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Abstract 

This thesis shed lights on metal-nitrogen organometallic fragments supported on silica 

surface for catalytic applications. It Focuses on group IV and V metal transition as a well-

defined single-site catalysts, specifically titanium, hafnium, and tantalum to utilize them in 

the development of selective heterogeneous catalysis for imine metathesis, 

hydroamination and hydroaminoalkylation of olefins and alkynes. Developing new metal-

nitrogen containing fragments by using easily available and abundant precursors which is 

silica SiO2 and metal amides complexes. Here, we describe metal fragments starting with 

hafnium-nitrogen fragment. All the catalysts were prepared by reacting homoleptic metal 

amido of group IV and V with partially dehydroxylated silica. In most cases the resulting 

surface amido is monopodal and leads to well defined single site catalysts precursors. In 

particular with Hf we have isolated hafniaaziridine 2.1 [(≡Si-O-)Hf(η2-MeNCH2)(η1-

NMe2)(η1-HNMe2)], imido, and amido fragments 2.3 [(≡Si-O-)Hf(=NMe)(η1-NMe2)], and 

two intermediates the five-membered ring 2.2 [≡Si-O-Hf(HNMe2)(η2-

NMeCH2CH(C6H13)CH2)(NMe2)] and 2.4 [(≡Si-O-)Hf(=NCH2Ar) (η1-NMe2)]. For tantalum 

3.1 [(≡Si-O-)Ta=NtBu)(η1-NMeEt)2]; we have isolated two intermediates after treating 3.1 

catalyst with aniline substrate lead to isolating 3.3 [(≡Si-O-)Ta(η1σ-NEtMe)2(η1σ-

NHtBu)(NHC6H10)], and upon treating with 1-octyne lead to isolating 3.2 [(≡Si-O-)Ta(η1σ-

NEtMe)2(η2-NtBuC=CC7H13)].  For titanium-nitrogen fragments, we isolated  on  silica 

SiO2-200 4.1 [(≡Si-O2-)Ti(NMe2)2 (η1-HNMe2)] and on SiO2-700 the titaniaaziridine 4.2a  [≡Si-

O-Ti(NMe2)3] 4.2b,  [(≡Si-O-)Ti(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)],  the  imido, and amido 

fragments 4.4 [(≡Si-O-)Ti(=NMe)(η1-NMe2)], and the five-membered ring intermediate 4.3 

[≡Si-O-Ti(HNMe2)(η2-NMeCH2CH(C6H13)CH2)(NMe2)]. Research in this area has led to 

isolating several intermediates containing nitrogen fragments, this is the strength of 
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surface organometallic chemistry which allows a deeper understanding of catalytic 

phenomena which could not be approached either in homogeneous catalysis or in 

classical heterogeneous catalysis. A molecular level characterization of the surface  

nitrogen containing fragments have been characterized by SOMC tools such as FTIR and 

EXAFS spectroscopy, elemental analysis, solid-state single and multiple quantum NMR, 

advanced DNP-SENS and DFT. A catalytic cycle was proposed based not only on the 

isolation of intermediates but also based on DFT calculations.  
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Chapter 1. Bibliography 

 Homogenous Vs. Heterogeneous Catalysis 

Catalysts speed up production in several branches of industry such as: petrochemical, 

pharmaceutical, agrochemical, and sustainable alternatives. Catalytic processes provide 

an alternative pathway by breaking and making new bonds with a lower activation energy 

compared to the un-catalysed reaction.1-4  

Catalysts are divided into two main categories: heterogeneous and homogeneous. In 

heterogeneous catalysis, the catalyst is in a different phase from the reaction mixture. In 

a homogeneous reaction, the catalyst is in the same phase as the reaction mixture.5 The 

major challenges for homogeneous facing, is the separation of products and catalysts, 

compared to heterogeneous catalysis provides the ease of separation of 

reactants/products and catalysts. Despite the high interest in industry for heterogeneous 

catalysis, still not well understood. In that respect, surface organometallic chemistry 

examines the reactivity of a single-site well-defined surface species as models for 

heterogeneous catalysts.6 

 Introduction to Surface Organometallic Chemistry 
(SOMC) 

The creation of single-site catalysts is necessary to establish structure-reactivity 

relationship, and is important for the development of catalytic processes.6   



 

2 

The classical representation for surface organometallic complex; is the most used metal 

oxide support which is silica, immobilized with transition metal complexes (Scheme 1.1). 

Those supports are well-defined which means most atoms are known and well 

characterized, with consecutive single sites that are identical and distant, they cannot 

interact with each other, hence prevent bimolecular deactivation.7  

 

Scheme 1.1. Schematic representation for the reaction of organometallic complex precursor (MLn) 
with dehydroxylated silica (grafting). 

Transition metal complex supported on metal oxide display a diversified reactivity, which 

leads to several areas of interest such as (alkane metathesis, olefin metathesis, imine 

metathesis). Type of catalysis related to the type of ligand coordinated to the metal, which 

is categorized depending on its reactivity during the catalysis. Ligands considered: either 

a spectator which is not involved in catalysis, or functional which is responsible for 

catalysis (Scheme 1.2).8-9 

Recent development of surface organometallic fragments (SOMF) deconstruct reactivity 

depends on the type of functional ligand. Metal-carbon fragments have been extensively 

investigated, however finding new counterparts’ remains undocumented. 

Connected to high vacuum line 

(SiO2-Temp. + Complex)
in Pentane as solvent 

Closed

Filtration 

solvent
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Scheme 1.2. Schematic representation for the design of a surface organometallic catalysts.8-9 

1.2.1. Catalysis By Design: Surface Organometallic Fragments 
(SOMF) 

Delivering new carbon-heteroatom bond formation that are well characterized (Scheme 

1.3) has rarely been investigated. The same methodology applied for carbon-carbon (C-

C)8, 10-12 and carbon-hydrogen (C-H)12-13 fragments can be applied to new metal 

fragments, which includes heteroatoms such as oxygen (M=O) involved in oxidative 

metathesis,14 or nitrogen (M-N, M=N, MN).15-18 We could therefore identify catalytic 

intermediates such as metal-imido fragments for imine metathesis,15, 19-20 and 

metallaaziridine for hydroaminoalkylation21 to produce imines, amines and their 

derivatives. All have great importance in biologically active natural products and 

medicines, also in agricultural applications. 
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Scheme 1.3. Schematic representation for surface organometallic chemistry (SOMF). 

Improving the molecular level understanding of catalytic reactions is needed as mentioned 

before. In this regard, the ability to isolate new intermediates is a unique advantage in this 

field,7 also to get an insight on the coordination sphere of the surface grafted metal 

complexes. SOMC characterization tools pave the way, thus here we are focusing on 

exploring new metal-nitrogen fragment reactivity. 

1.2.2. Silica Supports 

Silica is a widely used support, it has a major significant contribution in SOMC. Types 

used are either porous, amorphous, or nano-sphere silica. Various catalytic applications 
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have been succeeded using this material, particularly in the field of heterogeneous 

catalysis.  

Several kinds of silica are used as support, such as OMS, MCM-41, SBA-15, KCC1, and 

SiO2-700. Each type have interesting  feature, could be high surface area, tunable, confined 

pore, diverse morphology, and large adsorption capacity.22 Silica composed of silicon 

tetrahedrally coordinated to four hydroxyl groups. There are three types of hydroxyl group: 

isolated, germinal and vicinal pair (Scheme 1.4). 

 

 

Scheme 1.4. Types of silanols on silica.  

1.2.3. Silica Support Preparation 

To provide clean surface chemistry preparation any adsorbed molecules on the surface 

need to be removed by high vacuum. Hydrophilic metal oxide such as silica, and alumina 

are full of water molecules. To remove water by subjecting the material to high vacuum 

and high temperature   120 C leads to dehydration, and as we increase the temperature 

120 C dehydroxylation will occur. High vacuum advantage not only related to clean 

surface, but also restructure the surface after removing undesired molecules. Upon 

heating under high vacuum, hydrogen-bonded pairs of hydroxyl groups start to condense 
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to siloxane by releasing water (Figure 1.1).  Siloxane bridges break as we increase 

temperature, thus highly dehydroxylated silica, specifically silica SiO2-700 and SiO2-200 have 

a different population of surface OH groups. Consequently, it is expected to produce 

surface species with different properties (podality, nuclearity, density). 

 

Figure 1.1. Silica dihydroxylation process. 

 Motivation  

Amine complexes with early transition metals have a great potential to several areas of 

interest (hydroamination, hydroaminoalkylation, and imine metathesis). A major problems 

is the chemistry of those new well-defined metal-nitrogen fragments such as 

metallaaziridines and imido remains poorly applied to catalysis. Another obstacle is the 

scarcity of understanding the catalytic mechanism of well-defined system for metal amine 

based catalysts. New solutions need to be developed to isolating more metal-nitrogen 

fragments as a starting point for exploring new chemical reactivities (Scheme 1.5). 

More lights need to be shed on the fragment’s involvement in the catalytic cycle. 

Developing new models for deeper insight of the catalytic cycle, by isolating catalytic 

intermediates which is facilitated by SOMF may eventually have an impact on 

heterogeneous catalysis, and will rival the organometallic chemistry on homogenous 
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catalysis. Background and relevant discussions are presented in detail, and an overall 

discussion outlines the way forward in this exciting field. 

 

Scheme 1.5.  Metal-nitrogen fragments.  

 Nitrogen SOMF 

1.4.1. Metal-amido Fragment 

Amido fragments have been involved in different catalysis such as hydroamination and 

olefin polymerization. Early transition metal catalysts with an amido fragments such as; 

Hafnium and zirconium pyridylamido complexes were employed in propylene 

polymerization reactions.23 Also tetrakisamido titanium complexes were found to be 

significantly active catalyst in the intramolecular hydroamination of aminoalkynes and 

aminoallenes.24 Titanium with amido ligand  is also reported as a precatalyst to produce 

anti-Markovnikov product by hydroamination of terminal and internal alkynes with primary 

alkylamines, arylamines, and hydrazines.25 For rare-earth element with amido such as  

(Aminotroponiminato)yttrium  amides used as a precatalyst for  alkyne hydroamination.26 

Alkali and rare earth metals bearing an amido ligand have been investigated. 

Aminotroponate and aminotroponiminate calcium  amides were highly active catalysts in 

the intramolecular hydroamination reaction,27 but neodymium amide catalysts are used 

for polymerization of butadiene and for copolymerization of butadiene.28  
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1.4.2. Metal-imido Fragment 

The imido ligand has been employed in several catalysts either as a functional ligand or 

spectator ligand. Reactive imido ligands involved in C-H bond activation 29-30 and 

metathesis reactions.31 In particular, group IV imido complexes32-33 play a key step in 

catalytic mechanism in hydroamination of alkynes34-36 or alkenes,37-39 hydrohydrazination 

of alkynes,40-43 and carboamination processes.44-45 

 

Imido complexes was considered for a while as a spectator ligand for example tungsten 

imido complex and molybdenum imido complex both are Schrock complexes used for 

olefin metathesis.46-47 The library of surface organometallic chemistry was extended by 

involving new supported imido complexes. Recently, a silica-supported tantalum imido 

complex used to catalyze oxo/imido hetero-metathesis transformations,48 also a silica-

supported zirconium imido catalyst used for imine metathesis.49 

1.4.3. Metal-nitrido Fragment 

Studying supported metal-nitride (nitrido) complexes reactivity not investigated before, 

although metal-nitride fragment is a key intermediates in many chemical and biological 

nitrogen fixation, also it serves as useful reagents for nitrogenation of organic compounds. 

The reactivity of nitride complexes studied with ruthenium(VI), osmium(VI), and 

manganese(V), those metal complexes used as homogenous catalysts which undergoes 

through NN coupling, direct aziridination of alkenes, C-H bond activation of alkanes or C-

N bond cleavage of anilines.50  
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An interesting study was done on tris(carbene)borate iron(IV) nitride complex a rare 

instance of nitrogen atom transfer from a nitride ligand to an aziridine by a two-electron 

nitrogen atom reaction, see (Figure 1.2).18  

  

 

Figure 1.2. Metal nitride fragment transfer to metallaaziridine. 

1.4.4. Metallaaziridine Fragment 

Aziridines, are the smallest N-heterocycle compounds. This strained ring has attracted 

considerable attention for the synthesis of several useful molecules such as amines, 

amino acids, β-lactams, polymers and α-amido ketones.51-53 The first synthesized aza‐

Darzens reaction was reported by Deyrup, in 1969,54 then Wartski described the general 

mehode of a range of esters and nitriles with N‐phenylarylimines to give aziridines.55 

The aziridine functionality involved in many applications in biological and synthetic 

chemistry, it is often responsible for the activity of biologically active species (such as 

antitumor compounds, antibiotics and enzyme inhibitors).5  

Early transition metal complexes with a three-membered cycle (metallaaziridine) (Figure 

1.3) has rarely been isolated and their reactivity has not been thoroughly investigated in 

homogenous catalysis. This fragment is usually involved as a key step in the mechanism 

for olefin hydroaminoalkylation (α-alkylation of amines with olefins).56-58  
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Figure 1.3. Metallaaziridine fragment.  

The only well-charecterized hafnaaziridine by X-ray crystallography has been synthesized 

via insertion of an arylisocyanate into the [(TC-3,5)HfN(Ar)C(CH2Ph)2] (TC-3,5 = 

tropocoronand), but the complex with zirconium was unstable in solution, decomposing to 

form the imido-bridged compound [Zr(TC-3,3)]2(µ-NAr)2].16 Metallaaziridine has been 

studied with group IV supported metal complexes, were the single‐site, well‐defined, 

silica‐supported tantallaaziridine59 and zirconaziridine.60 

 

 

 Characterization Tools for SOMC 

1.5.1. Solid-state NMR Spectroscopy  

Solid-state NMR is less used compared to liquid NMR spectroscopy, and solid-state NMR 

is for insoluble macromolecules.  Solid samples, not for rapid isotropic molecular tumbling 

the molecules will not tumble in all directions as they do in liquid samples which are 

homogeneous and diamagnetic, this will result in much broader signals in solid-state 

NMR.61  

Like in liquid-state, two-dimensional NMR is possible to carry out in the solid-state. 

Heteronuclear correlation in the solid-state done by using dipolar coupling. The double-

quantum (DQ) frequency in the indirect ω1 dimension corresponds to the sum of the two 
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single quanta (SQ) that give an autocorrelation peak located on the ω1 = 2ω2. Similarly, 

triple quantum (TQ) frequencies correspond to the sum of the frequencies of three protons 

that are close in space with ω1 = 3ω2.61 

SSNMR Experimental Methods 

One dimensional 1H MAS and 13C CP-MAS solid-state NMR spectra were recorded on a 

Bruker AVANCE III spectrometer operating at 400 and 100 MHz resonance frequencies 

for 1H and 13C, respectively, with a conventional double resonances 4-mm CPMAS probe. 

The samples were introduced under argon into zirconia rotors, which were then tightly 

closed. The spinning frequency was set to 17 and 10 KHz for 1H and 13C spectra, 

respectively. NMR chemical shifts are reported with respect to TMS as an external 

reference. For CP/MAS 13C NMR, the following sequence was used: 90o pulse on the 

proton (pulse length 2.4 s), then a cross-polarization step with a contact time of typically 

2 ms, and finally acquisition of the 13C signal under conditions of high-power proton 

decoupling. The delay between the scan was set to 5 s, to allow the complete relaxation 

of the 1H nuclei; the number of scans was between 3,000 and 5,000 for carbon and 32 for 

proton. An apodization function (exponential) corresponding to a line broadening of 80 Hz 

was applied prior to Fourier transformation. 

 

1.5.2. Nitrogen Atom Characterization; Dynamic Nuclear 
Polarization (DNP) 

Using a highly sophisticated techniques for characterization allows deeper understanding. 

Solid-state nuclear magnetic resonance (SSNMR) studies have been used in 

heterogeneous catalysis, especially supported catalysts on silica surface, but SSNMR 
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suffers from low sensitivity. Thus more interest goes to dynamic nuclear polarization 

(DNP). For DNP preparation, radicals are needed as an exogenous polarization source 

which will help to gain more sensitivity obtained by using the surface enhanced NMR 

spectroscopy (SENS) approach that is not introduced in the traditional NMR methods 

applied to dry powders. A well-known used radical with organometallic compounds is 

TEKpol derivative as a polarizing agent.62-63 

An amount of sample material impregnated with TEKPOL tetrachloroethane solution. 

Impregnated materials packed into sapphire rotors inside a glovebox, then the frozen 

sample will be irradiated.64 

DNP-SENS Experimental Methods 

DNP-SENS-NMR experiments were performed on a 400 MHz (1H/electron Larmor 

frequencies) Bruker Avance III solid-state NMR spectrometer equipped with a 263-GHz 

gyrotron. The sweep coil of the main superconducting coil was set so that microwave 

irradiation occurred at the positive enhancement maximum of TEKPOL. At low 

temperature, a double-resonance 3.2 mm probe was configured for 29Si and afterward for 

15N CP/MAS. Sample temperatures during DNP experiments were approximately 100 K.64 

DNP enhancements were measured by comparing the intensities of spectra acquired with 

and without continuous wave irradiation. A 20-mg sample of powdered material was 

impregnated with 20 μL of 16 mM of TEKPOL tetrachloroethane solution. Impregnated 

materials were then packed into sapphire rotors inside a glovebox.  
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1.5.3. X-ray Absorption Spectroscopy: XAS, XAFS, EXAFS and 
XANES. 

X-ray Absorption Spectroscopy (XAS) is the modulation of the X-ray absorption coefficient 

at energies above an X-ray absorption edge. XAS probes local environment of absorbing 

atom.65  

XAFS; X-ray Absorption Fine-Structure Spectroscopy (= XAS) 

XANES; X-ray Absorption Near-Edge Spectroscopy. Oxidation State, Coordination 

Environment, Finger Printing, and Linear combination fitting 

EXAFS; Extended X-ray Absorption Fine-Structure. Coordination number, Neighboring 

atom identity, Bond distances, and Disorder 

These contain information about an element's chemical state (XANES) and local atomic 

environment (EXAFS). 

Samples can be solids, liquids, amorphous, thin films, mixed metal oxides, 

organometallics, adsorbed species on substrates, solutions, gases, etc. 

EXAFS equation65; 

𝜒(𝑘) = ∑
𝑁𝑗𝑓𝑗(𝑘)𝑒

−
2𝑅𝑗
𝜆(𝑘)𝑒

−2𝑘2𝜎𝑗
2

𝑘𝑅𝑗
2 sin[2𝑘𝑗 𝑅𝑗 + 𝛿𝑗(𝑘)]  

Where f (k) and δ(k) are photo-electron scattering properties of the neighboring atom 

[and λ(k) is the photo-electron mean-free-path]. 

If we know these properties, we can determine: 

R distance to a neighboring atom. 

N coordination number of neighboring atom. 



 

14 

𝜎2 mean-square disorder of neighbor distance. 

f (k) and δ(k) depend on atomic number Z of the scattering atom, so we can also determine 

the species of the neighboring atom. 

EXAFS Experimental Methods 

 X-ray absorption spectra were recorded at X-ray beamline BM30 at the European 

Synchrotron Radiation Facility (ESRF). A Si(220) monochromator was used. The samples 

were loaded into a transmission cell, which was sealed in an argon-filled glovebox, with 

O2 and H2O concentrations each being < 1 ppm. The samples were tested at the beamline 

as standard handling methods like those described above were used to minimize sample 

exposure to air or moisture; the data were recorded with the samples at liquid nitrogen 

temperature.  

 

 Catalysis 

1.6.1. Hydroamination of Alkynes 

Two highly atom-saving transformations are hydroamination and hydroaminoalkylation. 

The hydroamination reaction,35, 38, 66 in which the N–H bond is added across an 

unsaturated C=C or C≡C bond either by intra- or intermolecular pathways (Figure 1.4) 

that lead to the formation of a range of organic molecules incorporating imines, enamines 

functionalities and N-containing heterocycles.67-69 This economical atom process was 

extensively studied over the past decades using a number of homogeneous catalysts 

bearing metal-amido ligand or other functional groups.36, 70  It is usually goes through [2 + 

2]-cycloaddition (Bergman mechanism)71-74 with alkyne provides a cycle such as 
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azazirconacyclobutene (Scheme 1.6),35 or it would go through a metal-amido species that 

undergo nucleophilic addition.75 This sort of reaction to unsaturated substrates is essential 

for the assembly of a wide variety of natural products, agrochemicals, pharmaceuticals 

and in a number of industrial processes. Despite the great importance of this reaction, a 

relatively few heterogeneous catalysts have been explored.34, 76-77 

 

Figure 1.4. Types of hydroamination reaction. 
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Scheme 1.6. Catalytic cycle of Intermolecular hydroamination (Bergman Mechanism).  

1.6.2. Hydroaminoalkylation of Alkenes 

When an α-amino C-H moiety added across an alkene is called hydroaminoalkylation. 

Maspero et al.78  has reported hydroaminoalkylation for the first time in 1980; its 

importance arises for providing a new path for functionalizing simple amines which are 

important in the pharmaceutical, agrochemical, and fine chemical industries.79-80 Three 

years later, Nugent et al.81 observed the metallaaziridine fragment involved in reversible 

cyclometallation.  They proposed that C-C bond formation occurs by terminal alkene 

insertion into the M-C bond of the metallaaziridine (with the alkyl substituent oriented away 

from the metal center to give the alkylated product), see (Scheme 1.7). 
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Scheme 1.7. Catalytic mechanism of Hydroaminoalkylation. 

Most hydroaminoalkylation catalysts in literature are based on d0 group IV82-87 and group 

V56-57, 88-90 metal complexes. It is a direct alkene-to-amine transformation using either intra- 

or intermolecular pathways (Figure 1.5).  
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Figure 1.5. Types of hydroaminoalkylation reaction. 

1.6.3. Imine Metathesis 

The imine metathesis reaction has been known since 1922, beginning with the report of 

Ingold and Piggott.91 Research reported 50 years later showed that an acid catalyst is 

required for this reaction, and the authors postulated the presence of an ionic 

intermediate.92 More recently Meyer et al.93 synthesized a Zr-containing 2,4-

diazametallacyclobutane. A recent report by Di Stefano et al.94 showed that even minute 

amounts of primary amines could catalyze imine metathesis. Typically, the catalysts were 

applied at about 100°C in organic solvents.  

Practical perspective developing a metal catalyzed imine metathesis may offer important 

advantages over acid-catalyzed imine exchange. Imine metathesis it is usually going 

through a 2+2 mechanism where the metal-imido fragment is involved (Scheme 1.8).  
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Scheme 1.8. A Chauvin-type 2+2 mechanism for imine metathesis.  
 

 Objective  

Here we will focus on early transition metals in group IV and V, especially nitrogen-

containing complexes. Full characterization of surface complexes, testing its reactivity in 

different catalysis presented in details, and an overall discussion outlines the way forward 

in the next chapters. 

 

2)

1)
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Chapter 2. Hafnium - Nitrogen Fragments 

ABSTRACT: Well-defined single-site silica-supported hafniaaziridine complex 2.1 

[(≡Si-O-)Hf(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)] was prepared using surface 

organometallic chemistry. For the first time 2.1 used to catalyze inactivated terminal 

alkenes through intermolecular hydroaminoalkylation mechanism. The five-membered 

ring intermediate 2.2 [≡Si-O-Hf(HNMe2)(η2-NMeCH2CH(C6H13)CH2)(NMe2)] was isolated 

after treating complex 2.1  with 1-octene. Upon thermal treatment for complex 2.1 under 

high vacuum, the grafted species was converted into an unprecedented hafnium imido, 

bis-amido complex 2.3 [(≡Si-O-)Hf(=NMe)(η1-NMe2)]. Catalyst 2.3 used for imine 

metathesis. Through imido exchange of the catalyst with one of the imine substrate which 

is N-(4-phenylbenzylidene)benzylamine yielded intermediate 2.4 [(≡Si-O-)Hf(=NCH2Ar) 

(η1-NMe2)], demonstrating a kind of 2+2 mechanism involving the imine and the imido 

fragments. Proposed reaction mechanism for imine metathesis and hyroaminoalkylation 

is also supported by DFT calculations. The surface complexes were characterized by 

elemental analysis and the following spectroscopic techniques: infrared, solid-state single 

and multiple quantum NMR, advanced DNP-SENS, and extended X-ray absorption fine 

structure (EXAFS).  
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 INTRODUCTION  

The understanding  a wide range of catalysts on surfaces has benefited from the 

fundamental approach referred to as “surface organometallic chemistry” (SOMC), 

whereby molecular organometallic compounds react with support surface functional 

groups to precisely synthesize surface species that are characterized in depth by 

spectroscopic methods.7, 95 This approach has developed into “Catalysis by Design,” with 

surface organometallic fragments (SOMFs) selected to be intermediates in presumed 

catalytic cycles. Most of the well-documented SOMFs incorporate hydrocarbon ligands 

(M-R, M=C, M≡CR, etc.), but, recently, a similar level of understanding has emerged for 

metal-amide complexes grafted on highly dehydroxylated silica surfaces. A variety of 

examples of catalysis were observed with these complexes, including the 

hydroaminoalkylation of alkenes and the metathesis of imines, depending on the 

supported metal/nitrogen-containing-ligand combination, M-ή-2NRCHR or M=NR, 

respectively.49, 96 The reported work on such catalysts is largely focused on imido or amido 

complexes (e.g., molybdenum),10, 97 and the nitrogen-containing ligands were generally 

found to be mere spectators. But recent evidence of Zr=N surface fragments49 performing 

imine metathesis catalysis triggered our interest in determining whether this reactivity is 

specific to zirconium or can be extended to other metals such as hafnium. 
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 RESULTS AND DISCUSSION  

The grafted hafniaaziridine 2.1 [(≡Si-O-)Hf(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)] engaged 

for the first time as a catalyst for hydroaminoalkylation, also the isolation of the five-

membered ring intermediate 2.2 [≡Si-O-Hf(HNMe2)(η2NMeCH2CH(C6H13)CH2)(NMe2)] 

studied. Complex 2.3 [(≡Si-O-)Hf(=NMe)(η1-NMe2)] with imido fragment employed in 

imine metathesis, and the exchange intermediate 2.4 [(≡Si-O-)Hf(=NCH2Ar) (η1-NMe2)] 

with imine substrate has been isolated.  

2.3.1. Preparation and Elemental Analysis 

For complex 2.1 preparation (Figure 2.1), a highly dehydroxylated silica (pretreated 

thermally under high vacuum at 700°C, SiO2-700, and incorporating 0.3 mmol OH/g) was 

treated with an equivalent amount (0.33 mmol) of the precursor [Hf(NMe2)4] in pentane to 

afford silica-supported material 2.1. Elemental analysis shows N/M=3.9 (theory =3) and 

C/M=7.1 (theory =6). This is consistent with a tentative surface complex structure of 2.1 

[(≡Si-O-)Hf(η2π-MeNCH2)(η1-NMe2)(η1-HNMe2)]. These values are higher than those 

expected for a monopodal surface species (the respective theoretical values are 3 and 6). 

The simplest explanation of the difference is that the dimethylamine evolved during the 

grafting reaction was partially retained on the silica surface, either by physisorption or by 

coordination to the metal center.98 
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Figure 2.1. Preparation of surface complex structure of 2.1 [(≡Si-O-)Hf(η2π-MeNCH2)(η1-NMe2)(η1-
HNMe2)]. 

 

The five-membered metallacyclic intermediate supported on silica 2.2 [≡Si-O-Hf-

(HNMe2)[η2-NMeCH2(C6H13)CH2](NMe2)], was prepared after treating hafniaaziridine 

complex 2.1 with pure 1-octene (1.5 eq, 24 h and 165°C) the product was washed with 

pentane and dried under vacuum (10-5 mbar) for 2-3 hours see (Figure 2.2). For elemental 

analysis of complex 2.2, ratio of N/M= 2.8 (theory = 3) and C/M=13.6 (theory = 14). This 

ratio strongly suggests that one molecule of 1-octene has been incorporated in the 

hafniaaziridine complex.  

 

 

Figure 2.2. Preparation of surface complex structure of 2.2 [≡Si-O-Hf-(HNMe2)[η2-
NMeCH2(C6H13)CH2](NMe2)]. 

(2.1)

(2.1) (2.2)
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For complex 2.3 preparation (Figure 2.3), by a thermal treatment of 2.1 at 200°C under 

dynamic vacuum (10-5 mbar) for four hours, a new light-pink material 2.3 was generated. 

The elemental analysis of 2.3 (Table 2.1) indicates N/Hf and C/Hf ratios of 2.5 and 4.6, 

respectively (theory: 2 and 4), the carbon and nitrogen contents declined after heat 

treatment. Complex 2.3 was treated in a batch reactor with N-(4-

phenylbenzylidene)benzylamine (a) at 80 C for one hour to yield 2.4 (Figure 2.4). Further, 

the elemental analysis showed an increase in the C/Hf ratio to 11.3, consistent with the 

exchange of a methyl group by a benzyl group (theory: 9 C per Hf atom). 

 

Figure 2.3. Preparation of surface complex structure of complex 2.3 [(≡Si-O-)Hf(=NMe)(η1-NMe2)]. 

 

Figure 2.4. Preparation of surface complex structure of complex 2.4 [(≡Si-O-)Hf(=NCH2Ar) (η1-
NMe2)]. 

Table 2.1. Elemental Analysis.19  
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 Metal  %Metal M/Silanol %C %N N/C N/M C/M 

(2.1) Hf 4.94 0.92 2.49 1.5 2.0 3.9 7.1 

2.2 Hf 6.9 1.2 6.5 1.52 4.7 2.8 13.6 

2.3 Hf 4.48 0.81 1.4 0.8 1.8 2.5 4.6 

2.4 Hf 4.48 0.81 3.4 0.8 4.9 2.3 11.3 

 

2.3.2. FTIR Measurement  

The FTIR spectra of SiO2-700 shows an intense ν(O-H) peak located at 3745 cm-1, this 

peak disappears after the grafting of Hf(NMe2)4 complex on its surface and a new range 

of bands appears, the C-H stretching and bending regions (intense bands at 2970-2776 

cm-1; CH stretching and weak bands in the 1500-1400 cm-1; C-H bending). It is remarkable 

that a broad and weak signal is observed around 3294 cm-1, it can be attributed to N-H 

band. 99 These IR results are consistent with the grafting of the amido hafnium complex to 

the silica via a protonolysis reaction of the amido ligand by surface silanols (with the 

formation of anchored ≡Si-O-Hf moieties). 

After the treatment of the complex 2.1 with 1-octene the FTIR spectra of the obtained 

complex 2.2 (Figure 2.5) shows an increase in the C-H stretching bands (2985 cm-1) that 

confirm the insertion of the 1-octene in the hafniaaziridine fragment.  

FTIR spectra of 2.3 (Figure 2.5) demonstrate a marked decrease in the intensity of the 

ν(C-H) bands along with the appearance of a new signal at 1595 cm-1 according to heat 

treatment. These results suggest the presence of new functional groups (tentatively 
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assigned as a symmetric ν(M-N-C) band originating from the metal imido fragments)100  

concomitant with a partial loss of –C-H groups. 

Complex 2.4 which was examined by FTIR (Figure 2.5), comparisons of the FTIR spectra 

of 2.3, and 2.4 show the appearance of several bands in the spectrum indicating that 2.4 

formed, in agreement with the presence of aromatic ν(CH) (at 3050 cm-1) and δ(C=C) (at 

1650–1609 cm-1) (Figure 2.9). 

 

 

Figure 2.5.  FTIR spectra of the support, SiO2-700, and the anchored complexes, [(≡Si-O-)Hf(η2-
MeNCH2)(η1-NMe2)(η1-HNMe2)] 2.1, intermediate [≡Si-O-Hf(HNMe2)(η2-
NMeCH2CH(C6H13)CH2)(NMe2)] 2.2, [(≡Si-O-)Hf(=NMe)(η1-NMe2)] 2.3, and the imido exchange 
with N-(4-phenylbenzylidene)benzylamine intermediate [(≡Si-O-)Hf(=NCH2Ar) (η1-NMe2)] 2.4. 
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2.3.3. Solid-state NMR Data and EXAFS 

Further insights into the coordination spheres of the supported hafnium complexes were 

provided by advanced SSNMR spectroscopy and the state-of-the-art DNP-SENS, and 

EXAFS spectroscopies. The 1H NMR spectrum of 2.1 exhibits overlapping signals at 2.2 

ppm, and 2.7 ppm as expected from the various alkyl groups bonded to the nitrogen 

ligands (Figure 2.6). The 13C CP-MAS spectrum of 2.1 displays one intense signal at 37 

ppm and a shoulder signal at 46 ppm, explained by the nonequivalent methyl groups in -

N-(CH3)2. A low-field weak resonance at 81 ppm is also correlated with the proton 

resonance at 2.7 ppm in the HETCOR spectra. This result is consistent with a methylene 

(CH2) group in a 3-membered metallacycle.101 Two-dimensional proton double-quantum 

(DQ), and triple-quantum (TQ) correlation experiments were performed with 2.1. A strong 

autocorrelation peak was observed for the signal at 2.2 ppm in both the DQ and TQ 

spectra (appearing at 4.4 and 6.6 ppm in the ω1 dimensions, respectively), indicative of 

methyl protons (Figure 2.6). However, the proton resonance at 2.7 ppm shows an 

autocorrelation only in the DQ spectrum and confirms the presence of a methylenic unit 

(-CH2-) in the surface species. 

15N SSNMR spectroscopy experiments were carried out with 2.1 using DNP-SENS 

technique (Figure 2.6). The spectrum obtained for 2.1 exhibits two resonances, centered 

at 7ppm, and 32 ppm. Based on its relative abundance, we tentatively assign the intense 

signal shifted downfield at 32 ppm to the 15N resonances corresponding to the tri-

coordinated nitrogen sites of the (η2-NMeCH2) and (-NMe2) functionalities. For 15N-1H 

DNP NMR only one nitrogen peak at 32 correlates with the proton at 2.2 ppm. 

EXAFS spectra of 2.1 were recorded at the Hf LIII edge, with the measurements made at 

liquid nitrogen temperature in a cell described elsewhere (details of the experiments and 
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the data are shown in the experimental part).102 Various plausible models of the supported 

species were investigated in the data fitting, (which is summarized in the experimental 

part). The number of statistically justified EXAFS fitting parameters was calculated on the 

basis of the Nyquist criterion to be 16, corresponding to at most four shells. Consequently, 

a combination of Hf–N, Hf–C, and Hf–O scattering paths were used to build models. The 

data in the experimental part include the best-fit parameters for each of several models 

that represent the data well and a discussion of how the recommended model was 

selected. We emphasize that, although the EXAFS data alone are not sufficient to 

determine the structure of 2.1, the recommended model (Table 2.2) is consistent with all 

the characterization data determined in this work and represented by the sketch shown in 

(Figure 2.6).  

The EXAFS data indicate one Hf–O shell with a coordination number of approximately 1.2 

at a distance of 1.83 Å, which is much shorter than the bonding distances in the bulk 

compound HfO2 (which range from 2.03 to 2.13 Å), as determined by X-ray diffraction 

crystallography (XRD).16,17 A comparison of these distances indicates that hafnium is 

strongly bonded to the support. The result that this distance is less than the Hf–O distance 

characterizing HfO2 is not surprising; there are examples of hafnium complexes with Hf–

O distances determined by EXAFS spectroscopy that are similar to the value determined 

in our work and markedly less than the value characterizing bulk HfO2.103 The coordination 

of the η1-HNMe2 ligand is indicated by a Hf–N shell with a coordination number of 1.3 at 

a distance of 2.24 Å. The recommended model based on our EXAFS data is consistent 

with the 3-membered metallacycle (η2-MeNCH2), as evidenced by (i) the Hf–C shell with 

a coordination number of 1.3 at a distance of 2.11 Å and (ii) a Hf–N shell at a distance of 

2.04 Å. The latter Hf–N shell in the EXAFS fit has a coordination number of 2.0, because 

it accounts for both the N atom in the ring and the η1-NMe2 ligand; in the combined shell 
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determined in the EXAFS fitting, these are represented with the same Hf–N distance, 

because the EXAFS data are not sufficient to distinguish these two shells. The lengths 

found for the Hf–N and Hf−C bonds are close to those observed by XRD for molecular 

complexes such as [N-[1,1-dimethyl-2-(ethylimino-κN)propyl]-2,6-bis(1-

methylethyl)benzenaminato-κN]tri(methyl-D3))hafnium104 (2.24 Å for Hf–C and 2.08 Å, 

2.30 Å corresponding, respectively, to covalent and coordinate Hf–N bonds), 

[HfC30H58N3Cl3Si4]105 (2.52–2.18 Å for Hf–N and 2.21 Å for Hf–C), and [(TC-

3,3)HfN(Ar)C(CH2Ph)2]16 (2.14–2.02 Å for Hf–N and 2.35–2.26 Å for Hf–C). Note that the 

calculated Hf–O and Hf–C distances are both shorter than the reported distances in pure 

molecular complexes. We tentatively attribute this trend as evidence of the bonding of the 

[Hf(NMe2)4] complex to the silica surface.  

Based on SSNMR, IR, and EXAFS data, we propose that the surface complex in 2.1 is 

[(≡Si-O-)Hf(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)] (Figure 2.6).  

 

Table 2.2. EXAFS structure parameters a representing 2.1.19 

Shell N R  (Å) 𝟏𝟎𝟑 × ∆𝝈𝟐 (Å) ∆𝑬𝟎 (eV) 

Hf–(O-Si≡) 1.2 1.83 2.1 -8.0 

Hf–NHMe2 1.3 2.24 0.2 -8.0 

Hf–MeNCH2 1.3 2.11 0.2 -1.0 

{Hf–MeNCH2  

and Hf–NMe2} 

2.0 2.04 0.3 2.5 



 

30 

a Notation: N, coordination number; R, distance between absorber and backscatterer 

atoms; ∆𝛔𝟐, disorder term; ∆𝑬𝟎, inner potential correction. Estimated error bounds: N, 

±𝟐𝟎%; R, ±𝟎. 𝟎𝟐Å; ∆𝛔𝟐, ±𝟐𝟎%; ∆𝑬𝟎, ±𝟐𝟎%. The backscatterers at distances greater 

than 2.7 Å from the absorber Hf atom are not fitted in this model. Model II is the 

recommended best-fit model (more details are presented in the SI).  
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Figure 2.6.  a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of 2.1; b) 1D 
1H NMR spectrum (top) and 1H–1H DQ and 1H–1H TQ spectra (bottom) of 2.1; c) 15N MAS DNP-
SENS spectra of 2.1; d) 15N-1H DNP-SENS spectra of 2.1; e) proposed structure of surface hafnium 

complex  [(≡Si-O-)Hf(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)] 2.1.19  
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In complex [≡Si-O-Hf(HNMe2)(η2-NMeCH2CH(C6H13)CH2)(NMe2)] 2.2 to verify the 

insertion of the 1-octene, we used SSNMR of 1H, 13C, DQ, TQ, and HETCOR NMR. In 

(Figure 2.7) the 1H SSNMR spectrum of the five-membered ring complex exhibits an in-

tense peak at 2.4 ppm assigned to the -NCH3 group in aminomethyl ligands. Two major 

signals at 1.15 ppm for -CH2 and 0.7 ppm peak assigned for -CH3 present in the 1-octene, 

also two minor overlapping signals at 2.9 and 2.4 ppm for the five-membered ring.  

The 1.9 ppm peak assigned to -CH group in the five-membered ring represent 

hydrocarbon motif around the hafnium center and it appears as a very broad peak in the 

DQ spectra. The 13C SSNMR spectrum of this complex shows six major peaks 12, 22, 27, 

29, 31 and 36 ppm. The resonance at 36 ppm was significantly intense comparing to the 

others; this peak assigned to the –CH3 of the five-membered ring next to the hafnium 

center. This interpretation is compatible with multiple-quantum 2D experimental spectra 

that reveal autocorrelations in double-quantum (DQ) and triple-quantum (TQ) frequencies 

for signals at 2.4 ppm.  In addition, the 2D 1H 13C HETCOR NMR spectrum shows a 

correlation between the carbon peak at 36 ppm and the proton peak at 2.4 ppm. In 1H 13C 

HETCOR NMR spectrum carbon signal at 22 ppm 13C and proton at 1.15 ppm consistent 

with the -CH2 fragments of 1-octene. The -CH2 assignment validated by the autocorrelation 

at 1.15 ppm in DQ and TQ frequencies. There is a minor peak at 1.9 ppm without an 

autocorrelation in DQ or TQ frequencies while the peak at 2.9 ppm shows an 

autocorrelation only in the DQ this peak assigned to -CH2 of the five-membered ring next 

to the metal center. A strong correlation observed between the proton peak at 1.9 and the 

carbon peak at 31 ppm, this signal is attributed to the -CH group (Figure 2.7). Using the 

DNP-SENS technique (Figure 2.7) the spectrum obtained for 2.2 exhibits three 

resonances, at 7ppm, 40 ppm and 66 ppm. On the basis of its relative abundance, we 
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tentatively assign the intense signal. The weak upfield-shifted signal at 7 ppm is well-

matched with an NH(CH3)2 moiety, signal at 44 ppm attributed to the (-NMe2) functionally, 

and the signal at 66 ppm is compatible with the N-five-membered ring. 

 

Figure 2.7. a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of 2.2; b) 1D 
1H NMR spectrum (top) and 1H–1H DQ and 1H–1H TQ spectra (bottom) of 2.2; c) 1D 1H NMR 
spectrum of 2.2 ; d) 1D 13C NMR spectrum of 2.2 ; e) 15N MAS DNP-SENS spectra of =of surface 
hafnium complex  [≡Si-O-Hf(HNMe2)(η2-NMeCH2CH(C6H13)CH2)(NMe2)] 2.2. 
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In contrast to the 1D SSNMR spectra of 2.1, those characterizing 2.3 include mainly a 

broad band at 2.2 ppm, in the 1H NMR spectrum (the weak signal at 1.2 ppm is attributed 

to some minor impurities, possibly dimethyl amine), and two resonances, at 37 and 48 

ppm, in the 13C CP-MAS NMR spectrum. Remarkably, no clear signal in the spectra was 

observed in the region that corresponds to the (-CH2-) group of a 3-membered 

metallacycle (Figure 2.8). Furthermore, we infer on the basis of multiple quantum 

experiments that the 1H peaks appearing at 2.2 ppm originate exclusively from the -CH3 

groups.  

15N SSNMR spectroscopy experiments show a weak upfield-shifted signal at 7 ppm is 

compatible with an NH(CH3)2 moiety, even after heat treatment - HNMe2 remains on the 

surface. The spectrum of 2.3 includes an additional signal at 113 ppm along with a signal 

at 34 ppm that appears to be much less intense than its counterpart at 32 ppm in 2.1. The 

113 ppm peak is suggested to originate from the hafnium imido moieties, consistent with 

the 1595 cm-1 peak in the IR spectrum. 

These results are in agreement with the conversion of the hafnium metallacycle (M-NR-

CH) surface fragment in 2.1 into a metal imido (M=N in 2.3). In view of all the foregoing 

results, we propose [(≡Si-O-)Hf(=NMe)(η1-NMe2)] as the structure of 2.3  (Figure 2.8). We 

assume that the coordinated sigma bonded amine η1-HNMe2  in  [(≡Si-O-)Hf(η2-

MeNCH2)(η1-NMe2)(η1-HNMe2)] 2.1 reacts with the coordinated CH2 of the metallacycle to 

give [(≡Si-O-)Hf(=NMe)(η1-NMe2)] 2.3  with formation of Me3N (observed by GC). 
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Figure 2.8. a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of [(≡Si-O-
)Hf(=NMe)(η1-NMe2)] 2.3; b) 1D 1H NMR spectrum (top) and 1H–1H DQ and 1H–1H TQ spectra 
(bottom) of 2.3; c) proposed structure of surface hafnium complex in 2.3.19 
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The SSNMR spectra of 2.4 clearly show the presence of aromatic δ CH (6.9 ppm in 1H 

and 126 ppm in 13C). We thus propose the structure of [(≡Si-O-)Hf(=NCH2Ar) (η1-NMe2)]  

(Figure 2.9) for 2.4. Using the DNP-SENS technique (Figure 2.9) one broad peak at 26 

ppm shifted compared to the previous structures 2.1 at 32 ppm and 2.3 at 34 ppm, we did 

not observe the other nitrogen because it is lacking of protons around it.   
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Figure 2.9. a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of 2.4; b) 1D 
1H NMR spectrum; c) 1H–1H DQ; d) 15N-1H DNP-SENS spectra of 2.4; e) 15N MAS DNP-SENS 
spectra of 2.4 (inset) proposed structure of surface hafnium complex  [(≡Si-O-)Hf(=NCH2Ar) (η1-
NMe2)]  2.4.19 
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 CATALYSIS 

2.4.1. Hydroaminoalkylation of Olefins  

Hydroaminoalkylation studies were conducted with a mixture of 1-octene, selected di-

alkylamine in 1 mL of toluene and hafniaaziridine complex catalyst 2.1 and heated at 

165°C for 48 h in a vacuum-sealed ampule. Hydroaminoalkylation is a reaction in which 

an α amino C-H moiety is added across an unsaturated C-C bonds (alkenes in general) 

to form branched alkylamines; our reaction goes through intermolecular 

hydroaminoalkylation (Figure 2.10). 

The screening was conducted using selected substrates such as dialkylamines 

(diethylamine and dibutylamine), for arylalkylamines (N-methyl aniline and N-ethylaniline). 

All the runs and blanks were carried out under similar conditions. Branched and linear 

alkylation products detected as expected.  

Catalysis with N-methylaniline, substrate (Entry 1) reached a combined conversion of 8.5 

%. For (Entries 2, 3) with dialkylamines substrates have a lower combined conversion 

8%, 2% respectively, but in (Entry 2) we obtained 0% conversion because the N-

ethylaniline is sterically hindered so it stops the catalytic reaction over the catalyst surface 

(Table 3.2). 

 

Catalytic cycle  
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Figure 2.10. Intermolecular hydroaminoalkylation of olefins.  
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Table 2.3.  Hydroaminoalkylation catalytic tests. 

Entry Amine Combined Conversion% 

1 N-methylaniline  8.5 % 

2 Diethylamine 8 % 

3 Dibutylamine 2 % 

4 N-ethylaniline 0% 

5 Diphenylamine 0% 

6 Dimethylamine 0% 

7 Ethylmethylamine 0% 

   

6 mol % catalyst complex 2.1, at 165 °C, 1-octene 1.5 eq., toluene 1 mL, 48 hours. 

 

According to Scott et al.,17  the metallaaziridine cycle gives inactive species upon heating 

under vacuum. Despite that, all reactions conducted here under vacuum with heating to 

165 °C, did not deactivate the catalyst. In addition, we conducted reactions without solvent 

in order to check if the concentration of our substrates affect the conversion, but we 

obtained the same combined conversion. 
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Density Functional Theory (DFT) 

Density Functional Theory (DFT) calculations have been performed using a Hf as metal, 

and propene as the olefin. Calculations support the mechanism shown in the (Figure 

2.11). For the sake of simplicity, in the presence of HNMe2, we consider the tris-amido 

amino complex 1 as reference structure at 0 kcal/mol in energy. Starting from 1, the first 

step is a b-H transfer between two amido ligands, leading to the metallaaziridine species 

2, via transition state 1-2 and an energy barrier of 30.1 kcal/mol. According to calculations, 

2 is located 17.2 kcal/mol above 1. The next step is the endergonic displacement of a 

dimethylamino ligand by propene, leading to 3, 33.0 kcal/mol above 1, followed by the 

rapid reaction of propene with the metallaaziridine moiety. Propene addition occurs via 

transition state 3-4, at 36.1 kcal/mol, and leads to intermediate 4, only 5.1 kcal/mol above 

1. We calculated that 1,2-insertion of propene into the Hf-N bond, leading to 4, is the 

favored regiochemistry, as it is favored by 4.3 kcal/mol over the transition state for 2,1-

insertion. 

The reaction evolves via H-transfer from an amido ligand to the metallacycle moiety via 

transition state 4-5, at 24.5 kcal/mol, opening the metallacycle and leading to inter-

mediate 5, 10.5 kcal/mol below 1. Coordination of a dimethylamino molecule, followed by 

H-transfer from the co-ordinated dimethylamino to the N atom of the alkylated amido 

ligand, via transition state 6-7 at -2.3 kcal/mol, leads to intermediate 7. The catalytic cycle 

is closed by displacement of the hydroaminoalkylated product by a dimethyl amino ligand. 

The overall thermochemistry of the reaction is calculated to be -13.6 kcal/mol with the 

adopted computational protocol. The overall energy span from 1 to 3-4, 36.1 kcal/mol, is 

consistent with the experimentally required long reaction times and high temperatures. 
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Figure 2.11. Energy profile for hydroaminoalkylation promoted by the Hf-amido complex 2.1.19 

 

The structure of the metallaaziridine complex 2 and of the rate-determining transition state 

3-4 are shown in (Figure 2.12). In complex 2 the Hf assumes a distorted trigonal bipyramid 

geometry, with the Hf-O, the Hf-amido and the Hf-aziridine bonds in the equatorial plane, 

the two amino ligands along the axis. This disposition is preserved in the rate-determining 

transition state 3-4, with propene replacing one of the amino ligands. 
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Figure 2.12. 3D representation of the aziridine complex 2 and of the rate-determining transition 
state 3-4.19 

 

2.4.2. Imine Metathesis 

Early transition metal catalysts supported on silica have been reported for imine 

metathesis catalysis (Zr,49, 106 Mo100) with some unpreceded catalytic surface 

intermediates being isolated. Interest in olefin metathesis has been intense for decades, 

triggering continuing efforts to discover new and improved catalysts. Attention has been 

focused on reactions of molecules containing heteroatoms and on catalysts incorporating 

various transition metals. Particular interest has focused on molecules that incorporate a 

heteroatom in the double bond and not only an sp2 C olefinic carbon. 

The work reported herein extends the classes of M-N and M=N SOMFs by reported 

examples with hafnium using the preparation strategy is akin to that employed for 

zirconium.49 The catalytic performance of 2.3 was evaluated for imine metathesis under 

conditions similar to those reported,3 catalyst (0.0031 mmol, 4 mol% with respect to the 

imine substrate employed), in toluene (typically 400 μL), at 80°C. Three imine substrates 
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were tested: N-(4-phenylbenzylidene)benzylamine (a), N-(4-fluorobenzylidene)-4-

fluoroaniline (b), and N-benzylidene-tert-butylamine (c), (Figure 2.13).  

Catalytic cycle  

 

 

o  
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o  

Figure 2.13. Imine metathesis catalysis. 

Table 2.4. Results of catalytic imine metathesis testing for substrates N-(4-phenylbenzylidene)benzylamine 
(a), N-(4-fluorobenzylidene)-4-fluoroaniline (b),  and N-benzylidene-tert-butylamine (c).*19 

Entry Catalyst Time (h) 

Substrate 

(Conversion %) 

Substrate 

(Conversion %) 

1 2.3 1 a (54) c (54) 

2 - 1 a (11) c (11) 
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3 2.1 1 a (11) c (15) 

4 2.3 6 a (50) b (55) 

5 - 6 a (25) b (20) 

6 2.3 4 a (36) b (30) 

*Catalyst 2.3 (0.0031 mmol), in toluene (400 μL), at 80 oC, both imine substrates 

(0.0783 mmol). Reaction solution diluted to give a volume of 1 mL; conversion 

determined by GC-FID. 

Table 2.5. Results of blank reaction test.19 

Entry Catalyst 
Time 

(h) 

Substrate 

Conversion (%)  

Substrate 

Conversion (%)  

1 SiO2-700 1 a (12) c (18) 

2 No 1 a (11) c (11) 

3 No 6 a (25) b (20) 

4 2.1 1 a (11) c (15) 

5 2.1 2 a (10) b (7) 

 

Products consistent with imine metathesis were identified by GC-MS analyses, as 

expected, in all the catalytic reaction experiments. In the presence of catalyst 2.3, 

substrates (a) and (c) reached maximum conversion in just 1 h (Entry 1, Table 2.3), 
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resulting in two new products, a” (1-([1,1'-biphenyl]-4-yl)-N-(tert-butyl)methanimine) and 

c’ (N,1-diphenylmethanimine). Control runs (Entry 2, Table 3.3, and Entry 2, Table 2.4) 

with only the substrates or with only SiO2-700 present in the reaction showed reduced 

reaction rates (giving about 10% conversion). Furthermore, a run using 2.1 as the catalyst 

(Entry 3, Table 2.3) showed a conversion as low as those observed in the other control 

runs. Taken together, these results indicate that 2.3 is active for imine metathesis, and 

that the presence of the hafnium imido group is correlated with this performance.  

Similar experiments were done with substrates (a) and (b) instead of (a) and (c), and 

somewhat lower reaction rates were observed, with equilibrium attained in about 6 h 

(Entry 3, Table 3.3), leading to two new products, a’ (1-([1,1'-biphenyl]-4-yl)-N-(3-

fluorophenyl)methanimine) and b’ (1-(4-fluorophenyl)-N-phenylmethanimine). These 

results show that the activities of our catalysts are high in comparison with those reported 

for this type of catalysis; for example, with a Mo-containing catalyst,100 the reaction time 

was in the range of 6-50 h for attainment of equilibrium, and for a Zr-containing catalyst,106 

the time was 12 h. 

The role of the ([M]=NR) intermediate in the mechanism was further investigated by 

derivatizing 2.3 with one of the substrates to generate another fragment. The data clearly 

show that the imido ligand undergoes a 2 + 2 exchange with the imine substrates. Isolated 

complex 2.4 confirms the reactivity of the surface fragment ([M]=NR) toward imine 

substrates and its role in imine metathesis. 

Density Functional Theory (DFT) 

Density functional theory (DFT) based calculations were performed to further support the 

mechanism shown in (Figure 2.14) using the model species A, shown in (Figure 2.14). 

Coordination of the model Me-CH=N-Me imine to A is exergonic by 27.7 kcal/mol and 
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leads to species B, having a single coordinated imine.  Coordination of a second imine, 

leading to D, is exergonic by 11.4 kcal/mol only. Based on these considerations, we 

assumed B as reference structure at 0 kcal/mol, considering coordination of the second 

imine as the starting step along with the metathesis event. Coordination of both imines 

occurs via the lone pair on the N atom, rather than using the C=N double bond (Figure 

2.14). The metathesis event from D, via transition state D-E, requires a reorientation of 

the imine, to assume a geometry consistent with the classic transition state geometry 

considered for olefin metathesis (Figure 2.14), and occurs with the low energy barrier of 

10.9 kcal/mol. Evolution of transition state D-E towards the products converges into the 

metallacycle E, 19.1 kcal/mol lower in energy compared to D. For the sake of consistency, 

we also examined metathesis from the single imine coordinated intermediate B.  The 

reaction occurs via transition state B-C, with an energy barrier of 5.0 kcal/mol, and would 

converge into the metallacycle C, 15.0 kcal/mol lower in energy than B. This indicates that 

coordination of the second imine has a moderate impact on the energy barrier for the 

metathesis event. The most stable structure along the reaction profile is the metallacycle, 

indicating that liberation of the product might reveal as the rate-limiting step along with the 

reaction profile.  
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Figure 2.14. DFT energy profile for imine metathesis, with a 3D sketch of intermediates D and E, 
and transition state D-E. All calculations at the M06/SDD/TZVP//PBE1PBE/SDD/SVP 
level of theory. The emerging C-N bond in transition state D-E is colored in yellow.19 
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 EXPERIMENTAL 

2.5.1. Material Preparation  

2.1 Preparation of [(≡Si-O-)Hf(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)]. In a double 

Schlenk system, SiO2-700 (1.000 g, 0.310 mmol of silanols groups per gram) was treated 

at room temperature in pentane for 3 h with Hf(NMe2)4 (0.089 mL, 1.1 equivalent, with 

respect to the amount of accessible surface silanols). After four washing cycles, all volatile 

compounds were removed by evacuation, and the solid was dried for 1 h under dynamic 

vacuum (< 10-5 mbar). 

2.2 Preparation of [≡Si-O-Hf(HNMe2)(η2NMeCH2CH(C6H13)CH2)(NMe2)]. In a 

glove box, an ampule tube was charged with 100 mg of the 2.1 and 3 mmol of 1-octene 

was added. The ampule was connected to a high vacuum line (< 10-5 mbar) and the 

mixture was condensed by cooling with liquid nitrogen then sealed. The ampule tube was 

placed in an oil bath (160 °C) heated for 24h. After that reaction it was cooled down to 

room temperature. The resulted washed complex by pentane was dried and analyzed. 

2.3 Preparation of [(≡Si-O-)Hf(=NMe)(η1-NMe2)].White powder of 2.1 was loaded 

into a glass reactor and gradually heated until its temperature reached 200 oC under high 

dynamic vacuum (< 10-5 mbar) for 4 h. The resulting pale pink powder was cooled down 

and then analyzed.  

2.4 Preparation of [(≡Si-O-)Hf(=NCH2Ar)(η1-NMe2)]. In an inert atmosphere 

catalyst (3) (0.0031 mmol), in toluene, at 80 oC 1h, with (0.0783 mmol) of N-(4-

phenylbenzylidene)benzylamine (a) to yield 2.4, then washed several time by toluene and 

dried under high dynamic vacuum (< 10-5 mbar). 
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Figure 2.15. (A) DNP-SENS 1H spectra characterizing 2.1 [(≡Si-O-)Hf(η2-NMeCH2)(η1-NMe2)(η1-

HNMe2)], and  (B) DNP-SENS 1H spectra characterizing 2.3 [(≡Si-O-)Hf(=NMe)(η1-NMe2)].19 

 

2.5.2. EXAFS spectroscopy 

EXAFS Data Analysis.  

Analysis of the EXAFS data was carried out with the software ATHENA of the IFEFFIT 

package.107-108 The EXAFS data were further analyzed with the software XDAP, which 

was developed by Vaarkamp et al.109 The latter software was provided by Vaarkamp. 

Details of the data fitting methodology are the same as those reported.110-111 

The error in the data was calculated as the root mean square of the value obtained from 

the subtraction of smoothed χ data (χ is the EXAFS function) from the background-
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subtracted experimental values of χ. Goodness of fit values were calculated with the 

software XDAP; the calculation was done according to the following equation: 

goodnessoffit = 
ν

NPTS(ν − 𝑁free)
∑ (

χexp,i − χmodel,i

σexp,i
)2

NPTS

i=1

 

In this equation, χmodel and χexp are the model and experimental EXAFS values; σexp is the 

error in the experimental results; ν is the number of independent data points in the fit 

range; NPTS is the actual number of data points in the fit range; and Nfree is the number 

of free parameters. 

Several models were compared in detail with the data; these were plausible choices made 

after the initial screening of candidate models and with an awareness of the IR and NMR 

data reported in the main text of the paper. The EXAFS models, with the best-fit 

parameters (see below) were compared with each other on the basis of the goodness of 

fit and the quality of the overall fit in both k space and R space, where k is the wave vector, 

and R is the absorber-backscatterer interatomic distance. A difference-file technique was 

applied to the candidate models, whereby the calculated EXAFS contribution from each 

individual Hf–backscatterer contribution was compared with the data in R space 

(calculated by subtracting all the other calculated Hf-backscatterer contributions from the 

overall experimental contributions). For details, see (Table 2.6 and Figures 2.16 a, b, and 

c).  

Model 1 is a simplified three-shell model corresponding to Model 2 (Table 2.6). In Model 

1, we considered all three of the Hf–N distances to be the same, within the expected error, 

and in the other, we included two Hf–N shells with distances that are essentially the same 

(within error) and one that is slightly different. In both of these fits, the Hf–N distances 
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were found to be nearly in the range of the Hf–N distances characterizing the reference 

compound [N-[1,1-dimethyl-2-(ethylimino-κN)propyl]-2,6-bis(1-

methylethyl)benzenaminato-κN]tri(methyl-D3))hafnium104 (the Hf-N distances are 2.08 

and 2.30 Å corresponding to sigma and coordinate bonds, respectively). 

It is clear that the EXAFS data are not sufficient to resolve these distances and do not 

alone provide a basis for choosing either Model 1 or Model 2. Note also that the 

backscatterer atoms N, C, and O are all light and not readily distinguished in the fitting, 

and it was not possible to distinguish Hf–N and Hf–C shells because not only are the 

backscatterers essentially indistinguishable in atomic number, the two absorber–

backscatterer distances Hf–N and Hf–C are within error indistinguishable from each 

other.104  

However, the best-fit model is the one judged to provide an optimum agreement between 

the model and the calculated EXAFS data in k space and in R space, and the comparisons 

involve examination of the fits of individual shells. EXAFS spectroscopy, a technique that 

complements the other characterization techniques, provides models chosen on the basis 

of goodness of fit of the data and comparison with other characterization results and 

appropriateness of the chemical structures. All structural models used for fitting are 

relatively similar when considering their statistical agreement with the data (cf. GOF in 

Table 2.6). Models 1 and 2 both include a Hf–C bonding distance of 2.3 Å, which is longer 

by 0.2 Å than the value corresponding to Model 3 (d(Hf–C) = 2.1 Å). The three structural 

models taken separately are thus consistent with the formation of a metallaziridine ring in 

accord with the ensemble of NMR results. According to the literature (Table 2.7), the range 

of M–C distance in compounds with σ-bonded metallaziridine are comparable to the 



 

55 

distance observed for σ-bonded alkyl ligands. Still, no clear-cut criteria could be identified 

to select between Models 1 and 2 and Model 3.  

The total coordination numbers calculated using Models 1, 2, and 3 are all about five. As 

the highest oxidation state of hafnium is Hf+IV, the result implies that four ligands are 

covalently bonded and one of the ligands is more weakly coordinated. Thanks to 

elemental analysis, IR spectroscopy, 15N NMR spectroscopy, and the SS-NMR spectra, 

a coordinated dimethylamine ligand was separately highlighted. Thus, using these other 

spectroscopic data as a basis, we infer that the most appropriate EXAFS model should 

include an Hf–N scattering path with a half path length compatible with a dative 

coordination of nitrogen. Model 3 is the only one to display two bonding modes for 

nitrogen atoms: a σ-bond with a coordination number of 2.0 at a distance of 2.04 Å, and 

a coordination bond with a coordination number of 1.3 at a distance of 2.24 Å.  

 

To summarize, Model 3 is the recommended model, the one presented in the main body 

of the article, as it provides a satisfactory agreement with experimental results and is in 

accord with the other characterization data determined for 2.1. 

Table 2.6. Summary of EXAFS fit parameters a characterizing 2.1.19 

Model Shell N R (Å) 
𝟏𝟎𝟑 × ∆𝛔𝟐 

(Å) 

∆𝑬𝟎 (eV) 
Goodness 

of fit 

1 Hf-O 1.1 1.85 0.9 -8.0 29.2 

Hf-N 3.2 2.08 1.6 -0.29 
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Hf-C 1.3 2.30 0.3 -8.0 

2 Hf-N1 2.1 2.06 1.1 0.6 20.6 

Hf-N2 1.2 2.12 1.5 -6.8 

Hf-O 1.1 1.85 1.9 -8.0 

Hf-C 1.4 2.31 0.1 -8.0 

3 Hf-N1 2.0 2.04 0.3 2.5 31.3 

Hf-N2 1.3 2.24 0.2 -8.0 

Hf-O 1.2 1.83 2.1 -8.0 

Hf-C 1.3 2.11 0.2 -1.0 

aNotation: N, coordination number; R (or r), distance between absorber and backscatterer 

atoms; ∆σ2, disorder term; ∆𝐸0, inner potential correction. Estimated EXAFS error bounds: 

N, ±20%; R, ±0.02Å; ∆σ2, ±20%; ∆𝐸0, ±20%; k-range: 3.2-11.50 Å-1. R-range: 0–2.7 Å. 

Error in EXAFS function is 0.0017. Absorber-backscatterer distances greater than 2.7 Å 

were not fitted. 
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Table 2.7. For comparison with EXAFS data: Distances between metal and carbon atoms in compounds with 

metallaziridines and with alkyls.  

 

Metal 

d(M-C) 

(σ bound) 

[Å] 

d(M-C) 

(metallaaziridine) 

[Å] 

Hf 2.22 – 2.29 23, 112-114 2.2016, 105, 115-118 

Zr 2.25 – 2.29 23, 112-114 2.22-2.40 16, 116, 118-119 

Ti 2.17 – 2.22 120  2.10 116 

Ta 2.20 121 2.12 – 2.28 116, 122 

Nb 2.240 122 2.21122 
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Figure 2.16. a, b, and c, EXAFS data characterizing 2.1 (Models 1, 2, and 3): k1-weighted EXAFS 

function, k1(χ) (solid line) and the sum of the calculated contributions (dashed line); k1-weighted 

and k3-weighted and single-shell imaginary part and magnitude of the Fourier transform of the data 

(solid line) and the sum of the calculated contributions (dashed line) of the samples. The back 

scatters at a distance from the absorber Hf atom greater than 2.5 Å are not fitted in this model.19 
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Chapter 3. Tantalum-nitrogen Fragments 

 

ABSTRACT: Selective hydroamination of terminal alkynes with primary aryl amines catalyzed by 

unprecedented well-defined silica-supported tantalum complex 3.1 [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)] 

studied. To understand the catalytic cycle two complexes were isolated after the reacting 3.1 with aniline 

lead to 3.3 [(≡Si-O-)Ta(η1σ-NEtMe)2(η1σ-NHtBu)(NHC6H10)], and upon treating 3.1 with 1-octyne lead to 

isolating 3.2 [(≡Si-O-)Ta(η1σ-NEtMe)2(η2-NtBuC=CC7H13)]. A molecular level characterization of the 

surface immobilized Ta species was apprehended with the help of extensive characterization tools 

encompassing infrared, elemental microanalysis, solid-state NMR spectroscopy and EXAFS 

spectroscopy. These were further complemented by the state of the art DNP-SENS characterization 

technique allowing deeper structural elucidation in addition to DFT calculations.123  
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 INTRODUCTION  

Ligands are key in several industrially important chemical processes such as alkane oxidation (M=O)124 

or alkene metathesis (M=CR2)12, also imine metathesis (M=NR).49, 100 Silica-supported metal imide 

complexes, in particular, have recently been demonstrated to be efficient heterogeneous catalysts for 

imine metathesis. In this regard, molecular catalysts based on transition metals (Zr, Mo, and Hf)49, 100, 125 

were investigated.  

The hydroamination reaction,35, 38, 66 in which the N–H bond is added across an unsaturated C=C or 

C≡C bond to lead to the formation of a range of organic molecules incorporating imines, enamines 

functionalities and N-containing heterocycles.67-69 This economical atom process was extensively studied 

over the past decades using a number of homogeneous catalysts bearing metal-amido ligand or other 

functional groups.36, 70 This sort of nucleophilic addition reaction to unsaturated substrates is essential for 

the assembly of a wide variety of natural products, agrochemicals, pharmaceuticals and key 

intermediates in a number of industrial processes. Despite the great importance of this reaction, a 

relatively few heterogeneous catalysts have been explored.34, 76-77 In this contribution we disclose the 

scope of this reaction utilizing the well-defined single site tantalum amido complexes grafted on silica 

support for the first time. Particularly, the single site tantalum complex, [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)], 

illustrating first of its kind, were investigated as heterogeneous catalyst for hydroamination of alkynes. 

The mechanistic aspect of the reaction is believed to be in accordance with the imine metathesis, as 

observed on silica-supported Zr,106 Mo,100 and Hf125 imido complexes, where the metal-imido fragment 

serves as the key reacting sites.  
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 RESULTS AND DISCUSSION  

3.2.1. Preparation and Elemental Analysis 

To achieve the desire tantalum complex 3.1 [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)] on silica support, partially 

dehydroxylated silica (SiO2-700) was treated with a slight excess of the tantalum precursor complex 

[Ta(η1σ-NEtMe)3(=NtBu)] in pentane at room temperature for 1 hour (see experimental part for 

experimental details). After repeated pentane wash followed by evacuation of the volatiles under 

dynamic vacuum (10-5 mbar), 3.1 was obtained as a white powder. The grafting of [Ta(η1σ-

NEtMe)3(=NtBu)] species was further supported by the elemental analysis ( Table 3.1) data giving a 

tantalum loading of 5.24%wt which corresponds to 0.290 mmol g−1 and are in good agreement with the 

expected theoretical loading of 0.30 mmol g-1). 126 The quantity of nitrogen (1.23%wt, 0.88 mmol g−1 of 

SiO2-700) and carbon (3.78%wt, 3.16 mmol g−1 of SiO2-700) with a ratio of 3.04 (N/Ta) and 10.90 (C/Ta) in 

1 are also in accordance with the expected values of  3.0 and 10.0 for a monopodal surface complex, 

respectively.  

Before evaluating the reactivity of 3.1 in hydroamination reaction we strived to isolate and characterize 

various intermediate species which are expected to evolve during the catalytic reaction.  First 3.1   was 

treated in a batch reactor with 1-octyne at 80 oC for 16 hour which resulted in material 3.2 after washing 

with pentane and evacuation under dynamic vacuum.  In the next experiment 3.1 was subjected to react 

with aniline as primary aryl amine which after washing and vacuum treatment yielded material 3.3. In 

(Table 3.1) shows that 3.2 [(≡Si-O-)Ta(η1σ-NEtMe)2(η2-NtBuC=CC7H13)] and for 3.3 [(≡Si-O-)Ta(η1σ-

NEtMe)2(η1σ-NHtBu)(NHC6H10)]. 
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Table 3.1. Elemental Analysis.123 

 

 

3.2.2. FTIR Measurement  

Comparison of the infrared spectra of 3.1 with that of pristine silica SiO2-700 revealed a near complete 

consumption of isolated silanols as evidenced by a sharp depletion of  SiO-H band at 3747 cm−1 (see 

Figure 3.1). Simultaneously, two series of bands at 2800–3000 cm−1 and at 1300–1500 cm−1 accounting, 

respectively, for ν(C–H) and δ(C–H) of alkyl moieties have appeared. For complex 3.2 [(≡Si-O-)Ta(η1σ-

NEtMe)2(η2-NtBuC=CC7H13)] and 3.3 [(≡Si-O-)Ta(η1σ-NEtMe)2(η1σ-NHtBu)(NHC6H10)]. 

Material M 

silic

a on 

silic

a 

%M M/Silanol %C %N C/N N/M C/M 

(3.1) Ta 5.24 1 4.2 1.3 3.5 3.0 10.9 

(3.2) Ta 5.21 1 5.2 1.3 4.7 3.1 14.9 

(3.3) Ta 5.18 1 6.2 1.5 4.8 3.7 17.9 
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Figure 3.1.  FTIR spectra of the support, SiO2-700, and grafted complex 3.1, intermediate 3.2 and intermediate 3.3. 

3.2.3. Solid-state NMR Data and EXAF 

The formulation of [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)] seems to adequately describe the structure of 3.1. 

1H and 13C SSNMR spectral features of 3.1 supported this inference. In the 1H MAS NMR spectrum, 

three broad peaks at 1.1, 2.3 and 3.1 ppm attributable to the various methyl and methylene protons (at 

3.1 ppm) were observed. Two dimensional proton double (DQ) experiments, as expected, displayed 

strong correlation peaks for these signals which appears at about 2.2, 4.6 and 6.3 ppm in the ω1 

dimensions, respectively. The triple-quantum (TQ) spectra show correlation peak, for the signal at 1.1 

ppm, appearing at about 3.3 ppm in the ω1 dimensions thus indicative of the methyl protons. Although 

an additional correlation peak for the signal at 2.3 ppm in TQ could not be observed due to the limitation 
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in the data set acquired.  In the 13C MAS NMR spectra, eight peaks can be identified (12, 14, 32, 40, 43, 

47, 52 and 65 ppm) (Figure 3.2). The 13C signal at 65 ppm is likely to originate from the quaternary 

carbon of the t-Bu group the strong peak at 32 ppm could be assigned to the corresponding methyl group 

of the t-Bu functionality. Among the remaining resonances, four 13C signals between 40 and 52 ppm are 

attributed to the carbons of the methylene groups of the -NMeEt ligands. Finally, the signals of 12 and 

14 ppm can be assigned to the methyl from the –NMeEt ligands. A HETCOR spectrum further allowed 

us to observe the correlation between the proton and the carbon signals. The peaks at 12, 14 and 32 

ppm are correlated with that at 1.1 ppm in the 1H spectrum, supporting strongly the methyl assignment 

from either -NMeEt or -NC(CH3)3. The other signals at 40, 43, 47, 52 ppm appear to correlate with the 

resonance at 3.1 and 2.3 ppm indicating that all can be attributed to the methylene of –NMeEt. 

15N DNP-SENS (Figure 3.2) spectra of 3.1 displayed signals at 14, 43, and 163 ppm. the most downfield 

shifted signal at 163 ppm is likely to originate from the imido fragment, while the other two signals 

presumably occur due to the different orientation of nitrogen of the -NMeEt groups. 
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Figure 3.2. a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of 3.1; b) 1D 1H NMR spectrum 
, 1H–1H DQ and TQ; c)  15N MAS DNP-SENS spectra d) 15N-1H DNP-SENS spectra of 3.1; e) proposed structure 
of surface hafnium complex  [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)] 3.1.123 
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Extended X-ray absorption fine structure (EXAFS) spectra were recorded at the Ta LIII edge with the 

sample in an argon atmosphere at room temperature. 

In summary, the fitting results are in agreement with the reference structure shown in (Figure 3.3 inset). 

Two Ta– N contributions, with coordination numbers (CN) of 1.0 and 2.1, were found at distances of 1.78 

and 1.97 Å, respectively, consistent with the inference that one N atom is double bonded and two are 

single bonded to Ta. One Ta–O contribution with CN of 1.4 was found at a distance of 1.92 Å, consistent 

with the inference that Ta was chemically bonded to support oxygen (Table 3.2). We stress that the fitting 

was done with constraints, which means that the EXAFS data are by themselves not sufficient to 

determine the structure. Details follow, and others are stated in the experimental part. 

Combing EXAF data with infrared, elemental microanalysis, solid-state NMR spectroscopy helps 

elucidating structure 3.1. We stress that EXAFS data are not sufficient to distinguish the light 

backscatterers O and N from each other, and the assignments stated above require confirming evidence 

from other characterization methods to demonstrate the bonding between Ta and the support (Figure 

3.3). 
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Figure 3.3. A) (Inset) The structure of Ta complex 3.1 as a reference for EXAFS modeling, and EXAFS data 
characterizing the tantalum complex: k1-weighted EXAFS function, k1(χ) (solid line) and the sum of the calculated 
contributions (dashed line). B) k3-Weighted imaginary part and magnitude of the Fourier transform of the EXAFS 
data (solid line) and the sum of the calculated contributions (dashed line) of the samples represented in (Table 
3.2).123 

In the fitting, three Ta–C contributions were found, with a total CN of 4 and, at distances of 2.94, 3.00, 

and 3.14 Å, representing C atoms in the organic ligands. Because of the similarity of the chemical 

environments associated with these carbon atoms, and to simplify the analysis (restrict the number of 

fitting parameters), we constrained the disorder terms for these contributions to be the same, and, further, 

we constrained the coordination numbers according to the reference. Further, one Ta–C (Ta=N–C) 

contribution was found, at a distance of 3.30 Å, and two multiple scattering paths, Ta–C–N and Ta–N–

C–N were considered, because these are characteristic of a linear Ta=N–C moiety; the parameters of 

the multiple scattering paths were constrained with the Ta–C (Ta=N–C) single scattering parameters. 
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Table 3.2. EXAFS structure parametersa representing the supported tantalum complex.123 

Shell N R (Å) 𝟏𝟎𝟑 × ∆𝝈𝟐 (Å) ∆𝑬𝟎(eV) R-Factor 

Ta=N1 1.0 1.78 
1.9 5.77 0.0077 

Ta-Os 1.4 1.92 
2.4 

Ta-N2 2.1 1.97 
1.6 

Ta-C1 1.1 2.94 
12.2 

Ta-C2 1.1 3.00 
12.2 

Ta-C3 2.2 3.14 
12.2 

Ta=N-Cb 1 3.30 
4.7 

 

a Notation: N, coordination number; R, distance between absorber and backscatterer atoms; 

∆σ2, disorder term; ∆E0, inner potential correction. Estimated error bounds: N, ±10%; R, ±0.02 Å; 

∆σ2, ±40%; ∆E0, ±10%; k range: 3.7–12 Å-1; R range: 1.1–3.6 Å. b multiple scattering paths were 

considered and the parameters are constrained; details are stated in the text and in the 

experimental part. 
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Both 3.2 and 3.3 were thoroughly characterized (see Figures 3.4-3.5 for NMR spectroscopies). As 

depicted in (Figure 3.4), the 1D 1H spectra showed slightly altered spectral features than the parent 

material 3.1, thus showing two sets of broad signals centering around 1.6 and 2.7 ppm attributable to the 

various methyl and methylene protons respectively. These assignments seem to agree with the results 

obtained from the two-dimensional proton DQ and TQ correlation experiments which show  strong 

correlation peaks (for the 1.6 ppm signal at about 3.1 ppm and 6.3 ppm in the ω1 dimensions, 

respectively), indicative of methyl protons. Notably for 1D 1H peak at 2.7 ppm we observed the correlation 

signal only in the DQ spectra (at 5.4 ppm in the ω1 dimensions) but not in TQ spectra thus affirming its 

methylinic nature. The 13C MASNMR for 3.2 (Figure 3.4) displayed broad signals at 11, 32, 43 and 65 

ppm which were present in the parent material 3.1. However, interestingly, we found set of 13C signals at 

around 22 and 29 ppm ascribable to the methyl and methylene carbon of the incoming alkyne molecule. 

These assignments were further corroborated by the 1H–13C HETCOR NMR spectroscopic analysis 

which shows clearly identifiable correlation signals with 1H signal at 1.6 ppm.    

More importantly, the 15N DNP-SENS (Figure 3.4) analysis of 3.2 displayed no signal (expected in the 

range of 150-165 ppm) corresponding to the imido fragment which was observed in material 3.1. On the 

contrary a significantly altered 15N NMR spectral feature was ascertained. Thus the chemical shift of the 

15N signals observed are at 22, 38, and 60 ppm (Figure 3.4). The upfield shifted signals are likely to 

occur (as found in material 3.1) from the nitrogen of the -NMeEt groups present in different orientation. 

The 15N signal at 60 ppm (which correlates with the 1H signal at 1.6 ppm in 1H–15N HETCOR NMR 

spectra, Figure 3.4) we believe it could originate from the imido fragment after undergoing 2+2 

cycloaddition reaction with the incoming alkyne molecules.  
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Figure 3.4. a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of 3.2; b) 1D 1H NMR spectrum 
, 1H–1H DQ and TQ; c)  15N MAS DNP-SENS spectra d) 15N-1H DNP-SENS spectra of 3.2; e) proposed structure 
of surface hafnium complex  [(≡Si-O-)Ta(η1σ-NEtMe)2(η2-NtBuC=CC7H13)] 3.2.123 
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The solid-state NMR study of material 3.3 indicates incorporation of incoming amine substrate in 3.1   by 

the appearance of additional (apart from those observed in 3.1) 1H and 13C NMR signals corresponding 

to the aromatic functional groups (Figure 3.5). This was further confirmed by the 2D 1H–1H DQ, TQ and 

1H–13C HETCOR NMR experiments at 2.2 and 2.6 ppm assigned to the methylene group and in TQ 1.0 

and 0.8 ppm assigned to the methyl group from the -NMeEt and -NH-t-Bu group. The signal at 2.6 and 

2.2 ppm represents the –CH2 proton in -NMeEt group. In HETCOR the correlation between the protons 

and the carbons shows the signal 65 ppm is consistent with that of a quaternary carbon and the methyl 

of the t-Bu ligand, also 32 and 29 ppm from the methyl groups of the t-Bu and -NMeEt. The resonances 

around 46 ppm are consistent with a carbon of the methylene from the -NMeEt ligands. The signal of 11 

ppm can be assigned to the methyl from the -NMeEt ligands. Finally, the signals at 118, and 130 ppm 

are correlated with that at 6.9 ppm in the 1H spectrum, indicating the aromatic assignment from –

NH(C6H5) and at 147 ppm represents the quaternary carbon in aniline (Figure 3.5). More significantly, 

the 15N DNP-SENS experiments further allowed us to infer that the reaction of aniline is presumably 

occurs at the imido center via proton transfer which resulted in the disappearance of the 15N signal at 

163 ppm (observed in 3.1) and appearance of new signal at 50 and 78 ppm ascribable to the newly 

generated 15N sites (Figure 3.5).  

The data clearly show that the imido ligand undergoes an exchange with the aniline undergoes a 2+2 

mechanism. Also it confirms the reactivity of the surface fragment ([M]=NR) regarding  its role in 

hydroamination. 



 

74 

 

Figure 3.5. a) 1D 13C CP-MAS (top) and 2D 1H–13C HETCOR (bottom) NMR spectra of 3.3; b) 1D 1H NMR spectrum 
, 1H–1H DQ and TQ; c)  15N MAS DNP-SENS spectra d) 15N-1H DNP-SENS spectra of 3.3; e) proposed structure 
of surface hafnium complex [(≡Si-O-)Ta(η1σ-NEtMe)2(η1σ-NHtBu)(NHC6H10)] 3.3.123 
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 CATALYSIS 

3.3.1. Hydroamination of Alkyne 

Ta catalyst facilitates the nucleophilic addition of N-heterocycles onto terminal and internal alkynes, on 

unsaturated carbon substrates through the activation of the triple bond and thus transforming the 

electron-rich alkyne into an electrophile.69 

Catalytic cycle  

o 

 

Scheme 3.1.Hydroamination reaction. 
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Table 3.2.The hydroamination catalysis reaction with catalyst 3.1.* 

Entry Alkyne Amine Product 
Conversion 

% 

1 1-Decyne Aniline 
N-(dec-1-en-2-

yl)aniline 
6 

2 1-Octyne Aniline 
N-(oct-1-en-2-

yl)aniline 
63 

3 1-Hexyne Aniline 
N-(hex-1-en-2-

yl)aniline 
24 

4 
Diphenylacetyl

ene 
Aniline - 0 

5 3-Hexyne Aniline - 0 

6 2-Pentyn-1ol Aniline - 0 

7 1-Octyne 4-Iodoaniline 
4-iodo-N-(oct-1-en-2-

yl)aniline 
16 

8 1-Octyne 4-chloroaniline 
4-chloro-N-(oct-1-en-

2-yl)aniline 
11 

9 1-Octyne 
3,4,5-

triflouroaniline 

3,4,5-trifluoro-N-(oct-

1-en-2-yl)aniline 
8 

10 1-Octyne 
2-iodo-4-

nitroaniline 

2-iodo-4-nitro-N-(oct-

1-en-2-yl)aniline 
6 

11 1-Octyne 
2,4,6-

trimethylaniline 

2,4,6-trimethyl-N-

(oct-1-en-2-yl)aniline 
9 

12 1-Octyne 
2,6-

diisopropylaniline 

2,6-diisopropyl-N-

(oct-1-en-2-yl)aniline 
4 
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*Catalyst 3.1 (10 mol%, 0.03 mmol), in degassed toluene (1 mL), at 80 oC, for 16 hours. 

Cat./Alkyne/Primary amine = 1/1/1, Alkyne (0.03 mmol), Aniline (0.03 mmol). Conversion 

determined by GC-MS.

 

A significant challenge in hydroamination is the repulsion between a nitrogen lone pair and the alkyne 

π-system. Another difficulty is regioselectively hydroaminated the CC bond toward the Markovnikov 

and anti-Markovnikov products.77, 127 The direct addition of amines to C−C multiple bonds is difficult 

thermodynamically.35, 68 

Herein all reactions were carried out at 80 °C for 16 hours. The scope of this hydroamination reaction 

was studied with a variety of terminal and internal alkynes however, terminal alkynes react much more 

quickly than internal alkynes. Aniline reacted much faster than other types of the other arylamine with 

different functional groups. 

Catalyst 3.1 allows the hydroamination of functionalized alkynes with several primary amines. Only one 

product produced either Markonikov or anti-Markonikov product observed by GC-MS. Usually aliphatic 

alkynes lead to anti-Markonikov product,69 but that is not the only parameter as it also depends on the 

catalyst selectivity. 
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 Density Functional Theory (DFT) 

The reaction mechanism for the hydroamination of terminal alkynes catalyzed by silica 

supported tantalum systems have been investigated by DFT calculations in order to 

design the catalytic cycle and rationalize the origin of the regioselectivity. All DFT studies 

were carried out with propyne as model for terminal alkynes used in this study in order to 

reduce the computational cost related to the conformational analysis required for more 

complex structures; instead, no structural simplification for the aniline substrate was 

imposed. As for the tantalum catalyst [(≡Si-O-)Ta(=NtBu)(NMeEt)2], the metal complex 

was grafted on a silica cluster of 14 atoms (see experimental part) to simplify the support 

structure. This cluster approach has been largely reported in the literature for similar 

mechanistic studies.128 

Multiple scenarios implying a different reactivity of the two substrates have been explored. 

The results obtained indicated the catalytic cycle reported in (Scheme 3.2) as the most 

likely to occur in the reaction conditions 
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Scheme 3.2 Catalytic cycle for propyne hydroamination with aniline in presence of tantalum 
catalyst.123 

After the initiation cycle (see Figure 3.6 for the energy profile) the catalytic active species 

B is reached. In B the =NtBu ligand initially present on the catalyst is substituted by a Ph 

amido ligand deriving from the reaction of aniline during the initiation step.  
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Figure 3.6. Initiation cycle. Free energies in toluene in kcal/mol.123 

Starting from B, the catalytic cycle starts with a {2+2} cycloaddition of the alkyne to the 

tantalum imido bond leading to the azametallacyclobutene intermediate C (isolated 

intermediate 3.2). [As note: No alkyne coordination intermediate to tantalum was located]. 

The two regioselective pathways are reported in (Figure 3.7), with the one leading to the 

Markonikov product (in red) being favored by 2 kcal/mol in the cycloaddition step (24.1 vs 

26.4 kcal/mol). 

The subsequent coordination of aniline to Ta is slightly endo-thermic respect to the 

azametallacyclobutene but still thermodynamic favored respect to the starting species.  
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The ring opening step proceeds by a proton transfer from aniline to the carbon bound to 

the metal (D-E) and requires an energy barrier of 15 kcal/mol for the favored red pathway. 

The resulting enamide amido complex E lower in energy by almost 14 kcal/mol respect to 

the azametallacyclobutene shifts definitely the reaction towards the product. The final 

proton transfer from the Ph amino ligand to the carbon concerted with the elimination of 

the enamine from Ta with a barrier of 23.8 kcal/mol for the favored pathway regenerates 

the catalytically active tantalum imido species and releases the product.  

Based on these mechanistic data the catalytic cycle results to be regioselective towards 

the formation of the Markovnikov product with the selection occurring in the cycloaddition 

step. 
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Figure 3.7. Energy profile for propyne hydroamination with aniline in the presence of tantalum imido 
catalyst. Free energies in toluene in kcal/mol.123  

The two competing cycloaddition TSs are reported in (Figure 3.8). 
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Figure 3.8. Optimized geometries for the cycloaddition transition state (B-C). The silicon atoms are 
shown in teal, the hydrogen in white, the carbon in grey, the nitrogen in blue, the tantalum in skyblue 
and the oxygen atoms in red.123 

The steric hindrance of the metal environment seems to play a key role in the 

regioselection of the product due to repulsive interactions with the substituent group on 

the alkyne (methyl in our model). 

In details, during the catalytic cycle, the alkyne substituent is easily host behind the flat 

phenyl group on the imido ligand away from the support in the favored cycloaddition TS. 

At the contrary, in the TS that would lead to the Anti-Markonikov product, the complex is 

slightly distorted to avoid the clash between the support and the alkyne substituent with 

the alkyne carbon atoms ending up  at shorter distances from the NMeEt ligand (3.5-3.6 

Å). 
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On the other side, during the initiation cycle, the catalyst bears a more hindered tBu group 

on the imido ligand that ends up clashing with the alkyne, favoring the opposite 

regioselectivity (see Figure 3.6). 

These evidences can be used as insights to finely tune the steric hindrance of a catalyst 

to obtain selectively one regioisomer product. 

The initiation cycle follows a similar pattern as the catalytic cycle reported in the main text 

(Scheme 3.2). The reaction starts from the tert-butyl amino ligand tantalum species B1 

with a {2+2} cycloaddition 128 of the alkyne to the tantanium imido bond leading to the 

azametallacyclobutene intermediate C1. The following aniline coordination and proton 

transfer steps lead to the release of the tert-butyl imido product with the phenyl amino 

ligand remaining on Ta. 

As for the catalytic cycle, the regioselective step is the cycloaddition but, in this case, a 

clear preference (∆∆G≠=4 kcal/mol) for the pathway leading to the anti-Markovnikov 

product (in blue in Figure 3.6) is observed. 
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Figure 3.9. Optimized geometries for the cycloaddition transition state (B1-C1). The silicon atoms 
are shown in teal, the hydrogen in white, the carbon in grey, the nitrogen in blue, the tantalum in 
skyblue, and the oxygen atoms in red.123 

The unfavored steric clash between the hindered tBu group and the substituent on the 

alkyne clearly disfavors the cycloaddition TS leading to the Markonikov product, see 

(Figure 3.9).  

Alternative reaction pathways investigated. 

Alternative reaction pathways investigated are reported in (Figure 3.10). For each 

mechanism the preferred regioisomeric pathway is reported.  

Both mechanisms start with the alkyne cycloaddition step leading to the 

azametallacyclobutene intermediate C1. In the following step, the “C=C bond” pathway 

consists in addition of the aniline N-H bond to the C=C bond; instead, the “C-N bond” 

pathway sees the same aniline N-H bond adding to the C-NtBu bond. The energies 
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reported in (Figure 3.10) clearly show that these mechanisms can be ruled out for the high 

kinetic barriers involved after C1 formation.  

 

Figure 3.10. Alternative reaction mechanisms explored. Free energies in toluene in kcal/mol.123 
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Aniline initiated pathway. 

 

Figure 3.11. Aniline initiated reaction pathway. Free energies in toluene in kcal/mol.123 

 

As reported in (Figure 3.11), this alternative reaction pathway implies at first the 

coordination of aniline to Ta leading to the formation of G, located at -2.7 kcal/mol. The 

following amine N-H bond addition to the metal imido double bond occurring with an 

energy barrier of almost 25.0 kcal/mol is calculated to be slightly exergonic by 1.6 kcal/mol 

with respect to G. The accessible kinetic barrier and the overall energy gain of almost 4.0 

kcal/mol in the formation of H (isolated intermediate 3.3) indicates that this intermediate 



 

88 

is likely to form, in agreement with the experimental NMR results (see Figure 3.5) obtained 

for the catalyst-aniline mixture. 

However, the high barrier involved for the following alkyne addition step makes this 

pathway unfeasible (36.6 kcal/mol for Markovnikov addition and 41.2 kcal/mol for Anti-

Markovnikov addition). 

 EXPERIMENTAL 

3.5.1. Material Preparation  

(3.1) Preparation of [(≡Si-O-)Ta(NEtMe)2(=NtBu)]. In a double schlenk, 1.000 g 

of SiO2-700 (0.310 mmol silanols groups per gram) prepared at 700 oC was reacted at room 

temperature in pentane for 1 hour with 0.0989 mL of [(TaNEtMe)3(=NtBu)] in slight excess 

(1.1 equivalent,  with respect to the amount of surface accessible silanols). After filtration 

and four washing cycles, all volatile compounds were evaporated and the solid was dried 

for 1 hour under dynamic vacuum (< 10-5 mbar). 

(3.2) Preparation of [(≡Si-O-)Ta(η1σ-NEtMe)2(η2-NtBuC=CC7H13)]. Under inert 

atmosphere inside the glovebox. 100 mg of 3.1 was reacted at 80 oC in toluene for 16 

hours with 46 uL of 1-Octyne, then washed several times with toluene followed by 

pentane. 

(3.3) Preparation of [(≡Si-O-)Ta(η1σ-NEtMe)2(η1σ-NHtBu)(NHC6H10)]. Under 

inert atmosphere inside the glovebox, 100 mg of 3.1 was reacted at 80 oC in toluene for 

16 hours with 24 uL of Aniline, then washed several times with toluene followed by 

pentane. 
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3.5.2. EXAFS spectroscopy 

X-ray absorption spectra were recorded at X-ray beamline BM30 at the European 

Synchrotron Radiation Facility (ESRF). A Si(220) monochromator was used. The sample 

was loaded into a transmission cell, which was sealed in an argon-filled glovebox with the 

concentrations of O2 and of H2O each being < 1 ppm. The samples were characterized 

by EXAFS spectroscopy without exposure to air or moisture; the data were collected at 

room temperature.  

Extended X-ray Absorption Fine Structure (EXAFS) Data Analysis. Analysis of the EXAFS 

data was carried out with the software ATHENA and ARTEMIS of the IFEFFIT 

package.107-108 Three spectra were collected in transmission mode and merged after 

alignment. Values of the inner potential correction ∆E0 were fixed for all absorber-

backscatterer contributions, and the disorder terms (Debye-Waller factors) were fixed for 

shells that include the same elements and at similar distances. The number of free 

parameters used in the fitting is justified within limit according to the Nyquist theorem. 

3.5.3. Computational Details 

Geometries were optimized with Gaussian09 package129 using the BP86 functional of 

Becke and Perdew.130-132 The electronic configuration of the system was described with 

the split-valence SVP basis set for main group atoms (C, H, Si, N and O)133 and the 

relativistic Stuttgart-Dresden effective core potential with the associated valence triple-ζ 

basis set for Ta.134 All geometries were confirmed as minimum or transition state through 

frequency calculations. All the thermochemical analysis was corrected at 

pressure=1354atm, as recommend by Martin and coworkers.135 The reported free 

energies were built through single point energy calculations on the BP86 geometries using 
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the M06 functional and the triple- ζ TZVP basis set for main group atoms.136-137 Solvent 

effects were included with the PCM model using toluene as the solvent.137 To this M06 

/TZVP electronic energy in solvent, thermal corrections were added from the gas-phase 

frequency calculations at the BP86/SVP level.  

The catalyst model128 used in the calculations is reported in (Figure 3.12) The Tantalum 

complex is coordinated to the unsaturated oxygen of the silica cluster. 

 

Figure 3.12. Catalyst model used in the calculations. The silicon atoms are shown in teal, the 
hydrogen in white, the carbon in grey, the nitrogen in blue, the tantalum in skyblue, and the oxygen 
atoms in red.123 
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Chapter 4. Titanium-nitrogen Fragments 

ABSTRACT: Using titanium complex [Ti(NMe2)3] with different types of silica 

supports. Grafting on SiO2-200 lead to isolation of 4.1 [(≡Si-O2-)Ti(NMe2)2 (η1-HNMe2)], 

used as a catalyst for hydroamination. While using SiO2-700 support, a well-defined single-

site surface species 4.2a  [≡Si-O-Ti(NMe2)3] 4.2b [(≡Si-O-)Ti(η2-MeNCH2)(η1-NMe2)(η1-

HNMe2)] display a new role in hydroamination, hydroaminolakylation, the five-membered 

ring intermediate for  hydroaminoalkylation 4.3 [≡Si-O-Ti(HNMe2)(η2-

NMeCH2CH(C6H13)CH2)(NMe2)] was isolated after treating complex 4.2  with 1-octene. 

Upon thermal treatment for complex 4.2 under high vacuum, the grafted species was 

converted into an unprecedented titanium imido, bis-amido complex 4.4 [(≡Si-O-

)Ti(=NMe)(η1-NMe2)] to catalyze imine metathesis. All surface species were characterized 

by FTIR spectroscopy, elemental analysis, solid-state single and multiple quantum NMR, 

and advanced DNP-SENS.  
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 INTRODUCTION  

The reactivity of metal nitrogen supported titanium complexes had been recently explored 

with some interesting results for group 4 metal imine complexes (M(NR2)4) with d0, those 

early transition metal complexes were found feasible for catalytic hydroamination and 

hydroaminoalkylation, also via σ-bond metathesis could lead to imine metathesis. Group 

4 metal complexes are among the most promising catalysts for hydroamination and 

Hydroaminoalkylation.138-139  

Metallaziridine motifs formation through amido ligands appear to generate by 

intramolecular cyclometalation processes, due to the presence of β-hydrogens. 

Converting a M-N SOMF into a MCN SOMF,98 we need more systematic studies about 

this transformation. 

Many studies done on the hydroamination of alkynes catalysed by titanium imido 

complexes. To the best of our knowledge, grafted titanium complex on silica its catalytic 

activity towards hydroamination reaction established here for the first time as a 

heterogeneous catalyst. For hydroaminoalkylation and imine metathesis catalysis. 

Hydroamination and hydroaminoalkylation are an atom-economical processes for the 

synthesis of industrial and pharmaceutical valuable amines in which an α-amino C−H 

moiety is added across an unsaturated carbon−carbon bond. Titanium complexes have 

been extensively studied in homogenous catalysis for those type of catalysis.139 

Intermolecular reactions by the direct additions of amines or alkylamines (nitrogen lone 

pair) to C−C multiple bonds (π-system) is difficult. However, the reactions required heating 

and an aryl substituent on nitrogen to modulate the properties of the amine.68 
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Catalytic imine metathesis is assumed to be analogous to the olefin metathesis in where 

two different imines afford a statistical mixture of all possible =NR exchange products in 

a 2+2 cycloaddition fashion. In most studies, the metal center bearing an imido ligand 

M=NR were the prerequisite to achieve imine metathesis catalysis.19, 100, 106 Group IV 

metal complexes have been used for imine metathesis, except titanium has not been used 

as a heterogeneous catalyst for imine metathesis before. 
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 RESULTS AND DISCUSSION  

4.3.1. Preparation and Elemental Analysis 

Highly dehydroxylated silica, specifically silica SiO2-700 and SiO2-200 were treated with 

about one equivalent of the metal precursor [Ti(NMe2)4] to the amount of silanol ( 0.310 

mmole g-1 and 0.830 mmole g-1).126After three hours of stirring in pentane at room 

temperature to afford 4.1 (Figure 4.1), 4.2, 4.3 and 4.4 complexes, the solids were washed 

using the classic double Schleck techniques. The volatiles were removed and the powder 

samples were dried under dynamic vacuum to afford the desired material which was 

characterized by FTIR, elemental microanalysis and multiple SSNMR. 

 

Figure 4.1. Preparation of complex 4.1 [(≡Si-O2-)Ti(NMe2)2 (η1-HNMe2)]. 

The elemental analysis of 4.1, shows (M/silanol = 0.6), N/M= 2.4 (theory = 3) and C/M= 

5.2 (theory = 4) see (Table 4.1). This is consistent with a tentative surface complex with a 

bipodal structure. While 4.2, 4.3 and 4.4 complexes confirmed that about 1 equivalent of 

metal were grafted related to the silanols available on the SiO2-700 (M/silanol = 1.9, 1.9. 

and 1.5), respectively, consistent with a monopodal structure. The ratios of carbon and 

nitrogen to the grafted metal show some variations for 4.2a and 4.2b (Figure 4.2), N/M= 

3.1 (theory = 3) and C/M= 5.7 (theory = 6) supports the tentative surface complex with a 
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metallaaziridine structure. Complex 4.3 (Figure 4.3) N/M= 2.7 (theory = 3) and C/M= 13.2 

(theory = 14) supports the structure with five-membered cycle.  

Figure 4.2. Preparation of complex 4.2 which is an equilibrium between two structures 4.2a [≡Si-
O-Ti(NMe2)3] 4.2b [(≡Si-O-)Ti(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)]. 

The imido complex 4.4 (Figure 4.4) shows N/M= 3.2 (theory = 3) and C/M= 6.8 (theory = 

5) supports the tentative surface complex with imido surface fragment. 

 

Figure 4.3. Preparation of complex 4.3 intermediate. 
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Figure 4.4. Preparation of complex 4.4 with imido fragment.  

Table 4.1. Elemental analysis. 

 

4.3.2. FTIR Measurement  

In all cases, silanols were consumed completely as evidenced by the disappear of the 

signal of the isolated silanols (3747 cm-1) in the FTIR spectra of complexes (Figure 4.5). 

Strong new bands were observed in the CH regions (2800 – 3000 cm-1 and between 1400 

– 1500 cm-1).  

 Metal %Metal M/Silanol %C %N C/N N/M C/M 

(4.1) Ti 2.39 0.6 3.1 1.7 2.2 
2.4 5.2 

(4.2) Ti 1.9 1.3 2.8 1.7 
1.8 3.1 5.7 

(4.3) Ti 1.9 1.3 6.35 1.54 
4.9 2.7 13.2 

(4.4) Ti 1.50 1.25 2.5 1.41 2.1 3.2 6.8 
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Figure 4.5. FTIR spectra of the support, SiO2-700, and SiO2-200 compared to the anchored titanium 
complexes 4.1, 4.2, intermediate 4.3, and 4.4. 

4.3.3. Solid-state NMR Data 

To get an insight on the coordination sphere of the surface grafted metal complexes, 

material 4.1, 4.2, 4.3 and 4.4 were extensively studied by SSNMR spectroscopy. 

Starting with the 1H NMR spectrum of complex 4.1. Consists of a peak located at 2.9 ppm, 

assigned to the proton present in the dimethylamido ligands. Two-dimensional Proton 

Double and Triple-Quantum (DQ, TQ) correlation experiments (Figure 4.6). Show a strong 

autocorrelation peak observed for the proton at 2.9 ppm in both DQ and TQ spectra which 

is compatible with the assignment of this resonance to the methyl protons. 13C NMR of 

the supported metal reveals two overlapping peaks, identified at 44 ppm, and at 38 ppm. 
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The presence of these peaks is consistent with the expected surface complex 4.1 [(≡Si-

O-)Ti(-NMe2)2 (HNMe2)] that should show three equivalent of dimethylamido ligands, but 

their different orientations lead to observe two overlapping peaks. Further advanced 

SSNMR experiments have been carried out to confirm this hypothesis. The HETCOR 

(heteronuclear correlation) spectrum, reveals the correlations between 1H–13C) (Figure 

4.6) shows the correlation with the proton at 2.9 ppm for dimethylamido ligands. 15N DNP 

spectrum obtained for complex 4.1 (Figure 4.6) displays three resonances at 7 ppm, 30 

ppm and 40 ppm. Considering their relative abundance, we assign the two intense signals 

shifted down-field at 40 ppm and 30 ppm to −NMe2 ligands. The second weak upfield-

shifted signal at 7 ppm is compatible with an NH(CH3)2 (coordinated group) group. 



 

99 

 

Figure 4.6. a) 1D 13C CP-MAS and 2D 1H–13C HETCOR  NMR spectra; b) 1D 1H NMR spectrum 
and 1H–1H DQ and 1H–1H TQ spectra of 4.1; c) 15N MAS DNP-SENS spectra of 4.1;  d) the 
proposed structure of surface titanium complex 4.1 [(≡Si-O2-)Ti(NMe2)2 (η1-HNMe2)]. 



 

100 

The 1H NMR spectrum of complex 4.2a and 4.2b (Figure 4.7 and 4.8), consists of a peak 

located at 2.5 ppm, assigned to the proton present in the dimethylamido ligands and 

another peak at 1.6 ppm assigned to the proton in the -NCH3 fragment of the aziridine 

ligand, while in (Figure 4.7) the 1H NMR spectrum for the same material shows one broad 

peak at 2.5 ppm to the proton present in the dimethylamido ligands. Also one peak 

observed in (Figure 4.7) 1D 13C NMR spectrum at 36 ppm presents the carbon in 

dimethylamido ligands.13C NMR of the supported metal reveals a more complex pattern 

of peaks, three signals clearly identified: at 43 ppm, at 38 ppm (lower intensity) and a 

signal of much lower intensity at 82 ppm. The presence of these peaks is not consistent 

with the expected surface complex [(≡Si-O-)Ti(-NMe2)3] that should show three equivalent 

of dimethylamido ligands. Another structure has to be considered, a metallaaziridine 

fragment, in which a methylene was directly coordinated to the titanium atom. Further 

advanced SSNMR experiments have been carried out to confirm this hypothesis. The 

HETCOR (heteronuclear correlation) spectrum, reveals the correlations between 1H–13C) 

(Figure 4.8). Clear correlations were seen between methyl protons at 2.5 ppm and the 

carbons at 38 and 43 ppm. Another more interesting correlation observed between the 

signal at 82 ppm correlates with the proton at 4.6 ppm and supports the predicted structure 

of 4.2b [(≡Si-O-)Ti(η2-MeNCH2)(η1-NMe2)(η1-HNMe2)]. Two-dimensional Proton Double 

and Triple-Quantum (DQ, TQ) correlation experiments (Figure 4.8) were performed to 

determine the number of protons attached to the same carbon and to differentiate 

between CH2 and CH3 groups. A strong autocorrelation peak observed for the proton at 

2.5 ppm in both DQ and TQ spectra is compatible with the assignment of this resonance 

to the methyl protons. 15N DNP spectrum obtained for complex 4.2b (Figure 4.8) displays 

three resonances at 7 ppm, 15 ppm and 40 ppm. Considering their relative abundance, 

we assign the intense signal shifted down-field at 40 ppm to −NMe2 ligand. The second 
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peak at 15 ppm attributed to the N present in the aziridine fragment and the weak upfield-

shifted signal at 7 ppm is compatible with an NH(CH3)2 (coordinated group) group. To 

conclude we believe we have the two possible structure 4.2a and 4.2b resulted after 

grafting. 

 

 

Figure 4.7. a) 1D 1H NMR spectrum (inset) proposed structure of 4.2a; b) 1D 13C NMR spectrum. 
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Figure 4.8. a) 1D 13C CP-MAS and 2D 1H–13C HETCOR  NMR spectra; b) 1D 1H NMR spectrum 
and 1H–1H DQ and 1H–1H TQ spectra of 4.2b; c) 15N MAS DNP-SENS spectrum of 4.2b;  d) the 
proposed structure of surface titanium complex 4.2b [(≡Si-O-)Ti(η2-MeNCH2)(η1-NMe2)(η1-
HNMe2)]. 
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We used SSNMR of 1H, 13C, DQ, TQ, and HETCOR NMR. The 1H SSNMR spectrum of 

the five-membered ring complex 4.3 (Figure 4.9) exhibits an intense peak at 2.9 ppm 

shows an autocorrelation only in the DQ this peak as-signed to -CH2 of the five-membered 

ring next to the metal center, also minor overlapping signals at 2.4 ppm –CH2 in the five-

membered ring. Two major signals at 1.15 ppm for -CH2 and 0.7 ppm peak assigned for -

CH3 present in the 1-octene tail. The -CH2 assignment validated by the autocorrelation at 

1.15 ppm in DQ and TQ frequencies, see (Figure 4.9).   

The 1.9 ppm peak assigned to -CH group in the five-membered ring represents the more 

complex hydrocarbon motif around the hafnium center and it appears as a very broad 

peak in the DQ spectra without an auto-correlation in DQ or TQ frequencies. The 13C 

SSNMR spectrum of this complex shows six major peaks 12, 22, 27, 29, 31 and 36 ppm. 

The resonance at 36 ppm was significantly intense comparing to the others; this peak as-

signed to the –CH3 of the five-membered ring next to the hafnium center. This 

interpretation is compatible with multiple-quantum experimental spectra that reveal 

autocorrelations in double-quantum (DQ) and triple-quantum (TQ) frequencies for signals 

at 2.4 ppm.  In addition, the 2D 1H 13C HETCOR NMR spectrum (Figure 4.9), shows a 

correlation between the carbon peak at 36 ppm and the proton peak at 2.4 ppm. Signals 

at 22 ppm for 13C correlates with 1.15 ppm for 1H, is consistent with the -CH2 fragments 

of the 1-octene queue. A strong correlation is observed between the proton peak at 1.9 

and the carbon peak at 31 ppm, this signal attributed to -CH group. 

15N SSNMR spectroscopy experiments performed for the complex 2 using the DNP-SENS 

technique (Figure 4.9). The obtained spectrum exhibits 3 peaks, centered at 7, 40 and 66 

ppm. As mentioned above the signals at 7 and 40 ppm related to NH(CH3)2  and −NMe2 
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respectively. The peak at 66 ppm assigned to the 15N is involved in the five-membered 

ring. 

 

Figure 4.9. a) 2D 1H–13C HETCOR  NMR spectra; b) 1H–1H DQ and 1H–1H TQ spectra; c) 1D 13C 
NMR spectrum;  d)1D 1H NMR spectrum; e) 15N MAS DNP-SENS spectra, (inset) proposed 
structure of surface titanium complex 4.3 [≡Si-O-Ti(HNMe2)(η2-NMeCH2CH(C6H13)CH2)(NMe2)]. 

For Catalyst 4.4 the 1H NMR spectrum two peaks located at 2.2 ppm and 2.8 ppm, 

assigned to the proton present in the dimethylamido ligands. Two-dimensional Proton 
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Double and Triple-Quantum (DQ, TQ) correlation experiments (Figure 4.10) are 

performed to determine the number of protons attached to the same carbon and to 

differentiate between CH2 and CH3 groups. A strong autocorrelation peak was observed 

for the proton at 2.2 ppm and 2.8 ppm in both DQ and TQ spectra. This is compatible with 

the assignment of this resonance to the methyl protons.13C NMR of the heat treated metal 

complex shows two peaks at 36 ppm and 42 ppm. Further advanced SSNMR experiments 

have been carried out to confirm this hypothesis. The HETCOR (heteronuclear 

correlation) spectrum, reveals the correlations between 1H–13C (Figure 4.10), reveals 

multiple peaks clearly identified at 35 ppm, 37 ppm, 42 ppm and, 45 ppm. The expected 

surface complex after heat treatment is 4.4 [(≡Si-O-)Ti(=NMe)(η1-NMe2)].  
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Figure 4.10. a) 2D 1H–13C HETCOR  NMR spectra; b) 1D 1H NMR spectrum with 1H–1H DQ and 
1H–1H TQ spectra; c) 1D 13C NMR spectrum;  d) proposed structure of surface titanium complex 
4.4 [(≡Si-O-)Ti(=NMe)(η1-NMe2)]. 
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 CATALYSIS 

4.4.1. Hydroamination of Alkynes 

Catalytic cycle  

 

o 

 

Figure 4.11.Hydroamination of alkynes. 
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Table 4.2. Hydroamination catalytic test with 4.1 and 4.2. 

Entry Alkyne  Catalyst Conversion % 

1 1-Octyne  4.1 67 

2 Diphenylacetylene 4.1 0 

3 3-Hexyne 4.1 4 

4 1-Octyne  4.2 92 

5 Diphenylacetylene 4.2 0 

6 3-Hexyne 4.2 5 

*Catalyst (10 mol%), in toluene (1 mL), at 80 oC, Alkyne (0.03 mmol), Aniline (0.03 

mmol). Cat./Alkyne/Primary amine= 1/1/1. Conversion determined by GC-FID. 

aAniline fixed as the primary amine. 

 

A plethora of complexes from across the periodic table, including alkali and alkaline earth 

metal complexes, early and late transition metal complexes, and lanthanide complexes, 

have been developed for hydroamination transformation. 24 25-26, 34, 77, 140 Among them 

titanium complexes have been proven the most useful thus far for the hydroamination of 

alkynes, due to their low cost, low toxicity, enhanced stability, and improved functional 

group tolerance.24, 139, 141  

The ligand chelating to the metal center plays a key role in controlling the regioselectivity 

of the hydroamination products (Figure 4.11). In general, anti-Markovnikov products are 

preferentially obtained with titanocene catalysts; in contrast, Markovnikov isomers are 

found with pyrrolyl ligands.25  

Here two catalysts have been used 4.1, and 4.2 the difference between them is their 

supports. For the catalyst 4.1 its support is SiO2-200, while for the catalyst 4.2 SiO2-700. 
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Different types of alkynes were used (Table 4.2). The highest conversion obtained with 

the terminal alkyne is 1-octyne reaching 67 and 92 percent conversion with 4.1 and 4.2, 

respectively. With Diphenylacetylene hydroamination with 4.1 catalyst no conversion was 

observed even with the 4.2 catalyst used. When the triple bond where in the middle of the 

alkyne like in 3-hexyne relatively similar low conversion observed reaching 4 and 5 

conversions.  
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4.4.2. Hydroaminoalkylation of Olefins 

Catalytic cycle  
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Figure 4.12. Hydroaminolakylation of olefins.  

 

Table 4.3. Hydroaminoalkylation catalytic test with 4.2.  

Entry Amine Combined Conversion% 

1 N-methylaniline  9.5  

2 Diethylamine 23  
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3 Dibutylamine 15  

4 N-ethylaniline 0 

5 Diphenylamine 0 

6 Dimethylamine 0 

7 Ethylmethylamine 0 

6 mol % catalyst complex 4.2, at 165 °C, 1-octene 1.5 eq., toluene 1 mL, 48 hours. 

Hydroaminoalkylation studies were conducted with catalyst 4.2. A terminal alkene was 

used which is 1-octene, and different dialkylamines in 1 mL of toluene, were heated at 

165°C for 48 hours in a vacuum-sealed ampule. Hydroaminoalkylation 83, 140 is a reaction 

in which an α amino C-H moiety is added across unsaturated C-C bonds (alkenes in 

general) to form branched alkylamines (Figure 4.12). The proposed mechanism here for 

the reaction to go through intermolecular hydroaminoalkylation mechanism (Figure 4.12). 

Out of seven different dialkylamines, catalysis works with three dialkylamines; N-

methylaniline leads to the lowest combined conversion 9.5, diethylamine with a highest 

combined conversion of 23 percent, and dibutylamine with a combined conversion of 15 

percent. Branched and linear alkylation products were detected as expected (Table 4.3). 
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4.4.3. Imine Metathesis 

Catalytic cycle  

 

 

o  
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o  

Figure 4.13. Imine metathesis catalysis with (a), N-(4-Fluorobenzylidene)-4-fluoroaniline (b), N-
Benzylidene-tert-butylamine (c). 

Table 4.4. Catalytic imine metathesis substrate testing using catalysts 4.4.* 

Entry Catalysts Time (h) 
Substrate 

Conversion (%)  

Substrate 

Conversion (%) 

1 4.4 1 a (50)  c (50) 

2 4.4 4/6 a (21/33) b (18/30) 
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3 - 1 a (11) c (11) 

4 SiO2-700 1 a (12) c (18) 

 *Catalyst (0.04 equiv), toluene (400 μL), 80 oC, imine substrates (0.0783 mmol). 

Conversion determined by GC-FID. 

Reactions for imine metathesis in (Table 4.4 and Figure 4.13). The conditions selected for 

testing imine metathesis reaction on 4.4 was similar to those reported before19-20, 100: 

catalyst (0.04 equiv), toluene (400 μL), 80 oC. Four imine substrates (0.0783 mmol) were 

initially considered: N-(4-Phenylbenzylidene)benzylamine (a), N-(4-Fluorobenzylidene)-4-

fluoroaniline (b), N-Benzylidene-tert-butylamine (c). The combination of N-(4-

Phenylbenzylidene)benzylamine (a), and N-Benzylidene-tert-butylamine (c) reached the 

equilibrium and forming two products a” (1-([1,1'-biphenyl]-4-yl)-N-(tert-

butyl)methanimine) and c’ (N,1-diphenylmethanimine) (Figure 4.13), while N-(4-

Phenylbenzylidene)benzylamine (a), and N-(4-Fluorobenzylidene)-4-fluoroaniline (b), had  

a lower conversion, and it took a longer time leading to another two products a’ (1-([1,1'-

biphenyl]-4-yl)-N-(3-fluorophenyl)methanimine) and b’ (1-(4-fluorophenyl)-N-

phenylmethanimine). 
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 EXPERIMENTAL 

4.5.1. Material Preparation  

(4.1) [(≡Si-O2-)Ti(NMe2)2 (η1-HNMe2)]. In a double shclenk, 1.000 g of SiO2-200 (0.830 

mmol silanols groups per gram) at 200 oC, overnight, then used was reacted at room 

temperature in pentane for 3 hours with 0.323 mL of Ti(NMe2)4  respectively, in slight 

excess (1.1 equivalent,  with respect to the amount of surface accessible silanols). After 

filtration and four washing cycles, all volatile compounds were evaporated and the solid 

was dried overnight under dynamic vacuum (< 10-5 mbar).  

(4.2) Preparation of [≡Si-O-Ti(NMe2)3] and [(≡Si-O-)Ti(η2-MeNCH2)(η1-

NMe2)(η1-HNMe2)]. In a double Schleck, 1.000 g of SiO2-700 (0.250 mmol silanols groups 

per gram) at 700 oC overnight was reacted at room temperature in pentane for 3 hours 

with 0.064 mL  of Ti(NMe2)4  respectively, in slight excess (1.1 equivalent,  with respect to 

the amount of surface accessible silanols). After filtration and four washing cycles, all 

volatile compounds were evaporated and the solid was dried for overnight under dynamic 

vacuum (< 10-5 mbar).  

(4.3) [≡Si-O-Ti(HNMe2)(η2-NMeCH2CH(C6H13)CH2)(NMe2)]. Was isolated after 

treating complex (4.2) with 1-octene. 

(4.4) [(≡Si-O-)Ti(=NMe)(η1-NMe2)]. Upon thermal treatment for complex 4.2 under 

high vacuum overnight, the grafted species was converted into an unprecedented titanium 

imido, bis-amido complex 4.4 [(≡Si-O-)Ti(=NMe)(η1-NMe2)]. 
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Chapter 5. Conclusions and Future works  

Hafnium-nitrogen Fragments 

We report the preparation of new silica-supported hafnium complexes 2.1, 2.2, 2.3, and 

2.4 see (scheme 5.1), complemented by their characterization by SSNMR, FTIR 

spectroscopies and elemental analysis. Further characterizations were carried out with 

EXAFS spectroscopy, giving structural information about 2.1, and 15N MAS DNP-SENS 

data were obtained characterizing 2.1, 2.2, 2.3, and 2.4. The data demonstrate the 

presence of surface fragments (MNC) in 2.1, [(≡Si-O-)Hf(η2-MeNCH2)(η1-NMe2)(η1-

HNMe2)], which was employed in hydroaminoalkylation for the first time, and  ([M]=N) in 

2.3 and 2.4, [(≡Si-O-)Hf(=NMe)(η1-NMe2)] and [(≡Si-O-)Hf(=NCH2Ar) (η1-NMe2)], 

respectively. The pivotal role of ([M]=NR) in metathesis of imine was demonstrated in 

catalysis testing with two pairs of substrates. The proposed reaction mechanism is also 

supported by DFT calculations.  

Another catalysis could be tested using catalyst 2.1 beside imine metathesis, are 

hydroaminoalkylation and hydroamination of alkenes or alkynes.  
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Scheme 5.1. Hafnium-nitrogen fragments studied. 

Tantalum-nitrogen Fragments 

To conclude, we reported the preparation of new silica-supported tantalum complexes see 

(Scheme 5.2), 3.1 [(≡Si-O-)Ta(η1σ-NEtMe)2(=NtBu)], 3.2 [(≡Si-O-)Ta(η1σ-NEtMe)2(η2-

NtBuC=CC7H13)], and 3.3 [(≡Si-O-)Ta(η1σ-NEtMe)2(η1σ-NHtBu)(NHC6H10)] supplemented 

by their characterization by SSNMR and IR spectroscopies and elemental analysis. 

Further characterizations were carried out with EXAFS spectroscopy, giving structural 

information about 3.1, and 15N MAS DNP-SENS data were obtained for 3.1, 3.2, and 3.3. 

Tantalum catalyst was found active for hydroamination for the first time, and the surface 

fragments ([M]=N) in 3.1, was employed in hydroamination. Two intermediates were 
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successfully isolated 3.3, and 3.2. The proposed reaction mechanism is also supported 

by DFT calculations. 

The pivotal role of ([Ta]=NR) in metathesis of imine could be demonstrated in catalysis 

with two pairs of imines substrates.   

 

Scheme 5.2. Tantalum-nitrogen fragments studied. 

Titanium-nitrogen Fragments 

In this part, three different catalysts prepared see (Scheme 5.3); The catalyst 4.1 [(≡Si-

O2-)Ti(NMe2)2 (η1-HNMe2)], and 4.2 which is a combination of those two chemical 

structures 4.2a  [≡Si-O-Ti(NMe2)3] and 4.2b [(≡Si-O-)Ti(η2-MeNCH2)(η1-NMe2)(η1-

HNMe2)], and titanium imido, bis-amido complex 4.4 [(≡Si-O-)Ti(=NMe)(η1-NMe2)]. 
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Employed in hydroamiation, hydroaminoalkylation, and imine metathesis. Catalytic 

reactivity for titanium catalysts were higher in hydroamination compared to tantalum 

complex from group V, also higher in hydroaminoalkylation compared to hafnium catalyst 

from the same group, in imine metathesis almost the same activity observed. The five-

membered ring intermediate for hydroaminoalkylation 4.3 [≡Si-O-Ti(HNMe2)(η2-

NMeCH2CH(C6H13)CH2)(NMe2)] was isolated. Complemented by their characterization by 

SSNMR and FTIR spectroscopies and elemental analysis. Further characterizations 

supported by 15N MAS DNP-SENS data were obtained characterizing 4.1, 4.2, and 4.3. 

Amido and imido fragments of group V and IV were studied here but metal-nitrides (nitrido) 

fragments need to be investigated with catalysis such as aziridination of alkenes, C-H 

bond activation of alkanes and C-N bond cleavage of anilines.  
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Scheme 5.3. Titanium-nitrogen fragments studied. 
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