr(η
3
-C3H5)(CO)2(L1)2] 

C1 
128.90 127.00 

38.62 cc 
36.34 
36.82 

28.89 46.95 
19.59 
20.11 

41.55 ct 
43.05 tt 

39.12 30.56 47.23 
20.84 
21.57 

[MoBr(η
3
-C3H5)(CO)2(L2)] 

C6 
128.91 127.00 

38.71 cc 
36.06 
36.84 

29.05 
29.17 

46.97 
19.53 
19.83 

41.53 ct 
43.12 tt 

39.14 
30.58 
32.25 

47.30 
20.13 
20.94 
21.59 

[MoBr(η
3
-C3H5)(CO)2(BianOMe)] 

Mo5 
128.94 127.03 

38.72 cc 
41.56 ct 

36.08 
36.42 

29.01 46.91 
19.58 
20.07 

43.14 tt 
43.94 tc 

36.87 
39.16 

30.65 47.33 
20.85 
21.65 
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The 1H NMR spectrum of poly-NBD, obtained in the presence of complex C1, 

shows four signals assigned to the olefinic protons H2,3 and H5,6, at 5.23 (H2,3 

cis), 5.39 (H2,3 trans), 5.59 (H5,6 cis) and 5.63 ppm (H5.6 trans) as is shown in 

Figure 96. Two broad signals are also observed at 3.26 and 3.61 ppm assigned 

to H1,4 trans and H1,4 cis, respectively. From the integral ratio of signals (of the 

1,4 protons), at 3.61, 3.68 and 3.62 ppm for the cis double bond and at 3.26, 

3.26 and 3.28 ppm for the trans double bond, assigned to poly-NBD in the 

presence of C1, C6 and Mo5, respectively, it was possible to calculate the 

cis/trans content. In the presence of [MoBr(η3-C3H5)(CO)2(L1)2] C1, [MoBr(η3-

C3H5)(CO)2(L2)] C6 and [MoBr(η3-C3H5)(CO)2(BianOMe)] Mo5, the trans content 

of poly-NBD was 0.44, 0.47 and 0.57, while of the poly-NBE it was 0.68, 0.76 

and 0.83, respectively, suggesting higher selectivity towards the trans 

configuration when using norbornene. 

Szymańska-Buzar et al proposed the ROMP mechanism of NBD consisting of 

the coordination of the metal center by the diene followed by the ring-

opening.184 Handzlik et al, using density functional theory calculations, have 

demonstrated that heterobimetallic seven-coordinated molybdenum and 

tungsten complexes containing (η4-nbd) as ligand converted into the species 

initiating ROMP of NBD.192 In this way, they were able to identify the formation 

of an alkylidene ligand, assigning the protons and the carbons of the NBD as a 

ligand. The peaks represented in Figures 96 and 97 as * can be assigned to a 

coordinated NBD ligand in complexes C1, C6 and Mo5. Other peaks are outside 

the window. The 1H chemical shifts of poly-NBD in the presence of complexes 

C1, C6 and Mo5 are listed in Table 46. 

 



 

Figure 96. 
1
H NMR spectra of poly-NBD in CDCl3, after 5 hours reaction, in the presence of 

complex C1 (bottom), complex C6 (center) and complex Mo5 (top). The resonances denoted by 
(*) are due to protons of NBD as ligand. 

 
Table 46. 

1
H NMR chemical shifts (δ) of poly-NBD produced in the presence of complex C1, C6 

and Mo5. 

 δ/ppm 

Sample H2,3 cis H2,3 trans H1,4 cis H1,4 Trans H7 H5,6 cis H5,6 Trans 

C1 5.23 5.39 3.61 3.26 1.24 2.02 5.59 5.63 

C6 5.21 5.37 3.68 3.26 1.24 2.35 5.58 5.63 

Mo5 5.24 5.4 3.62 3.28 1.26 2.36 5.6 5.64 

 

The 13C NMR spectrum of poly-NBD obtained in the presence of C1 is 

presented in Figure 97. It is possible to identify the signals of carbons denoted 

as 2,3 and 5,6 at 128.2 and 129.1 ppm, respectively and also a broad signal 

assigned to C7 at 48.6 ppm (Scheme in Figure 97). It is also possible to 

distinguish, for carbon C7, the double bond pair sequences represented as 

trans-trans (tt) at 48.55 ppm, trans-cis/cis-trans (tc/ct) at 48.60 and cis-cis (cc) 
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at 48.64 ppm. Not all NBD-polymers afforded well-resolved 13C NMR spectra. In 

the spectra obtained with C6 and Mo5 catalysts it was not possible to 

distinguish double bond pair units, the same two peaks are identified for C2,3 

and C5,6, though. Double bond content, in these cases, was calculated based 

only in the 1H NMR integration.  

 

 

Figure 97. 
13

C NMR spectra of poly-NBD in CDCl3, after 5 hours reaction, in the presence of 
complex C1. The resonances denoted by (*) are due to carbons of NBD as ligand. 

 

Yamaguchi et al revealed poly-NBE yields of ca. 30 % after 12 hours reaction 

time using toluene, at room temperature, and in the presence of [MoCl(η3-

C3H5)(CO)2(CH3CN)2];193 Some preliminary tests were made to establish the best 

reaction temperature in our systems. Reactions were carried at 303 and 323 K 

for 5 hours.  



As shown in Table 47, increasing the reaction temperature, for the studied 

substrates, caused higher polymer yields. This suggests that temperature might 

work as a reaction activator, within the studied catalytic mechanisms 

 
Table 47. NBE and NBD polymerization in toluene at 303 and 323 K, after 5 hours reaction, with 

1:300 catalyst/substract, 1 equivalent of AlCl3 and 8mL of solvent (toluene). 

Catalyst Temp/ K mpNBE/ g mpNBD/ g ηNBE ηNBD 

C1 
303 -a 0.62 -a 24.9 

323 0.29 0.98 11.3 39.5 

C6 
303 0.93 1.29 36.9 51.9 

323 1.34 1.51 52.8 60.6 

Mo3 
303 1.61 1.38 63.3 55.5 

323 1.97 1.78 77.5 72.0 

Mo5 
303 0.72 1.20 27.9 49.0 

323 1.14 1.35 44.9 54.3 
a Not determined 

 

 Conclusions 

 

Neither the experiment without a co-catalyst or in the presence of only the 

organic ligands revealed activity towards polymerization of the studied 

substrates, suggesting the active species must contain molybdenum and that all 

the catalysts required a co-catalyst, AlCl3, to initiate polymerization. All the 

polymers appear to polymerize by a mixture of ROMP and vinyl mechanisms. 

Attempts to separate the different types were not made, although it would be 

an interesting research to make in the future.  

A peak assigned to the coordinated NBD was identified in the 1H NMR 

spectra, suggesting that a molybdenum-nbd complex works as a precatalyst for 

the initiation of ROMP. The studied polymers revealed to be insoluble after a 

certain time, thus their molecular weight could not be calculated. 
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A qualitative observation was that all the polymers obtained exhibited color, 

in contrast to NBE for example, which is a white powder. Also, poly-NBE 

obtained in the presence of 1 had the consistency of a hard rubber; polymers 

obtained in the presence of C6, Mo5 and Mo7 were compact powders and 

polymers obtained in the presence of C1 and Mo3 were ductile rubbers. Figure 

98 shows photographs of each one.  

 

 

Figure 98. Norbornadiene polymers achieved in the presence of [MoBr(η
3
-

C3H5)(CO)2(NCCH3)2] 1, [MoBr(η
3
-C3H5)(CO)2(L1)2] C1, [MoBr(η

3
-C3H5)(CO)2(L2)2] C6, [MoBr(η

3
-

C3H5)(CO)2(BianH)2] Mo3, [MoBr(η
3
-C3H5)(CO)2(BianOMe)2] Mo5 and [MoBr(η

3
-

C3H5)(CO)2(BianCl)2] Mo7. 
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Molybdenum(II) and tungsten(II) heptacoordinated complexes [Mo(η3-

C3H5)Br(CO)2(L)2] and [MX2(L)2(CO)3], where M = Mo or W, X = Br or I and L2= 

two 2-amino-1,3,4-thiadiazole ligands or one C5H4NCY=N(CH2)2CH3, where Y = H, 

CH3 and Ph, were synthesized, characterized and tested as catalysis precursors 

in epoxidation reactions of allylic alcohols and other olefins. These substrates 

were converted in the epoxide by most catalysts, but some originated an 

aldehyde; no diols are formed as by-products. 

The catalytic activity of the complexes bearing bidentate ligands is higher 

than the activity of complexes with two monodentate thiazole ones. The 

activity of allyl (η3-C3H5) complexes is striking, in comparison with the other 

group of complexes. In fact, [Mo(η3-C3H5)Br(CO)2(C5H4NCPh=N(CH2)2CH3)2], 

where the ligand (L4) has a phenyl substituent, proved to be the best catalyst 

precursor for the epoxidation of the tested substrates, with conversions always 

above 85.5 %, this lowest value being obtained for 1-octene, a non activated 

olefin, relatively difficult to oxidize. Selectivity towards the epoxide in the three 

allylic complexes tends to increase when Y goes from the proton, to a methyl 

and subsequently to a phenyl group. Also, in a general view, the highest 

conversions were achieved with complexes bearing ligand L4. Bulkier ligands 

are known to influence the selectivity of metal catalysts in homogeneous 

systems so, it would be interesting to synthesize other bulkier ligands, derived 

from those presented in this work, and test them for the epoxidation catalysis 

of olefins. 

Mesoporous materials and silsesquioxane molecules were synthesized 

and/or modified to immobilize the complexes referred above. A direct grafting 

procedure led to loaded metal percentages that went from 3.5 to 8.2 wt %. 

Silica-gel and silsesquioxane derived heterogeneous catalysis precursors 

demonstrated higher selectivity towards the epoxide than MCM-41, in the 

oxidation of geraniol and 1-octene, though aldehyde was often the major 



product. It is clear that the structure of the supporting material influences the 

oxidation reaction mechanism. In particular, the lower reactivity of the 

heterogeneized MCM-41 based catalysts may be due to problems of access of 

the active site, overcome when using silica-gel or silsesquioxane molecules. It 

would be useful to heterogeneize the remaining complexes in these two 

supports and check their catalytic activity.  

The heterogeneous catalysts synthesized via direct grafting (direct reaction 

between the metal active sites and the supporting material, described in 

chapter 4) demonstrated better catalytic activity, but there is no studied system 

that allows a direct comparison. This behaviour can be justified by the fact that 

the spacer ligands described, such as ClC3H6Si(OEt)3 (L1Si), 

C5H4NCY=N(CH2)2CH2Si(OEt)3, where Y = H (L2Si) or Y = CH3 (L3Si), might cause a 

higher pore obstruction. Moreover, in the presence of a spacer ligand, smaller 

percentages of metal were introduced in the final materials. To gain a more 

accurate idea of the influence of the supported material, a comparison with the 

analogous homogeneous system should be performed. These tests are already 

planned. 

The reusability of heterogeneous catalysts that demonstrated conversions 

close to 100 %, after 24 h reaction time, should be studied, not only testing for 

more catalytic cycles, but also by attempting to recover the catalyst. 
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All reagents were obtained from Aldrich and used as received. All the work 
involving sensitive compounds was carried out using standard schlenk 
techniques. Commercial-grade solvents were dried and deoxygenated by 
standard procedures (i.e., THF, toluene and benzene over Na/benzophenone 
ketyl; CH2Cl2 over CaH2), distilled under nitrogen, and kept over 4 Å molecular 
sieves. The organometallic complexes [MoBr(η3-C3H5)(CH3CN)2(CO)2] (1) and 
[MX2(CH3CN)2(CO)3] (M = Mo, X = I 2; M=Mo, X=Br 3; M=W, X=I 4; M=W, X=Br 5) 
were prepared as described before.114,3 Ligands C5H4NCY=N(CH2)2CH3 (Y=H, L2 
Y=CH3, L3 Y=Ph, L4) and C5H4NCY=N(CH2)3Si(OEt3) (Y=H, L2Si Y=CH3, L3Si) were 
prepared as reported.7 MCM-41 and post synthetic derivatized materials were 
synthesized as described previously, using [(C16H33)N(CH3)3]Br (CTAB) as the 
templating agent.130 Before the grafting experiment, physisorbed water was 
removed from calcined (540 ᵒC for six hours under air) MCM-41 by heating at 
180 ᵒC in vacuum (10-2 Pa) during two hours. Moreover, hybrid materials were 
prepared using ligands 3-chloropropyltriethoxysilane, L2Si, L3Si as reported, 
with an organic material load of ≈ 3 %.7,124,116 Silica-gel and Octasilsesquioxane 
functionalized with ligand 2-amino-1,3,4-thiadiazol (L1) were obtained from a 
collaboration with Newton L. Dias Filho.115  

FTIR spectra were obtained as KBr pellets and diffuse reflectance 
measurements (DRIFT) using cm-1 resolution on a Nicolet 6700 in the 400-4000 
cm-1 range. Powder XRD measurements were taken on a Philips Analytical PW 
3050/60 X'Pert PRO (θ/2θ) equipped with X'Celerator detector and with 
automatic data acquisition (X'Pert Data Collector (v2.0b) software), using a 
monochromatic Cu Kα radiation as the incident beam, operating at 40 kV–30 
mA. XRD diffraction patterns were obtained by continuous scanning in a 2θ-
range of 2 to 10° with 2θ-step size of 0.017° and a scan step time of 99.695 s. 1H 
and 13C solution NMR spectra were obtained with a Bruker Avance 400 
spectrometer. 29Si and 13C solid state NMR spectra were performed at 
University of Aveiro by Dr Paula Ferreira, they were recorded at 79.49 MHz and 
100.62 MHz, respectively, on a (9.4 T) Bruker Avance 400P spectrometer. 29Si 
MAS NMR spectra were recorded with 40ᵒ pulses, spinning rates of 5.0-5.5 kHz, 
and 60 s recycle delays. 29SI CP MAS NMR spectra were recorded with5.5 μs 1H 
90ᵒ pulse, 2 ms contact time, a spinning rate of 8 kHz, and 4 s recycle delays. 
Chemical shifts are quoted in ppm from TMS. 13C spectra (solid state) were 
recorded at 125.76 MHz on a Bruker Avance 500 spectrometer. The N2 sorption 
measurements were obtained in an automatic apparatus (ASAP 2010; 
Micrometrics). BET specific surface areas (SBET, p/p0 from 0.03 to 0.13) and 
specific total pore volume, Vp were estimated from N2 adsorption isotherms 



measured at 77 K. The pore size distribution (PSD) were calculated by the BJH 
method using the modified Kelvin equation, with correction for the statistical 
film thickness on the pore walls.137 The statistical film thickness was calculated 
using the Harkins-Jura equation in the p/p0 range from 0.1 to 0.95. 
Microanalyses (C, N, S, H) and atomic absorption for determination of 
molybdenum and tungsten were performed at the University of Vigo. 
 
Table 48.  Crystal data and select refinement details of complexes C6-C9.* 

Complexes C6 C7 C8 C9 

Empirical 
Formula 

C28H36Br2Mo2N4 C12H13I2N2O3W C12H13Br2NO3W C15H19Br MoN2O2 

Mw 844.31 670.89 576.91 435.17 

Crystal System Triclinic Monoclinic Triclinic Monoclinic 

Space group 
 

P21/c 
 

P21/n 

a / [Å] 10.6531(4) 13.9558(9) 8.7182(6) 12.0236(4) 

b / [Å] 10.7560(5) 8.1640(6) 8.9921(6) 9.0449(3) 

c / [Å] 14.0254(7) 14.4211(8) 10.7239(7) 14.9858(4) 

α / [º] 87.607(2) -90 69.859(3) -90 

  75.561(2) 100.940(3) 85.302(3) 93.3410(10) 

  81.487(2) -90 77.356(3) -90 

V [Å
3
] 1539.17(12) 1613.21(18) 770.13(9) 1626.97(9) 

Z 2 4 2 4 

Dc [Mg m
-3

] 1.822 2.762 2.488 1.777 

 
 3.45 10.995 12.695 3.267 

Reflections 
collected 

42861 16304 7948 29356 

Unique 
Reflections [Rint] 

11254 [ 0.0266] 4321 [0.0478 ] 3250 [0.0343 ] 4397 [ 0.0236 ] 

Final R indices 
    

R1, wR2 
[I >2s(I)] 

0.0250, 0.0607 
[9481] 

0.0343, 0.0716 
[3348 ] 

0.0299, 0.0495 
[2707 ] 

0.0192, 0.0939 
[ 4086 ] 

R1, wR2 (all data) 0.0350, 0.0639 0.0557, 0.0778 0.0446, 0.0534 0.0277, 0.0660 

* Crystal data were collected at 150 K. 

P1
-

P1
-
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Synthesis of [MoBr(η3-C3H5)(CO)2(C2H3N3S)2] (C1) 

A solution of [MoBr(η3-C3H5)(CO)2(CH3CN)2] (0.36g, 1 mmol) in CH2Cl2 (15 mL) 
was added to a heated solution of the ligand C2H3N3S (0.22g, 2.2 mmol) in 
benzene (30 mL). The resulting mixture was allowed to reflux for 10 hours 
under a nitrogen atmosphere. After the solvent is concentrate and placed in 
cold for one night to precipitate. Hexane is added to precipitate. The resulting 
solution is filtered, washed with hexane and the product dried under vacuum. 

[MoBr(η3-C3H5)(CO)2(C2H3N3S)2] (C1) 0.42g (yellow powder), 88.16 % 
MoBrC9H11N6O2S2 (475.19). Elemental analysis (%) calc: C 16.10, N 11.26, H 
0.81; found:  C 16.26, N 11.33, H 1.09.  

IR (KBr ν cm-1) 3322 (s), 3092 (s), 2786 (s), 2749 (m), 1948 (vs), 1923 (vs), 1610 
(s), 1520 (s), 1379 (w), 1339 (m), 1219 (m), 1106 (w), 1022 (w), 930 (w), 892 (w), 
807 (m), 784 (w), 638 (w), 574 (w), 485 (m).  

1H NMR (400.13 MHz, DMSO, room temp., δ ppm) 1.09 (Hanti), 3.37 (Hsyn), 5.77 
(Hmeso), 7.24 (s, 2H, H1), 8.58 (s, 1H, H2).  

13C NMR (100.62 MHz, DMSO, room temp., δ ppm) 61.6 (Callyl), 75.2 (Callyl), 
168.7 (C3), 143.3 (C2). 

 



 

 
Synthesis of [MX2(CO)3(C2H3N3S)2] (C2-C5) 

A heated solution of the ligand 2-amino-1,3,4-thiadiazole C2H3N3S (0.22g, 2.2 
mmol) in benzene stirred until the ligand was completly dissolved, then a 
solution in CH2Cl2 (15 mL) of [MX2(CO)3(CH3CN)2] was added (1 mmol). The 
resulting solution refluxed and stirred under a N2 atmosphere for 12h. After 
hexane was added, a precipitate appears; the solution was then filtrated and 
dried. The product was washed three times with hexane and dried under 
vacuum.  

[MoI2(CO)3(C2H3N3S)2] (C2) 0.51g (pale orange powder), 80.53 % 
MoI2C7H6N6O3S2 (636.0). Elemental analysis (%) calc: C 13.22, N 13.21, H 0.85; 
found: C 13.5, N 12.94, H 1.04.  

IR (KBr ν cm-1) 3340 (m) 3263 (s), 3135 (m), 3070 (w), 2008 (s), 1932 (vs), 1906 
(s), 1756 (s), 1602 (s), 1597 (vs), 1346 (s), 1226 (m), 1012 (s), 923 (m), 892 (m), 
732 (m), 583 (w). 

1H NMR (400.13 MHz, DMSO, room temp., δ ppm) 8.72 (H1).  

13C NMR (100.62 MHz, DMSO, room temp., δ ppm) 169.1 (C3), 144.6 (C2). 
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[MoBr2(CO)3(C2H3N3S)2] (C3) 0.43g (pale orange powder), 80.04 % 
MoBr2C7H6N6O3S2 (542.0). Elemental analysis (%) calc: C 15.51, N 15.50, H 1.12, 
S 7.27; found: C 15.67, N 14.28, H 1.46, S 8.13. 

 IR (KBr ν cm-1) 3407 (s), 3257 (m), 3141 (m), 3084 (w), 1955 (s), 1911 (vs), 1853 
(s), 1791 (vs), 1601 (vs), 1507 (vs), 1350 (m), 1228 (m), 1020 (m), 927 (m), 801 
(m), 685 (w).  

1H NMR (400.13 MHz, DMSO, room temp., δ ppm) 8.73 (H1).  

13C NMR (100.62 MHz, DMSO, room temp., δ ppm) 169.4 (C3), 144.4 (C2). 

 

[WI2(CO)3(C2H3N3S)2] (C4) 0.71g (orange powder), 98.04 % WI2C7H6N6O3S2 
(723.9). Elemental analysis (%) calc: C 11.61, N 11.61, H 0.84; found: C 11.36 N 
11.44 H 1.05.  

IR (KBr ν cm-1) 3480 (m), 3382 (vs), 3264 (vs), 3173 (s), 3092 (vs), 2005 (s), 2000 
(vs), 1913 (vs), 1600 (vs), 1516 (s), 1332 (w), 1244 (w), 1008 (m), 924 (m), 886 
(m), 822 (m), 593 (m).  

1H NMR (400.13 MHz, DMSO, room temp., δ ppm) 8.64 (H1).  

13C NMR (100.62 MHz, DMSO, room temp., δ ppm) 169.0 (C3),143.8 (C2). 



 

 

[WBr2(CO)3(C2H3N3S)2] (C5) 0.55g (orange powder), 87.44% WBr2C7H6N6O3S2 
(629.9). Elemental analysis (%) calc: C 13.35, N 13.34, H 0.96; found: C 13.55, N 
13.57, H 1.18.  

IR (KBr ν cm-1) 3242 (s), 3195 (s), 3095 (s), 2006 (m), 1952 (vs), 1855 (vs), 1599 
(vs), 1533 (vs), 1335 (m), 1205 (m), 1079 (m), 887 (s), 841 (m), 705 (m), 591 (m).  

1H NMR (400.13 MHz, DMSO, room temp., δ ppm) 8.66 (H1).  

13C NMR (100.62 MHz, DMSO, room temp., δ ppm) 168.8 (C3),143.9 (C2). 

 

 

Synthesis of Cube_C1 

A solution of [MoBr(η3-C3H5)(CO)2(CH3CN)2] (2.27g, 6.4mmol) in dry toluene (10 
mL) was added to a suspension of the material Cube_L1 (1g, 0.64mmol) (10:1) 
in dry toluene (20 mL). The reaction mixture was stirred under a N2 
atmosphere, at reflux temperature, overnight. The resulting material was then 
filtered off, washed with CH2Cl2, and dried under vacuum for 3 hours. 
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Octakis[3-(2-amino-1,3,4-
thiadiazole)propyl[MoBr(CO)2(CH3CN)]_octasilsesquioxane (Cube_C1) 0.83g 
(yellow powder), 59.2 % Mo2Br2C54H80N26O16Si8S8 (2182.32). Elemental analysis 
(%) calc: C 29.72, N 16.69, H 3.69, S 11.75, Mo 8.79. found C 28.68, N 14.81, H 
3.81, S 8.31, Mo 8.21.   

IR (KBr ν cm-1) 3170 (w), 3100 (w), 2934 (m), 2887 (m; νN-H), 1942, 1856, (s; 
νC≡O), 1794, 1663 (s; νC=N), 1600 (m), 1520 (m), 1459 (m), 1421 (m), 1353 (m), 
1251 (m), 1166 (s), 1034 (s), 918 (m), 681 (m).  

13C CPMAS NMR (δ ppm) 9.80 (SiCH2), 22.88 (CH2CH2CH2), 34.04, 41.18 (CH2N), 
51.20, 145.45, 158.73, 169.26   

29Si CPMAS NMR (δ ppm) -61.20 (T2), -68.28 (T3) 29Si MAS NMR (δ ppm) -41.57 
(T2), -46.19 (T3). 

 

 

 

 

 

 

 



Synthesis of Silica_C1  

A solution of [MoBr(η3-C3H5)(CO)2(CH3CN)2] (0.5g, 1.4mmol) in dry toluene (10 
mL) was added to a suspension of 1g of the materials Silica_L1 in dry benzene 
(20 mL). The reaction mixture was stirred under a N2 atmosphere, at reflux 
temperature, overnight. The resulting material was then filtered off, washed 
with CH2Cl2, and dried under vacuum for 3 hours. 

Silica_ [Mo(η3-C3H5)Br(CO)2(C2H3N3S)(CH3CN)] (Silica_C1) (light yellow powder). 
Elemental analysis (%) found: C 6.22, N 1.97, H 1.01, S 0.94, Mo 7.63.  

IR (KBr ν cm-1) 3011 (w), 2940 (w), 2887 (w; νN-H), 2291, 2317 (s, νC≡N), 1955, 
1853 (s; νC≡O), 1632, 1539 (m; νC=N), 1457 (m), 1412 (m), 1280 (m), 1043 (m), 926 
(m), 808 (m), 683 (w).  

13C CP MAS NMR (δ ppm) 9.35 (SiCH2), 25.91, 22.63 (CH2CH2CH2), 35.43, 45.43 
(CH2N), 46.17 (SiOCH2CH3), 64.61, 142.57, 155.25.  

29Si CP MAS NMR (δ ppm) -60.07 (T2), -68.94 (T3), -102.64 (Q3), -111.77 (Q4) 29Si 
MAS NMR (δ ppm) -60.70 (T2), -69.15 (T3), -102.08 (Q3), -112.24 (Q4).  
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Synthesis of MCM_C1-MCM-C5  

A solution of [M(II)] (1mmol) in dry toluene (10 mL) was added to a suspension 
of 1g of the material MCM_L1 in dry toluene (20 mL). The reaction mixture was 
stirred under a N2 atmosphere at reflux temperature overnight. The resulting 
material was then filtered off, washed with CH2Cl2, and dried under vacuum for 
3 hours. 

MCM_[MoBr(η3-C3H5)(CO)2(C2H3N3S)2] (MCM_C1) (light yellow powder). 
Elemental analysis (%) found: C 7.12, N 1.16, H 1.68 Mo 4.02.   

IR (KBr ν cm-1) 3254, 3162, 3102 (s; νN-H), 1944, 1860 (m; νC≡O), 1608 (s; νC=N).  

13C CPMAS NMR (δ ppm) 7.64, 8.80 (SiCH2), 15.42 (SiOCH2CH3), 25.84 
(CH2CH2CH2), 46.81 (CH2N), 57.92 (SiOCH2CH3).  

29Si CP MAS NMR (δ ppm) -58.94 (T2) -67.64 (T3) -102.88 (Q3) -110.3 (Q4)  29Si 
MAS NMR (δ ppm) -59.83 (T2) -69.65 (T3) -103.05 (Q3) -109.53 (Q4). 

 

 

 

 

 



MCM_[MoI2(CO)3(C2H3N3S)2] (MCM_C2) (light pink powder). Elemental analysis 
(%) found C 6.75, N 1.38, H 1.78, Mo 3.7.  

IR (KBr ν cm-1) 3360, 2979 (s; νN-H), 2015, 1935, 1886 (m; νC≡O), 1627 (s; νC=N). 

13C CPMAS NMR (δ ppm) 8.78 (SiCH2), 11.94 (SiOCH2CH3), 25.84 (CH2CH2CH2), 
45.64 (CH2N), 58.55 (SiOCH2CH3).  

29Si CP MAS NMR (δ ppm) -58.69 (T2) -67.90 (T3) -103.82 (Q3) -109.87 (Q4) 29Si 
MAS NMR (δ ppm) -57.96 (T2) -66.02 (T3) -96.35 (Q3) -110.81 (Q4). 
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MCM_[MoBr2(CO)3(C2H3N3S)2] (MCM_C3) (light orange powder). Elemental 
analysis (%) found C 6.97, N 1.51, H 1.52, Mo 5.05.  

IR (KBr ν cm-1) 3311, 2963 (s; νN-H), 2003, 1981, 1893 (s; νC≡O), 1617 (s; νC=N).  

13C CPMAS NMR (δ ppm) 9.0 (SiCH2), 16.21 (SiOCH2CH3), 25.87 (CH2CH2CH2), 
45.52 (CH2N), 58.00 (SiOCH2CH3)  

29Si CPMAS NMR (δ ppm) -58.47 (T2), -66.66 (T3), -102.79 (Q3), -109.92 (Q4) 29Si 
MAS NMR (δ ppm) -59.24 (T2), -68.63 (T3), -102.11 (Q3), -110.68 (Q4).  

 

 

 

 

 

 

 

 

 



MCM_[WI2(CO)3(C2H3N3S)2] (MCM_C4) (light pink powder). Elemental analysis 
(%) found C 7.36, N 2.03, H 1.61, W 4.7. 

 IR (KBr ν cm-1) 3366, 2957, 2848 (s; νN-H), 1994, 1903, 1870 (s; νC≡O), 1626 (s; 
νC=N).  

13C CPMAS NMR (δ ppm) 8.86 (SiCH2), 14.92 (SiOCH2CH3), 25.72 (CH2CH2CH2), 
44.79 (CH2N), 58.55 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -59.68 (T2), -68.43 (T3), -103.15 (Q3), -110.36 (Q4) 29Si 
MAS NMR (δ ppm) -58.35 (T2), -69.61 (T3), -99.81 (Q3), -110.56 (Q4).  
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MCM_[WBr2(CO)3(C2H3N3S)2] (MCM_C5) (light orange powder). Elemental 
analysis (%) found C 6.99, N 1.43, H 1.59, W 3.67.  

IR (KBr ν cm-1) 3386, 2955, 2850 (s; νN-H), 2000, 1960, 1872 (s; νC≡O), 1627 (s; 
νC=N).  

13C CPMAS NMR (δ ppm) 8.27 (SiCH2), 15.04 (SiOCH2CH3), 25.67 (CH2CH2CH2), 
44.84 (CH2N), 59.23 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -58.90 (T2), -67.35 (T3), -101.43 (Q3), -109.83 (Q4) 29Si 
MAS NMR (δ ppm) -58.09 (T2), -67.82 (T3), -100.53 (Q3), -110.51 (Q4). 

 

 

Synthesis of ligands type C5H4NCX=N(CH2)2CH3  X = H (L2), X = CH3 (L3) and X = 
Ph (L4) 

A solution of propylamine (0.986 mL, 12 mmol) in dry THF (10 mL) was added to 
a solution of the correspondent pyridine (10 mmol) in dry THF, followed by 4 Å 
molecular sieves (1.6 mm pellets, 0.6 g), and a catalytic amount of ZnCl2. After 
12 h at 323 K, the solution was filtered, the resultant residue was rinsed with 
THF, and the filtrate was evaporated in vacuum to give the product, which was 
recrystallized from chloroform. 



C9H12N2 (L2) 1.25g (white powder), 85 % (148.0). Elemental analysis (%) calc: C 
72.94, N 18.90, H 8.44; found: C 72.66, N 18.74, H 8.06.  

IR (KBr ν cm-1) 3053 (m), 3010 (m), 2966 (s), 2932 (s), 2873 (s), 1655 (vs), 1596 
(vs), 1570 (m), 1479 (s), 1447 (s), 1357 (w), 1304 (vs), 1270 (m), 1225 (s), 1159 
(m), 1110 (s), 1048 (s), 1016 (vs), 989 (s), 907 (w), 891 (w), 862 (w), 784 (vs), 748 
(m), 679 (w), 640 (m), 549 (w), 500 (s).  

1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 0.98 (t, 3H, H1), 1.87 (t, 2H, 
H2), 3.79 (t, 2H, H3), 7.61 (s, 1H, H7), 7.87 (d, 1H, H8), 7.98 (d, 1H, H6), 8.39 (s, 1H, 
H4), 8.70 (d, 1H, H9).  

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 11.6 (C1), 23.4 (C2), 
61.4 (C3), 125.3 (C6), 127.6 (C8), 139.8 (C7), 148.0 (C9), 149.7 (C5), 161.0 (C4). 
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C10H14N2 (L3) 1.28g (orange oil), 79.3 % (162.23). Elemental analysis (%) calc: C 
74.04, N 17.27, H 8.70; found: C 73.91, N 17.08, H 8.45.  

IR (KBr ν cm-1) 3255 (m), 3142 (m), 3066 (m), 2964 (vs), 2933 (s), 2875 (s), 1698 
(s), 1638 (s) 1595 (vs) 1567 (m), 1466 (s), 1436 (s), 1377 (m), 1357 (w), 1314 (m), 
1283 (w), 1260 (w), 1239 (vw), 1166 (w), 1100 (m), 1051 (m), 1016 (m), 994 (w), 
963 (w), 888 (w), 784 (vs), 751 (vs).  

1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 0.96 (t, 3H, H1), 1.87 (t, 2H, 
H2), 2.40 (s, 3H, H10) 3.56 (t, 2H, H3), 7.21 (m, 1H, H7), 7.64 (t, 1H, H8), 8.03 (d, 
1H, H6), 8.55 (d, 1H, H9).   

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 11.9 (C1), 15.6 (C2), 
23.7 (C10), 54.2 (C3), 124.9 (C6), 128.8 (C8), 142.1 (C7), 146.4 (C9), 167.4 (C4).  

 

 

 

 

 

 

 

 

 

 

 



C15H16N2 (L4) 1.95g (blue oil), 87.3 % (224.31). Elemental analysis (%) calc: C 
80.32, N 12.49, H 7.19; found: C 80.19, N 12.33, H 7.01. 

 IR (KBr ν cm-1) 3314 (m) 3056 (vs), 3005 (s), 2962 (vs), 2931 (vs), 2872 (s), 1951 
(w), 1897 (w), 1814 (w), 1668 (vs), 1629 (vs), 1579 (vs), 1492 (w), 1466 (s), 1447 
(s), 1432 (s) 1376 (w), 1282 (vs), 1246 (vs), 1163 (s), 1092 (m), 1066 (m), 939 (s), 
844 (m), 800 (m), 771 (s), 744 (s), 700 (s), 651 (vs).  

1H NMR (400.13 MHz, CDCl3, room temp, δ ppm) 0.69 (t, 3H, H1), 1.52 (t, 2H, 
H2), 3.13-3.22 (2t, 2H, H3), 7.15 (dd, 1H, H14), 7.28 (m, 1H, H12), 7.41 (m, 1H, 
H13), 7.51 (m, 2H, H11, H15), 7.80 (t, 1H, H8), 7.94 (d, 1H, H6), 8.02 (d, 1H, H7), 
8.63 (d, 1H, H9).  

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 10.7 (C1), 20.4 (C2), 
41.0 (C3), 124.7 (C6), 126.1 (C12), 128.0 (C8), 131.1 (C11, C15), 132.6 (C13), 
135.9 (C14), 137.0 (C7), 148.3 (C9), 155.1 (C4). 
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Synthesis of [MoBr(η3-C3H5)(CO)2C5H4NCH=N(CH2)2CH3] and 
[WX2(CO)3C5H4NCH=N(CH2)2CH3] (C6-C8)            

To a solution of the ligand C5H4NCH=N(CH2)2CH3 (1.2 mmol) in dichloromethane 
(10 mL) was added a solution of [MoBr(η3-C3H5)(CO)2(CH3CN)2] or 
[WX2(CO)3C5H4NCH=N(CH2)2CH3] (X = I, Br) (1 mmol) also in dichloromethane 
(10 mL). The resulting mixture was allowed to stir for 6 hours at room 
temperature and under a nitrogen atmosphere. After the solution is filtered and 
evaporated to concentrate, pentane is added to help precipitation. The 
resulting solution is filtered, and the product dried under vacuum. 

MoBr(η3-C3H5)(CO)2 C5H4NCH=N(CH2)2CH3] (C6) 0.36g (purple powder),  87.65 % 
MoBrC14H17N2O2 (421.14). Elemental analysis (%) calc: C 39.93, N 6.65, H 4.07; 
found: C 37.21, N 6.29, H 4.05.  

IR (KBr ν cm-1) 3075 (w), 3044 (m), 2997 (m), 2967 (m), 2936 (w), 2870 (m), 
1942 (s), 1845 (vs), 1654 (m), 1647 (m), 1599 (m), 1470 (m), 1306 (w), 1262 (s), 
1251 (w), 1152 (w), 1103 (s), 1024 (s), 978 (m), 803 (s), 795 (s), 668 (w), 628 (w), 
572 (m).  

1H NMR (400.13 MHz, acetone, room temp., δ ppm) 1.09 (t, 3H, H1), 1.25, 1.44 
(Hanti), 2.31 (t, 2H, H2), 2.95-4.00 (Hsyn), 4.24 (t, 2H, H3), 4.46 (Hmeso), 7.48 (t, 1H, 
H8), 7.69 (d, 1H, H6), 7.86 (t, 1H, H7), 8.24 (s, 1H, H4), 8.48 (d, 1H, H9).  

13C{1H}  NMR (400.13 MHz, acetone, room temp., δ ppm) 11.6 (C1), 23.5 (C2), 
55.1-68.4 (Callyl), 72.7 (C3), 126.3 (C6), 127.6 (C8), 137.7 (C7), 150.2 (C9), 152.7 
(C5), 160.2 (C4). 
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[WI2(CO)3C5H4NCH=N(CH2)2CH3] (C7) 0.66g (red powder), 98.11 % 
WI2C12H12N2O3 (669.9). Elemental analysis (%) calc: C 21.52, N 4.18, H 1.81; 
found: C 21.65, N 4.31, H 2.08.  

IR (KBr ν cm-1) 3071 (w), 3016 (w), 2972 (m), 2969 (m), 2933 (w), 2885 (m), 
2014 (vs), 1935 (vs), 1896 (vs), 1617 (m), 1595 (m), 1554 (w), 1480 (s), 1391 (m), 
1310 (s), 1260 (m), 1239 (m), 1159 (m), 770 (vs), 754 (s), 519 (s), 494 (s) cm-1.  

1H NMR (400.13 MHz, Acetone, room temp., δ ppm) 1.05 (t, 3H, H1), 2.05 (m, 
2H, H2), 4.46 (t, 2H, H3), 7.88 (t, 1H, H8), 8.41 (t, 1H, H7), 8.51 (t, 1H, H6), 9.33 (s, 
1H, H4), 9.81 (d, 1H, H9).  

13C{1H} NMR (100.62 MHz, Acetone, room temp., δ ppm) 10.3 (C1), 24.4 (C2), 
67.4 (C3), 128.0 (C8), 130.3 (C7), 140.4 (C6), 155.4 (C9), 168.2 (C4).  

 

 

 

 

 

 

 

 

 

 

 

 



[WBr2(CO)3C5H4NCH=N(CH2)2CH3] (C8) 0.51g (orange-brick powder), 88.16 % 
WBr2C12H12N2O3 (575.9). Elemental analysis (%) calc: C 25.03, N 4.86, H 2.10; 
found C 25.64, N 4.40, H 2.52.   

IR (KBr ν cm-1) 3069 (m), 3022 (w), 2971 (m), 2942 (w), 2921 (m), 2878 (w), 
2036 (vs), 1956 (vs), 1904 (vs), 1621 (m), 1595 (m), 1477 (s), 1309 (m), 1261 (m), 
1242 (m), 782 (s), 543 (s), 490 (s).  

1H NMR (400.13 MHz, Acetone, room temp., δ ppm) 1.03 (t, 3H, H1), 1.87 (m, 
2H, H2), 3.14 (t, 2H, H3), 7.91 (t, 1H, H8), 8.43 (t, 1H, H7), 8.52 (t, 1H, H6), 8.97 (d, 
1H, H9), 9.37 (s, 1H, H4) ppm.  

13C{1H} NMR (100.62 MHz, Acetone, room temp., δ ppm) 10.2 (C1), 20.7 (C2), 
41.9 (C3), 122.1 (C8), 128.6 (C7), 137.7 (C6), 150.3 (C9), 165.8 (C4), 184.7 (CO) 
194.4 (CO). 
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Synthesis of [MoBr(η3-C3H5)(CO)2C5H4NCCH3=N(CH2)2CH3] and 
[MX2(CO)3C5H4NCCH3=N(CH2)2CH3] (C9-C13)               

 To a solution of the ligand C5H4NCCH3=N(CH2)2CH3 (1.2 mmol; 0.194 g ) in 
dichloromethane (10 mL) was added a solution of [MoBr(η3-C3H5)(CO)2(CH3CN)] 
or [MX2(CO)3(CH3CN)2] (M = Mo, W and X = I, Br) (0.5 mmol) also in 
dichloromethane (10 mL). The resulting mixture was allowed to stir for 4h 
(tungsten analogous) or 6h hours (molybdenum analogous) at room 
temperature and under a nitrogen atmosphere. After the solution is filtered and 
evaporated to give the product. The product was recristallyzed with hexane.  

 [MoBr(η3-C3H5)(CO)2C5H4NCCH3=N(CH2)2CH3] (C9) 0.39g (pink powder), 89.72 
% MoBrC15H19N2O2 (435.17). Elemental analysis (%) calc: C 41.4, N 6.44, H 4.4; 
found: C 41.15, N 6.27, H 3.95.  

IR (KBr ν cm-1) 3072 (m), 3047 (w), 3021 (w), 2968 (m), 2933 (m), 2873 (w), 
1936 (s), 1853 (vs), 1593 (m), 1562 (m), 1435 (m), 1375 (w), 1323 (m), 1302 (s), 
1254 (w), 1051 (w), 1026 (s), 928 (m), 793 (s), 754 (s), 658 (w), 633 (w), 560 (m). 

1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 1.24 (t, 3H, H1), 1.49, 1.61 
(Hanti), 2.25 (m, 2H, H2), 2.58 (s, 3H, H10), 3.88 (t, 2H, H3), 4.11, 4.26 (Hsyn),  4.41, 
4.80  (Hmeso), 7.53 (t, 1H, H8), 7.87 (d, 1H, H6), 7.94 (t, 1H, H7), 8.47 (d, 1H, H9).  

13C{1H} NMR (400.13 MHz, CDCl3, room temp., δ ppm) 11.9 (C1), 16.2 (C2), 
22.9 (C10), 55.2, 61.5 (Cally-terminal), 64.0 (Callyl-center), 72.8 (C3), 125.6 (C7), 126.2 
(C6), 137.6 (C8), 150.1 (C9), 154.6 (C5), 165.7 (C4). 
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[MoI2(CO)3C5H4NCCH3=N(CH2)2CH3] (C10) 0.54g (red-wine powder), 90.94 % 
MoI2C13H14N2O3 (596.01). Elemental analysis (%) calc: C 26.20, N 4.70, H 2.37. 
found: C 26.09, N 4.45, H 2.01.  

IR (KBr ν cm-1) 3415 (s), 3077 (m), 2990 (m), 2964 (m), 2905 (w), 2872 (w), 2012 
(m), 1963 (vs), 1920 (vs), 1850 (m) 1616 (m) 1593 (m), 1433 (m), 1375 (m), 1302 
(w), 1250 (m), 1162 (m), 1096 (w), 1021 (w), 994 (w)945 (w), 774 (s), 746 (s). 

1H NMR (400.13 MHz, Acetone, room temp., δ ppm) 1.07 (t, 3H, H1), 2.01 (s, 
3H, H10), 2.73 (d, 2H, H2) 4.48 (t, 2H, H3), 7.93 (t, 1H, H8), 8.46 (t, 1H, H6), 8.52 (d, 
1H, H7), 9.68 (d, 1H, H9). 

13C{1H} NMR (400.13 MHz, Acetone, room temp., δ ppm) 10.9 (C1), 14.7 (C2), 
21.0 (C10), 53.9 (C3), 127.9 (C8), 130.8 (C6), 132.6 (C7), 137.4 (C9), 148.3 (C5). 

 

 

 

 

 

 

 

 

 

 



[MoBr2(CO)3C5H4NCCH3=N(CH2)2CH3] (C11) 0.47g (red powder), 93.23 % 
MoBr2C13H14N2O3 (502.01). Elemental analysis (%) calc: C 31.10, N 5.58, H 2.81 
found: C 29.98, N 5.23, H 2.51.  

IR (KBr ν cm-1) 3440 (s) 3070 (m), 3028 (m), 2964 (m), 2930 (m), 2873 (w), 2044 
(m), 1971 (vs), 1921 (s), 1901 (m), 1617 (s), 1531 (w), 1472 (m), 1477 (m), 1435 
(m), 1305 (w), 1250 (w), 1164 (w), 1092 (w), 1023 (w), 945 (m), 776 (s), 748 (s).   

1H NMR (400.13 MHz, Acetone, room temp., δ ppm) 1.21 (t, 3H, H1), 2.20 (s, 
2H, H10), 2.67 (d, 3H, H2), 4.64 (t, 2H, H3), 8.21 (t, 1H, H8), 8.45 (t, 1H, H6), 8.57 
(d, 1H, H7), 9.26 (d, 1H, H9).  

13C{1H} NMR (400.13 MHz, Acetone, room temp., δ ppm) 13.7 (C1), 18.1 (C2), 
24.6 (C10), 55.0 (C3), 121.3 (C8), 124.7 (C6), 136.1 (C7), 148.8 (C9), 158.3 (C5), 
166.2 (C4). 
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[WI2(CO)3C5H4NCCH3=N(CH2)2CH3] (C12) 0.60g (purple powder), 88.01 % 
WI2C13H14N2O3 (683.92). Elemental analysis (%) calc: C 22.83, N 4.10, H 2.06 
found: C 22.77, N 3.81, H 1.88.  

IR (KBr ν cm-1) 3421 (s), 3041 (m), 2966 (m), 2903 (m), 2873 (w), 2065 (m), 2019 
(s), 2003 (m), 1925 (vs), 1654 (m), 1605 (m), 1528 (m), 1488 (w), 1457 (s), 1384 
(m), 1305 (m), 1227 (m), 1162 (m), 1092 (w), 1027 (w), 946 (w), 776 (s), 732 (s).  

1H NMR (400.13 MHz, Acetone, room temp., δ ppm) 1.08 (t, 3H, H1), 2.10 (s, 
3H, H10), 2.85 (t, 2H, H2) 3.78 (t, 2H, H3), 7.82 (t, 1H, H8), 8.40 (d, 1H, H6), 8.52 (t, 
1H, H7), 9.56 (d, 1H, H9). 

 13C{1H} NMR (400.13 MHz, CDCl3, room temp., δ ppm) 13.2 (C1), 22.9 (C2), 
27.7 (C10), 44.0 (C3), 123.6 (C8), 128.8 (C6), 138.8 (C7), 151.0 (C9), 203.2 (CO), 
209.3 (CO). 

 

 

 



[WBr2(CO)3C5H4NCCH3=N(CH2)2CH3] (C13) 0.47g (red powder), 79.5 % 
WBr2C13H14N2O3 (589.92). Elemental analysis (%) calc: C 26.47, N 4.75, H 2.39 
found: C 26.13, N 4.59, H 2.03.   

IR (KBr ν cm-1) 3411 (s), 3046 (m), 2960 (s), 2932 (s), 2874 (m), 2033 (vs), 1949 
(vs), 1902 (vs), 1619 (s), 1603 (s), 1530 (m) 1435 (s), 1383 (m), 1260 (m), 1163 
(m), 1093 (m), 1049 (m), 1026 (w), 951 (m), 779 (s), 750 (s).  

1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 1.06 (t, 3H, H1), 2.13 (t, 2H, 
H2), 2.69 (s, 3H, H10) 3.84 (t, 2H, H3), 7.92 (t, 1H, H8), 8.20 (d, 1H, H6), 8.35 (t, 1H, 
H7), 8.76 (d, 1H, H9).  

13C{1H} NMR (400.13 MHz, CDCl3, room temp., δ ppm) 12.1 (C1), 14.9 (C2), 
23.7 (C10), 54.2 (C3), 124.5 (C8), 128.3 (C6), 141.8 (C7), 149.1 (C9), 149.9 (C5), 
167.2 (C4). 
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Synthesis of [MoBr(η3-C3H5)(CO)2C5H4NCPh=N(CH2)2CH3] and [MX2(CO)3 
C5H4NCPh=N(CH2)2CH3] (C14-C18)        

To a solution of the ligand C5H4NCPh=N(CH2)2CH3 (1.2 mmol; 0.269g) in 
dichloromethane (10 mL) was added a solution of [MoBr(η3-C3H5)(CO)2(CH3CN)] 
or [MX2(CO)3(CH3CN)2] (M = mo, W and X = I, Br) (0.5 mmol) also in 
dichloromethane (10 mL). The resulting mixture was allowed to stir for 4h 
(tungsten analogous) or 6h hours (molybdenum analogous) at room 
temperature and under a nitrogen atmosphere. After the solution is filtered and 
evaporated to give the product. The product was recristallyzed with hexane.  

[MoBr(η3-C3H5)(CO)2C5H4NCPh=N(CH2)2CH3] (C14) 0.41g (violet powder), 85.2 % 
MoBrC19H21N2O2 (485.23). Elemental analysis (%) calc: C 47.03, N 5.77, H 4.36 
found: C 46.72, N 5.49, H 4.01.  

IR (KBr ν cm-1) 3106 (w), 3058 (m), 2977 (m), 2929 (m), 2874 (m), 1924 (vs), 
1848 (vs), 1586 (s), 1554 (m), 1468 (s), 1443 (s), 1325 (s), 1257 (m), 1164 (w), 
1017 (s), 953 (w), 801 (s), 756 (s), 705 (s). 

 1H NMR (400.13 MHz, Acetone, room temp., δ ppm) 0.73, 0.97 (2t, 6H, H1), 
1.16, 1.25, 1.34, 1.48 (Hanti), 2.29, 2.45 (2m, 4H, H2), 3.14, 3.28 (Hsyn), 3.58, 3.76, 
3.95 (Hmeso), 4.08 (m, 2H, H3), 7.20 (t, 1H, H12), 7.20 (d, 1H, H14), 7.52 (m, 2H, H11 

H15), 7.65 (t, 1H, H8), 7.72 (t, 1H, H13), 8.01 (t, 1H, H7), 8.74 (d, 1H, H6), 8.91 (d, 
1H, H9).  

13C{1H} NMR (400.13 MHz, Acetone, room temp., δ ppm) 11.0 (C1), 23.2 (C2), 
52.7, 53.2, 63.5 (Canti), 52.9, 53.0, 59.6 (Csyn), 62.6, 73.3 (Cmeso), 72.0 (C3), 126.6 
(C11), 127.7 (C12), 128.9 (C14 C15), 129.0 (C8), 130.9 (C13), 138.2 (C7), 150.3 
(C6), 152.2 (C9), 155.3 (C4). 

 

 

 



 

 

 

[MoI2(CO)3C5H4NCCH3=N(CH2)2CH3] (C15) 0.57g (dark-green powder), 87.1 % 
MoI2C18H16N2O3 (658.09). Elemental analysis (%) calc: C 32.85, N 4.26, H 2.45 
found: C 32.49, N 4.07, H 2.19.  

IR (KBr ν cm-1) 3462 (s), 3055 (m), 2964 (m), 2930 (w), 2867 (w), 2013 (s), 1966 
(s), 1918 (s), 1843 (s), 1662 (m), 1593 (m), 1457 (m), 1445 (m), 1336 (m), 1319 
(m), 1282 (w), 1255 (m), 1157 (m), 1088 (w), 1058 (w), 994 (w), 939 (m), 791 
(w), 749 (s), 696 (s), 649 (s).   
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1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 1.05 (t, 3H, H1), 1.90 (t, 2H, 
H2), 3.27 (m, 2H, H3), 7.30 (dd, 2H, H12 H14), 7.55 (m, 2H, H11 H15), 7.64 (m, 1H, 
H8), 7.68 (m, 1H, H13), 8.09 (t, 1H, H6), 8.16 (d, 1H, H7), 8.78 (d, 1H, H9).  

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 10.5 (C1), 20.5 (C2), 
41.9 (C3), 124.3 (C12), 126.5 (C14), 128.0 (C11 C15), 129.7 (C8), 130.7 (C13), 
137.6 (C7), 142.3 (C6), 148.3 (C9). 

 

 

 



[MoBr2(CO)3C5H4NCCH3=N(CH2)2CH3] (C16) 0.43g (green powder), 75.9 % 
MoBr2C18H16N2O3 (564.08). Elemental analysis (%) calc: C 38.33, N 4.97, H 2.86 
found: C 38.16, N 4.42, H 2.71.  

IR (KBr ν cm-1) 3073 (w), 3019 (w), 2965 (m), 2919 (m), 2874 (m), 2040 (s), 1967 
(vs), 1918 (s), 1660 (m), 1594 (s), 1522 (m), 1449 (s), 1281 (m), 1162 (m), 1093 
(w), 1018 (w), 940 (s), 775 (s), 695 (s).  

1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 1.05 (t, 3H, H1), 1.90 (t, 2H, 
H2), 3.01 (m, 2H, H3), 7.41 (dd, 2H, H12 H14), 7.56 (m, 2H, H11 H15), 7.68 (m, 1H, 
H8), 7.73 (d, 1H, H13), 8.14 (t, 1H, H7), 8.77 (m, 1H, H6), 9.53 (d, 1H, H9).  

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 11.4 (C1), 22.8 (C2), 
39.6 (C3), 124.4 (C12), 126.9 (C14), 127.9 (C11), 129.5 (C15), 130.8 (C8), 132.6 
(C13), 136.4 (C7), 138.2 (C6), 143.8 (C10), 148.5 (C9), 154.1 (C4), 154.6 (C5), 
192.8 (CO). 
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[WI2(CO)3C5H4NCCH3=N(CH2)2CH3] (C17) 0.54g (dark-blue powder), 72.4 % 
WI2C18H16N2O3 (746.00). Elemental analysis (%) calc: C 28.98, N 3.76, H 2.16 
found: C 28. 71, N 3.57, H 1.92.  

IR (KBr ν cm-1) 3041 (w), 3028 (w) 2964 (w), 2928 (m), 2852 (w), 2002 (m), 1949 
(s), 1919 (s), 1663 (m), 1567 (s), 1444 (m), 1385 (w), 1281 (w), 1187 (w), 1054 
(w), 1028 (m), 942 (m), 864 (m), 768 (s), 699 (s).  

1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 1.05 (t, 3H, H1), 1.91 (t, 2H, 
H2), 3.22 (m, 2H, H3), 7.27 (dd, 2H, H12), 7.38 (m, 1H, H14), 7.55 (m, 2H, H11 H15), 
7.67 (m, 1H, H8), 7.76 (H13), 8.06 (t, 1H, H7), 8.09 (d, 1H, H6), 8.74 (d, 1H, H9).   

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 10.3 (C1), 20.7 (C2), 
54.1 (C3), 124.3 (C12), 126.5 (C14), 128.0 (C11 C15), 129.5 (C8), 130.8 (C13), 
132.7 (C7), 137.4 (C6), 148.4 (C9). 

 



 

 

 

 

WBr2(CO)3C5H4NCCH3=N(CH2)2CH3] (C18) 0.5g (black crystaline powder), 77.2 % 
WBr2C18H16N2O3 (652.00). Elemental analysis (%) calc: C 33.16, N 4.30, H 2.47 
found: C 33.07, N 4.19, H 2.34.  

IR (KBr ν cm-1) 3092 (w), 3056 (s), 2966 (s), 2872 (m), 2083 (w), 2036 (vs), 1956 
(vs), 1910 (s), 1671 (s), 1607 (s), 1525 (m), 1449 (s), 1347 (m), 1286 (s), 1226 
(w), 1163 (w), 1160 (w), 1054 (m), 949 (s), 812 (m), 770 (s), 698 (s), 646 (m). 
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1H NMR (400.13 MHz, CDCl3, room temp., δ ppm) 1.02 (t, 3H, H1), 1.88 (t, 2H, 
H2), 3.03 (m, 2H, H3), 7.63 (dd, 2H, H12 H14), 7.79 (t, 1H, H13), 8.06 (dd, 2H, H11 

H15), 8.33 (t, 1H, H8), 8.44 (d, 1H, H6), 8.77 (t, 1H, H7), 9.23 (d, 1H, H9).  

13C{1H} NMR (100.61 MHz, CDCl3, room temp., δ ppm) 10.5 (C1), 20.5 (C2), 
40.8 (C3), 127.0 (C6), 128.8 (C12 C14), 129.2 (C8), 130.7 (C11 C15), 134.2 (C13), 
143.9 (C7), 145.2 (C9), 148.6 (C4), 189.0 (CO). 

 

 

 

 

 



Synthesis of MCM_C6-MCM_C8 and MCM_C9-MCM_C13           

A solution of [M(II)] (0.65mmol) in dry Toluene (10 mL) was added to a 
suspension of 1g of the material MCM_L2Si or MCM_L3Si in dry Toluene (20 
mL). The reaction mixture was stirred under a N2 atmosphere at reflux 
temperature overnight. The resulting material was then filtered off, washed 
with CH2Cl2, and dried under vacuum for 3 hours 

MCM_[MoBr(η3-C3H5)(CO)2C9H12N2] (MCM_C6) (pink powder). Elemental 
analysis (%) found C 6.01, N 1.64, H 1.92, Mo 4.9.  

IR (KBr ν cm-1) 2983 (w), 2947 (w), 2902 (w; νN-H), 2031, 1934 (m; νC≡O), 1618 (s; 
νC=N), 1446 (m), 1396 (m), 1234 (vs), 1061 (vs), 957 (vs), 796 (s).  

13C CPMAS NMR (δ ppm) 9.0 (SiCH2), 17.45 (SiOCH2CH3), 21.33 (CH2CH2CH2), 
42.97 (CH2N), 58.12 (SiOCH2CH3)  

29Si CPMAS NMR (δ ppm) -58.92 (T2), -67.49 (T3), -102.34 (Q3), -109.80 (Q4) 29Si 
MAS NMR (δ ppm) -58.13 (T2), -68.84 (T3), -103.35 (Q3), -108.81 (Q4). 
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MCM_[WI2(CO)3C9H12N2] (MCM_C7) (pink powder). Elemental analysis (%) 
found C 9.86, N 2.16, H 1.78, W 3.3.  

IR (KBr ν cm-1) 2976 (w), 2920 (w), 2033,  1944, (m; νC≡O), 1622 (s; νC=N), 1448 
(w), 1392 (w), 1227 (vs), 1066 (vs), 949 (vs), 789 (s). 

13C CPMAS NMR (δ ppm) 9.06 (SiCH2), 16.79 (SiOCH2CH3), 20.91 (CH2CH2CH2), 
42.88 (CH2N), 58.12 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -48.72 (T1), -58.79 (T2), -67.45 (T3), -101.61 (Q3), -
110.66 (Q4) 29Si MAS NMR (δ ppm) -58.41 (T2), -66.69 (T3), -101.40 (Q3), -109.79 
(Q4). 

 

 

 

 

 

 

 



MCM_[WBr2(CO)3C9H12N2] (MCM_C8) (pink powder). Elemental analysis (%) 
found C 10.57, N 2.39, H 1.95, W 4.44.  

IR (KBr ν cm-1) 2981 (m), 2952 (w), 2893 (w), 2044, 1931, 1853 (m; νC≡O), 1624 
(s; νC=N), 1475 (w), 1460 (w), 1390 (m), 1244 (vs), 1087 (vs), 968 (vs), 795 (s).  

13C CPMAS NMR (δ ppm) 9.22 (SiCH2), 17.30 (SiOCH2CH3), 21.06 (CH2CH2CH2), 
42.76 (CH2N), 58.21 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -49.49 (T1), -57.76 (T2), -67.78 (T3), -104.39 (Q3), -
109.93 (Q4) 29Si MAS NMR (δ ppm) -57.92 (T2), -69.03 (T3), -102.96 (Q3), -109.31 
(Q4). 
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MCM_[MoBr(η3-C3H5)(CO)2C10H14N2] (MCM_C9) (purple powder). Elemental 
analysis (%) found C 5.08, N 2.03, H 1.90, Mo 4.79.  

IR (KBr ν cm-1) 3066 (w), 3032 (w), 2976 (m), 2924 (w) 1938, 1833, (s; νC≡O), 
1653, 1618 (vs; νC=N), 1495 (m), 1448 (m), 1388 (m), 1240 (vs), 1105 (vs), 798 
(vs), 735 (s).  

13C CPMAS NMR (δ ppm) 9.53 (SiCH2), 17.64 (SiOCH2CH3), 20.94 (CH2CH2CH2), 
42.25 (CH2N), 58.26 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -49.83 (T1), -58.62 (T2), -66.30 (T3), -102.25 (Q3), -
109.85 (Q4) 29Si MAS NMR (δ ppm) -55.44 (T2), -65.51 (T3), -102.41 (Q3), -108.04 
(Q4). 

 

 

 

 

 

 

 



MCM_[MoI2(CO)3C10H14N2] (MCM_C10) (pink powder). Elemental analysis (%) 
found C 7.19, N 2.31, H 1.84, Mo 5.97.  

IR (KBr ν cm-1) 3049 (w), 2979 (m), 2937 (w), 2893 (w), 2023, 1946, 1871 (s; 
νC≡O), 1671, 1606 (s; νC=N), 1469 (w), 1444 (m), 1387 (m), 1246 (vs), 1142 (vs), 
1051 (vs), 914 (s), 810 (s), 579 (s).  

13C CPMAS NMR (δ ppm) 9.82 (SiCH2), 17.50 (SiOCH2CH3), 21.23 (CH2CH2CH2), 
42.83 (CH2N), 59.91 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -58.40 (T2), -66.77 (T3), -102.17 (Q3), -109.59 (Q4) 29Si 
MAS NMR (δ ppm) -54.29 (T2), -67.77 (T3), -102.28 (Q3), -109.40 (Q4). 
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MCM_[MoBr2(CO)3C10H14N2] (MCM_C11) (pink powder). Elemental analysis (%) 
found C 6.83, N 2.16, H 1.91, Mo 5.11.  

IR (KBr ν cm-1) 3033 (w), 2976 (m), 2922 (w), 2883 (w), 2003, 1934, 1853 (s; 
νC≡O), 1707 (m), 1677, 1610 (s; νC=N), 1493 (w), 1448 (m), 1396 (m), 1240 (vs), 
1117 (vs), 796 (vs), 721 (vs), 582 (s).  

13C CPMAS NMR (δ ppm) 10.65 (SiCH2), 18.17 (SiOCH2CH3), 21.72 (CH2CH2CH2), 
43.07 (CH2N), 60.11 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -57.85 (T2), -66.47 (T3), -102.85 (Q3), -110.19 (Q4) 29Si 
MAS NMR (δ ppm) -54.33 (T2), -65.04 (T3), -102.79 (Q3), -110.30 (Q4). 

 

 

 

 

 

 

 

 



MCM_[WI2(CO)3C10H14N2] (MCM_C12) (orange powder). Elemental analysis (%) 
found C 6.91, N 1.09, H 1.55, W 4.47.  

IR (KBr ν cm-1) 3055 (w), 2987 (m), 2935 (w), 2879 (w), 2023, 1952, 1876 (s; 
νC≡O), 1707 (m), 1648, 1616 (vs; νC=N), 1529 (w), 1473 (w), 1458 (w), 1387 (m), 
1232 (vs), 1113 (vs), 1063 (vs), 906 (s), 814 (vs), 590 (s).  

13CP MAS NMR (δ ppm) 8.81 (SiCH2), 17.35 (SiOCH2CH3), 21.28 (CH2CH2CH2), 
43.80 (CH2N), 60.13 (SiOCH2CH3)  

29Si CPMAS (δ ppm) -58.40 (T2), -67.70 (T3), -103.28 (Q3), -109.98 (Q4)  29Si MAS 
(δ ppm) -59.61 (T2), -68.53 (T3), -101.61 (Q3), -109.15 (Q4). 

 

 

 

 



289 
 

MCM_[WBr2(CO)3C10H14N2] (MCM_C13) (orange powder). Elemental analysis 
(%) found C 7.29, N 2.25, H 1.82, W 3.4.   

IR (KBr ν cm-1) 3053 (w), 2968 (m), 2945 (w), 2879 (w), 2015, 1955, 1865 (s; 
νC≡O), 1632, 1591 (s; νC=N), 1539 (w), 1491 (w), 1460 (m), 1392 (m), 1230 (vs), 
1147 (vs), 1061 (vs), 893 (s), 820 (vs), 582 (s).  

13C CPMAS NMR (δ ppm) 9.97 (SiCH2), 17.68 (SiOCH2CH3), 21.23 (CH2CH2CH2), 
42.97 (CH2N), 58.85 (SiOCH2CH3).  

29Si CPMAS NMR (δ ppm) -58.92 (T2), -67.53 (T3), -102.04 (Q3), -109.76 (Q4) 29Si 
MAS NMR (δ ppm) -58.09 (T2), -70.76 (T3), -100.83 (Q3), -107.82 (Q4). 

 

 

 

Synthesis of MCM_1-MCM_5                   

A solution of [M(II)] (1.5mmol) in dry Toluene (10 mL) was added to a 
suspension of 1g of the material MCM_41 in dry Toluene (20 mL). The reaction 
mixture was stirred under a N2 atmosphere at reflux temperature overnight. 
The resulting material was then filtered off, washed with CH2Cl2, and dried 
under vacuum for 3 hours. 



MCM_[MoBr(η3-C3H5)(CH3CN)2(CO)2] (MCM_1) Elemental analysis (%) found 
Mo 8.18. 

IR (KBr ν cm-1) 3068 (vw), 3030 (w), 2929 (vw), 2866 (w), 2318 (m), 2268 (m), 
1954 (m), 1840 (m), 1614 (m), 1485 (w), 1130 (s).  

13C CPMAS NMR (δ ppm) 15.21 (CNCH3), 19.92 (CH2CL2), 59.14 (Ph-CH3).  

29Si CPMAS NMR (δ ppm) -101 (Q3), -108.55 (Q4) 29Si MAS NMR (δ ppm) -
101.85 (Q3), -108.55 (Q4). 
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MCM_[MoI2(CH3CN)2(CO)3] (MCM_2) Elemental analysis (%) found Mo 7.68. 

IR (KBr ν cm-1) 3043 (w), 2960 (m), 2885 (w), 2009 (w), 1890 (w), 1703 (m), 1604 
(m), 1491 (w), 1250 (w), 1119 (w).  

13C CPMAS NMR (δ ppm) 16.09 (CNCH3), 22.49 (CH2CL2), 58 (Ph-CH3).  

29Si CPMAS NMR (δ ppm) -101.72 (Q3), -107.31 (Q4) 29Si MAS NMR (δ ppm) -
100.57 (Q3), -108.98 (Q4). 

 

 

 

 

 

 

 

 

 

 



MCM_[MoBr2(CH3CN)2(CO)3] (MCM_3) Elemental analysis (%) found W Mo 
6.19. 

IR (KBr ν cm-1) 3033 (w), 2981 (m), 2916 (w), 2873 (w), 2308 (w), 2258 (w), 1966 
(w), 1879 (w), 1689 (m), 1469 (w), 1144 (s).  

13C CPMAS NMR (δ ppm) 15.46(CNCH3), 59.57 (Ph-CH3).  

29Si CPMAS NMR (δ ppm) -100.41 (Q3), -109.71 (Q4) 29Si MAS NMR (δ ppm) -
101.34 (Q3), -110 (Q4). 
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MCM_[WI2(CH3CN)2(CO)3] (MCM_4) Elemental analysis (%) found W 9.8. 

IR (KBr ν cm-1) 2978 (w), 2939 (m), 2898 (w), 2333 (w), 2278 (w), 1987 (w), 1890 
(w), 1680 (m), 1589 (m), 1039 (w).  

13C CPMAS NMR (δ ppm) 15.71 (CNCH3), 21.24 (CH2CL2), 59.51 (Ph-CH3).  

29Si CPMAS NMR (δ ppm) -101.52 (Q3), -108.18 (Q4) 29Si MAS NMR (δ ppm) -
100.96 (Q3), -107.71 (Q4). 

 

 

 

 

 

 

 

 

 

 



MCM_[WBr2(CH3CN)2(CO)3] (MCM_5) Elemental analysis (%) found W 6.5. 

IR (KBr ν cm-1) 2985 (w), 2939 (m), 2911 (w), 2370 (w), 2297 (w), 2042 (w), 1955 
(w), 1884 (w), 1709 (m), 1641 (m), 1101 (w). 

 13C CPMAS (δ ppm) 15.99 (CNCH3), 22.64 (CH2CL2), 58.70 (Ph-CH3). 

 29Si CPMAS (δ ppm) -101.95 (Q3), -109.29 (Q4) 29Si MAS (δ ppm) -100.76 (Q3), -
107.71 (Q4). 
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