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Abstract 

 

The studies described in this PhD thesis are focused on the development of sequential 

sustainable catalytic processes centered on the hydroformylation reaction, for 

transformation of olefins into value-added products, such as alcohols, amines and acetals. 

Additionally, seeking higher sustainability, iron hybrid nanomaterials were synthesized 

and evaluated as reusable heterogeneous catalysts for hydroformylation and sequential 

hydroformylation/acetalization reactions.  

The thesis is divided into five chapters. 

Chapter 1 provides a critical review of recent literature focused on the main topics of 

the thesis, regarding sequential reactions centered on hydroformylation and the most 

relevant methodologies for immobilization of hydroformylation catalysts. 

Chapter 2 describes the synthesis of racemic BINOL using sustainable methodologies 

and two BINOL-derived monophosphites. Furthermore, the development of an active and 

selective dual catalytic system based on the combination of Rh/tris-helical-BINOL 

phosphites with Ru-based Shvo‘s-complex to promote the sequential 

hydroformylation/hydrogenation reaction of highly substituted olefins is described. The 

process optimization was performed using 2,3-dimethylbut-2-ene as model substrate, 

leading to formation of 3,4-dimethylpentan-1-ol in 90% yield and 99% chemoselectivity 

(40 bar CO/H2 (1:3), 120 °C). This innovative catalytic system was further expanded to a 

variety of aromatic and aliphatic substituted olefins, to obtain the corresponding alcohols 

in up to 94% yield. 

In Chapter 3 a synthetic methodology to prepare hybrid nanocatalysts using catalytic 

hydroaminomethylation of vinyl phosphines as a synthetic tool was developed. Using this 

strategy, Rh/phosphine functionalized carbon nanotubes and iron oxide magnetic 

nanoparticles were prepared and fully characterized. The resulting hybrid nanocatalysts 

were evaluated in rhodium-catalyzed hydroformylation of styrene, where the iron oxide 

magnetic nanoparticle-based catalyst demonstrated higher activity and selectivity for 

branched aldehydes. Furthermore, they were easily recovered by simple magnetic 

separation and reused in three consecutive runs without significant loss of activity and 

selectivity. 
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Chapter 4 describes the development of a sustainable selective 

hydroformylation/acetalization sequential process for transformation of olefins into the 

corresponding ethyl acetals, using ethanol as green reagent and solvent. This sequential 

reaction was first optimized under homogeneous conditions, through the use of a 

bimetallic catalytic system, based on Rh(I)/phosphorus ligands and [FeBr2{κ3-HC(pz)3}] (pz 

= pyrazol-1-yl). In addition, the studies of the immobilization of Rh(I)/N-xantphos onto 

MNP@Cl through nucleophilic substitution and a Fe(II)-allyl-C-scorpionate complex onto 

MNP@NH2 through hydroaminomethylation reaction are presented. The heterogeneous 

catalysts, MNP@N-xantphos/Rh(I) and MNP@NH-(CH2)4-O-CH2C(pz)3FeBr2 were fully 

characterized and then applied in catalytic hydroformylation/acetalization sequential 

process, leading to full conversions and high selectivity (up to 93%). Furthermore, these 

catalysts were recovered by simple magnetic separation and reused in four consecutive 

runs, without substantial loss of activity neither selectivity. This study represents the first 

report of the combination of Rh(I)/phosphorus and Fe(II)/C-scorpionate catalysts, both in 

homogenous and heterogeneous conditions. 

In Chapter 5, the techniques, instrumentation and experimental procedures are 

described, as well as the characterization of all the materials and products.  

 

Keywords: Catalysis; Hybrid materials; Olefins, Small molecules activation; Tandem 

reactions 
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Resumo 

 

Os estudos descritos nesta tese de doutoramento estão focados no desenvolvimento 

de processos catalíticos sequenciais sustentáveis tendo a hidroformilação como reação 

central, para transformação de olefinas em produtos de elevado valor acrescentado, 

como álcoois, aminas e acetais. Adicionalmente, em busca de uma maior 

sustentabilidade, nanomateriais híbridos de ferro foram sintetizados e avaliados como 

catalisadores heterogéneos reutilizáveis para reações de hidroformilação e 

hidroformilação/acetalização sequencial. 

A tese encontra-se dividida em cinco capítulos. 

O Capítulo 1 apresenta uma revisão crítica da literatura recente focada nos principais 

tópicos da tese, no que diz respeito às reações sequenciais centradas na hidroformilação 

e as metodologias mais relevantes para a imobilização de catalisadores de 

hidroformilação. 

No Capítulo 2 descreve-se a síntese de BINOL racémico através de metodologias 

sustentáveis e de dois monofosfitos derivados de BINOL. Aqui são também apresentados 

os estudos do desenvolvimento de um sistema catalítico dual ativo e seletivo, baseado na 

combinação de ródio/fosfito tris-helicoidal derivado de BINOL com o complexo de ruténio 

Shvo, para promover a reação sequencial de hidroformilação/hidrogenação de olefinas 

polissubstituídas. A otimização do processo foi efetuada usando 2,3-dimetilbut-2-eno 

como substrato modelo, que conduziu à formação de 3,4-dimetilpentan-1-ol com 90% de 

rendimento e 99% de quimiosseletividade (40 bar CO/H2 (1:3), 120 °C). Este sistema 

catalítico inovador foi aplicado a uma variedade de olefinas aromáticas e alifáticas 

substituídas, tendo-se obtido os álcoois correspondentes com rendimentos até 94%. 

No Capítulo 3, apresentam-se os estudos de desenvolvimento de uma metodologia 

sintética inovadora para preparar nanocatalisadores híbridos usando a 

hidroaminometilação catalítica de vinil-fosfinas como ferramenta sintética. Usando esta 

estratégia, foram preparados nanotubos de carbono funcionalizados com Rh/fosfina e 

nanopartículas magnéticas de óxido de ferro, e apresenta-se a sua completa 

caracterização. Os nanocatalisadores híbridos foram avaliados na hidroformilação de 

estireno catalisada por ródio, onde o catalisador imobilizado em nanopartículas 
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magnéticas de óxido de ferro demonstrou maior atividade e seletividade para o aldeído 

ramificado. Adicionalmente, os catalisadores foram recuperados por simples separação 

magnética e reutilizados em três ciclos consecutivos sem perda significativa nem de 

atividade nem de seletividade. 

No Capítulo 4 descreve-se o desenvolvimento de um processo sustentável sequencial 

de hidroformilação/acetalização, seletivo para a transformação de olefinas nos acetais 

correspondentes, usando etanol como reagente verde e solvente. Esta reação sequencial 

foi otimizada em condições homogéneas, através do uso de um sistema catalítico 

bimetálico, baseado em Rh(I)/fósforo e [FeBr2{κ3-HC(pz)3}] (pz = pirazol-1-il). Neste 

capítulo, encontra-se ainda descrita a preparação de novos catalisadores heterogéneos, 

a partir da imobilização de Rh(I)/N-xantphos em MNP@Cl através de uma reação de 

substituição nucleofílica e de um complexo Fe-(II)-alil-C-escorpionato imobilizado em 

MNP@NH2, através de um processo inovador de hidroaminometilação. Os catalisadores 

heterogéneos, MNP@N-xantphos/Rh(I) e MNP@NH-(CH2)4O-CH2C(pz)3FeBr2 foram 

completamente caracterizados e aplicados em reações sequencias de 

hidroformilação/acetalização, tendo-se obtido conversões completas, elevada 

seletividade e rendimentos (até 93 %). Os catalisadores foram recuperados por simples 

separação magnética e reutilizados em quatro ciclos consecutivos, sem perda substancial 

de atividade nem de seletividade. Este estudo representa um exemplo pioneiro da 

combinação de catalisadores Rh(I)/fósforo e Fe(II)/C-escorpionato, tanto em condições 

homogéneas como heterogéneas.  

No Capítulo 5, encontram-se descritas as técnicas, instrumentação e procedimentos 

seguidos, assim como a completa caracterização de todos os materiais e produtos 

sintetizados. 

 

Palavras Chave: Catálise; Materiais híbridos; Olefinas; Ativação de moléculas pequenas; 

Reações tandem. 
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Abbreviations and Symbols 

 

[α] specific rotation 

δ chemical shift 

λ wavelength 

1H-NMR proton nuclear magnetic resonance spectroscopy 

13C-NMR carbon 13 nuclear magnetic resonance spectroscopy 

31P-NMR phosphorous 31 nuclear magnetic resonance spectroscopy 

acac acetylacetonate 

APTES (3-aminopropyl)triethoxysilane 

ax axial 

BINOL 1,1'-Bi-2-naphthol 

CATSUS Catalysis and Sustainability PhD program 

CPTES (3-Chloropropyl)triethoxysilane 

d doublet 

dd doublet of doublets 

dt doublet of triplets 

dq doublet of quartets 

DEAD diethyl azodicarboxylate 

DMAP 2-dimethylaminopyridine 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformamide 

EI Electronic ionization 

ESI Electrospray ionization 

eq equatorial 

FID Flame ionization detector 

FT-IR Fourier-transform infrared spectroscopy 

GC Gas chromatography 

GC-MS Gas chromatography - mass spectrometry 

GC-FID Gas chromatography - flame ionization detector 
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h hours 

HRMS High-resolution mass spectrometry 

ICP-OES Inductively coupled plasma - optical emission spectrometry 

Igepal CO-520 polyoxyethylene (5) nonylphenylether (branched) 

IR Infrared spectroscopy 

IUPAC International Union of Pure and Applied Chemistry 

J coupling constant 

L ligand  

m multiplet 

[M]+ molecular ion 

MNP magnetic nanoparticles 

m/z mass/charge relation 

MWCNT Multiwalled carbon nanotubes 

min minutes 

MS Mass spectrometry 

N-xantphos 4,6-Bis(diphenylphosphino)phenoxazine 

NMR Nuclear magnetic resonance spectrometry 

ppm parts per million 

q quartet 

rpm rotations per minute  

p pentet 

pz pyrazol-1-yl 

s singlet 

t triplet 

TEM Transmission electron microscopy 

TEOS Tetraethoxysilane 

TG Thermogravimetry 

THF Tetrahydrofuran 

TLC Thin-layer chromatography 

TMS Tetramethylsilane 
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Xantphos 4,5-Bis(Difenilfosfino)-9,9-Dimetilxanteno 

XPS X-ray photoelectron spectroscopy 
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Nomenclature 

 

In this thesis, the IUPAC recommendations of 1993 were followed to number and name 

all compounds.[1Fi,2Fii] The numbering and nomenclature of one of each family of 

compounds synthesized are presented below. 

The adopted nomenclature of BINOL derivatives and tris-binaphthyl monophosphites 

was based on the aforementioned regulations (Figure II)  

 

 

Figure I Nomenclature for 1,1'-Bi-2-naphthol molecule. 

 

C-scorpionate ligands are based on the pyrazole molecule and numbered as presented 

in Figure II. 

 

 

Figure II Nomenclature for 1H-Pyrazole molecule. 

 

Concerning terpene’s nomenclature, the trivial names were used instead of IUPAC 

nomenclature, for simplicity and historical reasons, as presented in Figure III. 
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Figure III 
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Chapter 1 

 

Introduction 

 

 

1.1 Catalysis for sustainability 

 

The recognition of the importance to develop less polluting chemical processes goes 

back to the end of the twentieth century when P. Anastas introduced a new philosophy 

called Green Chemistry.[1-3] He defined Green Chemistry as the “design of chemical 

products and processes to reduce or eliminate the generation of hazardous substances” 

[2]. This concept was centered on 12 principles, which are presented in Figure 1.1. 

 

 

Figure 1.1 The twelve principles of Green Chemistry. 
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The relevance of implementing these principles has progressively been more 

recognized by both academy and industry.[1,4-7] It is now accepted that Chemistry can only 

play a central role in the development of our society if its ultimate goal is guided by 

sustainability values.[8-10] In this context, the term ‘sustainable chemistry’ has been 

introduced more recently, aiming to transfer the Green Chemistry philosophy towards 

environmental, cultural, economic, and social concerns, Figure 1.2. 

 

 

Figure 1.2 Green Chemistry and Sustainability 

 

Pursuing the main goal of the Catalysis and Sustainability Inter-university PhD 

Programme,[11] the motivation of this thesis was centered on the development of 

sustainable chemical synthetic processes for the preparation of added-value products. To 

meet the sustainable development objectives of the doctoral program, the studies were 

conducted by following some of the Green Chemistry principles, namely Principles 1 and 

8 – Prevent waste and Reduce derivatives (by the implementation of sequential 

reactions), Principle 2 – Atom Economy (hydroformylation and hydrogenation as 100% 

atom economy reaction), Principle 5 – Benign solvents and auxiliaries (use of 2-methyl-

THF and ethanol as solvents), Principles 6 and 9 – Energy efficiency and Catalysis 

(application of catalytic processes to increase selectivity and decrease global process 

energetics) and Principle 7 – Use of renewable feedstock (use of nature abundant 

terpenes as substrates and ethanol as a renewable harmless reagent), Figure 1.3. 
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Figure 1.3 Hydroformylation as central reaction for the development of sustainable 
processes. 

 

To achieve these goals, in our studies, catalytic hydroformylation was selected as a 

relevant 100% atom economical process, and its use as a central reaction to prepare fine 

chemicals, using sequential processes that transform olefins into amines, alcohols and 

acetals, in only one step, without isolating the aldehyde intermediates.[12-17] These 

sequential processes prevent the consumption of solvents and purification materials 

(silica, alumina), leading to more sustainable processes.[18-21] Bearing in mind that the 

most active and selective hydroformylation catalysts are based on rhodium complexes 

which, in addition to being toxic, are extremely expensive, we have designed strategies to 

carry out their recovery and reuse.[22-26] Among these strategies, we highlight the 

immobilization of rhodium complexes onto solid supports. In addition, we also sought to 

develop new inexpensive and environmentally friendly iron-scorpionate catalysts,[27-31] to 

promote sequential acetalization reactions. 

 

1.2 Hydroformylation as central reaction in sustainable catalytic processes 

 

1.2.1 General aspects 

 

The hydroformylation reaction is the syn addition of a hydrogen atom and a formyl 

group to a C-C double bond, which allows the one-pot preparation of aldehydes directly 

Olefins 

Ru 

Fe 

H
2

 CO 

 Alcohols 

Aldehydes 

Acetals 

Rh 

Aldehydes 
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from olefins, (Scheme 1.1). This reaction requires the use of catalysts, which are generally 

based on transition-metal complexes.[32-35] 

 

 

Scheme 1.1 Hydroformylation of a terminal olefin. 

 

Since its discovery by Otto Roelen in 1938,[36,37] catalytic hydroformylation has been 

widely studied both for academic and industrial purposes. Its relevance was early 

recognized, being extensively applied for the mass production of important synthetic 

aldehydes whose derivatives have been applied in polymer and surfactant industries. [35,38-

41] Nowadays, more than 10 million tons of products are obtained by hydroformylation 

every year.[42]  

One of the most important aspects that require optimization in hydroformylation 

reactions is selectivity since the reaction occurs in the presence of metal complexes that, 

under reducing conditions, can give reduced and isomerized products, decreasing the 

yield for the desired product (Scheme1.2). 

 

Scheme 1.2 Selectivity in the hydroformylation reactions.  

 

The need to control selectivity led to the development of catalysts with different 

properties through the synthesis of new complexes bearing suitable ligands capable to 

modulate their electronic, acid-base and steric features. Several transition metals have 
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been tested as catalysts but the activity of the metal complexes for catalytic 

hydroformylation follows the order:[39,43] 

Rh ≫ Co > Ir > Ru > Pt > Pd > Fe 

Rhodium-based catalysts are the most commonly used since they often lead to 

highest activity and selectivity. Over the year, in order to increase the activity and 

selectivity, several kinds of phosphorus ligands have been developed being considered 

the “holy grail” of catalysis.[44-52] Some of the most widely applied catalysts are rhodium 

complexes coordinated with monodentate triphenylphosphine,[53,54] (Wilkinson catalyst – 

Nobel prize) and the bidentate xantphos that, due to its large bite angle gives high 

selectivity towards linear aldehydes.[44,55-57] In the 1980’s, van Leeuwen had discovered a 

peculiar effect of bulky aryl monophosphites,[58-60] whose rhodium complexes led to very 

high rates, chemo- and regioselectivities, also in the hydroformylation of disubstituted 

olefins, allowing the possibility of using milder reaction conditions, (Scheme 1.3). In 

addition, a great variety of chiral phosphites ligands, have been developed, which resulted 

in highly enantioselective rhodium catalysts.[61-68] The latter are out of the scope of this 

thesis. 

 

 

Scheme 1.3 Relevant phosphorus ligands for hydroformylation. 

 

In the last years, the global requirement for more sustainable and greener processes 

has boosted the development of more active and selective catalysts, ligands and 

processes looking for Rh reutilization and/or substitution by other metal catalysts. Some 

advances in the implementation of less or non-toxic catalysts have been made, such as 

iron catalysts. However, only a few examples are shown to be effective and with limited 
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applications, so rhodium is still considered the metal of choice for chemoselective 

hydroformylation reactions.[69,70] The use of hydroformylation in sequential processes also 

contributes to increase the sustainability of the overall process and if the catalysts are 

immobilized onto solid supports, the toxicity and overall cost issues of the process will be 

significantly lowered. This is also one of the main goals of this work and recent results 

presented in the literature describing the use of heterogeneous Rh catalysts in 

hydroformylation reactions are presented in the following section. 

 

1.2.2 Immobilized catalysts for hydroformylation reactions 

 

The immobilization of metal catalysts onto solid supports is a topic of great scientific 

interest since the high activity and selectivity typical of homogenous catalysts are 

combined with the advantage of reutilization, characteristic of the heterogeneous 

catalysts. In general, metal complexes can be immobilized through different strategies, 

which include covalent coordination, electrostatic interactions, adsorption or 

encapsulation.[22-26]  

In order to achieve reusable hydroformylation catalysts, the previous strategies have 

been widely used to promote the immobilization of rhodium complexes onto several 

supports. For instance, rhodium complexes can be covalently supported using 

functionalized ligands (Scheme 1.4A),[71-74] rhodium nanoparticles can be dispersed in 

solid materials (Scheme 1.4B),[23,75-78] single rhodium atoms can be deposited in solid 

supports with or without the addition of ligands (Scheme 1.4C)[72,75,79,80] and ionic rhodium 

complexes can be immobilized into a supported ionic liquid phase (SILP), through a 

coating of the solid support with an ionic liquid layer (Scheme 1.4D).[81-84] In addition, the 

development of biphasic processes based on organic/fluorinated solvent,[85-87] 

organic/water,[88-92] and organic/ionic liquid[93-96] can also allow catalyst recovery, leading 

to reusable hydroformylation systems (Scheme 1.4E).  
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Scheme 1.4 Strategies for preparation of reusable Rh-based catalysts. 

 

Due to the importance of these heterogeneous systems, the relevant achievements 

in this field were recently reviewed.[23-25,75,97] Therefore, considering the high interest of 

the topic and the main goal of this thesis, the state of the art regarding the immobilization 

of Rh-based catalysts for hydroformylation, since 2018, is presented in Table 1.1. 

Table 1.1. State of the art of hydroformylation with Rh-immobilized catalysts. 

Entry Catalyst Substrate 
Selectivity 

l:b [%] 
Reutilization 

cycles 

1 

 

Smet[74] 

Oct-1-ene 94:6 5 

2 Rh/1.2 

 

Xie[98] 

Hex-1-ene Up to 99:1 10 

3 Rh/1.3 

 
Jia[99] 

Diphenylacetil-

ene 
- 10 
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Table 1.1. State of the art of hydroformylation with Rh-immobilized catalysts (cont.). 

Entry Catalyst Substrate 
Selectivity 

l:b [%] 
Reutilization 

cycles 

4 Rh2O3@S-1-II (1.4) 

 
Zhang[100] 

Dec-1-ene 
Up to 

87:13 
7 

 
5 

Rh/MgSNTs (1.5) 

 
Huang[101] 

Vinyl acetate 9:91 

4 with 

gradual 

leaching 

6 Rh/Li-TNT (1.6) 

 
Huang[102] 

Vinyl acetate - Not tested 

7 Rh catalyst (1.7) 

 

Haumann[103] 

But-1-ene up to 99:1 Not tested 

8 

 

Godard[104] 

Norbornene 
ee up to 

71% 

Conversion 

decreases 

after 80 

minutes due 

to leaching 
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Table 1.1. State of the art of hydroformylation with Rh-immobilized catalysts (cont.). 

Entry Catalyst Substrate 
Selectivity 

l:b [%] 
Reutilization 

cycles 

9 Rh/(PPh3)n@SiO2 (1.9) 

 

Rosenberg[105] 

oct-1-ene 62:38 

 

Loss of 

activity and 

selectivity 

over 

reutilizations 

10 Rh(I)-TPPTS@MCM-41 (1.10) 

 

Meijboom[106] 

oct-1-ene 

90:10 

to 

80:20 

 

Loss of 

activity and 

selectivity 

after the 5th 

run 

 

Smet[74] described the immobilized N-xantphos on hyperbranched poly-(arylene 

oxindole) supports (1.1), via a one-step post functionalization (Scheme 1.5). This 

immobilized catalyst was evaluated in the Rh(I)-catalyzed hydroformylation of oct-1-ene 

under mild conditions (4.8 bar; 75 °C; 20 min) and microwave irradiation. The authors 

obtained 95% conversion and 94:6 l/b (linear/branched) aldehyde selectivity (Table 1.1, 

Entry 1), where the high activity was attributed to the dendritic nature of the support. 

Furthermore, the immobilized rhodium catalyst was recovered, without significant loss of 

activity along five cycles. This catalyst was also active in the aminocarbonylation reaction 

of bromobenzene using propylamine as nucleophile. 
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Scheme 1.5 Immobilization of N-Xantphos onto a functionalized hyperbranched 
polymer. 

 

Xie[98] promoted the synthesis of a porous organic polymer via copolymerization of 

divinyl-functionalized phosphoramidite and tris-(4-vinylphenyl)phosphine (1.2). After 

[Rh(CO2)(acac)] encapsulation, the solid was evaluated in catalytic hydroformylation of 

hex-1-ene (P = 20 bar T = 90 °C; 5 h) leading to full conversion and selectivity for linear 

aldehyde up to 99% was obtained. It should be mentioned that no loss of activity neither 

selectivity was observed after 10 reutilization cycles, (Table 1.1, Entry 2). Using the same 

strategy Xie’s group developed other Rh-based catalyst supported on organic polymer for 

the hydroformylation of alkynes.[99] The heterogeneous Rh/1.3 was evaluated in the 

hydroformylation of diphenylacetylene at a temperature of 70 °C, 10 bar of syngas 

pressure, over 20 h and full conversion was observed. The desired aldehydes were 

obtained with 90% selectivity with the cis isomer being the most abundant (60% E/Z). It is 

noteworthy that the catalyst was reused 10 times without significant loss in activity and 

selectivity (Table 1.1, Entry 3). 

Zhang[100] reported the preparation of a set of Rh oxide catalysts encapsulated into 

microporous zeolites. The new materials were applied in the hydroformylation of terminal 

olefins and performed well, obtaining over 95% olefin conversion and usually over 95% 

aldehyde selectivity. Catalyst 1.4 converted 99% of dec-1-ene to aldehydes with 94% 

aldehyde selectivity and 87% linear isomer using 80 °C, and 50 bar of syngas pressure over 

12 h. The catalyst was recycled over 7 cycles without significant loss of activity and 

selectivity (Table 1.1, Entry 4). 

Huang reported the preparation of two heterogeneous catalytic systems for the 

Rh-catalyzed hydroformylation of vinyl acetate. In one approach Rh(0) was immobilized 

onto silicate nanotubes via impregnation-calcination method, (Scheme 1.6).[101] The 
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heterogeneous catalyst 1.5 was evaluated using 110 °C of temperature, 60 bar of syn gas 

over 8 h obtaining 97 % vinyl acetate conversion with 68% selectivity for aldehydes (91% 

of the branched isomer). The catalyst was reused four times and a significant Rh leaching 

was observed along with a consequent loss of activity over the cycles (Table 1.1, Entry 5) 

 

 

Scheme 1.6 Preparation of the heterogeneous catalyst 1.5 through Rh impregnation 
followed by calcination (MgSNTs: Magnesium silicate nanotubes). 

 

Similarly, in another study, Rh was immobilized into TiO2 nanotube (TNT) using alkali 

or alkali-earth cations as additives (Li, Na, K, Mg, Ca, Sr).[102] The obtained catalysts were 

evaluated in the hydroformylation of vinyl acetate. The utilization of Rh/Li-TNT (1.6) as 

catalyst led to full conversion and 81% aldehyde selectivity after 1 h of reaction, 

temperature and CO/H2 pressure were not reported, (Table 1.1, Entry 6). Additionally, the 

author states that Rh/TNTs modified with alkali or alkali-earth cations improved the 

reaction selectivity for the aldehyde product, this fact, may be attributed to the presence 

of the ions that conduced to an improvement of the CO adsorption. 

Haumann[103] described the preparation of MWCNT/SILP (supported ionic liquid 

phase) based composites (1.7) and their application as heterogeneous catalysts for 

hydroformylation of but-1-ene under mild reaction conditions (P= 10 bar T= 100 °C) and 

high conversions with 100% regioselectivity for linear aldehydes were obtained. 

Nevertheless, 20% of isomerization towards but-1-ene isomers were observed, (Table 1.1, 

Entry 7). 

Godard[104] prepared a set of new chiral Rh/1,3-diphosphite furanose based ligands 

immobilized onto multiwalled carbon nanotubes (MWCNTs) and graphene oxide (GO) by 

π-π stacking and carbon beads through encapsulation(1.8). These catalysts were 

evaluated in the asymmetric hydroformylation of norbornene under continuous flow 

conditions (T = 20 °C; Substrate = 0.75 M, Substrate flow = 0.33 mL/min, CO/H2 flow = 44.4 

mL/min) obtaining up to 71% of ee. The catalyst immobilized onto carbon beads was 
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revealed to be more stable although, after 120 minutes the conversion decreases from 

35% to 28% due to catalyst leaching, ee remains constant. (Table 1.1, Entry 8) 

Rosenberg[105] described the immobilization of Rh/(PPh3)n complexes (1.9) onto silica 

polyamine composite (SPC) and evaluated them in the hydroformylation of oct-1-ene. The 

author observed high activity and selectivity for aldehydes in the first run (99% 

conversion, 94% aldehydes, Table 1.1, Entry 9, but after the second run great loss of 

selectivity for aldehydes was observed (62%) and after the fifth run the conversion 

collapse to 22% due to catalyst leaching despite the regioselectivity was constant ( 62:38 

l/b after the second run). 

Meijboom[106] described the preparation of Rh(I)-complexes using 

triphenylphosphine and trisodium salt (TPPTS) as ligand, anchored on MCM-41 and SBA-

15 mesoporous silica materials (1.10). The influence of the solid support structure in the 

hydroformylation of oct-1-ene was studied. The results suggest that the hexagonal pore 

structure of the MCM-41 support enhanced the activity of immobilized catalysts for the 

hydroformylation of oct-1-en. These heterogenized catalysts gave n-nonanal 

regioselectivity in the range of 80–90% that is comparable to the homogeneous 

counterparts 70–96% (Table 1.1, Entry 10). In addition, the catalysts were reused over five 

runs without loss of activity or selectivity under optimized reaction conditions (T = 100 °C; 

P = 40 bar; 10 h). 

 

1.3 Sequential reactions involving hydroformylation 

 

Sequential reactions under hydroformylation conditions take advantage of the 

reactivity of the carbonyl group to obtain new synthons with high functionalization 

through one-step processes. As previously mentioned, the first reaction step starts from 

an olefin to give an aldehyde with one more carbon through hydroformylation reaction, 

and a subsequent second reaction step occurs leading to the one-pot formation of a 

different compound.[12,17,107-109] Several examples of sequential reactions that may occur 

under hydroformylation conditions have been reported in the literature, namely 

hydroformylation/hydrogenation,[13,110-112] hydroformylation/acetalization,[113-115] 

hydroaminomethylation,[15,16,116,117] hydroformylation/Wittig olefination,[118-120] 

hydroformylation/cyclization,[121-123] hydroformylation/aldol condensation,[124-126] 
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hydroformylation/elimination,[127-129] hydroformylation/Fischer indole synthesis,[130-132] 

among others.[12,133-135] Herein we highlight the hydroformylation/hydrogenation, 

hydroaminomethylation and hydroformylation/acetalization sequences since these 

reactions constitute the main goals of this thesis, (Scheme 1.7 A-C). 

 

 

Scheme 1.7 Selected examples of sequential processes using hydroformylation as 
central reaction. 

 
It should be highlighted that isomerization/hydroformylation sequential reaction is 

also a relevant sequential transformation, isomerization occurs before hydroformylation 

leading to the formation of alkene isomers and consequently to aldehyde isomers as we 

observed in the studies presented in Chapter 2. This sequential process is important, 

mainly for the production of linear aldehydes using internal olefins as substrates. 

Generically the isomerization/hydroformylation can be defined as a 1,2-addition of 

hydrogen and a formyl group that occurs in a different position from the original double 

bond. The shift of the double bond to internal positions of an alkyl chain may also occur 

and be interesting to obtain substituted aldehydes. The review from Börner in 2014, 

describes some of the main developments in this field.[136] Since then, some studies of the 
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isomerization prior to hydroformylation demonstrate to be relevant in this sequential 

process to enable the control of the overall regioselectivity.[137-139] 

 

1.3.1 Sequential hydroformylation/reduction  

 

Hydroformylation/reduction consists in the preparation of alcohols directly from 

olefins through the sequential reduction of aldehydes produced via a hydroformylation 

reaction (Scheme 1.7A) There are three main approaches for the preparation of alcohols 

via hydroformylation: i) one-pot hydroformylation followed by hydrogenation, using a 

single catalyst process; ii) one-pot hydroformylation followed by hydrogenation using two 

different catalysts iii) a multi-step sequence, where catalytic hydroformylation is followed 

by reduction with stoichiometric reagents, (Scheme1.8). 

 

 

Scheme 1.8 Different catalytic approaches for hydroformylation/reduction of olefins. 
 

The achievements in this field have been reviewed by several authors[12,14,35,108] and 

the last review was published in 2015.[13] Therefore, the publications of the last five years, 

regarding this topic, are presented in Table 1.2. 
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Table 1.2. State of the art for the past 5 years in sequential hydroformylation/reduction 
reactions. 

Entry 
Catalyst  

Substrate and 
Conditionsa 

Conversion (selectivity)b 
[%] 

1 Co2(CO)8/1.14 

 

Alper[111] 

Dec-1-ene 
I: T = 110 °C, P = 41 bar 

(CO/H2,),NaOAc 22 h 
 

II: T = 0 °C, NaBH4, 

MeOH, 1 h 

100 (99) 

 

2 
10 wt% Au/Co3O4 (1.15) 

 
Wang[140] 

Dicyclopentadiene 
T = 150 °C, P = 60 bar, 

PPh3, 10 h 

 

90 (98) 

 

 

3 

 
Batista[114] 

Dec-1-ene 
T = 160 °C, P = 90 bar 

(CO/H2), 24 h 

 

99 (23) 

 

4 [Rh(CO)2acac]/1.17 

 

[Ru3(CO)12]/1.18 

 

Vorholt[110] 

Methyl 10-
undecenoate 

T = 150 °C, P = 40 bar 
(CO/H2), 1 h 

 

98 (84) 

 

a) Optimized conditions for the selected example, b) Selectivity for alcohol products. 
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Table 1.2. State of the art for the past 5 years in sequential hydroformylation/reduction 
reactions (cont.). 

Entry 
Catalyst  

Substrate and 
Conditionsa 

Conversion (selectivity)b 
[%] 

5 Co3O4 (1.19) 

 

Bhanage[141] 

Oct-1-ene 

T = 150 °C, P = 55 bar 
(CO/H2, 1:2), 12 h 

92 (94) 

 

6 
5% Au/Cs-Co3O4 (1.20) 

Meijboom[112] 

Oct-1-ene 

T = 140 °C, P = 40 bar 
(CO/H2, 1:2), 16 h 

92 (95) 

 

7 [Ir(COD)Cl]2/1.21 
 

 

Xia[142] 

Oct-1-ene 

T = 120 °C, P = 30 bar 
(CO), Formic acid, 16 h 

94 (56) 

 

a) Optimized conditions for the selected example, b) Selectivity for amine products. 

 

Alper[111] reported the cobalt-catalyzed hydroformylation of alkenes in the presence 

of a range of cyclic phosphine ligands (Scheme 1.9), followed by stoichiometric NaBH4 

reduction of aldehydes to the respective alcohols. The effect of reaction conditions such 

as the presence of additives, solvents, syngas pressure, and nature of the alkenes were 

described. 

 

 

Scheme 1.9 Selected phosphine ligands used by Alper.[111] 

 

The best result for the hydroformylation of dec-1-ene was achieved using 1.14 in the 

presence of Co2(CO)8 at 110 °C, 41 bar (CO/H2, 1:2) for 22 h. After this period the 
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aldehydes obtained, via hydroformylation, were sequentially reduced to the respective 

alcohols through the addition of NaBH4 and MeOH, at 0 °C, for 1 h. With these optimized 

conditions, dec-1-ene was fully converted to alcohols with 99% selectivity. (Table 1.2, 

Entry 1) 

Wang[140] prepared a set of Co3O4 supported gold nanoparticles (Au/Co3O4, 1.15) and 

evaluated their activity for the “one-pot” hydroformylation/reduction of 

dicyclopentadiene (DCPD) to tricyclodecanedimethylol (TDDMO) (Scheme 1.10). The 

synthesis of TDDMO was accomplished using 10 wt% Au/Co3O4 and PPh3 as an additive, 

at a temperature of 140-150 °C and CO/H2 pressure of 60 to 90 bar. The authors obtained 

over 90% alcohol selectivity after 10 h (Table 1.2, Entry 2).  

 

 

Scheme 1.10 Synthesis of TDDMO from DCPD via one-pot hydroformylation/reduction 

 

Batista[114] reported a single catalytic process using mer-[RuCl3(dppb)(4-Phpy)[143] 

(1.16) to catalyze the hydroformylation-hydrogenation of dec-1-ene. In this reaction, the 

Ru complex is able to catalyze both hydroformylation and hydrogenation steps, without 

the use of any additional catalyst or additive. Under optimized conditions, T = 160 °C, P = 

90 bar (CO/H2), full conversion of dec-1-ene and 23% selectivity for undecanol was 

achieved in 24 h. (Table 1.2, Entry 3). 

Aiming the valorization of castor oil, a sequential hydroformylation/hydrogenation 

was developed by Vorholt.[110] In this system, [Rh(CO)2acac]/1.17 complex was applied as 

hydroformylation catalyst and [Ru3(CO)12]/1.18 was used in the hydrogenation step. The 

best result was obtained with methyl-10-undecenoate, at 150 °C and 40 bar CO/H2 

pressure, along 1 h. Under these reaction conditions, the authors obtained 98% 

conversion and 84% selectivity for the desired hydroxylated linear product. Additionally, 

the authors reported the reutilization of the catalyst by applying a method for selective 

product crystallization. The separation of the product from the reaction media allowed 

the reutilization of the catalyst along two additional runs without significant loss of activity 

(Table 1.2 Entry 4). 
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Bhanage[141] developed a synthetic strategy for n-nonanol, using fine fibrous cobalt 

oxide (Co3O4, 1.19) as nanocatalyst to promote the hydroformylation/hydrogenation of 

oct-1-ene, under phosphine-free conditions. The author reports the effect of several 

reaction conditions, including syngas pressure, catalyst/substrate ratio, solvent and 

temperature and the best performance of the fibrous Co3O4 catalyst was achieved at 

temperature of 150 °C, pressure of CO/H2 of 55 bar (1:2), in THF, for 12 h. Under these 

reaction conditions, a 92% conversion with 94% selectivity for nonan-1-ol were obtained. 

Moreover, the Co3O4 nanocatalyst was recovered and recycled up to two cycles without 

significant loss of activity and selectivity. After the second reutilization both conversion 

and selectivity decreased from 89 to 60% and 90 to 55%, respectively (Table 1.2, entry 5).  

Another heterogeneous cobalt catalyst for the hydroformylation/hydrogenation of 

alkenes was developed by Meijboom.[112] In this study 5% wt Au/Cs-Co3O4 (1.20) was 

prepared and evaluated in the direct synthesis of alcohols, starting from linear olefins. 

When oct-1-ene (8 mmol) was introduced in the autoclave at temperature of 140 °C, 40 

bar of CO/H2, (1:2), in THF, and 40 mg of catalyst, for 16 h, 92% conversion and 95% 

selectivity for nonan-1-ol were obtained, (Table 1.2, entry 6). Once again, the use of 

tetrahydrofuran as solvent resulted in the best catalytic activity when compared with the 

other solvents (toluene, heptane, hexane, ethanol). The authors proposed that THF a 

crucial role in the stabilization of the active species on the catalyst surface. Additionally, 

the catalyst was reused up to four consecutive cycles without significant loss in activity. 

Xia[142] reported an 1,10-phenanthroline (1.21) modified iridium complex as an active 

catalyst in the hydroformylation reaction and formic acid (FA) as hydrogen source. This 

feature enabled the application of such system to promote the sequential 

hydroformylation/reduction of olefins, (Scheme 1.11).  

 

 

Scheme 1.11 One-pot hydroformylation/reduction of olefins with FA as hydrogen source. 
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The study reports the optimization of the catalytic system and its application in a large 

scope of olefins and 52 to 70 % yields for the desired reduced products were achieved. It 

should be noted that a mixture of alcohols and formate esters were obtained due to 

further alcohol esterification with formic acid. As example, oct-1-ene was 94% converted 

with 56% selectivity for the desired alcohols using [Ir(COD)Cl]2/1.21 as catalyst at T = 120 

°C, 30 bar CO pressure and formic acid as hydrogen source, over 16 h (Table 1.2, Entry 7). 

In sum, a diversity of active and selective homogeneous and heterogeneous catalysts 

based on Rh, Ru, Ir, Co and Au have been developed and optimized in recent years to 

promote hydroformylation/reduction processes, in order to obtain alcohols directly from 

olefins. However, despite the advances achieved in recent years, a great challenge 

remains to achieve regarding the application of this sequential process to sterically 

hindered substrates (such as di, tris and tetra-substituted olefins). This was one of the 

objectives of the work developed in this thesis and the results are presented in Chapter 

2. 

 

1.3.2- Sequential hydroformylation/reductive amination (Hydroaminomethylation) 

 

Hydroaminomethylation (Scheme 1.7B), consists of a sequence of three reactional 

steps. In the first one, the olefins are converted into aldehydes through hydroformylation, 

which upon reaction which a primary or secondary amine, present in the reaction 

medium, give the respective imines or enamines through a condensation step. The last 

step is resultant from the hydrogenation of the enamine or imine intermediates to provide 

the final amine products (Scheme 1.12). 
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Scheme 1.12 Sequential hydroaminomethylation process. 

 

The relevance of this sequential reaction is clearly evidenced by the large number of 

reports in the literature[16,116,144-147] including the recent review by Gaunt, “New Strategies 

for the Transition-Metal Catalyzed Synthesis of Aliphatic Amines”, where some of the 

most relevant aspects of the hydroaminomethylation reaction for the synthesis of 

aliphatic amines are described.[148] The last update from state of the art regarding 

hydroaminomethylation of olefins was published in 2018.[15] Therefore, we present a 

literature review of this reaction published over the last three years (Table 1.3)  
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Table 1.3. State of the art for the hydroaminomethylation of olefins. 

Entry 
Catalyst  

Substrate and 
Conditionsa 

Conversion 
(selectivity)b [%] 

1 Hydroaminomethylation: 
[Rh(octanoate)2]2 

Amine splitting: 
Shvo’s catalyst 

 
Vorholt[149] 

Dicyclopentadiene 
T = 140 °C, P = 60 
bar (CO/H2), 3h 

T = 160 °C, NH3, 16 h 

99 (53) 

  

2 [Rh(cod)Cl]2/sulfoxantphos 

 
Vorholt[117] 

Oct-1-ene 

T = 100 °C, P = 50 
bar (CO/H2, 1:3), 6h 

85 (79) 

 

3 [Ir(COD)Cl]/1.25 

 
Liu[150] 

Hex-1-ene 

T = 140 °C, P = 40 
bar CO, 3 mL H2O, 

22h  

93(99) 

 

4 RAME--CD 

[Rh(CO)2acac]/TPPTS 

 

Bhanage[151] 

Eugenol 

T = 80 °C, P = 30 bar 
(CO/H2), 8 h 

92 (88) 

 

a) Optimized conditions for the selected example, b) Selectivity for amine products. 
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Table 1.3. State of the art for the hydroaminomethylation of olefins (cont.). 

Entry 
Catalyst  

Substrate and 
Conditionsa 

Conversion 
(selectivity)b [%] 

5 [Rh(COD)(OMe)]2/1.26 

 

Gusevskaya[152]  

Limonene 

T = 100 °C, P = 60 
bar (CO/H2), 48 h 

100 (98) 

 

6 [Rh(COD)2]BF4/1.27 

 
Godard[153] 

methyl methacrylate 

T = 70 °C, P = 30 bar 
(CO/H2), 72 h 

94 (87)  

 

7 [Rh(CO)2(acac)]/1.28 

 

 
Hartwig[154] 

Dec-1-ene 

T = 80 °C, P = 3.4 bar 
(CO/H2), 20 h 

Aqueous sodium 
formate buffer 

(pH = 4.8) 

 

78 (isolated yield) 

 

8 

Ru3CO12 

Monflier[155] 

Methyl undecenoate 

T = 110 °C, P = 100 
bar (CO/H2), 36 h 

100 (96) 

 

9 [Rh(CO)2(acac)]/1.29 

 
Godard[156] 

methyl methacrylate 
T = 90 °C, P = 10 bar 

(CO/H2, 1:4), 16h 

69 (63) 

73 ee 

 

a) Optimized conditions for the selected example, b) Selectivity for amine products. 
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Table 1.3. State of the art for the hydroaminomethylation of olefins (cont.). 

Entry 
Catalyst  

Substrate and 
Conditionsa 

Conversion 
(selectivity)b [%] 

10 [Ir(COD)Cl]2/1.30 

 

Lin[157] 

Oct-1-ene 

T = 120 °C, P = 40 
bar (CO/H2, 5:1), 7h 

99 (87) 

 

11 [RhCl(COD)]2/1.31 

 

Mapolie[158] 

Oct-1-ene 

T = 85 °C, P = 30 bar 
(CO/H2, 1:1), 2h 

99 (89) 

 

a) Optimized conditions for the selected example, b) Selectivity for amine products. 

 

Vorholt[149] published a two-step sequential process for the preparation of primary 

amines, directly from olefins, using a combination of Rh/P-ligands with Ru/Shvos´s 

catalysts. This catalytic sequential system describes firstly the use of 

hydroaminomethylation catalyzed by [Rh(octanoate)2]2 without the addition of any 

ligand, as a synthetic tool for preparation of secondary amines (Scheme 1.13A). Then, the 

obtained secondary amine (1.23) was reacted with ammonia, using a Ru-Shvo’s catalyst, 

to yield the desired primary amine (1.24), via amine splitting (Scheme 1.13B). 

Dicyclopentadiene (1.24) was used as model substrate and up to 29% yield for the desired 

diamine product and 24% yield for the primary monoamine product was obtained. The 

overall conversion for the hydroaminomethylation step reached 67% using 140 °C and 60 

bar of syngas, for 3 h, (Table 1.3, Entry 1). 
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Scheme 1.13 Sequential strategy for the preparation of primary amines from 
dicyclopentadiene. A: hydroaminomethylation. B: Ru-catalyzed amine splitting. 

 

The same author reported another sustainable strategy for hydroaminomethylation, 

under aqueous conditions, using Rh/sulfoxantphos as catalyst, oct-1-ene as substrate and 

diethanolamine as nucleophile, at 100 °C temperature and P(CO/H2 1:3) = 50 bar, finding 

up to 85% of olefin conversion and 79% selectivity for the desired amine, after 6 h, (Table 

1.3, Entry 2).[117]  

Liu[150] reported the hydroaminomethylation of olefins in water, using an Ir/ionic 

diphosphine as catalyst for the hydroformylation step and a reverse water shift reaction 

(RWSC) as an alternative hydrogen source. The use of[Ir(COD)Cl]/1.25  at RWGS conditions 

at 140 °C, 40 bar CO, N-methylaniline in water (3 mL) over 22 h led to a 93% conversion 

of hex-1-ene into the N-methylaniline derivative with 99% selectivity (Table 1.3, Entry 3). 

In addition, the use of water as hydrogen donor was advantageously shown to completely 

inhibit the production of alkanes as reduction side products. 

Another relevant example of the use of the hydroaminomethylation reaction, under 

aqueous conditions, was described by Bhanage[151] aiming at the functionalization of 

natural relevant molecules (eugenol, anethole and estragole). The reactions were 

catalyzed by rhodium/trisulfonated triphenylphosphine complexes (TPPTS) in the 

presence of cyclodextrins. The addition of cyclodextrins as a mass transfer agent 

remarkably increased the reaction rate and the selectivity for linear amines, particularly 

when RAME-β-CD (RAME = randomly methylated) was used as a mass transfer agent. The 

evaluation of different reaction conditions is reported and the catalytic system 

(Rh/TPPTS/RAME-β-CD) gave the best results. Using a pressure of 30 bar (CO/H2) at 80 °C, 

over 8 h, 92% of eugenol was converted to the desired piperidine derivative with 88% 

selectivity (Table 1.3, Entry 4). It should be noticed that this catalytic system was recycled 

up to five times without a significant loss in activity and selectivity. 
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The application of hydroaminomethylation reaction to promote the functionalization 

of several bio-renewable alkenes (estragole, limonene, camphene and β-pinene) using 

alternative renewable solvents was reported by Gusevskaya.[152] It is noteworthy that the 

use of p-cymene anisole or ethanol as alternative solvents in the hydroaminomethylation 

reaction of natural terpenes, catalyzed by [Rh]/1.26, gave similar results to the ones 

obtained with toluene. As selected example, limonene was converted to 98% of the 

respective exocyclic amine derivative, using [Rh]/1.26 as catalyst and 4-4-

methylpiperidine as nucleophile, at 100 °C and 60 bar (CO/H2) over 48 h (Table 1.3, Entry 

5). 

Godard[153] successfully achieved the synthesis of β-2,2-amino esters via Rh-catalyzed 

hydroaminomethylation using methyl methacrylate as starting material and secondary or 

aromatic amines as nucleophiles. The application of [Rh(COD)2]BF4/1.27 as catalytic 

system and aniline as nucleophile at 70 °C, 30 bar (CO/H2) for 72 h, gave aniline-methyl 

methacrylate derivatives with 94% conversion and 87% selectivity for the linear product, 

(Table 1.3 Entry 6). The author also reported that the presence of molecular sieves, to 

avoid the presence of water is crucial to obtain the final amino ester in good yields. 

Hartwig[154] reported the hydroaminomethylation of a set of -olefins at low syngas 

pressure (1 to 3.5 bar) and temperatures (70-80 °C) using rhodium diphosphine complexes 

as catalyst for the hydroformylation step followed by a transfer hydrogenation reductive 

amination step, catalyzed by iridium complexes and sodium formate as hydrogen source. 

As an illustrative example, dec-1-ene reacted with aniline in the presence of 

[Rh(CO)2acac]/1.28 and Xiao’s catalyst at 80 °C, 3.4 bar (CO/H2) under aqueous sodium 

formate buffer (pH = 4.8) for 20 h yielding 78% of the desired linear amine (Table 1.3, 

Entry 7).  

The hydroaminomethylation of a set of unsaturated oleochemicals was published by 

Monflier.[155] Remarkably, the authors used [Ru3CO12] as catalyst in total absence of 

phosphines. As selected example, we highlight the hydroaminomethylation reaction (96% 

amine selectivity) methyl undecenoate, using dibutylamine as nucleophile at temperature 

of 110 °C, pressure of 100 bar (CO/H2) along 36 h, (Table 1.3, Entry 8). These results are of 

great importance for industrial purposes since the obtained amino-products can be 

directly used in polymers, surfactants and lubricants. 
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Godard[156] reported the application of asymmetric intermolecular 

hydroaminomethylation of alkenes using a rhodium single catalyst bearing the 

(R,R)-QuinoxP as ligand for the preparation of chiral -aminobutyric esters (Scheme 1.14). 

Methyl methacrylate was used as model substrate for the optimization of reaction 

conditions. At optimized conditions, using morpholine as amine and Rh/1.29 as catalyst, 

at 90 °C and 10 bar (CO/H2, 1:4) for 16 h, 63% yield and 73% ee of the desired product was 

obtained. (Table 1.3, Entry 9). This hydroaminomethylation of α-alkyl acrylates is an 

efficient tool for the regio and enantioselective synthesis of γ-amino esters. A scope of 

several α-alkyl-acrylates is also presented with ee’s up to 86%. 

 

 

Scheme 1.14 Synthetic strategy for the preparation of chiral -aminobutyric esters via 
asymmetric hydroaminomethylation. 

 

Lin[157] evaluated the electronic and steric effects of Ir(I) complexes containing 

different phosphine type ligands (neutral and ionic, mono- and diphosphines) for the 

hydroamynomethylation of olefins using oct-1-ene as model substrate. He reported the 

Ir(I)/mono-phosphine ligand (1.30) as the best catalyst for the hydroaminomethylation, 

at a temperature of 120 °C and pressure of 40 bar (CO/H2, 5:1) over 7 h. Under these 

reaction conditions, the authors obtained 99% of olefin conversion and 87% selectivity for 

amines (Table 1.3 entry 10). 

Mapolie[158] developed a new Rh(I)/1.31 complex as catalysts for the 

hydroaminomethylation of oct-1-ene and reported their evaluation under several 

conditions. The catalyst showed the best performance at 85 °C, 30 bar (CO/H2, 1:1) for 2 

h. Under these reaction conditions, oct-1-ene was fully converted with 89% selectivity for 

the amine product (Table 1.3, Entry 11). They also reported the influence of the amine 

basicity in the rate of the reaction and concluded that more basic amines lead to faster 

reactions and consequently the yield of the desired N-alkylated amine increased. 

Several developments regarding hydroaminomethylation have been made in the last 

three years mostly Rh and Ir modified catalyst were applied with success for the 
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transformation of several olefins using a wide range of amines. In most cases, high activity 

and selectivity of the catalysts were observed. These publications demonstrate the 

relevance of hidroaminomethylation for the synthesis of new amine bonds starting from 

olefins.  

 

1.3.3 Sequential hydroformylation/acetalization 

 

Another relevant sequential transformation for the preparation of fine chemicals 

based on hydroformylation as central reaction (Scheme 1.7C) is the 

hydroformylation/acetalization, which is also one of the main goals of this thesis. This 

sequential process usually requires an Rh/P catalyst for the hydroformylation step and an 

acid to catalyze the second transformation of aldehydes into the desired acetals (Scheme 

1.15). 

 

 

Scheme 1.15 Preparation of acetals from olefins via hydroformylation/acetalization 

 

Although there are currently no review articles exclusively dedicated to 

hydroformylation/acetalization reaction, this sequential process has been recently 

reviewed in several books and review articles focused on hydroformylation as central 

reaction.[12,35,39,159] Therefore, herein we present a literature revision for the sequential 

hydroformylation/acetalization reactions, published over the last five years and the main 

results are summarized in Table 1.4. 

 

 

 



28 
 

Table 1.4. State of the art for hydroformylation/acetalization reaction. 

Entry 
Catalyst Substrate and Conditionsa 

Conversion 
(selectivity)b[%] 

1 [Rh(CO)2(acac)]/TPPTS 

 
H2SO4 (1M) 

Karakhanov[115] 

Oct-1-ene 
T = 70 °C, P = 40 bar 

(CO/H2), 5 h 

99 (92) 

 

2 
[Rh(CO)2(acac)]/PPh3, 

Amberlyst-16 
Karakhanov [160] 

Oct-1-ene 
T = 80 °C, P = 40 bar 

(CO/H2), 3 h 

99(97) 

 

3 [Rh(CO)2(acac)]/1.32 

 
Liu[161] 

Oct-1-ene 
T = 100 °C, P = 40 bar 

(CO/H2), 3 h 

99(87) 

 

4 [Rh(CO)2acac]/1.33 

 
Liu[162] 

Styrene 

T = 100 °C, P = 40 bar 
(CO/H2), 7 h 
[Bmim]BF4 

99(97) 

 

5 [Rh(CO)2acac]/1.34  

 
Liu[163] 

Oct-1-ene 

T = 100 °C, P = 40 bar 
(CO/H2), 3 h 

97(97) 

 

6 [IrCl3.3H2O]/1.35 

 

Liu[164] 

Hex-1-ene 
T = 110 °C, P = 40 bar 

(CO/H2, 5:1), 8 h 

97(92) 

 

a) Optimized conditions for the selected example, b) Chemoselectivity for acetal products. 
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Table 1.4. State of the art for hydroformylation/acetalization reaction (cont.). 

Entry 
Catalyst Substrate and Conditionsa 

Conversion 
(selectivity)b[%] 

7 

 
Liu[113] 

Oct-1-ene 
T = 120 °C, P = 40 bar 

(CO/H2), 48 h 

99(90) 

 

8 

 
Batista[114] 

Dec-1-ene 
T = 160 °C, P = 100 bar 

(CO/H2,), 24 h 
 

99(52) 

 

a) Optimized conditions for the selected example, b) Chemoselectivity for acetal products. 
 

Karakhanov[115] described the sequential hydroformylation/acetalization of oct-1-ene 

catalyzed by [Rh(CO)2(acac)]/TPPTS (TPPTS = tris(3-sulfonatophenyl)phosphine trisodium 

salt) and H2SO4 (1M) at 70 °C and pressure of 40 bar (CO/H2), using  polyols/water as 

solvent and acetalization reagents. Under these reaction conditions and using ethylene 

glycol as reagent, full substrate conversion of oct-1-ene was achieved with 92% for acetal 

formation. The use of water-soluble TPPTS as ligand facilitates the reutilization of the 

catalyst by the application of a biphasic system, where the catalyst remains in the aqueous 

phase and the products are separated in the organic phase. The Rh/TPPTS system was 

reused over 5 cycles without significant loss of the catalyst activity (Table 1.4, Entry 1). 

Recently, Karakhanov published a follow-up study on the preparation of acetals with 

sequential hydroformylation/acetalization where a series of olefins and polyols were 

tested in this water-soluble catalytic system.[165] Additionally, Karakhanov[160] also 

reported the application of cation-exchange resins (Amberlyst-16, Wofatit KPS 200, 

Nafion) to act as catalysts in the acetalization step. One of the best results described 
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relates to the use of oct-1-ene as substrate, glycerol as alcohol, Rh/PPh3 as 

hydroformylation catalyst, amberlyst-16 as acid catalyst, at 80 °C, and pressure of 40 bar 

(CO/H2). Under these reaction conditions, full substrate conversion and 97% acetal 

selectivity was obtained (Table 1.4, Entry 2). 

Liu[161] developed a series of ionic phosphonium-based aminophosphines which 

encompass bifunctional moieties of a phosphine and a Lewis acidic phosphonium group 

(Scheme 1.16). These molecules were applied as ligands in the Rh-catalyzed 

hydroformylation/acetalization of olefins. When oct-1-ene is the substrate and methanol 

is used as solvent and reagent, at 70 °C and 40 bar CO/H2 pressure, the 

[Rh(CO)2acac)]/1.32 is the best catalyst, giving full conversion and 87% of acetal selectivity 

after 5 h, (Table 1.3, Entry 3). Complex [Rh(CO)2acac)]/1.32 also exhibited good results for 

a wide range of olefins and different alcohols. 

 

 

Scheme 1.16 Bifunctional ligands developed by Liu and coworkers. 

 

Another Liu´s publication[162] reports the synthesis of a novel set of bi-functional 

phosphines containing also a phosphonium group as Lewis acid. The application of 

rhodium complexes of these ligands as catalysts for the hydroformylation/acetalization of 

olefins was accomplished with promising results. The application of [Rh(CO)2acac]/1.33 

catalytic system to a set of olefins resulted in full conversions and generally high selectivity 

to acetals, over 80% in most cases (120 °C, 40 bar (CO/H2), 7 h). Moreover, the 

[Rh(CO)2acac]/1.33 system could be recycled several times using a biphasic system 

composed by [Bmim]BF4 ionic liquid. The ionic nature of the ligand keeps it on the IL phase 

while the products remain in the organic phase, composed by the unreacted substrate 

and the reaction products, aldehydes and acetals (Scheme 1.17). The authors applied this 

biphasic system to the hydroformylation/acetalization of styrene using ethylenoglycol as 
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acetalization reagent, at 100 °C and 40 bar CO/H2 pressure, for 7 h and full conversion 

with 97% selectivity for acetals was reported (Table 1.4, Entry 4). The catalyst was recycled 

for 7 runs with a small activity loss (from 99 to 86%). 

 

 

Scheme 1.17 Biphasic system for the hydroformylation/acetalization of styrene. 

 

In 2017 Liu[163] prepared another set of phosphine-functionalized phosphonium-

based ionic liquids with the same bi-functional features. The use of diphosphonium-based 

ionic liquid as co-solvent enabled the reutilization of the catalyst in the 

hydroformylation/acetalization of olefins. As an example [Rh(CO)2acac]/1.34 was 

evaluated as catalyst in the transformation of oct-1-ene under optimized reaction 

conditions (100 °C, 40 bar CO/H2, 3 h) yielding 97% of olefin conversion and 97% of acetal 

selectivity, (Table 1.4, Entry 5) The catalytic system was recycled up to seven times 

without significant loss of activity and selectivity. 

Liu pursued the studies of sequential hydroformylation/acetalization of olefins by 

developing an IrCl3.3H2O/electron-deficient phosphine complex.[164] The best result was 

achieved with hex-1-ene as substrate, [IrCl3.3H2O]/1.35 as catalyst and methanol as 
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alcohol, at 110 °C and pressure of 40 bar CO/H2 (5:1). After 8 h the authors obtained 97% 

conversion and 92% of acetal selectivity, (Table 1.4, Entry 6). Additionally, the catalyst 

based on the iridium complex of the ionic phosphine 1.36 was recovered using [Bmim]PF6 

and tested in the hydroformylation/acetalization of hex-1-ene, (Scheme 1.18). This 

catalytic system gave promising results and the catalyst was recycled 6 times with a 

constant small decrease in activity after the third cycle to the sixth (from 88 to 77% acetal 

yield). 

 

 

Scheme 1.18 Structure of the ionic phosphine 1.36 and the ionic liquid [Bmim]PF6 

 

Liu also reported a Ru(III)-catalyzed three-step tandem 

hydroformylation/acetalization/hydrogenolysis to produce alcohol derivatives from 

olefins but using aldehydes and acetals as intermediary species (Scheme 1.19).[113] Despite 

the main goal of this study be the preparation of alcohols from olefins, it should be noted 

that, under specific reaction conditions, complex 1.37 is able to selectively prepare 

acetals. Using oct-1-ene as substrate and ethylene glycol as solvent, at 120 °C and 40 bar 

(CO/H2,) pressure, over 48 h, 1.37 was able to convert 99% of the olefin onto 90% 

selectivity for the product acetal, (Table 1.4, Entry 7) 
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Scheme 1.19 Tandem hydroformylation/acetalization/hydrogenolysis to produce alcohol 
derivatives from olefins catalyzed by 1.37 catalyst. 

 

The utilization of a set of Ru-based catalysts in the preparation of acetals from olefins 

was also reported by Batista[114] and mer-[RuCl3(dppb)(4-Phpy)] complex (1.38) revealed 

to be the catalyst with the best performance. As an example, the 

hydroformylation/acetalization of dec-1-ene with methanol, at 160 °C and 100 bar of 

CO/H2, over 24 h, lead to 99% substrate consumption and 52% acetal selectivity (Table 

1.4, Entry 8). 

In recent years, several ligands have been synthesized and applied in metal-catalyzed 

hydroformylation/acetalization reactions. We consider that Liu greatly contributed with 

the development of a set of bifunctional ligands. Phosphines containing also a 

phosphonium group that can act as catalyst in the acetalization step. Usually, the reported 

catalytic systems revealed high activity and selectivity towards the desired acetals. 

Considering the enormous relevance of sequential hydroformylation/acetalization 

reactions, it was also the main goal of the present work the development of 

heterogeneous catalysts for the valorization of olefins. 
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1.4 Main goals 

 

The overall objectives of the studies described in this thesis are focused on the 

development of sustainable catalytic processes, able to promote the direct 

transformation of olefins into added-value products, namely, aldehydes, alcohols and 

acetals. In order to increase the sustainability of the processes, innovative methodologies 

were intended to immobilize homogeneous catalysts on solid supports (MNPs and 

MWCNTs), with the purpose of their recovery and reuse. 

Thus, as specific objectives, it was intended to develop active and selective 

hydroformylation systems using rhodium catalysts, and also to develop sequential 

hydroformylation/reduction and hydroformylation/acetalization processes using Rh/Ru 

and Rh/Fe bimetallic catalysts, respectively, to obtain the corresponding alcohols and 

acetals (Scheme 1.20). 

 

 

Scheme 1.20 Thesis graphical abstract 
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Chapter 2 

 

Dual Catalytic System for Sequential 

Hydroformylation/Hydrogenation of Hindered Olefins 

 

 

2.1 Introduction 

The replacement of conventional processes by more sustainable synthetic 

methodologies, based on the Green Chemistry philosophy, is nowadays a topic of high 

interest. As stated in the introduction, the search for highly active and selective catalysts 

for the development of sequential processes is a relevant strategy to raise the 

sustainability of a synthetic process.[1,2] The application of such sequential catalytic 

synthetic strategies in the valorization of oxo-products obtained through 

hydroformylation of olefins is a pertinent example. In particular, we highlight the direct 

preparation of alcohols through sequential olefin hydroformylation/hydrogenation 

reactions, since this is one of the main goals of the present work. Although there are 

multiple examples of alcohol synthesis through this strategy,[3-7] its application in the 

valorization of multi-substituted olefins has still been a challenge.[8-12] Bearing that in 

mind, and taking into account the high activity and selectivity of Rh/binaphthyl-phosphite 

catalysts in the hydroformylation of aliphatic and aromatic olefins,[13-15] we describe in this 

chapter the development of a bimetallic catalytic system which combines Rh/tris-

binaphthyl-monophosphites (L2.1) with Shvo’s-Ru-complex.[16,17] We intend to perform 

the synthesis of alcohols, starting from a broad range of olefins, including the highly 

substituted 2,3-dimethylbutene, (Scheme 2.1).  
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Scheme 2.1 Strategy for hydroformylation/hydrogenation of hindered olefins with 
[Rh]/Phosphite system and synthesis of racemic BINOL alternative methodologies. 

 

 

2.2 Monophosphite synthesis  

 

Aiming the preparation of racemic bulky tris-helical based BINOL monophosphites the 

studies started with the comparative evaluation of several alternative sustainable 

synthetic processes, based on the oxidative coupling of naphthol, catalyzed by Fe(III),[18-

21] (Scheme 2.2), under microwave irradiation,[22] ultrasounds[23] and conventional 

heating.[24] After optimization, the microwave irradiation revealed to be the best 

approach, yielding full conversion after just 1 min of reaction.  

In a typical experiment, FeCl3.6H2O (27.0 g, 0.10 mol) and 2-naphthol (7.2 g, 0.05 

mmol) were powered, mixed, and introduced in a 10 mL microwave vessel. The mixture 

was subjected to MW irradiation (60 W) for 1 min, at 80 °C. After cooling, full 

transformation into BINOL was observed by TLC, using CH2Cl2 as eluent. The purification 
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was carried out by washing the reaction crude with hot water followed by filtration in 

activated charcoal and recrystallization in toluene. Pure BINOL crystals were obtained in 

92% isolated yield and the data obtained through characterization with 1H, 13C-NMR, and 

2D NMR techniques are in good agreement with the literature.[25,26] 

 

 

Scheme 2.2. Microwave-assisted synthesis of racemic BINOL through oxidative coupling. 
 

Then, we pursued the studies with the preparation of bulky monophosphites for their 

evaluation in the sequential hydroformylation/hydrogenation of hindered olefins. As 

previously described by Catalysis & Fine Chemistry group,[27] the synthetic route requires 

a two-step procedure that includes the monoprotection of BINOL, followed by 

phosphorylation with PCl3 in the presence of a base (Scheme 2.3). 

 

 
Scheme 2.3. Synthetic route for BINOL based monophosphites  

 

The monoprotection of the previously prepared racemic BINOL (2.2) was performed 

using two different approaches: the first one, based on Mitsunobu reaction,[28] consists in 

the mono-etherification of BINOL with the desired alcohol, in the presence of 

triphenylphosphine and diethyl azodicarboxylate (DEAD).[29] (Scheme 2.4, via A) The 

second monoprotection is based on the formation of mono-ester via nucleophilic 

addition/elimination reaction of a sterically hindered acyl halide with the BINOL 

molecule.[30] (Scheme 2.4, via B)  
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Scheme 2.4. Monoprotection of racemic BINOL with benzyl alcohol (via A) and pivaloyl 
chloride (via B). 

 

In a typical procedure, diethyl azodicarboxylate (DEAD) was added dropwise, at 0 °C, 

to a stirring THF solution of benzyl alcohol and azeotropically dried racemic BINOL (2.2). 

Then, the reaction was kept at room temperature, under argon, for 48 h. After work-up, 

the crude was purified by column chromatography on silica gel, using mixtures of CH2Cl2 

and n-hexane as eluents. Recrystallization from toluene/n-hexane yielded pure white 

crystals of 2.3 in 89% isolated yield (Scheme 2.4, via A). Then, to compare the effect of the 

R- group in the rhodium/binaphthyl monophosphite in the sequential catalytic 

hydroformylation/hydrogenation reactions the studies pursued with the monoprotection 

of BINOL (2.2) using a bulky pivaloyl ester group (Scheme 2.4, via B). Thus, in a standard 

procedure, BINOL (2.2), 4-dimethylaminopyridine (DMAP), and triethylamine were 

dissolved in dry THF. The mixture was cooled to 0 °C, and a solution of pivaloyl chloride 

was added dropwise. The reaction mixture was then left at room temperature for 30 h. 

After nearly complete disappearance of the starting material (observed by TLC), the 

reaction was quenched with distilled water and, after work-up, the crude product was 

purified by column chromatography on silica gel, using dichloromethane/n-hexane as 

eluent, providing 2’-(pivaloyloxy)-1,1’-binaphthyl-2-ol (2.4) in 90% isolated yield, as 

confirmed by NMR, see Chapter 5. Finally, aiming the preparation of binaphthyl-based 

monophosphite ligands to apply in the hydroformylation/hydrogenation of olefins, we 

proceeded with the phosphorylation of each of the previously synthesized 

monoprotected BINOL derivatives 2.3 and 2.4 (Scheme 2.5). 
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Scheme 2.5. Phosphorylation of 2.3 and 2.4 for the preparation of L2.1 and L2.2 

phosphites. 

 

The preparation of the monophosphite ligand L2.1 and L2.2 was performed according 

to conventional procedures described for the synthesis of tris-arylphosphites.[27,31] In a 

typical experiment, a dried Schlenk flask was charged with azeotropically dried 2.3 or 2.4, 

dissolved in dry trimethylamine, under nitrogen atmosphere. The solution was cooled to 

0 °C, and freshly distilled PCl3 was slowly added, under magnetic stirring. The reaction 

progress was followed by TLC and 31P-NMR. After stirring for 3 to 5 h, the solvent was 

evaporated under reduced pressure. Then, the residue was purified by a silica gel column 

chromatography, using dichloromethane/n-hexane (1:1) as eluent, and further 

recrystallized in diethyl ether/n-hexane, always under nitrogen atmosphere. The final 

products tris[2'-(benzyloxy)-1,1'-binaphthyl-2-yl]phosphite L2.1 and tris[2’-(pivaloyloxy)-

1,1’-binaphthyl-2-yl]phosphite, L2.2, were obtained as white solids in 73% and 70% 

isolated yield, respectively. The products were characterized through 1H, 13C, and 31P-NMR 

spectroscopy and HRMS and all the data are presented in Chapter 5. Further, the 31P-NMR 

tris[2'-(benzyloxy)-1,1'-binaphthyl-2-yl]phosphite L2.1 is in good agreement with 

literature.[27] As example, the 31P-NMR of the new tris[2’-(pivaloyloxy)-1,1’-binaphthyl-2-

yl]phosphite, L2.2 present a single signal at  = 133.57 ppm (Figure 2.1) which corroborate 

its high phosphorus purity. 
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Figure 2.1 31P-NMR (162 MHz) spectrum of L2.2 in CDCl3. 

 

The evaluation of Rh/L2.1 and Rh/L2.2 in the preparation of alcohols via sequential 

hydroformylation/hydrogenation reaction is described in the next section, the results 

were published in chemsuschem journal.[32]  

 

2.3 Sequential hydroformylation/hydrogenation of olefins to alcohols 

2.3.1 Catalytic system optimization 

 

Pursuing the main goal of this thesis in developing catalytic systems for the 

sustainable valorization of highly hindered olefins, we pursued our studies with the 

optimization of sequential hydroformylation/hydrogenation reactions. From the several 

reports in this field (see Chapter 1), so far, the hydroformylation of hindered olefins 

remains a challenge. To overcome this issue, we hypothesized that the use of highly active 

and selective Rh/bulky monophosphite catalysts in the hydroformylation step could 

provide a promising catalytic system for implementation of the designed sequential 

processes. In this chapter, we describe the combination of Rh/tris-binaphthyl-based 

helical monophosphites (L2.1-L2.3) with Ru-Shvo’s-complex,[16,17] aiming the one-pot 
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transformation of highly substituted olefins into alcohols with one additional carbon 

atom. L2.3 was kindly provided by Dr. Rui Carrilho from the Catalysis & Fine Chemistry 

Laboratory of Coimbra Chemistry Centre-University of Coimbra.  

Initially, we started with the optimization of the sequential process using 2,3-

dimethylbut-2-ene 2.5 as selected substrate. In general, optimization reactions were 

started at a temperature of 120 °C under 12 bar CO and 25 bar H2 pressure along 20 h, in 

the presence of 0.077 mol% of [Rh(CO)2acac] and 0.154 mol% of the selected ligand L2.1-

L2.3. Then, in selected experiments and to speed up the hydrogenation step, 0.038 mol% 

of the Shvo’s-complex was added. These studies started with the evaluation of the effect 

of ligand structure on the activity and selectivity of the catalytic system. Therefore, the 

hydroformylation reactions were carried out using [Rh(CO)2acac] as catalyst precursor in 

presence of structurally different tris-binaphthyl-based helical monophosphites L2.1-L2.3 

and previously described diphosphine Xantphos.[8,33] The results are summarized in Table 

2.1. 

In a blank experiment, the hydroformylation reaction of 2,3-dimethylbut-2-ene 2.5 

was carried out in the absence of any phosphorus ligand and 61% of conversion with 49% 

of aldehyde 2.7 and only 3% of the desired alcohol 2.6 were obtained (Table 2.1, Entry 1). 

Then, we performed another experiment, under the same reaction conditions, but using 

Xantphos as phosphorus ligand and a similar conversion and aldehyde selectivity were 

obtained (60%; 48% respectively), but with 10% of hydrogenated product 2.8 and only 2% 

of the desired alcohol 2.6 (Table 2.1, Entry 2). Since the use of bulky phosphite π–acceptor 

Rh/ligands is known to significantly increase the activity and selectivity for aldehydes of 

hydroformylation reactions, we hypothesized that the results of the Rh/Xantphos catalytic 

system may be improved if the Rh catalytic hydroformylation was performed in the 

presence of bulky tris-binaphthyl monophosphites L2.1-L2.3. As expected, under these 

reaction conditions, the Rh/tris-binaphthyl monophosphites L2.1-L2.3 gave higher 

conversions and selectivity for aldehydes (84%, 62%, and 82%, respectively) being the 

formation of the desired alcohol still negligible (<5%; Table 2.1, Entries 3-5).  
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Table 2.1. Hydroformylation/hydrogenation of 2,3-dimethylbut-2-ene: Catalytic system 
evaluation.a 

 

Entry Ligand Catalyst Conv. (%)b 
Yield (%)b 

2.6 2.7 2.8 

1 - [Rh(CO)2acac] 61 3 49 9 

2 Xantphos [Rh(CO)2acac] 60 2 48 10 

3 L2.1 [Rh(CO)2acac] 84 4 77 3 

4 L2.2 [Rh(CO)2acac] 62 5 56 1 

5 L2.3 [Rh(CO)2acac] 82 4 75 3 

6 L2.1 [Rh(CO)2acac] + 
Shvo’s catalyst 

88 46 40 2 

7 - [Rh(CO)2acac] + 
Shvo’s catalyst 

65 42 14 9 

8 - Shvo’s catalyst 29 11 6 12 

9 L2.1 - 0 - - - 

10 - - 0 - - - 

a) Reaction conditions: 2,3-dimethylbut-2-ene 2.5 (10.0 mmol), [Rh(CO)2acac] (7.7 μmol), L 
(15.4 μmol) (Rh/L = 1:2), Shvo’s-complex (3.8 μmol), solvent: 30 mL of toluene, CO (12 bar) and 
H2 (25 bar) at 120 °C for 20 h. b) Determined by GC, using isooctane as external standard. 
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Then, to assess the catalytic activity of each system, we registered the gas 

consumption overtime for these experiments, along 20 h. As can be observed in Figure 

2.2, the system Rh/L2.1 presented a higher gas consumption rate when compared with 

L2.2 and L2.3. This result corroborates the different conversion values obtained for the 

same reaction time. The lower activity observed for the catalytic system Rh/L2.2 may be 

attributed to the low Rh/L ratio (1:2) and the lack of incubation period before the addition 

of substrate. Additionally, the bulkiness of L2.2 may difficult the formation of the Rh/L2.2 

complex. 
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Figure 2.2 Gas consumption (bar) over time for the experiments whose results are 
presented in Table 2.1 (Entries 3-5) (Rh/L = 1:2). 

 

Finally, aiming to improve the final hydrogenation step of the aldehyde onto the 

desired alcohol, Shvo’s-Ru-complex[17] (Ru/S = 1300), was added to the Rh/L2.1 system 

(Table 2.1, Entry 6). The application of this dual Rh-Ru catalytic system, for the same 

reaction time, considerably improved the alcohol selectivity (46%) and did not reduce the 

overall activity (Table 2.1, Entries 3 and 6). However, performing the reaction without L2.1 

(Table 2.1, Entry 7) or without the Rh/L2.1 combination (Table 2.1, Entry 8) the conversion 

was significantly lower (65% and 29%). Additionally, we also performed one blank 

experiment in the exclusive presence of the Shvo´s-complex and 11% of alcohol 2.6 and 
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12% of undesired alkane 2.8 was obtained (Table 2.3, Entry 8). As expected, experiments 

performed in the absence of any catalyst in the presence or absence of L1 did not give any 

conversion (Table 2.1, Entries 9 and 10). In sum, the best results of this optimization 

process, for the one-pot transform of 2.5 into the desired alcohol 2.6 was achieved with 

Rh/L2.1 combined with Shvo’s-Ru-complex. 

Then, to improve the results of this Rh/L2.1-Ru-Shvo’s-complex, we evaluated the 

effect of reaction conditions (CO/H2 total pressure, H2 partial pressure, temperature and 

substrate concentration) in more detail, and the results are presented in Table 2.2. First, 

we reduced the hydrogen content of syngas mixture to 1:1 CO/H2, with 20 bar total 

pressure: under these reaction conditions, 71% conversion, 38% of aldehyde 2.7 and only 

28% of the desired alcohol 2.6 were obtained (Table 2.2, Entry 1). This result clearly 

demonstrates the beneficial effect of the low CO/H2 ratio. Therefore, we evaluated the 

effect of increasing H2 partial pressure to 20, 30 and 50 bar, while keeping CO pressure 

constant at 10 bar. We further observed, not only an improvement in reaction conversions 

(75, 81 and 97%, respectively), but also a significant increase in reaction yields for the 

formation of desired alcohol 2.6 (44, 77 and 91%, respectively; Table 2.2, Entries 2-4). 

Since it is well-known that the activity of Shvo’s complex is temperature-sensitive,[8,17] we 

decided to evaluate the activity and selectivity of the bimetallic Rh-Ru system under 

milder reaction conditions (80 °C and 100 °C). The total conversion was significantly lower 

(10% and 24%) and almost only the presence of aldehyde 2.7 was observed (Table 2.2, 

Entries 5 and 6), which indicates that temperatures above 100 °C are required for 

activation of Shvo’s-Ru catalyst. 

Finally, aiming to develop sustainable systems involving low solvent consumption, we 

also evaluated the effect of reaction concentration by reducing the amount of solvent 

used, from 30 mL to 20 mL and 5 mL, and the results are presented in Table 2.2 (Entries 7 

and 8). From the critical analysis of these experiments, we can conclude that neither the 

activity nor the selectivity for the desired alcohol 2.6 were significantly affected upon the 

increase of concentration. These results demonstrate the potential viability of this 

catalytic system for industrial transposition under sustainable reaction conditions. 
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Table 2.2 Rhodium/phosphite/ruthenium-catalyzed hydroformylation/hydrogenation of 
2,3-dimethylbut-2-ene: Optimization of reaction conditions.a 

 

Entry pH2 (bar) pCO (bar) T (°C) VSol. (mL) Conv. (%)b 

Yield (%)b 

2.6 2.7 2.8 

1 10 10 120 30 71 28 38 4 

2 20 10 120 30 75 44 31 0 

3 30 10 120 30 81 77 0 4 

4 50 10 120 30 97 91 0 6 

5 30 10 80 30 10 0 9 1 

6 30 10 100 30 24 0 24 0 

7 30 10 120 20 93 90 0 3 

8 30 10 120 5 90 88 0 2 

a) Reaction conditions: 2,3-dimethylbut-2-ene 1 (10.0 mmol), [Rh(CO)2acac] (7.7 μmol), L2.1 (15.4 
μmol), Shvo’s-complex (3.8 μmol), solvent: toluene, 20 h. b) Determined by GC, using isooctane 
as external standard. 

 

To give an insight about the mechanism of this sequential process and the possible 

involved intermediates, the reaction progress was measured by taking aliquots, at regular 

intervals, from the mixture along 24 h. The product yield and remaining substrate 

conversion curves are plotted in Figure 2.3. From its analysis, we can observe that the 

isomerized terminal olefin 2.9 (see Scheme 2.6) was not detected. Hence, we conclude 

that the constant rate k2 (hydroformylation of 2.9) is higher than k1 (isomerization of 2.5). 

We can also observe that the aldehyde hydrogenation rate (k3) is almost constant along 

all the processes, independently of the amount of aldehyde present. 
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Scheme 2.6 Proposed route for the conversion of olefin to desired alcohol. 
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Figure 2.3 Reaction progress of hydroformylation/hydrogenation of 2,3-dimethylbut-2-
ene 2.5: Substrate and product yield vs. time. Reaction conditions: 2.5 (40.0 mmol), 
[Rh(CO)2acac] (30.8 μmol), L2.1 (61.6 μmol), Shvo’s-complex (15.2 μmol), toluene (20 mL), 
with 40 bar constant pressure (pCO = 10 bar, pH2 = 30 bar), T = 120 °C. Yield determined by 
GC analysis, using isooctane as external standard. 
 

2.3.2 Reaction Scope 

 

Aiming the transposition of this sequential hydroformylation/hydrogenation catalytic 

process for industrial applications, the studies pursued with its evaluation to the 

valorization of a broad range of olefins and the results are presented in Table 2.3. Firstly, 
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we extended the catalytic process to other aliphatic di- and tri-substituted alkenes (2.10-

2.13; Table 2.3, Entries 1-4). When a mixture of 1, 2 and 3 octene(s) 2.10 were submitted 

to the above optimized Rh-hydroformylation Ru-hydrogenation conditions, full 

conversion, chemoselectivity of 51% and 37% yield for the linear alcohol 2.10a, was 

obtained. The high amount of alkanes obtained with under these reaction conditions 

(48%) can be attributed to low chemoselectivity offered by Shvo’s hydrogenation catalyst 

for these internal linear olefins (Table 2.3, Entry 1). Next, we performed similar reactions 

but using the branched 3-ethylbut-2-ene (2.11) as substrate and similar results were 

obtained, except a slightly higher formation of the linear alcohol 2.11a, in 45% yield (Table 

2.3, Entry 2). Then, due to the high industrial interest in the valorization of isomeric 

mixtures, obtained from oil refineries, this catalytic hydroformylation/hydrogenation 

system was further evaluated in the mixtures of diisobutylenes (2.12) and quite high 

chemoselectivity (95%) with 99% regioselectivity for the linear alcohol 2.12a (Table 2.3, 

Entry 3) was obtained. Finally, when dibutene mixture 2.13 (bearing internal olefins) was 

used as substrate, 68% of terminal alcohols 2.13a were obtained, but almost without 

olefin reduction (3%). These results point out the lower activity of Ru-Shvo’s catalysts for 

the hydrogenation of internal olefins. 

Next, internal and terminal mono- and di-substituted aromatic olefins (2.14-2.16) 

were also successfully transformed into the desired alcohols. In this case, selectivity for 

the terminal alcohol is strongly dependent from olefin structure (Table 2.3, Entries 5-7). 

The terminal di-substituted alkene 2.14 was converted to the linear alcohol 2.14a in 94% 

yield, almost without formation of the alkane reduction product (5%) (Table 2.3, Entry 5). 

However, in the case of trans-1,2-disubstituted (E)-prop-1-en-1-ylbenzene 2.15, the 

branched alcohol 2.15b was obtained as the major product (73% yield) again without 

formation of alkane. (Table 2.3, Entry 6). This result may be attributed to lower olefin 

isomerization due to the thermodynamic stabilization of the intermediate rhodium-benzyl 

complex. Additionally, we also used the internal di-substituted aromatic olefin 2.16 as 

substrate and, as expected, the desired alcohol 2.16a was obtained with 88% yield (Table 

2.5, Entry 7).  

 

 



60 
 

Table 2.3 Scope of rhodium–phosphite/ruthenium catalyzed 
hydroformylation/hydrogenation of olefins.a 

 

Entry Substrate Major product 
Yield (%) 

Major Product  
[n/i] 

Yield (%) 
Alkanes c  

1 

 
 

37 [71/29] 48 

2 

  

45 [87/13] 48 

3 

 
 

95 [99/1] 5 

4 Dibutene mixtureb 

2.13 

C9-n-alcoholsc 

2.13a 

68 [70/30] 3 

5 

  

94 [99/1] 5 

6 

  

73 [25/75] 2 

7 

  

88 10 

a) Reaction conditions: alkene (4.0 mmol), [Rh(CO)2acac] (3.1 μmol), L2.1 (6.2 μmol), Shvo’s-
complex (1.5 μmol),CO (10 bar), H2 (30 bar), solvent: toluene (2 mL), 20 h at 120 °C. Conversions 
were in all cases 98%. Determined by GC-MS. b) Mixture of C8-alkene which mainly consist of 4-
methylhept-2-ene (75%), 3,4-dimethylhex-2-ene (15%), oct-2-ene (9%). c) Corresponding C9-n-
alcohols of dibutene mixture (2.13). 
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Then, the substrate scope was extended to naturally occurring di- and tri-substituted 

olefins 2.17-2.19 that are of great interest in the valorization of renewable feedstock, Table 

2.6. In all cases, conversions were above 99%, where we highlight the 

hydroformylation/hydrogenation of the internal double bonds of methyl oleate 2.17, which 

led to the formation of branched oxo alcohols with 2.17b as the major product in 84% NMR 

yield, (Table 2.4, Entry 1). It should be noted that this compound is of great relevance for 

industrial application.[34,35] This observation is in agreement with previous results where 

Rh/bulky phosphite catalytic hydroformylation of methyl oleate 2.17 also gave high 

regioselectivity for this aldehyde.[36] Moreover, the tri-substituted terpenic olefin citronellol 

2.18 was also used as substrate and 80% chemoselective for alcohols with 51% 

regioselectivity for the linear diol 2.18a was obtained. Once again, partial hydrogenation of 

the olefin was observed (19%, Table 2.4, Entry 2). Finally, as a selected example of a 

bioactive steroid derivative, the reaction was extended to stigmasterol 2.19, leading to the 

preferential formation of terminal alcohols with 61% chemoselectivity and 43% yield of the 

terminal linear alcohol, 2.19a (Table 2.4, Entry 3) 
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Table 2.4 Rhodium-phosphite/ruthenium catalyzed hydroformylation/hydrogenation of 
industrial/biological relevant substrates.a 

 

Entry Substrate Major product 
Yield (%) 

Major Product  
[n/i] 

Yield (%) 
Alkanes c  

1 
Methyl oleate 

2.17  
 

84 

[7/93] 
9 

2 
Citronellol 

2.18  

51 

[65/35] 
19 

3b 
Stigmasterol 

2.19 

 

43 

[70/30] 
38 

 

a) Reaction conditions: alkene (10.0 mmol), [Rh(CO)2acac] (7.7 μmol), L2.1 (15.4 μmol), Shvo’s-

complex (3.8 μmol), CO (10 bar), H2 (30 bar), solvent: toluene (5 mL), 20 h at 120 °C. Conversions 

were in all cases 99%. Determined by GC-MS. b) Reaction conditions: steroid (0.48 mmol), 

[Rh(CO)2acac] (9.8 μmol), L2.1 (19.6 μmol), Shvo’s-complex (4.9 μmol), p(CO) = 10 bar, p(H2) = 30 

bar, solvent: toluene (3 mL), 48 h at 120 °C. Conversion determined by NMR analysis of the 

reaction crude. Conversions were, in all cases, 99%. 

 

Non-available compounds to be used as GC standard have been isolated through silica 

gel column chromatography and characterized with 1H, 13C-NMR, and mass spectrometry 

and their data is described in Chapter 5. As a selected example, the 1H and 13C-NMR 

spectra of compound 2.14a are presented and discussed in Figures 2.4 and 2.5, 

respectively. 

The 1H-NMR spectrum of 2.14a shows signals in the typical aromatic region from 

 = 7.24 to  = 7.36 ppm, assigned to the H2’ to H6’ protons of the aromatic ring. Next, at 

 = 3.55 - 3.60 ppm, we can observe a multiplet assigned to the H1 protons, that are under 
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the influence of the hydroxyl group. The multiplet signal at  = 2.90 - 2.95 ppm was 

assigned to the H3 proton, and the quartet at  =  1.89 ppm (J = 6.9 Hz) was attributed to 

the H2 protons. Finally, the doublet signal at  = 1.32 ppm (J = 7.0 Hz) was assigned to the 

three H4 protons of methyl group. A similar analysis can be performed in the 2.14a 13C-

NMR spectrum. The highly shifted signal at  = 147.0 ppm was assigned to the substituted 

carbon C1’ of the aromatic ring, the remaining signals in the aromatic region ( = 126.2, 

127.0, and 128.6 ppm) were assigned to the C2’ - C6’ carbons. Next, the  = 61.2 ppm signal 

was assigned to the C1 carbon, functionalized with the hydroxyl group. Then the signals at 

 = 41.0 and 36.5 ppm were assigned to the C3 and C2 carbons, respectively. Finally, the 

less shifted signal at  = 22.5 ppm was assigned to the C4 carbon from the methyl group.  

 

 

Figure 2.4 1H-NMR (400 MHz) spectrum of the compound 2.14a in CDCl3. 
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Figure 2.5 13C-NMR (100 MHz)  spectrum of the compound 2.14a in CDCl3. 
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2.4 Conclusion 

 

In this chapter we described the optimization of an active and selective dual catalytic 

system to promote tandem hydroformylation/hydrogenation reactions by combination of 

Rh/bulky monophosphite hydroformylation catalysts with Ru-Shvo’s-hydrogenation 

catalyst. When compared with previously known catalysts, we can conclude that the dual 

system developed herein has the great advantage of being able to promote sequential 

hydroformylation/hydrogenation of terminal and also of less reactive internal C-C double 

bonds. In all cases, good substrate conversions were obtained, but in the less substituted 

olefins the hydrogenation of C-C double bond as side reaction led to the formation of 

alkane products. After optimization of reaction parameters and kinetics studies, we 

concluded that the partial pressure of H2 is crucial to obtain the desired alcohols (PH2 = 30 

bar, PCO = 10 bar) and Rh/L/Ru/S (1:2:1:1300) at 120 °C are the best reaction conditions to 

sequentially transform highlysubstituted olefins onto the desired alcohols. This catalytic 

system was also evaluated in other potential biologically active substrates like methyl 

oleate, citronellol and stigmasterol and reasonable to good yields have been obtained. 

Therefore, we can conclude that this new dual Rh/bulky monophosphites with Ru-based 

Shvo’s complex is active to promote tandem hydroformylation/hydrogenation catalytic 

reactions, being particularly useful for functionalization of highly substituted alkenes. The 

results presented here pave the way for more efficient preparation of value-added oxo 

alcohols from inexpensive industrial feedstock (dibutene mixture, diisobutylene) and 

renewable materials (methyl oleate, citrollenol).  

In sum, these alternative dual Rh/Ru catalytic system allowed the one-pot 

transformation of a family of olefins (alkyl, aryl, internal and terminal double bonds) into 

the corresponding alcohols in good yields.  
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Chapter 3 

 

Immobilization of Rh/Phosphine catalyst onto nanomaterials  

 

 

3.1 Introduction 

The use of homogeneous catalysts is well established and developed side-by-side with 

the design of ligands and their metal complexes.[1-4] Homogeneous catalysts exhibit some 

important aspects that make their use very convenient, their well defined molecular 

structure and the direct fine-tuning of their structure lead to significant improvements in 

activity and selectivity outcomes.[5] However, concerns about the sustainability in 

industrial chemical processes, namely catalyst handling, separation and recycling, which 

often result in undesired products and environment transition metal contaminations, led 

researchers to develop innovative phosphorus ligand-based hybrid materials to support 

them. Among the several supports that can be used for the heterogenization of 

homogeneous catalysts,[6-9] we highlight the use of carbon-based nanomaterials,[10-12] and 

magnetic nanoparticles,[13-16] due to their simplicity in functionalization and potential 

reusability. The most relevant industrial application of a homogeneous catalyst is still the 

rhodium/phosphorus catalyzed hydroformylation reaction.[2,4,17-19] However, the 

imperative need to find methods for rhodium recovery due to its price led scientists to 

direct their efforts towards the search for immobilized rhodium catalysts. In this context, 

we can find some approaches to promote the immobilization of Rh/phosphorus ligands 

onto solid supports for hydroformylation in the literature.[20-22] Nevertheless, in our 

perspective, the best strategy to ensure the preparation of immobilized catalysts is the 
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use of a covalent binding methodology which is known to avoid metal leaching. Some of 

the best results achieved so far arise from the parallel development of synthetic strategies 

for carbon nanomaterials[10-12,23,24] and magnetic nanoparticles functionalization,[7,13,25-28] 

with the appropriate phosphine derivatization.[20,29-31] Still, we consider that the 

development of more sustainable approaches for the synthesis of hybrid phosphorus-

based nanomaterials remains a great challenge. To that respect, and to the best of our 

knowledge, the use of the high atom economy hydroaminomethylation reaction[32,33] to 

covalently link vinyl-triphenylphosphine onto carbon nanotubes and silica-coated iron 

oxide magnetic nanoparticles has never been reported (Scheme 3.1). We consider that 

this efficient sequential strategy may pave the way for the preparation of formyl 

substituted ligands, through hydroformylation reaction, allowing the straightforward in 

situ preparation of hybrid materials. 

 

 

Scheme 3.1 Synthesis of immobilized P-ligands through hydroaminomethylation strategy.  

 

In this chapter, we describe our studies regarding the synthesis and functionalization 

of multiwalled carbon nanotubes (MWCNT) and iron magnetic nanoparticles (MNP). The 

amine-functionalized nanomaterials were further used as supports for the immobilization 

of a triphenylphosphine vinyl derivative through hydroaminomethylation, followed by 

[Rh(CO)2(acac)] complexation. The catalytic activity and reutilization stability of both 

hybrid nanomaterials were evaluated in the hydroformylation of styrene. We also 

describe the full characterization of the new phosphorus/carbon nanotubes and magnetic 

nanoparticles materials by standard techniques (XPS, IR, TEM, TG, ICP-OES). 
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3.2 Nanomaterials functionalization 

 

Pursuing our main goal regarding the synthesis and evaluation of the potential best 

support for the immobilization of Rh(I)/Phosphine type catalysts, the studies were 

initiated with the synthesis and functionalization of multiwalled carbon nanotubes 

(MWCNT) and iron magnetic nanoparticles (MNP). 

3.2.1 MWCNT@NH2 synthesis 

 

The synthesis of MWCNT@NH2 was performed in two steps (Scheme 3.2), following 

the procedures adapted from the literature.[23,34,35] 

 

 

Scheme 3.2 Synthetic route for MWCNT@NH2. 

 

The commercially available oxidized multiwalled carbon nanotubes containing 

carboxylic groups (MWCNT@COOH) with 3.86 COOH Wt%, an average diameter of 8 nm, 

length of 10-30 mm, and purity higher than 98% were purchased from NANOCYL (NC3101 

series). An amount of MWCNT@COOH (1.2 g) was transformed into the corresponding 

acyl chloride derivative by treatment with an excess of thionyl chloride at 70 °C, for 24 h, 

under nitrogen atmosphere. The resulting solid MWCNT@COCl was carefully washed with 

dry THF (1 L), until neutral pH was obtained, and dried under vacuum for 12 h. Then, the 

obtained solid was dispersed in excess of freshly distilled ethylenediamine and kept at 100 

°C for 48 h. The obtained aminated material MWCNT@NH2 was then carefully washed 

with ethanol (750 mL) and THF (250 mL) and finally dried under vacuum. All functionalized 

carbon materials were characterized by X-ray photoelectron spectroscopy (XPS), and the 

results are presented in Table 3.1. 
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Table 3.1 XPS analysis of the carbon nanotube materials 

Sample 
  XPS At(%) 

C1s N1s O1s Cl2p(a) P2p Rh 

MWCNT@COOH 95.45 0.19 4.38 - - - 

MWCNT@COCl 93.61 0.18 5.49 0.72 - - 

MWCNT@NH2 95.0 2.0 3.0 - - - 

(a)2p1; 2p3  

 

The commercial MWCNT@COOH analysis shows the expected atomic percentage of 

oxygen (4.38 At%) and the XPS of MWCNT@COCl material indicates the presence of 0.72 

At% of atomic chlorine. The MWCNT@NH2 sample revealed the presence of 95.0 At(%) of 

carbon, 2.0 At(%) of nitrogen, and 3.0 At(%) of oxygen, which is indicative of the presence 

of 0.82 mmol of NH2 groups per gram of functionalized material. To calculate the molar 

amount of NH2 groups, we considered the atomic contribution of each one of the atomic 

components of the sample and converted the At% to the molar amount per gram of 

material. 

 

3.2.2 MNP@NH2 synthesis 

 

Following your studies on the nanomaterials functionalization, MNP@NH2 was 

obtained through the preparation of magnetite followed by their coating with silica and 

further amine functionalization (Scheme 3.3), following the methods reported 

earlier.[36,37] 

 

 

Scheme 3.3 Synthetic route for the synthesis of functionalized iron core-shell magnetic 
nanoparticles MNP@NH2. 
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The magnetic cores were obtained by co-precipitation of Fe2+/Fe3+ ions under alkaline 

reaction conditions, followed by stabilization with oleic acid. So, a mixture of an aqueous 

solution of FeCl3 and an HCl solution of FeCl2 was added to aqueous NH3 (1 M) and stirred 

for 30 min. This dispersion was then washed with acetone and re-dissolved in distilled 

water. Oleic acid dissolved in acetone was then, added dropwise to this dispersion, under 

vigorous mechanical stirring along 30 min. The obtained stabilized MNP were 

magnetically recovered and dispersed in cyclohexane. To remove the non-stabilized 

particles, the final solution was centrifuged. Finally, a stock solution containing 72 mg of 

MNP/mL of cyclohexane was obtained. 

To attain a uniform silica coating on the iron oxide surfaces, the previously obtained 

MNP were reacted with tetraethyl orthosilicate (TEOS) under alkaline reaction conditions, 

after which the obtained precipitate was washed, dried and calcined at 500 °C for 2 h. This 

process is called reverse microemulsion method and is depicted in scheme 3.4.[38]  

 

 

Scheme 3.4 Reverse microemulsion method for the preparation of MNP@SIO2. 

 

First, surfactant Igepal CO-520 was dispersed in cyclohexane to prepare the 

microemulsion A, then, the previously prepared MNPs stabilized with oleic acid were 

added to the dispersion, promoting ligand exchange between the oleic acid and the Igepal 



74 
 

CO-520, B. After this, an aqueous solution of ammonium hydroxide (29% V/V) was added 

to the microemulsion, filling the interior of the remaining micelles, C. Then, tetraethyl 

orthosilicate (TEOS), was slowly added dropwise and the reaction occurred along 16 h 

under slow mechanical stirring (300 rpm). In this step, the hydrolysis of TEOS occurs in the 

oil/water interface promoting the ligand exchange in the MNP and their transfer to the 

water phase, D. The growth of the silica coating around the MNP occurs through a 

condensation reaction of the hydrolyzed TEOS, E. After stirring (300 rpm) for 16 h at room 

temperature, the obtained nanoparticles were precipitated with methanol, recovered by 

centrifugation (7000 rpm, 30 min) and washed with ethanol (three times) Finally, the 

desired solid material was dried for 24 h, at room temperature, and calcined at 500 °C for 

2 h, F. Silica coated nanoparticles (MNP@SiO2) were obtained and analyzed by 

transmission electron microscopy (TEM) Figure 3.1B. 

TEM analysis shows the formation of small magnetite nanoparticles (≈ 5.5 nm, Figure 

3.1A, with corresponding size distribution histogram depicted in Figure 3.1C). Subsequent 

coating with silica afforded MNP@SiO2magnetic nanoparticles, with sizes of ≈ 44.5 nm 

(Figure 3.1B, with size distribution presented in Figure 3.1D).  

 

 

  

Figure 3.1 TEM images: A) Fe3O4 (≈ 5.5 nm), B) MNP@SiO2 (≈ 44.5 nm) and 
corresponding size distribution histograms, C and D, respectively)  
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The amino-functionalized material was then prepared by reaction of MNP@SiO2 with 

3-aminopropyltriethoxysilane (APTES), in dry toluene, for 2 h; after this period, the 

particles were washed, centrifuged and dried, providing the desired aminopropyl 

magnetic nanoparticles MNP@NH2. The characterization of the material MNP@NH2 was 

performed by comparison of the FTIR spectra with the initial MNP@SiO2 and TG analysis. 

The FTIR spectrum of MNP@SiO2 (Figure 3.2) shows a narrow band at 3740 cm-1 attributed 

to the presence of -OH silanol groups on the particle surface. The FTIR spectrum of the 

MNP@NH2 material displays the -OH silanol peak previously observed (3740 cm-1) and 

additional bands at 3371; 3309 and 1597 cm-1 (attributed to antisymmetric, symmetric 

elongation, and deformation of the NH2 group, respectively); 2931-2865 and 1450 cm-1 

(elongation and deformation of the CH2 group, respectively) and 1410 cm-1 (characteristic 

of the deformation of the Si-CH2 bond).[28,39] 
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Figure 3.2 FTIR spectral regions of interest of SiO2@MNP and MNP@NH2. 

 

In addition, MNP@NH2 was analyzed by thermogravimetry, and a mass loss of 3.8% 

in the temperature range 200 °C - 600 °C was observed, which indicates that the material 

contains 0.65 mmol of propylamine groups/g of MNP@NH2 material (Figure 3.3). The 

observed mass loss below 200 °C is attributed to the desorption of water and residual 

organic solvents.  
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Figure 3.3 TG curve of the MNP@NH2 sample. 

 

3.3 Hybrid nanocatalyst synthesis 

 

The amine-functionalized nanomaterials were used as support for the immobilization 

of triphenylphosphine vinyl derivative through hydroaminomethylation followed by 

[Rh(CO)2(acac)] complexation.  

 

MWCNT@PPh3 and MNP@PPh3synthesis 

 

The synthesis of hybrid phosphine-functionalized nanomaterials (MWCNT@PPh3 and 

MNP@PPh3) was performed via hydroaminomethylation reaction. First, we evaluated the 

hydroformylation of the 4-(diphenylphosphino)styrene using [Rh(CO)2(acac)] as catalyst 

precursor under 65 °C and 30 bar of syngas for 20 h and full conversion was obtained, with 

95% selectivity for the branched isomer 3.2 (Scheme 3.5). 

 

 

Scheme 3.5 Hidroformylation of 3.1. 
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This experiment’s reaction crude was analyzed by NMR spectroscopy (Figure 3.4-3.6). 

1H-NMR spectrum, (Figure 3.4) presents signals at d = 9.7 ppm, assigned to the formyl 

proton (H1), in the range from d = 7.61 to 7.10 ppm, attributed to the aromatic protons, a 

multiplet signal at d = 3.58 to 3.53, which was assigned to the H2 proton, and a doublet at 

d = 1.37 ppm to the H3 protons. The 13C-NMR spectrum (Figure 3.5), corroborates this 

assignment, following the same pattern, d = 200.9 ppm the aldehyde carbon (C1), from d 

= 138.4 to 128.5 ppm the signals from aromatic carbons, the d = 52.9 and 14.6 ppm signal 

were attributed to the C2 and C3 carbons, respectively. 

 

 

Figure 3.4 1H-NMR (400 MHz) spectrum of the 3.1 hydroformylation crude in CDCl3. 
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Figure 3.5 13C-NMR (100 MHz) spectrum of the 3.1 hydroformylation crude in CDCl3. 

 

 

Figure 3.6 31P-NMR (162 MHz) spectrum of the 3.1 hydroformylation crude in CDCl3 

using phosphoric acid as reference. 
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Additionally, the 31P-NMR spectrum, presented in Figure 3.6, shows 2 signals, one at 

d = 6.0 ppm, attributed to the compound 3.2 and another at d = 28.7 ppm attributed to 

the product of the oxidation of 3.2.[40] 

With this information, we proceeded the studies with the hydroformylation of 3.1 in 

the presence of the aminated nanomaterials, to promote the immobilization of the vinyl 

phosphine derivative via hydroaminomethylation (Scheme 3.6). 

 

 

Scheme 3.6 Diphenyl(4-vinylphenyl)phosphine one-pot covalent immobilization on the 
amine-functionalized materials via hydroaminomethylation. 

 

Diphenyl(4-vinylphenyl)phosphine, [Rh(CO)2(acac)] and the selected aminated 

material [MWCNT@NH2 (0.82 mmol NH2/g material) or MNP@NH2 (0.65 mmol NH2/g 

material)] were introduced in a stainless steel high-pressure reactor, under inert 

atmosphere. After adding freshly dried toluene solvent via cannula, the reactor was 

pressurized with 30 bar (CO/H2, 1:1), and kept at 65 °C, for 48 h, with vigorous magnetic 

stirring and constant pressure. The reactor was then cooled to room temperature, 

degassed, and finally charged with H2 (P = 30 bar), at 65 °C, for an additional 4 h (Scheme 

3.6), after which it was cooled to room temperature and depressurized.  

To remove the unreacted diphenyl(4-vinylphenyl) phosphine and residual Rh 

complex, the MWCNT@PPh3 material was isolated using several centrifugation/toluene 
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washing cycles, under inert atmosphere. After drying under vacuum, the desired 

MWCNT@PPh3 was characterized by XPS, which showed the presence of 0.3 At% of 

atomic phosphorus (0.23 mmol of PPh3/g material) (Table 3.2, entry 3). Regarding 

MNP@PPh3, this material was easily isolated from the reaction medium by simple 

application of an external magnet. After solvent decantation, the solid was washed several 

times with toluene and dried. The solid MNP@PPh3 was then analyzed by XPS, showing 

0.7 At% of phosphorus, with no rhodium detection (Table 3.2, Entry 4). However, to avoid 

some inherent XPS limitations,[41] we further used ICP-OES as a more quantifying 

characterization tool, displaying a value of 0.13 mmol PPh3/g material, which was then 

used in further calculations. It should be mentioned that the ICP analysis also 

corroborated the presence of only vestigial amounts of rhodium (4 × 10-3 mmol Rh/g 

material). 

 

Table 3.2 XPS analysis the new hybrid materials. 

Entry Sample 
  XPS At(%) 

C1s N1s O1s Si2p P2p Rh 

1 MWCNT@NH2 95.0 2.0 3.0 - - - 

2 MNP@NH2 22.4 3.5 52.9 21.2 - - 

3 MWCNT@PPh3 94.9 1.7 3.1 - 0.3 - 

4 MNP@PPh3 32.6 2.7 44.3 19.7 0.7 - 

5 MWCNT@PPh3-[Rh] 
(CAT3.1) 

91.0 2.0 6.6 - 0.2 0.2 

 

[Rh(CO)2(acac)] complexation  

 

To prepare the desired Rh/phosphine hybrid catalysts (CAT3.1 and CAT3.2), each of 

the previously described phosphine functionalized materials MWCNT@PPh3 (0.23 mmol 

P/g material) or MNP@PPh3 (0.13 mmol P/g material) and [Rh(CO)2(acac)] were weighed 

into a Schlenk tube, under inert atmosphere, and then toluene was added (Scheme 3.7). 

The complexation reaction was performed, along 15 h, at room temperature, under N2 

atmosphere. The CAT3.1 and CAT3.2 materials were isolated, respectively, by 

centrifugation or external magnetic separation, as described above. After drying, CAT3.1 
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and CAT3.2 were characterized by XPS and ICP-OES analysis, respectively, displaying 

values of 0.16 mmol Rh/g material (CAT3.1, Table 3.2, Entry 5) and 0.11 mmol Rh/g 

material (CAT3.2). 

 

 

Scheme 3.7 Complexation of [Rh(CO)2(acac)] onto the phosphine functionalized 
nanomaterials thought complexation. 

 

 

3.4 Catalytic evaluation  

 

The catalytic activity and stability of previously prepared hybrid nanocatalysts 

(CAT3.1 and CAT3.2) were evaluated in the hydroformylation of styrene. 

 

Hydroformylation of styrene 

 

Using styrene as a model substrate, the catalysts CAT3.1 and CAT3.2 were evaluated 

in the hydroformylation reaction at a constant pressure of 30 bar (CO, H2 1:1), and 

temperature of 80 °C, for 17 h (Scheme 3.8). 
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Scheme 3.8 Hydroformylation of styrene. Reaction conditions: a) styrene: rhodium = 
500:1; b) styrene: rhodium = 300:1. 

 

In a typical reaction, CAT3.1 (80 mg, 0.16 mmol Rh/g material) was introduced in the 

autoclave. After degassing, the toluene and styrene were added via cannula, charged with 

30 bar of syngas, and the reactor was maintained at 80 °C for 17 h. The reactor was then 

cooled to room temperature, depressurized, and opened in a glove box under inert 

atmosphere. The hybrid catalyst CAT3.1 was separated from the reaction crude by 

centrifugation and washed several times with toluene, while a sample of the reaction 

mixture was analyzed by GC-MS, displaying 99% conversion with regioselectivity of 60% 

for the branched aldehyde (Table 3.3). In addition, the hydroformylation of styrene was 

also performed using CAT3.2 (200 mg, 0.11 mmol Rh/g material), under similar reaction 

conditions as above. In this case, CAT3.2 was separated from the reaction mixture by the 

application of an external magnet and a sample of the crude mixture was then analyzed 

by GC-MS, showing 87% conversion with regioselectivity of 72% for the branched 

aldehyde (Table 3.3).  

 

Table 3.3 Hydroformylation of styrene catalyzed by CAT3.1 and CAT3.2. 

Catalyst Conversion (%) branched aldehyde (%) linear aldehyde (%) 

CAT3.1 99 60 40 

CAT3.2 87 72 28 

a) 80 °C, 30 bar (CO/H2) 
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The highest regioselectivity for the branched aldehyde obtained using CAT3.2 

suggests that the immobilized [RhH(PPh3)(CO)n] is the catalytically active species while, 

when CAT3.1 is used, both immobilized [RhH(PPh3)(CO)n] and homogeneous [RhH(CO)4] 

catalytically active species may be involved.[2] 

 

Reutilization tests 

 

We have also evaluated the stability/reusability of these Rh-phosphorus immobilized 

catalysts. Thus, the hydroformylation of styrene was performed using the general 

procedure described above in the presence of the same amount of MWCNT@PPh3-[Rh] 

(CAT3.1). After 17 h, the reaction was stopped and catalyst CAT3.1 was removed by 

centrifugation/toluene washing and once again, almost full conversion (98%) and similar 

regioselectivity (60% for branched aldehyde) was obtained (Table 3.4, entry 1). Then, 

CAT3.1 was dried under vacuum and used as catalyst for a second cycle under the same 

reaction conditions. After this run, the conversion was similar (97%), but the 

regioselectivity dropped to 54% for the branched aldehyde (Table 3.4, entry 2). This low 

selectivity for the branched aldehyde may be attributed to the involvement of [RhH(CO)4] 

active species without any coordinated phosphine,[2] which was corroborated by a blank 

experiment, where the hydroformylation of styrene, catalyzed by [Rh(CO)2(acac)], gave 

99% conversion with 47% regioselectivity for the branched aldehyde (Table 3.4, entry 3). 

This result led us to evaluate the possibility of the occurrence of rhodium leaching, which 

could be active in homogeneous reaction conditions. So, we added the same amount of 

styrene to the supernatant liquid, collected after the first cycle, and subjected the mixture 

to the reaction conditions described above. Surprisingly, we obtained similar 

regioselectivity for the branched aldehyde (59%), despite slightly lower activity (76%) 

(Table 3.4, entry 4).  
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Table 3.4 Reutilization tests using CAT3.1 for the hydroformylation of styrene.a 

Entry   Conversion (%) branched 
aldehyde(%) 

linear 
aldehyde (%) 

1  1st cycle 98 60 40 

2  2nd cycle 97 54 46 

3  [Rh(CO)2(acac)] 99 47 53 

4  supernatant 1st cycle 76 59 41 

a) 80 °C, 30 bar (CO/H2) 

 

This result points out that the carbon nanotubes are able to immobilize rhodium and 

phosphorus ligands both via hydroaminomethylation covalent linkage and by adsorption. 

In each cycle, the adsorbed Rh/P reagents can be leached and thus, competitive 

homogenous catalytic reactions occur. So, another reaction was carried out, in which the 

same amount of [Rh(acac)(CO)2] and PPh3 (0.024 mmol) was incubated with pristine 

MWCNTs (100 mg) for 15 h. Then, the solid was extensively washed using the same 

procedure described above. The material was evaluated as catalyst in the 

hydroformylation of styrene, under the reaction conditions described in Table 3.4, 

displaying 99% conversion with 52% regioselectivity for branched aldehyde. Furthermore, 

to the supernatant of this reaction, the same amount of styrene was added and, after 17 

h under the same hydroformylation conditions, again, 99% conversion was obtained with 

53% regioselectivity for branched aldehyde. These results demonstrate that the 

immobilization of Rh/P via hydroaminomethylation of vinyl phosphines occurred by 

covalent linkage and competitive adsorption, which could further lead to Rh/P leaching 

(Table 3.5). 

 

Table 3.5 Pristine MWCNTs/Rh/PPh3 catalytic system for hydroformylation of styrene.a 

 Conversion (%) 
Branched 

aldehyde (%) 
Linear 

aldehyde (%) 

MWCNTs/Rh/PPh3 99 52 48 

supernatant  99 53 47 

a) 80 °C, 30 bar (CO/H2) 
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Furthermore, we performed reutilization tests for the magnetic hybrid catalyst 

MNP@PPh3-[Rh] (CAT3.2) where, after the first cycle, 87% conversion and 72% 

regioselectivity for branched aldehyde was obtained (Table 3.6, Entry 1). In this case, 

CAT3.2 was removed from the reaction medium with an external magnetic bar and 

immediately reused. The second cycle was repeated under the same reaction conditions, 

reaching 80% of conversion and 67% regioselectivity for branched aldehyde (Table 3.6, 

entry 2). The catalyst CAT3.2 was then used in a third cycle, where similar conversion 

(75%) and regioselectivity for branched aldehyde (69%) were obtained (Table 3.6, entry 

3). 

 

Table 3.6 Reutilization tests of CAT3.2 for styrene hydroformylation.a 

Entry  Conversion (%) 
branched 

aldehyde(%) 
linear 

aldehyde (%) 

1 1st cycle 87 72 28 

2 2nd cycle 80 67 33 

3 3rd cycle 75 69 31 

4 supernatant 1st cycle - - - 

a) 80 °C, 30 bar (CO/H2) 

 

To evaluate the possibility of catalyst Rh/P leaching, the same amount of styrene was 

added to the supernatant liquid, collected after the first cycle, and subjected the reaction 

mixture to the same hydroformylation reaction conditions. After 17 h, no conversion of 

styrene was detected (Table 3.6, Entry 4). Furthermore, ICP-OES analysis of CAT3.2, after 

three cycles, showed values of 0.11 mmol Rh/g material, demonstrating that no leaching 

occurred. These results clearly show that aminated iron oxide magnetic nanoparticles are 

excellent supports to covalently immobilize vinyl phosphines via hydroaminomethylation 

strategy. This new hybrid Rh/phosphine nanomaterial is a highly active, selective, and 

easily reusable catalyst for hydroformylation of styrene.  
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3.5 Conclusion 

 

This chapter describes the application of catalytic hydroaminomethylation as a 

versatile tool to promote the covalent immobilization of vinyl-phosphorus derivatives 

onto amino-functionalized materials, namely amine-carbon nanotubes or iron oxide 

magnetic nanoparticles. The new hybrid phosphorus materials were fully characterized by 

TEM, XPS, TG and FTIR spectroscopy (CAT3.1 = 0.23 mmol PPh3/g, CAT3.2 = 0.13 mmol 

PPh3/g). These results open the way to promote the immobilization of a variety of vinyl 

functionalized ligands and their metal complexes. 

We conclude that the direct immobilization of phosphines via adsorption processes 

onto multiwalled carbon nanotubes is a strategy to avoid since it easily leads to catalyst 

leaching. So, we highlight that the development of appropriately functionalized materials 

(e.g. silica, carbon, metal nanoparticles) is crucial to attain leaching-free covalently 

anchored ligands/catalysts. These studies undoubtedly demonstrate that aminated iron 

oxide magnetic nanoparticles are excellent supports to promote the covalent linkage of 

vinyl ligands, particularly vinyl-P-ligands to prepare stable and easily reusable Rh-based 

catalysts for hydroformylation reactions. The evaluation of magnetic nanoparticle-based 

CAT3.2 in styrene hydroformylation (30 bar syngas, 80 °C), led us to conclude that it is an 

active catalytic system with easy reuse of the catalyst after 3 reaction cycles.  

This new synthetic methodology, performed through hydroaminomethylation, may 

contribute to the preparation of stable immobilized organometallic catalysts for multiple 

applications and as demonstrated also in Chapter 4 in the immobilization of allyl 

functionalized C-scorpionate onto amine-functionalized magnetic nanoparticles. 
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Chapter 4 

 

 

Sequential Hydroformylation/Acetalization of Olefins using a 

Rh/Fe Bimetallic Catalytic System 

 

4.1 Introduction 

 

One of the ultimate goals of synthetic chemists is to mimic multi-enzymatic natural 

systems for the construction of complex molecules using sequential multi-catalytic 

systems. Among them, the hydroformylation/acetalization reaction, which allows the 

direct transformation of olefins into high-value oxygenated products through a sequential 

multicatalytic process, without isolation of aldehyde intermediates is of particular 

interest.[1-4] Nonetheless, these systems may have problems associated with the reduction 

of aldehydes to alcohols, high catalyst cost and difficulties in catalyst reutilization. 

Therefore, advances in selective catalytic processes using homogeneous type catalysts 

immobilized onto solid supports, are still amongst the main challenges for the 

transposition of academically developed catalysts towards sustainable industrial 

processes.[5] To this respect, the immobilization of Rh(I)/Xantphos derivatives 

demonstrates the interest in this strategy to develop highly selective heterogeneous 

catalysts to produce linear oxo products,[6, 7] with particular interest in the use of magnetic 

nanoparticles as supports, since they allow catalyst reutilization by simple use of external 

magnets.[8-11] In parallel, the search for new active/selective catalysts led to catalysts as 

C-scorpionate metal complexes, which have been largely applied in several reactions,[12-
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15] but, to the best of our knowledge, they were never been reported as catalysts for the 

sequential hydroformylation/acetalization transformation neither in homogeneous nor 

heterogeneous processes.  

Bearing this in mind, in this chapter we describe the immobilization of N-Xantphos 

onto MNP@Cl and the immobilization of a new allyl functionalized C-scorpionate iron(II) 

complex onto MNP@NH2, through hydroaminomethylation reaction, along with their full 

characterization by standard spectroscopic methods, transmission electron microscopy 

(TEM), thermogravimetry (TG), and inductively coupled plasma optical emission 

spectrometry (ICP-OES). The bimetallic catalytic system Rh(I)/P-ligand type catalysts and 

[FeBr2{3-HC(pz)3}] were evaluated in homogeneous phase transformation of different 

types of substituted olefins into the corresponding acetals. Finally, the immobilized 

catalysts (MNP@N-Xantphos/Rh(I) and MNP@NH-(CH2)4O-CH2C(pz)3FeBr2 were further 

applied in the sequential hydroformylation/acetalization reaction of oct-1-ene using 

ethanol simultaneously as green solvent and reagent. Reutilization studies of both 

catalysts are also described, Scheme 4.1. 

 

 

Scheme 4.1 Synthetic approaches for the hydroformylation/acetalization of olefins (A 
Homogeneous process, B – Heterogeneous process). 
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4.2 Catalyst synthesis 

 

Pursuing our main goal regarding the development of sustainable catalysts, the 

studies described in Chapter 4 were initiated with the catalyst synthesis. First, we 

prepared the homogeneous complexes Fe/C-scorpionate-type catalyst to be used as Lewis 

acid in the acetalization reaction and Rh/P-ligand complexes for the hydroformylation 

reaction. Then, Rh/N-Xantphos and a functionalized Fe/C-scorpionate catalyst were 

immobilized onto iron magnetic nanoparticles. 

 

4.2.1 Homogeneous type catalysts 

 

Iron(II)-C-scorpionate catalyst (CAT4.1) was synthesized by slight modifications of 

previously described methods, (Scheme 4.2).[16, 17] Tris(pyrazolyl)methane (HC(pz)3, pz = 

pyrazolyl) (4.2) was prepared by reacting 1H-pyrazole (4.1) with chloroform in the 

presence of tetra-n-butylammonium bromide (TBABr) and sodium carbonate, using water 

as solvent, for 3 days, yielding 65% of the desired product 4.2. Then, an ethanolic solution 

of HC(pz)3 was added dropwise to another ethanolic solution of iron(II) bromide, under 

inert atmosphere, at room temperature, which upon stirring for 2 hours, provided pure 

purple powder of [FeBr2{HC(pz)3}] (CAT4.1) in 91% yield. CAT4.1 was characterized 

through 1H, 13C-NMR spectroscopy and HRMS. 

 

 

Scheme 4.2. Synthetic route for CAT4.1. 

 

The 1H-NMR spectrum of CAT4.1, recorded in D2O, is presented in Figure 4.1. It shows 

one singlet signal at  = 9.22 ppm assigned to sp3 HC(pz)3 ligand and three broad singlets 

at  = 8.56, 7.83 and 7.09 attributed to the three protons at the pyrazole ring. Figure 4.2 

shows the 13C-NMR spectrum of the same compound, where we can observe the presence 
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of the signals at  = 159.8, 143.1, 114.6 ppm, assigned to the aromatic pyrazole carbons. 

Additionally, we can observe the signal at  = 74.2 ppm, assigned to the HC(pz)3 carbon. 

These assignments were corroborated with the acquisition of the HSQC spectrum of the 

compound, displaying all 1JCH couplings, Figure 4.3. The complex was also analyzed 

through electron spray ionization (ESI) high resolution mass spectrometry (HRMS), 

showing a peak at m/z = 348,9489 (Fig 4.4), found for a theoretical value of m/z = 348,9494 

for C10H10BrFeN6
+ [M-Br]+. 

 

 

Figure 4.1 1H-NMR (400 MHz) spectrum of CAT4.1 in D2O. 

 

H3’-5’ 

H1 
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Figure 4.2 13C-NMR (100 MHz) spectrum of CAT4.1 in D2O.  

 

 

Figure 4.3 HSQC spectrum of CAT4.1 in D2O. 
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Figure 4.4 HRMS spectrum of CAT4.1. 

 

The hydroformylation rhodium/phosphorus catalysts CAT4.2, CAT4.3 and CAT4.4 

were prepared in situ, by mixing, in the autoclave, the selected phosphorous ligands L4.1 

= Xantphos, L4.2 = triphenylphosphine, (both commercially available) and L4.3 = tris[2'-

(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite, whose synthesis is described in Chapter 2, 

with the pre-catalyst [Rh(CO)2(acac)], at 80 °C and 30 bar H2/CO (1:1), for 2 hours, using 

ethanol as solvent (Scheme 4.3). 

 

Scheme 4.3 Phosphorus type ligands used in Rh-P hydroformylation reactions. 
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4.2.2 Heterogeneous type catalysts 

 

The heterogeneous catalysts CAT4.5 and CAT4.6 (Figure 4.5) were prepared through the 

previously described silica-coating and amine functionalization of magnetic iron 

nanoparticles (Chapter 3), followed by covalent grafting of the suitable functionalized 

homogeneous ligands. 

 

 

Figure 4.5 Heterogeneous catalysts for hydroformylation/acetalization of olefins. 
 

Synthesis and functionalization of magnetic nanoparticles  

 

Magnetic nanoparticles were obtained through sequential preparation of magnetite, 

followed by silica coating and further functionalization with amine or chloro containing 

chains (Scheme 4.4). 

 

 

Scheme 4.4 Synthetic route for the synthesis of functionalized iron core-shell magnetic 
nanoparticles (MNP@Cl and MNP@NH2). 

 

MNPs were obtained by co-precipitation method using Fe2+/Fe3+ ions under alkaline 

reaction conditions, followed by stabilization with oleic acid addition as described in 

Chapter 3.[18] This dispersion was then washed with acetone, re-dissolved in cyclohexane 
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and kept as stock dispersion of magnetite. Transmission electronic microscopy (TEM) 

analysis of MNP (Figure 4.6) shows the formation of magnetite nanoparticles (≈ 7 nm).  

 

 

Figure 4.6 TEM image of MNP and their corresponding size distribution histogram (≈ 7 
nm). 

 

Then, MNP@SiO2 were prepared according to a previously reported method.[19] To 

obtain uniform silica coating on the magnetite surfaces, the previously obtained MNP was 

reacted with tetraethyl orthosilicate (TEOS) under alkaline reaction conditions. 

MNP@SiO2 were obtained with approximately 23 nm size, as shown in the TEM analysis 

(Figure 4.7).  

 

 

Figure 4.7 TEM image of MNP@SiO2 and their corresponding size distribution histogram 
(≈ 23 nm). 

 

Additionally, a sample of the obtained material was analyzed by thermogravimetry 

(Figure 4.8). MNP@SiO2 thermogram shows a weight loss in the temperature range of 50 

°C-150 °C, which was attributed to the loss of adsorbed water and organic solvents. 
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Another 1.5% weight loss occurred between 200 and 800 °C attributed to the 

decomposition of silanol groups present in MNP@SiO2.  
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Figure 4.8 TG curve of MNP@SiO2. 

 

Next, chloro-functionalized MNPs were prepared by reaction of MNP@SiO2 with (3-

chloropropyl)triethoxysilane (CPTES). The resulting material was magnetically collected 

and washed with ethyl acetate and acetonitrile. Finally, the resulting solid was dried under 

vacuum, for 24 hours. The MNP@Cl were characterized by thermogravimetry analysis, 

(Figure 4.9).  
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Figure 4.9 TG curve of MNP@Cl. 

 

To quantify the 3-chloropropyl functionalization, we used the method for the 

quantification of the functional groups presented in the material described in Chapter 3. 

The thermogram of MNP@Cl presents a weight loss of 6.7% between 200 °C and 800 °C, 

5.1% weight loss is attributed to 3-chrolopropyl groups thermal decomposition, 

corresponding to 0.66 mmol of chloropropyl groups/g of MNP@Cl material. 
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Then, using a similar approach as above described, amino-functionalized MNPs were 

prepared by reaction of MNP@SiO2 with 3-aminopropyltriethoxysilane (APTES). The 

particles were washed, centrifuged and dried under vacuum, providing the desired 

aminopropyl functionalized magnetic nanoparticles MNP@NH2. The characterization of 

the aminated material was performed by comparison of Fourier-transform infrared 

spectroscopy (FTIR) spectra with the initial MNP@SiO2 spectra and thermogravimetric 

(TG) analysis, to quantify the organic matter present in the MNP surface, (Figure 4.10).  
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Figure 4.10 a) Comparative infrared spectra of MNP@NH2 and MNP@SiO2 b) TG curve of 

MNP@NH2. 
 

The FTIR spectra of MNP@NH2 (red) and the MNP@SiO2 (black) are presented in 

Figure 4.10a. The FTIR spectra show the typical-OH silanol peak (3740 cm-1) and additional 

bands at 3371; 3309 and 1597 cm-1 (attributed to antisymmetric, symmetric elongation, 

and deformation of the NH2 group, respectively); 2931-2865 and 1450 cm-1 (elongation 

and deformation of the CH2 group, respectively) and 1410 cm-1 (characteristic of the 

deformation of the Si-CH2 bond).[20] Additionally, MNP@NH2 were also analyzed by 

thermogravimetry (Figure 4.10b). A weight loss between 50 °C and 200 °C, attributed to 

the loss of adsorbed water and solvents was observed. Another weight loss (10.2%) in the 

temperature range 200 °C - 800 °C was also detected, being attributed to the 

decomposition of silanol and 3-aminopropyl groups. The amount of 3-aminopropyl groups 

was calculated, as previously, by subtracting the contribution of the silanol groups 

decomposition (1.5%) to the TG value (10.2%). We obtained 8.7% weight loss, which 

indicates that the material has 1.48 mmol of propylamine groups/g of MNP@NH2 

material.  
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Rh/N-Xantphos catalyst immobilization 

 

Aiming the reutilization of the Rh catalyst, we pursued this study with the covalent 

immobilization of Rh-Xantphos type catalyst. N-Xantphos (4.3) was selected as a 

functionalized analog of the Xantphos ligand, used as model in the homogeneous catalytic 

studies. So, N-Xantphos was reacted with sodium hydride in dry DME, at 80 °C, under inert 

atmosphere, for 2 hours. After that period, the previously prepared MNP@Cl was added, and 

the mixture was kept, under stirring, for 12 hours. Then, the obtained solid was washed with 

DME (3x) to remove the unreacted N-Xantphos. Finally, [Rh(CO)2(acac)] and fresh DME were 

added and the mixture was stirred for further 6 hours. After solvent removal, the solid was 

again washed with DME (3x), to remove the unreacted rhodium salt, and dried under 

vacuum. All reactions and manipulations were performed under inert atmosphere (Scheme 

4.5). 

 

 

Scheme 4.5 Preparation of Rh-immobilized catalyst CAT4.5. 

 

The resulting material was analyzed by thermogravimetry (Figure 4.10), and 

inductively coupled plasma optical emission spectrometry (ICP-OES) analysis.  
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Figure 4.11 TG curve of CAT4.5 

 

The thermogram of CAT4.5 (Figure 4.11), presents a weight loss of 13.5% between 200 

°C and 800 °C. The 6.8% weight loss is attributed to N-Xantphos ligand degradation, 

corresponding to approximately 0.12 mmol of organic matter for each gram of solid material, 

calculated as described before. Additionally, ICP-OES analysis corroborated the presence of 

Rh, in 0.061 mmol Rh per gram of solid material, suggesting that only 50% of the immobilized 

N-Xantphos ligand is complexed with Rh metal. 

 

Fe-C-scorpionate catalyst immobilization 

 

In order to promote the covalent immobilization of the Fe(II)/C-scorpionate type ligands 

onto aminated nanoparticles (MNP@NH2), we used the hydroaminomethylation strategy, 

previously described in Chapter 3. The synthesis started with the linkage of an allyl group 

onto HC(pz)3 ligand 4.2, followed by complexation with FeBr2 (Scheme 4.6). 
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Scheme 4.6 Preparation of [FeBr2{HC(pz)3}]-immobilized catalyst CAT4.6 via 
hydroaminomethylation reaction. 

 

First, ligand 4.2 reacted with p-formaldehyde under basic conditions to obtain tris-2,2,2-

(1-pyrazoyl)ethanol (HOCH2C(pz)3, 4.4).[16]  After purification, this compound was mixed with 

allyl bromide, under basic conditions, using Me-THF as a green solvent.[21] After 12 hours, 

quantitative amounts of tris-2,2,2-(1-pyrazoyl)ethoxyallyl (4.5) were obtained. The 

compound was characterized through 1H, 13C-NMR spectrometry and HRMS (Figures 4.12-

4.14). 

The 1H-NMR spectrum (Figure 4.12) shows three signals ( = 7.65, 7.42 and 6.33 ppm) 

assigned to the three pyrazole protons (H3’-H5’). The multiplet signals at  = 5.84-5.74 ppm 

and  = 5.23-5.18 were assigned to H2’ and H3’ protons from the vinyl group, respectively. 

The singlet signal at  = 5.09 ppm was assigned to the two H1 protons. Finally, the doublet 

at  = 3.98 ppm was assigned to the H1’ proton. The 13C-NMR spectrum is presented in 

Figure 4.13. We observed the presence of signals at  = 141.3, 130.9 and 106.5 ppm, 

assigned to the pyrazole carbons (C3’’-C5’’). We can also observe two signals at  = 133.7 

ppm and  = 118.0 ppm assigned to vinyl group carbons (C2’, C3’). The carbon C2 was 

assigned to the  = 89.9 ppm signal. Finally, the signals  = 73.2 and  = 73.21 ppm were 

assigned to C1 and C1’ carbons. 
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Figure 4.12 1H-NMR (400 MHz) spectrum of compound (4.5) using CDCl3 as solvent. 

 

Figure 4.13 13C-NMR (100 MHz) spectrum of compound (4.5) using CDCl3 as solvent. 
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The compound 4.5 was also analyzed through HRMS-ESI and for the theoretical m/z 

of C13H16N6NaO+ [M+Na]+: 307.1279 a peak with m/z = 307.1278 was found (Figure 4.14). 

 

 

Figure 4.14 HRMS-ESI spectrum of compound (4.5). 

 

Then, the complexation with iron (II) bromide was performed accordingly to the above-

described method for CAT4.1, yielding 95% of [FeBr2{allyl-HC(pz)3}] (4.6). HRMS analysis all 

confirmed the obtention of this complex (Chapter 5). Finally, complex 4.6, [Rh(CO)2(acac)], 

Xantphos, the aminated magnetic nanoparticles (MNP@NH2 containing 1.48 mmol NH2/g 

material) and anisole as green solvent, were introduced in a stainless-steel high-pressure 

autoclave, under inert atmosphere. The reactor was then pressurized with 30 bar (CO/H2, 

1:1), and kept at 65 °C, for 48 hours, with vigorous magnetic stirring at constant pressure. 

The reactor was then charged with H2 (P = 30 bar), at 65 °C, for 4 additional hours, after 

which, it was cooled to room temperature and depressurized. To remove non-immobilized 

catalyst and residual Rh complex, the obtained CAT4.6 material was isolated from the 

reaction medium by the simple application of an external magnet as observed in Figure 4.15. 
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Figure 4.15 Magnetic separation of CAT4.6 from the reaction medium. 

 

After solvent decantation, the solid was washed several times with anisole, CH3CN and 

CH2Cl2, and dried under vacuum. The resulting material was analyzed by thermogravimetry 

and ICP-OES. Thermogravimetric analysis of CAT4.6 (Figure 4.16) revealed a weight loss of 

14% in the range of 200 °C and 800 °C, which was attributed to the degradation of organic 

material. Once again, the amount immobilized organic material was calculated by subtracting 

the amount of organic matter present in MNP@NH2 (10.2%); therefore, a 3.8% weight loss 

was attributed to the C-scorpionate type ligand, which corresponded to approximately 0.13 

mmol/g of immobilized Fe/C-scorpionate complex in the CAT4.6 material. Since CAT4.6 

contains iron in the core of the nanoparticle, the amount of immobilized iron complex was 

calculated through the difference between the molar amount of 4.6 added to the 

immobilization reaction (2 mmol) and the value of the iron recovered from the CAT4.6 

isolation washing process obtained by ICP-OES analysis (1.89 mmol). The obtained value was 

0.12 mmol of iron per gram of material and this was the value used for all heterogeneous 

catalytic reactions. As expected, the ICP-OES analysis of CAT4.6 did not show the presence 

of Rh. 
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Figure 4.16 TG curve of CAT4.6 
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In sum, in this section, we described the efficient synthesis and characterization of 

Rh/phosphorus and Fe(II)/C-scorpionate catalysts and their immobilization onto iron 

magnetic nanoparticles. The improvements of sequential hydroformylation/acetalization of 

olefins using these catalysts under homogeneous and heterogeneous conditions are 

described in the next section. 

 

4.3 Sequential hydroformylation/acetalization of olefins 

 

4.3.1 Catalytic homogeneous studies 

 

The optimization of the sequential catalytic system was performed using oct-1-ene as 

model substrate and ethanol as nucleophile, under 20 bar (CO/H2, 1:1) constant pressure 

and temperature of 80 °C, along 24 hours, being the results presented in Table 4.1. 

Initially, we evaluated the use of [Rh(CO)2(acac)] as catalyst in the sequential 

hydroformylation/acetalization of oct-1-ene, and near-complete olefin conversion (93%) 

was observed by GC after 24 hours. Nevertheless, very low chemoselectivity for aldehydes 

(19%) and acetals (21%) was also detected, with the main products being internal isomers 

(60%) (Table 4.1, Entry 1). Then, we evaluated the effect of the addition of ligand HC(pz)3 

(4.2) to the system containing [Rh(CO)2(acac)] (Rh/4.2 =1:2.5) and again 95% conversion 

was obtained, but in this case with higher chemoselectivity for aldehydes (20%) and 

acetals (34%), and lower amount of isomeric products (46%) (Table 4.1, Entry 2). To our 

knowledge, this is the first example where a C-scorpionate-type ligand is used in rhodium-

catalyzed hydroformylation/acetalization sequential processes. Additionally, the use of 

the bimetallic combination based on [Rh(CO)2(acac)] with [FeBr2{3-HC(pz)3}] (CAT4.1) 

provided full conversion of oct-1-ene, with higher selectivity for oxo products, including 

47% acetal chemoselectivity, with concomitant isomerization decrease (36%). These 

results clearly evidence the beneficial effect of [FeBr2{3-HC(pz)3}] (CAT4.1) as a promising 

sustainable catalyst to enable the direct one-pot transformation of olefins toward acetals 

(Table 1, Entry 3). 
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Table 4.1 Optimization studies of the sequential hydroformylation/acetalization of 

oct-1-ene.a 

Entry Substrate Catalytic system Conv. [%]b 
Selectivity [%]b (l:b) 

4.8 4.9 4.10 

1 Oct-1-ene [Rh(CO)2(acac)] 93 60 19 (23:77) 21 (38:62) 

2 Oct-1-ene 
[Rh(CO)2(acac)] 

HC(pz)3 (4.2) 
95 46 20 (18:82) 34 (44:56) 

3 Oct-1-ene 
[Rh(CO)2(acac)] 

CAT4.1 
99 36 17 (27:73) 47 (61:49) 

4 Oct-1-ene 
CAT4.2 

CAT4.1 
99 3 15 (80:20) 82 (93:7) 

5 Oct-1-ene 
CAT4.3 

CAT4.1 
98 1 12 (24:76) 87 (66:34) 

6 Oct-1-ene 
CAT4.4 

CAT4.1 
99 - 9 (32:68) 91 (69:31) 

7 Oct-1-ene CAT4.1 1 - - - 

8 Nonanal CAT4.1 95 - - 100 (100:0) 

9 Nonanal HC(pz)3 (4.2) 38 - - 94 (100:0)b 

10 Nonanal FeBr2 44 - - 100 (100:0) 

a) Reaction conditions: olefin 3.00 mmol, [Rh(CO)2(acac)] 0.02 mmol, P-ligand (CAT4.2: 0.05 mmol, 
CAT4.3: 0.10 mmol, CAT4.4: 0.10 mmol), CAT4.1 (0.05 mmol) or (4.2) 0.05 mmol, ethanol (6 mL), 20 
bar CO/H2 (1:1) at 80 °C for 24 h. b) Determined by GC-FID analysis using isooctane as an external 
standard. 
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Next, to avoid initial isomerization and enhance the rate of aldehyde formation, we 

evaluated the use of the same Rh/Fe bimetallic system but using a Rh/P modified catalyst 

(P = Xantphos, the bulky tris[2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite and PPh3; 

Scheme 4.3) and the results are presented in Table 4.1 (Entries 4-6). These results 

demonstrated that the combination of [Rh(CO)2(acac)]/Xantphos (CAT4.2) with the C-

scorpionate type [FeBr2{3-HC(pz)3}] (CAT4.1) produced the most active (99% conversion) 

and selective system, with 82% chemoselectivity for acetals and 93% regioselectivity for 

the linear isomer, as expected for phosphines with large bite angle like Xantphos (111°)[22, 

23] (Table 4.1, Entry 4). Additionally, the catalytic system using triphenylphosphine as 

Rh/P-ligand system (CAT4.3), gave 98% conversion, 87% acetal chemoselectivity but, as 

expected, with only 66% of regioselectivity for linear acetals (Table 4.1, Entry 5). 

Moreover, the combination of [Rh(CO)2(acac)]/bulky phosphite (CAT4.4) with [FeBr2{3-

HC(pz)3}] (CAT4.1) led to an active hydroformylation/acetalization system (99% 

conversion), with high chemoselectivity for acetals (91%), but lower regioselectivity for 

the linear isomer (69%) (Table 4.1, Entry 6). This outcome may be attributed to the 

concomitant hydroformylation of internal double bonds, typical of this Rh/bulky 

phosphite system.[24]  

These results confirm the versatility of the Rh/P-ligand-Fe(II)/C-scorpionate bimetallic 

system to promote the direct transformation of olefins onto value-added acetals with 

chemo and regioselectivity modulated by the phosphorous ligands, always with high oxo-

product selectivity. Additionally, we evaluated the activity of the Fe(II)/C-scorpionate 

catalyst (CAT4.1) in the hydroformylation reaction of oct-1-ene and in the direct 

acetalization of nonanal (Table 4.1, Entries 7-8). Regarding the exclusive use of CAT4.1 in 

the hydroformylation reaction no conversion was observed (Table 4.1, Entry 7). 

Conversely, CAT4.1 demonstrated to be an active Lewis acid catalyst to promote the 

acetalization of nonanal (95% acetal; Table 4.1, Entry 8). Furthermore, we also evaluated 

the catalytic effect of C-scorpionate ligand (4.2) and FeBr2 in the acetalization of nonanal 

with ethanol and only 38% and 44% conversion was obtained, respectively (Table 4.1, 

entries 9 and 10) 

In order to illustrate the reaction progress of the sequential 

hydroformylation/acetalization process using the bimetallic CAT4.2/CAT4.1 system, 

aliquots were taken from the reactional mixture, at regular intervals, along 24 hours and 
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the results are plotted in Figure 4.17. From the analysis of this Figure, we observed that 

nearly 75% olefin conversion was achieved after just 1 hour (51% selectivity for aldehydes 

and 20% for acetals). As expected, after this period, the yield of aldehydes started to 

decrease with a concomitant increase of acetal formation. After this period, the kinetic 

profile of the bimetallic catalytic system shows that both, the hydroformylation (k1) and 

acetalization (k2) rates decrease over time, suggesting that the hydroformylation rate is 

dependent from olefin concentration and the acetal formation is dependent from 

aldehyde concentration. After 24 hours, 99% of oct-1-ene conversion was observed, 79% 

acetals, still 16% of non-converted aldehydes and just 4% of oct-1-ene isomers, constant 

along the experiment (Figure 4.17). 
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Figure 4.17 Reaction progress of hydroformylation/acetalization of oct-1-ene: Substrate 
and product yield vs. reaction time. Reaction conditions: oct-1-ene 6.00 mmol, CAT4.2 

0.04 mmol, CAT4.1 0.10 mmol, ethanol 12 mL; P = 20 bar (CO/H2); T = 80 °C. Yield 
determined by GC analysis of aliquots from the crude reaction using isooctane as an 

external standard. 
 

Scheme 4.7 illustrates the simplified mechanisms pathways for the synthesis of 

acetals from terminal olefins.[25-27] As previously stated, Rh(I)/Xantphos complexes are 
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able to promote the regioselective formation of linear aldehydes under hydroformylation 

conditions. Then, the formed linear aldehydes in the presence of ethanol, when activated 

with a Lewis acid type catalyst (such as CAT4.1), promotes the direct transformation of 

oct-1-ene onto ethyl acetal. The first step comprises carbonyl activation by the iron 

catalyst, forming the intermediate A. Then, a nucleophilic attack by ethanol occurs 

yielding the hemiacetal B, which undergoes a consecutive nucleophilic attack of another 

ethanol molecule that, after dehydration releases the acetal product C. 

 

 

Scheme 4.7 Proposed simplified mechanisms for hydroformylation/acetalization of 

olefins with CAT4.2 ([Rh(CO)2(acac)]/Xantphos) and CAT4.1 ([FeBr2{3HC(pz)3}], here 
represented by [Fe]). 

 

Then, the synergic effect of the combination of phosphorous based hydroformylation 

catalysts (CAT4.2 or CAT4.3) with iron(II)-C-scorpionate based acetalization catalyst 

(CAT4.1) in the sequential hydroformylation/acetalization process, was further evaluated. 

The one-pot transformation of mono, di, and tetrasubstituted olefins into acetals, using 

ethanol, simultaneously as a renewable solvent and acetalization reactant, at 20 bar 

(CO:H2) pressure and temperature of 80 °C was achieved. Since the activity and selectivity 

of hydroformylation reaction are strongly dependent on olefin and phosphorus ligands 

structure, we selected Rh/Xantphos (CAT4.2) to promote the hydroformylation of 

terminal olefins, with well-known high regioselectivity for terminal aldehydes,[28, 23] and 
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Rh/ tris[2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite (CAT4.3) a known catalyst for 

hydroformylation of highly substituted olefins.[29-31, 24] The results are presented in Table 

4.2. 

Table 4.2 Hydroformylation/Acetalization of several olefins using the combination of 
Rh/P-ligand and Fe/C-scorpionate catalysts. 

 

Entry Olefin 

Reaction Yield [%]a 

Major Product 
(isolated yield) 

Minor Products 

1b 
 

 

Oct-1-ene isomers: 4 

Aldehydes: 11 

Branched Acetal: 6 

2b 
 

 

Aldehydes: 10 

3c 

 
 

Aldehydes: 20 

4c 

 
 

Difunctionalized Acetal 

(isomers): 33 

5c 
 

 

Aldehyde: 13 

a) Obtained by GC-MS analysis, conversions were ≥ 99% for all substrates.  b) Reaction conditions: 

olefin 3.00 mmol, CAT4.2 0.02 mmol, CAT4.1 0.05 mmol, alcohol 6 mL, 80 °C, 20 bar CO/H2 (1:1) 

for 24 h, c) Reaction conditions: olefin 1.50 mmol, CAT4.4 0.01 mmol, CAT4.1 0.05 mmol, ethanol 

5 mL, 80 °C, 20 bar CO/H2 (1:1) for 24 h. 
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It is worth mentioning that the bimetallic system Rh/Xantphos (CAT4.2) combined 

with [FeBr2{3-HC(pz)3}] (CAT4.1) led to the direct transformation of mono-substituted 

oct-1-ene (4.7) and styrene (4.11) substrates into the corresponding acetals in 85% and 

90% yields, and regioselectivities for linear acetals of 93% and 60%, respectively (Table 2, 

Entries 1 and 2). In addition, the replacement of Xantphos by the bulky tris[2'-(benzyloxy)-

1,1'-binaphthyl-2-yl] phosphite (CAT4.3), allowed the direct transformation of di and tri-

substituted olefins of terpenes ((-)-isopulegol benzyl ether derivative (4.13) and (+)-

limonene(4.15)) into the corresponding acetals in 80% and 90% yields, respectively (Table 

2, Entries 3-4). It should be mentioned that this is the first catalytic system that allows the 

formation of acetals derived from both, di and trisubstituted limonene double bonds using 

quite moderate reaction conditions. This result discloses the high activity of CAT4.3  to 

promote the hydroformylation of highly substituted olefins when compared with 

Gusevskaya work, where only the terminal exocyclic limonene double bond was 

converted onto acetal, even using harsher reaction conditions (80 bar of CO/H2 and 80 

°C).[32] Finally, this system was able to transform even the tetrasubstituted olefin 2,3-

dimethyl-2-butene (4.17) into the corresponding terminal acetal in 87% yield (Table 2, 

Entry 5), which is a relevant result for the potential valorization of the butadiene industrial 

mixture.[33] Major reaction products were isolated and purified and characterized by 1H-

NMR and mass spectrometry. (characterization data presented in Chapter 5).  

These results demonstrate the versatility and potential application of these bimetallic 

tandem hydroformylation/acetalization catalytic systems for the direct transformation of 

a broad range of olefins onto high-value products. Additionally, the use of ethanol, 

obtained from renewable sources, both as solvent and acetalization reactant, strongly 

increases the sustainability of the process. Therefore, to achieve our overall goal of 

developing an active, selective and reusable bimetallic catalytic system we pursue the 

studies with the evaluation of the CAT4.5 and CAT4.6 (CAT4.2 and CAT4.1 heterogeneous 

counterparts) in the sequential hydroformylation/acetalization of oct-1-ene, and the 

results are presented in the following sections. 
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4.3.2 Catalytic heterogeneous studies 

Before performing the sequential catalytic studies under heterogeneous conditions, 

the catalytic activity of CAT4.5 in hydroformylation reaction and CAT4.6 in acetalization 

were separately evaluated. In a typical experiment, heterogeneous catalysts CAT4.5 

and/or CAT4.6 were weighed into a high-pressure autoclave, and kept with 30 bar (CO/H2) 

2 hours at 80 °C. Then, after oct-1-ene addition, the reactor was pressurized with 20 bar 

of CO/H2 gas (1:1) and heated to 80 °C with magnetic stirring. After 24 hours, a sample of 

the reaction crude was diluted with ethanol and analyzed by gas chromatography using 

isooctane as an external standard. All the operations were performed under inert 

atmosphere. 

 

Table 4.3 Catalytic optimization for heterogeneous hydroformylation/acetalization.a 

Entry Substrate Catalyst Conv. [%]b  

Selectivity [%]b (l:b) 

Oct-1-ene 
Isomers 

Aldehydes Acetals 

1c Oct-1-ene CAT4.5 99 3 96 (98:2) - 

2d Nonan-1-al CAT4.6 90 - 10 (-) 90 (100:0) 

3c,d Oct-1-ene CAT4.5 
CAT4.6 

92 54 38 (75:25) - 

4e 
Reaction crude 
of entry 1 

CAT4.6 90 2 10 (98:2) 88 (99:1) 

a) Reaction conditions: ethanol 6 mL, 80 °C, 20 bar CO/H2 (1:1) for 24 h Substrate 3.00 mmol b) 
Obtained by GC-FID analysis. c) Substrate 3.00 mmol, CAT4.5 180 mg (≈ 0.02 mmol [Rh]) d) 
Substrate 3.00 mmol, CAT4.6 300 mg (≈ 0.04 mmol [Fe]) e) In absence of gas (CO/H2). 

 

The immobilized Rh(I)/N-Xantphos CAT4.5 revealed to be very active and selective, 

reaching 99% conversion, 96% chemoselectivity for aldehydes and 98% regioselectivity 

for the linear aldehyde (Table 4.3, Entry 1). Next, we evaluated CAT4.6 in the acetalization 

of nonanal using ethanol, under hydroformylation conditions, and 1,1-diethoxynonane 

(4.10) was obtained in 90% yield (Table 4.3, Entry 2). Then, the combination of CAT4.5 and 

CAT4.6 was tested, by mixing them in the autoclave and using the general procedure 

described above. Under these experimental conditions, we obtained 92% of conversion, 



113 
 

54% of oct-1-ene isomers and just 38% of aldehydes. Thus, the simultaneous use of 

CAT4.5 and CAT4.6 led to a significant loss of chemoselectivity, concomitantly with no 

transformation into the desired acetal (Table 4.3 Entry 3). Contrarily, when we used 

CAT4.5 exclusively in the hydroformylation step and removed it from the reaction 

medium after 24 hours (crude contained 96% of aldehydes; Table 4.3 Entry 1), the addition 

of CAT4.6 led to the formation of 87% acetals (Table 4.3, Entry 4). These results indicate 

that both CAT4.5 and CAT4.6 are active and selective for the 

hydroformylation/acetalization reactions, when reactions are performed in two 

sequential independent steps as shown in Figure 4.18. 

 

 

Figure 4.18 Two-step sequential system for hydroformylation/acetalization of olefins with 
reutilization of the catalysts through magnetic separation. 

 

Then, pursuing our general goal of reutilization of both catalysts, we first separated 

CAT4.5 from the hydroformylation crude and kept it under inert atmosphere. The reaction 

crude was transferred to the autoclave containing the appropriate amount of CAT4.6 and 

the acetalization reaction was performed under inert atmosphere, at 80 °C. After 24 

hours, the reactor was opened and the CAT4.6 was removed with aid of an external 

magnet, then CAT4.6 was kept under inert atmosphere. Both catalysts were reused in four 

experiments and no significant loss of activity or selectivity was observed, Figure 4.19.  

 

 

 

CAT4.5 CAT4.6 

CAT4.5 CAT4.6 
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Figure 4.19 Two-step hydroformylation/acetalization of oct-1-ene, reutilization test. a) 
Hydroformylation step: 3 mmol oct-1-ene, CAT4.5 180 mg (≈ 0.02 mmol [Rh]), 6 mL ethanol 

at 80 °C, 20 bar (CO:H2) for 24 hours. b) Reaction crude of the hydroformylation step, 
CAT4.6 300 mg (≈ 0.04 mmol [Fe]) at 80 °C for 20 hours. 

 

Additionally, we have been able to find an alternative process for reutilization of 

CAT4.1, without the need of its immobilization onto magnetic nanoparticles. In a typical 

reaction, after the hydroformylation step using CAT4.5 followed by their removal with an 

external magnet as described above, we added CAT4.1 to the reaction crude. After 24 

hours 93% conversion into the desired acetals was observed. Then, CAT4.1 was recovered 

by precipitation from the reaction medium by lowering the temperature to 0 °C with an 

ice water bath (Figure 4.20).  

 

 

Figure 4.20 Precipitation of CAT4.1 from the reaction medium at 0 °C (ethanol as solvent). 
 

 

Ice-water 

Reaction medium 

CAT4.1 
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After decantation, the catalyst was kept under inert atmosphere. This process was 

repeated along four cycles and the obtained catalyst activity and selectivity were very 

similar to the results previously observed for approximately 90% conversion for the 

hydroformylation (step same CAT4.5 catalyst) and 93 to 88 % acetal yields over the 4 

cycles (Figure 4.21), against the 86 to 79% obtained with CAT4.6. This improvement 

increases the sustainability of the processes, where the non-immobilized and air-stable 

Fe(II)/C-scorpionate catalyst CAT4.1 was recovered and reused by simple precipitation, 

upon temperature lowering.  
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Figure 4.21. Two-step hydroformylation/acetalization of oct-1-ene, reutilization test. a) 
Hydroformylation step: 3 mmol oct-1-ene, CAT4.5 180 mg (≈ 0.02 mmol [Rh]), 6 mL ethanol 

at 80 °C, 20 bar (CO:H2) for 24 hours. b) Reaction crude of the hydroformylation step, 
CAT4.1 18 mg (≈ 0.04 mmol [Fe]) at 80 °C for 20 hours. 
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4.4 Conclusion 

The studies described in this chapter allowed the development of an active and 

selective tandem catalytic system to promote the direct transformation of olefin onto 

ethyl acetals using Rh(I)/P– Fe(II)/C-scorpionate catalysts. This study describes, for the 

first time, the efficient combination of Rh(I)/phosphorous catalysts with Fe(II)/C-

scorpionates to promote the direct transformation of terminal and highly substituted 

olefins onto acetals. The high activity of (Rh/phosphite) allowed the preparation of 

limonene acetal derivatives, both at the internal and external double bonds. We also 

developed an efficient method to immobilize allyl functionalized C-scorpionates onto 

amine-functionalized magnetic nanoparticles through the use of hydroaminomethylation. 

The sequential process, using the immobilized catalysts, maintains its high activity and 

selectivity. Moreover, the system sustainability is largely improved by the easy magnetic 

separation/reutilization of Rh(I)/P and Fe(II)/C-scorpionate immobilized catalysts, which 

keep their activity/selectivity for more than four consecutive cycles. Additionally, it was 

found that [FeBr2{3-HC(pz)3}] complex can be recovered from the reaction medium and 

reused over four cycles without loss of activity and selectivity. 

In sum, this study opens the way for the preparation of multi-functionalized acetals 

directly from olefins using reusable Rh(I)/P and Fe(II)/C-scorpionate catalysts, under 

moderate reaction conditions. 
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Chapter 5 

 

 

Experimental 

This chapter contains all the information regarding materials, reagents, and solvents, 

as well as all the techniques and instruments used during the experimental work. It is 

divided into four sections: General (section 5.1), Experimental of Chapter 2 (section 5.2), 

Experimental of Chapter 3 (section 5.3). and Experimental of Chapter 4 (section 5.4). 

 

5.1 General information 

 

5.1.1 Solvents and Chemicals 

 

All solvents and chemicals commercially obtained from Sigma-Aldrich, Merck, Strem 

Chemicals or FluoroChem, except when indicated. Non-commercially available ligand L2.1 

was prepared according to literature and the analytical data are in accordance with the 

reported literature.[1] Ligand L2.3 was kindly provided by Doctor Rui Carrilho (University 

of Coimbra). Air and moisture sensitive reagents and solutions were handled under 

nitrogen or argon atmosphere, in a vacuum system, using Schlenk techniques.[2] All the 

glassware was dried by heating. The solvents were purified by distillation or, dried and 

distilled using standard procedures described below.[3,4] 

 

Dichloromethane and chloroform 

Chlorinated solvents were placed in a round-bottom flask, with anhydrous calcium 

chloride and pumice stone. The mixture was kept under reflux, for two hours. After 
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distillation, the solvent was collected and passed through a column of activated basic 

alumina (grade I) and stored in a flask containing activated molecular sieves (3Å). For 

water-sensitive experiments, dichloromethane was dried with calcium hydride, under 

reflux, for three hours. After distillation, the solvent was collected and stored, under 

nitrogen atmosphere, in a vessel containing activated molecular sieves (3Å). 

 

Ethyl acetate 

Ethyl acetate was placed in a round-bottom flask, with anhydrous calcium chloride and 

pumice stone. The mixture was kept under reflux, for two hours. After distillation, the 

solvent was collected and passed through a column of basic alumina (grade I) and stored 

in a flask containing activated molecular sieves (3Å). 

 

n-Hexane  

n-Hexane was placed in a round-bottom flask, with anhydrous calcium chloride and 

pumice stone. The mixture was kept under reflux, for three hours. After distillation, the 

solvent was collected and passed through a column of activated basic alumina (grade I) 

and stored in a flask containing activated molecular sieves (3Å). For water-sensitive 

experiments, n-hexane was dried with sodium/benzophenone, under reflux, at the boiling 

temperature, until a strong blue color was observed. After distillation, the solvent was 

collected and stored, under nitrogen atmosphere, in a vessel containing activated 

molecular sieves (3Å). 

 

Toluene, dimethoxyethane, tetrahydrofuran and 2-methyltetrahydrofuran 

The desired solvent was placed in a round-bottom flask, with sodium flakes and 

benzophenone. The mixture was kept under reflux until a strong blue color was observed. 

After distillation, the solvent was collected and stored, under nitrogen atmosphere, in a 

vessel containing activated molecular sieves (3Å). 

 

Acetone 

Acetone was placed in a round-bottom flask, with anhydrous calcium chloride and 

pumice stone. The mixture was kept under reflux, for two hours. After distillation, the 
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solvent was collected and passed through a column of basic alumina (grade I) and stored 

in a flask containing activated molecular sieves (3Å). 

 

Methanol, ethanol and benzyl alcohol 

5.0 g of magnesium flakes and 0.5 g of iodine were placed in a two-liter round bottom 

flask. 50 mL of the desired alcohol was added, and the mixture was heated until the 

disappearance of iodine brown color. After magnesium had been totally consumed, 

approximately 950 mL of the corresponding alcohol was then added and the mixture was 

kept under reflux for 2 hours, followed by distillation from molecular sieves (3Å). 

 

N,N-Dimethylformamide  

DMF was placed in a round-bottom flask equipped with a reflux condenser, with 

calcium hydride and the mixture was kept at 80 °C, for 6 hours. After distillation under 

reduced pressure, the solvent was collected and stored in a container with activated 

molecular sieves (3Å). 

 

Triethylamine 

Triethylamine was placed in a round-bottom flask, with sodium flakes and 

benzophenone. The mixture was kept under reflux until a strong blue color was observed. 

After distillation, the solvent was collected and stored, under nitrogen atmosphere, in a 

vessel containing activated molecular sieves (3Å). 

 

5.1.2 Instrumentation and Methodologies 

 

Water purification apparatus Milli-Q 

The deionized water was obtained using a Water Purification Apparatus Milli-Q 

(Department of Chemistry, University of Coimbra). 

 

Centrifuge 

The centrifugation was performed using a Centromix-BLT centrifuge (Department 

of Chemistry, University of Coimbra). 
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Thin layer chromatography (TLC) 

Thin layer chromatography (TLC) was performed using aluminum plates coated with 

silica gel 60 (Sigma-Aldrich)) with fluorescent indicator UV254 and UV366.  

 

Column chromatography 

The reaction products were purified by column chromatography using silica gel 60 

(particles of size 0.06-0.20 mm) as the stationary phase and the appropriate eluent. 

 

Flash chromatography 

The reaction products, when necessary, were purified using a flash chromatography 

equipment PuriFlash 420® Interchim (Department of Chemistry, University of Coimbra), 

equipped with a UV diode array detector and an HP-SI F0025 silica column (0.15 μm) using 

the appropriate eluent. 

 

Nuclear magnetic resonance (NMR) 

NMR spectra were recorded on a Bruker Avance 400 spectrometer (Department of 

Chemistry, University of Coimbra), using CDCl3 (δ = 7.26 ppm) as deuterated solvent 

(unless otherwise stated). 1H and 13C chemical shifts, expressed in ppm, are generally 

relative to CDCl3 (δ = 7.26 ppm) or TMS (δ = 0.00 ppm) internal standard. The data 

obtained are indicated in the following order: Nucleus (apparatus, solvent): chemical shift 

(δ, ppm) [multiplicity (s - singlet, d - doublet, dd - double doublet, t - triplet, dt – doublet 

of triplet, q - quartet, dq - doublet of quartet, p - pentet, m - multiplet and bs - broad 

signal), coupling constant (J, in Hertz), relative intensity (nH as the number of protons) 

and proton assignment (Hx). 

 

Mass spectrometry (MS) 

High-resolution mass spectrometry was carried out on a Bruker Microtof apparatus, 

equipped with a selective ESI detector (Unidade de Masas e Proteómica, University of 

Santiago de Compostela, Spain). Electron impact (EI) mass spectra were recorded on 
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Agilent 5975 MSD mass spectrometer (70 eV). The data are given as mass units per unit 

of charge (m/z). 

 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

The percentage of Rodium, phosphorum and iron present on the hybrid materials or 

in solution was determined using an ICP-OES iCAP™ 7000 Series spectrometer 

(Department of Chemistry, University of Aveiro). 

 

Thermogravimetry (TG) 

Thermogravimetric analyses were made using a TG-DSC Perkin-Elmer STA6000 with a 

heating rate of 10 °C min−1 to a maximum temperature of 900 °C and 20 mL min-1 nitrogen 

flux (Department of Physics, University of Coimbra)  

 

Transmission electron microscopy (TEM) 

Transmission electron microscopy analyses were performed on a Philips CM 200 

apparatus, at 200 kV (Institute of Chemistry, University of São Paulo, Brazil), and size 

distributions of the materials were calculated by a statistical size distribution by manual 

analysis of enlarged images using the Imagetool software (Version 3.0). 

 

Infrared spectroscopy (IR) 

The infrared spectra were obtained in a Pike Miracle spectrometer and each spectrum 

was obtained with a resolution of 4 cm-1 and 64 scans (Department of Chemistry, 

University of Coimbra, Portugal). The infrared spectra for the nanomaterials were 

obtained using a Pike Miracle spectrometer (Institute of Chemistry, University of São 

Paulo, Brazil) with a resolution of 4 cm-1 (64 scans). The samples were pressed into thin 

wafers (20-25 mg cm-2) and heated in an IR glass cell up to 160 °C using a heating rate of 

10 °C min-1 during 1 h, under vacuum (10 Pa) before spectra acquisition in transmission 

mode. 

 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy experiments were performed on a Kratos AXIS 

Ultra HSA, with VISION software for data acquisition and CASAXPS software for data 
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analysis. The analysis was carried out with a monochromatic Al Kα X-ray source (1486.7 

eV), operating at 15 kV (90 W), in fixed analyzer transmission mode with a pass energy of 

40 eV for regions of interest and 80 eV for survey. Data acquisition was performed with a 

pressure lower than 1×10−6 Pa, and a charge neutralization system was used. The effect 

of the electric charge was corrected by reference to the carbon peak (285 eV). (Faculty of 

Engineering, University of Porto). The molar amount of functionalization/immobilization 

of organic molecules was calculated by transforming the XPS atomic % (At%) into mass % 

(Wt%) for each element, then Wt% was converted to the correspondent molar %. Knowing 

the equivalents of each element present in the organic molecule we calculated the molar 

amount of each molecule/g of material. 

 

Microwave system  

Microwave-assisted experiments were performed in thick-walled glass vials under 

closed-vessel conditions, using a CEM Discover® SP Focused MicrowaveTM Synthesis 

System. 

 

Gas chromatography (GC) 

Gas chromatography was carried out using an Agilent 7820A chromatograph 

equipped with 30 m length and 0.32 mm inside diameter HP5 column and FID detector 

using nitrogen as carrier gas and isooctane as an external standard.  

To quantify the reaction products a calibration curve for each one of the analytes was 

obtained. By variation of analyte concentration, the response factor (F) was calculated 

following equation 5.1.  

 

𝐴𝑟𝑒𝑎 𝑋

𝐴𝑟𝑒𝑎 𝐸𝑆
= 𝐹(𝑋) ×  

𝐶(𝑋)

𝐶(𝐸𝑆)
 

Equation 5.1 

 

The amount of each compound after the catalytic experiments was calculated by GC 

analysis of the reaction crudes following equation 5.2 using the known response factor (F) 

and concentration of external standard. 
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𝐴𝑟𝑒𝑎 𝑋 × 𝑛(𝐸𝑆)

𝐴𝑟𝑒𝑎 𝐸𝑆 ×  𝐹(𝑋)
= 𝑛(𝑋) 

Equation 5.2 

 

Conversion, chemoselectivity, and regioselectivity of the catalytic experiments were 

calculated using equations 5.3, 5.4 and 5.5 respectively. 

 

 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  (
𝑛(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑡0) −  𝑛(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑟𝑢𝑑𝑒)

𝑛(𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑡0)
) × 100  

Equation 5.3 

 

𝐶ℎ𝑒𝑚𝑜𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  (
 𝑛(𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑟𝑜𝑚 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝)

𝑛(𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)
) × 100 

Equation 5.4 

 

𝑅𝑒𝑔𝑖𝑜𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  (
 𝑛(𝑚𝑎𝑗𝑜𝑟 𝑖𝑠𝑜𝑚𝑒𝑟 𝑓𝑟𝑜𝑚 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝)

𝑛(𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑓𝑟𝑜𝑚 𝑡ℎ𝑎𝑡 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝)
) × 100 

Equation 5.5 

 

Mass spectra were recorded on a GC-MS Agilent 7820A system equipped with a mass 

selective detector. an Agilent 7820 Gas Chromatograph system equipped with an HP5 MS 

column (30 m × 0.25 mm × 0.25 m) coupled to an Agilent 5975 MSD System Technologies 

(70 eV) using helium as carrier gas. 

The GC analyses were performed using the following conditions: 

Inlet: 220 °C 

Oven initial temperature: 70 °C (hold 5 min) 

Ramp: 35 °C min -1 up to 270 °C (hold 10min) 

Detector: 280 °C; 

Gas flow: 1.00 mL min-1. 
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High-pressure gas line 

All the catalytic reactions that required gases (CO and H2) were performed in a high-

pressure system, belonging to the Chemistry Department at the University of Coimbra 

(Figure 5.1). 

Figure 5.1 High-pressure system for catalytic reactions (Chemistry Department, 
University of Coimbra). 

 

5.2 Experimental of Chapter 2 

In this section, the synthetic procedures and compound characterization referring to 

chapter 2 is provided. 

 

5.2.1 Ligand synthesis 

Racemic 1,1'-Bi-2-naphthol synthesis (2.2) 

In a typical experiment, FeCl3.6H2O (27.0 g, 0.10 mol) and 2-naphthol (7.2 g, 0.05 

mmol) were powered, mixed, and introduced in a 10 mL microwave vessel. The mixture 

was subjected to MW irradiation (60 W) for 1 minute, at 80 °C. After cooling, full 

transformation into BINOL was observed by TLC, using CH2Cl2 as eluent. The purification 

was carried out by washing the reaction crude with hot water (followed by filtration over 

activated charcoal, followed by recrystallization in toluene. Pure 1,1'-Bi-2-naphthol 
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crystals were obtained in 92% isolated yield and the data obtained through 

characterization with 1H, 13C-NNR, and 2D NMR techniques are in good agreement with 

the literature.[5] 

 

Tris[2’-(pivaloyloxy)-1,1’-binaphthyl-2-yl]phosphite ligand synthesis (L2.2) 

The ligand L2.2 was synthesized through acylation of BINOL with pivaloyl chloride 

followed by phosphorylation of the corresponding mono-ester with PCl3, in basic medium. 

A dried round-bottom flask was charged with BINOL (5.73 g, 20 mmol), 4-

dimethylaminopyridine (DMAP) (25 mg, 0.2 mmol), and triethylamine (22.1 mmol, 3.1 mL) 

in 75 mL THF. The mixture was cooled to 0 °C and a solution of pivaloyl chloride (20 mmol, 

2.46 mL) in THF (10 mL) was added dropwise. Once the addition was complete, the 

reaction mixture was left at room temperature for 30 h. After nearly complete 

disappearance of the starting material (observed by TLC), the reaction was quenched with 

distilled water and the mixture was extracted with ethyl acetate. The combined organic 

phases were washed successively with a saturated aqueous solution of NaHCO3, brine, 

water, and then dried over Na2SO4. After filtration and solvent removal in vacuum, the 

crude product was purified by column chromatography on silica gel, using 

dichloromethane/n-hexane (3:1) as eluent, providing in 90% isolated yield (6.67 g, 18 

mmol) of 2’-(pivaloyloxy)-1,1’-binaphthyl-2-ol. 

The preparation of monophosphite ligand L2.2 was performed, according to 

conventional procedures for the synthesis of tris-arylphosphites.[6] A dried Schlenk flask 

was charged with the 2’-(pivaloyloxy)-1,1’-binaphthyl-2-ol (2.4) (3.0 g, 8.1 mmol), which 

was azeotropically dried with toluene, then placed under nitrogen atmosphere and 

dissolved in dry triethylamine (20 mL). The solution was cooled to 0 °C and freshly distilled 

PCl3 (0.25 mL, 2.7 mmol) was slowly added. The reaction progress was followed by TLC 

and 31P-NMR. After stirring for 3-5 hours, the solvent was evaporated under reduced 

pressure. Then, the residue was dissolved in dichloromethane/n-hexane (1:1) and purified 

by a silica gel column chromatography, using dichloromethane/n-hexane (1:1) as eluent, 

and further purified by recrystallization in diethyl ether/n-hexane, always under nitrogen 

atmosphere. The final product tris[2’-(pivaloyloxy)-1,1’-binaphthyl-2-yl]phosphite, L2.2, 

with white crystalline aspect was obtained in 70% yield (2.15 g, 1.89 mmol). 
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2’-(pivaloyloxy)-1,1’-binaphthyl-2-ol (2.4) 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.96 (d, J = 8.8 Hz, 1H), 

7.87 (d, J = 8.2 Hz, 1H), 7.78 (d, J = 8.9 Hz 1H), 7.72 (d, J = 8.0 

Hz, 1H), 7.42-7.38 (m, 1H), 7.28 (d, J = 8.8 Hz, 1H), 7.24-7.19 

(m, 4H), 7.19-7.13 (m, 1H) 6.97 (d, J = 8.2 Hz, 1H), 6.14 (s, 1H, 

OH), 0.68 (s, 9H, H3’’). 

13C NMR (100 MHz, CDCl3) δ(ppm): 177.9 (C1’’), 151.9, 148.4, 

133.7, 133.6, 132.3, 130.8, 130.4, 129.1, 128.4, 128.0, 127.5, 126.8, 126.3, 125.7, 

124.7,123.6, 123.1, 121.9, 118.3, 114.3, 38.8 (C2’’), 26.6 (C3’’).  

 

Tris[2’-(pivaloyloxy)-1,1’-binaphthyl-2-yl]phosphite (L2.2) 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.91(d, J = 8.9 Hz, 

3H), 7.81 (d, J = 8.2 Hz, 3H), 7.72 (d, J = 8.1 Hz, 3H), 

7.37 (d, J = 8.2 Hz, 3H),  7.34-7.30 (m, 6H), 7.20 (d, J = 

8.2 Hz, 3H), 7.18-7.14 (m, 3H), 7.07-7.03 (m, 3H), 7.00 

(d, J = 8.5 Hz, 3H), 6.78 (d, J = 8.4 Hz, 3H), 6.40 (d, J = 

8.9 Hz, 3H), 0.65 (s, 27H). 

13C NMR (100 MHz, CDCl3) δ(ppm): 176.5 (C1’’), 147.2, 133.6, 133.4, 131.7, 130.3, 129.5, 

129.3, 128.0 127.6, 126.5, 126.4, 126.0, 125.5, 124.7, 124.5, 122.3, 121.4, 121.3, 120.3, 

120.2, 38.7 (C2’’), 26.6 (C3’’).  

31P NMR (162 MHz, CDCl3) δ(ppm): 133.6. 

HRMS (ESI): m/z calcd. for C75H63O9P [M+H]+: 1139.4288, found: 1139.4288. 

 

5.2.2 General procedure for the hydroformylation/reduction of olefins 

A 40 mL steel autoclave was charged with [Rh(CO)2acac] (1.98 mg, 7.7 μmol), tris[2'-

(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite ligand L2.1 (17.8 mg, 15.4 μmol) and Shvo’s-

complex (4.1 mg, 3.8 μmol). The autoclave was closed, and the air was removed using a 

vacuum pump. Then dry toluene (5 mL) and the desired alkene (10 mmol) were added 

through cannula. After flushing the autoclave with 3 cycles of vacuum/synthesis gas, it 

was pressurized with the desired amount of H2/CO gas and heated to the desired 
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temperature for 20 h, with magnetic stirring. After the reaction time, the autoclave was 

cooled with ice water and the pressure was released. The reaction crude was diluted with 

toluene and analyzed by gas chromatography, using isooctane as an external standard. 

 

5.2.3 Characterization of the isolated alcohols 

 

4-ethylhexan-1-ol (2.11a) 

According to the general procedure for the hydroformylation/reduction of olefins 

2.11a was prepared from 3-ethylpent-2-ene 2.11 and isolated as a colorless liquid in 13% 

yield (195.3 mg, 1.3 mmol), through column chromatography on silica gel (eluent, 

pentane/ethyl acetate 6:1). 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 3.56 (t, J = 6.7 Hz, 2H, H1), 

1.52-1.43 (m, 2H, H2), 1.27-1.09 (m, 7H, H3, H4, H5, H1’), 0.78 (t, J 

= 7.3 Hz, 6H, H6, H2’). 

13C NMR (100 MHz, CDCl3) δ(ppm): 63.8 (C1), 40.4 (C4), 30.2(C2), 

28.9 (C3), 25.6 (C5, C1’), 11.1 (C6, C2’). 

MS (EI): m/z = 129 [M]+, 112, 101, 83, 70, 55. 

 

3-phenylbutan-1-ol (2.14a) 

According to the general procedure for the hydroformylation/reduction of olefins, 

2.14a was prepared from prop-1-en-2-ylbenzene 2.14 and isolated as a colorless liquid in 

29% yield (435.6 mg, 2.9 mmol), through column chromatography on silica gel (eluent, 

hexane/ethyl acetate 5:1). 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.36-7.33 (m, 2H, H3’, H5’), 7.26-

7.24 (m, 3H, H2’, H4’, H6’), 3.60-3.55 (m, 2H, H1), 2.95-2.90 (m, 1H, H3), 

1.89 (q, J = 6.9, 2H, H2), 1.32 (d, J = 7.0 Hz, 3H, H4).  

13C NMR (100 MHz, CDCl3) δ(ppm): 147.0 (C1’), 128.6 (C3’, C5’), 127.0 

(C2’, C6’), 126.2 (C4’), 61.2 (C1), 41.0 (C3), 36.5 (C2), 22.5 (C4).  

MS (EI): m/z = 150 [M]+, 132, 117, 105, 91, 77, 65, 51, 39. 
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4-phenylbutan-1-ol (2.15a) 

According to the general procedure for the hydroformylation/reduction of olefins 

2.15a was prepared from (E)-prop-1-en-1-ylbenzene 2.15 and isolated as a colorless liquid 

in 13% yield (195.3 mg, 1.3 mmol), through column chromatography on silica gel (eluent, 

hexane/ethyl acetate 5:1). 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.29-7.25 (m, 2H, H3’, H5’), 

7.29-7.25 (m, 3H, H2’, H4’, H6’), 3.63 (t, J = 6.4 Hz, 2H, H1), 2.63 (t, 

J = 7.5 Hz, 2H, H4), 1.73-1.65 (m, 2H, H2/H3), 1.62-1.55 (m, 2H, 

H2/H3). 

13C NMR (100 MHz, CDCl3) δ(ppm): 142.4 (C1’), 128.5 (C3’, C5’), 

128.4 (C2’, C6’), 125.9 (C4’), 62.9 (C1), 35.7 (C4), 32.4 (C2/C3), 27.7 (C2/C3).  

MS (EI): m/z = 150 [M]+, 132, 117, 104, 91, 77, 65, 51, 41, 31. 

 

2-phenylbutan-1-ol (2.15ba) 

According to the general procedure for the hydroformylation/reduction of olefins, 

2.15ba was prepared from (E)-prop-1-en-1-ylbenzene 2.15 and isolated as a colorless 

liquid in 24% yield (360.5 g, 2.4 mmol), through column chromatography on silica gel 

(eluent, hexane/ethyl acetate 5:1). 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.27-7.18 (m, 2H, H3’, H5’), 7.16-

7.12 (m, 3H, H2’, H4’, H6’), 3.70 (dd, J = 10.8, 5.8 Hz, 1H, H1), 3.64 (dd, 

J = 10.8, 7.8 Hz, 1H, H1), 2.65-2.57 (m, 1H, H2), 1.73-1.63 (m, 1H, H3), 

1.56-1.45 (m, 1H, H3), 0.76 (t, J = 7.4 Hz, 3H, H4).  

13C NMR (100 MHz, CDCl3) δ(ppm): 142.4 (C1’), 128.7 (C3’, C5’), 128.2 

(C2’, C6’), 126.8 (C4’), 67.5 (C1), 50.6 (C2), 25.1 (C3), 12.1 (C4).  

MS (EI): m/z = 150 [M]+, 119, 103, 91, 77, 65, 51, 41, 31. 

 

2-methyl-3-phenylpropan-1-ol (2.15bb) 

According to the general procedure for the hydroformylation/reduction of olefins, 

2.15bb was prepared from (E)-prop-1-en-1-ylbenzene 2.15 and obtained in a mixture of 

50:50% with the isomeric compound 2.15ba through column chromatography on silica gel 

(eluent, hexane/ethyl acetate 5:1). 
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1H NMR (400 MHz, CDCl3) δ(ppm): 7.27-7.18 (m, 2H, H3’’, H5’’), 7.16-

7.12 (m, 3H, H2’’, H4’’, H6’’), 3.73 (dd, J = 10.8, 6.0 Hz, 1H, H1), 3.69 (dd, 

J = 10.8, 7.8 Hz, 1H, H1), 2.74 (dd, J = 13.4, 6.2 Hz, 1H, H3), 2.39 (dd, J 

= 13.4, 8.1 Hz, 1H, H3) 1.95-1.87 (m, 1H, H2), 0.89 (d, J = 6.8 Hz, 3H, 

H1’).  

13C NMR (100 MHz, CDCl3) δ(ppm): 140.8 (C1’’), 129.2 (C3’’, C5’’), 128.3 (C2’’, C6’’), 125.9 (C4’’), 

67.6 (C1), 39.8 (C3), 37.8 (C2), 16.5 (C1’). 

MS (EI): m/z = 150 [M]+, 132, 117, 104, 91, 77, 65, 51, 39, 31. 

 

2,3-diphenylpropan-1-ol (2.16a) 

According to the general procedure for the hydroformylation/reduction of olefins, 

2.16a was prepared from (E)-1,2-diphenylethenedibenzene 2.16  and isolated as a 

colorless liquid in 83% yield (706.2 mg, 3.2 mmol), through column chromatography on 

silica gel (eluent, heptane/ethyl acetate 8:1). 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.32-7.05 (m, 10H, H1’-H6’, 

H1’’-H6’’), 3.79 (dd, J = 12.4, 6.8 Hz, 1H, H1), 3.77 (dd, J = 12.4, 

7.2 Hz, 1H, H1), 3.15-2.85 (m, 3H, H2, H3).  

13C NMR (100 MHz, CDCl3) δ(ppm): 142.1 (C1’), 140.1 (C1’’), 

129.3 (C3’, C5’), 128.9 (C3’’, C5’’), 128.5 (C2’, C6’), 128.3 (C2’’, C6’’), 

127.1 (C4’), 126.2 (C4’’), 66.9 (C1), 50.4 (C2), 38.9 (C3). 

MS (EI): m/z = 212 [M]+, 194, 180, 165, 141, 121, 103, 77, 51. 

 

(3R)-3,7-dimethylnona-1,9-diol (2.18a) 

According to the general procedure for the hydroformylation/reduction of olefins 

2.24a was prepared from citronellol 2.24 and isolated as colorless liquid in 30% (564.9 mg, 

3.0 mmol) yield through column chromatography on silica gel (eluent, 

dichloromethane/ethyl acetate 1:1). 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 1:1 mixture of 

diastereoisomers: 3.69-3.58 (m, 4H, H1, H9), 2.02 

(bs, 2H, -OH), 1.60-1.50 (m, 4H, H2, H8), 1.38-1.23 

(m, 5H, H4, H5, H6), 1.15-1.06 (m, 2H, H3, H7), 0.87 (d, J = 6.0 Hz, 6H, H1’, H1’’).  
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13C NMR (100 MHz, CDCl3) δ(ppm): 1:1 mixture of diastereoisomers: 61.2 (C1, C9), 61.1 

(C1,  C9), 40.0 (C2, C8), 39.9 (C2, C8), 37.4 (C4, C6), 37.2 (C4, C6), 29.6 (C3, C7), 29.4 (C3, C7), 

24.3 (C5), 24.2 (C5), 19.8 (C1’/C1’’), 19.7 (C1’/C1’’). 

MS (EI): m/z = 188 [M]+, 169, 151, 137, 123, 109, 95, 81, 69, 55, 41. 

 

5.3 Experimental of Chapter 3 

In this section, the synthetic procedures and compound characterization referring to 

chapter 3 is provided. 

 

5.3.1 Synthesis and functionalization of the nanomaterials 

 

Multiwalled carbon nanotubes functionalization 

Oxidized multiwalled carbon nanotubes (MWCNT@COOH) with 3.86 COOH Wt%, an 

average diameter of 8 nm, length of 10-30 m and purity higher than 98% were purchased 

from NANOCYL (NC3101 series). 

The synthesis of MWCNT@NH2 was performed in a 

two-step methodology following the procedures 

adapted from literature.[7] Thionylchloride (60 mL) 

was added to 1.2 g of MWCNT@COOH in a 250 mL 

round-bottom flask under nitrogen atmosphere. The 

suspension was then sonicated for 2 minutes and 

stirred at 70 °C for 24 hours under nitrogen 

atmosphere. The suspension was cooled to room 

temperature, filtered and washed with dry THF (ca. 1 L) until neutral pH was obtained. 

The filtered solid was dried under vacuum at room temperature and MWCNT@COCl was 

obtained. This material was characterized by X-ray photoelectron spectroscopy (XPS). The 

MWCNT@COCl material was then introduced in a round-bottom flask containing 70 mL 

of freshly distilled ethylenediamine. The solid was dispersed through sonication (2 min) 

and the reaction occurred at 100 °C for 48 hours, under magnetic stirring and nitrogen 

atmosphere. To remove the excess of ethylenediamine, the MWCNT@NH2 material was 

filtered and washed with ethanol (ca.750 mL) and THF (ca. 250 mL) after the reaction. The 
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MWCNT@NH2 solid was dried and characterized by X-ray photoelectron spectroscopy 

(XPS). The functionalized material was obtained with 0.82 mmol of NH2/g. To calculate the 

molar amount of NH2 groups, we considered the atomic contribution of each one of the 

atoms presented in the sample and converted the At% of nitrogen to the molar amount 

of NH2 per gram of material. 

 

Magnetic nanoparticles functionalization 

MNP@NH2 was obtained through the preparation of magnetite followed by their 

coating with silica and further amine functionalization, following the methods reported 

earlier.[8,9] 

 

Magnetite nanoparticles (MNP) were prepared, according to a 

previously reported method.[9] A mixture of an aqueous solution of 

FeCl3 (10 mL, 1 M) and an HCl solution (2 M) of FeCl2 (2.5 mL, 2 M) was 

added to 250 mL of NH4OH (1 M) under mechanical stirring (10 000 rpm) 

in a round-bottom flask. The MNP were magnetically recovered and washed with distilled 

water (3 × 250 mL) after 30 minutes of reaction. Then, the MNP were dispersed in 250 mL 

of distilled water. Oleic acid (2 mL, 7 mmol), in acetone (5 mL), was added dropwise to the 

dispersion under vigorous mechanical stirring for 30 minutes. The resulting precipitate 

was magnetically recovered and washed with acetone (3 × 25 mL), the resulting magnetite 

was then dispersed in cyclohexane (15 mL). To remove the non-stabilized particles, the 

final solution was centrifuged at 2000 rpm for 30 minutes and stocked under air. Finally, 

the solvent was evaporated and a stock solution containing 72 mg of MNP/mL of 

cyclohexane was obtained. 

 

The silica coating was obtained using the reverse microemulsion 

method.[10] Igepal CO-520 (178.4 g), previously prepared 

magnetite (800 mg; 11.1 mL of stock solution in cyclohexane), 

and ammonium hydroxide (29%; 38 mL) were dispersed in 

cyclohexane (2.8 L) using ultrasounds. Then, tetraethyl 

orthosilicate (TEOS; 30.8 mL) was slowly added dropwise and the 

reaction occurred for 16 h under slow mechanical stirring (300 rpm). The solid was 
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precipitated with methanol (≈ 250 mL), recovered by centrifugation (7000 rpm, 30 min) 

and washed with ethanol (three times). Finally, the desired solid material was dried for 24 

hours, at room temperature, and calcined at 500 °C for 2 hours. Silica coated nanoparticles 

(MNP@SiO2) were obtained (5.40 g) and analyzed by transmission electron microscopy 

(TEM).  

 

The MNP@SiO2 material (1 g), 3-aminopropyltriethoxysilane 

(APTES; 0.5 mL) and dry toluene (50 mL) were introduced in a 

round-bottom flask at reflux temperature for 2 hours. Then, 

the amine-functionalized solid (MNP@NH2) was purified by 

washing with toluene and separated by centrifugation, the 

resulting material was finally dried at 100 °C for 20 hours and 

characterized by thermal analysis (TG) and infrared spectroscopy (FTIR) 

 

5.3.2 Synthesis of PPh3 functionalized nanomaterials 

 

The synthesis of hybrid phosphine-

functionalized nanomaterials 

(MWCNT@PPh3 and MNP@PPh3) was 

performed via hydroaminomethylation 

reaction.  

In a typical experiment diphenyl(4-

vinylphenyl)phosphine (1.1 mmol), 

[Rh(CO)2acac] (0.021 mmol)  and the 

selected aminated material 

(MWCNT@NH2 (1.0 g); or MNP@NH2 

(1.0 g) were weighed to a stainless steel 

high-pressure reactor, under inert 

atmosphere. After the addition of 

freshly dried toluene (14 mL) via cannula, the reactor was pressurized with 30 bar (CO/H2, 

1:1) at constant pressure and kept at 65 ºC for 48 hours with vigorous magnetic stirring. 

After this period the reactor was cooled to room temperature, degassed, and finally 
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charged with H2 (P = 30 bar) at 65 °C for additional 4 hours. After this period the reactor 

was cooled until room temperature and depressurized and opened in a glovebox, under 

inert atmosphere. The PPh3@MWCNT material was isolated via centrifugation in a falcon 

tube closed under inert atmosphere (10 min, 6000 rpm). Then, to remove the unreacted 

diphenyl(4-vinylphenyl)phosphine and residual Rh complex, the material was washed 

with toluene (3 times) and isolated via centrifugation. After drying, under vacuum, 

overnight, the desired MWCNT@PPh3 was isolated and characterized by X-ray 

photoelectron spectroscopy (XPS). MNP@PPh3 material was easily isolated from the 

reaction medium by application of an external magnetic field. After removal of the 

supernatant, the remaining solid was washed with toluene (20 mL, 3 times) and dried 

under vacuum at room temperature for 24 hours, the solid was then analyzed by X-ray 

photoelectron spectroscopy (XPS) and inductively coupled plasma atomic emission 

spectroscopy (ICP-OES), see Chapter 3, Table 3.2. 

 

5.3.3 Synthesis of the hybrid nanocatalysts 

 

To prepare the desired Rh/phosphine hybrid catalysts 

(CAT3.1 and CAT3.2), each one of the previously described 

phosphine functionalized materials MWCNT@PPh3 (0.23 

mmol P/g material) or MNP@PPh3 (0.13 mmol P/g 

material) (500 mg) and [Rh(CO)2(acac)] (0.128 mmol) were 

weighed to a Schlenck tube, under inert atmosphere, and 

toluene (15 mL) was added. The complexation reaction was kept for 15 hours under 

vigorous magnetic stirring, under N2 atmosphere. The materials were isolated by 

centrifugation (CAT3.1) or external magnetic separation (CAT3.2) and washed five times. 

After drying, CAT3.1 and CAT3.2 were characterized by X-ray photoelectron spectroscopy 

(XPS) and inductively coupled plasma atomic emission spectroscopy (ICP-OES), 

respectively, displaying values of 0.16 mmol Rh/g material (CAT3.1) and 0.11 mmol Rh/g 

material (CAT3.2). 

 

 

 



138 
 

5.3.4 General procedure for the hydroformylation of styrene  

 

Previously prepared hybrid nanocatalysts (CAT3.1 and CAT3.2) were evaluated in the 

hydroformylation of styrene. The hybrid material CNT@PPh3-Rh (CAT3.1; 80 mg) or 

MNP@PPh3-Rh (CAT3.2; 200 mg) were weighed to a stainless-steel high-pressure reactor 

under inert atmosphere. After closing the reactor, styrene (6.5 mmol) and the solvent (dry 

toluene, 10 mL) were added via cannula, under vacuum. The reactor was then purged 3x 

with syngas and finally charged with 30 bar of an even mixture of CO and H2 and 

maintained at 80 °C for 17 hours, under magnetic stirring. After that period the reactor 

was cooled to room temperature and depressurized. For CAT3.1, the reactor was opened 

under inert atmosphere and the hybrid material was separated from the reaction crude 

by centrifugation (10 min, 6000 rpm) and washed 3x with freshly dry toluene. For CAT3.2, 

the reactor was opened under inert atmosphere and the hybrid material was separated 

from the reaction crude by the application of an external magnet. In both cases, a sample 

of the crude mixture was analyzed by GC-MS. 

 

5.4 Experimental of Chapter 4 

 

In this section, the synthetic procedures and compound characterization referring to 

chapter 4 is provided. 

 

5.4.1 Homogeneous catalysts synthesis 

 

Preparation of CAT4.1 

Tris(1-pyrazoyl)methane (4.2) 

Distilled water (74 mL) was added to a 500 mL round bottom flask 

containing a mixture of pyrazole (5.0 g, 74 mmol) and tetra-n-

butylammonium bromide (1.2 g, 3.75 mmol). With vigorous 

stirring, sodium carbonate (46.75 g, 450 mmol) was added 

gradually to the reaction mixture; constant stirring increases the 

efficiency of the reaction. After cooling to near room temperature (25 °C), chloroform (37 

mL) was added and the flask was equipped with a reflux condenser. This mixture was 
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heated at gentle reflux (62 °C) for 3 days over which time it became a pale-yellow 

emulsion. The mixture was cooled to r.t. and filtered through a Büchner funnel to remove 

the excess of base. Diethyl ether (125 mL) and distilled water (75 mL) were added to the 

filtrate. The organic layer was removed, and the aqueous layer was washed again with 

diethyl ether (3×100 mL). The combined organic layers were then washed with saturated 

brine solution (100 mL). The organic layer was treated with activated charcoal and dried 

over sodium sulfate. The mixture was filtered, and the solvent was removed by rotary 

evaporation. The resulting pale-yellow solid was recrystallized using diethyl ether as 

solvent and the crystals were filtered and dried under vacuum. Tris(1-pyrazoyl)methane 

was obtained as white crystals with 65% yield (12.6 g). 

 

FeBr2 and 4.2 complexation 

To an ethanoic (10 mL) solution of FeBr2 (251 mg, 1.63 mmol), an equimolar amount of 

4.2 (360 mg, 1.68 mmol) in ethanol (10 mL) was slowly added under inert atmosphere of 

argon, the formation of a violet precipitate is instantaneous. After stirring for 2 hours, the 

solid was separated by filtration under inert atmosphere and dried under vacuum. The 

previously obtained powder was recrystallized in ethanol through solvent evaporation and 

crystals were obtained. Finally, the purple crystals were washed with cold ethanol and dried 

under vacuum. After crystallization of the CAT4.1 amorphous powder through slow ethanol 

evaporation pure purple crystals of CAT4.1 were obtained (637 mg, 91%). The crystals were 

then analyzed with X-ray crystallography and the data is in good agreement with those 

previously described in the literature.[11]  

 

1H NMR (400 MHz, D2O) δ(ppm): 9.22 (bs, 1H, H1), 8.56 (bs, 3H, 

H3’), 7.83 (bs, 3H, H5’), 7.09 (bs 3H, H4’). 

13C NMR (100 MHz, D2O) δ(ppm): 159.8 (C3’), 143.1 (C5’), 114.6 

(C4’), 74.2 (C1). 

HRMS (ESI): m/z = calcd for C10H10BrFeN6
+ [M-Br]+: 348.9494; 

found: 348.9489. 
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In situ preparation of CAT4.2 

Xantphos (0.05 mmol) and [Rh(CO)2acac] (0.02 mmol) were weighed to a stainless-steel 

high-pressure reactor under inert atmosphere. The reactor was then purged 3x with syngas 

and charged with 30 bar of CO/H2 (1:1) and maintained at 80 °C for 2 hours under magnetic 

stirring using ethanol as solvent (3 mL). 

 

In situ preparation of CAT4.3 

Triphenylphosphine (0.10 mmol) and [Rh(CO)2acac] (0.02 mmol) were weighed to a 

stainless-steel high-pressure reactor under inert atmosphere. The reactor was then purged 

3x with syngas and charged with 30 bar of CO/H2 (1:1) and maintained at 80 °C for 2 hours, 

under magnetic stirring, using ethanol as solvent (3 mL). 

 

In situ preparation of CAT4.4 

Tris[2'-(benzyloxy)-1,1'-binaphthyl-2-yl] phosphite (0.10 mmol) and [Rh(CO)2acac] (0.02 

mmol) were weighed to a stainless-steel high-pressure reactor under inert atmosphere. The 

reactor was then purged 3x with syngas and charged with 30 bar of CO/H2 (1:1) and 

maintained at 80 °C for 2 hours, under magnetic stirring, using ethanol as solvent (3 mL). 

 

5.4.2 Heterogeneous catalysts synthesis 

 

The synthesis and functionalization of the magnetic nanoparticles used in chapter 4 

were performed using the same procedures as presented in section 5.3. 

 

Magnetic nanoparticles functionalization 

MNP@SiO2 (1 g) and (3-chloropropyl)triethoxysilane (CPTES) 

(0.5 mL; 2.07 mmol) were added to dry toluene (40 mL) and 

kept under stirring at 110 °C, for 12 h. The resulting material 

was magnetically collected and washed several times with 

ethyl acetate and acetonitrile. Finally, the solid was dried 

under vacuum for 24 h. The MNP@Cl were characterized by 

TG, showing a functionalization corresponding to 0.66 

mmol/g of material. 
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Preparation of CAT4.5 

 N-xantphos (435 mg, 0.79 mmol) was dissolved with 

dry DME (80 mL) in a Schlenk tube under inert 

atmosphere, then, dry sodium hydride (77 mg, 3.2 

mmol) was slowly added to the solution and kept for 2 

hours at 80 °C under inert atmosphere. After that 

period, MNP@Cl (900 mg, 0.6 mmol of Cl groups) was added and the mixture was kept 

stirring for 12 hours under inert atmosphere. After washing with DME (3 x 50 mL) and 

recovery with magnetic separation under inert atmosphere, [Rh(CO)2(acac)] (180 mg, 0.7 

mmol) and DME (50 mL) was added and the mixture was kept under inert atmosphere for 

additional 6 hours. After solvent removal, the resulting material was again washed (3 x 50 

mL), under inert atmosphere and dried under vacuum. All reactions and manipulations were 

performed under inert atmosphere. The resulting material was analyzed by TG and ICP-OES 

and immobilization of N-xantphos (0.12 mmol/g) and rhodium (0.061 mmol/g) was obtained. 

 

Preparation of CAT4.6 

 

Tris-2,2,2-(1 -pyrazoyl)ethanol (4.4)  

In a 250 mL Schlenk flask, tris(1-pyrazoyl)methane (1.5 g, 7.0 mmol) was dissolved in 

2-Me-THF (100 mL)  and potassium tert-butoxide (2.0 g, 18 mmol) was added slowly, after 

complete dissolution, paraformaldehyde (0.53 g, 18 mmol) was added to the mixture and 

stirred at 30 °C. overnight, under inert atmosphere. After that period, water (100 mL) was 

added and the mixture was extracted with diethyl ether (3 x 100 mL). The organic extracts 

were combined and dried over sodium sulfate and filtered. The solvent was removed 

under vacuum resulting and a pale yellow solid was obtained (1.2 g, 80%). 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.70 (d, J = 1.5 Hz, 3H, H3’), 7.11 

(d, J = 2.5 Hz, 3H, H5’), 6.37 (dd, J = 2.5, 1.6 Hz, 3H, H4’), 5.08 (s, 2H, 

H1)  

13C NMR (100 MHz, CDCl3) δ(ppm): 141.5 (C3’), 129.9 (C5’), 106.6 

(C4’), 89.2 (C2), 67.8 (C1). 
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Tris-2,2,2-(1-pyrazoyl)ethoxyallyl (4.5) 

Tris-2,2,2-(1-pyrazoyl)ethanol 4.4 (1.0 g 4.1 mmol) was weighted to a 200 mL Schlenk 

flask and dissolved in 2-Me-THF (100 mL), potassium tert-butoxide (1.0 g, 9.0 mmol) was 

added slowly, after complete dissolution, allyl bromide (0.5 mL, 6 mmol) was added to the 

mixture and stirred at r.t. for 24 hours under inert atmosphere. After that period, water 

(100 mL) was added and the mixture was extracted with diethyl ether (3 x 50 mL). The 

organic extracts were combined and dried over sodium sulfate and filtered. The solvent 

was removed under vacuum resulting in a colorless liquid (1.1 g, 98%). 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.65 (d, J = 1.7 Hz, 3H, 

H3’’), 7.42 (d, J = 2.6 Hz, 3H, H5’’), 6.33 (dd, J = 2.5, 1.8 Hz, 3H, 

H4’’), 5.79 (ddt, J = 17.2, 10.4, 5.6 Hz, 2H, H2’), 5.21 (dq, J = 

17.2, 1.6 Hz, 1H, H3’), 5.16 (dq, J = 10.4, 1.3 Hz, 1H, H3’) 5.09 

(s, 2H, H1), 3.98 (dt, J = 5.6, 1.3 Hz, 2H, H1’) 

13C NMR (100 MHz, CDCl3) δ(ppm): 141.3 (C3’’), 133.7 (C2’), 130.9 (C5’’), 118.0 (C3’), 106.5 

(C4’’), 89.9 (C2), 73.2 (C1 /C1’), 73.1 (C1 /C1’). 

HRMS (EI): m/z = calcd for C13H16N6NaO+ [M+Na]+: 307.1279; found: 307.1278. 

 

Complexation of 4.5 with FeBr2 (4.6) 

To a 10 mL ethanolic solution of FeBr2 (1.0 g, 3.5 mmol), an equimolar molar amount of 

4.5 (1.0 g, 3.5 mmol) in ethanol (10 mL) was slowly added under inert atmosphere of argon, 

the formation of precipitate was instantaneous. After stirring for 2 hours, the solid was 

filtered under inert atmosphere and dried under vacuum. Finally, the obtained orange (95%) 

powder was washed with cold ethanol and dried under vacuum. 

 

HRMS (EI): m/z = calcd for C14H16BrFeN6O+ [M-Br]+: 

418,9918; found: 418,9911. 
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Immobilization of iron complex 4.6 onto MNP@NH2 (CAT4.6) 

The synthesis of immobilized Iron 

(II)/C-scorpionate type catalyst onto 

MNP was performed via 

hydroaminomethylation reaction. 

Firstly, [Rh(CO)2(acac)] (6 mg, 0.02 

mmol) and Xantphos (23.0 mg, 0.04 

mmol) were incubated in a high-pressure reactor in anisole (5 mL), with 30 bar (CO/H2, 

1:1), at 80 °C for 1 hour. Then, complex 4.6 (1.0 g, 2.0 mmol), and the aminated 

nanoparticle, MNP@NH2 (900 mg, 1.3 mmol of amine groups) were added to the reactor 

under inert atmosphere.  After the addition of freshly dried toluene (10 mL) via cannula, 

the reactor was pressurized with 30 bar (CO/H2, 1:1) at constant pressure and kept at 

65 °C for 48 hours with vigorous magnetic stirring. After this period the reactor was cooled 

to room temperature, degassed, and finally charged with H2 (P = 30 bar) at 65 °C for 

additional 4 hours. The reactor was then cooled to room temperature, depressurized, and 

opened in a glove box under inert atmosphere. The CAT4.6 material was isolated from the 

reaction medium by application of an external magnetic field. After removal of the 

supernatant, the remaining solid was washed with DME, anisole and acetonitrile (3 x 20 

mL) and dried under vacuum at room temperature for 24 hours, the solid was then 

analyzed by TG and ICP-OES.  

5.4.3 General procedures for the hydroformylation/acetalization of olefins 

 

Homogeneous conditions 

A 20 mL stainless steel autoclave was charged with [Rh(CO)2(acac)] (5.16 mg, 0.02 

mmol), Xantphos (28.9 mg, 0.05 mmol) and [FeBr2{HC(pz)3] (22.0 mg, 0.05 mmol). The 

autoclave was closed, and the air was removed using a vacuum pump. Ethanol (3 mL) was 

added via cannula and the autoclave was charged with 30 bar (CO:H2) and kept for 2 hours 

at 80 °C. Then, the alkene (3 mmol) and 3 mL of dry ethanol were added through cannula. 

After flushing the autoclave with CO/H2, it was pressurized with 20 bar of the same 

equimolar mixture of CO/H2 gas and heated to 80 °C with magnetic stirring. After 24 hours, 

the autoclave was cooled with icy water and the pressure was released. The crude 
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reaction mixture was diluted with ethanol and analyzed by gas chromatography using 

isooctane as an external standard. 

Heterogeneous conditions 

The desired amount of CAT4.5 (180 mg, 0.02 mmol Rh) was loaded into a 20 mL high-

pressure autoclave, dispersed in ethanol (4 mL) and kept at 30 bar (CO/H2) pressure for 2 

hours, at 80 °C. Then, after substrate addition (3 mmol) and 2 mL of ethanol, the reactor 

was flushed and pressurized with 20 bar of CO:H2 gas (1:1) and heated to 80 °C under 

stirring. After 24 hours the catalyst was isolated from the reaction crude through magnetic 

separation and stored under inert atmosphere. Then the reaction was transferred to 

another reaction vessel containing CAT4.6 (300mg, 0.04 mmol Fe) and kept for additional 

24 hours at 80 °C, under inert atmosphere, finally CAT4.6, was also magnetically separated 

from the reaction crude and stored under inert atmosphere. An aliquot was taken from 

both reaction step crudes, diluted with ethanol and analyzed by gas chromatography 

using isooctane as an external standard. All manipulations were performed under inert 

atmosphere. 

Reutilization Process: The above-described process was repeated for a further three 

runs and results are shown in Figure 4.19 (Chapter 4). The Rh ICP analysis of CAT4.5 

samples, prior and after the reutilization cycles revealed 0.9% Rh total leaching while Fe 

ICP analysis of CAT4.6 showed 1.6% Fe leaching. 

5.4.4 Reaction scope 

 

1,1-diethoxynonane (4.10l) 

According to the general procedure for the hydroformylation/acetalization of olefins, 

4.10l was prepared from oct-1-ene and isolated as a colorless liquid in (70%) yield through 

normal phase silica flash chromatography using ethyl acetate/n-hexane as eluent. 

1H NMR (400 MHz, CDCl3) δ(ppm): 4.41 (t, J = 5.8 Hz, 1H, H1), 3.57 

(dq, J = 9.4, 7.1, 2H, H1’), 3.43 (dq, J = 9.4, 7.1, 2H, H1’), 1.52-1.57 

(m, 2H, H2), 1.22 (bs, 12H, H3-H8), 1.14 (t, J = 7.1 Hz, 6H, H2’), 0.82 

(t, J = 6.9 Hz, 3H, H9) 
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13C NMR (100 MHz, CDCl3) δ(ppm): 103.0 (C1), 60.8 (C1’), 33.6 (C2), 31.8, 29.5, 29.2, 24.7, 

22.6, 15.3 (C2’), 14.0 (C9). 

MS (EI): m/z = 171, 103, 85, 75, 57, 47, 29. 

 

(3,3-diethoxypropyl)benzene (4.11l) 

According to the general procedure for the hydroformylation/acetalization of olefins, 

4.11l was prepared from styrene and isolated as a colorless liquid in (41%) yield through 

normal phase silica flash chromatography using ethyl acetate/n-hexane as eluent. 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.34-7.31 (m, 2H, H3’’, H5’’), 7.26-

7.23 (m, 3H, H2’’, H4’’, H6’’), 4.54 (t, J = 5.7 Hz, 1H, H1), 3.70 (dq, J = 

9.4, 7.1 Hz, 2H, H1’), 3.56 (dq, J = 9.4, 7.1 Hz, 2H, H1’) 2.75 (t, J = 7.8 

Hz, 2H, H3), 2.02-1.97 (m, 2H, H2), 1.27 (t, J = 7.1 Hz, 6H, H2’). 

MS (EI): m/z = 208 [M]+, 162, 133, 117, 105, 103, 91, 75, 65, 47, 29. 

 

(1,1-diethoxypropan-2-yl)benzene (4.11b) 

According to the general procedure for the hydroformylation/acetalization of alkenes, 

4.11b was prepared from styrene was obtained as a colorless liquid in a 50:50 mixture 

with 4.11l through normal phase silica flash chromatography using ethyl acetate/n-

hexane as eluent. 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.34-7.31 (m, 2H, H3’’, H5’’), 

7.26-7.23 (m, 3H, H2’’, H4’’, H6’’), 4.52 (d, J = 6.5 Hz, 1H, H1), 3.62 

(dq, J = 9.4, 7.1 Hz, 2H, H1’), 3.38 (dq, J = 9.4, 7.1 Hz, 2H, H1’), 3.08 

(p, J = 7.0 Hz, 2H, H2), 1.39 (d, J = 7.1 Hz 3H, H3), 1.27 (t, J = 7.1 Hz, 

3H, H2’) 1.10 (t, J = 7.1 Hz, 3H, H2’). 

MS (EI): m/z = 208 [M]+, 163, 135, 117, 105, 103, 91, 75, 47, 29. 

 

 (1R,2S,5R)-2-(-1,1-diethoxybutan-3-yl)-5-methylcyclohexyloxymethylbenzene (4.14l) 

According to the general procedure for the hydroformylation/acetalization of alkenes, 

4.14l was prepared from (-)-isopulegol benzyl ether and isolated as a colorless liquid in 
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(74%) yield through normal phase silica flash chromatography using ethyl acetate/n-

hexane as eluent. 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 7.42-7.25 (m, 5H, H3’-H7’),  

4.64 (d, J = 11.1 Hz, 1H, H1’), 4.56 (dd, J = 7.8, 3.9 Hz, 1H, H1’’), 

4.43 (d, J = 11.1 Hz, 1H, H1’), 3.63 (dq, J = 9.4, 7.1 Hz, 2H, H1’’’), 

3.48 (dq, J = 9.3, 7.1 Hz, 2H, H1’’’) 3.25 (dt, J = 10.6, 4.1 Hz,1H, 

H1), 2.34-2.24 (m, 1H), 2.22-2.17 (m, 1H), 1.78-1.72 (m, 1H), 

1.69-1.63 (m, 2H), 1.39-1.26 (m, 3H), 1.20 (t, J = 7.1 Hz, 3H, 

H2’’’), 1.12 (t, J = 7.1 Hz, 3H, H2’’’), 0.96 (d, J = 7.0 Hz 3H), 0.93 (d, J = 6.6 Hz 3H), overlap 

signals 1.12-0.75 (m, 3H)  

13C NMR (100 MHz, (CD3)2CO) δ(ppm): 140.8 (C2’), 129.0 (C4’, C6’), 128.5 (C3’, C7’), 128.0 

(C5’), 103.1 (C1’’), 79.2 (C1’), 70.9, 61.6, 61.2, 50.0, 41.3, 36.7, 35.7, 32.3, 28.7, 25.9, 22.8, 

18.6, 16.0, 15.9. 

MS (EI): m/z = 348 [M]+, 319, 211, 194, 179, 165, 150, 103, 99, 91, 71, 55, 47, 28. 

 

(S)-4-(1,1-diethoxybutan-3-yl)-1-methylcyclohex-1-ene (4.16l) 

According to the general procedure for the hydroformylation/acetalization of olefins, 

4.16l was prepared from (+)-limonene and isolated as a colorless liquid in 40% yield 

through normal phase silica flash chromatography using ethyl acetate/n-hexane as eluent. 

 

1H NMR (400 MHz, CDCl3) δ(ppm): 5.35 (bs, 1H, H2), 4.57 (dd, J = 

7.2 Hz, 4.6 Hz, 1H, H1’’), 3.67-3.56 (m, 2H, H1’’’), 3.52-3.44 (m, 2H, 

H1’’’), 1.96-1.88 (bs, 3H), 1.77-1.63 (m, 3H), 1.62 (s, 3H, H1’), 1.58-

1.51 (m, 1H), 1.39-1.22 (m, 3H), 1.19 (t, J = 6.9 Hz, 3H, H2’’) 1.18 (t, 

J = 7.1 Hz, 3H, H2’’), 0.87 (dd, J = 6.8, 3.7 Hz, 3H, H4’’) 

MS (EI): m/z = 194, 179, 148, 133, 119, 106, 99, 93, 79, 71, 55, 41, 

29.  
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