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Chapter 1

General introduction

Part of this chapter will be published: F.F. van de Watering, W. I. Dzik, 
Dinitrogen reduction in: Non-Noble Metal Catalysis: Molecular Approaches and 

Reactions, (eds: R.J.M. Klein Gebbink, M.-E. Moret), Wiley, 2017, in press.



Chapter 1

1.1 The need for renewable energy

The demand for energy increased with 150 % from the 1970’s till now, as a result of 

economic growth and development.[1] Despite some alternative renewable energy sources 

that are nowadays used, most of this energy is taken from carbon-based fossil fuels. By 

combustion of these fossil fuels, we release the solar energy that the universe stored in 

chemical bonds millions of years ago. Unfortunately, this combustion also leads to the 

unwanted formation of the greenhouse gas carbon dioxide. It is this gas that is the biggest 

contributor to the damaging changes in our climate.[2,3] Climate change causes negative 

effects on the environment and on human living conditions (i.e. melting of snow, more 

extreme weather conditions, spreading of diseases) and should be stopped sooner 

than later.[4,5] Renewable energy, taken from solar, wind or hydropower, has minimal 

environmental impact as it does not produce any CO2.[6,7] For this reason, the use of 

renewable energy as an alternative (and eventually as a replacement) to fossil fuels should 

be stimulated, to prevent any more changes in our climate.

Solar energy is by far the biggest renewable energy source, as the sun is inexhaustible.  

Fossil fuels were created millions of years ago by the energy of the sun and we can use its 

energy again. In addition, 1 hour of sunlight can provide us with enough energy for one full 

year. Therefore, the use of solar energy is a good alternative to fossil fuels. To use solar 

energy as a potential energy source, two challenges have to be faced. The first challenge 

is to transfer solar energy into energy that we can use in daily life. The second challenge 

is to use the solar energy on demand. As the demand for energy and the generation of 

solar energy are not always simultaneously occurring, it is necessary to be able to store 

and often also transport this energy. This storage can be done in various ways (see ref: 

[8]), and one of these ways is to store the energy in chemical bonds. Here, lessons can be 

learned from nature, as nature is already capable of converting solar energy into chemical 

energy by means of photosynthesis. 

Plants use solar energy captured with their leaves to convert water and carbon dioxide to 

oxygen and fuel (in the form of sugars).[9] A chemical equivalent of such a light-capturing 

leaf has been proposed in recent years and is coined the artificial leaf (Figure 1). In such a 

leaf, water is transformed into a solar fuel, where the energy originates from the sun. The 

leaf consists of two compartments, the oxidation and the reduction side. At the oxidation 

site the light-driven water oxidation reaction takes place: releasing oxygen, protons 

and electrons., The protons move to the reduction side via a proton membrane, while 

electrons are shuttled to the same place through a wire. On the reduction side a (light-

driven) reduction reaction can take place: transforming the protons and electrons into a 

solar fuel.[10] Water splitting into oxygen and fuel can be accomplished by electrolysis of 
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Chapter 1

water using photovoltaic panels coupled to electrolyzers or by direct solar water splitting 

using photosensitizers and catalysts in the same solution. 

H+

H2O

O2 + H +

Oxidation Reduction

H+ + e-

Solar fuel

H+ e-e-
catalystcatalyst

Proton membrane

The easiest accessible solar fuel is molecular hydrogen, which can be formed directly 

from the protons and electrons generated in the device (equation 1). Dihydrogen can be 

used in a fuel cell producing water and energy as only products. Much research is devoted 

to the design of proton reduction catalysts that are able to drive these reactions, and 

several catalysts have been reported that display high activity.[11–17] Challenges in the use 

of dihydrogen as solar fuel are its low storage capacity: the amount of energy that can be 

taken per volume is low. In addition, dihydrogen is dangerous as it is an explosive gas, 

which makes transportation not very safe yet. However, dihydrogen can be used to reduce 

organic compounds and produce more complex fuels from solar energy in an indirect way 

(see further).

Alternative solar fuels are formic acid or methanol (equation 2 and 3) obtained from the 

reduction of carbon dioxide. Formic acid and methanol are liquids at room temperature, 

and thus have a higher energy density per volume than dihydrogen. Both formic acid and 

methanol can be used directly in a fuel cell or as a substrate for other carbon containing 

products. CO2 can be reduced in a direct way in the solar to fuel device, by reaction with 

2 H+ + 2 e- H2
cat

CO2 + H+ + 2 e- HCOOH
cat

CO2 + H+ + 2 e- CH3OH
cat

N2 + H+ + 2 e- NH3
cat

(1)

(2)

(3)

(4)

CO2 + H2 HCOOH
cat

Direct solar to fuel Indirect solar to fuel

CO2 + H2 CH3OH
cat

N2 + H2 NH3
cat

(5)

(6)

(7)

 
Figure 1: Simplified representation of an artificial leaf.
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protons and electrons. Alternatively, a stepwise indirect process can be developed where 

first dihydrogen is formed, which subsequently can be used to hydrogenate CO2. The 

hydrogenation of carbon dioxide to methanol is already an established process in industry. 

However, the catalysts that are used are not yet very reactive and suffer from stability 

issues, which makes that the conversion of syngas to methanol is currently much more 

profitable.[18-20] The last solar fuel that we will discuss in more detail is ammonia (equation 

4), which can be formed by the reduction of dinitrogen. Ammonia has the highest hydrogen 

density of these three solar fuels and it does not leave a carbon footprint. Besides that, the 

nitrogen content in air is very high, which makes it an abundant resource. The indirect 

storage of solar energy by hydrogenation of dinitrogen is already an industrial established 

process, as the Haber-Bosch process has been developed to generate ammonia from 

nitrogen as a fertilizer. The reduction of N2 can also be nature-mimicked by reducing the 

gas directly with protons and electrons.[21,22] The development of homogeneous catalysts 

that can directly convert protons and electrons into solar fuels is very challenging and this 

research is still in its infancy. The next two sections will give an overview of homogeneous 

catalysts active for the solar fuels methanol (section 1.2) and ammonia (section 1.3). 

1.2 Methanol from carbon dioxide

The reaction of CO2 with H2 to methanol is a downhill reaction, but very difficult as a result 

of the thermodynamic stability and kinetic inertness of the gas. Although much progress 

has been made in the (reversible) storage of hydrogen (direct and indirect) obtained 

from solar energy by the reduction of carbon dioxide to formic acid, full reduction to 

methanol is scarcely observed with homogenous catalysts (Figure 2) (see for two recent 

reviews refs: [23,24]). The reduction of CO2 to methanol is to date only possible with a few 

catalytic systems at low temperatures. 

The group of Leitner recently found that (Triphos)Ru(TMM) (TMM = 

trimethylenemethane) (1a) (Figure 3) was able to reduce CO2 (20 bar) and H2 (60 bar) at 

140 °C in presence of stoichiometric amounts of HNTf2 with a TON of 442 in 24 hours.[25] 

1a has a high stability at high temperatures, which is thought to be one of the reasons that 

catalysis under these conditions is feasible. The acid is only used for the removal of the 

TMM ligand, to create a vacant site for carbon dioxide to coordinate. This is supported 

 
Figure 2: Reversible storage of hydrogen in carbon 
dioxide.

HCOOH H2CO

+ [H]
- H2O

CO2

+ [H]
CH3OH

+ [H]

- [H]
+ H2O

- [H] - [H]
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Chapter 1

by subjecting the acetate complex (the formate complex could not be isolated) (Triphos)

Ru(η2-OAc)(S)]NTf2 (1b) to similar reaction conditions, which also resulted in the 

formation of methanol. Thus, this catalytst is able to reduce CO2 to methanol without the 

use of an additive, which is to date the only system that is capable hereof . 

The next two examples show different methods that are used to circumvent the 

difficulties in the CO2 reduction reaction. The first method is the capture of CO2 in an 

organic molecule, which can subsequently be reduced with a catalyst releasing methanol. 

This strategy was elegantly described by the group of Milstein in 2011, where they showed 

the conversion of carbamates, carbonates, urea and formates to methanol with (PNN)

RuH(CO)(2a) or (PNP)Ru(H)(CO)(Cl)(2b) (Figure 4) with turnover numbers (TON’s) 

up to 87 000.[26,27]

The second method is the use of a cooperative system. The group of Sanford designed 

a system of three catalysts that all promote one of the three following steps: a) CO2 

and H2 to formic acid, b) formic acid to formate ester and c) hydrogenation of ester to 

methanol. Although all steps worked separately, a TON of only 2.5 could be reached 

when the reaction was performed in one pot.[28] Also the group of Guan used a similar 

strategy using a (PCP)NiH catalyst that reacts with CO2 to form a nickel formate 

complex. The addition of excess catecholborane (HBcat) to this nickel formate 

complex regenerated the (PCP)NiH catalyst and surpisingly the methanol borane 

adduct CH3OBcat, which can be hydrolysed with water to yield methanol.[24]  CH3OBcat 

could be catalytically formed by reacting the nickel catalyst with 500 equiv. of HBcat 

under 1 atm of CO2 with a TOF of 495 h-1. To date, these catalysts are the best examples 

 
Figure 3: The two catalysts 
that are able to reduce CO2 to 
methanol without any additives.
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Figure 4: Capture of CO2 in organic molecules and subsequent reduction releasing methanol.
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Chapter 1

of homogeneous catalysts that can convert CO2 into methanol. The future will hopefully 

bring us more understanding into the homogeneously catalyzed CO2 reduction reaction.  

As discussed above methanol can be used in a methanol fuel cell, thereby releasing energy. 

Methanol fuel cells are currently mainly based on heterogeneous catalysts, which need 

high temperatures and pressures and often suffer from CO poisoning (a common side 

product in the dehydrogenation reaction).[29] In general methanol is first dehydrogenated, 

and hydrogen is subsequently oxidized to gain energy. For this reason, homogeneous 

catalysts are explored that can dehydrogenate methanol into dihydrogen, which can then 

be used in a hydrogen fuel cell. The dehydrogenation of methanol has simultaneously been 

reported in 2013 by the groups of Grützmacher and Beller (see Figure 5 for an overview of 

the catalysts and their best performance). 

The group of Grützmacher prepared the ruthenium trop2dad complex [K(dme)2]

[RuH(trop2dad)] (trop2dad = 1,4-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-

1,3-diene) (3)[30] and the group of Beller prepared the ruthenium pincer complex 

RuHCl(CO)(HN(C2H4P(i-Pr)2)2) (4)[31]. The complex of Grützmacher was active in 

absence of base, dehydrogenating methanol with a TON(10 h) of 540.[32] Beller initially 

performed the reaction in presence of 8 M KOH leading to a TON(24 d) of 353 400. The 

high concentration of base was necessary to decompose formic acid with this catalyst. 

In a subsequent paper this final reaction step was performed by a second catalyst that 

was capable of the decomposition of formic acid under base free conditions. The use 

of this bicatalytic mixture led to an initial TON(8 d)of 4286 h-1 for the dehydrogenation of 

methanol in absence of base.[33] The system of Beller was extended to an iron complex (5) 

(TON(94 h) = 51 000, no base but LiBF4 as additive)[29] and a manganese complex (6) (TON(3 

h) = 54, in presence of 8 M KOH)[34], which were both shown to be active. The catalyst of 

Milstein (2) that was earlier shown to catalyze the hydrogenation reaction of trapped CO2 

to methanol, is also an active catalyst in the methanol dehydrogenation reaction, reaching 

a TON(27 d) of 28 700, in presence of NaOH.[35] Interestingly, these complexes all feature 

a nitrogen atom next to the metal center, which was proposed to play a role as a proton 

acceptor. A similar approach was used to form the iridium based complex [Cp*Ir(α,α′-

bipyridonate)(H2O)]- (7).[36] These bipyridonate ligands are able to assist the reaction 

 
Figure 5: Several methanol dehydrogenation catalysts and their best performance.
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through ligand promoted dehydrogenation as the carbonyl group can accept a proton, 

driving the reaction to a TON(150 h) of 10 510 in presence of base (NaOH). The last example 

is an iridium complex which does not possess a ligand that features a proton acceptor: 

[(CO)2Ir(1,3-dialkylimidazol-2-ylidene)]+ (8).[37] 8 decomposes methanol to molecular 

hydrogen with a TON(40 h) of 8000 in basic (KOH) media. This catalyst is stable under 

aerobic conditions, and thus a promising catalyst for the direct application in an artificial 

leaf, as it doesn’t suffer from oxygen produced on the other side of cell (Figure 1). Several 

methanol dehydrogenation catalysts have emerged from 2013 onwards. As indicated by 

experimental work and DFT calculations, the presence of a proton accepting site to the 

ligand seems to be beneficial for the overall reactivity. 

1.3 Ammonia from dinitrogen

Ammonia is potentially a very promising solar fuel: dinitrogen is abundant (79 % of the 

air is N2) substrate, ammonia (17.8 wt% of hydrogen) has a higher fuel capacity than 

methanol[38], it doesn’t contain carbon (so little production of greenhouse gasses) and 

the infrastructure to synthesize ammonia is already present and thus can be right away 

used on big scale (we already know how to deal with ammonia synthesis, transport and 

potential dangers). The purpose of this upcoming section is to give an overview of the 

approaches used to tackle the challenging problem of N2 reduction at ambient conditions 

and of the catalytic systems that are capable of this transformation with the focus on 

(catalytic) reactions involving iron or cobalt. 

1.3.1 Introduction
Dinitrogen has a well-deserved reputation of being one of the most inert molecules. This 

feature has become the origin of the name of the element with atomic number 7 in many 

languages. In some it is described as ‘life less’ (as coined by Lavoisier from Greek: αζϖϖ) 

e.g. azote (French), azoto (Italian), azot (Polish), as it does not support respiration 

and in some languages as a substance that causes suffocation e. g. Stickstoff (German), 

Stikstof (Dutch), Dusík (Czech), Kväve (Swedish).[39] Ironically, life as we know it is not 

possible without this element as all living organisms are based on nitrogen containing 

molecules (i.e. amino and nucleic acids). However, the biosynthesis of these adducts can 

only be accomplished once nitrogen is fixed as ammonia.[40] The two most prominent 

dinitrogen reduction pathways are the industrial Haber-Bosch process[41–44] and the 

biological reduction by cyanobacteria[45] and each accounts roughly for 50% of the annual 

ammonia production.[46–48] The industrial process uses N2 and H2 that are reacted over a 

heterogeneous iron or ruthenium catalyst, forming ammonia. The overall process, which 

includes methane reforming for H2 production, requires high temperatures and pressures, 
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and consumes more than 1 % of the annual production of world energy.[49,50] Nitrogenases, 

the metallo-enzymes responsible for ammonia production in the biological process, 

can perform the reaction at ambient conditions from N2, protons and electrons, and use 

energy in the form of MgATP.[51] The active site of the most common enzyme is composed 

of an iron-molybdenum cluster.[52] Other, less common nitrogenases are vanadium-iron, 

or iron only.[53,54] Inspite of its chemical inertness, N2 can be reduced by nitrogenases 

already at ambient conditions. This fact triggered much effort in the development of 

synthetic catalysts capable of ammonia synthesis under mild conditions. Finding systems 

that would enable reduction of dinitrogen in a manner that is less energy intensive 

than the Haber-Bosch process could lead to a more sustainable economy. In addition, 

development of synthetic models of nitrogenase enzymes may provide more fundamental 

understanding in how this small inert molecule can be transformed into useful nitrogen 

containing compounds. In recent years, great progress has been made in this field and new 

catalytic systems for dinitrogen reduction are being reported more and more frequently. 

1.3.2 Activation of N2 
For most synthetic (in)organic chemists the inertness of dinitrogen is a very advantageous 

property since a nitrogen atmosphere prevents presence of oxygen/moisture, thus 

enabling many advanced chemical transformations. This inertness, however, renders 

fixation of dinitrogen as one of the more challenging chemical reactions for the reasons 

described below. 

Dinitrogen complexes have been prepared with the majority of transition metals.[55,56] Binding 

of N2 to a transition metal center involves both σ-donation to the metal and back-donation 

from the metal to the empty π* orbital(s). However, N2 is a weak σ-donor and a poor π-acceptor 

due to a weak overlap of the σ and π*-orbitals with the metal d-orbitals.[57] Overall, the 

donation of electron density from the metal to the dinitrogen molecule is the most important  

interaction.[58] Therefore, N2 will preferentially bind to electron-rich metals with strong 

capacity of π-backbonding. When choosing a system for activation of N2, one has to take 

into account the following factors: the energy of d-orbitals of transition metals decreases 

from left to right of the row and thus the amount of charge-transfer from the metal to the N2 

ligand is higher for early, and lower for late transition metals. This means that for example 

iron forms a stronger bond with dinitrogen than cobalt, and copper dinitrogen complexes 

are very unusual. The addition of electrons (e.g. reduction of the metal) follows the same 

trend: lowering the oxidation state will lead to a stronger metal-dinitrogen bond. The use 

of strongly donating ligands will increase the electron-richness of the metal. Multidentate 

alkyl phosphines seem to be the privileged ligands in this case, strong binding was also 

observed for hydride complexes.[59,60] Needless to say, such electron-rich platforms for 

N2 activation are extremely air sensitive. In addition, dinitrogen coordination is less 
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favorable to occur with high spin complexes, and therefore the use of weak field sulfide 

ligands lead to limited success as these ligands generally form high spin complexes.[61] This 

is in big contrast to the nitrogenase, where multiple sulfides per active site are present. 

The extent of electron transfer to the coordinated N2 moiety can be probed by measuring 

the N≡N stretch frequency using infrared or Raman spectroscopy. However, the extent 

of activation of the triple bond is not a direct measure for performance in N2 reduction[62] 

since a more electron-rich metal center can also be more prone to side reactions that lead 

to deactivation of the catalyst. As can be seen from Figure 6 there is no direct correlation 

between the vibrational frequencies of N2 bound to the NH3 forming catalysts and their 

efficiency. Moreover, many (pre)catalysts that are capable of catalyzing the formation of 

tris(trimethylsilyl)amine often don’t even feature a bound N2 ligand. This demonstrates 

that the activation of the dinitrogen ligand does not predict the overall performance of 

the complex; it displays if the dinitrogen molecule is bound to the metal center and the 

electron-richness of the complex. 

Further aspects to be considered in the design of systems for catalytic reduction of N2 are 

factors such as the ease of release of the products; nitrogen containing products bind very 

strongly to the early transition metals and therefore to date the catalytic N2 reduction to 

ammonia has been disclosed only for molybdenum, iron and cobalt. Another factor is the 

potential poisoning of the catalyst with side products formed during catalysis (e.g. H2) or 

impurities present in the reactants.
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Figure 6: Selected dinitrogen reduction catalysts, their N2 ligand IR frequencies and the maximum yield of 
ammonia they provide.
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1.3.3 Reduction of N2 to ammonia

1.3.3.1 Haber-Bosch inspired systems

In the Haber-Bosch process ammonia is formed by reaction of dinitrogen and dihydrogen 

over an iron catalyst. The reaction proceeds through the stages depicted in Figure 7: 

dissociative chemisorption of both gasses followed by stepwise formation of N–H 

bonds between chemisorbed atoms, and subsequent release of gaseous ammonia.
[63,64] The homolytic splitting of the N2 molecule forming a surface-bound nitride is the 

rate determining step.[49,64–68] The rate of chemisorption is enhanced by the addition of 

potassium oxide, which alters the electronic properties of the catalyst surface,[49,67,69] while 

a framework of Al2O3 and CaO stabilizes the catalyst, preventing sintering of the active iron 

particles.[46,65,66] In the quest for processes that can work under lower pressures, ruthenium 

on graphite (Kellogg Advanced Ammonia Process (KAAP))[70] and promoted cobalt[50,71] 

catalysts were developed. Homolytic cleavage of N2 is possible at low temperatures and 

pressures and one can envision that thus formed nitrido species can undergo follow-up 

reactions similar to the surface nitrides formed during the Haber-Bosch process. The first 

well defined complex that was able to perform the homolytic splitting of the dinitrogen 

molecule forming a molybdenum-nitrido complex was reported in 1995[72]. Since then, many 

well defined metal complexes (Ti, Hf, Mo, Nb, Ta, V, Cr, U, Re) were shown to split the N2 

molecule,[73,74] and some of them allowed for further reactions of the thus formed nitrides.
[74,75] In 2001 an attempt to homolytically cleave the dinitrogen triple bond using iron was 

made by the Holland group. The dimeric highly reduced [(β-dikettBu)(K)Fe(µ-N2)Fe(K) 

(β-dikettBu)] (β-dikettBu = [HC(C(tBu)NC6H3(iPr)2)2]–) complex (9) showed extreme 

weakening of the dinitrogen triple bond (υ(N2) = 1589 cm–1) (Figure 8).[76] Quite remarkably, 

coordination of a potassium cation side-on to the dinitrogen ligand further increases the 

backbonding of iron into the π* orbitals of N2. This somewhat resembles the operation of 

the Haber-Bosch process, where promotors as potassium are used to facilitate N2 binding 

to the iron centers.[69] Analogous cobalt (υ (N2) = 1599 cm–1)[77] (10) and nickel-adducts 

 
Figure 7: The Haber-Bosch process (top) and its mechanism 
(bottom).
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(11) (υ (N2) = 1696 cm–1)[78] were also reported, however, no further reactivity of these 

complexes was disclosed.
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Figure 8: Dimeric β-diketiminate N2 
complexes of iron (9), cobalt (10) and 
nickel (11). 

 
Figure 9: Triiron β-diketiminate N2 complexes that split the dinitrogen bond and subsequent 
release of ammonia upon addition of hydrogen. 
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The use of a less sterically demanding β-diketiminate ligand (β-diketMe = MeC(C(Me)

NC6H3(Me)2)2]–) coordinated to iron allowed for splitting of the N2 triple bond to form 

the tetrairon dinitrido complex 13 (Figure 9).[79] The core of complex 13 consists of two 

nitrides surrounded by three iron centers and two potassium cations to which a fourth 

iron center is bound via bridging chloride anions. Addition of HCl to complex 13 resulted 

in the release of 82% of ammonia. Further studies showed that if the reduction of the 

parent complex (β-diketMe)(K)Fe(µ-Cl)2Fe(K)(β-diketMe) (12) is conducted with two 

equiv. of sodium, the triiron sodium complex (14) is formed, which upon reacting with 

HCl releases ammonia in 99 % yield.[80] In the presence of excess reductant (4 equiv.) 

no cleavage of N2 is observed and triiron complexes with bridging N2 ligands are formed 

which precludes any catalytic turnover.

The group of Murray used a rigid β-diketiminate ligand which could template the formation 

of a triiron complex (15) (Figure 10).[81] Upon reduction of the triiron(+I) complex 15 with 

KC8, homolytic splitting of the N≡N bond occurred, forming complex 16. Surprisingly, 

the complex incorporates three NHx fragments, which suggests that (at least one of) the 

NH fragments is formed via reaction between two triiron complexes. The source of the 

protons for complex 16 could not be established. Protonation of 16 with hydrochloric acid 

resulted in the release of 30% of ammonia. 

The above examples show that homolytic cleavage of the N≡N bond followed by 

protonation can yield ammonia already at room temperature and ambient pressure. The 

difference with the Haber-Bosch reaction is that the hydrogen atoms are introduced in 

the form of protons and electrons and not as dihydrogen. Although not yet catalytic, this 

approach demonstrates that it is possible to prepare synthetic models that show a similar 

mechanism as the Haber-Bosch process. Hopefully, related systems will be explored 

further in the future to yield some Haber-Bosch inspired catalysts.

N
N N

N N

Fe
FeN
Fe

H
NHKC N
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N N
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Figure 10: Rigid triiron β-diketiminate complex and its subsequent reduction resulting in homolytic 
splitting of the N2 molecule. 
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1.3.3.2 Nitrogenase inspired systems

The active site of the most common nitrogenase enzyme consists a protein embedded 

[Mo:7Fe:9S:C]:homocitrate cofactor (FeMo-co)[82–85] (Figure 11) which catalyzes the 

formation of ammonia from dinitrogen, protons and electrons. The electrons are delivered 

by an [4Fe-4S] cluster[51] and although the detailed mechanistic picture remains under 

debate, it is clear that the reduction takes place at the iron center.[51,86–91] The reduction 

follows a mechanism in which protons are added to the dinitrogen core in an alternate 

fashion to the terminal and proximal nitrogen atoms (Figure 12). 
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Figure 11: Overall reaction scheme for nitrogen reduction by nitrogenase (top). FeMoco, 
the active site of the FeMo based nitrogenase (bottom). 
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Figure 12: Two possible pathways of dinitrogen reduction to ammonia: alternating (top) and distal (bottom).
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During the reduction, bridging iron-hydrides are formed that reductively eliminate H2, 

leaving a reduced vacant iron atom to which N2 can bind again.[92] 

The reduction of dinitrogen on transition metal centers can proceed through two 

(limiting) pathways: alternating and distal (Figure 12). In the alternating pathway, 

the protons are transferred to the terminal and proximal dinitrogen atoms producing 

coordinated diazene and hydrazine. The release of the first equivalent of ammonia leads 

to formation of an amido complex that undergoes subsequent protonation to yield the 

second equivalent of ammonia. This mechanism has been shown to be operational for 

FeMo-co[51,93] and for iron-phosphine based[94] model systems. In the distal pathway the 

protonation occurs initially on the terminal nitrogen atom and after release of ammonia, 

a nitride complex is formed that after three subsequent protonation and electron transfer 

steps releases the second equivalent of ammonia.[92] This pathway was shown to operate 

for molybdenum systems of Schrock and Nishibayashi.[95–97] 

Interconversion between the two pathways is also possible as recently shown by Peters 

and co-workers, who reported that the hydrazide intermediate Fe=N-NH2
+ can transform 

to Fe-NH2NH2
+

 through double reduction and protonation (Figure 19).[95] This brings 

about the possibility of a hybrid pathway in which initial two proton additions occur on 

a distal pathway while after interconversion, the subsequent steps follow the alternating 

pathway. 

Early mechanistic studies on N2 reduction by metal complexes
As the most common nitrogenase enzyme exists as a cluster of molybdenum and iron 

atoms,[82–85] the main research on room temperature N2 reduction was focused on these 

two metals. The first examples of substoichiometric ammonia formation from dinitrogen 

were reported in 1964 with molybdenum,[98] and in 1966 with iron.[99] These two systems 

involved mixing of the “naked” metal salts MoO4
2– or FeCl3 with reductant, in presence of 

acid and dinitrogen, but were not investigated mechanistically. Further studies on iron as 

the active metal for dinitrogen reduction followed roughly 30 years later. Leigh studied 

a well-defined Fe0(dmpe)2N2 (17) (dmpe = Me2P–CH2CH2–PMe2) (υ(N2)1975 = cm–1) 

complex (Figure 13) that formed ammonia (20%) and FeII(dmpe)2Cl2 (18) upon addition 

of HCl.[100] The iron atom is the only electron source for the reduction, so a maximum 

yield of 33.3 % of ammonia could theoretically be reached if dinitrogen reaction was paired 

to the oxidation of Fe0 to FeII. The iron(0) dinitrogen complex 17 could be re-formed by 

reaction with NaBH4/EtOH to yield a hydrido dihydrogen complex (19),[62] followed by 

substitution of H2 with N2 (20) (υ(N2) = 2094 cm–1) and reductive deprotonation by base 

which closed the so-called Leigh cycle. Tyler and co-workers reported that for related 

systems the reduction step could be performed by using molecular hydrogen in the 

presence of proton and chloride scavengers instead of NaBH4. In this way H2 was used 
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as a source of electrons for N2 reduction.[101] Theoretical and experimental mechanistic 

investigations on the Fe(dmpe)2 and similar iron diphosphine complexes[102–110] showed 

that an alternating (Figure 12) pathway was operational, similarly to the way the natural 

system is suggested to proceed.[51,93] Most importantly, these studies confirmed that a 

well-defined iron system is able to mediate the formation of ammonia from dinitrogen. 

A related system in which the dmpe ligand was replaced by the depe ligand (depe = Et2P–

CH2CH2–PEt2) proved to be active in catalytic reduction of dinitrogen (see further, Figure 

27).

Iron-sulfur systems
Although the nitrogenase enzyme consists of multiple sulfur atoms in its core, the number 

of synthetic models that contain sulfur atoms are limited. In fact, sulfides and thiolates 

are weak-field ligands, that favor formation of high spin complexes which is generally 

unfavorable for N2 binding.[61] Some groups prepared mono or dinuclear iron containing 

sulfide/thiolate complexes, but although these complexes could form ammonia from 

hydrazine, none of them were shown to bind and subsequently reduce the π-acidic N2 

ligand.[111–117] Sellmann reported various N2 thiolate containing ruthenium complexes, 

and the hypothetical intermediates (N2H2, N2H4 NH3)[116,118] of a dinitrogen reduction 

cycle. However, this cycle could not be made catalytic.[119] The Peters group investigated 

sulfur-containing iron complexes with thioethers. Thioethers have better σ-donating 

and π-accepting properties than thiolates and sulfides[61] and thus, it was hypothesized 

that the use of thioether donors may favor dinitrogen binding. Tripodal mono-, bis- and 

 
Figure 13: The Leigh cycle, showing a stoichiometric 
reduction cycle of dinitrogen with the well-defined 
Fe0(dmpe)2N2 complex (17).
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tris(thioether) ligands with a central silicon donor atom were prepared, from which only 

the iron complex with the ligand containing one thioether and two electron-donating 

phosphines coordinated a weakly activated (υ(N2) = 2156 cm–1) dinitrogen ligand (21) 

(Figure 14).[61] Addition of a hydride[59,60] resulted in a more activated dinitrogen bond (22) 

(υ(N2) = 2055 cm–1), and also allowed the bis(thioether) complex to coordinate dinitrogen 

(23) (υ(N2) = 2060 cm–1). Although these complexes show some resemblance with the 

nitrogenase active site, they could not be applied in dinitrogen reduction.

Some success was reached with the tripodal diiron sulfide bridged dinitrogen complex 

(24) (υ(N2) = 2017 and 1979 cm–1) (Figure 15) which not only coordinates dinitrogen, but 

is also able to reduce it. Stoichiometric amounts of ammonia (1.8 equiv.) are formed upon 

addition of reductant and acid to 24.[120] The reactivity is attributed to the tripodal structure 

of the ligand. In the following sections, more successful examples of systems featuring 

tripodal ligands are shown. Longer reaction times or different reagent concentrations did 

not lead to higher yields of ammonia; likely the catalyst is unstable under the reaction 

conditions applied. 

Recently the group of Holland reported a high-spin (S = 1) iron(0) dinitrogen complex 

coordinated with a tridentate ligand featuring two thiolato and a carbon-based 

coordination site (Figure 16).[121] The remarkably low frequency of the N–N bond stretch 

 
Figure 15: Sulfur containing diiron complex that coordinates dinitrogen and 
forms up to 1.8 equiv. of ammonia when subjected to protons and electrons. 
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Figure 14: Thiolate containing iron complexes that are 
successfully binding dinitrogen. 
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(υ(N2) = 1880 cm–1) shows that thiolates enable substantial back-donation to the 

coordinated N2 moiety. Complex 25 is a synthetic model with closest resemblance to the 

nitrogenase site that is able to coordinate to dinitrogen, however no reactivity studies 

were disclosed.

Synthetic Fe-S clusters[122,123] that show much resemblance with the nitrogenase active site 

are known, however these clusters do not bind N2.[92] Interestingly, recently FeMoS-SnS 

and FeS-SnS clusters embedded in chalcogels were shown to reduce dinitrogen under 

white light irradiation and in presence of aqueous pyridinium hydrochloride and sodium 

ascorbate in solutions to ammonia (up to 17 equiv.).[124,125] Their mechanism has, however, 

not been investigated.

1.3.4 Catalytic ammonia formation

The first molecular catalyst that was able to reduce dinitrogen to ammonia (7.6 equiv. 

per Mo) under ambient conditions was found in 2003 by Yandulov and Schrock (Figure 

17).[97] The catalyst (26) (υ(N2) = 1990 cm–1) contained a molybdenum atom surrounded 

by a bulky tripodal HIPTN3N ligand ((HIPTN3N)3– = ({(HIPT)NCH2CH2}3N)3–, HIPT = 

S S
Fe

N
N

Ar Ar

FF

2-

25
υ = 1880 cm-1

 
Figure 16: Iron dinitrogen 
complex with a ligand featuring 
only sulphido and carbon 
donors. 
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Figure 17: Selected nitrogen reduction molybdenum catalysts.
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{3,5-(2,4,6-iPr3C6H2)2C6H3}) Figure 17).[126] The ligand was specifically chosen for its large 

steric bulk, which prevents formation of inactive µ-N2 dimers. Based on the isolation 

of most of the intermediates of the catalytic cycle[97,127–130] and DFT calculations[131–133] a 

distal pathway (Figure 12) was proposed. Molybdenum systems supported with PNP-

type ligands (27[134] and 28[135]) described by the group of Nishibayashi were found to have 

even higher stability which reached up to 63 equiv. of NH3 per metal center. As will be 

shown below, both tripodal and PNP ligand scaffolds could successfully be used for the 

development of base metal systems for catalytic ammonia synthesis. 

Tripodal systems
The activity and stability of iron and cobalt systems supported by tripodal tetradentate 

ligands was investigated by the group of Peters. These ligands feature three phosphine 

donors and a coordinating central X-type (Si, C) or Z-type (B) atom. Similarly to the 

Schrock’s molybdenum system, these complexes feature the ability to accommodate 

both a π-acidic N2 ligand, as well as π-basic N2 derived intermediates (e.g. N3–, NH2–).
[136] Initial investigations were performed on iron complexes featuring a silyl donor atom 

that allowed isolation of the (SiPPh
3)FeN2 (29) (SiPPh

3
– = (2-Ph2PC6H4)3Si–) complex with 

a moderately activated N2 moiety (υ(N2) = 2041 cm–1) (Figure 18).[137] Complex 29 reacts 

with HBF4 in THF at room temperature to form hydrazine in 17% yield, which could be 

improved to 47% if the one-electron donor CrCl2 is added. Substitution of the phosphine 

phenyl groups for the more electron-donating isopropyl groups led to a more activated 

dinitrogen complex (SiPi-Pr
3)FeN2 (30) (υ(N2) = 2003 cm–1). 
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Figure 18: Reactivity of (SiPR

3)FeN2 complexes in reduction of N2.
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The cobalt analogue (SiPi-Pr
3)CoN2 (31) was also prepared, and showed the expected 

weaker activation of dinitrogen of 2063 cm–1
.
[138] Reaction of complex 30 with HBF4 in the 

presence of CrCp*2 led to formation of only 9% of hydrazine. It was proposed that the more 

reducing nature of 30 caused preferential reduction of protons over dinitrogen reduction, 

giving rise to lower hydrazine yields.[137] One-electron-reduction of 30 to [(SiPi-Pr
3)FeN2]

[Na([12]-c-4)2] (32) led to an even stronger charge transfer to the N2 ligand (υ(N2) = 

1891 cm–1). Interestingly when 32 was subjected to excess KC8 (50 equiv.) and HBArF
4 (46 

equiv.) in diethyl ether at –78 ºC sub-stoichiometric amounts of ammonia (0.7 equiv.) 

were observed, which was later optimized to give 3.8 ± 0.8 equiv. of ammonia (see below).
[139] 

Although iron complexes supported with the tris(phosphino)silyl ligands did not show 

real catalytic activity, they proved to be good scaffolds for mechanistic investigations. The 
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Figure 19: Mechanistic investigations on (SiPi-Pr

3)FeN2. 
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iron(+II) hydrazine and ammonia complexes with SiPi-Pr
3 ligands (33 and 34 respectively) 

were prepared which supports their possible intermediacy in reduction of N2 (Figure 

19).[140] More importantly, one-electron-reduction of complexes 33 or 34 using CrCp*
2 in 

THF under dinitrogen at room temperature resulted in the formation of the iron(+I)N2 

adduct 30, accompanied by the liberation of NH3 and/or N2H4 which showed the potential 

to make the system catalytic. The addition of one equivalent of Me3SiCl and Na/Hg to 30 

in THF resulted in formation of the stable diazenido complex (SiPi-Pr
3)Fe(N2SiMe3) (35), 

which shows that the terminal nitrogen atom is prone to react with electrophiles.[140] 

Stoichiometric reaction of 32 with protons could be studied at low temperatures. Addition 

of 3 equiv. of HOTf in 2-MeTHF to [(SiPi-Pr
3)FeN2]– (32) at –135 ºC led to formation of 

the hydrazide complex [(SiPi-Pr
3)Fe=NNH2]+ (36), one of the intermediates of ammonia 

synthesis along the distal pathway (Figure 12).[95] Interestingly, compound 36 reacts with 

its mono-reduced analog [(SiPi-Pr
3)Fe=NNH2] (37) to form [(SiPi-Pr

3)FeNH2NH2]+ (38) and 

the neutral dinitrogen complex 30 through disproportionation of the diazenido ligand. 

Complex 38 can be viewed as one of the intermediates along the alternating pathway. 

These results show that N2 bound to iron can be doubly protonated to generate a distal 

intermediate, and subsequently disproportionate to an alternating intermediate. As such, 

a hybrid distal/alternating pathway is viable for the iron system.

A breakthrough in catalytic dinitrogen fixation with iron was achieved 

with the use of the tripodal, neutral Lewis acidic borane (BPi-Pr
3 = tris[2-

(diisopropylphosphino)-phenyl]borane) scaffold.[141] The use of this borane 

ligand was expected to stabilize intermediates with multiple iron-nitrogen 

bonds that would be formed along the distal pathway. The dinitrogen ligand in 

(BPi-Pr
3)FeN2 (39) is rather weakly activated (υ(N2) = 2011 cm–1) (Figure 20), however 

one-electron-reduction with sodium amalgam in the presence of a crown ether results in 

the formation of [(BPi-Pr
3)FeN2][Na([12]-c-4)] complex 40, which not only reveals strong 

spectroscopic activation of N2 (υ(N2) = 1905 cm–1) but also is catalytically active in N2 

reduction. Complex 40 catalyzed the formation of 7 equiv. of ammonia when reacted with 

[H(Et2O)2][BArF
4] (46 equiv.) and KC8 (50 equiv.) at –78 ºC in Et2O (Figure 19) under 1 atm 

of N2.[139] The choice of reagents was of crucial importance as the use of other reductants 

(CoCp*
2, CrCp*

2, K) or acids (HOtf, LutH[BArF
4], HCl) decreased the yield to less than 0.6 

equiv. of NH3. Even more crucial was the purity of the acid. In an optimized procedure 

using ~30 times higher loading of KC8 (1600-1800 equiv.) and highly purified HBArF
4 (1500 

equiv.) in diethyl ether at –78 ºC, 59 ± 6 equiv. of NH3 were formed. Under these conditions 

the SiPiPr
3

– complex 32 catalyzed formation of 3.8 ± 0.8 equiv. of NH3, and the CPiPr
3

–
 complex 

46 (Figure 24) 36 ± 7 equiv. of NH3.[142] Electrochemical studies revealed that reduction 

of N2 is possible already at –2.2 V (vs Fc/Fc+) implying that chemical reductants that are 

weaker than KC8 can also be used. However, in comparison with sodium amalgam, the use 
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of KC8 led to higher yields of NH3 due to lower rate of the competing background proton 

reduction. Electrochemical reduction of N2 could be performed, however only 2.2 equiv. 

of ammonia per iron atom was produced.

Reactivity studies of the iron BPi-Pr
3 complexes shed light on the possible mechanism of 

the catalytic reaction. Reaction of 40[Na([12]-c-4)] with 10 equiv. of [H(Et2O)2][BArF
4] 

allowed for characterization of the transient iron-hydrazido complex [(BPi-Pr
3)Fe≡N−

NH2]+ (41).[143] The formation of this species indicates that the two initial protonation 

steps during the catalytic cycle proceed through a distal pathway. 

Isolation of mono- and disilylated intermediates 43 and 44 upon reaction with 

silylchlorides further supports the distal mechanism in the initial steps of the catalytic 

reaction (Figure 21).[144] The mechanism for the catalysis with complex 40 may proceed 

similarly to the mechanism proposed for the (SiPi-Pr
3)FeN2 complex 32 (Figure 19): 

the addition of two protons along the distal pathway going to the hybrid pathway after 

which an intermediate with coordinated hydrazine is formed and subsequent addition 

proceeds through the alternating pathway (Figure 22). This hypothesis is supported by 

the isolation of nitrogen fixation intermediates featuring N-NH2, N2H4, NH2, NH3 ligands 

and the release of ammonia upon reduction of these intermediates.[143,145] Kinetic studies 

revealed first order in catalyst concentration and zeroth order in acid concentration. The 

initial turnover frequency is 1.2 ± 0.1 min−1, which is the highest reported for any synthetic 
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Figure 20: Reactivity of the (BPi-Pr

3)FeN2 (39) complex with acid and reductant and with molecular hydrogen. 
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system. This activity at –78 ºC is remarkably high considering the fact that the FeMo 

nitrogenase from Klebsiella pneumoniae exhibits a TOF of approximately 80 min−1 at room 

temperature.[146] Further studies revealed no significant decomposition of the catalyst 

during the course of the reaction and the decreasing efficiency at higher turnover was 

assigned partly due to the buildup of NH3 which acts as an inhibitor. 

Proton reduction to form H2 is the main side reaction of nitrogen reduction under acidic 

conditions, which (apart from the background reaction between protons and KC8) is 

catalyzed by complex 40. The hydrogen evolution stability of 40 is, however, much lower 
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Figure 22: Possible mechanisms of reduction of N2 to NH3 using [(BPi-Pr

3)FeN2]– (40) as the catalyst. 
Characterized intermediates are shown in bold. 
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Figure 21: Stepwise addition of silicon electrophiles to [(BPi-Pr

3)FeN2]− (40). 
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than of the silicon analog [(SiPiPr
3)FeN2]– 32 which in turn is a worse nitrogen reduction 

catalyst. Since both dinitrogen and proton reduction are competing reactions that occur 

simultaneously during the catalytic runs, it seems that increasing the selectivity towards 

nitrogen reduction is an important goal for improved efficiency of ammonia formation. 

During catalysis, the buildup of a dihydrido complex (BPi-Pr
3)(μ-H)Fe(H)(N2) (υ(N2) = 

2070 cm–1)[147] (42) (Figure 20) was observed with Mössbauer spectroscopy. This hydride 

complex shows low reactivity towards N2 reduction, but can be converted back to 40 by 

addition of [H(Et2O)2][BArF
4] and KC8. Thus, complex 42 is likely a dormant state that 

temporarily exits the catalytic cycle, and eventually converts back to the active catalyst 40 

in time, releasing H2 (Figure 22). 

The cobalt analogue [(BPi-Pr
3)Co(N2)][Na([12]-c-4)2] (45) (υ(N2) = 1978 cm–1) was also 

explored for its catalytic activity towards dinitrogen reduction (Figure 23).[148] The 

dinitrogen ligand in the cobalt complex is less activated than the iron complex 40 due 

to the lower π-basicity of Co vs Fe. When 45 was subjected to [H(Et2O)2][BArF
4] and KC8 

at –78 ºC in Et2O, super-stoichiometric amounts of NH3 (2.4 equiv.) were observed. The 

(SiPi-Pr
3)Co and (CPi-Pr

3)Co analogues were also prepared and investigated, but these did 

not produce any ammonia.[149] 

The Peters group also investigated tripodal systems with the CPiPr
3

– (CPiPr
3

– = tris(o-

diisopropylphosphinophenyl)methyl) ligand that features a carbon atom as the central 

donor.[150] The rationale behind the use of this ligand was that if the N2 ligand binds 

terminally to the iron centers of nitrogenase, it would bind trans to the interstitial carbon 

atom.[82–85,88] By stabilizing the negative charge on the carbon atom, the phenyl rings bound 

of the CPiPr
3

– ligand should allow for a flexible C–Fe bond which should lead to stabilization 

of various oxidation states of iron. The negatively charged iron(0) complex [(CPiPr
3)FeN2]

[K(Et2O)0.5] (υ(N2) = 1870 cm–1) (46[K(Et2O)0.5]) (Figure 24) showed a stronger activation 

of N2 compared to the silicon complex 31 or the boron complex 40. Reacting complex 46 

with KC8 and [H(Et2O)2][BArF
4] at –78 ºC under conditions optimized for [(BPi-Pr

3)FeN2] – 

(40) in Et2O led to formation of 36 ± 7 equiv. of NH3. Thus, despite stronger activation of 

N2 triple bond, the efficiency of complex 46 in ammonia production is slightly lower than 

HBarF
4 (47 eq),

KC8 (60 eq),

Et2O, -78 °C

NH3 (2.4 eq)
Co PiPr2
B

P
P

iPr2

iPr2
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Na([12]-c-4)
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Figure 23: Ammonia formation catalyzed by [(BPi-Pr

3)Co(N2)]
[Na([12]-c-4)2] (45). 
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for the BPi-Pr
3 complex 40 which produced 59 ± 6 equiv. of NH3. To understand the limiting 

factors of the system, the reaction mixture was analyzed for catalyst decomposition 

products. The reaction mixture showed formation of the dinitrogen mono hydride 

complex (CPi-Pr
3)Fe(H)(N2) (47) (υ(N2) = 2046 cm–1) in time reaching 70 %. Contrary 

to the boron dihydrido complex (BPi-Pr
3)(μ-H)Fe(H)(N2) (42), 47 is inactive towards 

protons and reductant, and does not regenerate to 46. The initial rate of 46 has not been 

measured; however, it seems likely that formation of 47 upon protonation can be one of 

the reasons for the lower overall efficiency of 46 as compared to 42. 

Iron and cobalt PNP systems
The most efficient molybdenum systems for reduction of dinitrogen to ammonia are 

based on PNP and PPP pincer complexes which catalyze the formation of up to 63 equiv. 

of ammonia (Figure 17).[96,134,135,151,152] Consequently, the group of Nishibayashi investigated 

the activity of iron and cobalt dinitrogen complexes supported with anionic PNP ligands. 

Treatment of the PNPtBuFeN2 complex (PNPtBu– = 2,5-bis(di-tert-butylphosphinomethyl)

pyrrolide) (48) (Figure 25) with KC8 (200 eq), [H(OEt2)2]BArF
4 (184 eq) in Et2O at –78 ºC 

under 1 atm of N2 for 1 h, led to formation of 14.3 ± 0.4 equiv. of ammonia, 1.8 ± 0.2 equiv. of 

hydrazine and 12.3 equiv. of H2. (Figure 18).[153] The nature of the solvent and reductant had 

a large influence on the performance of this system. While in MeOtBu comparable yields 

were observed, the use of coordinating THF resulted in formation of 2.9 ± 0.2 equiv. of 

ammonia and 2.4 ± 0.1 equiv. of hydrazine. No reactivity was observed when toluene was 

used as solvent. Using CoCp*
2 (Cp* = C5Me5) instead of KC8 as the reductant decreased 

the yield by 50 %. The low temperature was essential for the reduction of N2 to occur. 

When the reaction was carried out at room temperature, 5.2 equiv. of H2 were generated 

and no dinitrogen reduction was observed. This clearly demonstrates that the competing 

proton reduction reaction is disfavored at low temperatures. The evolution of hydrazine 

during the catalytic ammonia formation, indicates that iron-hydrazine complex may be 

involved as a key intermediate during the reaction. Mechanistic studies were performed 

to shed light on the possible mechanism. Reaction of complex 48 with [H(OEt2)2]BArF
4 
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Figure 24: Catalysis with (CPi-Pr

3)FeN2
– (46) forming up to 36 equiv. of NH3. The co-formed (CPi-Pr

3)FeN2H complex 
(47) was found to be an inactive decomposition product. 
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at room temperature does not lead to protonation of the coordinated N2. Instead, the 

protonation occurs on the pyrrole ligand backbone forming complex 49. The subsequent 

addition of reductant to this complex partially recovers 48, but also shows formation of 

free PNP-H. This decomposition pathway accounts for lower yield of ammonia (2.6 ± 

0.2 eq.) when the protonated complex is used as a catalyst. Thus, the formation of 49 is 

a likely deactivation pathway of the catalyst. DFT studies show that protonation of the 

dinitrogen ligand in complex 48 is thermodynamically unfavorable, however, for the one-

electron reduced [PNPtBuFe0N2]– (50) complex, protonation on the terminal nitrogen 

atom should be kinetically favorable over the protonation of the ligand. Complex 50 is 

isolable and shows strong activation of the N2 ligand (υ(N2) = 1832 cm–1), which renders it 

a likely intermediate in the catalytic reaction.

The use of the anionic PNPtBu ligand allowed for the first truly catalytic reduction of N2 

to ammonia using cobalt.[154] Under identical conditions to the ones applied for the iron 

complex 48, the cobalt complex PNPtBuCoN2 (51) catalyzed the formation of 15.9 ± 0.2 

equiv. of ammonia and 1.0 ± 0.4 equiv. of hydrazine. A similar cobalt complex in which 

the tert-butyl groups of the PNP ligand were substituted with cyclohexyl groups showed 

slightly lower conversion. The use of THF as a solvent led to a decrease in activity. Also, the 

choice of reductant was crucial, as the use of metallic potassium instead of KC8 resulted 

in formation of no ammonia nor hydrazine. Compared to the iron complex 48 the cobalt 

catalyst 51 seems to be more stable under the catalytic conditions as no protonation of 

the ligand could be detected. However, the overall performance in N2 reduction is very  

similar.
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Figure 25: Formation of ammonia with (PNP)MN2 complex 48 (M = Fe) and 51 (M = Co) and formation of 
reaction intermediates. 
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Cyclic aminocarbene iron system
Ung and Peters investigated whether catalytic reduction of N2 can be performed using iron 

systems that do not contain phosphine ligands. A two-coordinate iron complex (CAAC)2Fe 

(52) (CAAC = cyclic(alkyl)(amino)carbene) supported with a CAAC π-accepting ligand 

reversibly binds N2 at low temperatures (Figure 26).[155] One-electron-reduction of the 

transient dinitrogen complex (CAAC)2FeN2 (53) with KC8 in the presence of crown ether 

at –95 ºC led to a clean formation of the isolable,  negatively charged, moderately activated 

dinitrogen complex [(CAAC)2FeN2][K([18]-c-6)] (54) (υ(N2) = 1850 cm–1). Attempts to 

perform the reduction of complex 53 at room temperature resulted in decomposition 

and at –78 ºC only traces of 54 were observed, indicating that significant amounts of 

the N2-bound complex 53 are present only at extremely low temperatures. Therefore, 

catalytic runs were performed at –95 ºC. When 52 was reacted with reductant (50 equiv.) 

and HBArF
4· 2 Et2O (50 equiv.) in Et2O, 3.3 ± 1.1 equiv. of ammonia were formed. The use 

of 54[K([18]-c-6)] at similar conditions led similar ammonia yield (2.6 ± 0.6 equiv.), 

which suggests that the dinitrogen complex is indeed capable of catalyzing reduction 

of dinitrogen. Increasing the temperature to –78 ºC or higher, led to formation of minor 

amounts of ammonia (0.9 ± 0.3 equiv. at –78 ºC and 0.4 ± 0.2 equiv. at 23 ºC) which is in 

accord with the weak binding of N2 at higher temperatures. Additionally, the capability 

of activation of N2 coordinated to (CAAC)2Fe center towards addition of nucleophiles 

was probed by reacting 54 with chlorosilanes forming silyldiazenido iron complexes 

(CAAC)2FeN2SiMe3 (55) and (CAAC)2FeN2SiEt3 (56) of which the latter could be isolated. 

The (CAAC)2Fe complex 52 was also an active catalyst for silylation of dinitrogen (see 

below).
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Figure 26: Ammonia formation by (CAAC)2Fe (52) and isolation of some reaction intermediates. 
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Diphosphine iron system
Recently, the group of Ashley re-investigated the Leigh system (Figure 13), and by careful 

choice of reductant and proton source they were able to reach catalytic formation of 

hydrazine using [Fe0(depe)2N2] (57) (depe = Et2P–CH2CH2–PEt2) (υ(N2) = 1985 cm–1) as 

the catalyst and (Figure 27). During the reductive protonation of N2 coordinated to 57, the 

one-electron oxidized [FeI(depe)2N2]+ (υ(N2) = 2052 cm–1) (58) species is formed as a side 

product. The use of CoCp*2 as the reductant allowed for the reduction of complex 58 back 

to 57 thus making a catalytic turnover possible. When 57 was reacted with CoCp*2 (270 

equiv.) and [PhNH2]OTf (360 equiv.) at –78 ºC in Et2O, 24.5 ± 0.2 equiv. of hydrazine and 

24.5 ± 0.2 equiv. of ammonia were formed.

The choice of Et2O as a solvent was crucial as in THF the competing hydrogen evolution 

reaction between CoCp*2 and [PhNH2]OTf led to only substoichiometric formation of 

hydrazine (0.6 equiv) and ammonia (0.4 equiv.). The advantage of using [PhNH2]OTf as 

an acid in Et2O stems from its sparing solubility in Et2O and as a consequence, low proton 

concentration. The selectivity towards hydrazine is likely caused by solubility factors: the 

hydrazine salt [N2H5]OTf is insoluble in diethyl ether and thus removed from the reaction 

by precipitation. The remaining bottleneck is the low stability of the catalyst which leads 

to the decomposition under acidic condition which is accompanied with protonation of 

the depe ligand. This system is remarkable as it is the first system that is selective towards 

formation of hydrazine over ammonia. 

1.3.5 Reduction of N2 to silylamines
Some reasons of the low performance of molecular catalysts for ammonia synthesis are 

poisoning of the catalyst with the product, decomposition of the catalyst as a result of 

impurities in the acid and formation of dihydrogen as the side product. This is not the case 

 
Figure 27: Catalytic formation of hydrazine and 
ammonia by [Fe0(depe)2N2] (57).
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in catalytic silylation reactions in which silylamines are formed from molecular dinitrogen 

and halosilanes in the presence of reductant. This reaction generally yields more turnovers 

in N2 fixation and can be performed at room temperature. Some catalysts that are active in 

ammonia formation show to have higher reactivity in dinitrogen reduction to silylamines 

(see further). In this context, the reduction of dinitrogen with halosilanes, can be used 

to screen the dinitrogen reduction capacity of a new designed complex under more easy 

accessible reaction conditions. 

The ability of transition metals to catalyze the formation of silylamines from dinitrogen 

was serendipitously discovered by Shiina in 1972 who observed consumption of N2 during 

reductive silylation of benzene derivatives when using a nichrome wire stirrer.[156] Various 

transition metal chlorides were investigated on their reactivity among which CrCl3 

performed best producing up to 5.4 equiv. of the silylamine. Several other metal chlorides 

were also active including manganese, iron, cobalt and nickel (Table 1).

Catalyst TON Catalyst TON

TiCl4 0.8 CoCl2 1.2
VCl3 0.9 NiCl2 0.2

CrCl3 5.4 CuCl 0.0

MnCl2 1.2 MoCl5 1.0
FeCl3 2.3 WCl6 0.2

Although single electrophilic addition of halosilanes to a transition metal coordinated 

N2 molecule is well known[136,157,158], there was only one report on catalytic silylation 

prior to 2011. In 1989 Hidai and co-workers disclosed that a well-defined molybdenum 

tetraphosphine based dinitrogen complex cis-[Mo(N2)2(PMe2Ph)4] (59) (υ(N2) = 1991 

and 1913 cm–1) (Figure 28) produced up to 24 equiv. of N(SiMe3)3 upon reacting SiMe3Cl 

and sodium with N2 in THF.[159] This system has been further improved by the group of 

Nishibayashi which employed bidentate ferrocenyldiphosphine ligands for stabilization 

of the molybdenum complex. The complex trans-[Mo(N2)2(depf)2] (depf = 1,10- 

bis(diethylphosphino)ferrocene) (60) (υ(N2) = 2093 cm–1) catalyzed formation of 90 

equiv. of tris(trimethylsilyl)amine in 20 hours. The turnover number could be pushed to 

226 equiv. by running the reaction for 200 hours and adding a second batch of reactants 

halfway, which set the record for catalytic silylation of N2. The very high reactivity of the 

ferrocenyldiphosphine containing system could in part be caused by ferrocenes, that are 

also active in nitrogen silylation reactions (vide infra).

 
Table 1: Reactivity of transition metal chlorides in silylation of dinitrogen. 
Conditions: 0.01 mol catalyst, 0.5 mol trimethylchlorosilane, 0.5 mol lithium 
wire, 150 ml THF, room temperature, 30 h. TON = turnover number. 
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Iron
In a subsequent study the group of Nishibayashi showed that simple organoiron complexes 

are effective pre-catalysts for reduction of N2 to silylamines (Figure 29).[160] Treatment of 

Fe(CO)5 (61) or FeCp2 (62) with 600 equiv. of trimethylsilyl chloride and sodium in THF 

under 1 atm. of N2 for 20 hours at room temperature, yielded 25 and 13 equiv. of N(SiMe3)3 

respectively. Ferrocenes with trimethylsilyl substituted cyclopentadienyl rings were 

even more effective and for [{η5-C5H2(SiMe3)3}2Fe] (63), the turnover number reached 34. 

Significant reactivity was also observed for Fe(CO)3(SiMe3)3 (64), Fe(CpSiMe3)2 (65) and 

[FeCp(CO)2]2 (66). 
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Figure 28: Selected molybdenum catalysts that are active in 
the reduction of N2 to silylamines.
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Figure 29: Iron based pre-catalysts for silylation of dinitrogen.
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The use of THF as the solvent for 61 was crucial as in benzene, hexane or diethyl ether no 

desired product was formed, while in 1,2-dimethoxyethane (2 equiv.) and 1,4-dioxane (0.2 

equiv.) the yield was greatly diminished. Also, when lithium was used instead of sodium, 

the reactivity dropped to only 5 equiv. of N(SiMe3)3. An incubation period of approximately 

1 hour during which the active catalyst is formed, was observed when the reaction was 

followed in time. The fact that all pre-catalysts showed similar behavior in terms of 

activity, regardless of the initial catalyst structure, led to the conclusion that likely the 

same species is responsible for catalysis. Unfortunately, no dinitrogen containing active 

species could be observed during catalysis. Based on the mercury test the formation of 

active Fe-nanoparticles was also disregarded. 

In the proposed mechanism (Figure 30), the catalytic cycle starts with the formation 

of FeII(SiMe3)2(THF) (67) which coordinates dinitrogen forming FeIIN2(SiMe3)2(THF) 

(68). The dinitrogen reduction proceeds via a distal pathway (Figure 12) in which the 

addition of the first three equiv. of trimethylsilyl radicals, which are formed by reduction 

of Me3SiCl with sodium, leads to the formation of the first equivalent of N(SiMe3)3 and 

thus cleavage of the N-N bond. This results in the formation of an iron nitrido species 

which subsequently reacts with trimethylsilyl radicals to release the second equivalent 

of N(SiMe3)3. DFT calculations show the feasibility of such mechanism. This mechanism 

is substantially different than the proposed mechanisms by Nishibayashi’s molybdenum 

catalyst[161] and Lu’s Co-Co dimer[117] (see below, Figure 32).

Ung and Peters’ carbene-supported iron complex 52 (Figure 26) was also active in 

catalyzing silylation of N2 (Figure 29).[155] When 52 was treated at room temperature with 

[Fe(CO)5]

Me3SiCl, Na

[Fe]
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Figure 30: Proposed catalytic cycle for the iron mediated 
reduction of N2 with silylchlorides.
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600 equiv. of Me3SiCl and KC8 24 ± 2.7 equiv. of (Me3Si)3N were formed. At –78 °C only 7 

± 1.0 equiv. are formed presumably due to a slower generation of trimethylsilyl radical at 

low temperatures. Nishibayashi’s iron dinitrogen complex 48, which is catalytically active 

in ammonia formation at –78°C, also revealed catalytic activity reaching formation of 33 

equiv. of tris(trimethylsilyl)amine at room temperature.[153]

Cobalt
Catalytic silylation of N2 using cobalt catalysts was independently reported by groups 

of Lu and Nishibayashi. Following their discovery that simple organometallic iron 

complexes catalyze formation of N(SiMe3)3 the group of Nishibayashi evaluated the 

reactivity of Co2(CO)8 (71) (Figure 31 and 32).[162] Initial screening revealed that the use 

of dimethoxyethyl ether (DME) as solvent led to higher yields compared to THF (36 vs 25 

equiv.) while in non-coordinating solvents (diethyl ether, dioxane, benzene and hexane) 

reduction of N2 did not proceed at all. The hypothesis that the active species is stabilized 

by bidentate coordination of DME led to the development of the Co2(CO)8 + 2 bpy (bpy 

= 2,2’-bipyridine) system which produced up to 49 equiv. of NSiMe3 per cobalt atom. 

Co(CO)4SiMe3 (72), CoH(PPh3)3N2 (73) and CoCp2 (74) were less active (Figure 32). 

Similarly, to the iron systems mentioned before (Figure 29), the reaction profile showed 

an incubation period of one hour, which pointed to a slow formation of the catalytically 
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Figure 31: Proposed catalytic cycle for silylation of dinitrogen using the Co2(CO)8 
/ bpy system. 
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active species. The incubation was proposed to involve formation of a tris-trimethylsilyl 

cobalt(+III) species (75), however no experimental evidence for the formation of such 

species under the strongly reducing reaction conditions was provided. DFT calculations 

showed that this hypothetical species could promote radical addition to N2 to form 

tetra(trimethylsilyl)hydrazine cobalt (77). Dissociated tetra(trimethylsilyl)hydrazine 

would undergo further reduction outside of the metal coordination sphere (Figure 31). 

Carbonyls of other transition metals were also studied: Mn2(CO)10, CpMn(CO)3, Ru3(CO)12 

and Mo(CO)6 allowed for the formation of 4, 3, 6 and 6 equiv. of silylamine per metal atom 

respectively while NiCp2 and Ni(cod)2 showed no activity.

A different approach was chosen by the group of Lu who used a well-defined dicobalt 

complex as the pre-catalyst.[163] This complex features a dicobalt core supported by a 

trianionic ligand that features three phosphine donors that bind to the CoI centre and three 

amido and one amine donor that bind to a CoII centre (80) (Figure 32). In the presence of 

N2 and 2.2.2 cryptand, the reaction with KC8 results in one-electron-reduction of CoI to Co0 

and coordination of N2 which reveals a rather moderate activation of the N≡N bond (81) 

(υNN = 1994 cm–1). In the presence of 2000 equiv. of Me3SiCl and potassium graphite in THF 

complex 80 provides 195 ± 25 turnovers of silylamine formation in 12 hours corresponding 

to 30% yield in Me3SiCl. When additional 2000 equiv. of Me3SiCl and KC8 were added and 

the reaction was performed for additional 12 hours the TON reached 320 ± 18. The complex 

remains bimetallic throughout at least the first 10 silyl radical additions. Measurement 
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Figure 32: Cobalt based pre-catalyst systems for dinitrogen silylation disclosed by the groups of Nishibayashi 
(left) and Lu (right).
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of the initial rates reveals a pseudo first order kinetics with turnover frequency (TOF) 

of 1 min–1. This, together with the lack of an incubation period is consistent with a well-

defined homogeneous catalyst. The one-electron reduced anionic complex 81 reveals no 

significantly different reactivity. The use of KC8 as a reductant for catalyst 80 proved to 

be crucial as the use of alkali metals led to a large decrease in product formation which 

was explained by larger contact area of finely dispersed potassium graphite compared to 

metallic particles of K, Na or Li. The bimetallic aluminum cobalt complex 82 (υNN = 2081 

cm–1)[164] was still active in the dinitrogen reduction reaction, but a much lower conversion 

of 30 ± 9 equiv. was reached. The proposed mechanism (Figure 33)[163] for this dicobalt 

tripodal complex, supported by DFT, is similar to the mechanism calculated for the 

molybdenum catalyzed formation of trimethylsilylamines.[159,161] 
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Figure 33: Proposed catalytic cycle for silylation of dinitrogen using the dicobalt complex 80. 
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Starting from the anionic dinitrogen complex 81 it follows a double (distal) addition at 

the terminal nitrogen (86 and 87). Dissociation of one of the phosphine arms (88) allows 

addition on the proximal nitrogen (89). Association of the phosphine arm (80) leads to a 

release of [N2(SiMe3)3]– which in the presence of Me3SiCl and reductants spontaneously 

converts to (Me3Si)3N in a non-catalyzed pathway. Subsequent reduction of 80 and 

coordination of dinitrogen (81) closes the cycle. The dissociation of the phosphine arm in 

combination with the bimetallic character is thought to be key for the high turnovers and 

stability of the catalyst.[165] Other cobalt complexes were also found active under these 

conditions. For instance, in the presence of electron-donating phosphines (83-85) CoCl2 

reached a turnover number of up to 94 ± 19. Studies from our group on the silylation of 

N2 using CoH(PPh3)3N2 (73) as the pre-catalyst in THF showed that the despite having 

coordinated dinitrogen this complex is not the active catalyst and no direct N-Si bond 

formation is observed on the cobalt-bound N2. The induction period before any N(SiMe3)3 

is formed suggests that the sole presence of activated N2 bound to a metal is not sufficient 

for its activation and the putative active species has to be first formed by reacting with 

chlorosilane and a reductant.[166] 

1.3.6 Conclusions

The industrial processes for ammonia production requires the use of very high 

temperatures and pressures. Natural enzymes, however, can catalyze the formation of 

ammonia already at room temperature and under atmospheric pressure. This fact has 

been an inspiration for the development of catalysts that can reduce dinitrogen under 

similarly mild conditions. In recent years, the understanding of factors that influence 

the reactivity of the N2 molecule reached a level that allowed for development of the first 

catalyst systems that use base metals. 

The current state-of-the-art iron and cobalt systems reach the performance of the best 

molybdenum based catalysts yielding 59 and 16 equiv. of ammonia per metal center, 

respectively at –78 °C. In comparison, the best molybdenum system reaches up to 63 

equiv. of ammonia at room temperature. The mechanistic aspects of dinitrogen reduction 

to form ammonia using iron and cobalt systems are relatively well understood and the 

possible catalyst deactivation pathways were in most cases investigated. The mechanistic 

studies performed on the catalytically active iron complexes show that the first two 

proton additions to the coordinated N2 moiety occur at the distal nitrogen atom to form a 

hydrazido species, which subsequently undergoes protonation to form hydrazine, which 

is an intermediate during ammonia synthesis by nitrogenase. This is in stark contrast 

to the molybdenum systems which operate via a distal pathway via a metal nitrido 

intermediate. An alternative approach in which the formation of ammonia would start 
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with the homolytic splitting of the N2 molecule has not yet led to a catalytic turnover.

Several factors constitute to the current low overall performance of these catalysts. 

Impurities present in the reagents have detrimental effects on activity and stability; 

rigorous purification of reactants is necessary. Background reactions between the 

reductant and protons, results in the formation of sufficient amounts of dihydrogen to 

slow down or even totally shut off the catalytic ammonia formation reaction. For this 

reason, reduction of dinitrogen has to be performed at very low temperatures under which 

the competing proton reduction reaction is retarded. Thus, key to improvement of these 

catalysts would be preventing the rate of proton reduction. Lastly, product inhibition is 

another limiting factor.

Even though the exact nature of the catalytically active species is rather poorly understood, 

much more efficient catalysts are known for the dinitrogen silylation reaction. Cobalt is 

particularly effective in this transformation and the reaction is believed to proceed via 

addition of silyl radicals to the metal bound N2. As in many cases the structure of the 

catalyst is not known, rational design of the catalytic system is difficult. Many of the pre-

catalysts used, undergo transformations that lead to the formation of active species as 

evidenced by long induction periods of the catalytic reaction.

Despite increased understanding of the chemistry behind dinitrogen reduction at ambient 

conditions, much more research is needed before synthetically applicable catalysts are 

developed. However, especially if these catalysts could be coupled with electrochemical 

electron sources, they could lead to the development of greener routes towards amines. 

Overcoming these challenges could lead to the development of homogeneous systems 

which could be applied in the synthesis of nitrogen-containing compounds.

1.4 Thesis scope and outline

The transformation to a society that runs on sustainable energy can be facilitated by new 

technologies that allow solar energy to fuel conversions. Catalytic processes play a crucial 

role in such technology. In this introduction Chapter an overview of homogeneous 

reduction catalysts is given on some crucial transformations for the storage of solar 

energy into chemical energy. This research project was funded by the National Research 

School Combination Catalysis Controlled by Chemical Design (NRSC-C), with aim to 

design catalysts for (light driven) reduction reactions relevant for the field of solar fuel. 

This thesis describes the synthesis and characterization of tetradentate Ru, Ni, Co and Fe 

complexes and their subsequent reactivity in the context of the solar fuel theme. 

In Chapter 2, the formation of salen-based ruthenium complexes is described. The 

ruthenium-salen complex takes a carbonyl ligand from methanol in presence of phosphine, 
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which results in the formation of an octahedral (salalen)Ru(CO)(P(i-Pr2)3) complex. The 

salen complexes are able to dehydrogenate methanol to dihydrogen and carbonate in 

basic media. Mechanistic investigations show that the carbonyl ligand can react with KOH 

forming potassium formate, but that the carbonyl-complex is not the active species during 

the dehydrogenation reaction, as the carbonyl ligand is not regenerated during catalysis. 

Chapter 3 describes the coordination of a tripodal indolyl-phosphine (PP3) ligand to 

ruthenium(+II) forming an octahedral Ru(PP3)Cl2 complex. This complex can be stepwise 

reduced to the corresponding rare RuI and Ru0N2, which in turn can be oxidized back to 

the stable RuII complex by the addition of organochlorides. 

In Chapter 4 the class of ligands is extended to isomers and electronic variations. 

Coordination to ruthenium shows formation of similar octahedral complexes as in chapter 

3. These complexes are subsequently studied for dinitrogen coordination, dinitrogen 

reduction, and formic acid decomposition. 

In the final Chapter, the coordination chemistry of first row transition metals NiII, CoII 

and FeII to the same tripodal ligands is reported. These complexes feature a trigonal 

bipyramidal geometry and possess a non-coordinating counterion. The non-coordinating 

anion is shown to be either a BF4
- or a tetrahalido metalate (MX4

2-) anion (obtained from 

the metal precursor (MCl2)). The reduction of these complexes with two electrons shows 

that the iron complexes can coordinate dinitrogen. The use of ligands with different 

electronic properties, results in noticeable different activations of the dinitrogen ligand 

coordinated to the metal atom.
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Chapter 2

2.1 Introduction

The transformation to a society based on renewable energy requires both the harvesting 

of sustainable energy (wind and solar) as well as the transformation of this energy into 

proper energy carriers. In this context, the use of H2 is an attractive energy carrier as it can 

be generated with sustainable energy by water-splitting, and it’s energy can be released 

by combustion or in a fuel cell providing water as only by-product.[1–4] The storage 

of molecular hydrogen as a gas is challenging as it has low volumetric density.[5] One 

possibility to overcome this limitation is to reversibly store H2 in the form of a different 

chemical energy carrier. In this context methanol is an attractive hydrogen carrier; 

being a liquid at room temperature and containing a substantial amount (12.6 %) of  

hydrogen.[6] The use of methanol as a hydrogen storage carrier requires the development 

of catalysts that allow reversible dehydrogenation of methanol to CO2 under mild reaction 

conditions. Dehydrogenation of methanol to carbon dioxide typically proceeds via the 

three steps depicted in Figure 1: The release of the first equivalent of H2 results in the 

formation of formaldehyde, which when reacted with one equivalent of water releases the 

second equivalent of H2 to yield formic acid. Finally, formic acid is dehydrogenated to 

form carbon dioxide, producing the third equivalent of H2. Under basic conditions carbon 

dioxide is trapped in the form of carbonate, leading to a clean gas outlet of pure hydrogen.

The full dehydrogenation of methanol to CO2 in presence of water has only been reported 

in 2013 by the groups of Beller[7] and Grützmacher.[8] Their systems consist of ruthenium 

catalysts capable of performing this reaction in aqueous media at temperatures below 

100 ˚C. In the absence of base, Beller’s ruthenium-PNP system (Ru–PNP = RuHCl(CO)

(PNP), PNP = HN(C2H4P(i-Pr)2)2) reaches a turnover frequency (TOF) of almost 22 h-1 and 

Grützmacher’s ruthenium-trop2dad system (Ru–trop2dad = [K(dme)2][RuH(trop2dad)], 

trop2dad = 1,4-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene) a TOF 

of 54 h-1. The addition of KOH leads to an almost 30-fold increase of activity (TOF = 613 

h-1) for Beller’s system.[9] Dehydrogenation of paraformaldehyde in the presence of water 

releasing two equivalents of hydrogen has also been reported by the group of Prechtl.[10] 

Previously, our group reported new catalysts for the (reversible) dehydrogenation of 

formic acid.[11–14] In search for new catalytic systems for the full dehydrogenation of 

 
Figure 1: Proposed intermediates in the transition metal catalyzed 
methanol dehydrogenation reaction.
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methanol we turned our attention to salen-type ligands. In this chapter we will report 

the use of ruthenium complexes based on salen ligands as catalyst for the methanol 

dehydrogenation reaction. Salen ligands can be easily prepared by a one-step condensation, 

which in principle gives facile access to high structural diversity. An active system could 

thus easily be tuned by changing e.g. the steric and electronic properties of the ligand.[15–17] 

Notably, complexes of ruthenium and iron with Schiff base-derived ligands were already 

shown to activate alcohols in catalytic transfer hydrogenation reactions.[18–22]

2.2 Results and Discussion

We aimed at the synthesis of a ruthenium complex with the “salbinapht” ligand (salbinapht 

= (R)-2’2’-bis(salicylideneamino)-1,1’-binaphthyl, 1, Figure 2). This ligand features a 

binaphthyl backbone that enforces a cis-β geometry around the metal. Such geometry 

enables two cis vacant sites in the metal coordination sphere,[24,25] which could facilitate 

an inner-sphere dehydrogenation process. Our initial attempts to synthesize a ruthenium 

complex with salbinapht ligand 1 revealed that when Ru(Cl)2(DMSO)4 was reacted with 1 

in methanol in the presence of LiOMe and triisopropylphosphine, complex 2 was formed 

in moderate yields: ~20% (Figure 2). 

The proton and phosphorus NMR spectra of 2 confirm the presence of one 

triisopropylphosphine ligand coordinated to the ruthenium center. The aromatic region 
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Figure 2: The compounds discussed in this chapter. Complex 4 was previously 
reported by Werner et al.[23].
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in the 1H-NMR spectrum of 2 shows the loss of symmetry of the salbinapht ligand, which 

indicates that the cis-β geometry is indeed adopted.[26] Interestingly, only one imino-proton 

(7.1 ppm) could be identified in the 1H NMR spectrum and new signals appeared in the 

region between 3.5 and 5.5 ppm that corresponds to a -CH2NH- moiety. This suggests that 

one of the imine groups of ligand 1 has been hydrogenated during complex formation. IR 

spectroscopy reveals an intensive band at ν = 1919 cm-1 indicative for the presence of a CO-

ligand. This carbonyl ligand must stem from methanol/methoxide used in the synthesis of 

the complex as no other CO-source was used. Thus, the spectroscopic analysis suggests 

that complex 2 is a 6-coordinate species containing one tetradentate dihydro-salbinapht, 

one triisopropylphosphine- and one carbonyl ligand. Recrystallization of complex 2 from 

acetonitrile gave yellow-orange crystals suitable for single crystal X-ray diffraction.

The crystal structure (Figure 3) is in accordance with spectroscopic analysis, and reveals 

the expected octahedral coordination environment around ruthenium. The 1-H
2

 ligand is 

coordinated in a cis-β fashion with one of the π-donating phenolato groups coordinated 

trans to the π-accepting carbonyl and the other trans to the imine. As a consequence, the 

σ-donating phosphine is coordinated trans to the σ-donating amine. To date only two 

examples of the regioselective monoreduction of a chiral salen ligand were reported.[27,28] 

Complex 2 has three stereo centers (Ru, N, binaphthyl backbone). Remarkably, only one 

diastereoisomer of 2 is formed during the synthesis. The enantiopurity of complex 2 in the 

crystal structure in the non-centrosymmetric space group P1 has been confirmed using 

the Flack parameter (see experimental section, crystal data of 2).

Since complex 2 is coordinatively saturated, it was not obvious that it would catalyze 

the dehydrogenation of methanol. However, we  anticipated that under basic conditions 

the carbonyl ligand could undergo the water gas shift reaction with the water present 

 
Figure 3: Ortep drawing of 2 (50 % probability 
ellipsoids).[47] Only one of two independent molecules 
is shown. Acetonitrile molecules and most hydrogen 
atoms are omitted for clarity.
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in the reaction mixture.[29–31] Therefore, we investigated the activity of 2 as a catalyst in 

the methanol dehydrogenation reaction (Table 1). Dioxane was used as a co-solvent 

during the catalytic reaction since complex 2 has low solubility in methanol/water. 

Hydrogen evolution was measured volumetrically. Samples of the evolved gas were 

analyzed using gas chromatography. Molecular hydrogen was always the only gas 

formed and no CO could be detected. In the 8 M KOH solution experiment, complex 2 

showed moderate activity (TOF = 55 h-1, Table 1, entry 1). The decrease of the amount of 

base led to lower reaction rates, which can (partially) be explained by the effect of the 

lower internal reaction temperature (resulting from a lower boiling point of the reaction 

mixture, entries 2 and 3). Analysis of the reaction mixture of entry 1 after extraction with 

dichloromethane and using NMR spectroscopy reveals the presence of both formate  

(HCOO-) and carbonate (CO3
2-) salts (see experimental section, 1H- and 13C-NMR of 

reaction mixture after catalysis). The presence of these salts shows that water is involved 

in the overall dehydrogenation reaction.

Entry Base Concentration base Tin [b] (°C) TOF (h-1)
1 KOH 8 M 82 55

2 KOH 6 M 79 37

3 KOH 4 M 76 29

Next, we investigated the mechanism of the methanol dehydrogenation reaction by our 

system. We first studied the source of both the hydrogen atoms on the hydrogenated 

imine and of the source of the carbonyl ligand. As the formation of the complex proceeds 

in absence of carbon monoxide, the carbonyl ligand must have been formed in-situ. 

Therefore, we conducted isotope-labeling experiments using CD3OD or 13CH3OH for the 

synthesis of the corresponding 2-D
2 

or 2-13CO respectively. The 1H-NMR spectrum of the 

complex 2-D
2

, synthesized from CD3OD, revealed the absence of the peaks at 4.60 and 5.34 

ppm due to the presence of deuterons at the reduced imine position. The use of 13CH3OH 

for the synthesis of 2-13CO, confirmed that the carbonyl ligand is derived from methanol: 

the carbonyl signal in the 13C-NMR (205.30 ppm, d (2J (31P-13C) = 16.9 Hz) was the only 

signal found in this region and the 31P NMR spectrum revealed a doublet at 60.43 ppm due 

to coupling with the 13CO (2J (31P-13C) = 17.7 Hz). These labeling experiments confirm that 

methanol is the source of both the amine protons and the carbonyl ligand in complex 

Table 1: Hydrogen generation from methanol with complex 2.[a]

 
[a] Reaction conditions: 30 mL of solvent (25% dioxane, 75 % methanol/water (9:1) v/v), 
~12 µmol of catalyst, base as described, reaction time of 4.5 hours, all experiments 
were measured in duplo. The oil bath was set to 110 ˚C to ensure reflux conditions for 
all measurements. [b] Internal temperature of the refluxing solution.
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2. Secondly, we performed the synthesis of 2 in a stepwise manner. As formation of 

ruthenium hydrido carbonyl complexes derived from alcohols in presence of phosphine 

ligands are well established reactions[9,25,32,33], it seemed possible that the dehydrogenation 

of methanol occurred first, followed by coordination of 1. To test this hypothesis, we 

first pre-formed the putative Ru(CO)2(H)2(P(i-Pr)3)2 (4) species (Figure 2),[25] and 

subsequently added the salbinapht ligand 1. This modified procedure yielded 2 in much 

higher yields (80%) suggesting a mechanism in which the in-situ formed species 4 indeed 

reacts with the salbinapht ligand 1 to form 2. Thus, the methanol dehydrogenation reaction 

occurs first, in presence of ruthenium-phosphine species, after which coordination to 

ligand 1 leads to complex 2 as a single diastereoisomer. 

Subsequently we examined whether the carbonyl ligand is an intermediate in the 

methanol dehydrogenation reaction. The first experiment was conducted with regard to 

the extrusion of the CO-ligand from 2 to create a vacant site for methanol coordination. 

We anticipated that the water gas shift reaction (WGSR) may play a role in this process 

and therefore studied the effect of the base present in the reaction mixture. An NMR 

experiment was conducted in which the 13CO-labelled complex 2 was reacted with base 

in a high-pressure NMR tube at elevated temperatures (Figure 4, experiment 1). For this 

experiment, we used the same reactant ratios as used during the catalysis experiment 

in Table 1 (entry 1), but in a high-pressure NMR tube. Heating 2-13CO in a KOH solution 

of MeOH, H2O and THF at 100 °C resulted in the total disappearance of the ruthenium 

carbonyl signal within 3.5 hours (see experimental section, investigation of the role 
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Figure 4: Investigation of the role of the CO-ligand. Experiment 1 
shows that the 13CO-ligand can be extruded with base forming 
the 13C-enriched formate ion (H13COO-). Experiment 2 shows that 
the 13C-enriched CO-ligand is not regenerated during catalysis 
when 13CD3OD is used as substrate for catalysis. The formation of 
13C-enriched formate ion (H13COO-) indicates that the 13CD3OD is 
dehydrogenated by ruthenium. 
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of the CO-ligand, experiment 1). Dissolution of the white precipitate in D2O showed 

the presence of 13C-enriched potassium formate (as evidenced by 1H and 13C NMR). 

Injection of the headspace showed presence of molecular hydrogen (as evidenced by 

gas chromatography). From this data, we conclude that the CO-ligand that is obtained 

from methanol (as was evidenced earlier by the formation of 2-13CO from 13CH3OH), can 

be further reacted with base, forming potassium formate. Importantly, several current 

homogeneous methanol dehydrogenation catalysts feature “spectator” CO-ligands.[7,34–37]

In view of the above results it is plausible that under catalytic conditions these catalysts 

can lose CO through nucleophilic attack of base present in the reaction mixture to create 

a new vacant site. This extra vacant site could also play a role in the overall mechanism for 

these catalysts.

In a subsequent experiment, we explored if complex 2 can be regenerated from methanol 

during catalysis after it has been attacked by base. Therefore, we applied standard reaction 

conditions similar to entry 1 (8M KOH, 25 % dioxane, 75 % methanol-water (9:1) 12 µmol 

of catalyst at reflux temperature) but this time in the presence of 50 % labeled 13CD3OD 

(Figure 2.4, experiment 2). After 2 hours, the still active reaction mixture was extracted with 

dichloromethane and its 13C-NMR spectrum was measured. No 13C-enriched ruthenium-

carbonyl signal corresponding to 2-13CO could be detected. The water phase, however, did 

show the presence of H/D13COO- when measured in D2O as became evident from 13C-NMR 

and 1H-NMR spectroscopy (see experimental section, investigation of the role of the CO-

ligand, experiment 2). The presence of formate indicates that the 13C-labelled methanol is 

dehydrogenated over the course of 2h, and that the resting state of the actual catalyst does 

not contain a carbonyl ligand. The 1H-NMR spectrum did reveal the presence of salen-

derived species with a different 1H-NMR spectrum than that of ligand 1 or complex 2. 

Unfortunately, we were unable to determine the complete structure of these salen species 

as it was not possible to isolate the compound in pure form from the complex reaction 

mixture. The above described experiments show that the carbonyl ligand of complex 

2 can be extruded under basic conditions used during catalysis. The formation of the 

labeled catalyst (2-13CO) and subsequent isolation of the labeled formate (H13COO-) after 

reaction with base shows two steps of the methanol dehydrogenation with ruthenium. 

The fact that the labeled complex 2-13CO is not regenerated from 13CH3OH during catalysis 

shows that complex 2 is not the resting state during catalysis. Probably other unidentified 

salen-derived species are formed that lack a CO-ligand, which could not be isolated.

Traces of complex 4 were occasionally found after catalytic reactions and (since complex 

2 is prepared from complex 4) its performance in the dehydrogenation reaction was 

investigated. The activity of complex 4 was studied under conditions similar to the 

experiment described in Table 2.1, entry 1 (see experimental section, Catalytic experiments 

with catalyst), and revealed similar activity (TOF = 50 h-1) as found for the reaction with 
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complex 2. Thus, it is possible that the in situ formed 4 is at least partially responsible for 

methanol dehydrogenation during catalysis. The above result leaves the question whether 

the active species generated from 2 is still coordinated to a salbinapht ligand. Therefore, 

we investigated the activity of Ru(1)(DMSO)2 (3) (an analogue of 2, Figure 2), which 

does not feature a phosphine nor a carbonyl ligand, in the methanol dehydrogenation 

reaction. Complex 3, subjected to catalytic conditions (similar to Entry 1, Table 1), shows 

hydrogen evolution in the first 30 minutes (TON30min = 23), as determined volumetrically 

and analyzed by gas GC (see experimental section, catalytic experiments with catalyst). 

This suggests that a ruthenium center supported with a salbinapht ligand (1) is capable of 

catalyzing the dehydrogenation of methanol. However, under the applied conditions the 

catalyst has low stability and the presence of a coordinated phosphine ligand clearly has a 

beneficial influence on the overall performance of complex 2.

2.3 Conclusions

In conclusion, we have demonstrated that salen based ruthenium complexes can be used 

as catalysts for the methanol dehydrogenation reaction. The ruthenium complex based 

on salen ligand 1 is capable of transforming methanol into molecular hydrogen, formate 

and carbonate. Mechanistic investigations demonstrate that the CO on the carbonyl 

ruthenium complex can be attacked by a base (such as MeO- or OH-) to form formate 

and carbonate. The carbonyl complex is, however, not the resting state of the catalytic 

reaction. Future experiments should focus on the design of more active and stable 

catalysts systems, which may be achieved by moving to complexes based on phosphino-

Schiff bases, which also are already being used for transfer hydrogenation reactions. Initial 

experiments with such ruthenium complexes show that they can indeed dehydrogenate 

methanol to form molecular hydrogen. 

2.4 Experimental section

General methods
All reactions were carried out under an inert (argon/nitrogen) atmosphere using standard 

Schlenk techniques. THF was distilled from sodium benzophenone ketyl; acetonitrile, 

methanol and dichloromethane were distilled from CaH2 and dioxane was distilled from 

sodium all under nitrogen. NMR spectra (1H, 13C and 31P, H-H COSY and HSQC) were 

measured on a Bruker AMX 400, a Varian Mercury 300, a Bruker DRX 500, or a Bruker 

DRX 300 spectrometer. Infrared spectra were recorded on a Thermo Nicolet NEXUS 670 
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FT-IR. The high-resolution mass spectra were recorded on a JEOL AccuTOF LC, JMS-

T100LP mass spectrometer using electron spray ionization (ESI) on a JEOL AccuTOF GC 

v 4g, JMS-T100GCV mass spectrometer using field desorption (FD).

Synthesis of compounds
(R)-2,2’-bis(salicylideneamino)-1,1’-binaphthyl (1): a solution of 1.05 g of (R)-1,1-

binapthyl-2,2’-diamine (3.67 mmol) in ethanol (25 mL) was 

transferred to a 100 mL flame dried Schlenk flask equipped with a 

reflux condenser. To this chalky brown suspension 0.80 mL of the 

salicylaldehyde (7.51 mmol) dissolved in 30 mL ethanol was added 

drop wise and heated under reflux for 2h. The reaction mixture was 

cooled to room temperature and concentrated to 4-5 mL. The precipitated yellow product 

was then filtered off and washed with ethanol (1 x 5 mL) and pentane (2 x 5 mL) and dried 

to give ligand 1 in pure form (1.71 g, 94 %). Spectra were in agreement with literature.[38,39] 
1H-NMR (500 MHz, DMSO-d6): δ 12.24 (s, 2H), 9.08 (s, 2H), 8.32 – 8.18 (m, 2H), 8.08 (d, 

J = 8.1 Hz, 2H), 8.00 (d, J = 9.0 Hz, 2H), 7.48 (d, J = 7.9 Hz, 4H), 7.31 (s, 2H), 7.23 (s, 2H), 

7.05 (d, J = 8.5 Hz, 2H), 6.83 (s, 2H), 6.61 (d, J = 8.2 Hz, 2H). 13C-NMR (126 MHz, DMSO d6): 

δ 162.73, 160.03, 142.90, 133.10, 132.71, 132.60, 132.25, 129.89, 129.56, 128.38, 127.11, 125.97, 

125.67, 119.08, 118.87, 117.15, 116.40, 40.11, 40.02, 39.94, 39.86, 39.78, 39.69, 39.61, 39.52, 39.44, 

39.35, 39.19, 39.02. 

Ru(1-H
2

)(CO)P(i-Pr)
3 
⋅ MeCN (2): 100 mg (0.21 mmol) of Ru(Cl)2(DMSO)4 was transferred 

to a flame dried Schlenk flask equipped with a reflux condenser and 

the vessel was purged three times with argon-vacuum cycles. Then 10 

mL of methanol was added, followed by the addition of 80 µL (0.42 

mmol) of P(i-Pr)3. The colorless solution with suspended yellow solid 

was heated under reflux until the solid had dissolved and the solution 

turned orange-red (approximately 5 minutes). The reaction mixture was cooled to room 

temperature after which 0.42 mL of a LiOMe solution (0.42 mmol, 1M in methanol) was 

added and stirred for 5 minutes. Then the orange solution was brought to reflux for 30 

minutes. In the meantime, 102 mg (0.21 mmol) of (R)-2,2’-bis(salicylideneamino)-1,1’-

binaphthyl (1) was transferred to a different flame dried Schlenk flask, which was purged 

three times with argon-vacuum cycles. To this yellow solid 20 mL of methanol and 0.42 mL 

(2.55 mmol) of LiOMe-solution (1M in methanol) where added. The yellow suspension was 

added via a syringe to the stirring solution containing the ruthenium phosphine complex. 

The reaction mixture was heated for 45 min which resulted the formation of an orange 

solution. The reaction mixture was concentrated in vacuo to approximately 2 mL, leading 

to the formation of an orange-yellow precipitate. The filtrate was removed using a syringe 
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and the orange-yellow solid was dried and subsequently recrystallized from acetonitrile 

giving the orange-yellow crystalline complex in pure form. The acetonitrile filtrate was 

concentrated to ~1 mL giving a second crop of 2. Overall yield: 148 mg, 90 %. Only one 

diastereoisomer is formed during the synthesis: the N-atom of the amine group (N-H) 

has S configuration, the ruthenium center is coordinated in a OC-6-56-A configuration[40], 

and binaphthyl remains in R configuration. 1H-NMR (500 MHz, CD3CN): δ 8.12 (d, J = 8.7 

Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.68 – 7.62 (m, 2H), 7.60 (d, J = 8.7 

Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.37 (t, J = 7.7 Hz, 1H), 7.33 (t, J = 7.4 Hz, 1H), 7.22 (d, J = 8.6 

Hz, 1H), 7.16 (t, J = 7.8 Hz, 1H), 7.10 (s, 1H), 7.05 (t, J = 8.7, 6.9, 1.8 Hz, 1H), 7.00 (d, J = 7.2 

Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 6.76 (d, J = 8.6 Hz, 1H), 6.66 (d, J = 8.6 Hz, 1H), 6.55 (d, J = 

8.1 Hz, 1H), 6.39 (t, J = 7.3 Hz, 1H), 6.20 (d, J = 7.7 Hz, 1H), 6.06 (t, J = 7.3 Hz, 1H), 5.47 – 5.23 

(m, 1H), 4.60 (t, J = 10.5 Hz, 1H), 3.76 – 3.62 (m, 1H), 2.73 – 2.46 (m, 3H), 1.26 (ddd, J = 123.5, 

13.2, 7.2 Hz, 18H).31P-NMR (202 MHz, CD3CN): δ = 60.44. 13C-NMR (126 MHz,  (CD3)2SO): 

δ 204.21, 162.73, 160.03, 142.90, 133.10, 132.71, 132.60, 132.25, 129.89, 129.56, 128.38, 127.11, 

125.97, 125.67, 119.08, 118.87, 117.15, 116.40, 40.11, 40.02, 39.94, 39.86, 39.78, 39.69, 39.61, 

39.52, 39.44, 39.35, 39.19, 39.02. νCO= 1919 cm-1. Mass Analysis (ESI) [2-H]+: calc: 783.2302. 

found: 783.2360.

Ru(1-H
2

)(13CO)P(i-Pr
3
) · MeCN (2-13CO): 78.5 mg (0.16 mmol) of Ru(Cl)2(DMSO)4 was 

transferred to a flame dried Schlenk flask equipped with a reflux 

condenser and the vessel was purged three times with argon-vacuum 

cycles. Then 3 mL of 13C-labelled methanol was added, followed by 

the addition of 0.11 mL (0.56 mmol) of P(i-Pr)3. The colorless solution 

with suspended yellow solids was heated under reflux until the solid 

had dissolved and the solution turned orange-red (approximately 5 

minutes). In the meantime, 81.1 mg (0.16 mmol) of the (R)-2,2’-bis(salicylideneamino)-

1,1’-binaphthyl (1) was transferred to a different flame dried Schlenk flask, which was 

purged three times with argon-vacuum cycles. To this yellow solid, 3 mL of 13C-labelled 

methanol and 8 mg (0.35 mmol) of solid sodium where added. The resulting yellow 

suspension was added via a syringe to the stirring solution containing the ruthenium 

phosphine complex. The reaction mixture was heated for 55 min which resulted in a dark 

red solution that gave an orange-yellow precipitate upon concentration of the solvent to 

±1 mL. After standing one day at 5 ˚C, the filtrate was taken off and the orange-yellow solid 

was dried and subsequently recrystallized from 2 mL hot acetonitrile, giving the orange-

yellow crystalline complex in pure form. The acetonitrile filtrate was cooled in the freezer 

at -20 ˚C giving a second crop of 2-13CO. Overall yield: 65.7 mg, 51 %. 1H-NMR (300 MHz, 

CD3CN): δ 8.12 (d, J = 8.8 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.77 – 7.56 (m, 4H), 7.52 (t, J = 7.6 Hz, 

1H), 7.44 – 7.28 (m, 2H), 7.29 – 7.13 (m, 2H), 7.13 – 6.87 (m, 4H), 6.76 (d, J = 8.6 Hz, 1H), 6.66 

N

N

O

O
Ru

P(i-Pr)3

13CO
H

2-13CO
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(d, J = 8.6 Hz, 1H), 6.55 (d, J = 8.0 Hz, 1H), 6.39 (t, J = 7.3 Hz, 1H), 6.20 (d, J = 7.9, 1.9 Hz, 1H), 

6.06 (t, J = 7.3 Hz, 1H), 5.40 – 5.27 (m, 1H), 4.60 (t, J = 10.4 Hz, 1H), 3.80 – 3.60 (m, 1H), 2.76 – 

2.39 (m, 3H), 1.38 (dd, J = 13.7, 7.2 Hz, 10H), 1.14 (dd, J = 12.5, 7.2 Hz, 9H). 31P-NMR (122 MHz, 

CD3CN): δ 60.43 (d, J = 17.7 Hz). 13C-NMR-13CO (75 MHz, CD3CN): δ 205.30 (d, J = 16.9 Hz).

Ru(1-D
2

)(CO)P(i-Pr)
3
· MeCN (2-D

2
): Complex 2-D

2
 was prepared using the same 

procedure as for 2-13CO, using CD3OD instead of 13CH3OH. 1H-NMR 

(300 MHz, CD3CN): δ 8.12 (d, J = 8.8 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 

7.77 – 7.56 (m, 4H), 7.52 (t, J = 7.6 Hz, 1H), 7.44 – 7.28 (m, 2H), 7.29 – 

7.13 (m, 2H), 7.13 – 6.87 (m, 4H), 6.76 (d, J = 8.6 Hz, 1H), 6.66 (d, J = 8.6 

Hz, 1H), 6.55 (d, J = 8.0 Hz, 1H), 6.39 (t, J = 7.3 Hz, 1H), 6.20 (d, J = 7.9, 

1.9 Hz, 1H), 6.06 (t, J = 7.3 Hz, 1H), 3.80 – 3.60 (m, 1H), 2.76 – 2.39 (m, 3H), 1.38 (dd, J = 13.7, 

7.2 Hz, 10H), 1.14 (dd, J = 12.5, 7.2 Hz, 9H). 31P-NMR (122 MHz, CD3CN): δ 60.44. 

[Ru(1-H)(CO)P(i-Pr
3
)]K (2a)· 1.5THF: 18.3 mg (0.023 mmol) of 2 was added to a flame 

dried Schlenk and purged 3x with vacuum argon cycles. 1 mL of THF 

followed by 0.023 mL (0.023 mmol) of tBuOK (1 M in THF) was 

added resulting in an immediate color change from orange to deep 

red. After stirring for 5 minutes the solvent was evaporated. Although 

the sample was dried for 3 days under vacuum, THF present in the 

sample. The THF peak partly overlaps with one of the CH2 protons. In 

solution, 2a spontaneously oxidizes to the double imine 2aa within 

one day, which precluded the measurement of 13C-NMR. 1H-NMR 

(500 MHz, (CD3)2SO) (2a): δ 7.85 (t, J = 9.0 Hz, 2H), 7.47 – 7.21 (m, 

6H), 7.13 (t, J = 7.7 Hz, 1H), 6.98 (d, J = 8.5 Hz, 1H), 6.83 (t, 2H), 6.74 – 

6.64 (m, 3H), 6.44 (d, J = 7.8 Hz, 1H), 6.37 (d, J = 8.6 Hz, 1H), 6.30 (d, 

J = 7.9 Hz, 1H), 6.26 – 6.04 (m, 2H), 5.93 (t, J = 7.2 Hz, 1H), 4.17 (d, J = 

11.1 Hz, 1H), 3.58 (d, 1H), 2.58 – 2.44 (m, 3H), 1.23 (ddd, 18H). 31P-NMR 

(202 MHz, D(CD3)2SO): δ 47.93 (s). 

Ru(1)(DMSO)
2

 (3): 103.4 mg (0.21 mmol) of (R)-2,2’-bis(salicylideneamino)-1,1’-

binaphthyl (1) and 95.4 mg (3.98 mmol) of NaH were transferred to a 

Schlenk flask and purged 3x with vacuum argon cycles. Then 4.5 mL 

of THF was added and this suspension was stirred until gas evolution 

had ceased. The yellow solution was filtered off, the white solid was 

washed with 3x 2mL THF and the combined filtrates were evaporated 

to dryness. To this yellow solid was added 64.9 mg (0.11 mmol) 
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of [Ru(Cl)2 p-cymene]2 which was purged 3x with vacuum argon cycles. Then 10 mL of 

MeCN was added and the solution was stirred overnight. The resulting orange suspension 

was filtered and the solids were washed with DCM. The filtrates were combined and 

evaporated to dryness resulting in an orange red solid. This solid was dissolved in 3 mL 

DMSO and stirred overnight. After evaporation of the DMSO and p-cymene, the product 

was obtained in pure form. Yield: 159.3 mg, 99% 1H-NMR (300 MHz, CD3OD) δ 8.47 (s, 1H), 

8.02 (dd, J = 8.5, 4.7 Hz, 2H), 7.75 (dd, J = 8.4, 5.4 Hz, 2H), 7.64 (s, 1H), 7.61 (d, 1H), 7.48 (t, 

J = 8.1, 6.7, 1.4 Hz, 1H), 7.40 – 7.02 (m, 6H), 6.91 (d, J = 8.6 Hz, 1H), 6.76 (dd, J = 8.6, 4.5 Hz, 

2H), 6.66 (d, J = 8.0, 1.8 Hz, 1H), 6.54 (t, J = 7.4 Hz, 1H), 6.27 (t, J = 7.4 Hz, 1H), 3.06 (s, 3H), 

3.03 (s, 3H), 2.64 (s, 3H), 1.43 (s, 3H). 

Synthesis of Ru(CO)
2

(H)
2

(P(i-Pr)
3
)

2 
(4): 102.5 mg (0.214 mmol) of Ru(Cl)2(DMSO)4 was 

added to a flame dried Schlenk and purged 3x with vacuum argon 

cycles. Then 10 mL of methanol and 83 µL (0.427 mmol) of P(i-Pr)3 

were added and this was heated to reflux for 1h turning into a red 

solution. The solution was cooled to room temperature, 0.85 mL 

of LiOMe (1M, 0.85 mmol) was added and stirred for 5 minutes after which the solution 

was heated to reflux and stirred overnight yielding an orange/brown solution. The 

solution was filtered and evaporated to dryness in vacuo. The solid was extracted with 

dichloromethane and the yellow product was crashed out adding pentane to this solution 

giving a yellow solid that matched literature data[25]. The solid was used without further 

purification for catalysis.

Hydrogen evolution experiments
In a typical gas evolution experiment the 

specified amount of base was transferred to 

a flame dried setup as depicted on the right 

and purged 3x with vacuum argon cycles 

until point “A”. Then 29 mL of solvent (20.3 

mL of methanol, 2.2 mL of water and 6.5 mL 

of dioxane) was added and the mixture was 

heated to reflux, while flushing the tube and 

the cylinder until point “B” with argon. When 

reflux temperature was reached, the flushing 

was ended and heating was continued for 0.5-

1 h. Meanwhile, ~12-13 µmol of the specified 

ruthenium complex was transferred to another 

flame dried Schlenk flask, purged 3x with 

Argon

Closed with a 
septum

A

B

4

CO
Ru

P(i-Pr)3

P(i-Pr)3

H CO

H
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vacuum argon cycles and subsequently dissolved in a total amount of 1.5 mL dioxane. This 

catalyst solution was added to the refluxing mixture and the measurement of gas evolution 

was started. The displacement of water in the cylinder was measured in time (Figure 5 and  

Figure 6). All catalysis runs were measured in duplo and the gas formed was injected in 

the gas GC after every measurement. Molecular hydrogen was always the only gas present. 

TON were calculated using equation 1. 1H-NMR and 13C-NMR of the reaction mixture 

showed formation of potassium formate and carbonate (Figure 7 and Figure 8).
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Figure 5: Hydrogen evolution with complex 2 as detected 
volumetrically using three different concentrations of KOH 
(8M KOH: squares; 6M KOH: dots, 4M KOH: triangles). 
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Figure 6: Hydrogen evolution using complex 2 
(triangle), complex 3 (dot) and complex 4 (square) 
using conditions similar to Table 2.1, entry 1. 
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Figure 7: 1H-NMR spectrum (D2O) of solid after 
hydrogen production showing the formate (8.54 
ppm) (black line); with additional formate added 
to the NMR tube (grey line).
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Figure 8: 13C-NMR spectrum (D2O) of solid after 
hydrogen production (Table 1, entry 1) showing 
the formate (170 ppm) and the carbonate (168 
ppm) signals.
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Calculation of TON
TON is calculated using equation 1[7]

TON=
Vobs

Vm*ncat
                                                                                                                �2.1� 

 

Vobs: measured gas volume displacement cylinder [mL] 

Vm: molar gas volume: 24.49 [mL/mmol] 

ncat: amount of catalyst [mmol]

Investigation of the role of the CO-ligand 
Experiment 1: Reaction of 2-13CO with methanol, KOH and H2O. 11.1 mg (0.014 mmol) of 

2-13CO was transferred to an oven dried HP NMR tube and purged 4x with vacuum argon 

cycles. 0.1 mL of a premade 8M KOH solution in methanol/water (9/1 v/v) followed by 0.4 

mL of THF-d
4
 was added. The solution was heated inside the NMR spectrometer at 100 

˚C, and the disappearance of the 13CO peak was followed in time (Figure 9). A sample of 
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Figure 9: left: 13C-NMR spectrum (THF-d8) of experiment 1 in time tracking 
the disappearance of the 13CO-ligand; right: 1H-NMR (top) and 13C-NMR 
(bottom) of white solid (D2O) showing presence of only potassium formate 
(8.25 ppm and 171 ppm).
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the gas headspace was injected in the Gas GC, showing only molecular hydrogen to be 

present. Dissolution of the precipitated white solid in D2O showed presence of 13C-labelled 

formate in both 1H-NMR (8.25 ppm; the peak shift is effected by the amount of base present 

in solution) and 13C-NMR (171 ppm).

Experiment 2: Attempt to exchange 2-12CO for 2-13CO with 13CD3OH under standard 

catalytic conditions. A typical gas evolution experiment was set up using 13.50 mg of 2, 

in an 8M KOH solution of 8 mL dioxane, 9 mL CD3OD, 11 mL 13CD3OD and 2.2 mL water. 

Catalysis was ran for 2h producing molecular hydrogen in a linear way (Figure 10). The 

reaction mixture was cooled to room temperature and extracted with 1 x 10 mL and 1 x 5 

mL of dichloromethane. The organic solution was evaporated to dryness and dissolved in 

MeCN-d
3
: no enriched 13CO-signal could be detected in 13C-NMR. 13C-NMR of the methanol/

water phase (Figure 11) showed presence of the 13C-enriched H/DCOO- indicating that the 
13C-labelled methanol was dehydrogenated. Thus, the carbonyl complex is not regenerated 

after the attack of base on the carbonyl.

X-ray crystal structure determination of 2 ⋅ 2CH3CN
C44H45N2O3PRu · 2CH3CN, Fw = 863.96, yellow-orange block, 0.28 × 0.23 × 0.16 mm3, triclinic, 

P1 (no. 1), a = 11.7197(5), b = 11.7886(5), c = 16.9812(9) Å, α = 103.014(2), β = 90.074(1), γ = 

111.683(2)°, V = 2114.84(16) Å3, Z = 2, Dx = 1.357 g/cm3, µ = 0.46 mm1. The crystal appeared to 

consist of three fragments. The first and second fragment are related by a twin relation with 

a twofold rotation about uvw=[0,0,1] as twin operation. The third fragment has an arbitrary 

orientation of 3.9 ° with respect to the second fragment. Because of this crystal splitting, 

three orientation matrices were used for the integration with the Eval 15 software.[41] 51792 

Reflections were measured on a Bruker Kappa Apex II diffractometer with sealed tube and 

Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution 

of (sin θ/λ)max = 0.65 Å-1. Multiscan absorption correction and scaling was performed with 

TWINABS[42] (correction range 0.72-0.75). 20002 Reflections were unique (Rint = 0.026), 

of which 19336 were observed [I>2σ(I)]. The structure was solved with Patterson overlay 

methods using SHELXT.[43] Least-squares refinement was performed with SHELXL2013[44] 
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Figure 10: Hydrogen evolution from methanol while 
attempting to exchange 2 for 2-13CO with 13CD3O-.
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Figure 11: APT-spectrum of the reaction 
mixture.
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against F2 of all reflections using a HKLF-5 reflection file[45]. Non-hydrogen atoms were 

refined freely with anisotropic displacement parameters. N-H hydrogen atoms were 

located in difference Fourier maps and were refined freely with isotropic displacement 

parameters. All other hydrogen atoms were int roduced in calculated positions and refined 

with a riding model. 1053 Parameters were refined with 3 restraints (floating origin). R1/

wR2 [I > 2σ(I)]: 0.0225 / 0.0560. R1/wR2 [all refl.]: 0.0239 / 0.0566. S = 1.027. Batch scale 

factors of the second and third crystal fragment BASF = 0.3085(8)/0.1082(7). The Flack 

parameters[46] were determined by refining the structure against the non-overlapping 

reflections of the three fragments, resulting in x = -0.004(6), -0.020(9), and -0.012(16) 

for the three fragments, respectively. Residual electron density between 0.44 and 0.49 e/

Å3. Geometry calculations and checking for higher symmetry were performed with the 

PLATON program[47]. 

CCDC 1477274 contains the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Center via 

www.ccdc.cam.ac.uk/data_request/cif.

   
Figure 11: Ortep drawing of 2 (50 % probability 
ellipsoids). The second independent molecule, four 
acetonitrile molecules and most hydrogen atoms are 
omitted for clarity.* 

 
Figure 12: Quaternion fit of the two independent 
molecules in 2. The two molecules are approximately 
related by a non-crystallographic twofold rotation 
about uvw=[0,0,1]. This relation corresponds to the twin 
relation present in the crystal.

* Selected bond lengths [Å] and angles [°]: Ru1-P1 2.3431(9); Ru1-O11 2.069(2); Ru1-O21 2.088(2); Ru1-N11 
2.063(3); Ru1-N21 2.285(3); Ru1-C441 1.825(4); Ru2-P2 2.3452(9); Ru2-O12 2.074(2); Ru2-O22 2.081(3); Ru2-N12 
2.056(3); Ru2-N22 2.292(3) Ru2-C442 1.821(4); P1-Ru1-O11 92.35(8); P1-Ru1-O21 85.36(8); P1-Ru1- N11 100.95(9); 
P1-Ru1-N21 173.99(8); P1-Ru1-C441 91.30(11); O11-Ru1-O21 83.60(10); O11-Ru1-N11 88.14(10); O11-Ru1-N21 
83.57(11); O11-Ru1-C441 175.23(14); O21-Ru1-N11 169.82(11); O21-Ru1-N21 89.79(10); O21-Ru1-C441 93.64(13); 
N11-Ru1-N21 83.37(11); N11-Ru1-C441 94.18(14); N21-Ru1-C441 92.55(14); N12-Ru2-C442 93.69(13); N22-
Ru2-C442 92.79(14); O12-Ru2-O22 83.77(10); O12-Ru2-N12 88.06(11); P2-Ru2-O12 92.84(8); P2-Ru2-O22 84.95(8); 
P2-Ru2-N12 100.92(9); P2-Ru2-N22 173.64(8); P2-Ru2-C442 91.06(11); N12-Ru2-N22 83.89(11); O22-Ru2-N12 
170.18(11); O12-Ru2-N22 83.10(11); O12-Ru2-C442 175.35(14); O22-Ru2-N22 89.72(11); O22-Ru2-C442 94.07(13).
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3.1 Introduction

Metals of the 4d and 5d row of the periodic table, and especially late transition metals in 

low oxidation states, strongly prefer closed-shell 18 valence electron configurations.[1] As 

a result, complexes of such metals that possess an open-shell electronic structure with 

an odd-electron d-orbital configuration are rare, and have a strong tendency to undergo 

reactions producing closed-shell products. Such ‘metallo-radicals’ undergo a variety of 

highly interesting bond-activation processes, such as hydrogen atom abstraction from 

C–H bonds, binuclear C–H splitting between two metallo-radicals, C–C bond activation, 

radical-type C–N, C–O and C–X bond activation, (reversible) M–M bond formation, single-

electron reductive coupling of carbon monoxide and olefins, and ligand-ligand coupling 

processes.[2,3] Transient metallo-radicals are also frequently involved in oxidatively or 

reductively induced reductive elimination and oxidative addition reactions,[2] and play an 

important role in a variety of transition metal controlled radical processes such as photo-

redox catalysis.[4] Inspired by these intriguing examples, we wondered if we could access 

and isolate stable metallo-radical ruthenium(+I) complexes in a rigid tripodal PP3-ligand 

environment for subsequent reactivity evaluation. As low-valent ruthenium complexes 

in general are typically quite reactive, we also targeted the synthesis of related PP3-ligand 

ruthenium(0) complexes in our studies. 

RuI metallo-radical complexes in general are very rare,[5–10] and so far, only two types 

of RuI complexes have been successfully isolated. The first isolated RuI complex 

was reported by the group of Peters.[11] This complex features an anionic σ-donating 

(SiPiPr
3)– (SiPiPr

3 = (2-iPr2PC6H4)3Si) ligand, which stabilizes the ruthenium metal center 

in oxidation states ranging from +III to 0. The reduction potentials that were found 

for these complexes in THF are −1.24 V vs Fc/Fc+ for the RuII/RuI couple and −2.14 V vs 

Fc/Fc+ for the RuI/Ru0 couple. These reductions were also performed chemically with 

stoichiometric amounts of KC8, yielding the targeted oxidation states. The five-coordinate 

17-valence electron ruthenium(+I) complex (SiPiPr
3)RuIN2 was successfully isolated and 

characterized in the solid state by X-ray diffraction analysis, showing a substantially 

distorted trigonal bipyramidal geometry. In addition, complex (SiPiPr
3)RuIN2 was shown 

to react with organic azides to (catalytically) form N−coupled azoarenes as products.
[12] The other isolated ruthenium(+I) complex was recently published by the group of  

Grützmacher.[13] The ruthenium complex consists of two bidentate π-accepting tropPPh2 

(trop = 5H-dibenzo[a,d]cyclohepten-5-yl)) ligands, which form stable ruthenium 

complexes in the oxidation states ranging from +II to 0. These oxidation states could also 

be accessed electrochemically in DCM and the reduction/oxidation potentials are much 

milder than for the SiPiPr
3 ligand: −0.3 V (RuI/Ru0) and +0.4 V (RuII/RuI) vs Fc/Fc+. The 
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RuI complex was accessed by one-electron oxidation of the Ru0 complex. Interestingly, 

the ruthenium(+I) complex [RuI(tropPPh2)2][BF4] is only coordinated with two of these 

bidentate ligands, forming a remarkable 15-electron species with a distorted square planar 

geometry, as was evidenced by X-ray diffraction analysis. No further reactivity with this 

complex has been reported to date.

Our group has previously reported the synthesis of the bidentate 3-methylindole-based 

phosphine phosphoramidite ligands (INDOLPhos).[14] A variation of the INDOLPhos-

type ligands is the tetradentate tris(1-(diphenylphosphanyl)-3-methyl-1H-indol-2-yl)

phosphaneligand (1) (Figure 1). This tripodal ligand was simultaneously reported by van 

der Vlugt et al. and Pérez-Prieto et al., and its complexes were prepared with the metals 

rhodium, iridium, palladium and copper.[15–17] Interestingly, this ligand was shown to 

stabilize the metallo-radical rhodium complex [RhII(1)Cl][PF6].[16]

Herein we describe our efforts to use the tripodal PP3-ligand 1 to stabilize metallo-radical 

ruthenium(+I) species upon one-electron-reduction of the PP3-ligand ruthenium(+II) 

complex. The above-mentioned previously reported ruthenium(+I) complexes either 

possess an anionic σ-donating tripodal (SiPiPr
3)− ligand or a neutral π-accepting bidentate 

(tropPPh2) ligand. As neutral PP3-ligand stabilized examples are thus far unknown, we 

wondered if such ruthenium(+I) complexes could have a different structure or reactivity. 

We further wondered if the ruthenium(0) dinitrogen PP3 complex of ligand 1 was  

accessible, as we consider such a complex to be of potential interest for N2 activation. 

Furthermore, we probed the reactivity of the new, low oxidation state PP3-ligand 

ruthenium(+I) and ruthenium(0) complexes towards dichloromethane and chloroform/

styrene mixtures.

3.2 Results and Discussion

Ligand 1 was prepared in two steps from 3-methylindole.[15,16] We first investigated the 

coordination of 1 to ruthenium(+II). The ligand could be coordinated to Ru by reacting 

stoichiometric amounts of ligand 1 and [RuCl2benzene]2 in refluxing THF to form complex 

Ru(1)(Cl)2 (2) (Figure 1) as a yellow powder in almost quantitative yield. 

1

N
P

P

N

Ru

P
Ph2P

N

Ph2
P

N
PPh2

Cl
Cl

2

[RuCl2(C6H6)]2

3

THF, 60 °C

 
Figure 1: Coordination of 1 to [RuCl2(C6H6)]2 to form Ru(1)(Cl)2  (2).
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Complex 2 displays three signals in the 31P-NMR spectrum with an integration of 1 : 2 : 1; a 

doublet of triplets (δ: 100.99 ppm, JP-P = 26.4, 25.5 Hz), a triplet (δ: 77.76 ppm, JP-P = 26.5 Hz), 

and another doublet of triplets (δ: 48.48 ppm, JP-P = 27.9, 26.9 Hz). This splitting pattern 

is different than that of the related ruthenium(+II) tripodal tetraphosphine complexes, 

which were shown to form square pyramidal or trigonal bipyramidal geometries around 

the metal center.[19,20] In fact, the NMR splitting pattern indicates a different geometry 

around the metal center. Ruthenium(+II) complexes have preference for 18 valence 

electron octahedral geometries. An octahedral geometry could explain the observed 
31P-NMR splitting pattern where the two aminophosphine donors in trans position (δ: 

77.76 ppm, P1 and P2, Figure 2) are magnetically identical in solution on the NMR time 

scale and thus appear as one signal with integral 2. The aminophosphine donor P3 trans 

to the chlorido ligand (δ: 100.99 ppm) is the most deshielded phosphorus atom and the 

phosphine donor P4 (δ: 48.48 ppm) is the most shielded atom. 

Layering of a dichloromethane solution of 2 with pentane resulted in the formation of 

crystals suitable for single crystal X-ray diffraction. The crystal structure of 2 (Figure 2) 

indeed shows an octahedral coordination geometry, with an P-Ru-P angle of 160.04(3)° 

(Table 1) for the two phosphines in trans position (P1 and P2), which is close to the 

theoretical 180° for octahedral complexes. The Ru-P distance is longest for the bond with 

the P1-atom (2.3727(9) Å), followed by the P2 atom in trans position (2.3189(9) Å). Similar 

to other polydentate ruthenium phosphine complexes in literature, the P-donors P3 

(2.2671(9) Å) and P4 (2.1932(9) Å) oriented trans to the chlorido ligands have shorter Ru-P 

distances as compared to the P-donors P1 (2.3727(9) Å) and P2 (2.3189(9) Å) coordinated 

in mutual trans positions.[21] 

 
Figure 2: ORTEP drawing of 2 (50 % probability ellipsoids). Solvent molecules 
and hydrogen atoms have been omitted for clarity. 
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RuCl2L1H RuClL1H RuN2L1H 

Ru1−P1 2.3727(9) 2.2930(12) 2.2747(12)
Ru1−P2 2.3189(9) 2.2940(12) 2.2752(11)
Ru1−P3 2.2671(9) 2.2717(13) 2.2774(11)
Ru1−P4 2.1932(9) 2.1956(12) 2.2133(11)
Ru1−Cl1 2.4869(9) 2.4296(14)
Ru1−Cl2 2.4471(9)
Ru1−N1 2.011(4) 
N1−N2 1.085(5)
P1−Ru1−P2 160.04(3) 134.84(5) 122.85(4)
P1−Ru1−P3 94.27(3) 109.91(4) 118.33(4)
P2−Ru1−P3 102.23(3) 112.22(5) 115.80(4)
P1−Ru1−P4 82.67(3) 83.90(4) 83.91(4)
P2−Ru1−P4 87.06(3) 84.57(4) 84.14(4)
P3−Ru1−P4 86.85(3) 84.58(4) 84.63(4)

With the aim of exploring the stabilizating effect of ligand 1 for low oxidation states in 

ruthenium, we attempted to determine the RuII/RuI and RuI/Ru0 reduction potentials of 2. 

The cyclic voltammogram of 2 in dichloromethane did not show a reduction wave within 

the window in which the solvent is stable (Emin = −2.5 vs Fc/Fc+). Unfortunately, the poor 

solubility of 2 in THF, DMF, acetonitrile and toluene prevented determination of the 

reduction potentials of 2 below −2.5 V. Thus, if possible at all, the reduction of complex 2 

to the desired Ru(1)Cl (3) complex would occur at potentials lower than −2.5 V vs Fc/Fc+. 

This reduction potential is much lower compared to the reduction potentials needed to 

form the other ruthenium(+I) complexes as discussed in the introduction, which is a result 

of the ligand scaffold. As electrochemistry did not show formation of a ruthenium(+I) 

or ruthenium(0) complex, we investigated if 2 could be reduced chemically. KC8 was 

selected as reducing agent, as this reductant is one of the strongest available and has a 

Table 1: Selected bond distances (Å) and angles (°) of the crystal 
structures of ruthenium complexes with ligand 1 in the oxidation 
states +II, +I and 0.
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Figure 3: Reactivity of 2 with 1 or 2 equivalents KC8 forming 3 or 4 respectively.
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reduction potential far lower than −2.5 V. The addition of one equivalent of KC8 to the 

yellow suspension of 2 in THF resulted in the formation of a brown NMR-silent solution. 

This is indicative for the formation of a paramagnetic species formed after one-electron-

reduction, which is most likely the metallo-radical species Ru(1)Cl (3) (Figure 3). EPR 

spectroscopy indeed confirmed formation of the metallo-radical. The X-band EPR 

spectrum of complex 3 reveals a rhombic, albeit close to axial g-tensor, characteristic for 

an S = ½ system (Figure 4). Resolved hyperfine couplings (HFIs) with two P-atoms are 

detected, which is a similar observation as for the (SiPiPr
3)RuIN2 complex of the Peters 

group and other in-situ analyzed tripodal tetradentate phosphine RuI complexes.[7,9,11] One 

phosphorus donor gives rise to large hyperfine couplings, while all HFIs with the other 

P-donors are much smaller, most of which are not resolved (experimental section: Table 2, 

and Figure 5). These results are in agreement with a geometry that is in-between a trigonal 

bipyramidal geometry and a (distorted) square pyramidal coordination geometry around 

the ruthenium(I) metal center. Preference for such a distorted trigonal bipyramidal 

coordination geometry, a result of the Jahn-Teller effect, has been observed before for 

other transition metal complexes with a d7 configuration.[22] 

Satisfactory simulations of the experimentally obtained EPR spectra were obtained 

using the parameters shown in Table 2 (experimental section), as well as in the Figure 

captions of Figure 4 and Figure 6, and DFT computed EPR parameters (see Table 2) are 

in qualitative agreement with the experimental data. The computations reveal a mainly 

2500 3000 3500 4000

g-value

dX
''/d

B

B [Gauss]

2.8 2.6 2.4 2.2 2 1.8 1.6
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Figure 4: Experimental (black) and simulated (red) X-band EPR spectra 
of ruthenium(+I) complex 3 measured in frozen THF ([Bu4N](PF6) was 
added to obtain a better glass). Experimental conditions: Temperature 
= 20 K, microwave power 0.063 mW, field modulation amplitude = 4 
Gauss, microwave frequency = 9.3646 GHz. The simulated spectrum was 
obtained with the parameters shown in Table 2, experimental section.
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metal-centered spin density distribution, as can be seen from the SOMO and spin density 

plot of 3 (Figure 5). The SOMO of the metallo-radical complex (spin population at Ru 

62%) is essentially the Ru dz2 orbital pointing in the direction of the apical P-donor (P3) 

of the distorted trigonal bipyramid (Figure 5, left). As a result, the spin population of the 

axial Pdonor (P3) is significant (~12%), thus explaining the observed large HFIs with this 

donor atom as mentioned before. The two P-donors in the distorted equatorial plane bind 

rather asymmetrically, leading to a larger spin population at one of the PPh2 donors (8 %, 

P2) as compared to the other (5 %, P1). The spin population at the connecting P-donor 

trans to the chlorido ligand is small and negative (−0.8 %, P4). The resolved HFIs in the 

experimental X-band EPR spectrum, stemming from two phosphorus atoms, are thus well 

explained by the electronic structure of 3. The g-anisotropy of complex 3 is quite small 

for a metallo-radical complex, but fully understandable considering the large energy 

separation (Turbomole, BP86, def2-TZVP) between the dz2-dominated SOMO and the 

filled dxz- and dyz-dominated MOs (1.4 eV and 1.6 eV, respectively).[2] 

The small g-anisotropy of 3 makes it possible to record its EPR spectrum in isotropic 

solution (Figure 6). A satisfactory simulation of the isotropic spectrum recorded in THF 

reveals a giso value of 2.047 and HFIs with three equivalent P-atoms (AP
iso = 143 MHz), 

with the measured giso value being close to the average value of the anisotropic g-tensor 

components (gav = (gx + gy + gz)/3 = 2.043). Detection of HFIs with three equivalent 

P-atoms in solution points to rapid positional exchange of the axial and equatorial PPh2 

donors on the EPR timescale in the THF solution at room temperature. In agreement, the 

measured AP
iso values measured in solution are close to the averaged values of the resolved 

anisotropic Atensor components stemming from the PPh2 donors measured in frozen 

solution (AP
av = (AP1

x + AP1
y + AP1

z + AP2
x + AP2

y + AP2
z)/9 = 157 MHz).   

 
Figure 5: SOMO (left) and spin density plot (right) of top view of 3. 
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P2
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P1 P2
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Layering of a THF solution of 3 with pentane resulted in the formation of brown needles 

suitable for single crystal X-ray diffraction analysis. The crystal structure is in good 

agreement with the EPR data and the DFT calculated structure (Figure 7). The τ-value 

of 0.70 confirms formation a distorted coordination geometry in between a trigonal 

bipyramidal and a square pyramidal geometry.[24] The P1−Ru−P2 angle is the largest: 

134.84(5)°, while the P2−Ru−P3 and P1−Ru−P3 angles are comparable: 112.22(5)° and 

109.91(4)° (Table 1). 

  

As one-electron chemical reduction of complex 2 led to the formation of the stable 

ruthenium(I) complex 3, it seemed promising to also explore the two-electron-reduction 

of complex 2. Therefore, we decided to add two equivalents of KC8 to a THF suspension 

of 2 under N2 atmosphere in order to reduce the ruthenium(+II) complex, aiming at 

formation of the ruthenium(0) dinitrogen complex Ru0(1)N2 (4) (Figure 3). After 

filtration of the reaction mixture, a red solution was obtained, indicating that a reaction 

had taken place. Subsequent analysis of the filtered solution with infrared spectroscopy 

showed an absorbance band in the M-N2 area. The peak found in the infrared spectrum at 

νN2 = 2125 cm-1 represents a weakly activated dinitrogen bond as a result of slight π-back-

donation of the ruthenium metal to the diatomic ligand. The 31P-NMR spectrum of the 

solution showed two peaks in a 3 : 1 ratio: a doublet and a quartet with a coupling constant 

 
Figure 6: Experimental and simulated X-band EPR spectra of ruthenium(+I) 
complex 3 measured in isotropic solution (THF) at RT. Experimental 
conditions: Temperature = 298 K, microwave power 2.0 mW, field 
modulation amplitude = 4 Gauss, microwave frequency = 9.3498 GHz. The 
simulated spectrum was obtained with the parameters: giso = 2.0465, AP

iso 
= 143 MHz (3 equivalent P atoms), Wiso = 25 MHz.
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of JP-P = 39 Hz. This coupling is in agreement with a C3-symmetrical complex where the 

three peripheral phosphine atoms are equivalent and couple with the central P-atom at 

the axial position. 

Brick red crystals suitable for X-ray diffraction were grown by diffusion of pentane 

vapor into a THF solution of the filtered reaction mixture. The molecular structure, 

determined by X-ray diffraction, indeed proves formation of the dinitrogen complex 4 

 
Figure 7: ORTEP drawing of 3 (50 % probability ellipsoids). Left: side view, right: top 
view. Solvent molecules and hydrogen atoms have been omitted for clarity. 

 
Figure 8: ORTEP drawing of 4 (50 % probability ellipsoids). Solvent molecules 
and hydrogen atoms have been omitted for clarity. Left: side view, right: top view. 
Solvent molecules and hydrogen atoms are omitted for clarity.
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(Figure 8). Complex 4 has a trigonal bipyramidal geometry (τ5 = 0.93)[24], as is expected 

for a 5-coordinate 18 valence electron species (Table 1). The three peripheral P−Ru−P 

angles are similar, all being close to 120°, thus, P1 and P2 are not in trans position anymore 

(see further). The P1−P2−P3 plane slightly bends down towards P4 (all around Peq−Ru−

P4 angles are around 84 °) and the P4−Ru distance is larger (2.2133(11) Å) than found for 

complexes 2 and 3 as a result of the dinitrogen ligand in trans position, which is competing 

for the same π-back donating orbital of the metal. The P3−Ru distance is on average the 

same in all three oxidation states. However, comparison of the bond distances of the 

trans phosphines (P1−Ru and P2−Ru) for complexes 2, 3 and 4 reveals an unexpected 

behavior. Going from an electron-poor to an electron-rich metal center (from 2 to 3 to 

4) the P1−Ru and P2−Ru bond distances become shorter. This trend is likely an interplay 

of several effects, the first being steric. Going from an octahedral 6-coordinate species 

(RuII) to a trigonal bipyramidal 5-coordinate species (RuI), less steric hindrance between 

the atoms plays a role for the RuI complex, resulting in the shortening of the Ru–P bond 

distances. The RuI complex still has a very distorted trigonal bipyramidal geometry 

around the metal center (τ5 = 0.70)[24], as a result of the Jahn-Teller distortion. This 

metallo-radical complex causes a more strained complex, and hence longer Ru–P bond 

distances compared to the trigonal bipyramidal geometry of the Ru0 (τ5 = 0.93)[24], which 

minimizes the steric repulsion between the ligands in the ‘trigonal plane’ and therefore 

complex 4 has the shortest bond distances. Another factor that can play a role is that these 

two phosphorus atoms compete for the same electrons of the metal the more trans they 

are positioned: the most trans (RuII) thus leads to the longest bond, and Ru0, which has a 

P1–Ru–P2 angle of 122.85(4)°, thus leads to the shortest bond. A third factor is that these 

amino phosphines (P1, P2 and P3) are π-acidic, which makes that the highest electron 

density (Ru0) strengthens, thus shortens these P−Ru bonds as a result of stronger π-back-

donation of the metal into the antibonding orbitals of the amino phosphines. 

As two-electron-reduction of complex 2 showed coordination of dinitrogen to the 

ruthenium(0) center forming complex 4, we subsequently explored catalytic dinitrogen 

reduction with 2.  Complex 2 was reacted with KC8 (50 equiv.) and [H(OEt2)2][BArF4] (50 

equiv.) at –78 °C in THF and stirred under dinitrogen atmosphere overnight (Figure 9). 

Unfortunately, no traces of ammonia were detected in the reaction mixture. 

 
Figure 9: Dinitrogen reduction to 
ammonia with complex 2.

N2 NH3

2
KC8 (50 equiv.)
[H(OEt2)2][BArF4] (50 equiv.)

−78 °C, 16 h
x
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Next, we explored the reactivity of the low oxidation state ruthenium complexes with alkyl 

chlorides. Roper, and later also the group of Grubbs, reported the formation of dichlorido 

ruthenium(+II) carbenes upon addition of α,α-dihalido and trihalido compounds to Ru0 

complexes, where both the chlorides and the carbene originate from the organohalide 

(Figure 10).[25,26] The reaction is proposed to proceed through oxidative addition of the 

Cl−C bond, followed by α-chlorido elimination of the Cl−R yielding the dichlorido 

ruthenium carbene. 

A copper complex that was prepared with ligand 1 was previously shown to dissociate 

one of the phosphine arms dissociated from the metal center.[16] Such a dissociation 

could facilitate the formation of the dichlorido ruthenium carbene complex, as this will 

lead to the formation of a preferred 6-coordinate ruthenium(+II) complex, rather than 

the unfavorable 7-coordinate species upon the reaction of α,α-dihalido and trihalido 

compounds with Ru0 complex 4. Thus, we set out to explore the reactivity of 4 with 

dichloromethane. Surprisingly, dissolution of complex 4 in dichloromethane resulted 

in the formation of the oxidized ruthenium(+II) complex 2, as was evidenced by in situ 
31P-NMR spectroscopy (see experimental section). As no other ruthenium complexes were 

detected in the 31P-NMR spectrum, a different type of reaction has taken place. A possible 

reaction that could take place is a radical mechanism in which two radicals are stepwise 

abstracted from an organohalide by the ruthenium complex, causing a one-electron 

oxidation of the metal center per radical abstraction. This means that the reaction of Ru0 

complex 4 with dichloromethane to form RuII complex 2 proceeds through RuI complex 

3. To test this hypothesis, we added two drops of dichloromethane to a suspension of 3 in 

THF-d
8
 in a high-pressure NMR-tube. This brown suspension turned gradually to a light 

brown-colored solution within three days and the 31P-NMR spectrum that was measured 

 
Figure 10: Left: reactivity in literature of ruthenium complexes with Cl−C bonds. 
Right: the in this work experimentally investigated reactions of our ruthenium 
complexes with dichloromethane and chloroform.
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after 1 and 3 days showed formation of the ruthenium(+II) complex 2 in time. In addition, 

no signals corresponding to RuI complex 3 were found when the reaction mixture was 

measured with EPR-spectroscopy, which indeed shows that complex 3 can be oxidized 

by one-electron with dichloromethane. Complex 2 is stable in dichloromethane or 

chloroform and does not react further to the RuIII adduct, which is likely a result of the 

rigid tetradentate ligand, that keeps the ruthenium(+II) complex from reacting further. 

Radical abstraction from α,α-dihalido and trihalido compounds is a known reaction 

for RuII complexes, as it is also a key step in the Kharasch reaction or the nowadays 

more commonly called atom transfer radical addition.[27,28] In this addition reaction an 

organohalide is added to a vinyl group, which is catalyzed by a RuII complex (Figure 10). 

The reaction is initiated by the Cl⋅ radical abstraction of the organohalide by the RuII 

complex forming the one-electron oxidized RuIIICl complex. The remaining R⋅ fragment 

adds to the double bond, followed by radical-radical recombination, and reduction to 

form the RuII complex. We decided to investigate whether a similar mechanism could 

also be possible with complexes 3 and 4 as they were able to abstract chloride radicals 

from dichloromethane, leading to the oxidized complex 2. We anticipated that the last 

step of the Kharasch reaction would be the hardest with our complexes, as this involves 

reduction of the ruthenium complex. The reduction potentials of complex 2 lie below 

−2.5 V vs Fc/Fc+, thus requiring very strong reducing agents. Therefore, we decided to 

explore the reactivity of complex 3 (which is easier to reduce) in the addition reaction 

of chloroform to styrene. The reaction of 3 with chloroform and styrene in THF-d
8
 at 60 

°C was followed in time. Unfortunately, no new peaks corresponding to the Kharasch 

addition product were observed in 1H-NMR spectroscopy. However, the chloroform 

peak did slightly decrease in time accompanied by the formation of a yellow precipitate. 

Analysis of this yellow precipitate by 31P-NMR spectroscopy indicated the presence of the 

oxidized ruthenium(II) 2 complex. These results show that complex 3 is able to abstract a 

chloride radical under Kharasch conditions, but does not donate the chloride radical back. 

Likely, complex 2 is too stable and does not get reduced back to complex 3 under these 

conditions. This is in in line with the CV experiments of complex 2 in dichloromethane, 

which did not show a reduction wave until −2.5 V vs Fc/Fc+.

3.3 Conclusions

In conclusion, we have shown the formation of a new ruthenium(+II) complex based 

on a tripodal tetraphosphine indolyl ligand. The complex can be reduced forming a 

rare ruthenium(+I) and a ruthenium(0) dinitrogen complex, thereby showing that the 

scaffold can stabilize low oxidation states of ruthenium. The three oxidation states of 
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ruthenium with the indolyl ligand are identified with NMR or EPR spectroscopy, and 

were further confirmed by X-ray diffraction analysis. The ruthenium(+II) complex was 

evaluated for catalytic dinitrogen reduction to ammonia, but unfortunately no product 

could be detected in the reaction mixture. However, the RuI and Ru0 complexes are shown 

to abstract a Cl⋅ radical from either dichloromethane or chloroform leading back to the 

stable parent RuII complex, which appears to be the most stable form of ruthenium in this 

ligand framework. So far, these are stoichiometric reactions. Further tuning of the complex 

(ligand modification, type of metal) is required to turn this into catalytic analogues.

3.4 Experimental Section

General methods
All reactions were carried out under an atmosphere of nitrogen using standard Schlenk 

techniques or in the glovebox. Reagents were purchased from commercial suppliers and 

used without further purification. THF, pentane, hexane and Et2O were distilled from 

sodium benzophenone ketyl, CH2Cl2 was distilled from CaH2 under nitrogen. NMR spectra 

(1H, 31P, and 13C{1H, 31P}) were measured on a Bruker DRX 500, Bruker AV 400, Bruker DRX 

300 or on a Bruker AV 300 spectrometer. IR spectra (ATR mode) were recorded with a 

Bruker Alpha-p FT-IR spectrometer. High resolution mass spectra were recorded on a 

JEOL AccuTOF LC, JMS-T100LP mass spectrometer using cold electron-spray ionization 

(CSI) at -40 °C. Ligand 1 was prepared in two steps from 3-methylindole.[15,16] KC8 was 

prepared by the method of Rabinovitz[29] which yielded a finely dispersed brown powder. 

EPR spectroscopy
Experimental X-band EPR spectra were recorded on a Bruker EMX spectrometer equipped 

with a He temperature control cryostat system (Oxford Instruments). The spectra were 

simulated by iteration of the anisotropic g-values, (super)hyperfine coupling constants 

and line widths using the W95EPR program (available upon request from Prof. Frank 

Neese, University of Bonn). 

DFT and EPR property calculations 
The geometry of the full atom model of 3 was fully optimized with the Turbomole 

program[30] coupled to the PQS Baker optimizer[31] at the BP86 level[32] using the def2-

TZVP basis,[33] with and without Grimme’s version 3 dispersion corrections (DFT-D3, 

disp3, zero damping[34]). EPR parameters[35] were subsequently calculated with both the 

ADF[36] and Orca[37] program systems, using the coordinates from the structure optimized 

in Turbomole as input. In the ADF calculations we used the (Gaussian-defined) B3LYP 
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functional with the ZORA/TZ2P basis set supplied with the program (all electron, core 

double zeta, valence triple zeta polarized basis set on all atoms), and the unrestricted 

COLLINEAR approach. In the Orca calculations we used the Ahlrich’s def2-TZVP basis 

set and the (Turbomole-defined) b3lyp functional.[38]

Synthesis of compounds

Complex 2: 1 (348.5 mg, 0.36 mmol) and [RuCl2(C6H6)]2 (89.6 mg, 0.18 mmol) were 

suspended in THF (6 mL) and stirred at 60 ˚C overnight. After 

cooling the yellow precipitated complex was filtered off, washed 

with THF (3 x 2 mL) and pentane (3 x 3 mL) and dried overnight 

in the vacuum oven at 40 °C. Recrystallization of the complex by 

layering a DCM solution with pentane at 5 °C gave crystals suitable 

for X-ray diffraction analysis. Yield: 0.3968 g of a yellow solid (97%). 1H-NMR (300 MHz, 

CDCl3): δ 7.66 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz, 1H), 7.51 – 7.40 (m, 4H), 7.22 – 7.08 (m, 

10H), 7.06 (d, J = 7.5 Hz, 1H), 7.01 – 6.89 (m, 8H), 6.84 (td, J = 7.5, 5.3 Hz, 4H), 6.77 – 6.61 (m, 

5H), 6.56 (t, J = 7.3, 1.4 Hz, 4H), 6.20 (d, J = 8.4 Hz, 2H), 5.82 (d, J = 8.5 Hz, 1H), 2.87 (s, 6H), 

2.63 (s, 3H) ppm. 31P-NMR (162 MHz, CDCl3): δ 104.80 (dt, J = 28.0, 27.1 Hz, 1P), 81.63 (t, J 

= 26.3 Hz, 2P), 52.36 (dt, J = 28.2 Hz, 1P) ppm. 13C{1H, 31P}-NMR (75 MHz, CDCl3): δ 139.99, 

139.89, 139.44, 139.34, 136.46, 136.38, 135.49, 135.42, 134.80, 134.45, 134.01, 132.99, 132.85, 132.71, 

132.61, 131.91, 131.82, 131.48, 131.43, 131.37, 131.28, 129.65, 129.44, 129.27, 128.16, 128.13, 127.69, 

127.61, 126.32, 126.27, 123.98, 123.84, 121.74, 121.59, 120.45, 120.38, 117.27, 117.23, 12.13 (CH3), 

11.92 (CH3) ppm. Mass analysis (CSI) [2-Cl]+: found: 1110.1824, calc: 1110.1779; [2-Cl-HCl]+ 

found: 1074.2006, calc: 1074.2016.

Complex 3: 2 (103.8 mg, 0.09 mmol) and KC8 (Strem, 15.9 mg, 0.12 mmol) was transferred 

to a Schlenk flask in the glovebox, stirred in 10 mL THF and stirred 

for two days leaving a brown solution with yellow solids. The 

solution was filtered off, evaporated to dryness and extracted with 

3 x 1 mL of THF. Pentane was added to this THF solution, until all 

3 had precipitated. The brown solid was collected and dried. Yield: 

14.4 mg (14 %). Alternatively, the THF solution of 3 was layered with pentane, resulting in 

the formation of crystals suitable for X-ray diffraction. The EPR spectrum was measured 

in THF, for the frozen measurement [Bu4N](PF6) was added. Mass analysis (CSI) [3-Cl]+: 

found: 1075.2038, calc: 1075.2095.
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Complex 4: 2 (94.0 mg, 0.082 mmol) and KC8 (homemade, 25.6 mg, 0.19 mmol) were 

transferred to a Schlenk flask in the glovebox, suspended in 1.7 mL 

of THF and stirred for 2 hours. The red solution with black solids 

was filtered and set for crystallization by diffusion of pentane vapor 

into a THF solution of 4 yielding single crystals suitable for x-ray 

diffraction analysis. Yield: 33.7 mg (37 %). 1H-NMR (300 MHz, 

THF-d8): δ 7.48 (d, J = 8.0 Hz, 3H), 7.03 (t, J = 7.0 Hz, 3H), 6.88 (d, J = 8.3 Hz, 30H), 6.67 (t, J 

= 7.8 Hz, 3H), 6.40 (d, J = 8.4 Hz, 3H), 2.54 (s, 9H) ppm. 31P-NMR (122 MHz, THF-d8): δ 97.93 

(d, J = 39.0 Hz, 3P), 52.22 (q, J = 39.2 Hz, 1P) ppm. 13C{1H, 31P}-NMR (75 MHz, THF): δ 129.33 

(s, CH-ph), 127.82 (m, CH-ph), 127.07 (m, CH-ph), 122.83 (s, CH-ind), 119.95 (s, CH-ind), 

119.67 (s, CH-ind), 115.21 (s, CH-ind), 9.49 (s, CH3) ppm. (quaternary carbon peaks were not 

resolved) νN2 = 2025 cm-1. Mass analysis (CSI) [4-H]+: found: 1074.2006, calc: 1074.2016. 

Alternative method for the synthesis of complex 4: 2 (165.3 mg, 0.145 mmol) and 10%  

Na/Hg (67.9 mg, 0.30 mmol) were transferred to a Schlenk flask equiped with a glass 

stirring bean in the glovebox, suspended in 10 mL THF and stirred for 2 days. The red 

solution with mercury particles was evaporated to dryness, extracted with benzene (2, 1 

and 1 mL) and dried in vacuo. Yield: 168.8 mg (83 %).

Reaction of 2 with KC8 and [H(OEt2)2][BArF
4]

2 (35.3 mg, 0.031 mmol) and KC8 (218.9 mg, 0.69 mmol) were transferred to a Schlenk flask 

in the glovebox. THF (7 mL) was added and the suspension was stirred for 2 minutes after 

which the solution was frozen. To this frozen solution the [H(OEt2)2][BArF
4] (1.6003 g, 

0.69 mmol) dissolved in THF (3 mL) was added, after which the suspension was warmed 

to –78 °C and stirred overnight. The amount of ammonia present the reaction mixture was 

quantified via the indophenol method.[39]

Reaction of 4 with dichloromethane 
2 (166.3 mg, 0.145 mmol) and Na/Hg (33.2 mg, 0.14 mmol) were stirred in 10 mL of THF in 

the glovebox for 4 days. A red-brown solution with unreacted yellow solids of 2 formed. In 

situ 31P-NMR analysis of the filtrate (± 0.35 mL) showed the presence of 4. 1 drop of CH2Cl2 

was added to this NMR tube and left for 1 day. In situ 31P-NMR analysis of this lighter brown 

solution the next day showed full conversion to 2. 

Reaction of 3 with dichloromethane 
3 (4.5 mg, 4.0 μmol) was dissolved in 0.3 mL of THF-d

8
. After conformation of the absence 

of 2 in this brown solution by 31P-NMR spectroscopy, 2 drops of dichloromethane were 

added. This addition caused a gradual color change (2 days) to light brown and in situ 
31P-NMR analysis showed formation of 2.
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Reaction of 3 with chloroform and styrene
3 (9.9 mg, 8.9 μmol) was heated together with styrene (1 equiv.) and chloroform (1 

equiv.) dissolved in 0.3 mL of THF-d
8
 at 60 °C. After two hours, a yellow precipitate 

formed. Analysis of this yellow precipitate confirmed formation of 2. No new products 

corresponding to the Kharasch reaction were detected in 1H-NMR.

EPR measurement of 3

Exp. 
(a)

DFT (b)  

Orca  
x-ray 
geometry

DFT (c)  

ADF  
x-ray 
geometry

DFT (b)  
Orca  
DFT 
optimized 
geometry 
(d)

DFT (b)  
Orca  
DFT-D3 
optimized 
geometry 

(e)

DFT (c)  

ADF  
DFT 
Optimized 
geometry 
(d)

DFT (c)  
ADF  
DFT-D3 
optimized 
geometry 
(e)

gx 2.002 2.009 1.995 2.010 2.007 1.996 1.996

gy 2.056 2.060 2.057 2.060 2.050 2.054 2.046

gz 2.072 2.093 2.083 2.090 2.074 2.077 2.064

Wx 12 - - - - - -

Wy 14 - - - - - -

Wz 13 - - - - - -

AP1x 450 350 416 368 359 430 420

AP1y 370 356 347 373 446 367 352

AP1z 370 442 340 454 354 360 346

AP2x 30 
(NR)

57 50 32 23 24 16

AP2y 85 99 88 71 61 60 51

AP2z 105 64 55 39 30 30 21

AP3x NR -16 -24 1 (7) 1 (7) -6 1

AP3y NR 18 6 35 (41) 35 (41) 24 7

AP3z NR -7 -24 8 (14) 8 (14) -1 3

AP4x NR -23 -25 -24 -25 -29 -29

AP4y NR -25 -26 -26 -22 -27 -26

AP4z NR -27 -27 -29 -27 -25 -24

Table 2:  Experimental and DFT calculated EPR parameters of 3.

a)  Parameters from spectral simulations (least square ‘best fit’). 

 Hyperfine couplings and line width parameters in MHz. NR = not resolved.

b)  DFT calculated EPR parameters (Orca, b3-lyp, def2-TZVP).

c)  DFT calculated EPR parameters (ADF, B3LYP, TZ2P).

d)  Optimized with Turbomole (BP86, def2-TZVP). 

e) Optimized with Turbomole (DFT-D3 (disp3), BP86, def2-TZVP). 
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Single crystal X-ray diffraction
Crystallographic data was obtained using a Bruker D8 Quest Eco diffractometer equipped 

with a Triumph monochromator.  The intensities were integrated with the SAINT software 

package.[40] Multiscan absorption correction and scaling was performed with SADABS.[41] 

The structure was solved with Intrinsic Phasing Methods using SHELXT.[42] Least-squares 

refinement was performed with SHELXL 2013[43] against F2 of all reflections. Non-hydrogen 

atoms were refined freely with anisotropic displacement parameters. All hydrogen atoms 

were located in difference Fourier maps and refined with a riding model. RuCl2L1H had 

solvent accessible voids filled with disordered solvent. Their contribution to the structure 

factors in the refinement was taken into account with the PLATON/SQUEEZE approach.
[44]

 RuCl2L1H RuClL1H RuN2L1H

Empirical 
formula

C63H51Cl2N3P4Ru, 
3(CH2Cl2) + solvent

C63H51ClN3P4Ru, C4H8O C63H51N5P4Ru, C4H8O

FW 1400.70a 1182.58 1175.15

Temperature 
[K]

150 150 150

Radiation Mo Kα Mo Kα Mo Kα

Wavelength 
[Å]

0.71073 0.71073 0.71073

Cryst. Syst. Triclinic triclinic triclinic

Space group P-1 P-1 P-1

a [Å] 12.8184(5) 11.6983(6) 11.8899(7)

b [Å] 16.5363(6) 15.1903(8) 14.9630(9)

c [Å] 17.1910(7) 16.9434(9) 17.0562(10)

α [deg] 83.529(2) 84.059(3) 84.089(4)

β [deg] 79.551(2) 85.957(3) 86.582(4)

γ [deg] 67.905(2) 71.186(3) 70.619(4)

Volume [Å3] 3316.4(2) 2832.5(3) 2846.2(3)

Z 2 2 2

color yellow black dark red

θ-max 26.562 25.217 25.242

Density [Mg 
m−3]

1.403a 1.387 1.371

Absorp. Coeff. 
[mm−1]

0.697a 0.484 0.437

F(000) 1428.0a 1222.0 1216.0

R1/wR2/S 0.0488/0.1584/1.108 0.0551/0.1283/1.017 0.0474/0.1414/0.892

Table 3: Crystallographic data for RuCl2L1H, RuClL1H and RuN2L1H.

a) Excluding the disordered solvent contribution.
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4.1 Introduction

As outlined in Chapter 1, electrocatalytic reduction reactions that store energy by the 

conversion of H+, CO2 or N2, are important reactions in the context of the transformation 

to a society based on sustainable energy. Therefore, the development of new catalysts 

that enable these reactions is needed. Homogeneous tripodal ligand transition 

metal complexes have shown beneficial reactivity over mono- or bidentate ligands 

in many organic transformations.[1–3] In recent years, tripodal ligands coordinated 

to molybdenum, iron and cobalt were shown to be capable of the reduction of N2 to 

ammonia or silylamines.[4–10] Also reversible hydrogen storage in CO2 was, among other 

complexes, shown to be possible with tripodal ligands coordinated to iron and cobalt.
[11–13] In Chapter 3 we reported the coordination of ligand L1H (Figure 1) to ruthenium. This 

ligand, which features three 1-(3-methylindolyl)diphenylphosphine groups tethered to a 

central phosphorus atom, stabilizes ruthenium in the oxidation states +2, +1 and 0. The 

isolated low oxidation state RuIClL1H and Ru0N2L1H complexes revealed interesting one-

electron reactivity, as they were able to abstract chloride radicals from either chloroform 

or dichloromethane, leading to formation of the oxidized RuII parent complex. In this 

Chapter, we expand the coordination chemistry of ruthenium and 3-methylindole based 

ligands and investigate how the modification of the ligand scaffold and its electronic 

properties can influence the stability and activity of these complexes in dinitrogen 

coordination, reduction of dinitrogen and formic acid dehydrogenation. Ligand L1H 

was modified using functionalized P(PhR)2 units: a ligand with electron-withdrawing 

-CF3 groups (L1CF3) and a ligand with electron-donating -OMe groups (L1OMe) in the para 

position of the phenyl rings were prepared (Figure 1). Additionally, the known structural 

isomer, L2H (Figure 2), in which the central P-donor is bound to the three nitrogen atoms 

of the 2-(3-methylindolyl)diphenylphosphine moiety, was also used in these studies. 

4.2 Results and Discussion

Ligands L1H and L2H were prepared in two steps from 3-methylindole as described 

by van der Vlugt et al.[14,15] The new ligands L1CF3 and L1OMe were prepared in a similar 

way as L1H, by reacting tris-2-(3-methylindolyl)phosphine[16] with the corresponding 

chlorodiarylphosphine (Figure 1). 

The reaction of L1H with [RuCl2benzene]2 in refluxing THF for 16 hours (see Chapter 3) 

led to the formation of the octahedral RuCl2L1H complex in quantitative yield (Figure 

2). Surprisingly, the other ligands did not react with [RuCl2benzene]2 in refluxing THF. 
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Even after 36 hours only trace amounts of the target complexes were observed using ex 

situ 31P-NMR spectroscopy, and mainly the signals of the unreacted ligand were present. 

We next investigated if raising the reaction temperature would lead to the formation of 

the desired complexes and reacted the ligand with [RuCl2benzene]2 in a refluxing THF/

toluene (1:3) mixture set at 120 °C. The use of this solvent mixture at higher temperatures 

for 64 hours led to the formation of complexes RuCl2L1CF3
,
 RuCl2L1OMe

 and RuCl2L2H in > 

50 % isolated yields. 

All three L1-based RuCl2L1 complexes show similar 31P-NMR spectra: three signals 

in a ratio 1 (dt) : 2 (t): 1 (dt) (Figure 3). This splitting pattern indicates the formation 

 
Figure 1: Synthesis of ligands L1R by reacting tris-2-(3-methylindolyl)
phosphine with the corresponding chlorodiphenylphosphine. 

 
Figure 2: Ruthenium complexes of L1R and L2H.
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of a symmetric complex. Ruthenium(II) complexes tend to form 18 valence electron 

octahedral complexes, and in Chapter 3 it was already shown by X-ray analysis and NMR 

spectroscopy that complex RuCl2L1H indeed features an octahedral geometry with the two 

chlorides in mutual cis position and all four phosphines bound to the metal center. The 

above factors and the similarity of the 31P-NMR spectra of the other L1-based complexes 

point to the same coordination behavior: an octahedral geometry around the metal center. 

Layering of a dichloromethane solution of RuCl2L1CF3 with pentane resulted in the 

formation of crystals suitable for single crystal X-ray diffraction. The crystal structure 

(Figure 4) of RuCl2L1CF3 indeed shows an octahedral complex with the chlorides in cis 

position, which is in accordance with the observed 31P-NMR splitting pattern. The P1-

Ru-P2 angle in RuCl2L1CF3 (157.78(6)°) is comparable to the one reported for the RuCl2L1H 

(160.04(3)°) complex (Table 1). The P1–Ru, P2–Ru and P3–Ru bond distances all become 

slightly shorter in the RuCl2L1CF3 (2.3097(19) Å, 2.3445(19) Å and 2.2383(17) Å, respectively) 

compared to complex RuCl2L1H (2.3189(9) Å, 2.3727(9) Å and 2.2671(9) Å). The steric bulk 

of the –CF3 groups clearly points away from the metal center, so steric effects do not play 

a significant role in the coordination chemistry. The averaged c
s
 symmetry of the complex 

as indicated by 31P-NMR spectroscopy for both RuCl2L1H and RuCl2L1CF3 is not present 

in the solid state as two mirror images exist. This becomes evident when the symmetry 

equivalent molecules in the crystal structure of RuCl2L1CF3 are viewed from the bottom: 

the indolyl moieties either all point clockwise, or counterclockwise (Figure 5, showing 

the bottom view of RuCl2L1CF3 and a schematic representation). In solution, these two 

RuCl2L1CF3

RuCl2L1H

RuCl2L1OMe

 
Figure 3: 31P-NMR spectra of L1R-based ruthenium complexes.
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mirror images rapidly interchange on the NMR timescale, resulting in one signal for the 

two trans phosphines. This is supported by the crystal structure as the methyl groups of 

the indolyl moiety do not seem to cause steric repulsion when interchanging from one to 

the other isomer. Despite several attempts, no crystals suitable for X-ray diffraction of the 

RuCl2L1OMe complex were obtained.

 
Figure 4: ORTEP drawing of RuCl2L1CF3 (50 % probability ellipsoids) showing one of 
the two rotamers. Solvent molecules and hydrogen atoms have been omitted for 
clarity.

 
Figure 5: Drawing of bottom view of RuCl2L1CF3 of both isomers, showing only the 3-methylindolyl phosphine 
part. Insert: schematic representation of the two isomers where the 3-methylindolyl moiety is bend clockwise 
(left) or counterclockwise (right).
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RuCl2L1H RuCl2L1CF3 RuCl2L2H RuN2L1
H RuN2L1CF3

Ru1—P1 2.3189(9) 2.3097(19) 2.3295(8) 2.2747(12) 2.2613(10)

Ru1—P2 2.3727(9) 2.3445(19) 2.4079(8) 2.2752(11) 2.2702(10)

Ru1—P3 2.2671(9) 2.2383(17) 2.2913(8) 2.2774(11) 2.2554(10)

Ru1—P4 2.1932(9) 2.2023(17) 2.1363(8) 2.2133(11) 2.2193(9)

Ru1—Cl1 2.4869(9) 2.4869(16) 2.4829(7) 

Ru1—Cl2 2.4471(9) 2.4487(16) 2.4705(7) 

Ru1—N1 2.011(4) 2.066(3)

N1—N2 1.085(5) 1.064(5)

P1—Ru1—P2 160.04(3) 157.78(6) 159.24(3) 122.85(4) 119.79(4)

P1—Ru1—P3 102.23(3) 101.39(7) 101.30(3) 115.80(4) 119.28(4) 

P2—Ru1—P3 94.27(3) 97.42(7) 93.60(3) 118.33(4) 118.16(4)

P1—Ru1—P4 87.06(3) 86.13(6) 86.13(3) 84.14(4) 84.54(4)

P2—Ru1—P4 82.67(3) 83.12(6) 80.63(3) 83.91(4) 84.13(4)

P3—Ru1—P4 86.85(3) 87.02(6) 85.62(3) 84.63(4) 84.73(3)

Interestingly, complex RuCl2L2H based on the structural isomer, L2H, displays a different 
31P-NMR spectrum (Figure 6). The 31P-NMR spectrum of RuCl2L2H shows four signals each 

integrating for 1: two doublets of triplets and two doublets of doublets with an AX pattern 

indicating the formation of a complex with a different symmetry. Crystals obtained 

by layering of a DCM solution of this RuCl2L2H with pentane at 5 °C (Figure 7) were of 

sufficient quality to solve the solid state structure of complex RuCl2L2H. This solid state 

structure helps to understand this AX pattern, as the bottom view displays much more 

steric hindrance around the central phosphorus atom P4 (see futher).

Complexes RuCl2L1H (see Chapter 3) RuCl2L1CF3 and RuCl2L2H all crystallize as a set of 

mirror images. In the solid state structure the Cs symmetry is not present. This can be 

best observed when the symmetry-equivalent molecules are viewed from the bottom: the 

Table 1: Selected bond distances (Å) and angles (°) for RuL complexes.

RuCl2L2H

 
Figure 6: 31P-NMR spectrum of RuCl2L2H.
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indolyl moieties either point clockwise or counterclockwise, depending on the isomer 

(Figure 8). However, different than the L1-based complexes where the methyl groups are 

pointing towards the central phosphine, in complex RuCl2L2H the bulkier phenyl rings of 

the indolyl moiety point towards the central phosphine. From the crystal structure it seems 

that these phenyl rings have little space to flip to their other conformer and it therefore 

seems likely that this is associated with a high energy barrier in solution. As a result, the 

two phosphine atoms (P1 and P2, Figure 7) in trans position become inequivalent, leading 

to the observed AX pattern as a result of the P1–P2 coupling in the 31P-NMR spectrum. 

Figure 7: ORTEP drawing of RuCl2L2H (50 % probability ellipsoids) showing 
a side view of one of the two rotamers. Solvent molecules and hydrogen 
atoms have been omitted for clarity. 

Figure 8: Bottom view of X-ray structure of RuCl2L2H of both isomers, showing only the 3-methylindolyl 
phosphine part. Insert: schematic representation of the two isomers where the 3-methylindolyl moiety 
is bend clockwise (left) or counterclockwise (right).
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The crystal structure of RuCl2L2H further reveals minor differences in the coordination 

around the ruthenium center compared to RuCl2L1H (Table 1). Where the P1—Ru, P2—Ru 

and P3—Ru bond distances become slightly longer (2.3295(8) Å, 2.4079(8) and 2.2913(8) Å), 

the P4—Ru bond distance (2.1363(8) Å) decreases, pointing to a more π-acidic tris(amino)

phosphine P4 atom. The P1—Ru1—P2 angle is almost equal (159.24(3)°) being closest to the 

theoretical 180° of trans ligands in an ideal octahedral complex. 

In Chapter 3 it was shown that two-electron-reduction of RuCl2L1H under an N2 atmosphere 

led to the formation of the RuN2L1H complex, which features a characteristic infrared 

band corresponding to the coordinated N2 at νN2 = 2125 cm-1 (Table 2).  To explore if the 

electronic properties of the ligands L1CF3, L1OMe and L2H have influence on the binding of 

N2 to the corresponding ruthenium(0) complexes, these N2 complexes were generated 

in situ by reacting the ruthenium(II) complexes with two equivalents of KC8 (Figure 9). 

The extent of activation of the N2 bond, which can be quantified by measuring the N≡N 

stretch frequency with infrared spectroscopy, is a direct measure for the extent of π-back-

donation from the metal to the ligand, which is influenced by the ligand scaffold of the 

metal center. Table 2 shows the N2 stretch frequencies of the Ru0N2L complexes.

 

L1H:   R = phenyl
L1CF3:  R = p-phenyl-CF3
L1OMe: R = p-phenyl-OMe
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Figure 9: Reaction of RuCl2L complexes with two equivalents of KC8 
in presence of N2 forming the corresponding RuN2L.
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Complex νN2 (cm-1)

RuN2L1CF3 2136

RuN2L1H 2125

RuN2L1OMe 2113

RuN2L2H 2136

As expected, the substitution of the para hydrogen atom of the PPh2 moiety of L1H with 

the electron-withdrawing —CF3 group leads to a shift to higher frequencies in the infrared 

spectrum (νN2 = 2136 cm-1), as a result of weaker π-back-donation of the metal center 

of the RuN2L1CF3 complex to the anti-bonding orbitals of the N2 ligand. The electron-

donating —OMe group leads to a shift of the IR signal towards lower frequencies (νN2 = 

2113 cm-1), revealing stronger π-back-donation of the Ru(II) ion of the RuN2L1OMe complex 

to the anti-bonding orbitals of the N2 ligand. Consequently, the peripheral phosphines 

induce measurable electronics effects on the d-orbitals of the ruthenium center; the 

phosphines cis to the N2 ligand become stronger σ-donors and weaker π-acceptors for 

the L1OMe and vice versa for L1CF3, which changes the binding properties of the N2 ligand. 

Going from RuN2L1H (νN2 = 2125 cm-1) to the structural isomer RuN2L2H (νN2 = 2136 cm-1), 

the N2 stretch frequency increases by 11 cm-1. This is likely a result of the more π-acidic 

pivotal P-atom (atom P4, Figure 10, top) of the tris(amino)phosphine donor ligand, 

which competes with the same metal d-orbitals of the metal as the N2 ligand for π-back-

donation interactions. Thus, substitution of the phosphine trans to the N2 ligand for a 

more π-acidic group leads to weaker π-back-donation of the ruthenium center to the N2 

ligand. This indicates that the group trans to the N2 molecule also has a direct effect on 

the electron-donating properties of the ruthenium metal. These results show that the 

electronics of the dinitrogen complexes can be tuned by ligand substitution, either by 

choosing electron-withdrawing or -donating substitutions on atoms in cis position or by 

changing the π-acidity of the atom in trans position.

In Chapter 3 it was already shown by X-ray diffraction analysis that the dinitrogen complex 

RuN2L1H possesses a trigonal bipyramidal geometry. Layering of a THF solution of 

RuN2L1CF3 with pentane resulted in the formation of crystals suitable for X-ray diffraction 

(Figure 10). Similar to the RuN2L1H complex described in Chapter 3, RuN2L1CF3 also shows a 

trigonal bipyramidal geometry. The N≡N bond is slightly shorter in the RuN2L1CF3 complex 

(1.064(5)°) than for the RuN2L1H (1.085(5)°) complex (Table 1), which is in accordance 

with the observed trend in the activation of the N2 stretch frequency (Table 2) as a result 

of the induced electron-withdrawing —CF3 groups. In solution, these complexes remain 

trigonal bipyramidal as judged from the 31P-NMR spectra that all show a doublet and a 

quartet.

Table 2: IR frequency of the 
selected Ru0N2L complexes.
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The dinitrogen ligand in all of these ruthenium complexes is weakly coordinating as judged 

by the relatively small shift in the infrared stretching frequency signals as compared to 

that of free N2 (νN2 = 2359 cm-1) (Table 2). This suggests that the dinitrogen ligand can 

be replaced easily and dinitrogen reduction to ammonia may not be feasible, as the 

competitive hydrogen evolution reaction may proceed much faster (see Chapter 1), which 

is likely the reason that no ammonia was detected when complex RuCl2L1H  was subjected 

to exess reductant and protons (see Chapter 3).  Interestingly , Nishibayashi has shown that 

Ru3(CO)12 is capable of mediating the reduction of dinitrogen with chlorotrimethylsilane 

 
Figure 10: ORTEP drawing of RuN2L1CF3

 (top) and RuN2L1H (bottom) (50 % probability 
ellipsoids) showing one of the two rotamers. Solvent molecules and hydrogen atoms 
have been omitted for clarity.
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in presence of potassium graphite, forming 6 equiv. of tris(trimethylsilyl)amine.[17] This 

latter dinitrogen reduction reaction is based on a different mechanism, and does not 

suffer from hydrogen evolution competition. Therefore, we set to explore the reactivity 

of the tripodal tetraphosphine ruthenium(II) complexes in the dinitrogen reduction 

reaction with chlorosilanes (Figure 11). 

N2 + KC8 (100 eq) + Me3SiCl (100 eq) (Me3Si)3N
RuCl2L

THF, rt

A mixture of the RuCl2L complexes with 100 equiv. of KC8 and 100 equiv. of 

chlorotrimethylsilane in 10 mL THF at room temperature under an atmosphere of 

dinitrogen was stirred for 1 day after which an aliquot of the reaction mixture was analyzed 

using GC for its tris(trimethylsilyl)amine content. Modest yields of ~1.5 equivalents of 

(TMS)3N were detected, regardless of the complex used (Table 3). The use of metallic 

sodium as reductant or longer reaction times did not increase the overall yield. 

Complex Equiv. (TMS)3N[a]

RuCl2L1CF3 0.92[b]

RuCl2L1H 1.83[b]

RuCl2L1OMe 1.74[b]

RuCl2L2H 1.40[b]

[RuCl2benzene]2 1.29[c]

To gain more insight in the nitrogen reduction reaction using these novel ruthenium 

complexes, the reduction reaction was followed in time for complexes RuCl2L1H  and 

RuCl2L2H, analyzing an aliquot of the reaction mixture every hour. The reaction profile 

shows an incubation period of 1 hour after which product formation gradually increases 

(Figure 12). Such an incubation period was also observed for various iron and cobalt 

systems that were investigated for dinitrogen reduction under comparable conditions (see 

Chapter 1)[17–19], leading to similar activities in the formation of tris(trimethylsilyl)amine 

regardless of the initial catalyst structure. These literature experiments suggest that the 

 
Figure 11: Reduction of dinitrogen with KC8, Me3SiCl and RuCl2L 
forming (Me3Si)3N.

Table 3: Formation of (Me3Si)3N with RuCl2L 
complexes.

 
[a] Conditions: ~33 μmol of the complex was 
suspended together with KC8 (100 equiv.) in 10 
mL THF after which the chlorotrimethylsilane (100 
equiv.) was added. The suspension was stirred for 23 
hours at room temperature. [b] Average of two runs. 
[c] Equivalents per ruthenium atom.
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active species are being formed via initial ligand dissociation from the iron and cobalt pre-

catalysts. The nature of the reported catalysts could not be elucidated, as no dinitrogen 

containing species could be detected. Formation of nanoparticles/metallic precipitation 

also did not seem to play a role in these systems that were reported in literature, as no 

different reactivity was observed upon mercury poisoning of the catalysis.

A similar behavior may also occur for our complexes; where the incubation period 

leads to the same species for all catalysts, regardless of which ligand is coordinated to 

ruthenium. This finding would also be in line with the absence of major electronic 

effects of the various complexes used. To test this hypothesis, we performed a catalytic 

reaction with [RuCl2benzene]2 in the absence of the tripodal indolyl-phosphine ligand. 

When [RuCl2benzene]2 was subjected to the same reaction conditions, again comparable 

amounts (1.29 equiv.) of silylamine were formed per ruthenium atom, which indeed 

shows that the ligand does not affect the conversion of dinitrogen. Apparently, the ligand 

scaffold does not protect the metal center sufficiently to prevent metal dissociation under 

the strongly reducing conditions used in this dinitrogen reduction reaction. 

Next, we studied if these complexes were active in the formic acid dehydrogenation 

reaction (Figure 13). 

Formic acid dehydrogenation proceeds faster with electron-rich ruthenium centers 

as was shown by Himeda et al.[20] He used a series of bipyridine ligands with various 

HCOOH CO2 + H2

Ru (BF4)2

reflux

L

 
Figure 13: Formic acid 
decomposition by the RuL(BF4)2 
complexes.

 
Figure 12: Dinitrogen reduction over a period of 4 hours with catalysts RuCl2L1H and 
RuCl2L2H.
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substituents at the para position (—O-, —OMe, —Me, —CO2 and —H). From the activity of the 

ruthenium complexes based on these bipyridine ligands, it was concluded that electron-

rich complexes were better formic acid dehydrogenation catalysts, giving rise to higher 

turnover frequencies. The tripodal tetraphosphine ruthenium complexes presented in 

this Chapter are also based on ligands with different electronic properties. We anticipated 

that the modifications that we made to these ligands could influence the reactivity of 

the corresponding complexes in the formic acid dehydrogenation reaction. The RuCl2L 

complexes are coordinatively saturated, which made abstraction of the chloride atoms 

necessary in order to arrive at active complexes. Therefore, we preactivated the complexes 

by stirring them with silver tetrafluoroborate (2 equiv.) in THF for 2 hours and used the 

filtered solutions for the catalytic reactions. Upon addition of formic acid to a refluxing 

solution of such a complex in tetrahydrofuran, gas production started within 1-5 minutes. 

The reactions were monitored volumetrically with a gas burette (see experimental section 

for a schematic representation). A typical time profile of the dehydrogenation reaction 

with catalyst RuCl2L1OMe is demonstrated in Figure 14. The overall results of the different 

catalysts used in the dehydrogenation of formic acid are presented in Table 4. The gas 

outlet was analyzed using gas chromatography, which confirmed presence of both carbon 

dioxide and dihydrogen. No traces of carbon monoxide were detected. 

y = 117.29x + 0.2633
R² = 0.9983
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Figure 14: Hydrogen evolution from formic acid with catalyst RuCl2L1OMe as detected 
volumetrically with a gas burette.
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Complex TOF (h-1)[a]

RuCl2L1CF3 124

RuCl2L1H 76

RuCl2L1OMe 121

RuCl2L2H 33

Complexes RuCl2L1Ome, RuCl2L1H, and RuCl2L2H follow the same trend as what Himeda 

already noticed: the most electron-rich complex RuCl2L1Ome has the highest activity 

(TOF = 121 h-1) followed by RuCl2L1H (TOF = 76 h-1) and the least electron-rich RuCl2L2H 

(TOF = 33 h-1). Interestingly, the RuCl2L1CF3 complex (TOF = 124 h-1) shows a comparable, 

even slightly higher activity as the electron-rich RuCl2L1Ome complex. The reason for this 

unusual observation is currently not clear. The TOFs found for the RuCl2L complexes 

in the formic acid decomposition reaction are relatively low compared to examples of 

the group of Li, who reported a TOF of 487500 h-1 with [Cp*Ir(L1)Cl]Cl (L1 = 2,2’-bi-2-

imidazoline) in neat HCOOH at 90°C,[21] the group of Grützmacher who reported the 

[K(dme)2][RuH(trop2dad)] (trop2dad = 1,4-bis(5H-dibenzo[a,d]cyclohepten-5-yl)-

1,4-diazabuta-1,3-diene) complex that reached TOF’s of 24000 h-1 in boiling HCOOH/

dioxane[22] and the group of Gonsalvi who demonstrated TOF’s of up to 4556 h-1 with 

the more related Ru(H)2(P4) complexes (P4 = meso-1,1,4,7,10,10-hexaphenyl-1,4,7,10-

tetraphosphadecane) in HCOOH/N,N-dimethyloctylamine/propylene carbonate 

mixtures at 80 °C.[23] These initial results show that the complexes are active in the 

dehydrogenation of formic acid and that different reactivity is observed upon ligand 

modification. Further reactivity studies with these complexes should be performed to 

elucidate the mechanism of the reaction and to find the maximum capacities (stability, 

temperature, solvent) of these catalysts.

4.3 Conclusions

In conclusion, we have shown the formation of new ruthenium complexes based on a 

tripodal 3-methylindolephosphine scaffold. The ligand has two structural isomers, where 

one of those isomers was substituted with electron-withdrawing and -donating groups. 

 
[a] Conditions: ~8.5 μmol preactivated 
catalyst (2 equiv. AgBF4 RuCl2L. 2 h), 3 mL 
THF, 0.4 M HCOOH, reflux temperature, 
1 hour reaction time, TOF is the average 
of two catalytic runs. The gas was 
collected volumetrically with a burette.

Table 4: Activities of RuCl2L catalysts in 
the formic acid decomposition reaction.
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These ligands were successfully coordinated to [RuCl2benzene]2 leading to the formation 

of octahedral complexes with the two chlorides in cis position. The stoichiometric 

reduction of these complexes yielded the corresponding dinitrogen complexes, where 

electronic effects in the N≡N stretch frequency were observed as a result of the ligand 

modifications. The complexes were studied in the dinitrogen reduction reaction with 

chlorosilanes and KC8, yielding stoichiometric amounts of the silylamines. When the 

reaction was followed in time, an incubation period was observed. This incubation period 

in combination with the similar activities found for all of these complexes may hint at 

the formation of the same active catalyst in all of the catalytic reactions, regardless of 

the initial structure. Thus, it seems that the ligand is not able to effectively protect the 

metal from dissociation under these highly reducing conditions. The complexes were also 

studied in the formic acid dehydrogenation reaction. Activities between TOF = 33 and 124 

h-1 were reached depending on the ligand used. This finding shows that the modification 

of the ligand can influence the rate of the formic acid dehydrogenation reaction under the 

conditions used. Further studies with these complexes should be performed to elucidate 

the reaction mechanism and stability of the catalysts.

4.4 Experimental section

General methods
All reactions were carried out under an atmosphere of nitrogen or argon using standard 

Schlenk techniques or in the glovebox. Reagents were purchased from commercial 

suppliers and used without further purification. THF, pentane, hexane and Et2O were 

distilled from sodium benzophenone ketyl. These solvents were degassed using the 

freeze-pump-thaw method (three cycles) and stored under dinitrogen atmosphere. 

CH2Cl2 was distilled from CaH2 under dinitrogen. NMR spectra (1H, 31P, and 13C{1H, 31P}) 

were measured on a Bruker DRX 500, Bruker AV 400, Bruker DRX 300 or on a Bruker 

AV 300 spectrometer. IR spectra (ATR mode) were recorded with a Bruker Alpha-p FT-

IR spectrometer. High resolution mass spectra were recorded on a JEOL AccuTOF LC, 

JMS-T100LP mass spectrometer using cold electron-spray ionization (CSI) at -40 °C. GC 

measurements were performed on a Shimadzu GC-17A Gas Chromatograph (Shimadzu 

Corporation, Kyoto, Japan) with a Supelco SPB-1 fused silica capillary column. Tris-

2-(3-methylindolyl)phosphine[14], L1H[14], L2H[14] and potassium graphite (KC8)[24] were 

prepared according to literature procedures. Chlorobis[4-(trifluoromethyl)phenyl]

phosphine (Alfa Aesar) and chlorobis[4- methoxyphenyl]phosphine (Sigma Aldrich) are 

commercially available chemicals and were used without further purification. 
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Synthesis of compounds

Tris-2-(3-methyl-N-di[4-(trifluoromethyl)phenyl]phosphinoindolyl)phosphine 

(L1CF3) was prepared in the same way as L1H using chlorobis[4-

(trifluoromethyl)phenyl]phosphine: To a solution of tris-2-(3-

methylindolyl)phosphine (1.9 g, 4.53 mmol) in THF (50 mL) 

was added n-BuLi (2.5 M in hexanes, 5.7 mL, 14.3 mmol) at -78 

°C. The resulting solution was stirred for 1 h and chlorobis[4-

(trifluoromethyl)phenyl]phosphine (3.5 mL, 14.0 mmol) was added. The reaction mixture 

was stirred for 16 h allowing to warm slowly to room temperature. The resulting suspension 

was concentrated in vacuo and redissolved in CH2Cl2 (total amount of 50 mL including 

washing of the pads). The suspension was filtered through a pad of basic alumina and 

subsequently through a pad of SiO2. The solvent was removed under reduced pressure and 

resulting in a yellow foam. This yellow foam was purified by SiO2 chromatography using a 

gradient from pure hexane to 2% Et2O in hexane. Yield: 2.66 g (42%).  1H-NMR (300 MHz 

CDCl3) δ: 7.44 (d, J = 8.6 Hz, 15H), 7.33 – 7.22 (m, 6H), 7.21 – 7.14 (m, 6H), 7.11 (t, J = 7.6 Hz, 

3H), 6.93 (t, J = 7.8 Hz, 3H), 6.59 (d, J = 8.4 Hz, 3H), 2.14 (s, 9H). 19F-NMR (282 MHz, CDCl3) 

δ = -60.78 ppm. 31P-NMR (121 MHz, CDCl3) δ: 32.63 (d, J = 151.2 Hz, 3P), -76.09 (q, J = 151.6 

Hz, 1P). 13C{1H,31P}-NMR (75 MHz, (CDCl3) δ: 1140.28, 140.13, 139.77, 139.53, 139.36, 133.67, 

131.91, 131.71, 131.62, 131.43, 129.27, 125.60, 125.53, 125.42, 125.33, 123.72, 122.00, 121.21, 119.50, 

113.97, 9.94 ppm.

Tris-2-(3-methyl-N-di[4-methoxyphenyl]phosphinoindolyl)phosphine (L1OMe) was 

prepared in the same way as L1H using chlorobis[4-methoxyphenyl]

phosphine: To a solution of tris-2-(3-methylindolyl)phosphine 

(2.20 g, 5.22 mmol) in THF (50 mL) was added n-BuLi (2.5 M in 

hexanes, 6.6mL, 16.44 mmol) at -78 °C. The resulting solution was 

stirred for 1 h and chlorobis[4-methoxyphenyl]phosphine (4.83g, 

17.23 mmol) dissolved in 10 mL THF was added. The reaction mixture was stirred for 3 

days allowing to warm to room temperature. The resulting suspension was concentrated 

in vacuo, redissolved in CH2Cl2 (total amount of 50 mL including washing of the pads) and 

filtered through a pad of basic alumina. Evaporation of the solvent and trituration with 

Et2O yielded a white solid which was recrystallized from vapour diffusion evaporation of 

Et2O to a concentrated THF solution. Washing with Et2O and drying under vacuum yielded 

the ligand in pure form. Yield: 4.03 g (67%). 1H-NMR (300 MHz, (CD3)2CO): δ 7.46 (d, J 

= 7.9, 1.0 Hz, 3H), 7.39 – 7.27 (m, 6H), 7.20 – 7.07 (m, 6H), 7.05 – 6.95 (t, 3H), 6.94 – 6.81 (m, 

12H), 6.77 (d, 6H), 3.74 (s, 18H), 2.01 (s, 9H) ppm. 31P-NMR (122 MHz, (CD3)2CO): δ 36.83 

(d, J = 166.0 Hz, 3P), -76.21 (q, J = 166.7, 1P) ppm. 13C{1H,31P}-NMR (75 MHz, (CD3)2CO) δ: 

L1OMe

N
P

P

3

MeO OMe

N
P

P

3

F3C CF3
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161.42, 141.33, 141.16, 134.63, 134.33, 134.06, 134.03, 127.95, 127.78, 127.58, 127.38, 124.22, 123.07, 

120.83, 119.56, 115.06, 114.91, 114.86, 114.81, 114.77, 55.52, 9.87 ppm. 

RuCl
2

L1CF3: L1CF3 (1.3732 g, 0.99 mmol) and [RuCl2(C6H6)]2 (249.3 mg, 0.50 mmol) were 

suspended in THF (4 mL) and toluene (8 mL) and stirred at 60 

˚C for 64 h. After cooling, the yellow precipitated complex was 

filtered, washed with toluene (1 x 2 mL) and pentane (3 x 3 mL) 

and dried overnight in the vacuum oven at 40 °C. Yield: 0.9914 g (64 

%) of a yellow solid. Recrystallization of the complex by layering a 

DCM solution with pentane at 5 °C gave crystals suitable for X-ray 

diffraction analysis. 1H-NMR (300 MHz, CDCl3): δ 7.72 (dd, J = 10.8, 8.0 Hz, 3H), 7.59 (dt, 

J = 10.5, 5.3 Hz, 4H), 7.53 – 7.31 (m, 8H), 7.24 (t, J = 7.6 Hz, 4H), 7.18 – 7.01 (m, 7H), 6.99 – 

6.81 (m, 7H), 6.11 (d, J = 8.5 Hz, 2H), 5.86 (d, J = 8.5 Hz, 1H), 2.93 (s, 6H), 2.69 (s, 3H) ppm. 
31P-NMR (122 MHz, CDCl3): δ 99.83 (dt, J = 31.5, 26.4 Hz, 1P), 78.90 (t, J = 26.3 Hz, 2P), 49.00 

(dt, J = 30.3, 26.7 Hz, 1P) ppm.  13C{1H,31P}-NMR (75 MHz, CDCl3): δ 134.83, 134.73, 133.95, 

133.82, 132.74, 132.63, 132.31, 132.18, 131.43, 131.31, 129.54, 128.96, 128.73, 128.49, 128.18, 128.05, 

127.88, 127.74, 127.68, 127.58, 127.44, 126.91, 126.76, 126.44, 126.30, 125.15, 124.71, 124.64, 

122.90, 122.45, 122.32, 120.76, 120.22, 117.80, 115.44, 115.00, 13.64, 12.27, 11.99. ppm. Mass 

Analysis (CSI) [C69H45Cl1F18N3P4Ru]+: calc: 1518.1024 found 1518.1067.

RuCl
2

L1OMe: L1OMe (1.02 g, 0.88 mmol) and [RuCl2(C6H6)]2 (227.9 mg, 0.45 mmol) were 

suspended in THF (4 mL) and toluene (8 mL) and stirred at 120 

˚C for 3 days leaving a pale brown solution. Upon cooling of the 

reaction mixture an off white solid precipitated. This solid was 

filtered and washed with hexane (3 x 3 mL) and dried overnight in 

the vacuum oven at 40 °C resulting in the product as a brown-white 

solid. Yield: 1.15 g of an off white solid (97.8 %). 1H-NMR (300 MHz, 

CDCl3): δ 7.66 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 7.9 Hz, 1H), 7.44 – 7.32 (m, 4H), 7.32 – 7.24 (m, 

1H), 7.24 – 7.02 (m, 10H), 6.89 (q, J = 7.8, 6.9 Hz, 4H), 6.77 (t, J = 7.8 Hz, 1H), 6.68 (d, J = 8.5 

Hz, 4H), 6.28 (d, J = 8.5 Hz, 2H), 6.24 (d, J = 7.9 Hz, 2H), 6.12 (d, J = 8.5 Hz, 4H), 5.90 (d, J = 

8.5 Hz, 1H), 3.70 (d, J = 1.8 Hz, 12H), 3.62 (s, 6H), 2.84 (s, 6H), 2.60 (s, 3H) ppm. 31P-NMR 

(121 MHz, CDCl3): δ 107.24 (dt, J = 32.0, 26.0 Hz, 1P), 83.78 (t, J = 26.6 Hz, 2P), 54.51 (dt, J = 

30.9, 26.9 Hz, 1P) ppm. 13C{1H,31P}-NMR (75 MHz, CDCl3): δ = 159.95, 159.46, 139.85, 139.70, 

135.39, 135.35, 135.27, 133.02, 132.98, 132.86, 123.72, 123.69, 121.47, 121.27, 120.20, 117.09, 113.38, 

113.29, 112.88, 112.72, 112.03, 111.96, 111.89, 77.43, 77.00, 76.58, 54.90, 54.82, 54.79, 11.92, 11.68 

ppm. Mass Analysis (CSI) [C69H63ClN3O6P4Ru]+: calc: 1290.2399 found: 1290.2400.
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RuCl
2

L2H: L2H (587.3 mg, 0.60 mmol) and [RuCl2(C6H6)]2 (150.1 

mg, 0.30 mmol) were suspended in THF (3 mL) and toluene (6 

mL) and stirred at 120 ˚C for 64 h. After cooling, 20 mL of hexane 

was added, which resulted in the precipitation of a yellow solid. The 

solid was filtered, washed hexane (3 x 3 mL) and dried overnight in 

the vacuum oven at 60 °C. Yield: 477.5 mg (69.1 %) of a yellow solid. 

Recrystallization of the complex by layering a DCM solution with pentane at 5 °C gave 

crystals suitable for X-ray diffraction analysis.. 1H-NMR (300 MHz, CDCl3): δ 7.90 (dd, J 

= 11.6, 7.7 Hz, 2H), 7.84 – 7.65 (m, 6H), 7.60 (d, J = 7.8 Hz, 1H), 7.53 (t, J = 9.3 Hz, 3H), 7.45 

(d, J = 7.8 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 7.32 – 7.12 (m, 9H), 7.11 – 6.92 (m, 6H), 6.90 – 6.75 

(m, 7H), 6.70 (d, J = 8.4 Hz, 1H), 6.36 (t, J = 8.4 Hz, 3H), 6.23 (dd, J = 7.5 Hz, 2H), 1.97 (s, 

3H), 1.72 (s, 3H), 1.40 (s, 3H) ppm. 31P-NMR (121 MHz, CDCl3): δ 144.43 (dt, J = 38.9, 37.8 

Hz, 1P), 39.22 (dt, J = 45.0, 23.6 Hz, 1P), 24.70 (ddd, J = 328.6, 31.0, 21.1 Hz, 1P), 16.62 (ddd, 

J = 331.4, 39.7, 25.6 Hz, 1P) ppm. 13C{1H,31P}-NMR (75 MHz, CDCl3): δ 134.83, 134.73, 133.95, 

133.82, 132.74, 132.63, 132.31, 132.18, 131.43, 131.31, 129.54, 128.73, 128.49, 128.18, 128.05, 127.88, 

127.74, 127.68, 127.58, 127.44, 126.91, 126.76, 126.44, 126.31, 125.15, 124.71, 124.64, 122.90, 

122.45, 122.32, 120.76, 120.22, 117.80, 115.44, 115.00, 13.64, 12.27, 11.99 ppm. Mass Analysis 

(CSI) [C63H51ClN3P4Ru]+: calc: 1110.1789; found: 1110.1779.

Reduction of RuCl2L to RuN2L
RuCl2L (± 17 µmol) and KC8 (2-3 equiv.) were transferred to flame dried Schlenk flask in 

the glovebox. THF (2 mL) was added and the suspension was stirred for two to three hours, 

after filtration a red solution was obtained. Part of this solution was used for in-situ infrared 

spectrometry*, part of the solution was used for in-situ 31P-NMR analysis and the rest of the 

solution was set for crystallisation via slow diffusion evaporation of pentane. *RuCl2L1OMe 

resulted in a purple solution after filtration, which did not show an infrared band after 

two hours. However, after one day, the solution turned more red and the corresponding 

infrared band could be detected. The infrared analysis yielded the corresponding infrared 

bands as given in Table 2. The 31P-NMR analysis showed presence of one doublet and one 

quarted, indicative for a symmetrical compound, which corresponds with the proposed 

trigonal bipyramidal geometry. The crystallisation yielded crystals for the RuCl2L1H 

(Chapter 3) and the RuCl2L1OMe, which are discussed in the paper.

Catalysis: dinitrogen reduction 
The catalyst (33 µmol) and KC8 (100 equiv) were transferred to a 100-mL flame 

dried Schlenk flask equipped with a glass stirring bean in the glovebox. 10 mL of dry 

THF was added, followed by the addition of the chlorotrimethylsilane (100 equiv.). 
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P
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The suspension was stirred overnight. 10 µL of n-decane was added as internal standard, 

after which a filtered aliquot of the reaction mixture was measured on the Gas-GC. 

Catalysis in time: dinitrogen reduction 
The same procedure as for the normal nitrogen reduction was used, adding the 10 µL 

of n-decane right away and taking an filtered aliquot of the reaction mixture every hour, 

which was subsequently measured on the Gas-GC.

Catalysis: Formic acid dehydrogenation 
Hydrogen evolution was initiated by the addition of formic acid (0.4 M) to a refluxing 

catalyst (± 8.5 μmol) solution in THF (3 mL) in a 10-mL reaction flask equipped with a 

condenser. The gas was cooled via a condenser, which outlet was connected to a burette 

filled with water (Figure 15). The displacement of the water level in the burret was 

measured in time. The second burette was also filled with water and used to compensate 

for pressure build up keeping the water levels at equal height.

TOFH2 was calculated using equation 1.[25]

𝑇𝑇𝑇𝑇𝐹𝐹𝐻𝐻2 = Vobs ∗ 0.5
Vm*ncat

                                                                                                          (4.1) 

 

Vobs: measured gas volume displacement cylinder [mL] 

Vm: molar gas volume: 24.49 [mL/mmol] 

ncat: amount of catalyst [mmol]

gas

 
Figure 15: Hydrogen evolution set 
up.
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Complex TOF (h-1) #1 TOF (h-1) #2 TOF (h-1) average
RuCl2L1CF3 120.8 127.2 124

RuCl2L1H 79.3 71.9 75.6

RuCl2L1OMe 23.5 117.4 120.5

RuCl2L2H 22.4 42.7 32.6

X-ray diffraction analysis
Crystallographic data was obtained using a Bruker D8 Quest Eco diffractometer equipped 

with a Triumph monochromator.  The intensities were integrated with the SAINT software  

package.[26] Multiscan absorption correction and scaling was performed with SADABS.[27] 

The structure was solved with Intrinsic Phasing Methods using SHELXT.[28] Least-squares 

refinement was performed with SHELXL 2013[29] against F2 of all reflections. Non-hydrogen 

atoms were refined freely with anisotropic displacement parameters. All hydrogen atoms 

were located in difference Fourier maps and refined with a riding model. All structures 

have solvent accessible voids filled with disordered solvent. Their contribution to the 

structure factors in the refinement was taken into account with the PLATON/SQUEEZE 

approach.[30]

Tabel 4: Duplo measurements for formic acid dehydrogenation by the depicted catalysts.
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 Complex RuCl2L1CF3 RuCl2L2H RuN2L1CF3

Empirical formula C69H45Cl2F18N3P4Ru 
+ solvent

C63H51Cl2N3P4Ru, 
2(CH2Cl2) + solvent

C69H45F18N5P4Ru 
+ solvent

FW 1553.93a 1315.77a 1511.05a

Temperature [K] 150 150 150

Radiation Mo Kα Mo Kα Mo Kα

Wavelength [Å] 0.71073 0.71073 0.71073

Cryst syst monoclinic monoclinic monoclinic

Space group C 2/c P 21/n P 21/c

a [Å] 21.594(3) 19.1879(9) 14.2851(6)

b [Å] 27.753(4) 18.1604(8) 18.9090(8)

c [Å] 23.938(3) 19.7879(9) 29.8721(12)

α [deg] 90 90 90

β [deg] 93.631(3) 91.012(2) 97.011(2)

γ [deg] 90 90 90

Volume [Å3] 14317(3) 6894.2(5) 8008.6(6)

Z 8 4 4

Color pale yellow yellow dark red

θ-max 25.135 25.030 26.450

Density [Mg m−3] 1.442a 1.268a 1.253a

Absorp. Coeff. [mm−1] 0.472a 0.591a 0.356a

F(000) 6240a 2688.0 3040a

R1/
wR2/
S

0.0715/
0.1975/
1.053

0.0412/
0.1435/
1.134

0.0666/
0.2002/
1.436

a) Excluding the disordered solvent contribution.
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ligands to iron(+II), cobalt(+II) and 
nickel(+II) and investigations of their 

subsequent two-electron-reduction
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5.1 Introduction

In Chapters 3 and 4 of this thesis, the coordination of tripodal indolyl-based tetraphosphine 

ligands to ruthenium have been discussed. The obtained ruthenium(+II) complexes 

revealed interesting redox chemistry. One-electron-reduction led to a rare paramagnetic 

ruthenium(+I) complex, while two-electron-reduction allowed for the formation of 

dinitrogen complexes. Moreover, modifications of the electronic properties of the 

ligand showed a significant effect in the dinitrogen bond activation and in the catalytic 

performance of the complexes in formic acid dehydrogenation. These intriguing results 

triggered us to further explore the coordination behavior of the tripodal indolyl-based 

ligands with other transition metals. In particular, expanding the coordination chemistry 

of these tetradentate ligands to base metals seemed to be most compelling, as complexes 

of tripodal phosphine ligands with base metal iron and cobalt reveal outstanding activity 

in for example dehydrogenation/hydrogenation of C-based fuels or reduction of N2.[1–4] 

The use of first row transition metal complexes rather than second or third row transition 

metals is also key to a more sustainable future, as first row transition metals are earth 

abundant, benign, non-toxic and inexpensive.[5–7] 

Thus, we set out to first explore the coordination chemistry of the tripodal indolyl-

based tetraphosphine ligands (PP3) to the earth abundant iron, cobalt and nickel. 

Tripodal tetradentate phosphine based complexes using either PPph
3 = P(CH2CH2PPh2)3 

or PPiPr
3 = (P(CH2CH2PiPr2)3) coordinated to iron(+II), cobalt(+II) and nickel(+II) have 

been extensively studied in literature.[8–13] These tripodal ligands generally occupy four 

coordination sites around a metal center and a trigonal bipyramidal geometry (TBP) 

is the most commonly observed geometry when the ligand is coordinated to a first row 

transition metal center.[12,14] These [MX(PP3)]+ complexes are formed by reacting the 

corresponding MX2 salt with the ligand in the presence of a non-coordinating anion and 

can subsequently be reduced leading to the coordination of dinitrogen to the metal center. 

Tripodal tetradentate phosphine metal complexes where dinitrogen is bound to the metal 

center, have been isolated for both cobalt and iron: [CoIN2(PPPh
3)]+ (νN2 = 2125 cm-1)[15] 

and Fe0N2(PPiPr
3) (νN2  = 1985 cm-1)[16]. Nickel dinitrogen complexes are scarce:[17] only one 

example with a tripodal ligand exists, which is a complex based on the anionic tridentate 

phosphine ligand [SiPi–Pr
3]– (SiPi–Pr

3 = tris[2-(diisopropylphosphino)-phenyl]silane) 

ligand, leading to a weakly activated dinitrogen bond (νN2 = 2223 cm-1) in the [NiIIN2(SiPi–

Pr
3)][BarF

4] complex.[18] Also the iron(+I) and cobalt(+I) dinitrogen complexes with this 

[SiPi–Pr
3]– ligand were prepared, showing much stronger activation of the dinitrogen bond 

as a result of the higher energy of the d-orbitals of the metals, which decreases by going 

from left to right of the row in the periodic table (see Chapter 1): FeIN2(SiPi–Pr
3) (νN2 = 
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2003 cm-1) and CoIN2(SiPi–Pr
3) (νN2 = 2063 cm-1).[19,20] As mentioned before, since tripodal 

complexes generally occupy four coordination sites of the complex, the corresponding 

cobalt(+I) and nickel(+II) dinitrogen complexes would lead to the formation of a 

favorable 18-electron complex.

This chapter is organized in two sections. In the first section the coordination of tripodal 

indolyl-based tetraphosphine ligands to the first-row late transition metals iron, cobalt, 

and nickel is explored. First the coordination of ligand L1H to these metals is investigated. 

Single crystal X-ray structure determination of these complexes allowed to study 

the changes in the coordination geometry of the ligand while stepwise increasing the 

d-electron count from d6 to d7 to d8 by going from iron(+II) to cobalt(+II) to nickel(+II). 

Additionally, coordination studies of a variety of 3-methylindole based ligands (L1R, L2H 

and L3iPr) to iron(+II) and the synthetic challenges involved during coordination of these 

ligands to iron are reported. 

In the second section the electrochemical and chemical reduction of the above-mentioned 

complexes is explored. Electrochemical reduction is used to evaluate if these complexes 

are redox-active. We further investigate whether two-electron-reduction with KC8 in the 

presence of dinitrogen would lead to coordination of the N2 ligand to the various metal 

complexes, as coordination of dinitrogen is a prerequisite for dinitrogen reduction to 

ammonia. For the cobalt and nickel complexes the coordination of dinitrogen would 

likely require the dissociation of one of the ligand arms, to form a favorable 18-electron 

complex. In addition, we explored whether ligand modification leads to observable 

electronic effects in the N≡N stretch frequency when the PP3 ligand is coordinated to 

iron. Additionally, the changes in the coordination geometry of the iron complexes upon 

reduction are discussed based on the crystal structures of iron(+I) complexes with ligands 

L1H, L2H and L3iPr and iron(0) with ligand L1H.

5.2 Results and discussion

Section 1: Coordination studies of PP3 ligands to iron, cobalt and 
nickel and.

Formation of mono and binary cobalt L1H complexes
We initially explored the coordination of the tripodal indolyl-based tetraphosphine ligand 

(L1H) to cobalt(+II). The formation of the [CoL1H][BF4] complex was performed by the 

addition of stoichiometric amounts of L1H to the CoCl2 salt in THF in presence of NaBF4 

(Figure 1). It was anticipated that in the absence of NaBF4 a tetrachlorido cobaltate(+II) 

dianion (see refs: [21–28]) would form. Therefore, we reacted L1H with CoCl2 in a 2 : 3 
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stoichiometry to form the binary [CoClL1H]2[CoCl4] complex. After stirring the brown 

suspensions overnight, analysis of the filtrates indicated full conversion as no signals of 

free ligand were detected by 31P-NMR spectroscopy. 

Cold Spray Ionization (CSI) mass spectroscopy analysis showed the presence of the 

[CoClL1H]+ ion in both [CoL1H][BF4] and [CoClL1H]2[CoCl4] samples (see experimental 

section). Similar to findings reported by Braunstein et al. the [CoClL1H]2[CoCl3]+ 

fragment could be detected in the [CoClL1H]2[CoCl4] sample, indicating formation of 

the proposed binary complex.[29] Both the cationic and anionic cobalt complexes are 

paramagnetic. EPR analysis of the [CoL1H][BF4] and [CoClL1H]2[CoCl4] complexes in 

THF at 20 K are indicative for an S = ½ system with the cobalt(II) ion being in a low spin 

configuration (Figure 2). Small hyperfine couplings with cobalt and the phosphine atoms 

are also noticeable. In addition, [CoClL1H]2[CoCl4] shows an extra signal (700-2500 

G) corresponding to the high spin tetrachlorido cobaltate anion, which is absent in the 

[CoL1H][BF4] complex. 

Layering a dichloromethane solution of [CoClL1H]2[CoCl4] with pentane resulted in the 

formation of crystals suitable for X-ray diffraction analysis (Figure 3). As expected the 

binary complex [CoClL1H]2[CoCl4] is present in the crystal structure. The two [CoClL1H]+ 

units crystallize as two independent molecules, which possess a very distorted geometry 

around the metal center, almost in-between a trigonal bipyramidal and square pyramidal 

geometry (τ5#1 = 0.55 and τ5#2 = 0.67)[30] (Table 1). This distortion is a result of the Jahn-

Teller effect in combination with the rigidity of the backbone, which was also observed for 

the rhodium(+II) [RhClL1H][PF6] complex (τ5 = 0.55).[31] The four strong-field phosphine 

 
Figure 1: Coordination of CoCl2 to ligand L1H forming the corresponding mono 
and binary cobalt(+II) complexes.
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ligands favor the formation of low spin complexes, thus, d7 complexes tend to form square 

pyramidal geometries. However, the rigidity of the ligand scaffold limits the structural 

movement, resulting in a geometry in-between trigonal bipyramid and a square pyramid. 

This is different for the iron and the nickel analogues (vide infra) as these complexes 

possess intermediate spin d6 or low spin d8 metals, respectively and thus have a preference 

for the TBP geometry with this ligand scaffold. 

 
Figure 2: EPR spectrum of [CoL1H][BF4] and [CoClL1H]2[CoCl4]. 
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Figure 3: ORTEP drawing of [CoClL1H]2[CoCl4] (50 % probability ellipsoids). Hydrogen atoms, 
solvent molecules and phenyl rings on the phosphor atoms have been omitted for clarity.
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[CoClL1H]2[CoCl4] [NiClL1H]2[NiCl4]

[CoClL1H]+ #1 [CoClL1H]+ #2 [NiClL1H]+ #1 [NiClL1H]+ #2
M1–P1 2.2422(11) 2.2691(11) 2.2187(10) 2.2562(10)

M1–P2 2.2590(11) 2.2652(11) 2.2435(10) 2.2548(10)

M1–P3 2.2673(11) 2.2550(11) 2.3108(10) 2.2772(10)

M1–P4 2.1432(11) 2.1434(11) 2.1321(10) 2.1290(10)

M1–Cl1 2.2401(11) 2.2382(11) 2.2345(10) 2.2323(10)

P1–M1–P2 140.74(4) 137.07(4) 131.39(4) 126.51(4)

P1–M1–P3 110.35(4) 109.62(4) 116.25(4) 116.47(4)

P2–M1–P3 107.23(4) 111.72(4) 111.39(4) 116.06(4)

P1–M1–P4 85.89(4) 85.26(4) 86.56(4) 86.74(4)

P2–M1–P4 85.28(4) 86.23(4) 86.30(4) 86.34(4)

P3–M1–P4 86.71(4) 86.38(4) 87.54(4) 87.23(4)

Cl1–M1–P4 173.63(5) 177.33(4) 173.23(4) 177.94(4)

[FeClL1H][BF4] [FeClL3iPr]2[FeCl4]2

[FeClL3iPr]+#1 [FeClL3iPr]+#2
M1–P1 2.2721(9) 2.3542(11) 2.3762(12)

M1–P2 2.2765(10) 2.3851(11) 2.3975(12)

M1–P3 2.2748(9) 2.4021(12) 2.3710(12)

M1–P4 2.1952(8) 2.1729(11) 2.1711(11)

M1–Cl1 2.2145(8) 2.2136(11) 2.2070(12)

P1–M1–P2 120.51(4) 120.56(4) 120.23(4)

P1–M1–P3 118.37(3) 116.23(4) 117.95(4)

P2–M1–P3 117.52(4) 117.63(4) 116.26(4)

P1–M1–P4 83.36(3) 82.56(4) 82.01(4)

P2–M1–P4 83.96(3) 81.84(4) 81.70(4)

P3–M1–P4 83.70(3) 81.91(4) 82.64(4)

Cl1–M1–P4 178.58(4) 177.63(5) 178.95(5)

Table 1-continued: Selected bond distances of the [MIIL]+ complexes.

Table 1: Selected bond distances of the [MIIL]+ complexes.
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Formation of mono and binary nickel L1H complexes

Similar to the cobalt complex, the coordination of nickel to L1H resulted in the formation 

of either the [NiL1H][BF4] or the [NiClL1H]2[NiCl4] complexes, depending on the use of 

NaBF4 during the synthesis (Figure 4). As expected for the pentacoordinate d8 complexes 

with strong-field phosphorus ligands, the [NiL1H]+ cations are diamagnetic, and thus NMR 

analysis of the complexes was possible. The identical 31P-NMR spectra of NiL1HBF4 and 

[NiClL1H]2[NiCl4] show one doublet (61.06 ppm) and one quartet (25.91 ppm), indicating 

a C3-symmetrical trigonal bipyramidal geometry in solution on the NMR time scale. 

Symmetrical diamagnetic complexes of tripodal tetradentate phosphines coordinated 

to nickel have been previously reported[12,32] and trigonal bipyramidal geometry was 

also reported for the d8 RuN2L1H (Chapter 3) and the [PdClL1H][Cl][33] complexes. 

Interestingly, whereas the coordination of nickel to L1H results in the formation of the 

binary [NiClL1H]2[NiCl4] complex, the palladium complex does not form the tetrachlorido 

palladate, but one of the chloride anions remains non-coordinating. In accordance with 

the NMR data, CSI mass spectrometry analysis showed the presence of the [NiClL1H]+ 

ion in both NiL1HBF4 and [NiClL1H]2[NiCl4] (see experimental section). Slow diffusion 

of hexane vapors to a dichloromethane solution of [NiClL1H]2[NiCl4] resulted in the 

formation of crystals suitable for X-ray diffraction analysis (Figure 5). 

The crystal structure shows the presence of the binary [NiClL1H]2[NiCl4] complex where 

the two [NiClL1H]+ units crystallize as two independent molecules. The [NiClL1H]+ units 

feature a distorted trigonal bipyramidal geometry around the metal center (τ5#1 = 0.70 and 
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Figure 4: Coordination of NiCl2 to ligand L1H forming the corresponding mono 
and binary complexes.
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τ5#2 = 0.86) (Table 1).[30] The geometry is less distorted than the cobalt analogues (vide 

supra), but more distorted than the iron analogue, which is likely a result of the smaller 

atomic radius of the nickel atom compared to iron (vide infra). The largest angle P1–Ni–P2 

is 131.39(4) ° for one structure and 126.51(4) ° for the other, which is still close to the ideal 

120 ° angle for the TBP geometry. 

Formation of iron PP3 complexes
The above results show that the coordination of the tetradentate indolyl phosphine 

ligand L1H to d8 nickel(+II) and d7 cobalt(+II) chlorides results in formation of (distorted 

in the case of cobalt) trigonal bipyramidal complexes of the type [MIIClL1H]+ and that in 

the absence of non-coordinating BF4
– anion, binary tetrachlorido metallate complexes 

are formed.  In the following section, we turn our attention to iron. Whereas in the case 

of nickel and cobalt these complexes are pentacoordinate, complexation of d6 iron(+II) 

with the L1H ligand could in principle either result in formation of a hexacoordinate 18 

VE complex, as was observed for iron’s heavier analog ruthenium (see Chapters 3 and 

4), or in formation of a pentacoordinate 16 VE complex. Thus, we decided to study the 

coordination chemistry of iron in more detail, including the use of other tripodal indolyl 

phosphine ligands. The reaction of FeCl2 with L1H and NaBF4 in THF in a 1:1:1 stoichiometry 

led to full conversion of the ligand according to the absence of its 31P-NMR signal, and the 

formation of a purple, paramagnetic complex as judged by the presence of broad peaks 

in the 1H-NMR spectrum in the region of 16.24 to 9.14 ppm. The paramagnetic behavior 

 
Figure 5: ORTEP drawing of [NiClL1H]2[NiCl4] (50 % probability ellipsoids). 
Hydrogen atoms, solvent molecules and phenyl rings on the phosphorus 
atoms have been omitted for clarity.
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hinted at the formation of a 5-coordinate species, rather than the octahedral 6-coordinate 

geometry found for the RuCl2L complexes (see Chapters 3 and 4). CSI mass spectrometry 

analysis shows the presence of both the [FeClL1H]+ and the [BF4]– fragment, which is in 

accordance with a five-coordinate geometry around the metal center, supported by one 

non-coordinating anion. These data thus indicate that the synthesized compound is a 

pentacoordinate iron complex [FeClL1H][BF4]. DFT calculations suggest that the lowest 

energy state of the [FeClL1H]+ cation is an intermediate spin, paramagnetic trigonal 

bipyramidal complex.[34] Many iron(+II) (d6) complexes coordinated to bulky tripodal 

phosphine ligands possess the TBP geometry, which can indeed result in paramagnetic 

complexes.[11,13,16,35,36] Crystals suitable for X-ray diffraction were obtained by layering a 

dichloromethane solution of [FeClL1H][BF4] with pentane. 

 
Figure 6: Synthesis of L3iPr and coordination of L1CF3, L1OMe, L3ipr 
and L2H to FeCl2 in the presence of NaBF4.
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As anticipated, the crystal structure shows a trigonal bipyramidal geometry around the 

metal center (Figure 7). The overall crystal structural data is in good agreement with other 

tripodal 5-coordinate tetraphosphine TBP iron(+II) complexes.[4,11,16,36,37] The longest 

equatorial angle P1–Fe1–P2 of 120.51(4)° fits well with that of an ideal TBP geometry, 

which is in correspondence with a τ5 = 0.92[30]. 

It is interesting to compare the coordination chemistry of L1H to iron(+II) with that to 

ruthenium(+II). In the complex of iron(+II)chloride with L1H the pentacoordinate 

geometry with one of the chlorido ligands dissociated is preferred while for ruthenium(+II)

chloride hexacoordinate geometry with both chlorido ligands coordinated was observed 

(see chapter 3). The most likely reason for that is the smaller atomic radius of iron as 

compared to ruthenium, which results in shorter ligand to metal distances for iron. This 

results in steric crowding around the iron center which forces one of the (bulky) chloride 

ligands in case of iron to dissociate from the metal center upon coordination of the 

L1H ligand. However, as we will show later, a hexacoordinate geometry of the iron(+II) 

complex with L1H is possible if the auxiliary ligands do not occupy much space (e. g. the 

rod-shaped acetonitrile ligand).

Subsequently, we explored the coordination of FeCl2 to the PP3 ligands L1CF3, L1OMe L2H, 

and L3iPr in the presence of NaBF4
 (Figure 6). The latter ligand was prepared by reacting the 

lithium salt of tris-2-(3-methylindolyl)phosphine[38] with chlorodiisopropylphosphine, 

the other ligands were prepared as reported in Chapter 3 and Chapter 4. When the 

other ligands were coordinated to iron in a similar fashion as for the [FeClL1H][BF4] 

complex, no full conversion was observed as indicated by the presence of free ligand in 

the filtrate in the 31P-NMR spectrum. The addition of excess NaBF4 to the purple to pink 

reaction mixtures nor the addition of alcohol as a co-solvent did increase the yields of 

 
Figure 7: ORTEP drawing of [FeClL1H]+ (50 % probability ellipsoids) showing a side view (left) and bottom view 
(right). Hydrogen atoms, solvent molecules and counter ion have been omitted for clarity. 
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the product significantly.[10,16,36] The CSI mass spectrometry analysis of these reaction 

mixtures shows the presence of the [FeClL]+ cation, which indicates that the ligand 

does coordinate to the iron center. Analysis of the negative ions showed the presence 

of the expected BF4
– anion but also the presence of the FeCl3

– and FeCl4
– anions. These 

tetrachlorido ferrates are likely formed from the iron precursor similar as observed for 

the cobalt and nickel analogues, which is the reason that the reactions do not go to full 

conversion. When the purple reaction mixture from the reaction of L3iPr with FeCl2 in 

the presence of NaBF4 was dissolved in dichloromethane and layered with pentane, 

crystals suitable for X-ray diffraction analysis formed. The crystal structure indeed 

possesses the (oxidized) tetrachlorido ferrate anion, [FeCl4]–, as counter ion forming 

the dimeric [FeClL3iPr]2[FeCl4]2 complex (Figure 8). Tetrachlorido ferrates are very 

air sensitive, and oxidization likely occurred during workup of the reaction mixture. 

[FeClL3iPr]2[FeCl4]2 crystallizes as two independent molecules (next to the tetrachlorido 

ferrate) with almost identical bond angles and distances. They both have a trigonal 

bipyramidal geometry (τ5#1 = 0.95 and τ5#2 = 0.98) (Table 1).[30] The P1–Fe1, P2–Fe1 and 

P3–Fe1 bond distances are elongated compared to the [FeClL1H]+ unit, which is likely a 

result of the more electron-donating diisopropylphosphine groups. The other dihedral 

angles and distances are comparable to the [FeClL1H]+ unit and values reported in  

literature.[11,16,36] 

In the context of dinitrogen reduction, the presence of tetrachlorido ferrates as counter 

ions is undesired, as iron chlorides are active catalysts for dinitrogen reduction, and thus 

their presence may give false positives.[39,40] In addition, as tetrachlorido ferrates are oxygen 

sensitive, mixtures of Fe(+II)Cl4 and Fe(+III)Cl4 may be present as counter ion, which 

makes stoichiometric reduction to form the iron(0) complex impossible. Therefore, 

 
Figure 8: ORTEP drawing of [FeClL3iPr]+ (50 % probability ellipsoids) showing a side view (left) and bottom view 
(right) of one of the independent complexes. Hydrogen atoms, solvent molecules and counter ion have been 
omitted for clarity.
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a different method to form iron complexes was explored. In 2012, the group of Beller 

described a new method for the coordination of their tripodal tris(2-(diphenylphosphino)

phenyl)phosphine (PPhPph
3) to iron using the Fe(BF4)2 salt as the iron precursor.[4] The 

coordination of PPhPph
3 to Fe(BF4)2 led to the formation of the [FeF(PP3)][BF4] complex, 

where the fluoride ligand originates from one of the BF4 anions as was evidenced from 

the crystal structure. The group of Gonsalvi also reacted Fe(BF4)2 with the tetradentate 

1,4,7,10,10-hexaphenyl-1,4,7,10-tetraphosphadecane (P4) ligand, but found that the BF4 

anion stayed intact upon coordination. An Fe(η1–FBF3)(P4) complex was proposed, 

where the BF4 anion is weakly binding to the iron center.[41] As we anticipated that the 

formation of tetrachlorido ferrate counter ions would be suppressed using this method, 

we investigated the coordination of L1H with iron precursor Fe(BF4)2 (Figure 9).

Stoichiometric amounts of L1H and Fe(BF4)2 were stirred in 20 mL 1:1 (v/v) THF/toluene and 

heated at 70 °C for three days. Unfortunately, no full conversion was reached as indicated 

by the presence of free ligand in the 31P-NMR spectrum of the reaction mixture. However, a 

purple powder did precipitate from the solution. We were unable to identify the nature of 

this purple solid as the solid was very oxygen sensitive, paramagnetic and poorly soluble 

in THF-d
8
. However, dissolution of the purple solid in acetonitrile caused an immediate 

color change from purple to orange. This orange solution was diamagnetic as evidenced 

by 31P-NMR spectroscopy, which indicates that the coordination environment around the 

 
Figure 9: Reaction of L1H and Fe(BF4)2 forming a purple solid that could not be identified. When the purple solid 
was dissolved in acetonitrile, a color change to orange was observed yielding the [Fe(MeCN)2L1H][BF4]2 complex.
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metal center has changed. The 31P-NMR spectrum shows a similar splitting pattern as for 

the octahedral ruthenium(+II), RuCl2L1H, complex (Chapter 3 and 4): an integral-ratio of 1 

(116.77 ppm, dt) : 2 (97.59 ppm, t) : 1 (56.18 ppm, dt), indicating formation of an octahedral 

geometry around the metal center. CSI mass spectrometry analysis of the orange solution 

in acetonitrile gave a very clean mass spectrum, representing the [FeFL1H]+ cation and 

the [FeL1H]2+ di-cation. Crystals suitable for X-ray diffraction analysis were grown by slow 

diffusion of methanol to an acetonitrile solution of the orange iron complex. The crystal 

structure possesses two independent molecules in the crystal structure, which indeed 

show both an octahedral geometry around the metal center of the [Fe(MeCN)2L1H][BF4]2 

complex (Figure 10). The two cis vacant sites in this crystal structure are occupied by two 

acetonitrile ligands, rather than a fluorido ligand. The P1–Fe1–P2 angle is 163.17(3)°, the 

P3–Fe1–N4 angle is 177.49(7)°, and the P4–Fe1–N5 angle is 175.49(7)°, which are all close to 

the theoretical 180° angle for an ideal octahedral geometry. The P1–Fe1 bond (2.3795(8) Å) 

is slightly longer than the other Peq–Fe bonds (2.2576(8) Å and 2.2494(8) Å), and the axial 

acetonitrile ligand (N5–C66–C67), seems to bend in the direction of the P1–Fe1 bond. 

It seems that the observation of the [FeFL1H]+ with mass spectrometry was a result of 

the fluoride transfer reaction between the [FeL1H]2+ di-cation and the BF4
– anion in the 

mass spectrometer. However, the formation of small amounts of [FeFL1H]BF4 during 

coordination of L1H to Fe(BF4)2 in analogy to the formation of Beller’s [FeF(PP3)][BF4] 

cannot be excluded. 

Attempts to synthesize iron(+II) complexes with ligands L1CF3 and L1OMe, provide only 

very low yield of the targeted compounds and therefore this method could unfortunately 

not be used for the coordination of iron to the other PP3 ligands. 

 
Figure 10: ORTEP drawing of [Fe(MeCN)2L1H]+ (50 % probability ellipsoids) showing a side view (left) and bottom 
view (right) of one of the independent complexes. Hydrogen atoms, solvent molecules and BF4

– counter ions have 
been omitted for clarity.
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Section 2: Reduction of the cobalt, nickel and iron complexes in 
presence of N2

Having the new iron, cobalt and nickel complexes in hand we decided to investigate 

the behavior of these complexes upon reduction in the presence of dinitrogen. One 

could expect that in analogy to ruthenium, the iron complexes should bind N2 upon two 

electron-reduction to form the respective pentacoordinate 18 VE iron(0) complexes. 

However, for the cobalt and nickel complexes the coordination of dinitrogen would likely 

require dissociation of one of the ligand arms for the complexes to adhere to the 18 VE 

rule. To evaluate whether the dinitrogen complexes can be formed we conducted cyclic 

voltammetry (CV) studies and in situ reduction of the new complexes in the presence of 

N2.

Reduction of [CoClL1H][BF4]

In order to gain insight in the reduction potentials needed for the cobalt complexes to form 

the Co0N2 complex, the [CoClL1H][BF4] complex was analyzed electrochemically. The CV 

of this cobalt complex shows one reversible reduction-oxidation peak (E0
1/2 = –0.56 V vs 

Fc/Fc+) (see experimental section, Figure 17). This value is slightly more negative than for 

the reversible RhII/RhI couple of the rhodium [RhClL1H][PF6] analogue (E0
1/2 = –0.4 V vs 

Fc/Fc+)[31], and comparable to the reversible CoII/CoI couple of the [Co(PPPh
3)(CH3CN)]

[(BF4)2] complex (E0
1/2 = –0.54 V)[42]. Therefore, it is likely that reduction-oxidation wave 

corresponds to the one-electron-reduction of [CoClL1H][BF4] to CoClL1H. Scanning to 

lower potentials resulted in two non-reversible reduction peaks at very similar potentials 

(E = ± –2.3 and –2.4 V vs Fc/Fc+). Likely, one of these peaks corresponds to the reduction of 

CoI/Co0, which could lead to binding of the dinitrogen to the cobalt center. Consequently, 

we also tried to reduce the [CoClL1H][BF4] complex chemically. The chemical reduction 

of the [CoL1H][BF4] complex with 2 equiv. of KC8 in the presence of N2 was monitored by 

IR spectroscopy. The IR spectra did not show a signal corresponding to the dinitrogen 

stretch frequency typical for an N2 coordination complex (Figure 11 and Table 2). In 
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Figure 11: Reduction of [CoClL1H][BF4] with KC8 under N2 
atmosphere.124
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addition, in situ analysis of the reaction mixture by 31P-NMR spectroscopy showed signals 

indicative of ligand decomposition. Ligand decomposition may be responsible for the 

second reduction peak observed in the CV (E = ± –2.4 V vs Fc/Fc+). The inability of the 

complex to form N2 coordinated complexes may be related to the strong coordination of 

the ligand, inhibiting the dissociation of one of the phosphine arms when it is bound to 

cobalt(0).

Reduction of [NiClL1H][BF4]

We also investigated the reduction potentials of the nickel complexes using 

electrochemistry (see experimental section, Figure 18). Similar as for the cobalt analogue, 

the CV shows one reversible reduction-oxidation peak at E0
1/2 = –1.0 V vs Fc/Fc+ V. In 

addition, two non-reversible reduction peaks were observed (E = –2.0 V vs Fc/Fc+ and 

E = –2.5 V vs Fc/Fc+). Electrochemistry performed with ([Ni(PPPh
3)(CH3CN)][(BF4)2], 

only led to one reversible reduction-oxidation wave (E0
1/2 = –1.03 V vs Fc/Fc+; likely the 

Ni(+II/+I) couple) and one non-reversible reduction peak, (E0
1/2 = –1.28 V vs Fc/Fc+; likely 

the Ni(+I/0) couple).[32,42] The chemical reduction of our [NiL1H][BF4] complex with two 

equivalents of KC8 resulted in a yellow precipitate (Figure 12 and Table 2). Unfortunately, 

we were unable to measure 31P-NMR or infrared spectra of this yellow precipitate, as the 

complex is insoluble in both THF and benzene. The filtrate of the reaction mixture did not 

show a peak corresponding to an N2 ligand bound to nickel, as indicated by the infrared 

and 31P-NMR spectra (Table 2). In literature, a similar yellow solid was observed upon two 

electron-reduction of similar nickel(+II)PP3 complexes.[32,42] A dimeric [NiPPh
3]2 complex 

was postulated, which is formed as a result of the breaking of a nickel-phosphorus bond 

as was supported by 1H-NMR, 31P-NMR spectroscopy and elemental analysis. Likely, 

the formed yellow solid upon two electron-reduction of the [NiL1H][BF4] complex is a 

similar nickel(0) adduct, however, the exact nature remains unclear. Comparable to the 

cobalt analogue, this result likely indicates that the ligand does not facilitate dinitrogen 

coordination when bound to nickel(0).
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Figure 12: Reduction of [NiClL1H][BF4] with KC8 under N2 
atmosphere.
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Reduction of [FeClL1H][BF4]

Next, we investigated if it was possible to reduce the [FeClL1H][BF4] complex 

electrochemically. The cyclic voltammogram (see experimental, Figure 19) of [FeClL1H]

[BF4] in THF shows two reversible reduction-oxidation waves at E0
1/2 = –0.38 V vs Ag+/AgCl 

(–0.96 V vs Fc/Fc+) and E0
1/2 = –1.29 V vs Ag/AgCl (–1.9 V vs Fc/Fc+), corresponding to the FeIII/

FeII and FeII/FeI couple respectively. The latter FeII/FeI reduction potential is much lower 

compared to the earlier mentioned paramagnetic [FeClPph
3]+ complex of Bianchini (E0

1/2 

= –0.64 V vs Ag/AgCl).[13] Like Bianchini’s complex, the reduction of FeI to Fe0 likely takes 

place very close to the reduction wave of THF, and can therefore not be determined. From 

this data is was not apparent if we would be able to reduce the [FeClL1H][BF4] complex 

chemically and bind dinitrogen to the metal center. The addition of two equivalents of 

KC8 in the presence of N2 led to the formation of the FeN2L1H complex as indicated by the 

N2 stretch frequency observed in the IR spectrum (Figure 13 and Table 2). Encouraged by 

this result we also attempted to reduce the other iron complexes with KC8 (Figure 14). 

Reduction of other iron(+II)ClPP3 complexes
The iron(0)N2PP3 complexes all showed coordination of dinitrogen to the iron metal 

center, upon two electron-reduction of the corresponding iron(+II) complexes (Table 2). 

The FeN2L2H complex has the highest IR stretch frequency (νN2 = 2068 cm-1) and FeN2L3iPr 

has the lowest IR stretch frequency (νN2 = 2018 cm-1) in the infrared spectrum. These stretch 

frequencies are in the same order of magnitude as for the tripodal iron N2 complexes 

of Peters et al., which are active catalysts for N2 reduction to form ammonia.[20,43,44] The 

same authors showed that the addition of another equivalent of KC8 to the neutral FeN2L 

complexes led to the formation of the negatively charged [FeN2L]– complex, resulting 

in higher activation of the N2 bond, and better performance in catalysis compared to the 

neutral iron dinitrogen complex. Unfortunately, the addition of one extra equivalent of 

KC8 to the iron(0)N2PP3 led to the detection of decomposed ligand in the 31P-NMR spectra. 

In addition, no new peaks corresponding to the N2 stretch frequency were detected in 

the infrared spectrum and the reaction mixtures were also not EPR active. This led us to 

conclude that the putative negatively charged complexes are too unstable to be detected 

or not formed at all. 

KC8, N2
N

Fe

P

Ph2P N

Ph2
P

N
PPh2
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N
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P

N
PPh 2

Cl
BF4

-

[FeClL1H][BF4]
 
Figure 13: Reduction of [FeClL1H][BF4] with KC8 under an N2 
atmosphere.
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Complex νN2 (cm -1)

CoN2L1H -

NiN2L1H -

FeN2L1H 2055 and 2036

FeN2L1CF3 2051

FeN2L1OMe 2040 and 2026

FeN2L2H 2068

FeN2L3iPr 2018

All of the reaction mixtures that were prepared for the in situ analysis of the N2 stretch 

frequency with infrared spectroscopy were set for crystallization by slow diffusion 

evaporation with pentane. In the case of FeClL1H, FeClL2H and FeClL3iPr
, crystals suitable 

for X-ray diffraction were obtained (Figure 15). In all three cases, analysis of the crystal 

structure showed the presence of the FeIClL complex, indicating that the reduction 

reaction forming Fe0N2L was not fully completed towards the iron(0) complex. As 

expected for a d7 metal complexes, all three iron(+I) complexes feature a distorted trigonal 

bipyramidal geometry around the metal center due to the Jahn-Teller effect: FeClL1H (τ5 = 

0.75)[30], FeClL2H(τ5 = 0.69)[30] and FeClL3iPr (τ5 = 0.75)[30] (Table 3).

N
Fe
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R2P N

R2
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N
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Cl

[FeClL1R]+

LR
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: R = phenyl
: R = p-phenyl-CF3

: R = p-phenyl-OMe
: R = iPr

N
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N P
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[FeClL2H]+
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N
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R2P N

R2
P

N
PR2

N2
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N

Ph2
P

N P

Ph2P
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PPh2
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Figure 14: Schematic representation of the reduction of the FeClL 
complexes with two equivalents KC8 forming the corresponding FeN2L 
complexes

Table 2: Overview of the found N2 stretch 
frequencies of the M0N2L complexes.
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Figure 15: ORTEP drawing of FeClL1H (top left), FeClL2H (top right) and FeClL3iPr (bottom) (50 % probability 
ellipsoids). Hydrogen atoms and solvent molecules have been omitted for clarity.

Upon addition of more KC8 to the [FeClL1H][BF4] complex, a more intense absorption in 

the N2 IR spectrum was observed. When this red reaction mixture was set for crystallization 

by layering with pentane, crystals suitable for X-ray diffraction analysis formed 

corresponding to the anticipated FeN2L1H complex (Figure 16). The crystal structure of 

FeN2L1H is a perfect example of a trigonal bipyramidal geometry around the metal center 

(τ5 = 0.95)[30]. The structure is more symmetrical than the iron(+II) and ruthenium(0) 

(Chapter 3) analogues, but structurally very comparable to the known FeN2(PPiPr
3) (νN2  = 

1985 cm-1) complex.[16] The N≡N bond distance of FeN2L1H is slightly shorter (1.118(5) Å) 

compared to FeN2(PPiPr
3) (1.1279(16) Å), which is in accordance with a less activated N2 

stretch frequency of FeN2L1H. Thus, these iron-dinitrogen complexes, show observable 

electronic effects in the N≡N stretch frequency as a result of ligand modifications. 
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FeClL1H FeClL2H FeClL3iPr FeN2L1H

Fe1–P1 2.2214(9) 2.2577(7) 2.3439(9) 2.1537(12)

Fe1–P2 2.2045(9) 2.2231(7) 2.2448(9) 2.1611(13)

Fe1–P3 2.1970(9) 2.2372(7) 2.2563(9) 2.1601(13)

Fe1–P4 2.1137(9) 2.0448(7) 2.0951(8) 2.1295(12)

Fe1–Cl1 2.3003(9) 2.2869(7) 2.3024(8)

Fe1–N1 1.818(4)

N1–N2 1.118(5)

P1–Fe1–P2 131.87(4) 134.19(3) 130.12(3) 120.76(5)

P1–Fe1–P3 115.67(4) 109.11(3) 114.44(3) 116.69(5)

P2–Fe1–P3 110.52(3) 111.60(3) 112.53(3) 120.70(5)

P1–Fe1–P4 84.63(3) 80.81(3) 83.29(3) 85.87(5)

P2–Fe1–P4 86.00(3) 83.81(3) 85.25(3) 84.99(5)

P3–Fe1–P4 85.76(3) 83.45(3) 84.67(3) 85.59(5)

Cl1–Fe1–P4 177.15(4) 169.87(3) 175.37(4)

N1–Fe1–P4 178.04(12)

 
Figure 16: ORTEP drawing of FeN2L1H (50 % probability ellipsoids) 
showing a side view (left) and bottom view (right). Hydrogen 
atoms and solvent molecules have been omitted for clarity.

Table 3: Selected bond distances of the FeClL1H, FeClL2H, FeClL3iPr and FeN2L1H 
complexes.
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5.3 Conclusions

In conclusion, we have shown that the coordination of iron(+II), cobalt(+II) and 

nickel(+II) to several tripodal 3-methylindole phosphine based ligands, resulted in the 

formation of the corresponding cationic metal(+II) complexes. All of the complexes 

featuring the bulky chloride ligand are five coordinate, with a non-coordinating 

counterion, which can be either BF4 or MCl4. In addition, one octahedral iron PP3 complex 

was prepared, which features two rod shaped acetonitrile ligands in cis position. The 

crystal structures obtained give clear insight in the coordination geometry around the 

metal centers, which is dependent on the number of d-electrons of the metal: a (distorted) 

trigonal bipyramidal geometry, where the cobalt complex is the most distorted as a result 

of a Jahn-Teller effect. The geometry of the nickel complex is more distorted than the iron, 

which is likely a result of the smaller atomic radius of the nickel atom compared to iron 

atom. The two-electron-reduction of the cobalt(+II) and the nickel(+II) complex in the 

presence of N2 did not lead to the coordination of N2. However, two-electron-reduction 

of the iron(+II) complexes did lead to coordination of dinitrogen to the iron center. The 

corresponding iron-dinitrogen complexes, showed observable electronic effects in the 

N≡N stretch frequency as a result of the ligand modifications: FeN2L2H has the highest 

IR stretch frequency (νN2 = 2068 cm-1) and FeN2L3iPr has the lowest IR stretch frequency 

(νN2 = 2018 cm-1) in the infrared spectrum. The coordination of dinitrogen to the iron(0)

PP3 complexes is promising result for the potential application of these complexes as 

dinitrogen reduction catalysts, as the coordination of dinitrogen to the metal center is the 

first step in dinitrogen reduction to ammonia.

5.4 Experimental section

General methods
All reactions were carried out under an atmosphere of nitrogen using standard Schlenk 

techniques or in the glovebox. Reagents were purchased from commercial suppliers and 

used without further purification. THF, pentane, hexane and Et2O were distilled from 

sodium benzophenone ketyl, CH2Cl2 was distilled from CaH2 under nitrogen. NMR spectra 

(1H, 31P, and 13C{1H, 31P}) were measured on a Bruker DRX 500, Bruker AV 400, Bruker DRX 

300 or on a Bruker AV 300 spectrometer. IR spectra (ATR mode) were recorded with a 

Bruker Alpha-p FT-IR spectrometer. High resolution mass spectra were recorded on a 

JEOL AccuTOF LC, JMS-T100LP mass spectrometer using cold electron-spray ionization 

(CSI) at –40 °C. L1H and L2H were prepared in two steps from 3-methylindole.[31,45] L1CF3 
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and L1OMe were prepared as described in Chapter 4 reacting the deprotonated tris-2-(3-

methylindolyl)phosphine with the corresponding chlorophosphine in THF at –78 °C. KC8 

was prepared by the method of Rabinovitz[46] yielding a finely dispersed brown powder and 

also ordered from Strem Chemicals Inc, which were bigger golden particles. Experimental 

X-band EPR spectra were recorded on a Bruker EMX spectrometer equipped with a He 

temperature control cryostat system (Oxford Instruments). 

Synthesis of new compounds

Tris-2-(3-methyl-N-diisopropylphosphinoindolyl)phosphine (L3iPr): Tris-2-(3-

methylindolyl)phosphine (1.02 g; 2.42 mmol; 1.0 eq) was 

dissolved in THF (50 mL) and cooled to –78 °C. n-BuLi (2.5 

M in hexanes; 2.9 mL; 7.38 mmol; 3.0 eq) was added dropwise 

and stirred for 1 hour leaving a yellow solution. Subsequently, 

chlorodiisopropylphosphine (1.2 mL; 7.38 mmol; 3.0 eq) was 

added dropwise and stirred for 3 days allowing the reaction mixture to warm to room 

temperature. The yellow solution was evaporated to dryness, dissolved in CH2Cl2 (3 x 10 

mL), filtered over basic alumina and evaporated in vacuo. The solid was washed with Et2O 

(3 x 1 mL), yielding the product in pure form as a white powder (0.83 g; 45% yield). 1H{31P}-

NMR (300 MHz, CDCl3): δ 7.51 (d, J = 16.4 Hz, 3H), 7.49 (d, J = 15.8 Hz, 3H), 7.21 (m, 6H) 

2.93 - 2.61 (m, 6H), 1.90 (s, 9H), 1.24 (d, J = 6.9 Hz, 9H), 1.11 (d, J = 7.0 Hz, 9H), 0.88 (d, J = 

6.8 Hz, 9H), 0.46 (d, J = 6.9 Hz, 9H) ppm. 31P-NMR (121 MHz, CDCl3): δ 63.35 (d, J = 168.7 Hz, 

3P), –77.94 (q, J = 168.8 Hz, 1P). 13C{1H,31P}-NMR (75 MHz, CDCl3): δ 140.90, 137.14, 133.30, 

123.64, 122.19, 119.51, 118.95, 112.98, 27.19, 26.51, 21.85, 21.31, 20.18, 19.44, 10.03. ppm. 

[FeClL1H][BF
4

]: L1H (1.05 g; 1.08 mmol; 1.0 eq), NaBF4 (150 mg; 1.18 mmol; 1.1 eq) and FeCl2 

(118 mg; 1.08 mmol; 1.0 eq) were suspended in THF (40 mL) and 

stirred overnight. The purple reaction mixture was evaporated in 

vacuo and extracted with CH2Cl2 (100 mL). The purple solution 

was filtered, evaporated in vacuo, dissolved in THF (3 x 10 mL) 

and evaporated to dryness to remove the residual CH2Cl2. The 

solid was washed with Et2O (3 x 5 mL) and dried in vacuo yielding 

the complex as a purple solid. Yield: 404.2 mg (35 %) ± half of the amount of solid was 

lost during the work up. Crystals suitable for X-ray diffraction analysis were obtained by 

layering a dichloromethane solution of FeClL1HBF4 with pentane. 1H-NMR (300 MHz, 

CDCl3) δ: 16.24 (bs), 14.74 (bs), 8.87 (bs), 8.35 (bs), 3.13 (bs), –0.37 (bs), –8.30 (bs), –9.14 

(bs). UV-Vis (THF) λmax: 553 nm-1. Mass Analysis (CSI) [FeClL1H-H]+: found: 1064.2105 

calc: 1064.2073; [BF4]–: found: 87.0000, calc: 87.0029.
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[CoClL1H][BF
4

]: L1H (115.3 mg; 0.12 mmol; 1.0 eq), NaBF4 (11.3 mg; 0.10 mmol; 1.0 eq) and 

CoCl2 · 6 H2O (113 mg; 0.12 mmol; 1.0 eq) were suspended in 

THF (10 mL) and stirred overnight. The brown precipitate 

was filtered off and washed with Et2O. Subsequently the 

solid was dried in vacuo yielding the complex as a brown 

solid. Yield: 110.3 mg (0.095 mmol, 92.8 %). Mass Analysis 

(CSI) [CoClL1H-H]+: found: 1067.2092 calc: 1067.2054; 

[BF4]–: found: 87.0012, calc: 87.0029.

[CoClL1H]
2

[CoCl
4

]: L1H (103.4 mg; 0.11 mmol; 2.0 eq) and CoCl2 · 6 H2O (43.6 mg; 0.16 

mmol; 3.0 eq) were suspended in THF (10 mL) and stirred 

overnight. Pentane was added until all of the complex had 

crashed out. This brown solid was filtered off, washed with 

pentane and dried in vacuo yielding the complex as a brown 

solid. Yield: 108.4 mg (0.046 mmol, 87.4 %) Layering of 

a dichloromethane solution of [CoClL1H]2[CoCl4] with 

pentane resulted in crystals suitable for X-ray diffraction analysis. Mass Analysis (CSI) 

[CoClL1H-H]+: found: 1067.2092 calc: 1067.2054; ([CoClL1H]2[CoCl3])+: found: 2302.2782, 

calc: 2302.2511; [CoCl3]–: found: 163.8409, calc: 163.8398.

[NiClL1H][BF
4

]: L1H (94.9 mg; 0.097 mmol; 1.0 eq), NaBF4 (10.7 mg; 0.097 mmol; 1.0 eq) and 

NiCl2 · 6 H2O (23.1 mg; 0.097 mmol; 1.0 eq) were suspended 

in THF (10 mL) and stirred overnight. The green precipitate 

was filtered off and washed by Et2O. Subsequently the solid 

was dried in vacuo yielding the complex as a brown solid. 

Yield: 98.9 mg (0.086 mmol, 87.9 %) 1H-NMR (300 MHz, 

CDCl3) δ: 7.81 (d, J = 8.1 Hz, 3H), 7.27 - 7.17 (m, 9H), 7.12 - 6.82 (m, 29H), 6.29 (d, J = 8.5 Hz, 

3H), 2.67 (s, 9H). 31P-NMR (121 MHz, CDCl3): δ 61.06 (d, J = 47.1 Hz, 3P), 25.91 (q, J = 47.4 Hz, 

1P).13C{1H, 31P}-NMR (75 MHz, CDCl3) δ: 139.65 (m, Cq), 136.03(m, Cq), 130.94 (s, CH-ph), 

130.02 (m, CH-ph), 128.99 (m, CH-ph), 126.99 (s, CH-ind), 123.57(s, CH-ind), 122.27(s, 

CH-ind), 115.78 (s, CH-ind), 10.69 (s, CH3) ppm. Mass Analysis (CSI) [NiClL1H-H]+: found: 

1066.2097 calc: 1066.2075; [BF4]–: found: 87.0049, calc: 87.0029.
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[NiClL1H]
2

[NiCl
4

]: L1H (104.1 mg; 0.11 mmol; 1.0 eq) and NiCl2 · 6 H2O (38.2 mg; 0.16 

mmol; 1.0 eq) were suspended in THF (10 mL) and stirred 

overnight. Pentane was added until all of the complex 

had crashed out. The green precipitate was filtered off 

and washed by Et2O. Subsequently the solid was dried in 

vacuo yielding the complex as a green solid. Yield: 94.3 mg 

(0.041 mmol, 76.8 %). 1H-NMR (300 MHz, CDCl3) δ: 7.81 

(d, J = 8.1 Hz, 3H), 7.27 - 7.17 (m, 9H), 7.12 - 6.82 (m, 29H), 6.29 (d, J = 8.5 Hz, 3H), 2.67 

(s, 9H). 31P-NMR (121 MHz, CDCl3): δ 61.06 (d, J = 47.1 Hz, 3P), 25.91 (q, J = 47.4 Hz, 1P). 

Slow diffusion evaporation of hexane to a dichloromethane solution of [NiClL1H]2[NiCl4] 

resulted in the formation of crystals suitable for X-ray diffraction analysis. Mass Analysis 

(CSI) [NiClL1H-H]+: found: 1066.2097 calc: 1066.2075; negative: no fragments belonging 

to the complex could be observed.

[FeClL3ipr]
2

[BF
4

]
y

[FeCl
4

]
z

: L3ipr (0.523 g; 0.68 mmol; 1.0 eq), NaBF4 (0.082 g; 0.74 mmol; 

1.1 eq) and FeCl2 (0.178 g; 1.36 mmol; 2.1 eq) were suspended 

in THF (10 mL) and stirred for three days. The reaction 

mixture was evaporated to dryness, washed with pentane (5 

x 10 mL) and extracted with CH2Cl2 (100 mL). The purple 

solution was filtered, evaporated in vacuo, dissolved in THF 

(3 x 10 mL) and evaporated in vacuo to remove the residual 

CH2Cl2. After washing with Et2O and drying in vacuo the solid 

was obtained as a paramagnetic purple powder. Yield: not determined. Crystals were 

prepared by layering a dichloromethane solution with pentane at 5 °C. CSI mass analysis 

showed that the product was a mixture of [FeClL3ipr]x[BF4]y[FeCl4]z, but the exact ratio 

could not be determined. Mass Analysis (CSI) [FeClL3ipr]+: found: 860.2963 calc: 860.3012. 

[BF4]–: found: 87.0049; [FeCl3]–: found: 160.8455; [FeCl4]–: 197.8139.

Reactions of L1OMe, L1CF3 and L2H with FeCl
2
 were performed in a similar way as 

[FeClL3ipr]
2

[BF
4

]
y

[FeCl
4

]
z
 leading to mixtures of the [FeClL]+ with unknown amounts of 

BF4 and FeCl4. These mixtures were used as such for the reduction to the FeN2L complex 

and the in situ analysis of the N2 stretch frequency using infrared spectroscopy.

Reaction of L1H with Fe(BF
4

)
2

: L1H (488 mg 0.5 mmol) and Fe(BF4)2 · 6 H2O (168 mg, 0.5 

mmol) were suspended in 20 ml 1:1 (v/v) THF/toluene and heated at 70 °C for three days. 

The purple precipitated complex was filtered off and dried in vacuo to yield 369.2 mg of a 

purple solid. When the purple solid was dissolved in acetonitrile, a color change to orange 

was observed, yielding [Fe(MeCN)2L1H][BF4]2.
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[Fe(MeCN)
2

L1H][BF
4

]
2
: a solution of the purple powder obtained in the previous 

procedure in acetonitrile was set for crystallization by slow 

diffusion evaporation of methanol at 5°C resulting in the 

formation of crystals suitable for X-ray diffraction analysis. 
1H-NMR (300 MHz, CD3CN) δ: broad peaks as a result of 

paramagnetic impurities: 7.80, 7.42, 7.39, 7.16, 6.85, 6.57, 6.37, 

5.92, 3.00, 2.70, 2.60, 1.93. 31P-NMR (121 MHz, CD3CN) δ: 

116.77 (q), 97.59 (t, J = 44.2 Hz), 56.18 (q). the 13C-NMR spectrum could not be obtained in 

pure form. 19F-NMR (282 MHz, CD3CN) δ: 151.10 ppm. Mass analysis (CSI) [FeL1H-H]2+: 

found: 514.6169, calc: 514.6192; [FeFL1H]+: found: 1048.2362 calc: 1048.2369;  [BF4]–: found: 

87.0049, calc: 87.0029

Standard procedure for the reduction of the complexes with KC8

± 20 mg of the complex was suspended with 2-5 equivalents of KC8 in 2 mL THF in the 

glovebox and stirred for 2-3 hours. The solution was filtered and part of the solution was 

used for in situ infrared spectroscopy, the rest of the solution was set for crystallization by 

evaporation of pentane vapors to the THF solution. Crystals suitable for X-ray diffraction 

analysis formed for complexes FeClL1H, FeClL2H, FeClL3iPr and FeN2L1H. (crystals of 

FeN2L1H were obtained by layering of the THF solution with pentane).
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Cyclic Voltammetry
Cyclic voltammograms of the complex (10-3 M) were measured in deaerated THF in the 

presence of Bu4NPF6 (0.1 M); ν = 0.1 V s-1; glassy carbon working electrode, platinum 

counter electrode, silver reference electrode. 
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Figure 17: CV of [CoL1H][BF4] showing one reversible reduction-oxidation peak (E0

1/2 = –0.56 V vs Fc/Fc+) and two 
non-reversible reduction peaks at very close proximity to another (E = ± –2.3 and –2.4 V vs Fc/Fc+).
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Figure 18: CV of [NiL1H][BF4] showing one reversible wave (E0

1/2 = –1.0 V vs Fc/Fc+) and two non-reversible waves 
(E = –2.0 V vs Fc/Fc+ and E = –2.5 V vs Fc/Fc+).
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Figure 19: CV of [FeClL1H][BF4]. E0

1/2 = –0.96 V vs Fc/Fc+ and E0
1/2 = –1.9 vs Fc/Fc+.
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X-ray diffraction analysis data

[CoClL1H]2CoCl4 [NiClL1H]2NiCl4 [FeClL1H][BF4]
Empirical 
formula

2(C63H51ClCoN3P4),
Cl4Co, 3(CH2Cl2)
[+solvent]

2(C63H51ClN3NiP4),
5(CH2Cl2), Cl4Ni 
[+ solvent]

C63H51ClFeN3P4, BF4, 
CH2Cl2

FW 2592.17a 2761.30a 1236.99

Temperature [K] 150 150 150

Radiation Mo Kα Mo Kα Mo Kα

Wavelength [Å] 0.71073 0.71073 0.71073

Cryst. syst. Triclinic Triclinic monoclinic

Space group P-1 P-1 P 21/n

a [Å] 13.3337(6) 13.3226(5) 18.7293(11)

b [Å] 17.5858(8) 17.5159(7) 14.6035(10)

c [Å] 30.2447(14) 30.4118(13) 21.6807(15)

α [deg] 80.302(2) 92.763(2) 90

β [deg] 77.747(2) 102.183(2) 103.379(3)

γ [deg] 73.851(2) 105.778(2) 90

Volume [Å3] 6611.5(5) 6633.4(5) 5769.0(7)

Z 2 2 4

Color purple red-black dark purple

θ-max 25.215 25.207 25.150

Density
[Mg m−3]

1.302a 1.383a 1.424

Absorp. Coeff. 
[mm−1]

0.760a 0.890a 0.569

F(000) 2658.0a 2832.0a 2544.0

R1/wR2/S 0.0568/0.1764/1.224 0.0524/0.1723/1.206 0.0419/0.1354/0.866

a) Excluding the disordered solvent contribution.

Table 4: Crystallographic data for [CoClL1H]2CoCl4, [NiClL1H]2NiCl4, [FeClL1H][BF4].
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[Fe(MeCN)2L1H][BF4]2 FeClL1H FeClL2H

Empirical 
formula

2(C67H57FeN5P4), 
4(BF4), 3(CH4O),
[+ solvent]

C63H51ClFeN3P4, 
C4H8O

C63H51ClFeN3P4, C7H8

FW 2667.19 a 1137.35 1157.38
Temperature [K] 150 150 150
Radiation Mo Kα Mo Kα Mo Kα
Wavelength [Å] 0.71073 0.71073 0.71073
Cryst. syst. monoclinic Triclinic monoclinic
Space group C 2/c P-1 P 21/n
a [Å] 62.559(3) 11.9943(4) 12.2673(8)
b [Å] 13.9074(6) 14.5426(4) 18.0296(12)
c [Å] 36.4599(17) 17.1360(5) 25.6360(18)
α [deg] 90 83.549(2) 90
β [deg] 111.113(2) 86.435(2) 93.364(2)
γ [deg] 90 70.304(2) 90
Volume [Å3] 29592(2) 2795.37(15) 5660.3(7)
Z 8 2 4
Color orange dark red brown-orange
θ-max 25.175 25.040 25.086
Density [Mg 
m−3]

1.197a 1.351 1.358

Absorp. Coeff. 
[mm−1]

0.353 a 0.480 0.474

F(000) 11024.0 a 1186.0 2412.0
R1/wR2/S 0.0518 /0.1569 /1.038 0.0480/0.1436/0.950 0.0375/0.1291/0.979

a) Excluding the disordered solvent contribution.

Table 5: Crystallographic data for [Fe(MeCN)2L1H][BF4]2, FeClL1H and FeClL2H.
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FeClL1ipr FeN2L1H

Empirical formula C45H63ClFeN3P4 C63H51FeN5P4, C4H8O

FW 861.16 1129.92

Temperature [K] 150 150

Radiation Mo Kα Mo Kα

Wavelength [Å] 0.71073 0.71073

Cryst. syst. monoclinic Triclinic

Space group P 21/n P-1

a [Å] 19.6922(9) 11.8124(16)

b [Å] 10.7457(5) 14.722(2)

c [Å] 22.7838(10) 17.259(2)

α [deg] 90 82.913(8)

β [deg] 114.635(2) 85.772(7)

γ [deg] 90 70.719(7)

Volume [Å3] 4382.4(4) 2809.6(7)

Z 4 2

Color black dark red

θ-max 25.172 25.069

Density
[Mg m−3]

1.305 1.336

Absorp. Coeff. 
[mm−1]

0.586 0.432

F(000) 1828.0 1180.0

R1/wR2/S 0.0396/0.1304/0.894 0.0589/0.1479/0.973

a) Excluding the disordered solvent contribution.

Crystallographic data was obtained using a Bruker D8 Quest Eco diffractometer equipped 

with a Triumph monochromator.  The intensities were integrated with the SAINT software 

package.[47] Multiscan absorption correction and scaling was performed with SADABS.[48] 

The structure was solved with Intrinsic Phasing Methods using SHELXT.[49] Least-squares 

refinement was performed with SHELXL 2013[50] against F2 of all reflections. Non-hydrogen 

atoms were refined freely with anisotropic displacement parameters. All hydrogen atoms 

were located in difference Fourier maps and refined with a riding model. The structures of 

RuCl2L1H and RuCl2L2H have solvent accessible voids filled with disordered solvent. Their 

contribution to the structure factors in the refinement was taken into account with the 

PLATON/SQUEEZE approach.[51]

Table 6: Crystallographic data for FeClL1ipr and FeN2L1H.
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Summary

The transformation to a society based on sustainable energy can be facilitated by new 

technologies that allow solar energy to fuel conversions. The use of sunlight as the primary 

energy source is promising as: 1) solar energy will never run out; and 2) 1 hour of sunlight 

that hits the Earth, contains enough energy currently used by the whole world population 

in one year. There are several strategies to convert solar energy into a fuel. One is the 

water splitting reaction, which leads to the formation of oxygen and dihydrogen gas. This 

gaseous fuel can be used in a fuel cell to release energy on demand. However, the storage 

of H2 in gaseous form is problematic for several technical reasons. Alternative (reversible) 

ways to chemically store solar energy are provided by other reduction reactions, such 

as those involving the reduction of CO2 or N2 to form formic acid, methanol (and other 

C-based fuels) or ammonia. The energy can be released from these fuels either in a fuel 

cell, or by dehydrogenation of the storage material, yielding dihydrogen that can be 

applied in a fuel cell to release its energy. Catalytic processes play an essential role in 

all these transformations and thus the development of new, efficient catalysts that can 

enable these reactions is important for a successful solar-based fuel economy. This thesis 

contributes to this challenge in the solar energy to fuel theme by presenting new catalytic 

systems for the dehydrogenation of C-based fuels based on ruthenium. In addition, the 

propensity of several ruthenium, iron, cobalt and nickel based complexes for N2-activation 

is also explored.

Chapter 1 gives an overview of homogeneous catalysts capable of the (reversible) storage 

of protons and electrons in CO2 and N2. Although many catalysts already exist that can 

form formic acid from CO2 and hydrogen, catalysts that are able to reduce CO2 to methanol 

are scarce and no rational for the design of this class of catalysts is yet developed. The 

reverse reaction, decomposition of methanol to CO2 and H2, is performed already with 

more success and the presence of a proton-accepting group seems to be beneficial for this 

reaction. However, also catalysts that do not possess such a proton-accepting group exist, 

which are similarly active. 

The main focus of the Introduction Chapter is on the challenges found in the dinitrogen 

reduction reaction to ammonia with late, first-row transition metals. In addition, the 

catalytic reduction of dinitrogen to silylamines is discussed, which is an alternative 

dinitrogen reduction reaction that operates through a different mechanism but generally 

has higher activities under less demanding conditions. Two different approaches for the 

design of catalysts able of dinitrogen reduction to ammonia are discussed: The Haber-

Bosch inspired and the Nitrogenase inspired approach. The Haber-Bosch approach is 

based on initial splitting of the diatomic N2 molecule into two nitrido-type ligands, after 

which reduction should take place. Systems that are able to split dinitrogen into nitrido 

complexes are presented, which are shown to subsequently react with protons and 
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electrons to form stoichiometric amounts of ammonia. Unfortunately, these complexes 

are not catalytically active yet. The Nitrogenase inspired catalysts operate through 

simultaneous addition of protons and electrons to the N2 molecule, either via distal, 

alternating or (newly proposed) hybrid pathways. The most active catalysts contain an 

iron metal center coordinated to a tripodal or a pincer ligand. These complexes can reach 

TONs up to 59 of ammonia respectively and form the basis for the further rational design of 

new catalysts. The main challenge in the development of an effective system for catalytic 

ammonia formation is selectivity; preventing the competing proton reduction reaction. 

This is done by using proton sources with low solubility, which result in low concentration 

of H+ and by using low temperatures (–78 °C), which increases the selectivity of N2 versus 

H+ reduction reactions. The electronic properties of the ligand and the type of the atom 

in trans position to the N2 ligand (to facilitate stabilization of intermediates) are crucial 

factors as well. With these known factors, newly designed complexes can be developed to 

further understand the mechanism and improve reactivity.

In Chapter 2, the formation of salen-based ruthenium complexes is described, which are 

studied as catalysts in the methanol dehydrogenation reaction. Finding new catalysts for 

the release of molecular hydrogen from methanol is of high relevance in the context of the 

development of sustainable energy carriers. In this Chapter, the synthesis of ruthenium 

complex Ru(salbinapht)(CO)(Pi-Pr3) {salbinapht = 2-[({2′-[(2-hydroxybenzyl)amino]-

[1,1′-binaphthalen]-2-yl}imino)methyl]phenolato} (1) is described, which catalyzes the 

methanol dehydrogenation reaction in the presence of base and water to yield H2, formate, 

and carbonate (Figure 1). Dihydrogen is the only gas detected and a turnover frequency 

up to 55 h−1 at 82 °C is reached. Complex 1 bears a carbonyl ligand that is derived from 

methanol, as is demonstrated by labeling experiments. The carbonyl ligand can be treated 

with OH− to form formate (HCOO−) and hydrogen. Labeling studies and characterization 

of the metal species under the applied reaction conditions revealed that the CO ligand 

82˚C

MeOH

H2

H2

KOH

H2O

H2
H2

H2

H2

H2

H2

 
Figure 1: Methanol dehydrogenation with catalyst 1.
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is dissociated from the active species, while the salen-derived ligand is most likely still 

coordinated. During catalysis, formation of Ru(CO)2(H)2(Pi-Pr3)2 is occasionally observed 

during catalysis, which is also an active methanol dehydrogenation catalyst. 

Chapter 3 describes the use of rigid tetradentate tris(3-methylindole diphenylphosphine)

phosphine (PP3) ligand to form ruthenium complexes in low oxidation states. In this 

Chapter, it is shown that the ruthenium(+II) dichlorido PP3 complex (2) can be reduced by 

one-electron to form the ruthenium(+I) adduct (3) as evidenced from EPR spectroscopy 

and X-ray diffraction analysis. The isolation of this RuIClPP3 complex shows that neutral 

tripodal ligands can stabilize this metallo-radical ruthenium center. Furthermore, the 

addition of a second equivalent of reductant, yielded the ruthenium(0)dinitrogen PP3 

complex, which is of interest for dinitrogen reduction reactions. This complex, however, 

proved to be inactive in N2 reduction to NH3 as no ammonia was detected when the 

ruthenium(+II) dichlorido PP3 complex was reacted with KC8 and [H(OEt2)2][BArF
4] 

at –78 °C in THF under dinitrogen atmosphere. Radical-type reactivity of the RuIClPP3 

and the Ru0N2PP3 complexes was also investigated by reacting these complexes with 

dichloromethane or attempting the Kharasch addition of chloroform to styrene. No 

catalytic turnover occurred for any of these reactions, instead, formation of the RuIICl2PP3 

complex was observed, which is likely a result of a one-electron oxidation of the ruthenium 

center by the chlorine radical originating from dichloromethane or chloroform.

In Chapter 4, the coordination chemistry of ruthenium complexes coordinated with the 

tripodal, tetradentate PP3 ligands is extended by using ligands with various electronic 

properties (L1R R= phenyl, p–phenyl–CF3 or p–phenyl–OMe) and the known structural 

isomer (L2H) to investigate the effects of these modifications in catalysis (Figure 3). The 

synthesis and coordination chemistry of the ruthenium(+II) dichlorido PP3 complexes are 

described, which display octahedral geometries around the metal center. Two rotamers 

exist for all of these complexes as was evidenced from the obtained crystal structures of 
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Figure 2: The formation of ruthenium PP3 complex in oxidation states 0, +I and +II.
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these complexes. Interestingly, where the complexes based on L1R are able to flip between 

these mirror images in solution on the NMR time scale, the complex based on L2H retains 

the two separate mirror images, resulting in a more complicated 31P-NMR spectrum for 

the latter complex. All four complexes bind dinitrogen upon two-electron-reduction with 

KC8. Electronic effects in the N≡N stretch frequency were observed as a result of the ligand 

modifications. The catalytic reduction of dinitrogen with the ruthenium(+II) complexes 

in presence of KC8 and SiMe3Cl yielded stoichiometric amounts of the corresponding 

silylamine. When the reduction reaction was followed in time, an incubation period 

was observed, which suggests that one and the same active catalyst is performing the 

reaction in all of the catalytic reactions, regardless of the initial structure. The activity of 

these complexes in catalytic formic acid dehydrogenation reaction was also evaluated. 

Activities between TOF = 33 and 124 h-1 were reached depending on the ligand used. This 

finding shows that the modification of the ligand can influence the rate of the formic 

acid dehydrogenation reaction under the conditions used. Further studies with these 

complexes should be performed to elucidate the reaction mechanism and stability of the 

catalysts.

In Chapter 5, the coordination chemistry of first row transition metals NiII, CoII and FeII 

to the same tripodal PP3 ligands reported in Chapter 4 is described (Figure 4). Cobalt and 

iron complexes bearing a tripodal ligand are known to be active catalysts for dinitrogen 

reduction. The synthesis and coordination chemistry of the metal(+II) precursor to L1H 

is described and the formed complexes display a five-coordinate trigonal bipyramidal 

geometry around the metal center as evidenced by X-ray diffraction analysis. To 
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L1OMe: R = p-phenyl-OMe
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Figure 3: Formation of the RuCl2PP3 complexes and their reactivity.
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elucidate if these complexes could be catalysts for dinitrogen reduction, coordination 

of dinitrogen upon two-electron-reduction was investigated. The M0–N2 complex was 

only formed with iron as evidenced by infrared spectroscopy. Likely, the 17 (cobalt) or 

18 (nickel) VE complexes with the PP3 ligand do not bind a fifth ligand which would lead 

to an unfavorable 19 and 20 VE configuration respectively.  The library of iron complexes 

was extended using the other PP3 ligands. The reduction of these complexes to form the 

iron(0) dinitrogen complexes were performed in-situ. It can be concluded that the use of 

ligands with different electronic properties results in noticeable different activations of 

the dinitrogen ligand that is coordinated to the iron atom. This is similar as found for the 

ruthenium complexes in Chapter 4. The binding of dinitrogen to these iron complexes 

indicates that dinitrogen reduction with these catalysts may be feasible.

The research presented in this thesis contributes to finding solutions to the challenges 

associated with utilization of solar energy based fuels. The most important contributions 

towards this goal are the new catalytic systems based on ruthenium for methanol and 
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Figure 4: Coordination of PP3 ligand to cobalt, nickel and iron, and subsequent reduction to the metal(0) 
complexes, thereby binding dinitrogen only to the iron complex.
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formic acid dehydrogenation. Encouraging initial results provide a good starting point for 

the development of improved catalytic systems. Although these systems do not outperform 

the current state-of-the-art catalysts known for these reactions, the mechanistic insights 

obtained can guide improvement of these catalysts in follow-up studies. Future work 

on these catalysts should focus on the increase of the stability of the ruthenium salen-

type complexes under the applied reaction conditions (Chapter 2) and elucidation of 

the mechanism of formic acid dehydrogenation with tripodal tetraphosphine systems 

(Chapter 4). New coordination chemistry of the indole-based tetradentate phosphine 

tripodal ligand with ruthenium and iron e.g. stabilization of uncommon oxidation state 

(+I) of ruthenium, and the disclosure of ruthenium(0) or iron(0) dinitrogen complexes 

(Chapter 3, 4 and 5) opens up possibilities for the development of new radical chemistry 

or activation of N2 molecule. The disclosure of the base metal complexes (Fe, Co, Ni) and 

understanding of their coordination chemistry with tripodal indolylphosphine ligands 

opens up possibilities for their future use as sustainable catalysts for e.g. reduction of 

unsaturated compounds. Since dinitrogen reduction is a quickly evolving field, the future 

may bring about new insights in optimal reaction conditions required for this challenging 

transformation. Thus, the reported PP3 dinitrogen complexes of ruthenium and iron 

remain viable candidates for catalysts capable of dinitrogen reduction to ammonia. 
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Samenvatting

Een van de mogelijkheden om de samenleving te verduurzamen op energiegebied is 

door gebruik te maken van nieuwe technologieën die zonne-energie in brandstof kunnen 

omzetten. Het gebruik van de zon als de belangrijkste energiebron is veelbelovend omdat: 

1) zonne-energie nooit op zal raken; en 2) omdat 1 uur zonlicht dat de aarde bereikt 

momenteel voldoende energie bevat om de hele wereldbevolking voor een jaar van energie 

te voorzien. Er zijn verschillende strategieën om zonne-energie om te zetten naar een 

brandstof. Een mogelijkheid is de watersplitsing reactie waarbij zuurstof en waterstofgas 

gevormd worden uit water. Deze gasvormige brandstof kan in een brandstofcel worden 

gebruikt om stroom te genereren op elk gewenst moment. De opslag van H2 in gasvorm 

is problematisch om verschillende technische redenen. Een alternatieve (reversibele) 

manier om zonne-energie op een chemische manier op te slaan is door gebruik te maken 

van reductiereacties, zoals de reductie van CO2 of N2 naar mierenzuur, methanol en andere 

koolstof-gebaseerde brandstoffen of ammoniak. De energie uit deze opslagmaterialen kan 

vervolgens weer worden afgegeven, hetzij in een brandstofcel of door dehydrogenering 

waarna het verkregen moleculaire waterstof in een brandstofcel kan worden gebruikt. 

Katalytische processen spelen een essentiële rol in al deze transformaties en dus is de 

ontwikkeling van nieuwe, efficiënte katalysatoren die deze reacties mogelijk maken 

belangrijk voor een succesvolle zon-gebaseerde brandstofeconomie. Dit proefschrift 

levert een bijdrage aan het “zonne-energie naar brandstof” thema, waarbij gebruik gemaakt 

wordt van nieuwe ruthenium gebaseerde katalytische systemen voor de dehydrogenering 

van koolstof gebaseerde brandstoffen. Daarnaast zijn er verschillende ruthenium, ijzer, 

kobalt en nikkel gebaseerde complexen onderzocht in relatie tot N2-activering.

Hoofdstuk 1 geeft een overzicht van homogene katalysatoren die in staat zijn om 

protonen en elektronen op een (reversibele) manier in CO2 en N2 op te slaan. Hoewel er 

al veel katalysatoren bestaan   die CO2 en waterstof in mierenzuur kunnen omzetten, zijn 

de katalysatoren die CO2 en waterstof in methanol om kunnen zetten schaars en is het 

rationeel ontwerp voor deze katalysatoren nog niet mogelijk. De omgekeerde reactie, de 

katalytische ontleding van methanol tot CO2 en H2 met homogene katalysatoren, is meer 

succesvol en de aanwezigheid van een proton-accepterende groep lijkt gunstig te zijn voor 

het bevorderen van deze reactie. Echter, er bestaan ook katalysatoren zonder een proton-

accepterende groep, maar die ook actief zijn.

De focus van het inleidende hoofdstuk ligt op de uitdagingen in het vinden van 

katalysatoren die moleculaire stikstof kunnen omzetten in ammoniak met late eerste rij 

overgangsmetalen. Tevens wordt de katalytische reductie van stikstofgas naar silylamines 

besproken. Deze reductie naar silylamines is een alternatieve reductiereactie voor 

stikstofgas die over het algemeen hogere activiteiten onder mildere reactiecondities geeft 

en via een ander mechanisme verloopt. Er zijn twee verschillende methodes voor het 
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ontwerpen van katalysatoren die in staat zijn om stikstofgas te reduceren tot ammoniak: 

de Haber-Bosch geïnspireerde en de Nitrogenase geïnspireerde methode. De Haber-

Bosch methode is gebaseerd op het splitsen van de twee N-atomen van het N2-molecuul 

in twee nitrido-type liganden, waarna reductie plaatsvindt. De beschreven systemen die 

moleculaire stikstof kunnen splitsten tot nitrido complexen, vormen stoichiometrische 

hoeveelheden ammoniak in aanwezigheid van protonen en elektronen. Helaas zijn deze 

systemen nog niet katalytisch actief. De Nitrogenase geïnspireerde katalysatoren opereren 

via toevoeging van protonen en elektronen aan het N2-molecuul, hetzij via een distale, 

afwisselende of (nieuw voorgestelde) hybride route. De meest actieve katalysatoren 

bevatten een ijzer centrum gecoördineerd aan een tripodaal of een pincer (of ‘tang’) ligand. 

Deze complexen hebben een TON van maximaal 59 equivalenten ammoniak en vormen 

de basis voor verder rationeel ontwerp van nieuwe katalysatoren. De grootste uitdaging 

bij het ontwikkelen van een effectief systeem voor de katalytische vorming van ammoniak 

is de selectiviteit, oftewel het limiteren van de concurrerende proton reductie reactie. 

Dit kan worden opgelost door gebruik te maken van zuren met een lage oplosbaarheid 

(resulterend in een lage proton concentratie) en door de reactie uit te voeren bij een 

lage temperatuur (hetgeen de selectiviteit voor N2 versus H+ reductiereactie bevordert). 

Daarnaast zijn de elektronische eigenschappen van het ligand en de aard van het atoom in 

trans-positie van het N2 ligand (voor het optimaal stabiliseren van de tussenproducten) 

cruciale factoren in het ontwerp van nieuwe katalysatoren. Al deze factoren staan aan de 

basis voor het verder ontwerpen van nieuwe katalysatoren, zodat er beter begrip ontstaat 

over het N2 reductie mechanisme en tevens de reactiviteit kan worden verbeterd.

In hoofdstuk 2 wordt de synthese van salen gebaseerde ruthenium complexen beschreven, 

welke zijn toegepast als katalysator in de methanol dehydrogeneringsreactie. Het 

ontwikkelen van nieuwe katalysatoren die moleculaire waterstof uit methanol kunnen 

halen, is van groot belang in verband met de ontwikkeling van duurzame energiedragers. 

In dit hoofdstuk wordt de synthese van het rutheniumcomplex Ru(salbinapht)(CO)

(Pi-Pr3) (salbinapht = 2-[({2-[(2-hydroxybenzyl) amino]-[1,1-binaphthalen]-2-yl}

imino)methyl] phenolato) (1) beschreven. Dit complex kan methanol dehydrogeneren 

in aanwezigheid van water en base, waarbij H2, formaat en carbonaat gevormd worden 

(Figuur 1). Moleculaire waterstof is het enige gedetecteerde gas in de reactie en wordt 

gevormd met een omzet frequentie van 55 uur-1 bij 82 °C. Complex 1 bezit   een carbonyl 

groep die afkomstig is uit methanol, zoals blijkt uit experimenten met gelabelde 

verbindingen. Het carbonyl ligand reageert met OH– wat resulteert in de vorming van 

formaat (HCOO–) en waterstof. Het CO-ligand is niet aanwezig in het actieve complex, 

zoals blijkt uit de label experimenten en karakterisering van het metaalcomplex onder de 

toegepaste reactiecondities. Uit deze experimenten blijkt tevens dat het salen afgeleide 
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ligand waarschijnlijk aan ruthenium gebonden blijft zitten. Tijdens katalyse werd echter 

wel soms de formatie van het Ru(CO)2(H)2(Pi-Pr3)2 complex waargenomen, wat ook een 

actieve methanol dehydrogeneringskatalysator is.

Hoofdstuk 3 beschrijft het gebruik van het rigide tetradentaat tris(3-methylindol 

difenylfosfine)fosfine (PP3) ligand om ruthenium complexen in lage oxidatietoestanden 

te vormen. In dit hoofdstuk wordt aangetoond dat het ruthenium(+II) dichlorido PP3 

complex (2) kan worden gereduceerd met één elektron tot het ruthenium(+I) complex (3), 

zoals blijkt uit EPR-spectroscopie en analyse van de structuur in de vaste stof met behulp 

van röntgendiffractie (X-ray) analyse. De isolatie van dit RuIClPP3 complex toont aan dat 

neutrale tripodale liganden metallo-radicale ruthenium centra kunnen stabiliseren. Een 

tweede reductie leverde het ruthenium(0)-N2-PP3 complex, dat mogelijk van belang is 

voor N2-reductiereacties. 

Dit complex bleek echter inactief in N2 reductie naar NH3 nadat het complex werd 

gevormd uit ruthenium(+II)-dichlorido-PP3 en KC8 in aanwezigheid van [H(OEt2)2]

[BArF
4] uitgevoerd bij lage temperatuur (–78 °C) in THF onder een N2-atmosfeer. 

Radicaal-type reactiviteit van de RuIClPP3 en Ru0N2PP3 complexen werd vervolgens 

onderzocht door deze complexen te laten reageren met dichloormethaan, en door een 
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Figuur 2: De synthese van de ruthenium PP3 complexen in oxidatietoestanden 0, +I, en +II.
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Figuur 1: Methanol dehydrogenering met complex 1.
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poging te doen tot een Kharasch additie van chloroform en styreen aan RuIClPP3. Er werd 

geen katalytische activiteit waargenomen voor deze reacties. In plaats daarvan, werd de 

vorming van het RuIICl2PP3 complex waargenomen. Dit is waarschijnlijk het resultaat is 

van één elektron oxidatie van het rutheniumcentrum door een chloor-radicaal afkomstig 

van dichloormethaan of chloroform.

In hoofdstuk 4 wordt de coördinatiechemie van ruthenium complexen met tripodale 

tetradentaat PP3 liganden uitgebreid onderzocht door liganden met verschillende 

elektronische eigenschappen (L1R R = fenyl, p-fenyl-CF3 of p-fenyl-OMe) en de bekende 

structurele isomeer (L2H) te gebruiken (Figuur 3). 

Daarnaast worden de ligand effecten in katalytische reacties onderzocht. De synthese en 

coördinatiechemie van de ruthenium(+II) dichlorido PP3 complexen is beschreven, die 

elk een octaëdrische geometrie rond het metaalcentrum hebben. De kristalstructuren 

van deze complexen laten zien dat elk complex uit twee rotameren bestaan. In oplossing 

kunnen de spiegelbeeldcomplexen op basis van L1R snel uitwisselen op de NMR-tijdschaal, 

terwijl het complex dat is gebaseerd op L2H de twee afzonderlijke spiegelbeelden behoudt, 

zoals blijkt uit het meer gecompliceerde 31P-NMR-spectrum voor het laatstgenoemde 

complex. Alle vier de complexen kunnen stikstofgas binden nadat het complex met twee 

elektronen gereduceerd is door een reactie met KC8. De complexen verschillen in hoe 

sterk moleculaire stikstof is gebonden, zoals blijkt uit de N≡N-vibraties gemeten met 

infraroodspectroscopie, als gevolg van de ligand eigenschappen. De katalytische reductie 

van stikstofgas met de ruthenium(+II) complexen in aanwezigheid van KC8 en SiMe3Cl 

leverde stoichiometrische hoeveelheden van de overeenkomstige silylamine op. Door 
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Figuur 3: Synthese van de RuCl2PP3 complexen en hun reactiviteit.
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de reductiereactie in de tijd te volgen werd duidelijk dat de reactie gepaard gaat met een 

incubatieperiode, hetgeen suggereert dat de complexen eerst omgezet moeten worden in 

hun actieve vorm. De katalytisch actieve deeltjes hebben mogelijk dezelfde structuur voor 

alle precursor complexen onder de katalytische condities, ongeacht de oorspronkelijke 

structuur van het startcomplex. De activiteit van deze complexen is ook onderzocht voor 

de katalytische dehydrogeneringsreactie van mierenzuur. Activiteiten tussen TOF = 33 en 

124 h-1 werden gevonden, afhankelijk van het gebruikte ligand. Deze bevinding laten zien 

dat de modificatie van het ligand de snelheid van de mierenzuur dehydrogeneringsreactie 

onder de gebruikte omstandigheden kan beïnvloeden. Verdere studies met deze 

complexen moeten worden uitgevoerd om het reactiemechanisme te ontrafelen en de 

stabiliteit van de katalysatoren te verkennen.

In Hoofdstuk 5 wordt de coördinatiechemie beschreven van de eerste rij overgangsmetalen 

CoII, NiII en FeII met dezelfde tripodale PP3 liganden als gerapporteerd in Hoofdstuk 4 

(Figuur 4). Kobalt en ijzer complexen met een tripodaal ligand zijn bekende actieve 
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Figuur 4: Coördinatie van het PP3 ligand aan kobalt, nikkel en ijzer, en reductie tot het metaal(0) complex, 
waarbij stikstofgas alleen aan de ijzercomplexen bindt.
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katalysatoren voor de reductie van moleculaire stikstof. De synthese en coördinatiechemie 

van de metaal(+II) complexen met L1H is beschreven en de gevormde complexen vertonen 

in alle gevallen een vijf-gecoördineerde trigonale bipyramidale coördinatiegeometrie 

rond het metaalcentrum zoals blijkt uit structuuranalyse middels röntgendiffractie. 

Vervolgens werd onderzocht of de gevormde L1H gebaseerde complexen N2 kunnen 

coördineren wanneer deze worden gereduceerd met twee elektronen. De M0-N2 stretch 

frequentie in het infraroodspectrum werd echter alleen waargenomen voor het ijzer(0) 

complex. Waarschijnlijk leidt de coördinatie van een vijfde ligand aan de 17 (kobalt) of 

18 (nikkel) VE PP3 complexen tot een ongunstig 19 of 20 VE-complex. De serie van ijzer 

complexen werd uitgebreid door complexen te vormen met de andere PP3 liganden. 

De coördinatie van stikstofgas aan deze complexen werd met infraroodspectroscopie 

bestudeerd na in situ reductie van deze complexen naar de ijzer(0) oxidatietoestand. Uit 

deze experimenten kan geconcludeerd worden dat de elektronische eigenschappen van 

het gebruikte ligand een substantiële invloed hebben op de mate van activering van de 

stikstofbinding van het aan ijzer gecoördineerde moleculaire stikstof ligand. Dit was ook 

al gezien voor de corresponderende ruthenium complexen gerapporteerd in hoofdstuk 

4. De mate van activering van de N2-binding aan de ijzer(0) complexen geeft aan dat N2-

reductie met deze katalysatoren mogelijk zou kunnen zijn.

Het onderzoek beschreven in dit proefschrift draagt   bij aan het vinden van oplossingen 

voor de uitdagingen die nog te overwinnen zijn voor het gebruik van zonne-energie 

gebaseerde brandstoffen. De belangrijkste bijdragen aan dit thema zijn de nieuwe 

katalytische systemen op basis van ruthenium voor methanol en mierenzuur 

dehydrogenering. Bemoedigende eerste resultaten geven een goed uitgangspunt voor 

de ontwikkeling van betere katalytische systemen. Hoewel deze systemen niet beter 

zijn dan de in de literatuur bekende katalysatoren, dragen de verkregen mechanistische 

inzichten bij aan de verbetering van nieuwe katalysatoren op dit gebied. Verbetering van 

deze katalysatoren zouden zich moeten richten op de verhoging van de stabiliteit van de 

ruthenium salen complexen onder de toegepaste reactie-omstandigheden (hoofdstuk 

2) en de opheldering van het mechanisme van mierenzuur dehydrogenering met de 

tripodale tetraphosphine systemen (hoofdstuk 4). Nieuwe coördinatiechemie van de 

indool gebaseerde tripodale tetradentaat fosfine liganden met ruthenium en ijzer, zoals 

de stabilisatie van oxidatietoestand(+I) ruthenium en de synthese van ruthenium(0) en 

ijzer(0) N2-complexen (hoofdstuk 3, 4 en 5), openen mogelijkheden voor de ontwikkeling 

van nieuwe radicaalchemie of activering van moleculaire stikstof. Het gebruik van 

complexen gebaseerd op beschikbare metalen zoals Fe, Co, Ni en het begrip van hun 

coördinatiechemie met tripodale indolylphosphine liganden, opent mogelijkheden voor 

toekomstig gebruik van deze systemen als duurzame katalysatoren voor bijvoorbeeld het 
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reduceren van onverzadigde verbindingen. Aangezien er veel onderzoek op het gebied 

van N2 reductie gedaan wordt, is het mogelijk dat er in de toekomst nieuwe inzichten en 

alternatieve reactieomstandigheden worden gevonden die katalyse met de PP3 gebaseerde 

complexen mogelijk maken. De gerapporteerde PP3 distikstofcomplexen van ruthenium 

en ijzer blijven daarom interessante kandidaten als katalysatoren voor N2 reductie.
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Ik herinner mij de tekst van mijn achtste groepsmusical nog woord voor woord: “[…]We 

gaan van school af, het is nu echt heus. Wat stappen verder, nu serieus.” Wie had ooit 

gedacht dat dit muurbloempje met mavo-advies succesvol haar promotie op de universiteit 

zou afronden? Waar een wil is, is een weg. En die weg, die heb ik zeker gevonden, “bestapt” 

en achter mij gelaten. Ik heb geleerd dat als ik maar geloof en vertrouwen in mezelf heb, 

dat ik er dan kom. Dan ga ik ervoor en dan bereik ik mijn doel. Dat geloof en vertrouwen 

hebben, is natuurlijk makkelijker gezegd dan gedaan en echt wel dat ik het daar soms 

moeilijk mee heb gehad tijdens mijn promotie. Maar gelukkig heb ik ook geleerd dat ik 

er niet alleen voor sta. Jullie hebben mij hierin geholpen. Jullie hebben mij het geloof en 

vertrouwen teruggegeven als ik het even niet had: er is aan mij gedacht, voor mij gekookt, 

er zijn bemoedigende appjes en kaartjes gestuurd, peptalks gehouden, ik mocht onbeperkt 

knuffelen met kinderen, wijn drinken en samen eten. En dat… dat was fantastisch. Dus: 

heel erg bedankt. Fijn dat je er voor mij was.

Homkat is een fantastische groep om in te werken. Er is expertise aanwezig en er worden 

kritische vragen gesteld, maar er is ook ruimte voor sociaal contact. Zo heb ik weleens met 

Joost staan “high-five-en”, heeft Bas een helium ballon om mijn arm geknoopt tijdens een 

informeel feestje, hebben we een road-trip gemaakt naar Camerino en zijn we met een 

heel stel (ex)homkatters wezen zeilen in Zeeland. Het feit dat deze dingen mogelijk zijn, 

geeft aan dat we de sociale aspecten zeker niet uit het oog verliezen en dat zorgt voor een 

heel fijne werksfeer.

Joost, bedankt dat je mij dit project hebt aangeboden. Door onderzoek te doen aan het 

thema duurzame energie heb ik zowel de chemische kant onderzocht als de wereldwijde 

maatschappelijk impact van het thema ontdekt. Ondanks dat we met een heel klein 

specifiek onderzoek bezig zijn heb ik ook van je geleerd om ook breder te kijken. Ik heb 

geleerd de “helikopter view” aan te zetten: uit te zoomen en naar het grotere verhaal te 

kijken. Zowel wanneer ik bezig was met mijn eigen onderzoek, (waar wil je naartoe, wat 

heb je nodig), maar dus ook om het onderzoek in perspectief van de wereld te zetten 

(waarom werken we aan dit thema) en ik ben blij dat ik dit van je heb geleerd.

Wojciech, we worked together almost every day, and it was great having you around. We 

exchanged many ideas, discussed best approaches to tackle the synthesis of a compound 

or a project in general and you thought me many chemistry-related topics. Your door was 

always open and therefore, I always felt welcome to talk to you about whichever topic, 

which I think is something you should treasure! Thank you, dear partner in crime. I’ll miss 

having you around.

Bas, ik waardeer je oprechte persoonlijkheid enorm. Dit maakt dat met welk onderwerp 

ik ook bij je aanklopte, je respons altijd doordacht en opbouwend was en mij echt verder 

hielp. Hoofdstuk drie is door jouw suggesties dan ook een hoofdstuk geworden waar 
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ik trots op ben. Na jouw inauguratie nodigde je onze hele groep mee uiteten en heb ik 

met enthousiasme het homkat-felicitatie-filmpje voor je gemaakt. Bedankt voor deze 

waardevolle momenten.

Jarl Ivar, wij hebben een heel sociaal imperium versleten: van de eerste keer dat ik je zag 

aan het begin van mijn stage toen je een vraag stelde waarvan ik dacht dat hij heel moeilijk 

was, wat niet zo bleek te zijn, maar waardoor ik wel bang voor je was, naar het soms 

doorzien van je bluf en je opmerkingen, naar het in gebruik nemen van mijn smartphone, 

tot de laatste keer in de oerknal bier, friet én bitterballen, toen ik jouw cryptische grapjes 

doorhad (en zelfs kon counteren). Ik heb je leren kennen als een eerlijk, humoristisch 

persoon. Je hebt veel vrolijkheid in mijn promotie gebracht, met terechte kritische noten 

over taal. Fijn dat je er voor mij was en ik kijk uit naar het moment waar we mijn promotie 

samen afsluiten.

I also want to thank all other members of my committee: I am proud that all of you 

accepted our invitation to take part in my defence and to have such knowledgeable, 

sincere opponents in my opposition. Moniek, ik ben blij dat ik de cursus over X-ray bij jou 

heb gevolgd. Ondanks dat het nu een beetje is weggezakt, snapte ik alles van wat je hebt 

uitgelegd en dat is te danken aan je goede docerende kwaliteiten. Jan, ik vind het mooi 

om te zien met wat voor een enthousiasme jij vertelt. Organische chemie was niet mijn 

sterkste vak, maar door jou enthousiasme heb ik wel veel geleerd. Kees, we hebben elkaar 

niet veel gezien op chemisch vlak, maar je komt altijd oprecht geïnteresseerd over, en ik 

ben blij dat je deel wilde nemen in mijn commisssie. Isabel, helaas was ons contact tot 

nu toe eenzijdig: ik luisterde naar jou als voorzitter op NCCC, maar dat liet mij wel zien 

dat er ook vrouwen in topposities in de scheikunde aan het werk zijn en ik ben daarom 

blij dat je in mijn commissie wilde deelnemen. Koop, ik heb genoten van je colleges in 

fysische organische chemie en vond het fijn dat je ook deelnam in mijn commissie voor 

mijn literatuur scriptie over moleculaire gastronomie. Nu dus ronde twee! Marc Etienne, 

thank you so much for our conversation last year at NCCC. It was great to talk to an expert 

in the field of dinitrogen reduction and exchange ideas and knowledge. 

Lieve Esther, jij bent een van de meest krachtige, stoere, vrolijkste personen die ik ken en 

ik heb diep respect voor hoe je met het leven omgaat. Wat hebben we fantastische mooie 

momenten opgebouwd. Wat zijn we meer tot elkaar gekomen: van chemische trappen naar 

samen croissantjes eten bij NCCC. Ik wist altijd al dat ik jou als paranymf aan mijn zijde 

wilde hebben en ik ben heel gelukkig dat je ook daadwerkelijk naast me staat: door jouw 

aanwezigheid voel ik me gesteund en gesterkt. Ik vind het mooi hoe we samen oprecht 

over onderwerpen kunnen praten, hoe we samen “één” drankje kunnen doen en hoe we 

elkaar kunnen steunen (chemistry is a bitch). Je bent intelligent en leuk tegelijkertijd en 
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soms (?!) een beetje eigenwijs, maar dat is oké. Tom, aka “the pitcher”, past heel goed bij 

je en ik ben blij dat je hem af en toe met ons hebt gedeeld, want Tom is goed gezelschap. 

Jullie zijn altijd welkom bij ons op het platteland!

Dear David, the moment I asked you to be my paranymph, it felt like asking you on a 

date. Same excitement when you said: “I’d be honoured”. I’m proud to have you as my 

“nymphy”, because I really enjoy having you around. I appreciate your values of life 

(scooter guy after our wine evening) and the shared hobbies that we have (photography, 

food, wine, creativity, boxing). Our collaborations have been on everything besides on 

chemistry, but with golden outcomes: many fun evenings, a great stamp on my cover, life-

advise (am I adaptable?) and nice pictures.  You still owe us pasta-carbonara-David-style, 

so lets make an appointment soon.

Riccardo, I know I promised you only hearts and kisses in my acknowledgements, so here 

they are: xoxo, ♥♥. I’m happy that we shared all of these four years together. I know that 

you initially hated me for stealing away your project, but I am sure that I charmed this 

hatred away. The Italian dinners and wines have been great. We wrote each other NMR-

letters, you left birthday post-it’s on my fume hood, we followed -and half-way through 

aborted- a great course together, and we learned that our clothing style is quite different: 

I am colourful (which you said was a characteristic of me when we were at the course) 

and you dress more similar to the walls of the cocktail bar (I have pictures to prove this). 

We shared great moments together and there was always a lot of laughter involved, I will 

treasure these moments forever. Let’s have dinner soon.

Gezin, een gezin maak je niet; een gezin ben je. Paps, mams, Aline, Ruby, Karin: zonder 

jullie was ik niet de persoon die ik nu ben. We zijn allemaal anders maar vormen toch 

samen de familie. We vullen elkaar aan, lachen met elkaar, helpen elkaar, ruziën met 

elkaar, openen nieuwe wegen voor elkaar, steunen elkaar, gaan op vakantie met elkaar, 

luisteren naar elkaar, drogen elkaars tranen en we lijken op elkaar (soms letterlijk, soms 

figuurlijk). Ik ben erg blij om jullie als familie te hebben, want ik weet dat ik door jullie een 

beter persoon ben en dat ik altijd bij jullie terecht kan. Aanhang Bas, super bedankt voor 

al je hulp bij indesign en voor je creatieve toevoegingen. Ik weet niet hoe ik het had gedaan 

zonder jullie!

Jelmer, zo stonden we naast elkaar onze stage te doen en zei ik al heel snel iets over een 

toekomstige vriendschap, zo was dat dan ineens ook gewoon alweer 5  jaar een feit. Thanks 

voor alle goede sollicitatie adviezen, het delen van je dochter (onbeperkt knuffelen) 

tijdens de laatste fase, je -poging- om voor me te koken en je eeuwige support. Ik vind het 
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heerlijk om bij jou en Karolien te komen eten, spelletjes te spelen en te kletsen en verheug 

me alweer op de volgende keer. Jullie zijn lekker nuchter, geïnteresseerd en fijne mensen 

om tijd mee te vertoeven. 

Weerwolfjes, wat hebben we een plezier gehad met z’n allen in (en op weg naar) Italië. Ik 

denk dat we door dit avontuur allemaal dichterbij elkaar zijn gekomen en dat dat maakt 

dat ik me bij ieder van jullie enorm op mijn gemak voel en jullie 100 % vertrouw. Linda 

en Sandra, onze gezamenlijke lunches waren lichtpuntjes op mijn dag. Wat fijn dat we 

hier samen van genoten en hiermee de dag in tweeën braken. We hebben vele gesprekken 

gehad (live en via e-mail), 1 april grappen uitgehaald en elkaar peptalks gegeven. Dank 

jullie wel voor deze mooie momenten. Sander, mijn partner in crime tijdens Camerino. Je 

hebt mij daar een mooie balans tussen werken en plezier laten zien, want je won toen toch 

mooi de posterprijs. Vincent, je hebt mij geïnspireerd om ook een baan in de duurzame 

energie te zoeken. Toch samen die startup beginnen? Danny, we zijn samen naar het 

toneel geweest, je hebt een hele hoop verkleedfeestjes mogelijk gemaakt en we konden 

ook nog eens goed samen praten. Fijn om die momenten met je gedeeld te hebben. 

Soraya, je creatieve proefschrift cover heeft mij geholpen om ook een mooi cover ontwerp 

te maken. Bedankt voor deze inspiratie. René, jij hebt een extra dimensie toegevoegd aan 

het weerwolven door soms voor iedereen onverwachte moves te maken, we hebben heel 

goede open gesprekken gehad in de auto en je had heerlijke kaas mee op mijn verjaardag! 

Ik waardeer je gezelschap enorm. Martin, co-pilot van de auto, je bent vertrokken naar het 

hoge noorden voor synthese. Wellicht dat we elkaar in de stad van de duurzaamheid wel 

weer tegenkomen op chemisch gebied. 

Het was heerlijk om soms beneden bij mijn “adoptie-groep” te werken. Jean-Pierre, 

Michelle, Joen, Bas Vdb, Ties, Lambert: bedankt voor al jullie lieve en bemoedigende 

woorden, chemische steun en de toegang tot het lab. Also, I would like to thank all of 

the following people for their contributions to my promotion (alphabetic order): Alex, 

Andrea, Andrei, Anne (ik vond onze “speurtocht” in Antwerpen en de gehele company 

trip heel leuk om samen te organiseren), Ariana (we shared many good times and you 

even saved me from a bee. Bzzz.), Arnout, Arthur en Esther, Avi (thanks for all the 

practical advises in the lab), Bart, Bid (glovebox partner in crime, I liked talking and 

collaborating to/with you), Bin, Braja, Charles, Christophe, Colet (vooral het buiten in 

de zon volleyballen vond ik leuk), Daan en Hester (het was heerlijk om jullie even op te 

zoeken in Noorwegen en de sfeer van het land als een bewoner mee te krijgen. Fijn dat 

jullie dat met ons hebben gedeeld.), David P, Dorette, Ed (lieve Ed, bedankt voor je super 

support. Je bent heel waardevol geweest, maar gelukkig weet je dat al!), Erik, Erwin, 

Fatna, Fred, Gertjan (bedankt voor al het glaswerk en het repareren van de parfumfles), 
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Haris, Jan Meine (de NMR-hulp was excellent, heel fijn dat je altijd de tijd nam om alles 

goed in te stellen en uit te leggen), Julia, Joeri, Julien, Josse (de tekst die je schreef op mijn 

zuurkast heb ik altijd laten staan, ik hoop dat we elkaar weer wat vaker zien zodra ik naar 

het oosten ben verhuisd), Kaj, Klaas, Krugers (bedankt voor jullie onvoorwaardelijke 

support), Leticia (we met already during our master and you’ve been with me ever 

since. You’re also always in my heart), Lidy, Lukas, Marc, Marianne (Jij deed je eerste 

experiment, ik mijn laatste, maar tevens mijn eerste keer TLC-massa. Super tof dat je mij 

daar nog even bij wilde helpen. Als je het boekje dichtbij houdt, kun je er altijd wat van 

mijn positieve Fenna-energie uit onttrekken.), Marjo, Martin en Inge (Martin je hebt me 

laten geloven in mijzelf. Fijn om zo’n eerlijk persoon in de buurt te hebben), Mijn familie 

(oma, ooms, tantes, neefjes en nichtjes), Monalisa en Jurjen (it was great to be invited to 

your wedding party. Mona, I admire your vision: you are goal-oriented and you know what 

you want and how to get it), Norbert, Paul C, Paul K (gefeliciteerd dr. Paul), Pauline, 

Paweł (you once said: “I created this monster” after I introduced you to my student as 

my master supervisor. Thanks for this “monster creation”, I care for you too.), Pim, Ping 

(I still have the pen you gave me!), Proefschriftmaken (bedankt voor het meedenken en 

de support, deze was erg fijn), Qi-Qiang (thank you so much for taking us to the Chinese 

restaurant. I never new that Chinese food was that tasty), Rafa, Raoul, Remko, Ruben, 

Ruud en Marjolijn (Ruud wat hebben we mooie tijden gehad. Geen grenzen, plezier tot de 

max. Binnenkort maar weer eens op stap!), Saeed, Sander K (thumbs up), Sandra N (your 

door was always open to me, I always felt welcome), Schoonfamilie (lieve Agnes, Bertus, 

Judith, John en Evy, wie je schoonfamilie wordt, heb je niet voor het zeggen, maar ik had 

me geen betere kunnen wensen. Jullie zijn hartelijke, oprechte personen met passie en 

interesse en ik vind het heerlijk om bij jullie in de buurt te vertoeven. Dank voor alle lieve 

support), Studenten: Selina en Wowa (bedankt voor jullie bijdragen aan het onderzoek.), 

Sergio, Simon (“is it viognier?” Thanks for all the postive vibes), Shaotao, Sjanneke 

(lekkere taco’s voor me gemaakt), Sjeel (koffie koffie koffie), Sofia (I love our shared 

Trieste “roots”), Stefan L (paaseieren bij jou thuis tijdens de stroomuitval), Stefan La R 

(thanks voor de laatste check van mijn hoofdstuk), Taasje, Tatu, Tessel (jij begon de dag 

dat mijn contract eindigde en ik was blij dat je er vanaf dat moment was. Je bent positief 

en vrolijk en dat was fijn om er op dat moment bij te hebben. Je gaat een prachtig project 

tegemoet en ik wens je daar alle succes mee. Ik hoop dat mijn adviezen en mijn ruthenium 

precursors (ik heb ze nog even streng toegesproken dat ze hun best moeten doen) je een 

beetje versterken, maar ik weet zeker dat je dat allemaal niet nodig hebt. Zet hem op.), 

Tomislav, Volleybalteam (bedankt dat jullie het met me hebben uitgehouden in de wat 

mindere periodes.), Valentino, Vivek, Xiaowu, Yasmin, Zhou, Zohar, Willemien.

Loïs, je zei ooit: “dit is echt onbegrijpelijk joh!” over een pagina in mijn proefschrift. Ik 
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hoop dat ik je over een paar jaar kan interesseren in scheikunde en je daar wat over kan 

leren. Blijf vooral reageren met je hart op alles wat op je afkomt! Knuffel.

Lieve Martijn. Wat ben je fantastisch om aan mijn zijde te hebben! Je weet precies hoe ik in 

elkaar zit en je hebt altijd vertrouwen uitgesproken in dat ik het kon. Het eindeloze geloof 

dat je in mij had, heeft ervoor gezorgd dat ik vertrouwen bleef houden en bleef verder gaan 

ook toen ik niet meer wilde. Dankjewel dat je mij erdoorheen hebt gesleept.  Ik ben ook 

blij dat ik na drie jaar samen nog steeds met de slappe lach over straat kan lopen om een 

grapje dat we naar elkaar uithalen (weet je nog die deur?). Je komt niet meer van me af ♥.

Fenna van de Watering
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