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II. Abstract  

The thesis describes my investigations on the reaction mechanisms of 

the FeH-PNHP- or MoH-PNHP-catalyzed deaminative hydrogenation of 

amides (see Figure I). Here I propose reaction mechanisms that can 

explain the experimental behaviour of these reactions. The proposed 

reaction mechanisms have also been used for the optimization and 

design of more efficient systems, and the qualitative prediction of 

reaction-rate changes caused by several additives (proton-shuttle 

molecules and alkaline countercations). The reaction was studied using 

Density Functional Theory (DFT) calculations, and the results were later 

inputted in microkinetic models to be compared against experimental 

measures. 

 

Figure I Deaminative hydrogenation of amides catalyzed by Fe-PNP or MoH-PNHP 
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𝑠𝑖 = spin of electron i 
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ℎ̂𝑖= monoelectronic Hamiltonian of electron i 

Ψ = system wave function 

𝜓𝑖  = monoelectronic wave function of electron i 

𝐸 = Expectation value of the energy of a system 

𝐾= Expectation value of the electronic kinetic energy of a system 

𝐽 = Expectation value of the Coulomb potential energy of a system 
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 Introduction 

1.1 Hydrogenation Reactions 

The addition of hydrogen atoms to unsaturated C=X or C≡X bonds        

(X = C, N, O) is a widespread and routine reaction in the synthesis of 

both commodity and fine chemicals. The importance of hydrogenation 

reactions is highlighted by its broad use as an efficient method for 

inducing chirality: readily available prochiral olefins, ketones, imines 

and amides, can be transformed into high-value high-demand products, 

using an inexpensive reagent (hydrogen).1,2 Furthermore, in 2001, the 

Royal Swedish Academy of Sciences, recognized the importance of this 

reaction by awarding the Nobel Prize in Chemistry to W.S. Knowles and 

R. Noyori for their contributions to enantioselective hydrogenation. As 

the thesis focusses on the hydrogenation of amides, I will introduce some 

general topics of hydrogenation reactions: the nature and origin of the 

hydrogen atoms (1), the reaction mechanisms for hydrogen activation 

(2) and the reaction mechanisms for hydrogen transfers (3). 

 Hydride vs molecular hydrogen 

The source of hydrogen atoms will determine the reaction hazard, cost, 

and reaction conditions. Hydrogen sources can be classified into two 

main groups: hydride or molecular hydrogen sources.3–6 
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Hydrogenation reactions with hydride sources are those that use already 

activated hydrogen. However, they require of an external source of 

protons for completing hydrogenation. Some examples of hydride 

sources are LiAlH4, LiBH4 and NaBH4. Their advantage over molecular 

hydrogen is that they are solid and they can hydrogenate at low 

temperatures. However, they are less selective, and LiAlH4 and LiBH4 

are very aggressive reducing agents that can cause severe damage if 

mishandled. Alternatively, some organic molecules (e.g. iPrOH)7 can be 

catalytically reduced in order to use them as hydrogen sources. 

Molecular hydrogen can be used directly as hydrogen source. Therefore, 

it is often a cheaper substrate if compared to hydride sources. Molecular 

hydrogen is also a greener alternative to hydride sources due to its atom 

efficiency. However, molecular hydrogen requires heterogeneous or 

homogeneous catalysts for its activation, the cost and toxicity of which 

may surpass those of hydride sources. 

Examples of heterogeneous catalysts for hydrogenation reactions are 

those made of solid or supported palladium and platinum (e.g. Adam’s 

catalyst) or nickel and aluminium (e.g. Raney nickel). These catalysts 

split molecular hydrogen on their surface into two hydrides via oxidative 

addition. They offer high catalyst reuse and easy product separation. 

However, their lack of selectivity and the necessary harsh reaction 

conditions are not suitable for many applications, including the synthesis 

of fine chemicals. 
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Homogeneous catalysts, instead, usually operate under milder 

conditions, are highly tunable, may be selective in respect to their 

reactants and/or induce chirality in their products. Their main 

disadvantages are their often-high production price and the need of 

catalyst separation from products. Some classic examples of catalyst for 

molecular hydrogen activation are the widely known [Rh(PPh3)3Cl] 

Wilkinson’s catalyst (developed by Geoffrey Wilkinson, 1973 Nobel 

Prize of Chemistry) or the stereoselective [Rh(COD)(BINAP)*] and 

[Rh(COD)(DIPAMP)*] catalysts (developed by R. Noyori and W. S. 

Knowles, 2001 Nobel Prize of Chemistry). Popular newer catalysts for 

hydrogen activation are [Ru(Triphos)(TMM)], frustrated Lewis pairs8–

10 and the bi-functional Shvo-, Milstein- and Noyori-type catalysts (see 

Chapter 1.1.2).11 

 Homolytic vs heterolytic cleavage of H2 

Reaction mechanisms for catalytic molecular hydrogen activation are 

generally classified in two groups: those involving a homolytic cleavage 

of H2 and those with a heterolytic cleavage. 

The homolytic cleavage of H2 consists of a hydrogen oxidative addition 

to one (e.g. Wilkinson’s catalyst) or two metallic centres (e.g. Iguchi’s 

catalyst), thus oxidizing the metal centres and producing two hydrides. 

(see Figure 1.1).3,5 Both homogeneous and heterogeneous catalysts can 

utilize this mechanism. 
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Figure 1.1 Homolytic cleavage of H2 by Wilkinson’s catalyst (above) and by Iguchi’s 

catalyst (below). 

In the heterolytic cleavage of H2, a metal centre forms a hydride while a 

nucleophile generates a Hδ+ (Figure 1.2).3,5 Some catalysts contain 

nucleophilic ligands that facilitate the reaction due to their proximity to 

the metal centre.12 Heterolytic cleavage of H2 does not change the 

oxidation state of the metal. 

 

Figure 1.2 Examples of heterolytic cleavage with a [RuCl(PPh3)3R] catalyst (above) 

or a Noyori-type Ru catalyst (below). 

The hydrogenations studied in the thesis utilize molecular hydrogen 

activated by bi-functional tridentate Noyori-type catalysts, with iron or 

molybdenum centres (see Figure 1.3). Bi-functional catalysts are 

catalysts with two active centres that can perform elementary steps of 

different nature, i.e. nucleophilic attacks and electrophilic additions. The 

active sites of bi-functional catalysts for hydrogenation reactions are 
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placed in a disposition favouring the reversible heterolytic cleavage of 

hydrogen, yielding a hydride for nucleophilic attack and a proton for 

electrophilic addition (see Figure 1.3). This charge separation resembles 

the concept of frustrated Lewis pairs.8–10 The most popular bi-functional 

catalysts for multiple-bond hydrogenation can be categorized in three 

families that involve different nucleophilic centres: nitrogen for Noyori-

type bifunctional catalysts, carbon for Milstein-type bifunctional 

catalysts and oxygen for Shvo-type bifunctional catalysts (see Figure 

1.3). Rigid ligands are often used to set an appropriate arrangement of 

the catalyst active site. In the case of Noyori- and Milstein-type 

catalysts, these ligands are multidentate chelating ligands. The large 

variety of non-innocent multidentate chelating ligands gives modularity 

to these catalysts.13–15 

 

Figure 1.3 Heterolytic hydrogen cleavage assisted by Noyori-, Milstein- and Shvo-

type bifunctional catalysts. Most popular metallic centres (M) are Ru, Rh or Mn. 

Dashed lines indicate an indirect bond between the transition metal centre and the 

nucleophilic centre.  
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 Hydrogen transfer mechanisms. Inner- vs 

outer -sphere mechanisms. 

Two main reaction mechanisms exist for homogeneous hydrogenation 

reactions, and they are differentiated by the presence or absence of a 

substrate-metal bond: inner-sphere and outer-sphere hydrogenation 

mechanisms, respectively (see Figure 1.4 and Figure 1.5).3,5 

In the inner-sphere hydrogenations mechanisms, the reaction begins 

with a ligand decoordination to facilitate the coordination of the double-

bond (see Figure 1.4). The following step is a hydride insertion to the 

double-bond and the formation of a substrate-metal bond. Finally, the 

hydrogenated molecule is eliminated either by a reductive elimination 

or a σ-bond metathesis (depending on the metal facility to change its 

oxidation state).16 The rate of inner-sphere mechanisms strongly 

depends on the lability of the decoordinated ligand. 

 

Figure 1.4 Examples of inner sphere reaction mechanisms for homogeneous catalytic 

double-bond hydrogenations.  
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In the other hand, outer-sphere hydrogenation mechanisms do not 

require the coordination of the substrate, neither a ligand dissociation. 

This mechanism consists of a hydride nucleophilic attack and a Hδ+ 

electrophilic addition. There are two classes of outer-sphere 

mechanisms, differentiated by the order of the steps (see Figure 1.5), and 

none of them involve a change in the metal oxidation state. 

Hydrogenation of highly nucleophilic substrates (such as quinolines or 

acridines) will prefer outer-sphere mechanisms where there is first a Hδ+ 

electrophilic addition, followed by a hydride nucleophilic attack.3 In the 

other hand, Shvo-, Noyori- and Milstein-type catalysts are known to 

favour first a hydride nucleophilic attack, followed by a Hδ+ electrophilic 

addition.13,14 

 

Figure 1.5 Examples of outer sphere reaction mechanisms for homogeneous catalytic 

double-bond hydrogenations. 
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1.2 Amides as a substrate. 

Amides and carboxamides are the names given to molecules containing 

the functional group R1C(=O)NR2R3. Due to their natural abundance 

and synthetic accessibility, amides play prominent roles in several 

contexts, such as biochemistry, synthesis of industrial and fine 

chemicals,17–22 in processes of CO2 conversion to methanol23–26 as well 

as amine precursors. Amides belong to the family of carboxylic acid 

derivatives: electron-rich carbonyl groups of the form RC(=O)Y, which 

are susceptible to be hydrolyzed to carboxylic acids (Figure 1.6). 

Amides are the most stable within that family, which is a desired feature 

for example in their biological role in protein’s peptide bonds. However, 

amides relative high stability is a drawback when they are used as a 

substrate since their reactivity is more challenging and slower than that 

of carboxylic acid derivatives. 

 

Figure 1.6 Relative reactivity and electron affinity of carboxylic acid derivatives. 

Traditionally, methods for amide reduction relied on the consumption of 

stoichiometric amounts of strong reducing agents, such as LiAlH4 or 

LiBH4 and/or heterogeneous catalysts that demand very high pressures 

(>100 atm).27–30 To date, only a small number of homogenous catalysts 

can directly hydrogenate amides to amines.23,31–36 The thesis presents 
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our efforts to understand and improve the deaminative hydrogenation of 

amides by MH-PNHP catalysts. Therefore, it is important to 

contextualize the origin of amides low activity, as well as the reactions 

in which they can get involved. 

 Amides reactivity 

Although amides are the least reactive of the carboxylic acid derivatives, 

they still do react under appropriate conditions. Amides can undergo 

nucleophilic addition (Figure 1.7) via a nucleophilic attack to the 

carbonyl carbon, and formation of an alkoxide molecule, which will later 

undergo either an oxygen protonation or an amine elimination. 

 

Figure 1.7 General amide reactivity. 

Most of amides main reactions (see Figure 1.8) result from the 

combination of these fundamental steps with different nucleophiles and 

reaction conditions. We can differentiate two amide reaction families: 

those which involve C-N cleavage (with amine elimination), and those 

which involve C=O cleavage (with water elimination). C-N cleavage 

reactions can proceed with five different nucleophiles (alcohols, water,  
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Figure 1.8 Schematic summary of amide reaction types. In blue: reactions involving 

C-N cleavage. In green: reactions involving C=O cleavage. 

amines, Grignard reagents and hydrogen), leading to six different 

reactions types: acyl transfer, hydrolysis, trans amidation, nucleophilic 

acyl substitution, deaminative hydrogenation to aldehyde37 (similar to 

the Vilsmeier-Haack reaction) and deaminative hydrogenation to 

alcohol. 37,38 In the case of C=O cleavage, the reaction can lead to three 

different products (amine, imine and nitrile) depending on the amide, the 
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catalyst or the reaction conditions. In some cases, mixed products can be 

formed. 

Though all those reaction types are worth a chapter by themselves, they 

fall out of the scope of the thesis. Extensive reviews on amides C-N and 

C=O cleavage were written by J. Blanchet,39 A. Y. Khalimon et al. .40 

and A. Smith and R. Whyman.27  

 Electronic properties 

Amides stability is often associated with their multiple resonance forms 

(see Figure 1.9). In terms of Lewis theory, amides possess six conjugated 

electrons over the O-C-N moiety, resulting in the formation of three 

possible resonant forms. Such electron delocalization gives planarity 

and rigidity to the O-C-N moiety while contributing to amide’s stability. 

 

Figure 1.9 Amides resonance and tautomeric forms. Iminol tautomerization is only 

accessible from primary and secondary amides (R3 = H). 
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Resonance forms 2 and 3 play an important role in the reactivity of 

amides. Nucleophilic additions to amides formally proceed through the 

resonance form 2 (see Figure 1.9). However, resonance form 3 (see 

Figure 1.9) strengthens the C-N bond reducing the C electrophilicity, 

and thus, depending on their weight in the electronic structure, can 

hamper nucleophilic additions. Amides with electron-withdrawing 

groups will have a stronger contribution of resonance form 2. Therefore, 

they will undergo nucleophilic additions faster than amides with electron 

donor groups, which have a stronger contribution of resonance form 3. 

The same rule applies to amides C-N cleavage reactions. 

Alternatively, secondary and tertiary amides can transfer a proton from 

their N to their O to form an iminol tautomer (see Figure 1.9). The iminol 

tautomer hampers nucleophilic additions and C-N cleavages similarly to 

resonance form 3: it strengthens the C-N bond and reduces the C 

electrophilicity. The negative contribution of iminol tautomers can be 

reduced with the use of non-polar solvents, which disfavor their 

formation. 

1.3 Deaminative hydrogenation of 

amides with bifunctional catalysts 

The increasing pollution, and the necessity of renewable energies during 

the 21st century, has enforced a boost to green chemistry. Daily, new 

synthetic methods are being developed for the synthesis of industrial and 

fine chemicals with atom efficient reactions, renewable chemical 
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reagents, and mild reaction conditions. Deaminative hydrogenation of 

amides, the reaction studied in this work, is an example of such 

evolution. First attempts of deaminative hydrogenation of amides to 

alcohols without aggressive reagents were documented in 2003 within a 

patent.41,42 That work was the first to use molecular hydrogen as 

hydrogen source instead of hydride sources like LiAlH4 or 

hydroboranes. The hydrogenation reaction was achieved by using the 

ruthenium triphos catalyst [Ru(triphos)CO(H)2] (see Figure 1.10). 

However, ruthenium is a precious metal, high temperatures and 

pressures were required and only modest Turn Over Number (TON) and 

Turn Over Frequency (TOF) were achieved (600 and 43 h-1 

respectively). 

 

Figure 1.10 First homogeneous catalyzed deaminative hydrogenation of amides to 

alcohols with molecular hydrogen 
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Seven years later, in 2010, the Milstein group used for the first time a 

bifunctional catalyst for this reaction and it drastically reduced the 

required temperatures and pressures from 68 atm and 164 ºC to 10 atm 

and 110 ºC (entry 1 in Figure 1.11).33 From then onward, bifunctional 

catalysts gained popularity and rapidly dominated the homogeneous 

catalysis of deaminative hydrogenation of amides to alcohols: bidentate 

Noyori- and Milstein-type catalysts were introduced in this reactions in 

2011 and 2013 (entries 2 and 3 in Figure 1.11),34,43–46 tridentate Noyori-

type catalysts were reported in 2015 (entry 4 in Figure 1.11) 25,35,47 and 

base metal tridentate Milstein- and Noyori-type catalysts in 2016 

(entries 5 and 6 in Figure 1.11).36,48,49 This was the state of the art when 

this project started in the second half of 2016. 

More recently, during the course of this research, deaminative 

hydrogenation of amides by Noyori-type catalysts has been expanded 

from ruthenium50 and iron31,51–53 to molybdenum54 and manganese23,55 

with modest TONs and TOFs (entries 1 and 2 in Figure 1.12). 

Ruthenium and iron catalysis went through reaction optimization, 

emerging as the most active catalysts for this reaction, with maximum 

TONs up to 19600 and 5180, and TOFs up to 980 and 1108 h-1, 

respectively (entries 3 and 4 in Figure 1.12). 
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Figure 1.11 Historical evolution of bifunctional catalyst utilization in the deaminative 

hydrogenation of amides to alcohol until 2016. 
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Figure 1.12 State of the art of amide deaminative hydrogenation catalyzed by Noyori-

type catalysts in 2020. 

 Fe-PNP Catalyzed Deaminative Hydrogenation 

of Amides 

In 2020, the Noyori-type bifunctional catalyst Fe-PNP (see Table 1.1) 

was the non-noble metal homogeneous catalysts with the best 

performance at the time for the deaminative hydrogenation of amides. 

The first iron Noyori-type catalyst was first synthesized in 2013 by M. 

Beller and co-workers, who used it as a catalyst for methanol 

dehydrogenation.56 This catalyst strongly gained popularity in the next 



  INTRODUCTION 

17 

two years for its ability to hydrogenate the double bonds of a wide 

variety of substrates, including esters, carbon dioxide, alkenes, 

heterocycles and nitriles.57–62 In 2016, iron Noyori-type catalysts was 

used for the first time for deaminative hydrogenation of amides, by 

Langer and coworkers48 and by Sanford and co-workers.49 The catalyst 

exhibited selectivity towards the reduction of aryl formamides and 

benzamides with promising activities: TONs and TOFs up to 177 and 59 

h-1 respectively, under mild conditions of 110 ºC and 20 bar; and TONs 

and TOFs up to 1080 and 100 h-1 in the presence of K3PO4, temperature 

of 110 ºC and H2 pressure of 60 bar. 

A key milestone for the project came in 2017 in a new study published 

by Hazari, Bernskoetter and co-workers.31 This paper presented three 

main results: (I), they presented a catalyst optimization: utilization of the 

dehydrogenated catalyst Fe-PNP reached TONs and TOFs up to 4430 

and 1108 h-1 (see Table 1.1); (II), they reported that the conversion of 

alkyl formamides and benzamides is enhanced by the presence of 

secondary aryl amides or LiOTf (see Table 1.2); and (III), they reported 

the formation of adducts between Fe-PNP and secondary amides in the 

absence of hydrogen (see Figure 1.13), similar to those observed 

between Fe-PNP and methanol or formic acid.63 Interestingly, 

secondary amides and/or LiOTf had no catalytic effect on secondary 

amides. 
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Table 1.1 Summary of the results reported by Hazari, Bernskoetter et al. on the Fe-

PNP-catalyzed deaminative hydrogenation of different secondary and tertiary 

amides.31 
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Table 1.2 a) 30 atm H2, 100 ºC, 1 mM of Fe-PNP, 4h. b) 60 atm H2, 120 ºC, 1 mM of 

Fe-PNP, 16h. c) 60 atm H2, 120 ºC, 0.25 mM of Fe-PNP, 16h. 
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Figure 1.13 Experimentally observed adducts of Fe-PNP when treated with 

stoichiometric amounts of formanilide, methanol and formic acid (in the absence of 

hydrogen).31,63,64 

 MoCl-PNHP Catalyzed Deaminative 

Hydrogenation of Amides 

MoCl-PNHP (see Table 1.3) was first synthesized in 2018 by M. Beller 

and co-workers, as an alternative of Fe-PNP.54,65 MoCl-PNHP could 

hydrogenate ketones, olefines, amides, though it had modest TONs and 

TOFs when compared to Fe-PNP. Still, it exhibited an opposite 

selectivity within amides: MoCl-PNHP performance was good in the 

deaminative hydrogenation of tertiary aryl amides, but it was barely 

active for acetamides or secondary aryl amides, and inert for aliphatic 
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formamides. Similarly to Fe-PNP, MoCl-PNHP favoured the 

deaminative hydrogenation of formamides, or amides with electron-

withdrawing groups, over other amide types with electron-donor groups. 

The activation of MoCl-PNHP pre-catalyst formally requires the 

elimination of HCl to allow the addition of H2. This reaction was 

performed using NaBHEt3, yielding Mo(0) d6 Mo-PNP and hydrogen 

elimination (Figure 1.14). The formation of Mo-PNP was supported by 

HR-ESI-MS (High-Resolution Electron Spray Ionization Mass 

Spectroscopy), and by an inactive Electron Paramagnetic Resonance 

(EPR). 

MoCl-PNHP was reported to form adducts in the presence of formanilide 

and NaHBEt3 (Figure 1.14), in a similar fashion to Fe-PNP. The 

resulting compound was characterized by single-crystal X-ray 

diffraction, as a Mo(0) dimeric complex. The formed adduct catalyzed 

the deaminative hydrogenation of amides in the absence of NaBHEt3, 

reinforcing the hypothesis that Mo(0) d6 Mo-PNP is the active catalyst. 
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Table 1.3 Brief summary of the experimental results reported by M. Beller and co-

workers on the MoCl-PNHP catalyzed deaminative hydrogenation of amides.54 a) 

[MoCl-PNHP + NaBHEt3] = 6.25 mM. b) T = 130 °C. 
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Figure 1.14 MoCl-PNHP activation by NaBHEt3 (above) and by NaBHEt3 plus 

formanilide (below).54 The dashed arrow indicates the lack of experimental 

information to have reaction mass balance. 
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 Methods 

The workflow used in this study (see Figure 2.1) consisted on (I) 

benchmarking different methods to experimental and theoretical 

references (described in Appendix) to select a density functional that 

accurately described our system, (II) computing reaction mechanism 

guesses, by Density Functional Theory (DFT) calculations, (III) using 

the computed energies to generate a microkinetic model of the reaction 

mechanism, (IV) comparing the results of the microkinetic model 

against experimental measures. New reaction mechanisms were 

calculated in case of discrepancies between calculations and 

experiments. 

 

Figure 2.1 Work-flow chart used in this research. 

2.1 Density Functional Theory (DFT) 

DFT is the method used in this research for the calculation of ground-

energies and geometries. DFT, was selected among other computational 

methods because its accuracy vs computational-cost ratio allowed for the 
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calculation of free energies with sufficient accuracy and within a 

reasonable time span. 

DFT was first proposed in 1927 by Thomas and Fermi, and its bases 

were founded in 1964 by Hohenberg and Kohn, who enunciated and 

proved their two theorems:66,67 (I) an electron density function 𝜌(𝑟) (see 

Eq 2-1 and Eq 2-2) can adopt the role of a “function that defines the state 

of a system” and hence define all the properties of the ground state; and 

(II) the functional 𝐹𝐻𝐾[𝜌] delivers the ground state energy of the system 

if and only if the input 𝜌(𝑟) and potential field 𝜈(𝑟) match those of the 

real ground state (see Eq 2-3). 

  Eq 2-1 

𝜌(𝑟) = 𝑛 ∫∙∙∙ ∫|Ψ(𝑟1, 𝑠1, 𝑟2⃗⃗⃗⃗ , 𝑠2, … 𝑟𝑛⃗⃗⃗⃗ , 𝑠𝑛)|2 𝑑𝑠1𝑑𝑟2⃗⃗⃗⃗ 𝑑𝑠2 … 𝑑𝑟𝑛⃗⃗⃗⃗ 𝑑𝑠𝑛 

∫ 𝜌(𝑟)𝑑𝑟 = 𝑛 Eq 2-2 

𝐸[𝜌] = ∫ 𝜌 (𝑟)𝜈(𝑟)𝑑𝑟 + 𝐹𝐻𝐾[𝜌] Eq 2-3 

Although the Hohenberg-Kohn theorems are rigorously correct, they do 

not yield an analytical expression for 𝐹𝐻𝐾[𝜌], which remains unknown. 

Therefore, further approximations were needed to make DFT applicable 

to computational chemistry. 
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 Kohn-Sham Equations 

In 1965, Kohn and Sham reformulated Hohenberg and Kohn's theory 

into a computationally implementable DFT approximation. Kohn and 

Sham proved that the solution of an ideal system with non-interacting 

electrons and with a density function 𝜌𝐾𝑆, can reproduce the energy of a 

real system if 𝜌𝐾𝑆 is equal to that of the real system.68 

The advantages of using an ideal system are that it can be defined with 

a kinetic energy operator �̂�𝑒𝑙, and an external potential 𝑉𝐾𝑆 that 

artificially simulates the real electron-electron repulsion (see Eq 2-4). 

This ideal system can be expressed in terms of the one-electron operator 

ℎ̂𝐾𝑆(𝑟), similar to the Fock operator. 

�̂�𝐾𝑆 = �̂�𝑒𝑙 + 𝑉𝐾𝑆 = ∑ (−
∇𝑖

2
+ 𝑣𝐾𝑆(𝑟𝑖))

𝑛

𝑖=1

= ∑ ℎ̂𝐾𝑆(𝑟𝑖)

𝑛

𝑖=1

 Eq 2-4 

𝑣𝐾𝑆 in Eq 1-4 is the potential field that a single electron feels from the 

ideal nuclei-electron interaction, 𝜐𝑛𝑒(𝑟), the ideal electron-electron 

interaction, ∫
𝜌𝐾𝑆(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′, and the non-ideal electron-electron repulsion, 

𝛿𝐸𝑥𝑐[𝜌𝐾𝑆]

𝛿𝜌𝐾𝑆
 (see Eq 2-5). Kohn and Sham named 𝐸𝑥𝑐 the exchange-

correlation energy. 

𝑣𝐾𝑆(𝑟) = 𝜐𝑛𝑒(𝑟) + ∫
𝜌𝐾𝑆(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ +

𝛿𝐸𝑥𝑐[𝜌𝐾𝑆]

𝛿𝜌𝐾𝑆
 Eq 2-5 
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An exact mathematical expression of 𝐸𝑥𝑐[𝜌𝐾𝑆] is unknown and all 

further DFT methods focus on finding an approximation of 𝐸𝑥𝑐. Once a 

𝐸𝑥𝑐 approximation has been selected, an initial guess wavefunction Ψ𝐻𝐹  

can be used as an input in Eq 2-1 to obtain a 𝜌𝐾𝑆 guess, which can be 

input in Eq 2-5 to calculate a 𝑣𝐾𝑆 guess, which at the same time can built 

a ℎ̂𝐾𝑆 guess. Then ℎ̂𝐾𝑆(𝑟)𝜓𝐾𝑆(𝑟) = 휀𝐾𝑆𝜓𝐾𝑆(𝑟) can be solved 

iteratively to find all 𝜓𝐾𝑆 until a self-consistent 𝜌𝐾𝑆(𝑟) is found. It is at 

this point when 𝜌𝐾𝑆(𝑟) can be used to calculate the energy of the system 

(see Eq 2-6) whose components are: kinetic energy 𝑇𝐾𝑆[𝜌𝐾𝑆], Coulomb 

energy 𝐽𝐾𝑆[𝜌𝐾𝑆], nuclei-electron potential energy 𝐸𝑛𝑒[𝜌𝐾𝑆] and 

exchange-correlation energy 𝐸𝑥𝑐[𝜌𝐾𝑆]. 

𝜌𝐾𝑆
0   ⟶   𝑣𝐾𝑆 0   ⟶   (ℎ̂𝐾𝑆)

0
⟶   {𝜓1

𝐾𝑆 0, 𝜓2
𝐾𝑆 0, … 𝜓𝑛

𝐾𝑆 0} 

↪  𝜌𝐾𝑆
1   ⟶   𝑣𝐾𝑆 1   ⟶   (ℎ̂𝐾𝑆)

1
⟶   {𝜓1

𝐾𝑆 1, 𝜓2
𝐾𝑆 1, … 𝜓𝑛

𝐾𝑆 1} 

↪ ⋯ = ⋯ ⟶ ⋯ ⟶ ⋯ 

↪  𝜌𝐾𝑆 = 𝜌𝑟𝑒𝑎𝑙   

𝐸[𝜌𝐾𝑆] = 𝐾𝐾𝑆[𝜌𝐾𝑆] + 𝐽𝐾𝑆[𝜌𝐾𝑆] + 𝐸𝑛𝑒[𝜌𝐾𝑆] + 𝐸𝑥𝑐[𝜌𝐾𝑆] Eq 2-6 

The fundamental difficulty in DFT is that we do not know the exact 

expression of the exchange-correlation energy 𝐸𝑥𝑐[𝜌𝐾𝑆]. Many 

approximations of 𝐸𝑥𝑐[𝜌𝐾𝑆] have been proposed since Kohn and Sham 

published their computable implementation of DFT. However, there is 

not a 𝐸𝑥𝑐[𝜌] approximation that generally outperforms all the others. 
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Therefore, a benchmark of methods against an experimental or 

computational reference is recommended. 

In the thesis, the hybrid meta-GGA M0669 functional was selected on 

the basis of geometry and energy benchmarks (see Appendix), using X-

ray crystal structures and CCSD(T) (also known as the golden standard 

method to obtain accurate bond energies),70 with basis set cc-pVTZ.71 

 M06 

M06, the functional used in the thesis for the calculation of molecular 

ground energies, is a hybrid meta-exchange-correlation functional 

created in 2008 by Truhlar and co-workers. It belongs to the family of 

the so-called Minnesota functionals.69 M06 is a highly parametrized 

functional, specifically optimized to reproduce the thermochemistry of 

main group elements and organometallic compounds. M06 was also 

optimized to reproduce non-covalent interactions of main croup 

elements. A total of 36 parameters were fitted against databases with 

empirical measures and highly accurate calculations of both transition 

metals and non-metal elements. These databases contained over 403 

energetic data points of thermochemistry, kinetics, non-covalent and 

metallic bonding and excitation energies. M06 accurately describe 

dispersion forces thanks to the inclusion of second derivatives of the 

density function. 
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M06 energies can be decomposed in three components: 27% of Hartree-

Fock exchange energy, 73% of pure M06 exchange energy, and 100 % 

of M06 correlation functional (see Eq 2-7). 

 𝐸𝑥𝑐
𝑀06[𝜌, 𝑥𝜎, 𝜏𝜎] = 0.27𝐸𝑥

𝐻𝐹 + 0.73𝐸𝑥
𝑀06 + 𝐸𝐶

𝑀06 Eq 2-7 

The inclusion of Hartree-Fock exchange makes M06 a hybrid functional. 

Also, M06 is classified as a meta-GGA functional because it depends on 

the variables electron density (𝜌𝜎), reduced spin density gradient (𝑥𝜎), 

and spin kinetic energy density (𝜏𝜎). 

2.2 Solvent Modelling 

The free energy of a system, and hence its reactivity, can be severely 

altered by the presence or absence of a surrounding condensed phase. 

Inclusion of solvent modelling is critical in systems with relevant 

interaction between solvent and solute, like those found in ionic solvents 

or solutes, solvents with the possibility to coordinate or hydrogen bond 

with the solute, reactions involving proton transfers, etc. The effect of a 

solvent in the free energy of a system receives the name of solvation free 

energy, ∆𝐺𝑆
∘, and it is divided into three terms (see Eq 2-8):72 (1) ∆𝐺𝐸𝑁𝑃 

which contains the effect of electrostatic interactions between charges 

on the solute and charges on the solvent molecules (acronym of 

Electrons and Nuclei Polarization from gas- to liquid-phase); (2) ∆𝐺𝐶𝐷𝑆, 

which contains the effect of non-electrostatic interactions (acronym of 

solvent Cavitation energy, Dispersion energy and local Solvent 

reorganization energy); and (3) ∆𝐺𝑐𝑜𝑛𝑐
∘ , which contains the change in 
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free energies due to differences in standard state concentration between 

gas and liquid-phase (1.89 kcal mol-1 if 1 atm and 1 mol L-1 are used in 

the gaseous and solvated-phase respectively). 

 ∆𝐺𝑆
∘ = ∆𝐺𝐸𝑁𝑃 + ∆𝐺𝐶𝐷𝑆 + ∆𝐺𝑐𝑜𝑛𝑐

∘  Eq 2-8 

The modelling of a condensed-phase system is not trivial. The most 

realistic way to construct a model is to surround the solute with a finite 

number of solvent molecules (explicit solvent modelling) (see left 

scheme in Figure 2.2). However, the high number of solvent molecules 

surrounding the solute (which increases as the square of the radius of the 

simulated cell) implies the computation of an impracticable number of 

particle interactions and energy minimums, only computable by 

simulation techniques such as molecular dynamics. 

Implicit continuum solvation modelling emerged as an alternative to 

implicit solvent modelling. The assumptions underlying implicit 

continuum solvation models are that (I) solvent molecules do not react 

with the solute, and (II) the huge number of individual solvent molecules 

may be replaced by a continuous medium with properties consistent with 

those of the solvent itself (see right scheme in Figure 2.2).73,74 Some 

implicit models are: PCM,75 IEF-PCM,76 SMD,72 SMD12,77 

COSMO,78MCSCRF79 or FEM.80 

Alternatively to implicit or explicit solvent modelling, hybrid implicit-

explicit solvation models can be used (see middle scheme in Figure 2.2). 

Hybrid solvation models typically consist of a continuous medium that 

surrounds a solute and few solvent molecules. Such approximation is 
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usually used when solvent reactivity is expected but full explicit solvent 

simulation is computationally too expensive. It is in these cases when 

hybrid solvation models shine thanks to their computational cost in 

between that of implicit and explicit models. 

 

Figure 2.2 Toy systems of explicit, hybrid and implicit solvation models. 

In the thesis, implicit models have been used because solvent reactivity 

was not expected (i.e. the simulated solvent, toluene and thf, are aprotic 

and non-coordinating molecules), and the big size of our system made 

the computational cost of explicit solvation modeling not practical for 

this study. Instead, the method Solvent Modeled Density (SMD) was 

used to introduce solvation free energy corrections to DFT calculated 

free energies. SMD is an implicit continuum solvent model developed 

in 2009 by A. Marenich, C. Cramer and D. Truhlar.72 The SMD 

modelling of ∆𝐺𝐸𝑁𝑃 is a parametrized version of the Polarized 

Continuum Model  approximation (PCM) (more specifically the IEF-

PCM). In PCM, the Born-Oppenheimer approximation (B.O.) of 

clamped nuclei is assumed. B.O. implies that the dielectric field of the 

solvent does not polarize the solvated nuclei, therefore, the system 
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wavefunction is reduced to the electronic component and ∆𝐺𝐸𝑁𝑃 will be 

treated as ∆𝐺𝐸𝑃 which is equal to Eq 2-9, 

  Eq 2-9 

∆𝐺𝐸𝑃 = ⟨Ψ𝑠𝑜𝑙.|�̂�𝑔𝑎𝑠 −
𝑒
2 𝜙|Ψ𝑠𝑜𝑙.⟩ +

𝑒

2
∑ 𝑍𝐴𝜙𝐴

𝑁

𝐴

− ⟨Ψ𝑔𝑎𝑠|�̂�𝑔𝑎𝑠|Ψ𝑔𝑎𝑠⟩ 

where 𝜙 (a.k.a. reaction field) is the electrostatic potential caused by the 

solute dipole moment and the solvent polarization. 𝜙 can be calculated 

with the Poisson equation (see Eq 2-10) which relates the solvent 

dielectric constant ϵ, and the charge density of the solute 𝜌𝑓. 𝜙 and 𝜌𝑓 

depend reciprocally on each other; hence they must be solved iteratively 

in a self-consistent process named Self-Consistent Reaction Field 

(SCRF). 

 
∇ ∙ (ϵ∇𝜙) = −4𝜋𝜌𝑓 Eq 2-10 

The SMD modelling of ∆𝐺𝐶𝐷𝑆 is a sum of terms that are proportional 

(with geometry-dependent proportionality constants 𝜎, called atomic 

surface tensions) to the solvent-accessible surface areas of the individual 

atoms of the solute (A) (see Eq 2-11, where k and M refer to solute and 

solvent atoms respectively). Surface tension 𝜎 are parameterized 

constants of atoms k or M, characteristic of the SMD model, and they 

have no particular connection with conventional surface tension. In the 

SMD model, the Solvent-Accessible Surface Area is calculated as the 

area created by the addition spheres centred in the solute atoms, and with 
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a radius equal to the sum of the atom van der Waals radii plus the solvent 

radius.6 

 ∆𝐺𝐶𝐷𝑆 = ∑ 𝜎𝑘𝐴𝑘

𝑁

𝑘

+ 𝜎[𝑀] ∑ 𝐴𝑘

𝑁

𝑘

 Eq 2-11 

2.3 Microkinetic modelling 

The prediction of a reaction experimental macroscopic behaviour from 

its calculated reaction mechanism is often not straight forward. To 

achieve a deeper understanding of the studied reaction mechanisms, 

microkinetic models were constructed. Microkinetic modelling is a 

computational technique directed to solve the apparent rate of a reaction 

mechanism from the calculation of its elementary step rates. Using 

microkinetic models, one can obtain a set of concentrations and rates as 

a function of time (see Figure 2.3) from a complete set of elementary 

reactions and their rate constants (usually obtained with computational 

studies), and the initial reaction concentrations and conditions. These 

models facilitate the interpretation of complex reaction networks, like 

competing reactions or interconnected reactions cycles. 
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Figure 2.3 Example of a microkinetic model output of a toy reaction were the green 

and red lines are the conversion of two reactants (Conversiont = 100 * [Reactant]t / 

[Reactant]0). 

Microkinetic modelling is based on transition-state theory. Transition-

state theory states that reaction mechanisms can be decomposed in 

elementary reactions: unidirectional reactions of one or more reactants 

or intermediates in quasi-equilibrium with a single activated transition 

state complex 𝑋‡ that irreversibly leads to one or more product or 

intermediates (see Figure 2.4).74,81,82 
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Figure 2.4 Toy example of a fictional reaction mechanism and its elementary 

reactions. 

The velocity of an elementary reaction is proportional to the product of 

the concentration of its reactants, as described by Eq 2-12, 

 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑘 ∏[𝑅𝑖]

𝑖

 

Eq 2-12 

 𝑘 =
𝜅𝑘𝐵𝑇

ℎ
𝑒−

∆𝐺‡

𝑅𝑇  

where k is a rate constant, 𝑘𝐵 is the Boltzmann constant, 𝑇 the reaction 

temperature, ℎ the Planck constant, ∆𝐺‡ the free energy barrier of the 

elementary reaction, 𝑅 is the ideal gas constant, and 𝜅 is transmission 
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coefficient (accounting for the phenomenons of tunnelling and “re-

crossing”).81 Consequently, the macroscopic behaviour of any molecule 

Ri in a reaction mechanism is described by an ordinary differential 

equation (ODE) of the form of Eq 2-13, 

𝜕[𝑅𝑖]

𝜕𝑡
= [𝑅𝑖] ∑ 𝑘𝑗 ∏[𝑅𝑎]

𝑎≠𝑖𝑗

− [𝑅𝑖] ∑ 𝑘𝑙 ∏[𝑅𝑏]

𝑏≠𝑖𝑙

 Eq 2-13 

where j are the elementary reactions in which Ri is a reactant and Ra their 

reactants, and l are the elementary reactions in which Ri is a product and 

Rb their reactants. 

The ODEs of a reaction mechanism are usually intercorrelated, and their 

analytical solution is unknown. Microkinetic modelling software offers 

several algorithms that numerically solve ODEs and allow us to simulate 

the time-evolution of the concentration of all species involved in the 

reaction mechanism. COPASI (COmplex PAthway SImulator)83 is the 

software package used in the thesis for microkinetic modelling. COPASI 

solves ODE with the algorithm LSODA (Livermore Solver for Ordinary 

Differential Equations “Automatic”).84–87 LSODA automatically detects 

the stiffness of the evaluated ODE and determines which numerical 

method should be used to solve it: the Adam method for non-stiff ODEs 

and the Backward Differentiation Formula (BDF) for stiff ODEs.84 
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 Objectives 

The main goal of the thesis was the computational determination of the 

reaction mechanisms of the deaminative hydrogenation of amides by 

base metal Noyori-type catalysts. The secondary objective was the 

improvement of the reaction activity using the information given by the 

proposed mechanisms. 

The reaction was studied with two catalysts, Fe-PNP and MoH-PNHP. 

The different selectivity of these catalysts moulded the objective details 

of each reaction. While the Fe-PNP-catalyzed reaction mechanism 

should explain the different reactivity of secondary and tertiary amides, 

the MoH-PNHP-catalyzed reaction mechanism should explain the 

different reactivity of formamides and acetamides. Despite their 

different selectivity, both catalysts were reported to form stable adducts 

with secondary amides such as formanilide. The thesis also aims to 

understand the formation of these adducts as well as their impact on the 

reaction outcome. 
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 Results 

This chapter summarizes the main findings obtained in the included 

papers. The central theme throughout this chapter is the computational 

mechanistic study on the deaminative hydrogenation of amides by either 

catalyst Fe-PNP or MoCl-PNHP (see Figure 4.1). 

 

Figure 4.1 Above, commonly proposed elementary reaction steps on the deaminative 

hydrogenation of amides when in the presence of Fe-PNP or MoCl-PNHP catalysts. 

Below, studied catalysts and experimental conditions. 

The overall reaction mechanism is based in three consecutive reaction 

steps (see Figure 4.1 and Figure 4.2):64 amide C=O hydrogenation, C-N 

bond protonolysis and aldehyde C=O hydrogenation. This division is a 

proposal consistent with the ability of Noyori- and Milstein-type 

catalysts to hydrogenate carbonyl groups.88,89 Although M-PNP 

catalysts are known to be involved in C=O hydrogenations, their role in 

C-N bond protonolysis remained unclear prior to the thesis. Hence, we 

considered adequate to investigate its role in C-N protonolysis too. We 
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have also studied the role of secondary amides, alcohols and other proton 

relay molecules. These species have been observed both to bind to the 

dehydrogenated catalysts and to co-catalyze the hydrogenation of some 

tertiary amides and esters.31,63,64,88–91 Therefore, we included proton 

relay mechanisms for competitive catalyst inhibition, co-catalyzed C-N 

bond protonolysis and co-catalyzed M-PNP hydrogenations (see Figure 

4.2). 

 

Figure 4.2 Studied interactions of M-PNP and co-catalysts in the elementary steps of 

deaminative hydrogenation of amides. 

The amides used for this study are shown in Figure 4.3. The amides have 

been selected to cover a range of reactivity, substituents and steric 

hindrance. The selected amides for the Fe-PNP-catalyzed deaminative 

hydrogenation of amides are formanilide, morpholidine and 

dimethylformamide (DMF), and their experimental conversions are 

58%, 36% and 0% respectively. The selected amides for the MoCl-
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PNHP-catalyzed deaminative hydrogenation of amides are formanilide, 

N-methylformanilide and N-methylacetanilide, and their experimental 

conversions are 13%, >99% and 20% respectively. The lack of 

correlation between experimental conversions and the reaction 

thermodynamics indicates that deaminative amide hydrogenation 

behaviour is not thermodynamically but kinetically controlled. 

Substrate-dependent out-cycle reactions could also account for 

conversion differences between amides. Fe-PNP and MoCl-PNHP 

different selectivity (see the case of formanilide) suggests that their 

reaction mechanisms are different. 

 

Figure 4.3 Calculated free energies (kcal mol-1) of organic key intermediates of 

selected amides, next to their experimental yields.31,54 Experimental reaction 

conditions for the Fe-PNP catalyst are 1.4 M amide, 0.25 mM Fe-PNP, 30 atm H2, 

100 ºC and 4 hours in tetrahydrofuran (THF). Experimental reaction conditions for the 

MoCl-PNHP catalyst are 0.25 M amide, 12.5 mM MoCl-PNHP, 50 atm H2, 100 ºC and 

24 hours in toluene. 
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The hybrid meta-GGA M06 functional was selected on the basis of 

geometry and energy benchmarks,69 using X-ray crystal structures and 

CCSD(T) 70 (with basis set cc-pVTZ)71 energies as references. Double-

z and triple-z basis sets were used for geometry optimization and energy 

refinement, respectively. Temperature and pressure and solvent 

modelling have been selected to match experimental conditions. A more 

detailed description of the method benchmark and the computational 

methods utilized is described in the Appendix chapter. 

The results chapter is organized using a different structure than in the 

publications to eliminate redundancy and to maximize the comparisons 

between Fe-PNP and MoCl-PNHP. Many different reaction mechanisms 

have been explored, but only those with the lowest energy are described 

in the thesis (unless relevant exceptions). All presented energies are free 

energies (unless contrary stated). In the thesis, the superindexes F, D, M, 

MF and MA in the nomenclature of reaction intermediates have been 

used to denote the presence of formanilide, DMF, morpholidine, N-

methylformanilide or N-methylacetanilide, respectively. The 

hydrogenated catalyst form MH-PNHP has been used as free energy 

reference (unless stated). Note that the labelling of species in the thesis 

does not follow the labelling used in the corresponding papers. 
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4.1 Reaction mechanisms of 

deaminative hydrogenation of amides 

 Hydrogen activation and catalyst inhibition 

Molecular hydrogen is not sufficiently reactive to reduce amides or 

aldehyde C=O bonds. Therefore, hydrogen activation is needed before 

such reactions. When in presence of the Fe catalyst (iPrPNP)Fe(H)(CO) 

(Fe-1), H2 suffers a concerted heterolytic cleavage, yielding the trans-

dihydride complex (iPrPNHP)Fe(H)2(CO) (Fe-2) (see Figure 4.4). This 

hydrogenation is a -10.2 kcal mol-1 exergonic reaction with an internal 

energy barrier of 11.6 kcal mol-1 (Fe-TS-1-2). Alternatively, Fe-1 

hydrogenation can be assisted by a proton relay molecule such as 

methanol (studied by the groups of Wang and Guan)88 or formanilide 

(studied in the thesis, see Figure 4.5). Wang and Guan reported an 

internal barrier of 17.3 kcal mol-1 for the methanol assisted Fe-1 

hydrogenation. In the thesis we researched the formanilide assisted 

mechanism, which proceeds through a H2 binding to the metal centre 

while formanilide NH protonates the catalyst ligand, thus forming 

intermediate Fe-3 at 6.8 kcal mol-1. Then, H2 is deprotonated by the 

formanilide N, yielding Fe-2. The formanilide-assisted activation of H2 

has an effective energy barrier of 4.0 kcal mol-1, which is 3.1 and 7.6 

kcal mol-1 less energetic than the methanol-assisted and the unassisted 

reactions. 



RESULTS   

46 

However, hydrogen activation can be inhibited by weak acids such as 

formanilide or methanol (see Figure 4.4), which can react with Fe-1, 

forming the adducts Fe-4F and Fe-4MeOH, respectively. These adducts 

are not part of the catalytic cycle (off-cycle reactions). The stability of  

Fe-4F (ΔG = -2.0 kcal mol-1is consistent with its characterization by 

NMR and single-crystal X-ray diffraction analysis.31 In the other hand, 

the less stable Fe-4MeOH (ΔG = 3.3 kcal mol-1) has only been 

characterized by NMR analysis at temperatures ≤ 20 ºC.63,64 As a 

consequence of Fe catalyst inhibition by Fe-4F, the catalyst activation 

mechanism has an effective energy barrier of 21.8 kcal mol-1, or 16.2 

kcal mol-1 in the presence of formanilide or 14.0 kcal mol-1 in the 

presence of methanol. 

 

Figure 4.4 Free energies (kcal mol-1) of unassisted Fe-1 hydrogenation and Fe-1 off-

cycle species. 
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Figure 4.5 Free energies (kcal mol-1) of catalyst hydrogenation assisted by formanilide 

and methanol. 

On the case of Mo, the use of the catalyst precursor MoCl-PNHP requires 

stoichiometric amounts of NaBHEt3 to generate the active 

[(iPrPNP)Mo(CO)2]Na (Mo-1) (see Figure 4.6), in which Mo(I) has been 

reduced to Mo(0).54 The reduction of Mo(I) to Mo(0) is supported by the 

observation of hydrogen gas, and by HR-ESI mass spectrometry and 

EPR analysis of Mo-1. 

Hydrogen activation with Mo-1 follows the same mechanism than with 

Fe-1 (see Figure 4.6), but on Mo case, the reaction is more thermoneutral 

(-1.7 vs -10.2 kcal mol-1) and its internal barrier is higher (18.6 vs 11.6 

kcal mol-1). Furthermore, the Mo-methanol-assisted hydrogen activation 

has a higher internal barrier than that of the Fe-formanilide-assisted 

(11.6 kcal mol-1 vs 4.0 kcal mol-1). In the other hand, the formations of 

adducts Mo-4F, Mo-4MeOH and Mo-4EtOH (-20.8, -9.7 and -11.6 kcal 

mol-1) are more exergonic than their Fe counterparts. The higher stability 

of Mo-4 adducts might be attributed to a charge stabilization via the Na+ 

counterion, the Lewis acid BEt3 present in the solution (see Figure 4.5), 
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and the trans-CO ligand back-donation. As a consequence of Mo catalyst 

inhibition by Mo-4F, Mo-4MeOH and Mo-4EtOH, hydrogen activation is 

not feasible without a proton relay molecule (effective barriers > 30 kcal 

mol-1). Only the methanol assisted mechanism has a thermally accessible 

effective energy barrier (21.4 kcal mol-1). 

 

Figure 4.6 Free energies (kcal mol-1) of unassisted Mo-1 hydrogenation and Mo-1 

off-cycle species. 
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 Amide and aldehyde C=O hydrogenation 

The hydrogenation of the amide C=O, as well as the hydrogenation of 

the aldehyde C=O, is performed by the hydrogenated catalyst species 

FeH-PNHP or MoH-PNHP (Fe-2 or Mo-2) (see Figure 4.2). Our 

calculations indicate that both amide and aldehyde C=O hydrogenation 

by Fe-2 or Mo-2 share a common reaction mechanism (see Table 4.1): 

The mechanism is a stepwise process, consisting on an outer-sphere 

hydride transfer from the metal to the carbonyl C (M-TS-2-5), followed 

by a proton transfer from the ligand NH to the carbonyl O (M-TS-5-1). 

This proposal is consistent with other reported mechanistic studies on 

bifunctional pincer catalysts for (de)hydrogenation reactions.11,14,92,93 

 

Table 4.1 Free energies (kcal mol-1) for amide and aldehyde C=O hydrogenation by 

MH-PNHP catalyst. The most energetic transition states are highlighted in green colour. 

On the case of Fe-2 assisted amide C=O hydrogenation, all the studied 

reductions are endergonic (from 15 to 20 kcal mol-1), and all their 
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transition states are thermally accessible (below 24 kcal mol-1). The 

energy difference between the hydride transfer (Fe-TS-2-5) and proton 

transfer barriers (Fe-TS-5-1) is small: (between -1 and 3 kcal mol-1). 

Therefore, it is difficult to predict whether the hydride or the proton 

transfer will be the most energetic transition state of amide C=O 

hydrogenation by Fe-2. In the case of formaldehyde C=O 

hydrogenation, the reduction is exergonic (-5.1 kcal mol-1) and the 

hydride transfer is significantly more energetic than the proton transfer 

(4.6 kcal mol-1 vs -0.9 kcal mol-1). The energies associated with 

formaldehyde reduction are significantly smaller than those of amides 

as a consequence of formaldehyde C=O lower electron density. 

Regarding Mo-2 assisted amide C=O hydrogenation, all the reductions 

are endergonic too, and their transition states are also thermally 

accessible. However, hydrogenation barriers with Mo are significantly 

lower than Fe barriers (around 10 kcal mol-1 higher). Moreover, contrary 

to Fe, Mo hydride transfers (Mo-TS-2-5) are consistently higher than 

Mo proton transfers (Mo-TS-5-1). Within the studied amides, 

acetanilide hydride transfer barrier is significantly higher than those of 

formamides (20.9 vs 10.6 and 13.1 kcal mol-1), as a consequence of 

acetanilide C=O higher electron density. In Chapter 4.2 we will see that 

this energy difference is one of the reasons for MoCl-PNHP selectivity 

towards formamides. On the case of aldehydes, Mo-2 assisted 

formaldehyde and acetaldehyde C=O hydrogenations follow the same 

trends as the Fe-2 assisted: they are exergonic, their most energetic 
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transition state is the hydride transfer, and their transition states are 

lower than those of amide C=O hydrogenation. 

 Hemiaminal C-N bond protonolysis 

The hemiaminal C-N bond protonolysis involves the following chemical 

transformations: hemiaminal OH deprotonation, hemiaminal N 

protonation and C-N cleavage (Figure 4.7). The simplest reaction 

mechanism, the intramolecular O-to-N proton transfer followed by C-N 

cleavage, has prohibitively high energy barriers for any of the tested 

amides (> 45 kcal mol-1). Therefore, proton relay molecules are needed, 

as already proposed in the literature.49,88 The candidates to assist the 

proton transfer are many: the catalyst, secondary amides (substrate), 

hydrogen (reactant) and alcohols (products). For these reasons, C-N 

bond protonolysis can proceed through different paths. However, only 

three paths have been identified to be the most relevant. They differ on 

which are the assisting molecules and on the order of the reaction steps 

(Figure 4.7). 

Path 1 is catalyzed only by the catalyst (M-1). It consists of first the 

hemiaminal OH deprotonation by the ligand N (M-TS-1-7). Then the 

hemiaminal C-N cleavage (M-TS-7-8) forms an amido complex M-8 

and releases an aldehyde molecule, which can rapidly be reduced to 

alcohol. Finally, M-8 amido group is protonated by the ligand NH (M-

TS-8-1), yielding the corresponding amine. 
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Path 2 is catalyzed by both M-1 and a proton relay molecule. It consists 

of first the hemiaminal OH deprotonation by the ligand N (M-TS-1-9) 

and the coordination of the proton relay to the metal centre. Then, the 

proton relay protonates the hemiaminal N (M-TS-9-10), thus liberating 

the corresponding zwitterion. Finally, the zwitterion will then undergo 

C-N cleavage (M-TS-10-4) and liberate the corresponding amine and 

aldehyde. 

Path 3 is catalyzed by a proton relay molecule only, and the order of the 

steps depends on the acidity/basicity of the proton relay molecule. Path 

3 with formanilide as proton relay presents first the hemiaminal N 

protonation (TS-6-11), followed by the hemiaminal OH deprotonation 

(TS-11-12), forming a zwitterion that will then undergo C-N cleavage 

(TS-12-13). In the other hand, Path 3 with methanol as proton relay, 

presents first a concerted hemiaminal protonation/deprotonation (TS-6-

12) to a zwitterion, that will then undergo C-N cleavage (TS-12-13) to 

the corresponding aldehyde and amine. 
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Figure 4.7 Calculated key steps of hemiaminal C-N bond protonolysis when in the 

presence of an M-PNP catalyst. 

When in the presence of Fe-1, formanilide hemiaminal C-N bond 

protonolysis is assisted solely by Fe-1 (Path 1 in Figure 4.8). This path 

is almost thermoneutral, ΔG = 0.1 kcal mol-1, due to the exergonic (and 
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fast) reduction of formaldehyde to methanol. Its highest energy barrier 

Fe-TS-7-8F (ΔG‡ = 24.9 kcal mol-1) is associated with the C-N bond 

cleavage step. 

 

Figure 4.8 Calculated key steps of hemiaminal C-N bond protonolysis of formanilide 

when in Fe-1 catalysis experimental conditions.31,51 In green, most energetic species. 

On the other case, morpholidine and DMF hemiaminal C-N protonolysis 

prefer Path 2 and Path 3 (see Figure 4.9) over Path 1, which is 

disfavoured by morpholidine and DMF more electron-donor 

substituents (ΔG > 40 kcal mol-1). For both amides, the highest energy 

barrier is the proton transfer, but the methanol-assisted Path 3 (ΔG = 

28.1 and 29.6 kcal mol-1) is slightly less energetic than Path 2 (ΔG = 

31.4 and 30.4 kcal mol-1). However, Path 3 precise of methanol, which 

can only be previously produced through Path 2. Therefore, one can 

expect that the reaction will evolve through Path 2 during the first 

minutes, and will gradually switch to Path 3 as methanol concentration 

increases. Path 2 becomes unnecessary when formanilide is used as co-
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catalyst: In this case, morpholidine and DMF hemiaminal C-N 

protonolysis proceeds only through the less energetic formanilide-

assisted Path 3 (highest energy barriers of 23.4 and 23.8 kcal mol-1). 

 

Figure 4.9 Calculated key steps of hemiaminal C-N bond protonolysis of DMF and 

morpholidine when in Fe-1 catalysis experimental conditions.31,51 In green, most 

energetic species. 
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Briefly, formanilide, morpholidine and DMF highest energy barriers for 

the hemiaminal C-N protonolysis are 24.9, 28.1 and 29.6 kcal mol-1 

when unassisted, and 24.9, 23.4 and 23.8 kcal mol-1 when formanilide-

assisted. In Chapter 4.2 we will see that these energy barriers are one of 

the rate-limiting factors in the Fe-PNP-catalyzed deaminative 

hydrogenation of amides. 

The reaction pathways for the hemiaminal C-N protonolysis when in the 

presence of Mo-1 are shown in Figure 4.10. Formanilide, N-

methylformanilide and N-methylacetanilide go through both Path 1 and 

the methanol-assisted Path 2. The most energetic species of the 

methanol-assisted Path 2 (ΔG = 12.4, 10.8 and 11.2 kcal mol-1) are less 

energetic than those of Path 1 (ΔG = 12.5, 22.9 and 23.2 kcal mol-1). 

However, Path 2 precise of methanol, which can only be previously 

produced through Path 1. Therefore, one can expect that the reaction 

will evolve through Path 1 during the first minutes, and will gradually 

switch to Path 2 as methanol concentration increases. This situation 

resembles the cases of Morpholidine and DMF hemiaminal protonolysis 

when in the presence of Fe-PNP, where the methanol assisted paths 

were preferred over the other mechanisms. Remarkably, transition state 

Mo-TS-7-8 with formanilide (12.5 kcal mol-1) is substantially less 

energetic than with N-methylformanilide, N-methylacetanilide or its Fe 

analogue Fe-TS-7-8 (22.9, 23.2 and 24.9 kcal mol-1 respectively). On 

the cases of N-methylformanilide and N-methylacetanilide, this is 

because of their more electron-rich C-N bond due to the electron-

donating nature of the N methyl. 
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Figure 4.10 Calculated key steps of hemiaminal C-N bond protonolysis when in Mo-

1 catalysis experimental conditions.31,51 In green, most energetic species. 
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4.2 Comparison between experimental 

and computational results. 

Fe-PNP-catalyzed deaminative hydrogenation of amides 

The species with the highest and the lowest energies in the reaction 

mechanisms of the Fe-catalyzed deaminative hydrogenation of amides 

are shown in Figure 4.11. The rate-limiting step for formanilide is the 

hemiaminal C-N cleavage (Fe-TS-7-8F with 24.9 kcal mol-1), whereas 

for morpholidine and DMF, is the hemiaminal proton transfer assisted 

by methanol (TS-6-12M and TS-6-12D with 28.1 and 29.6 kcal mol-1) 

(see Figure 4.11). In the other hand, morpholidine and DMF share the 

same resting state, Fe-2 with 0.0 kcal mol-1, but not formanilide, which 

inhibits the catalyst with the formation of Fe-4F with -2.0 kcal mol-1. The 

formation of the methanol adduct Fe-4MeOH is slightly endergonic (ΔG 

= 3.3 kcal mol-1) but it could also play a role as inhibitor at large 

concentration of methanol and low temperatures.63,64 Therefore, the 

effective energy barriers of formanilide, morpholidine and DMF 

hydrogenation are 26.9, 28.1 and 29.6 kcal mol-1 respectively, which are 

in qualitatively agreement with their experimental conversions of 58%, 

36% and 0%. 
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Figure 4.11 Catalyst adducts and most energetic species, in the reaction mechanisms 

of formanilide, DMF and morpholidine deaminative hydrogenation, when catalyzed 

by Fe-PNP. 
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Nevertheless, when formanilide is used as co-catalyst, the resting state 

and the TS with the highest energy change (see Figure 4.12). In this case, 

the species with the largest energy are the zwitterions 12M and 12D for 

morpholidine and DMF respectively, with energies of 23.4 and 23.8 kcal 

mol-1. The adduct Fe-4F becomes the least energetic species, at -2.0 kcal 

mol-1. The effective barriers for morpholidine and DMF are 25.4 and 

25.8 kcal mol-1 respectively, which qualitatively match their 

experimental conversions of >99% and 14%. The low conversion of 

DMF when compared to morpholidine, can be attributed to the global 

thermodynamic energy of the DMF reaction, which is close to 

thermoneutrality (ΔG = -1.5 kcal mol-1, see Figure 4.3) and limits the 

conversion of DMF to a maximum of 32%. 

The use of experimental data to validate and evaluate the precision of 

our computed mechanisms is not straightforward because of several 

factors: the multiple roles of formanilide in the reaction (as substrate, 

co-catalyst and inhibitor), thermoneutrality of the DMF hydrogenation 

reaction, the difficulty to estimate the real concentration of solved 

hydrogen, and the large difference in concentration of amide, hydrogen 

and catalysts in solution. Consequently, microkinetic models were 

constructed using the computed free energy barriers for the Fe-PNP-

catalyzed formanilide and DMF deaminative hydrogenation (see Paper 

I for detailed information about their construction).51 
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Figure 4.12 Catalyst adducts and most energetic species, in the reaction mechanisms 

of DMF and morpholidine deaminative hydrogenation when catalyzed by Fe-PNP and 

co-catalyzed by formanilide. * Experimental conversion at 60 atm H2 and 120 ºC. 
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The microkinetic model for the hydrogenation of formanilide predicted 

a low conversion of 1 % (see Graph 4.1). Such calculated conversion 

diverges from the experimental formanilide conversion of 58%. The 

microkinetic model reproduced the experimental results after adding 

small corrections in the free energies of Fe-TS-7-8F and Fe-4F (ΔΔG = 

-2.9 and 2.5 kcal mol-1, respectively), which are the stationary points 

with the highest and lowest energy in the overall reaction profile. 

In the other hand, the DMF microkinetic model predicted a DMF 

conversion of 0 %. Such calculated conversion matched the 

experimental DMF conversion. However, when 20 eq. of formanilide 

were added in the microkinetic model (as co-catalyst), the calculated 31 

% conversion did not match the experimental 14 % conversion (see 

Graph 4.2). Incorporation of the corrections done in the formanilide 

microkinetic model (ΔΔG = -2.9 and 2.5 kcal mol-1 to Fe-TS-7-8F and 

Fe-4F) considerably improved DMF predicted conversion to 15 %. 

In conclusion, the mechanism inferred from the DFT calculations 

accounts for the experimental observations, since the energy deviations 

derived from the fit are within the error range expected for calculated 

Gibbs energies,95,96 the approach used to calculate the concentration of 

solved hydrogen, and the standard deviation in experimental 

measurements. 
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Graph 4.1 Microkinetic simulations of the formanilide deaminative hydrogenation. 

Formanilide conversion at 4 hours (%) vs G Fe-TS 7-8F vs G Fe-4F (kcal mol-

1). The simulations were based on the reaction mechanisms shown in Figure 4.4, Figure 

4.5, Figure 4.8 and Table 4.1. The initial conditions are set up according to the 

experiments:31 1.4 M of formanilide, 0.162 M of H2 94 and 0.25 mM of FeH-PNHP. H2 

concentration was kept constant throughout the kinetic simulations, consistent with the 

effectively constant pressure of H2 used in the experiments. 
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Graph 4.2 Microkinetic simulations of the DMF deaminative hydrogenation. DMF 

conversion at 16 hours (%) vs G Fe-TS-7-8F vs G Fe-4F (kcal mol-1). The 

simulations were based on the reaction mechanisms shown in Figure 4.4Figure 4.5, 

Figure 4.8 and Figure 4.9 and Table 4.1. The initial conditions are set up according to 

the experiments:31 1.4 M of formanilide, 0.162 M of H2 94 1 mM of FeH-PNHP and 

20mM of formanilide. H2 concentration was kept constant throughout the kinetic 

simulations, consistent with the effectively constant pressure of H2 used in the 

experiments. 
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Mo-PNP-catalyzed deaminative hydrogenation of amides 

The most and least energetic species of the reaction mechanism of the 

Mo-PNP-catalyzed deaminative hydrogenation of amides are 

summarized in Figure 4.13. Using Mo-2 as energy reference, both the 

M-4 adducts and the most energetic species in the molybdenum-

catalyzed reaction are more stable than those of the iron-catalyzed 

reaction (> 10 kcal mol-1 and > 3 kcal mol-1 respectively). Two species 

regulate the reaction rates of formanilide, and N-methylformanilide 

hydrogenation, due to their similar energies: species Mo-TS-1-3 and 

Mo-10F in the case of formanilide (ΔG = 13.3 and 12.4 kcal mol-1), and 

species Mo-TS-1-3 and Mo-TS-2-5MF in the case of methylformanilide 

(ΔG = 13.3 and 13.1 kcal mol-1). Species Mo-TS-2-5MA (ΔG = 20.9 kcal 

mol-1) is the rate limiting step of N-methylacetanilide hydrogenation by 

Mo-PNP. 

The effective barriers of formanilide, N-methylformanilide and N-

methylacetanilide (33.2, 22.8 and 32.5 kcal mol-1) qualitatively match 

their experimental conversions (13 %, >99 % and 20 %). Remarkably, 

N-methylacetanilide has a non-zero conversion despite its prohibitively 

high 32.5 kcal mol-1 effective barrier: N-methylacetanilide reacts only at 

the beginning of the reaction, when the low concentration of ethanol 

makes the contribution of the species Mo-4EtOH irrelevant, thus resulting 

in an initial effective barrier of 20.9 kcal mol-1. Unfortunately, the non-

zero conversion of formanilide cannot be explain by the proposed 

mechanism. 
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Figure 4.13 Catalyst adducts and most energetic species, in the reaction mechanisms 

of formanilide, N-methylformanilide and N-methylacetanilide deaminative 

hydrogenation, when catalyzed by MoH-PNHP. 
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As in the case of Fe, microkinetic modelling was used to compare the 

calculated energies with the experimental conversions. In this case we 

simulated the hydrogenation of N-methylformanilide, and we studied 

the inhibiting effect of ethanol over this reaction (see Paper III for 

detailed information about its construction).54 The microkinetic model 

predicted a considerable dependence of amide conversion on ethanol 

concentration: >99 %, 99 % and 55 % conversion in the presence of 0, 

0.5 and 2 eq. of ethanol (straight-lines in Figure 4.14). The calculated 

conversions qualitatively matched the experimental conversions of 

>99%, 96 % and 35 % respectively. The microkinetic model was able to 

reproduce the experimental values after small corrections in the most 

and least energetic species (ΔΔG = +0.3, +0.4, -1.8 and +0.2 kcal mol-1 

to Mo-TS-2-5MF, Mo-TS-1-3, Mo-4MeOH and Mo-4EtOH) (dashed lines 

in Figure 4.14). An alternative source of error is the catalyst activation 

mechanism, which fitted the experimental conversions when introduced 

as a single irreversible reaction with a 25 kcal mol-1 barrier. 

 

 

 



RESULTS   

68 

 

Figure 4.14 Fitted and unfitted microkinetic models of the MoCl-PNHP catalyzed N-

methylformanilide deaminative hydrogenation when in the presence of 0, 0.5 and 2.0 

eq. of ethanol. The simulations were based on the reaction mechanisms shown in 

Figure 4.5, Figure 4.6 and Figure 4.10 and Table 4.1 The initial conditions for the 

microkinetic model are set up according to the experiments:54 0.25 M of N-

methylformanilide, 0.207 M of H2,94 12.5mM of MoCl-PNHP. H2 concentration was 

kept constant throughout the kinetic simulations, consistent with the effectively 

constant pressure of H2 used in the experiments. 
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4.3 Reaction optimization. 

Fe-PNP - catalyzed deaminative hydrogenation of amides 

A rational approach involving DFT calculations has been used to design 

co-catalysts tailored for the deaminative hydrogenation of tertiary 

amides (Paper II).53 This was possible thanks to the research on Fe-PNP 

catalyzed deaminative amide hydrogenation (Paper I),51 which 

identified the role of the co-catalyst: proton shuttle for the formation of 

zwitterion 12, here named [ΔGHT]‡ (see Figure 4.15). However, 

formanilide, the co-catalyst studied in Paper I, had the drawbacks of 

being parallelly hydrogenated by Fe-2 on the course of the reaction and 

inhibiting the catalyst by the formation of adducts Fe-4F, here named 

ΔGadd (see Figure 4.15). 

In Paper II, I calculated the ΔGadd and [ΔGHT]‡ of a series of potential 

organic co-catalysts that could act as a proton shuttle for hemiaminal 

proton transfer (low [ΔGHT]‡), without inhibiting the catalyst (Fe-4 > Fe-

2), or being hydrogenated by Fe-2. 

 

Figure 4.15 Key energies and species of tertiary alkyl amides deaminative 

hydrogenation when catalyzed by Fe-1. 
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The potential catalysts assessed (see Table 4.2) included molecules with 

either hydrogen-bond donor single-sites (entries 4, 5 and 8) or with both 

hydrogen-bond donor and acceptor sites which could act as push-pull 

proton shuttles (entries 1-3, 6 and 9). In molecules with C=O or C=N 

functional groups, only electron-rich systems were chosen to minimize 

the hydrogenation of the co-catalyst. 

The calculated [ΔGHT]‡ and ΔGadd of morpholidine deaminative 

hydrogenation were used to estimate the effective energy barrier of the 

reaction: ΔGeff = ([ΔGHT]‡ – ΔGadd) except when ΔGadd > Fe-2 and/or 

TS-6-12MeOH < [ΔGHT]‡ < 12M, in which cases Fe-2, TS-6-12MeOH or 

12M substituted [ΔGHT]‡ and ΔGadd. The ΔGeff of each potential co-

catalyst was then compared to its corresponding experimental 

performance (see Table 4.2) 

Geff qualitatively correlated to experimental TONs, with the exception 

of 1,2,3-triphenyl guanidine (entry 6), which may react differently as 

indicated by an immediate colour change upon treatment with Fe-PNP. 

Triazabicyclodecene (TBD, entry 1) and acetanilide (entry 2) 

experimentally proved to be co-catalysts more active than formanilide, 

being TBD the best performing co-catalyst among the tested, improving 

formanilide co-catalyst activity by a 130%. 
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Entry Co-catalyst GHT]‡ Gadd Geff TONa Conv.a 

1 

 

22.1 8.7 23.4 830 59% 

2 

 

25.4 1.9 25.4 780 55% 

3 

 

21.7 -2.0 25.4 630 45%* 

4 

 

25.5 14.6 25.5 560 40% 

5 Me—OH 28.1 3.3 28.1 510 37% 

6 

 

21.4 1.4 23.4 440 31%† 

7 No additive 28.1 --- 28.1 320 22% 

8 
 

31.9 18.2 28.1 320 22% 

9 

 

35.6 1.4 28.1 90 6%* 

Table 4.2 Computational and experimental results on potential co-catalysts for 

morpholidine deaminative hydrogenation, Fe-PNP catalyzed. * co-catalyst is 

consumed in the course of the reaction. † Immediate colour change was observed upon 

treatment with Fe-PNP. a Experimental reaction conditions: 30 atm H2, 5 μmol of [Fe-

PNP] (0.07 mol%), 1.75 mol% of each additive and 7 mmol of morpholidine in 5 mL 

of THF at 100 ºC for 2 h. TON and Conv. were determined by GC-FID analysis of the 

products and remaining starting material. Each entry is the average of two or more 

trials. 
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TBD was later proved to significantly enhance the hydrogenation of 

other inactive amides (when Fe-PNP-catalyzed) (see Table 4.3), and the 

hydrogenation of morpholidine when catalyzed by RuHBH3-PNHP or 

RuHBH3-PNHN (see Table 4.4). TBD could not co-catalyze N-

phenylbenzamide deaminative hydrogenation, though acetanilide did 

(Table 4.3; entry 4c). 

 

Entry Amide [TBD] TONb. 

1 

 

0 50 

1.75 300 

2 

 

0 1150 

0.45 5180 

3 

 

0 140 

1.75 230 

4 

 

0 120 

1.75 120 

1.75c 250c 

Table 4.3 a Reaction conditions: 60 atm H2, 5 μmol of [Fe-PNP] (0.07 mol%), x μmol 

of TBD, and 7 mmol of substrate in 5 mL of THF at 120 ºC for 16 h. b TON was 

determined by GC-FID and NMR analysis of the products and remaining starting 

material. Each entry is the average of three or more trials. c TBD was substituted by N-

acetanilide (Table 4.2; entry 2). 
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Entry Catalyst Co-catalyst TONb Conv.b 

1 

 
Fe-PNP 

None 320 23% 

TBD 830 59% 

Formanilide 630 45% 

2 

 
RuHBH3-PNHP 

None 310 22% 

TBD 1200 86% 

Formanilide 0c 0%c 

3 

 
RuHBH3-PNHN 

None 440 31% 

TBD 1170 84% 

Formanilide 1040 74% 

Table 4.4 a Experimental reaction conditions: 30 atm H2, 5 μmol of [Fe or Ru] (0.07 

mol%), 125 μmol co-catalyst and 7 mmol of morpholidine in 5 mL of THF at 100 ºC 

for 2 h. For [Ru] co-catalysts 10 μmol of NEt3 was added to activate the catalyst. b 

Determined by GC-FID analysis of the products and remaining starting material. Each 

entry is the average of two or more trials. c Formanilide reacts irreversibly with this Ru 

catalyst to form an adduct (see Paper II for details). 
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MoCl-PNHP - catalyzed deaminative amide hydrogenation 

In a similar fashion to the case of Fe-PNP, I attempted to optimize the 

MoCl-PNHP-catalyzed amide hydrogenation with the information 

obtained in its mechanistic study. Mo reaction mechanism shows a clear 

dependence on the counter-cation type (see Table 4.5) and location (see 

Paper III S.I.):54 the energy difference between transition state Mo-TS-

2-5MF (rate-limiting step) and adduct Mo-4MeOH (catalyst resting state) 

swings from 28.8 kcal mol-1 to 22.9 and 23.0 kcal mol-1 with the alkaline 

counterions Li+, Na+ and K+, respectively. The extreme case of 

counterion absence shows an even lower effective energy barrier (ΔGeff 

= 19.9 kcal mol-1). These calculations were later tested experimentally: 

MoCl-PNHP was activated with LiHBH3, NaHBH3 or KHBH3, and then 

used to hydrogenate N-methylformanilide at 80 °C and 50 atm of H2. 

The resulting experimental conversions qualitatively agreed with their 

respective calculated effective energy barriers (see Table 4.5). 

Unfortunately, none of the tested counter-cations resulted in an 

improved reaction performance. To approach the limit of counter-cation 

absence, the sterically hindered counter-cation PPh4
+ or the Na+-trap 

crown ether 15-crown-5 were tested experimentally. However, they 

decreased the reaction yield, contrary to the computational predictions. 

This unexpected behaviour may be attributed to the probably low 

solubility of the ion pairs [MoH-PNHP]-//PPh4+ and [MoH-PNHP]-//15-

crown-5-Na+. 
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Counter-cation (M) Geff (kcal mol-1) Yield (%)* 

Li+ 28.8 9 

Na+ 22.9 75 

K+ 23.0 75 

Absence of 

counter-cation 
19.9  

Table 4.5 Free energies (kcal mol-1) for the isodesmic reaction between Mo-4MeOH and 

Mo-TS-2-5F. *Yields of MoCl-PNHP-catalyzed N-methylformanilide deaminative 

hydrogenation after 24h at 80 ºC with 5 mol% of alkali metal hydrides, 0.25 M of N-

methylformanilide, 50 atm of H2, 12.5mM of MoCl-PNHP 
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 Conclusions and Future 

Outlook 

The main conclusions of the computational mechanistic study on the Fe-

PNP catalyzed deaminative hydrogenation of amides were the 

following: 

• Reliable energies and molecular geometries of amides and Fe-

PNP complexes can be obtained with the use of the M06 

functional and double-z basis sets, together with energy 

refinements with functional M06 and triple-z basis set. 

• Deaminative hydrogenation of amides by Fe-PNP follows a 

three-step process consisting of (1) amide C=O hydrogenation, 

(2) C-N bond protonolysis, and (3) aldehyde C=O 

hydrogenation. The rate-limiting step of both secondary and 

tertiary amides is the C-N bond protonolysis, which proceeds by 

a different pathway for the two substrates. While Fe-PNP 

promotes the cleavage of the C-N bond of secondary amides, the 

C-N bond of tertiary amides is too electron-rich to be broken by 

Fe-PNP. In the latter case, secondary amides can act as proton-

shuttles, and thus assist the C-N bond protonolysis. 
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• Catalyst Fe-PNP can dehydrogenate weak acids such as 

secondary amides or methanol, which can block the catalyst 

active-site and prevent its hydrogenation. This reaction is 

reversible but significant enough to hamper the catalyst activity. 

• TBD has proved to co-catalyze the deaminative hydrogenation 

of tertiary amides thanks to (I) its proton-shuttle abilities, that 

facilitate the cleavage of tertiary amides C-N bonds, (II) its steric 

hindrance, that avoid TBD from blocking Fe-PNP active site, 

and (III) its difficult hydrogenation by Fe-PNP. 

Particular conclusions of the computational mechanistic study on the 

MoH-PNHP catalyzed deaminative hydrogenation of amides were the 

following: 

• Deaminative hydrogenation of amides by MoH-PNHP follows 

the same three-step pathway of Fe-PNP: (1) amide C=O 

hydrogenation, (2) C-N bond protonolysis, and (3) aldehyde 

C=O hydrogenation. However, in the case of MoH-PNHP, the 

rate-limiting step is amide-dependent: In the case of formamides, 

their rate-limiting step is the C-N bond protonolysis, which is 

assisted by MoH-PNHP and a methanol molecule; in the case of 

acetamides, their rate-limiting step is the amide C=O 

hydrogenation, because their more electron-rich carbonyl is 

harder to hydrogenate than that of formamides. 
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• Secondary amides and alcohols can block Mo-PNP active site. 

This inhibition is more significant than in the case of Fe-PNP, 

and therefore, the more energy demanding hydrogenations of 

acetamides can only be performed by Fe-PNP. 

• The alkaline countercation of MoH-PNHP stabilizes the catalyst 

negative charge, while modifying the hydricity of the catalyst. 

The substitution of the alkaline cation by a larger molecule 

enhances the catalyst hydricity but it reduces its solubility. 

Only three substrates have been computed per catalyst. A broader scope 

of amides remains to be investigated computationally in future work, as 

well as a broader scope of base metal Noyori-type catalysts. A broader 

scope of amides could solidify the conclusions of the thesis, while a 

broader scope of metals could lead to a rational catalyst design that 

maximizes the catalyst hydricity while minimizes the formation of 

adducts between primary or secondary amides and the catalyst. Also, 

further research on orbital analysis of MoH-PNHP interaction with its 

countercation would help to understand how it modifies the catalyst 

hydricity. 
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Appendix 

Method benchmarking. 

In order to select the best method describing the reactivity of Fe-PNP, 

the performance of several density functionals against geometric and 

energetic benchmarks were tested.  

The density functionals used for the study were BLYP, B3LYP, PBE, 

PBE(0), TPSS, TPSSh, M06-L, M06 and ωB97XD.69,97–105 Three 

parameter Grimme dispersion corrections106 were used in non-GGA 

functionals without dispersion corrections: BLYP, B3LYP, PBE and 

PBE(0). The basis sets used were the double-z quality LANL2DZ107 on 

iron and 6-31+G** for all other elements.108 

Catalysts A, B and C were selected for geometric benchmarking since 

their molecular structure has been resolved by single-crystal X-ray 

diffraction.60 The experimental geometries of A, B and C were 

compared against DFT gas-phase geometry optimizations (see Graph 

0.1). Bonds Fe-P, Fe-N, Fe-C and C≡O were selected for an RMSD 

analysis because they were the most sensitive to density functional 

changes. All functionals gave acceptable global RMSD, though 

functionals PBE(0)+D3, TPSS, TPSSh and M06 were identified as the 

best candidates, giving global RMSD smaller than 0.02 Å. 
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Graph 0.1 Geometry benchmark results of Catalyst A, B and C. Experimental bond 

distances (Exp.) 1, 2, 3, 4 and 5 by single-crystal x-ray diffraction in front of gas-phase 

density functional theory geometry optimizations with BLYP+D3, B3LYP, PBE+D3, 

TPSS, TPSSh, M06L+D3, M06+D3 and ωB97XD functionals and double-z quality 

basis set (LANL2DZ on iron and 6-31+G** for all other elements). 

Next, an energy benchmark of Reactions 1, 2 and 3 (see Figure 0.1) was 

performed to assess the energy accuracy in the calculation of FeH-

PNMeP and FeH-PNHP complexes, and to discriminate between the 

functionals that performed best in the geometry benchmark. The tested 

reactions are the isomerizations of the Fe-PNHP and Fe-PNMeP 

complexes (Reaction 1 and 2 in Figure 0.1) and a hydrogen transfer 

from a FeH-PNHP catalyst to a CO2 molecule (Reaction 3 in Figure 0.1). 
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Geometry optimizations of these reactions complexes were performed 

with the M06 functional. Then we computed their reaction potential 

energies (ΔEr) with single point CCSD(T)/cc-pVTZ calculations as 

energy benchmarks. The coupled-cluster energies were then compared 

with ΔEr calculated with functionals PBE(0)+D3, TPSSh and M06 

(LANL2TZ on Fe, 6-311+G** on the rest)109,110 (see Graph 0.2). The 

DFT computed reaction energies for Reactions 1 and 2 matched the 

coupled-cluster energies, with a deviation smaller than 1 kcal mol-1. 

However, the coupled-cluster computed reaction energy for Reaction 3 

could only be reproduced with the M06 functional. Therefore we 

concluded that, when compared to the other tested density functionals, 

the M06 functional provide both the most accurate energies and 

acceptable geometry optimizations of complexes of amides and iron 

Noyori-type catalysts. 
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Figure 0.1 Reactions selected for the energy benchmarks. Phosphines iso-propyls were 

replaced by hydrogens to make CCSD(T) calculations feasible. 

 

Graph 0.2 Quantitative deviation of DFT rE and Eǂ relative to CCSD(T) energies 

of reaction 1, 2, 3 and reaction 3 transition state. 
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Finally, we tested M06 performance in geometry optimizations of 

molybdenum Noyori-type catalysts. Single-crystal X-ray diffractions of 

Catalysts D, E and F were used as geometry benchmarks, and they were 

compared against DFT geometry optimizations with the M06 functional 

and double-z quality basis set (LANL2DZ on iron and 6-31+G** for all 

other elements). Bonds Mo-P, Mo-N, Mo-Cl, Mo-nitrile and Mo-C 

constitute molybdenum first coordination sphere; therefore, they were 

selected for an RMSD analysis. M06 RMSD of 0.03 Å (see Graph 0.3) 

support the use of M06 for geometry optimizations of molybdenum 

Noyori-type catalysts. 

 

 

Graph 0.3 Root mean square deviation (Å) of marked distances of Catalysts D, E and 

F calculated geometries with respect their single-crystal X-ray diffraction geometries. 
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Selected Methodology 

The M06 functional was used for both geometry optimizations (with 

double-z basis set) and energy refinement (with triple-z basis set). 

Analytic frequency calculations of stationary points were performed to 

classify them in either energy minima or saddle points. Free energies 

were calculated from double-z basis set analytic frequency calculations. 

Our calculations contain thermal and pressure corrections to emulate the 

experimental conditions of 373.15 K and 30 atm in the case of Fe-PNP-

catalyzed reactions, and 373.15 K and 50 atm in the case of MoCl-PNHP-

catalyzed reactions. Solvent effects of THF were introduced with the 

continuum SMD model. The ultrafine (99,590) grid was used in all 

calculations for higher numerical accuracy. All calculations were carried 

out with the Gaussian09 (RevD.01) software package.111 

Microkinetic models were constructed with the COPASI (version 4.22) 

software.83 The models were based on deterministic time course 

simulations with the LSODA algorithm.87 Temperature, reaction times 

and initial concentrations were adjusted to experimental values and will 

be specified at each case. Hydrogen pressurized reactions were 

simulated as a constant hydrogen saturated concentration of 0.162M, 

calculated using the molar fraction of H2 in a H2 saturated solution of 

THF at 33.4 atm and 100 ºC (0.01461 H2 mol / solution mol), assuming 

incompresibility of THF and that [H2] <<< [THF].94 Elementary 

reactions and their associated reaction energies and barriers are specified 

in the supporting information of their corresponding articles. 
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