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Chemistry states, the more energy you put into a bond, the harder it is to

break.

Kamalika Bose
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Introduction

Chapter 1

Introduction

1.1 Theory and Spectroscopy in the Field of Catalysis

People nowadays realize that the industrial revolution – a technological investment into
global society – has a big impact on our current life habitat by the emission of greenhouse
gases like carbon dioxide. Moving towards a more sustainable chemical industry requires
that we have to produce chemicals in a responsible and more sustainable fashion. So far,
some big processes have been industrialized with the use of catalysts,[1],[2] of which the most
famous one is probably the Fe3O4 as used in the Haber-Bosch process for the production
of ammonia.[3] This process makes use of a heterogeneous catalyst, meaning the phase
of reactants (gas) differs from the phase of the catalyst (solid). Other disciplines in the
field of catalysis are homogeneous catalysis and biocatalysis. In the latter, the reactant
and catalyst are in the same phase (often both liquid). In biocatalysis, living (biological)
systems are used to catalyze a chemical reaction. Catalytic processes based on each of these
three types have their own strengths and weaknesses. In short, heterogeneous catalysts
often involve robust materials, withstanding high temperatures and pressures required in
the process. The separation of products is often straightforward due to the phase difference.
However, control over the active site and thereby activity and product selectivity are
overall lower compared to homogeneous catalysts, and even more compared to bio-catalysts.
Homogeneous catalysts are easily modified by changing the ligand system and are therefore
often applied for production of fine chemicals. Although these homogeneous catalysts
are often highly active and selective, they are often quite expensive due to expensive
synthesis methods and difficulties in reusing the catalyst. We know catalysis plays an
essential role in our society and is of great importance for the industrial production of
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1.1 Theory and Spectroscopy in the Field of Catalysis

e.g. polymers, fuels or fine chemicals. In fact, the vast majority (>90%) of industrially
synthesized chemicals has been in contact with at least one catalyst.[1] An approach for
the development of more sustainable processes is via the development of more sustainable
catalysts. A common strategy is the use of metals with high crustal abundance, such as
iron, copper and chromium, replacing the expensive noble metals like palladium, gold or
iridium. The properties of catalysts are determined by their composition, the atomic
structure. Hence, it is not sufficient enough to only know the elemental composition
of catalysts. It is essential to know the exact changing structure and electronics of the
catalyst, especially under catalytic conditions. Spectroscopic information, revealing for
example structure activity relationships or ligand effects, are of crucial importance in the
development of catalysts. Next to routine experimental techniques like, Nuclear Magnetic
Resonance (NMR) spectroscopy (1H, 31P, 19F), Infrared spectroscopy (IR), Single-crystal X-
ray Diffraction (XRD), elemental analysis and mass spectrometry (MS), X-ray Absorption
Spectroscopy (XAS) can be used for the in-situ identification of intermediate species during
catalysis. Recently developed stopped-flow (SF) methodologies allow for time-resolved UV-
Vis/XAS experimentation on liquid systems down to the millisecond (ms) time resolution
and shows noteworthy changes during the catalytic process.[4] Additional freeze quenched
(FQ) procedures, maintaining the time-resolution of the SF, but freeze-quenches reaction
intermediates (in < 1 s) for longer data acquisitions have also successfully been applied to
3d, 4d and 5d TM systems (Cu[4], Mo[5], Pd[6], Sc[7] and Cr[8]). In this work, the fast data
acquisition, identifying reactive intermediate species, is combined with extended theoretical
modelling, using Time Dependent Density Functional Theory, (TD-DFT) and ab initio self-
consistent multiple-scattering code (FEFF). In this thesis, organometallic systems, used as
homogeneous catalysts, are studied in detail. As XAS is widely applied throughout this
thesis, an extensive introduction towards the technique will be given in the next section.
The following sections will also explain the terms in the title, theory, spectroscopy, and
catalysis to a greater extent.

Theory, from Latin theoria, from Greek theōria "contemplation, speculation, from theörein
"to consider", look at," from theöros "spectator." Although a theory is a rationalized type
of abstract thinking, a clear distinction is needed in case of scientific theory, which is not
addressed by speculative guessing. A scientific theory is an explanation of a particular phe-
nomenon in the world that can be repeatedly tested and verified, consistent with a scientific
method. These involve accepted protocols of observation, measurements, and evaluation
of results. If possible, theories are tested under controlled conditions in what we chemists
call an experiment. Although many theories exist in the field of Chemistry (e.g. Valence
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1.1 Theory and Spectroscopy in the Field of Catalysis

bond theory, molecular orbital theory), in the last decades the use of Density Functional
Theory (DFT) has been a useful tool in predicting and calculating the behavior of chem-
ical reactions and materials on the basis of quantum mechanical considerations. Instead
of calculating wavefunctions, to solve the famous Schrödinger equation, DFT techniques
evaluate the electronic structure using a potential acting on the system’s electrons.

Spectroscopy is derived from both Latin (spectrum image in the soul) and Greek (skopein,
to look) and was first used at the end of the 19th century, during a lecture by Arthur
Schuster in 1882 at the Royal Institution.[9] Isaac Newton was able to capture light in
the form of a ‘spectrum’ when he passed light through a prism, showing him the colors
of the rainbow.[10] At the end of the 19th century, the close relationship between ‘theory
and spectroscopy’ was established. Experimental results of spectroscopic studies are an
important input for the development of theoretical models of the structure of matter, and
vice versa, the theoretical models are necessary for the interpretation of (modern) spectro-
scopic results. Ångström for example measured accurately the lines of atomic hydrogen in
the visible range,[11] where Johann Jakob Balmer in 1885 was the first to find an empirical
formula for the observed lines between 656 and 377 nm with m = 3, 4, ..., 11 (equation
1.1).[12]

λ = h( m2

m2 − n2 ), n < m (1.1)

in which h is the Balmer constant = 364.56 nm and both n and m are integer num-
bers. A generalization of the Balmer series for all atomic electron transitions of hydrogen
was empirically stated by Rydberg[13] and theoretically by Bohr.[14] Other scientists like,
Heisenberg[15], Schrödinger[16] and Dirac[17] tested their theories on the spectrum of the
hydrogen atom and discovered principles upon which modern spectroscopy is based. The
electromagnetic spectrum (see Figure 1.1) ranges from radio frequencies over the visible
and X-ray regime all the way to gamma radiation. The wavelength determines the size
of objects – and details one can measure. For example, X-rays can be used to measure
molecular bonds at the atomic scale of 10-8 - 10-12m.

The discovery that light (and particle radiation) can be described by electromagnetic
waves allows the following definition: Spectroscopy is a branch of science studying the in-
teraction of electromagnetic radiation with matter, with the object determining the nature
of the matter in question.[18] The intensity of this radiation as a function of wavelength,
frequency, or energy is called ‘spectrum’. In this thesis, the transitions of interest are tran-
sitions between different electronic states (together with additional scattering effects)
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1.1 Theory and Spectroscopy in the Field of Catalysis

Figure 1.1 Schematic representation of the electromagnetic spectrum, with various properties
across the range of frequencies and wavelengths.

which typically occur in the UV-Vis and X-ray part of the electromagnetic spectrum and
between different vibrational states that occur in the Infrared region of the spectrum.

1.1.1 X-ray Absorption Spectroscopy

With the discovery of X-rays by Wilhelm Röntgen in 1895, he discovered a medical
breakthrough.[19] Imaging of fractured bones and diagnosing infectious diseases like tuber-
culosis by chest X-rays are well known examples. In the field of physics, accurate structure
determination of matter became possible. The development of X-ray diffraction[20] and
X-ray absorption techniques[21] allowed to retrieve structural information on the atomic
scale. In XAS, the absorption of X-rays by matter is measured as function of energy E
(keV). The basic physical description of the XAS process starts at the photoelectric effect,
an excitation of a core electron to an empty orbital or density of states (DOS) (see Figure
1.2).[22] The sample absorbs part of the beam, dependent on the material properties. The
incoming X-ray beam with intensity I0 is attenuated by the sample according to Lambert
Beer Law (equation 1.2).[23]

It = I0 e−μ(E)d (1.2)
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1.1 Theory and Spectroscopy in the Field of Catalysis

In here, It is the transmitted intensity of the X-rays and I0 is the incident X-ray intensity
onto the sample with path length d. The absorption coefficient, μ gives the probability
that X-rays will be absorbed. The absorption coefficient depends on, the density (ρ), the
atomic number (Z) and the atomic mass (A) (equation 1.3).

μ(E) = p Z4

A E3 (1.3)

Every atom has well-defined core level electrons with particular binding energies. The
quartic dependence of μE on Z separates the absorption coefficient over several orders of
magnitude, thereby achieving a good contrast between different materials (elements).[24]

We can now selectively probe an element by tuning the X-ray energy to specific core
binding energies, which are known and reported in tables.[25] The core electron that is
excited, is linked to the principal quantum numbers (n = 0, 1, 2 and 3) and correspond
to the K, L and M- edges. For example, the excitation of a 1s core electron is referred to
as K-edge, whereas 2s and 2p core electrons are described by a L-edge. Going deeper, the
L-edge categorized into L1, L2 and L3 edges, where L1 corresponds to an excitation of a 2s
electron while the L2- and L3-edges correspond to an excitation from the 2p1/2 and 2p3/2

orbitals originating from the spin-orbital coupling.
A XAS spectrum typically comprises of two distinct regions, the X-ray Absorption Near
Edge Structure (XANES), defined as the region within 50 eV of the absorption edge (Figure
1.2). At higher energies, the oscillatory structure caused by the interference between the
outgoing and the back-scattered photo-electron waves is referred to as Extended X-ray
absorption Fine Structure (EXAFS), which can extend to 2000 eV above the absorption
edges (Figure 1.2). As will become clear in the next section, EXAFS is best understood
in terms of the wave behavior of the photo-electron created in the absorption process.
Therefore, the X-ray energy is often converted into k, the wavenumber of the photo-electron.
The total kinetic energy of the photo-electron equals the total kinetic energy of the incident
photon, minus the energy necessary to remove the photo-electron from the absorbing atom
(E0) (equation 1.4). This outgoing photo-electron is a spherical wave with wavenumber k

(equation 1.5).

Ekin = hν − E0 (1.4)

k =
√

2me E − E0

�
(1.5)
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XANES

EXAFS

Energy (eV)
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Figure 1.2 (Left) The photoelectric effect: Excitation of a core electron. (Middle) Schematic
representation of empty states and the continuum. (Right) Typical x-ray absorption
spectrum, showing the XANES region (A) including the pre-edge (red), (A) and
main absorption edge (purple) and (B) the extended x-ray absorption fine structure
(EXAFS) region (blue).

With me the electron mass. The absorption coefficient, μ(E), of the sample is proportional
to the probability of the photoelectric effect. The transition probability is a function of
the initial state Ψi and final state Ψf wave functions according to Fermi’s Golden Rule
(equation 1.6).[26]

μ(E) ∝ |〈Ψf |ê • r|Ψi|〉2 δ (Ef − EiEE − hν) (1.6)

In here, ˆ is the electric field polarization vector of the photon and r the coordinate vector
of the electron. The delta function (δ) describes the conservation of energy, EiEE and Ef are
the initial and final state energies .

1.1.2 EXAFS

The oscillatory structure caused by the interference between the outgoing and the back-
scattered photo-electron waves is referred to as Extended X-ray absorption Fine Structure
(EXAFS). The interference between these waves is a function of the energy and depends on
the local structure of the absorber atom. The absorption coefficient above the absorption
edge is defined in equation 1.7.
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1.1 Theory and Spectroscopy in the Field of Catalysis

μtot = μ0 (1 + χ (k)) (1.7)

Where μ0 represents the atomic background and χ the oscillatory EXAFS part of the
spectrum as a function of (k). The useful part of these oscillations derived above, is that
the spacing of the oscillations depends on the distance (R) between the absorbing and
scattering atoms (equation 1.8). The photo-electron undergoes elastic scattering (kinetic
energy of a particle is conserved in the center of mass frame but its direction of propagation
is modified) and its probability can be monitored via equation 1.9.[27]

2R = nπ (1.8)

χ(k) = f(k) cos(2k R) (1.9)

In here, n is an integer and f(k) is the scattering amplitude, and is dependent on the Z of
the neighboring atoms and their geometry. It should be noted that the angular wavenum-
ber (k) (thus the momentum) of the photo-electron is responsible for the probability of
elastic scattering. Often not only one neighboring atom is close to the absorbing atom,
more may be closer and/or further away. Identical atoms can have similar distances to-
wards the absorbing atom and this degeneracy is denoted by the symbol N. Equation 1.9
treats scattering atoms as they do not change the phase of the photo-electron wave and yet
only reverse its direction instantly. For this reason, an additional phase shift (θ) should be
applied when describing the scattering probability. Overall, to account for multiple neigh-
bors, we can describe the modulation as a sum of all individual scattering contributions
with possible N times the effect of a single scattering atom (equation 1.10).[24] Please note,
a sine function is used from now on, as after all it simply is a phase shifted cosine function.

χ(k) =
∑

i

Ni fi(k) sin(2k Ri + θi(k)) (1.10)

Similar to when a stone is thrown into a pond where the water waves spread out, the
scattering probability of a photo-electron does too. The spherical waves damp as the
square of the distance and it is therefore rather necessary to divide the fi(k) function by
kR2

i (equation 1.11).

χ(k) =
∑

i

Ni
fi(k)
kR2

i

sin(2k Ri + θi(k)) (1.11)

Upon the ejection of a photo-electron, the final state is different than its initial state,
as a corehole is created. This in its turn affects all the other electrons near the nucleus
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1.1 Theory and Spectroscopy in the Field of Catalysis

and their orbitals adjust accordingly. In order to account for this phenomenon, an element
dependent constant, the amplitude reduction factor (S2

0) is applied in the model. Although
it is a modest effect (typical values between 0.7 and 1) it is not negligible (equation 1.12).

χ(k) = S2
0

∑
i

Ni
fi(k)
kR2

i

sin(2k Ri + θi(k)) (1.12)

So far, only elastic scattering has been taken into account, but the photo-electron can
undergo other processes. It could scatter inelastically, exciting a valence electron from
a neighboring atom. Such and other events will lower the energy of photo-electron and
thereby its corresponding wavelength. Together with this, the created corehole can be
filled, often by emission of a photon or an electron. In both cases, the overlap between
the initial and final states used for Fermi’s golden rule will be different.[26] This can mostly
be attributed to the length of the photo-electron’s path: the farther it has to travel, the
longer it takes, increasing the chances of filling the corehole. These effects are generally
treated in the same factor, the mean free path (λ(k)), integrated in equation 1.13.

χ(k) = S2
0

∑
i

Ni
fi(k)
kR2

i

e− 2Ri
λ(k) sin(2k Ri + θi(k)) (1.13)

Finally, with EXAFS an average of millions of photons being absorbed is collected. As
chemical bonds typically vibrate in the order of 1013 Hz, the environment of a single atom
is not constant over time. In fact, typical corehole lifetimes in X-ray spectroscopy are in
the order of 10-15 s. The variations in absorber-scatter distance by thermal vibrations are
modeled by the mean square radial displacement (σ2

i ) (equation 1.14).[27][28] This symbol
at the same time also takes into account effects caused by structural disorder.[27]

χ(k) = S2
0

∑
i

Ni
fi(k)
kR2

i

e− 2Ri
λ(k) e−2k2σ2

i sin(2k Ri + θi(k)) (1.14)

The derived equation is known by the EXAFS equation and is often applied to fit the
local atomic structure around the absorbing atom. Fourier transformation of the EXAFS
data results in a radial atomic distribution function and by the use of all the discussed
parameters one can accurately determine inter-atomic distances and coordination numbers
of a given sample.[28],[29] The oscillations one can extract in the EXAFS region will consist
of different frequencies, corresponding to the different distances for each coordination shell.
Hence, a Fourier Transform can be used in order to rewrite the waveform as individual
sinusoidal functions. Although the amplitude is often only shown, there are oscillations
present with both real and imaginary components. The absolute part mainly reflects the
amount of neighboring atoms and disorder, whereas the imaginary part can be used to
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1.1 Theory and Spectroscopy in the Field of Catalysis

obtain an accurate absorber–scattering distance and for the discovery of unknown contri-
butions when analyzing EXAFS data.[30] In order to finally extract these distances and
coordination numbers around the absorbing atom, we need to have accurate values for
the scattering amplitude fi(k) and phase-shifts θi(k) which can be obtained via reference
compounds.

1.1.3 XANES

The XANES part of the absorption spectrum (see Figure 1.2) consists of three distinct
regions. The first region is described as the pre-edge region, here not many absorption
effects can take place because of the low kinetic energies. In metal K-edge XANES there
are weak 1s – 3d transitions, described as dipole-forbidden by the Laporte selection rules
but gain intensity through a quadrupole mechanism and/or through 4p mixing into the
final state.[31] Directly correlated to the orbital mixing is the pre-edge intensity, centrosym-
metric molecules undergo less 4p mixing with the 3d orbitals of the molecule and therefore
generally have lower pre-edge intensities.[24] This provides detailed information on the ge-
ometrical arrangement of the neighboring atoms, including bond angles and orientation
among the atoms. An excellent example of this, where structure, geometry and coordina-
tion are correlated in K-edge XANES is shown in Figure 1.3. In this example, different
coordination modes of CuI complexes are distinguished based on orbital hybridization
effects.[32]

The next region is named the rising-edge and often consists of several overlapping transi-
tions, which are more difficult to resolve. The maximum absorption of the highest peak in
the absorption edge, is often referred to as white-line. The absorption edge energy (E0) can
be determined in a variety of ways but is often taken as the maximum in the first derivative
of the absorption as function of the energy. This ionization threshold is dependent upon
the real valence charge and coordination environment of the absorber atom.[33]

The last part of the XANES spectrum typically starts with kinetic energies of the photo
electron higher than 10 eV. The large backscattering amplitude of the neighbor atoms
becomes so large therefore multiple scattering events dominate the spectra. These mul-
tiple scattering resonances mostly depend upon the position of atoms. Hence, XANES
calculations are often performed using a muffin-tin potential within a small atomic cluster,
like FEFF9.[34] Other methods involve the use of spin-orbit coupling or Slater-TS, both
used in TD-DFT using Amsterdam Density Functional Theory (ADF). In the latter, DFT
suffers from incorrect modelling of core-hole interactions and 3d electron-electron repul-
sions but pre-edge features corresponding to (localized) empty states, can be modelled to

9



1.1 Theory and Spectroscopy in the Field of Catalysis

Figure 1.3 Cu K-edge XANES spectra of different CuI complexes with different coordination
numbers (CN) with CN = 2 (solid, red and dashed, blue) and CN = 4 (dotted,
black).The peak at 8985 eV in the spectra reflects the Cu 1s 4p transitions probing
the energies of the metal 4p derived molecular orbitals. The change in energy and
mostly intensity and shape of this peak is affected by the ligand field splitting
depicted next to it.

a certain extend with LDA and especially GGA approaches.[34a],[34b] The main limitation
of these approaches is the underestimation of charge-transfer (CT) excitation energies,
often by several eV.[35a] In this regard, the use of hybrid functionals, combining Hartree
Fock-exchange with (semi)local xc functional components are better suited to describe CT
excitation energies. More costly Range-Separated Hybrid Functionals (e.g. CAM-B3LYP)
splits the Coulomb interaction into long- and short-range components[35b] and could de-
scribe charge transfer excitations accurately.[35c]. Care should be taken, as there are studies
which find that CAM-B3LYP overestimates the amount of charge separation inherent in
the ground state and TD-DFT/CAM-B3LYP drastically underestimates this amount in
the excited charge-transfer state.35d

Overall, XANES has three different applications: (i) determination of the oxidation state,
(ii) the electronic structure, and (iii) the three-dimensional geometrical structure. Although
clear examples exist in literature.[32][36][37] XANES is much more difficult to interpret than
EXAFS. Until now, there is no equivalent to the EXAFS equation which would allow
for quantitative XANES analysis. In this work, calculations of both EXAFS and XANES
spectra were performed with FEFF9. The multiple Green’s function method is applied and
includes the self-energy correction added to the optical potential, leading to the famous
muffin-tin approximation. Both approaches will be covered in Chapter 2.

10



1.1 Theory and Spectroscopy in the Field of Catalysis

1.1.4 Resonant inelastic X-ray scattering (RIXS)

Overall, catalytic properties of transition metals are governed by their d electrons, which are
not directly probed by K-edge XANES. Although quadrupole s to d transitions can be found
in the pre-edge region of K-edge XANES, analysis is often complicated due to quadrupole-
dipole mixing, non-local transition features and data limitations due to lifetime broadening
of the 1s core hole. In K-edge XAS you probe d electrons indirectly and only in certain
geometries. To overcome this, we make use of resonant inelastic X-ray scattering (RIXS)
and probe 3d orbitals.[38],[39] In RIXS the energy difference between the unoccupied and
occupied states are probed. In this technique the energy of the incident photon is chosen
such that it is at resonance with one of the atomic X-ray absorption edges of the system.
The methodology of this technique is schematically depicted in Figure 1.4, where the labels
(I), (II) and (III) correspond to the respective step of the RIXS process.[31] (I) The incident
light excites the core level electron of the absorbing atom towards the unoccupied states
(1s → 3d), ωin, leaving a corehole assigned as intermediate state. (II) The recombination of
the core hole and the excited electron, with the concurrent emission of a scattered photon
allows the system to relax back into the initial state (elastic scattering). The radiative
decay filling up the corehole can also occur from a lower energy molecular orbital level,
where 2p →1s has the highest probability (inelastic scattering, ωout). In particular, the
inelastic scattering processes allows one to probe the elementary excitations of the system.
This inelastic scattering has a lower probability than elastic scattering and therefore the
inelastic cross section needs to be greatly enhanced in here. (III) The energy difference
between the final state and the ground state is termed the energy transfer and is obtained
by subtracting ωout from ωin.
Mathematically, the intermediate state is reached from the ground state via a so called tran-
sition operator T1, given in Figure 1.4, a simplified atomic configurations |g|〉 = 3dn |n|〉 =
3dn+1. Please note, the intermediate states in RIXS are normally the final states in conven-
tional absorption spectroscopy. The transition operator T1 identifies with the quadrupole
transition operator especially when the scattering atom is in centrosymmetric coordination.
Reducing this symmetry towards square pyramidal or tetrahedral, the transition operator
(T1) obtains additional dipole character.[40] Just as in conventional XAS, states can mix
and therefore transitions from 1s to the 3d4p mixed states are dipole allowed. Now, the
ratio of the dipole to the quadrupole contribution can be determined by analyzing the an-
gular dependence of the absorption coefficient using linear polarized light.[41] Although the
final states in RIXS are identical compared to soft X-ray L-edge or even M-edge absorption
final states it is constructed via two transition matrix elements rather than just one. This
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1.1 Theory and Spectroscopy in the Field of Catalysis

Figure 1.4 Schematic energy scheme in 1s2p RIXS spectroscopy.

inherent distinction causes differences in the fine structures intensities of the spectra due
to different spin-orbit and electron-electron interactions.[40,42] Additionally, differences in
the crystal field splitting might arise also causing differences between K-(pre) edge RIXS
and soft XAS.[43a]

The spectra are commonly plotted versus a two dimensional grid in which the spectra are
visualized using contour plots (Figure 1.5 C). The energy transfer axis, (y-axis) represents
the excitation energy in the soft edge absorption spectroscopy and is plotted against the
incident energy (x-axis). By cutting diagonally through the RIXS plane, meaning that the
emission energy is fixed and the incident energy is scanned, results a high energy resolu-
tion fluorescence detected (HERFD) absorption spectrum (Figure 1.5 B). This diagonal
cut is also often referred to as a constant emission energy (CEE) scan. It is important
to understand that the line sharpening effect in HERFD XANES is due to a similar ex-
perimental energy bandwidth and (2p) core hole lifetime broadening and thus not the
selective detection of fluorescence.[44] The lifetime broadening of the intermediate state ex-
tends horizontally (Γn), spreading out the edge intensity along a broad diagonal band.[39,45]

However, integrating the total absorption energy along the energy transfer axis, recovers
this intensity. This is the case in Figure 1.5D, where the emission is detected at a fixed
incident energy, referred to as a constant incident energy (CIE) scan. Finally, plotting the
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1.1 Theory and Spectroscopy in the Field of Catalysis

Figure 1.5 Typical 2D RIXS spectrum (C) obtained by plotting incident energy versus the
energy transfer. The High Energy Resolution Fluorescence Detected (HERFD)
spectrum is compared with a conventional XAS spectrum to highlight the improved
resolution (B). The cross section in the first peak gives rise to the constant incident
energy spectrum (D) and constant transferred energy (A).[43b]

normalized intensity versus a constant energy transfer yields Figure 1.5 A.
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1.2 Bringing it all together

Homogeneous catalysts are in general more active and selective than heterogeneous cata-
lysts and often consist of organometallic complexes, in which ligand effects are known to
play an important role. To get a qualitative understanding of how chemical reactions take
place during catalysis, we can apply (time-resolved) X-ray Absorption Spectroscopy. This
technique has been widely applied in heterogeneous catalysis,[2] while its use for homoge-
neous catalytic systems is very limited. So far, efforts have focused on the development of
the structural and electronic characterisation of the metal site. Next to understanding the
oxidation state of the metal, or even the charge distribution and transfer within the entire
system, it is of crucial importance to take into account potential non-innocent behavior of
the ligand. In this thesis, activation and reaction mechanisms of a wide variety of catalytic
reactions are investigated and discussed: (I) Iron-based oligo – and polymerization reac-
tions, (II) Iron-based hydrogen evolution, (III) Copper based azide-alkyne cycloadditions.
A short introduction towards all the mentioned chemical reactions, highlighting the latest
spectroscopic investigations will be given in the following paragraphs.

1.2.1 Iron bisiminopyridine

The electronic and steric properties of homogeneous transition metal catalysts can be fine-
tuned in a controlled manner by changing the ligands around the metal center. In this
fashion, their activity and selectivity can be directed and the stability can be increased. The
simple spectator role of ligands is shown to be inaccurate for more and more ligands, and
thus care has to be taken in judging the ligand’s role and capabilities, especially when trying
to explain the performance and reaction mechanisms of organometallic complexes.[46],[47]

Bisiminopyridine ligand classes, known for their non-innocent redox chemistry are a good
example of this. The most well-known example is the sterically cumbered bisiminopy-
ridine ligands in combination with iron or cobalt metal salts, developed by Brookhart
and Small for the polymerization of ethene. [48],[49] Recently, spectroscopic, structural and
computational studies have been employed to understand the electronic structure of the
bisiminopyridine ligand class, a schematic overview is given in Scheme 1.1.[50] Reducing
the common aryl-substituted metal precursor, [(PDI)FeCl2] with one electron furnished re-
duction of the ligand fragment. Mössbauer parameters and computational results support
the formation of high spin ferrous ions. Further reduction of [(PDI)FeIICl] in the presence
of a weak ligand like DMAP or dinitrogen showed another ligand reduction. Reduction of
[(PDI)FeIICl] in the presence of strong field ligands as CO, resulted in diamagnetic com-
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1.2 Bringing it all together

Scheme 1.1 Overview of oxidation and reduction of redox active aryl substituted
bis(imino)pyridine iron complexes.

pounds, again hinting at ligand reduction, but the authors could not exclude contributions
from Fe0-like resonance structures.[50] In a follow-up paper by the same group XAS and
XES measurements highlight the use of TD-DFT XAS/XES calculations to assign certain
geometries and accurate spin states.[52] Clear experimental differences between different di-
nitrogen coordinated structures were explained by matching calculated pre-edge positions,
showing a decrease in energy in going from five-coordinate to four-coordinate compounds.

15
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While the iron-catalyzed polymerization mechanism is largely accepted to follow a Cossee-
Arlman type mechanism, leading to a Schulz-Flory distribution of linear α-olefins, the
debate concerning the nature of the metallic active species and the corresponding activa-
tion path remains open and is driven by numerous studies regarding the oxidation state
of the active species or the non-innocence of the ligand towards redox reactions. Hence,
bisiminopyridine iron alkyl complexes have previously been synthesized and characterized
in order to gain deeper insight in possible reaction intermediates. Mono-alkylated struc-
tures were characterized in their anionic, neutral and cationic form (see Scheme 1.1). One
electron oxidation of the neutral iron monoalkyl compounds to the corresponding alkyl
cations, [(PDI)FeII(CH2EMe3)]+ (E = C, Si) is ligand-based as both the experimental
and computational data support high-spin ferrous complexes with a redox-innocent neu-
tral bis(imino)pyridine chelate. [(PDI)FeII(Me)]+, although having a different geometry,
also has the same electronic structure description. The monoalkyl anion, [(PDI)2-FeII

(CH2EMe3)(N2)]- (E= C,Si) was best described as a low-spin ferrous compound (S = 0)
with a closed-shell (PDI)2- dianion (see Scheme 1.2).[51a] In case of CO ligated complexes,
the cationic form, [(PDI)Fe(CO)2]+ is best described as a low-spin FeI compound with
three doubly occupied principally iron-based d-orbitals in which the SOMO is primarily
characterized in the Fe dz2 orbital. Examining the most reduced compound in the se-
ries, [(PDI)Fe(CO)2]-, it can be best described as a low-spin FeI compound with a triplet
bis(imino)pyridine diradical dianion (see Scheme 1.2) based on EPR, Mössbauer and DFT
calculations.[51b]

Scheme 1.2 Additional overview of oxidation and reduction of redox active aryl substituted
bis(imino)pyridine iron complexes.
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Additional spectroscopic techniques like mass spectrometry show the presence of FeIIMe+

species upon activation with excess alkyl reagents, where the authors assume a high-spin
ferrous iron cationic species after activation with a redox-innocent neutral bis(imino)pyridine
chelate and suppose no electron transfers between the metal and ligand.[53] In-situ char-
acterization of [(PDI)FeCl2] by example, Gibson et al.[54], showed with Mössbauer and
EPR spectroscopy FeIII species, whereas EPR and NMR data of Talsi et al.[55] pointed to-
wards the formation of FeII species. Depending on the activator used, AlMe3 or Al(iBu)3)
was shown to form neutral complexes [(PDI)1-Fe+(μ-Me)2AlMe2] (<30 eq. AlX3) where
the ligand plays the role of anion. On the contrary, AlMe3-free MAO showed ion pairs
[(PDI)FeII(μ-Me)2AlMe2]+[MeMAO]-. The neutral compound, [(PDI)1-FeII(μ-X)(μ-CH3)
Al(CH3)2], is best described as a ferrous compound with a bis(imino) pyridine radical anion.
The cationic complex, [(PDI)0FeII(μ-X)(μ-CH3)Al(CH3)2]+, is likely a high-spin ferrous
compound (S Fe = 2) with a redox-innocent, neutral bis(imino)pyridine chelate. Previously
discussed cationic complexes by Chirik and co-workers have a connection towards these ob-
servations. The ionic complexes [(PDI)FeIIR][MeB(6F5)3] and [(PDI)FeIIR][MeB(C6F5)3]
showed catalytic activity in ethene polymerization.

Scheme 1.3 Proposed activated iron bisiminopyridine structure with excess MMAO with left
a ferrous overall neutral complex with a ligand based radical anion and right a
redox innocent chelate connected to a high spin ferrous compound with MMAO
as anion.

1.2.2 Bio-mimetic [Fe-Fe] Hydrogenase

Another popular class of redox active ligands can be found in hydrogenase enzymes (mim-
ics). Hydrogenase enzymes are capable of reversible oxidation of molecular hydrogen (H2)
in a catalytic fashion. Hydrogenases are sub-classified into three different types based on
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the active site metal content: iron-iron hydrogenase, nickel-iron hydrogenase, and iron
hydrogenase. Many of these mimic the [Fe-Fe] hydrogenase active site (H-cluster)[56] and
early employed model system are given in Scheme 1.4. Nowadays, the attached [4Fe4S]
cofactor is known to serve as a redox mediator and several studies have been employed of-
ten replacing CO-ligands with substituted phosphine[57a] or phosphone[57b] ligands or even
phosphine ligated fullerene (C60)[57c] (Scheme 1.5). More information on these systems can
be found

Scheme 1.4 Early investigated Biomimetic hydrogenase systems with different bridging moi-
eties.

elsewhere.[56],[57] Although these redox-active ligand classes are interesting to study, we
focused on redox activity in the bridgehead ligand backbone. This was first investigated by
the group of Wasielewski[57d] in which a imide functionality was introduced to the dithiolate
bridgehead. This complex underwent two reduction events at more positive potentials
(+350 and 400 mV) compared to the unsubstituted naphthalene complex. Although both
events were first proposed to be metal-based,Ping et al. showed strong delocalization of
an unpaired electron over the NMI group by EPR spectroscopy and DFT calculations.[57e]

Scheme 1.5 Diiron complexes with different redox non-innocent ligands.
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A large library of (simple) bio-mimetic analogues have been synthesized and characterized
over the past decades.[56],[57] Next to low efficiencies and oxygen sensitivity, large redox over-
potentials are often observed for these mimic systems. One strategy for designing diiron
model systems with redox properties closer to the thermodynamic potential for H+ reduc-
tion is inclusion of a suitably (substituted) aromatic dithiolato bridgehead, as highlighted
by a study by Felton and co-workers.[58a] Next to developing and testing new catalytic
systems, spectroscopic investigations could give insight in operating reaction mechanisms.
The studies by F. Gloaguen et al.[59a], Mirmohades et al.[59b] and Felton et al.[58b] for ex-
ample explained that Fe2(μ-pdt)(CO)6 operates with an (E)CECE catalytic mechanism
whereas Fe2(μ-adt)(CO)6, operates with two competing mechanisms (ECEC and ECCE)
in case of weak acids. Weak acid catalysis using Fe2(μ-bdt)(CO)6 leads to an (E)ECEC
mechanism, whereas employing a stronger acid leads to an EECC mechanism.

Scheme 1.6 Early investigated Biomimetic hydrogenase systems with different bridging moi-
eties.

Next to steric and electronic ligand effects in the reactivity of the iron – iron center, the
basicity of the overall complex has proven to be a key factor. F. Gloaguen showed models to
study the interplay between the reduction potential and basicity and how these antagonist
properties impact the mechanisms of PCET to metal centers, a relevant question at the
molecular level.[60] In 2006, D.E. Schwab et al. presented their XAS and computational
results, concluding that the 6Fe-cluster is electronically inseparable due to delocalization of
molecular orbitals.[61] Another extensive study by M. Salomone-Stagni et al.[62] highlighted
the use of XANES as clear fingerprint on specific binding motifs, oxidation states, number
of ligands and overall symmetry in [Fe]-hydrogenase systems using a variety of reference
systems. Additional Fe K-edge, XAS, S K-edge XAS and Fe Kβ-XES showed the parallel
analysis on a series of Fe2S2 complexes.[35c] The different redox levels were discussed in
combination with a computational study, in which a detailed picture of the electronic
structure emerged. Although these XAS studies serve as important references for future
X-ray spectroscopic studies of iron-sulfur clusters and corresponding mimic systems, they
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do not fully exploit the potential of Fe – K XAS spectroscopy, as the EXAFS region is
often neglected. The first EXAFS study on a bacterial [FeFe] hydrogenase investigated the
H-cluster and showed similar results towards crystallographically characterized bacterial
counterparts.[63] It therefore seems that the use of EXAFS analysis on hydrogenase H-
clusters and simple reference systems over a range of different redox levels could give more
structural insight and thereby complement catalytic observations.

1.2.3 Copper Catalyzed Azide Alkyne cycloadditions (CuAAC)

The azide-alkyne cycloaddition is a type of 1,3-dipolar cycloaddition between an azide and
a terminal or internal alkyne to give a 1,2,3-triazole and was developed by Rolf Huisgen
(see Scheme 1.7). Regio-selective formation of 1,4-substituted triazole was obtained by
applying a CuI source, hence, described as the CuI-catalyzed Azide-Alkyne Cycloaddition
(CuAAC).[64] 1,3 dipolar cycloaddition between an azide and alkyne forming a five-

Scheme 1.7 1,3-dipolar cycloaddition reaction

membered triazole ring. The CuI species can be generated in-situ from a π complex with
the triple bond of a terminal alkyne. In the presence of a base, the terminal hydrogen,
being the most acidic, is deprotonated first to give a Cu-acetylide intermediate. Several
studies have shown that the reaction is second order with respect to Cu. It has therefore
been suggested that the transition state involves two copper atoms.[65],[66] (see Scheme 1.8)
One copper atom is bonded to the acetylide while the other Cu atom serves to activate
the azide.
The azide displaces one ligand to generate a copper-azide-acetylide complex. Mechanis-
tic insights into CuI-catalyzed Azide-Alkyne click reaction were obtained via real time
infrared spectroscopy with additional 2D correlation analysis.[67] By following the con-
centration of azide, alkyne and triazole at specific infrared regions, they were able to
characterize the coordination of the azide-alkyne complex to the CuI-triazolide species as
the rate-determining step. They applied CuBr in combination with 1 eq. of N,N,N,N,N -
pentamethyldiethylenetriamine (PMDETA). Possible formation of mono- or dinuclear cop-
per species was not further discussed. Next to CuII sources in combination with excess
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Scheme 1.8 Proposed reaction mechanism involving two copper atoms[65],[66].

ascorbic acid as reducing agent, often used systems are NHC complexes[68] or phosphine
ligands (e.g. Cu(PPh3)3Br).[69] Under catalytic conditions, Cu(PPh3)3Br showed the for-
mation of iminophosphorane species, via the Staudinger reaction.[70] These ligand classes
are known to possess a basic character, able to deprotonate substrates. Iminophosphorane
complexes, therefore make it possible to perform this reaction in the absence of any base.

1.2.3.1 Mechanistic studies

Mechanistic studies by Fokin presented direct evidence for the proposed dinuclear copper
intermediates in the CuAAC reaction. First, a variety of CuI sources were shown to be
needed for the conversion of mononuclear σ-bound acetylide complexes to the triazole prod-
uct in the presence of organic azides in a real-time heat flow calorimetry experiment.[65] By
additional crossover experiments with isotopically enriched [(63Cu)(H3CCN)4]PF6 (1 equiv-
alent) and (SIPr)Cu(acetylide) complex with natural isotopic distribution, they showed by
isotopic enrichment that two copper centers are needed for the reaction to take place.[65]

The group of Bertrand reported the isolation of previously postulated π, σ-bis(copper)
acetylide and a not earlier proposed bis(metallated) triazole complex.[66] They showed that
both mono-and bis-copper pathways are active in the CuAAC reaction (see scheme 1.7), in
which the bis pathway is kinetically favored. The alkyne performs the protodemetallation,
regenerating the π,σ-bis copper acetylide complex. The group of Straub was able to isolate
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a neutral molecular CuI(triazolide) complex (see scheme 1.9) and show its catalytic per-
formance in the CuAAC reaction. Investigations towards the acidity of the medium hint
at different rate-determining steps. The protonation of the triazolide complex was favored
with water or alkyne as proton source whereas the alkyne deprotonation–cycloaddition
sequence was rate determining in excess of acetic acid. The group of Straub also focused
on interplay of two CuI centers and showed by a bistriazolylidene dicopper-acetate com-
plex high catalytic activity at relatively low catalyst loadings (0.5 mol%).[71] In a follow-up
paper they even isolate a dicationic CuI acetylide cluster involving eight different Cu atoms.

Scheme 1.9 Proposed reaction mechanism involving both the mono- and bis-copper pathways
active in the CuAAC reaction.

This cluster is catalytically active, although it did not exceed the catalytic activity of
the acetate precursor.[72] Multiple DFT studies have shown that mononuclear pathways
are disfavoured, often due to the much higher Gibbs free energy of activation for the C–N
bond.[65],[66],[73],[74] The work by Diez-Gonzalez[75] provides a good example of a mononuclear
pathway in which multiple reaction mechanisms are taken into account. The reaction be-
tween iodoalkyne and benzyl azide was studied and showed two valid reaction mechanisms.
(i) Formation of a copperIII metallacycle or (ii) the direct activation of the iodoalkyne via
π-coordination of the copper catalyst. Importantly, these mechanisms account both for the
catalyst acceleration effect in this cycloaddition reaction and the exclusive regioselectivity
of the copper-catalyzed version toward the formation of 5-iodotriazoles. It should how-
ever be noted that neither of the proposed mechanistic options involves the intermediacy
of copper-acetylide species, well-accepted intermediates in the cycloadditions of terminal
alkynes.
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Scheme 1.10 Preparation of Cu-triazolde species by (i) 1,2-bis-(2,6-
diisopropylphenylamino)ethane, CH(OEt)3 and HOAc were heated at 110oC (ii)
the functionalized imidazolinium was reacted with CuI acetate together with
KH in THF for 12h. Further reacted with phenylacetylene and n-BuLi in THF
and after work-up reacted with the functionalized azide.

Overall, there is direct evidence for mononuclear pathways being a viable route, although
the involvement of binuclear or even multi-nuclear mechanisms are often involved in the
CuAAC reaction.

1.3 Outline of this thesis

This thesis describes experimental and theoretical research using XAS in combination with
(TD)DFT. In this study, the activation mechanism of iron-based homogeneous catalysts
are investigated by IR, UV-vis and Fe and S K-edge XAS spectroscopy. Rapid SF mixing
and a FQ methodology allows good quality EXAFS analysis with ∼1s time resolution and
is required for high enough S/N ratio at lower E energies and low effective concentrations.
The activation mechanism of copper click reactions is studied by in-situ 1H and 31P NMR
spectroscopy. Additional operando and in-situ XAS investigations show a new pathway in
a 1,3-dipolar cyclization reaction under aprotic reaction conditions.
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Chapter 2 discusses in detail the spectroscopic methods and data analysis techniques
used throughout the thesis. The chapter starts with an introduction towards XAS analysis.
It describes the fundamentals and use of theoretical models like FEFF, multiplet calcula-
tions and TD-DFT. This chapter is by no means extensive, but aims to outline the general
principles and techniques that can be employed for a variety of cases typically encountered
in this work.

Chapter 3 discusses previously experimentally obtained Cr L-edge (2p) X-ray Absorp-
tion Spectroscopy (XAS), K-edge (1s) X-ray Absorption Near Edge Structure (XANES),
and 1s2p Resonant Inelastic X-ray Scattering (RIXS) which are in a next step computa-
tionally evaluated. To date, multiple methods exist for the simulation and analysis of RIXS
spectra. In this work we use both a charge-transfer multiplet approach, CTM4XAS and a
multiple scattering approach, FEFF9. New insights into the electronic-structure relations
of Cr materials were obtained.

Chapter 4 presents a study towards reduced diiron dithiolate complex [Fe2(bdt)(CO)6],
a key intermediate for the electro-catalytic production of dihydrogen. Chemical and elec-
trochemical reduction was followed by UV-Vis and IR, showing bridged carbonyl moieties
to be present. Upon reduction, bond breakage between Fe and S is suggested by DFT cal-
culations. For the first time, structural evidence of this ‘open-structure’ is directly observed
by EXAFS spectroscopy. This chapter emphasizes the ability to combine computational
chemistry with a variety of spectroscopic techniques.

Chapter 5, moves to naphthalene and naphthalene mono-imide (NMI) ligands and
characterize the non-innocent behavior for the first electron reduction based on XAS anal-
ysis. The results show how the effective charge of the di-iron is affected by different
electronics in the ligand.

Chapter 6 is a detailed description of the activation mechanism of iron-based ethene
polymerization catalysts. The activation and propagation mechanisms are investigated
by XAS and UV-Vis measurements. Time-resolved measurements enabled us to monitor
the activation pathway for two different precursors. The role of the ligand on the product
selectivity and spectral features is discussed. EXAFS analysis shows quantitative formation
of ionic FeII species for both complexes, with different spin multiplicities.

Chapter 7 describes in more detail the effect of iminophosphorane ligands on the
activity of the copper catalyzed acetylene azide cycloaddition reaction. The influence of
the ligand basicity on the kinetics and corresponding spectral features are discussed. We
show a new type of reactivity, following mono-nuclear copper species shown by kinetic
analysis. Finally, an isolated Cu-triazolide species is shown to be the resting state during
catalysis by extensive EXAFS and NMR analysis.
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2.1 Abstract

In this chapter we discuss the experimental and theoretical methodologies used in the
research throughout this thesis. This chapter starts off with an introduction on DFT,
followed by XAS processing, analysis and interpretation. Furthermore, the fundamentals
of applied theoretical models, simulating XAS and RIXS spectra are discussed.

2.2 Density Functional Theory

DFT is a computational quantum mechanical method to investigate the electronic struc-
ture of atoms and molecules. Hereby the focus is upon the electron density across the entire
molecule. A mathematical functional (a mathematical function that has a mathematical
function as its argument (p)) is used to calculate the energy, hence the name Density Func-
tional Theory. This DFT potential is constructed as the sum of several external potentials
(equation 2.1). Here, ET is the electron kinetic energy term (Born-Oppenheimer).[1] The
EV , potential energy accounts for both nuclear-electron attraction and nuclear-nuclear re-
pulsion. The electron-electron repulsion is described by the Coulomb self-interaction EJ .
The final EXC , the exchange-correlation energy accounts for both the exchange interaction
(Pauli principle)[2] and electron-electron correlation.

E = ET + EV + EJ + EXC (2.1)

One of the major issues with DFT is that the exact functionals for exchange and correlation
are unknown besides for the free electron gas. Hence, only approximations exist which per-
mit the calculation of certain quantities relative accurately.[3] One of these approximations
is called the local density approximation (LDA), in here the functional depends on the den-
sity at the coordinate where the functional is evaluated. The EXC term is often separated
into the EX and EC part. Due to the fact that LDA assumes that the electron density is
everywhere the same, the exchange energy EX is often underestimated whereas the cor-
relation energy EC is often overestimated.[4] In order to account for the non-homogeneity
of the electron density, the density is expanded with a so called generalized gradient ap-
proximations (GGA). Commonly used GGA functionals are e.g. BP86, OPBE and OLYP.
An improved version of this, Meta-GGA like M06-L, includes the second derivative of the
electron density.[5] More information about the LDA approximation, the extended local
spin-density approximation (LSDA), GGA and Meta-GGA can be found elsewhere.[6] Next
to GGA-like functionals, hybrid functionals have been developed.[7] These approximations
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2.2 Density Functional Theory

include a component of the exact exchange energy, now calculated from Hartree-Fock the-
ory. The main advantage of hybrid functionals, compared to ab initio or empirical are found
in improved calculated molecular properties like atomization energies, bond lengths or even
vibration frequencies. The most common hybrid function is B3LYP (Becke, 3-parameter,
Lee–Yang–Parr).[8]

2.2.1 COSMO solvent model[9]

There are several tools for the accurate determination of saddle points by the use of elec-
tronic structure methods. Additional homogeneous liquid phases can be considered by
taking into account certain Conductor like Screening Model (COSMO) of solvation. In
here, a solute molecule is embedded in a molecule-shaped cavity surrounded by a dielectric
medium, with given dielectric constant (ε). Contrary to the polarizable continuum model
(PCM), where the exact dielectric boundaries are applied, the COSMO method uses the
approximate scaling function f(ε). This approximation turned out to provide a more ac-
curate description of the so-called outlying charge, thereby lowering the error. This model
can be applied in case of geometry optimizations.

2.2.2 Time Dependent DFT

TD-DFT can be applied to investigate the properties and dynamics of many-body sys-
tems in the presence of time-dependent potentials, such as electric or magnetic fields. The
effect of such fields on molecules and solids can extract features like excitation energies,
frequency-dependent response properties, and photo-absorption spectra, like UV-Vis and
XAS spectra.[10],[11] In the last decades, a lot of research has focused on benchmarking and
calibrating different functionals in the prediction of XAS spectra.[12],[13] Next to the repro-
duction of the rising edge, most often the pre-edge features are analyzed computationally
(vide infra).

2.2.3 Selecting the right functional

Common GGA functionals like BP86 and hybrid functions like B3LYP are very accurate
in predicting for example reaction barriers and harmonic frequencies in case of molecular
complexes. However, in the field of molecular inorganic chemistry, we often encounter
paramagnetic species. This could on its turn lead to spin dependent effects in catalysis. The
main physical forces responsible are determined by the exchange interaction and the spin-
orbit coupling (SOC).[14] Multiple examples exist in which the spin orbit coupling (SOC)
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influences the catalytic pathway via non-adiabatic spin inversions.[15] This type of switching
has also been calculated in selective polymerization of α-olefins, using the Brookhart-
Gibson catalyst based on a bisiminopyridine backbone.[16] Spin dependent effects are also
known to play an important role in Fe-Fe hydrogenase systems[17]. The molecular geometry
could be significantly affected, thereby altering the stretching vibrations.[18] In order to get a
better and more reliable understanding of proposed catalytic species using DFT, the OPBE
functional has been applied in case of many geometry optimizations and corresponding
frequency analysis as this exchange function significantly improves the description of the
spin state energies of open-shell iron complexes.[19],[20],[21]

2.2.4 XAS - analysis

XAS data processing has been performed using the Demeter package.[22] There are several
methods to obtain (quantitative) information about the XANES region, the first region
in an XAS spectrum. For example, in Linear Combination Fitting (LCF) the data is
interpreted by comparing the data with standards. Whereas in peak fitting one would fit
peak-like and step-like line-shapes to the XANES data. This last example can be combined
with TD-DFT calculations.

2.2.4.1 Data normalization

Data processing, background subtraction and normalisation was done in Athena[22] and is
shown in Figure 2.2. The process was always performed in the same order: (i) E0 was
determined, derived from the maximum absorption in the first derivative of μE. (ii) A
polynomial line fit (1-3 order) at the region below the edge and another one at the region
above the edge was applied. Now one can estimate the edge step, μ0 by extrapolating a
simple fit to the two curves. This value is normalized towards 1.0. In addition, to account
for any instrumental and or sample dependent aspects of the shapes of the measures data, a
(background) polynomial (1-3 order) was centered around the absorption edge (AUTOBK
algorithm).[23] The subtraction of this in combination with an error function (accounting
for example possible Compton scattering effects) results in a definite normalized data set
χ(k). Multiple data sets were normalized after merging of the original raw data. The
extracted χ(k) is subjected to a Fourier transformation (FT) to yield a radial distribution
function (equation 2.2),[23b,c] where kmin and kmax are the minimum and maximum k value.
The radial distribution function, defined in R-space is roughly 0.2-0.5Å shorter than the
actual distance due to the energy dependency of the phase factors in the sine function.[23a]

The FT can be taken with different k-weightings (kn). This can be used to distinguish
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between high and low Z scattering atoms around the absorber atom. An element with
low mass (like carbon) will scatter mainly at lower k-values, while copper (high mass) will
scatter significantly at higher k-values. Both real and imaginary parts are obtained with
this FT. The absolute part is determined mainly by the number of neighbouring atoms
and disorder. Whereas the imaginary part is useful for an accurate determination of the
absorber–neighbouring atom distance, plus the discovery of unknown contributions when
analysing EXAFS data.[(23b,c)]

FT (R) = 1√
2π

∫ kmax

kmin

knχ(k) ei2kR dk (2.2)

Analysis of EXAFS data was performed in Artemis, using a theoretical FEFF code.[24],[25],[26]

Crystallographic, a "hand-made" model or DFT coordinates are imported on which FEFF
predicts and organizes the most contributing scattering paths.[25],[27] The data is always
fitted in both k and R-space with the use of the following parameters: R (distance to
neighboring atom), N (coordination number of neighboring atom(s)), σ2 (mean-square dis-
order of neighbor distance), scattering amplitude f(k) and phase-shift δ(k). The number
of independent parameters that can be used for a reliable EXAFS fit is determined in
equation 2.3. Figure 2.2 shows a clear example of a constructed EXAFS fit for a linear CuI

complex with two iminophosphorane ligands (Bz-N=PPh3). The first shell (purple) clearly
fits to a Cu-N shell, although there are still missing components in the EXAFS (k-space
Figure 2.2). A second shell can be added, two Cu-P atoms (green) at a longer distance.
Finally, six Cu-C atoms (jam) are fitted, corresponding to the aromatic ring in the ligand
backbone. All used parameters are specified with each fit as shown in Table 2.1.

N = 2Δ(k)Δ(R)
π

(2.3)

Table 2.1 Cu K-edge EXAFS fitting results used to obtain the fit shown in Figure 2.2.

Conditions Shell N σ2 RFit (Å)

Cu(IP)2BF4 Cu-N 2.0 0.0037(7) 1.88(1)
Cu-P 2.0 0.004(1) 3.03(2)
Cu-C 6.0 0.018(8) 3.03(1)

k range = 3.4 – 11.7 Å, R range = 1.0 – 3.3 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO
2

= 0.91. R-factor fit: 0.019.
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Figure 2.1 Normalization of Fe K-edge XAS spectrum.

2.2.4.2 Linear combination fitting28

The spectrum from an unknown sample can be understood as a linear superposition of the
spectra of two or more known samples. This feature can be used in Athena.[22] Two or
more different standards are selected and used for the fitting of a specific spectrum. The
fitting is always done using normalized μ(E) spectra. In the process, weighting parameters
are defined for each standard spectrum. The data range over which the fit is performed
can be selected in the program itself. Finally, the fit is evaluated using chi-squared and
reduced chi-square values. Relative changes in chi-square between fits are probably most
meaningful. Hence, chi-square does not have a very different meaning from the R-factor

Figure 2.2 Fitting of Cu K-edge EXAFS spectra.
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used in EXAFS analysis.

2.2.4.3 Peak fitting

Peak fitting involves fitting a number of analytical line shapes to XANES data. The typical
approach is to simulate the XANES data using one or two step-like functions and several
peak functions for the peaks in the data. The centroids, amplitudes, and widths of the
various line shapes are either fixed or varied to best fit the data. The Pseudo-Voigt function
within the Fytik program[29] were used to fit the XANES region (equation 2.4). Pseudo-
Voigt is a name given to the sum of Gaussian and Lorentzian function. Mostly, one but
sometimes two peaks are used to describe the edge, functioning as background subtraction
and thereby only leaving the pre-edge region (e.g. in Figure 2.1). The pre-edge region can
now be interpreted by comparing it to TD-DFT or sometimes FEFF9 calculated XANES
spectra, examples given in [30],[31],[32].

y = a0 [(1 − a3) exp − ln(2)x − ai

a2

2
+ a3

1 + x−a1
a2

2 ] (2.4)

Figure 2.3 S- K-edge XANES with a subtracted main edge (orange dashed) and near edge
feature (dashed yellow) leaving only the pre-edge region (blue dashed lines) and
rising edge (red dashed lines).
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2.3 XANES calculations with TD-DFT

Extensive use of XAS in the last decades has given much information about the oxidation
state, geometry and sometimes even spin state of materials. Although the edge region
(related to the oxidation state) and the near edge region can often be interpreted by the
use of reference samples, the pre-edge region is more difficult. This region reflects the
unoccupied states and could be modelled by molecular orbital theory. In many metal
K-edge XAS, the pre-edge features are formally 1s to 3d quadrupole-allowed transitions,
weak transitions according to Laporte rules. However, distortions from centro-symmetry
allow for 4p character to mix into the metal 3d orbitals giving this transition electric
dipole-allowed character and thus increasing the pre-edge intensity.[33] The understanding
of for example Fe K-pre-edge features has greatly matured, hence the interpretation of
these features is often still based on a combination of theoretical and empirical trends. J.
Rohde et al.[34] for example used single-point calculations to model the 1s → 3dz2 excited
state and yielded MO compositions virtually identical to those computed for the ground
states. Therefore, they used the ground states to gain insight in the pre-edge region. This
methodology relies on the method of Westere[35], in which the amount of 4p mixing into
specific d orbitals and its distribution over the final states as determined from molecular
orbital calculations and ligand field theory are estimated and compared to experimental re-
sults. Additional calculations of quadrupole transition intensities, using a time-dependent
density functional theory (TD-DFT) also underwent advances. For example, the group of
F. Neese[36] have provided evidence that good agreement between calculated and experi-
mental spectra can be obtained by using the BP86 functional in combination with a TZVP
basis set. The main adjustment to other approaches was the ability to better model the
significant quadrupole intensity. Next to reliable results with BP86, the costlier B3LYP
calculations due to the presence of the exact HF exchange, shows to be useful in the anal-
ysis of pre-edge features.[30][38][39] A study by A.J. Atkins et al.[30] (Figure 2.4) compared
the two exchange–correlation functionals: BP86 and B3LYP, leading to XANES spectra
that differ significantly. They found that B3LYP was sufficiently accurate to allow for a
qualitative assignment and analysis of the experimental spectra. Similar observations have
been made before by other groups.[40],[41] It should be noted that in all cases, the average
shift required to align the calculated spectra to the experimental data still remains large
(>100 eV), often attributed towards the Hartree-Fock exchange, needed for a more correct
shape of the molecular exchange-correlation potential.[13]

In this thesis, TD-DFT XANES calculations were performed with a 50 Davidson exci-
tation restriction window where only singlet quadrupole- and dipole-allowed transitions
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Figure 2.4 X-ray absorption spectra for Fe2(CO)9 and Fe2(CO)4(Cp)2. Top: experimental
spectra; bottom: B3LYP calculated spectra.[30]

are selected from the Fe or S 1s orbitals.[30],[41] In all TD-DFT calculations, the B3LYP
– d3 functional and a QZ4P Slater-type basis set was applied.[42] The intensities include
second-order contributions due to the magnetic-dipole and electric-quadrupole transition
moments.[31] The spectra were shifted by 151.0 eV for comparison to experiment in case of
Fe and by 54 eV in case of S[44] These shifts are chosen such that the energy of the first
peak in the calculated spectrum agrees with the first peak in the experimental spectrum.
While these shifts are rather large, they do not affect the relative position of the peaks.

2.4 FEFF9

FEFF9 is developed to calculate the unoccupied molecular orbitals. It is based on a (ab-
initio) self-consistent real space multiple-scattering code for simultaneous calculations of
x-ray-absorption spectra and electronic structure.[28] It is based on a real space Green’s
function approach, more information on this can be found in reference 45. In FEFF, the
assigned neutral-atom radii overlap significantly and in order to account for the electrons in
the overlapping regions, the muffin tin approach is applied. Meaning, the electron density
within one muffin-tin radius is associated with the atom at the center of that sphere and all
of the electron density that falls outside of the muffin-tin spheres is volumetrically averaged
and treated as interstitial electron density. Further details are given in references 46 and 47.
Although FEFF9 could have difficulties in calculating molecular orbitals, and accordingly
different charge distribution effects, it should be emphasized that FEFF9 predicts general
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trends and can help in the interpretation and assignment of molecular orbitals observed
in experimental data, especially by looking at the density of states.[48] The group of S.
de Beer[44] shows a good example where the general trends in the rising edge features are
generally well reproduced in a multiple-scattering-based approach.

Figure 2.5 FEFF-calculated XANES spectra for Fe2S2 reference systems with diferric (red),
mixed-valent (blue), and diferrous (black) complexes (top left) and Fe K-edge XAS
experimental data (top right). Comparison of the calculated XANES spectra for
each Fe in the mixed-valent AF (antiferromagnetically coupled broken symmetry
solution; bottom left) and F cases (ferromagnetically coupled high-spin solution;
bottom right).[44]

Hence, the changes that were observed in the white line region (i.e., the decrease in intensity
at ∼7125 eV upon oxidation) are unfortunately not reproduced by this approach (see Figure
2.3). In our work, Fe K-Edge XANES spectra were simulated with FEFF9.[ref] These
XANES calculations were carried out using both the crystallographic data as well as DFT
geometry optimised coordinates. In all cases a Hedin−Lundqvist potential was utilized.[49]

The many-body reduction factor (S0
2) was kept at 1.0. A default core-hole broadening
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(1/3 of the energy step) was applied for spectral plots, with no additional experimental
broadening.

2.5 CTM4XAS

Compared to K-edge XAS, in L-edge XAS many multiplet interactions between various
possible core holes and the partly filled valence band occur. In order to account for these
multiplet effects, often causing splitting of the spectrum, CTM4XAS[50], developed by F.
de Groot can be used. The main parts of the charge transfer multiplet (CTM) model are (i)
multiplet effects[51] and (ii) charge transfer effects.[52] Contrary to earlier ab initio routes,
the CTM4XAS program is based on a semi-empirical approach that includes explicitly the
important interactions for the calculation of L edge spectra.[53] This for example includes
the core and valence spin–orbit couplings, the multiplet effects (core-valence two-electron
integrals) and the core hole induced charge transfer effects. Crystal field theory[54] is a well-
known model, useful in explaining the electronic properties of transition metal systems.
This model makes full use of (point)group theory[55], mostly based on symmetry operations.
From here, a branching table[31] can be established which is needed to calculate the XAS
spectrum. A good example is that a S symmetry state in atomic symmetry branches
only to a A1 symmetry state in octahedral symmetry.[31] More information on the code
and applications can be found in reference 50 and 59. In our investigations, the program
was used in the following order for simulations of L edge spectra, with (i) selection of
the metal (ii) select its corresponding charge (iii) give its symmetry by a corresponding
crystal field splitting value. Next, the different slater integrals are selected (values between
0 – 1), Fdd (Coulombic d-d interactions) Fpd (p-d coulomb interaction) and Gpd (p-d
Exchange interaction).[56],[57] Please note, the over-estimation of electron-electron repulsions
is automatically corrected by taking 80% of the selected values.[57] Finally, the spin-orbit
(SO) coupling is entered (values between 0 – 1) together with the Lorentzian broadening (if
not indicated, 0.2 is the default value). Additional, Charge Transfer, Udd (Hubbard value)
and Upd (core hole potential) parameters[58] were filled in. Note, the difference between
Udd and Upd is more important than the absolute values. Finally, a split could be selected,
to divide the L2 and L3 edges.
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2.6 CTM4RIXS[59]

CTM4RIXS is an interface for the plotting of RIXS planes and cross sections, using the
matrix elements calculated by CTM4XAS.[50] First, one loads the .ora files computed by
the CTM4XAS (explained above). From this point the program creats the matrices. If
necessary, change Gaussian broadening (to fit the data). The program combines the created
matrices from the first step. Plot Final state energy (instead of Emitted energy) and one
can take if necessary cross sections using the program.
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3.1 Abstract

3.1 Abstract

Two tetrahedral CrVI complexes, Na2CrO4 and CrO3, and two octahedral CrIII systems,
Cr(acac)3 and Cr2O3, were investigated using 1s2p Resonant Inelastic X-ray Scattering
(RIXS), K-edge X-ray Absorption Near Edge Structure (XANES) and L-edge X-ray Ab-
sorption Spectroscopy (XAS). Multiplet calculations were performed to simulate the L-edge
XAS and core-to-core 1s2p RIXS spectra. FEFF9 calculations were used to simulate the
K-edge XANES and the RIXS spectra. It was found that, although 1s2p RIXS and L-edge
XAS contain equivalent electronic information, the L-edge data is more informative with
currently available experimental resolution. Hence, the possibility of 2D information and
operando experiments using RIXS offers advantages not possible with L-edge spectroscopy,
which requires vacuum conditions for 3d transition metals.

3.2 Introduction

First row transition metals are of great interest in catalysis, forming the active sites in
many catalytic processes. However, to improve the design and functionality of future
catalysts, a detailed understanding of the mechanistic pathways of existing catalysts is
needed. Information to this purpose can be gained by spectroscopic and computational
methods, with element specific X-ray absorption and emission spectroscopies ideally suited
to this purpose. In this work we focus on Cr L-edge (2p) X-ray Absorption Spectroscopy
(XAS), K-edge (1s) X-ray Absorption Near Edge Structure (XANES) spectroscopy, and
1s2p Resonant Inelastic X-ray Scattering (RIXS), alongside complementary computational
techniques, in order to gain new insights into the electronic properties of four Cr reference
materials. In future work these techniques will be applied to catalytic systems, to probe
electronic-structure-performance relationships, with the aim of rational design of future
catalysts with improved performance.

In recent decades XAS has proven to be a valuable tool in the structural and electronic
characterisation of molecules and materials of catalytic interest.[1],[2] While Extended X-
ray Absorption Fine Structure (EXAFS) is well established for the elucidation of local
structure in materials, we will focus on XANES, which can be used to probe the electronic
and geometric properties of a metal.[3] For 3d transition metals the 1s to 4p K-edge tran-
sition is the most versatile transition at modern synchrotron radiation facilities, with 1s
electron binding energies between 5 and 10 keV. At these energies, researchers are able
to carry out XAS studies under a range of different conditions, for example under high
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3.2 Introduction

pressures and temperatures in catalytic studies.[4] However, the behaviour and catalytic
properties of 3d transition metals are governed by the d electron states, which are not
directly probed by K-edge XANES, which arise from the 1s−→4p transitions. Quadrupole
1s−→3d transitions can be found in the pre-edge region of K-edge XANES, but are compli-
cated by quadrupole-dipole mixing and non-local transition features.[5],[6] Additionally the
large lifetime broadening of the 1s core hole obscures many details.

In order to directly probe the 3d electron states, it is convenient to use L2,3-edge spec-
troscopy, in which the 2p electron states are excited to empty 3d orbitals by dipole allowed
transitions. L-edge XAS also has the advantage of lower lifetime broadening compared
to the K-edge: for chromium the 1s lifetime broadening is 1.08 eV[7], compared to 0.29
eV[1] and 0.2 eV[8] for the 2p1/2 and 2p3/2 edges respectively. However, for 3d metals the
soft X-rays required (0.4-1 keV) present experimental difficulties. At these energies the
transmission through air is low, so that vacuum environments are generally needed for
these experiments. This is difficult for in situ or operando experiments. The fine structure
visible in the L-edge is largely due to multiplet effects, primarily the overlap of the 2p core
hole wave function with the 3d electron wave functions.[9][10]

The lack of direct information on the 3d orbitals can be overcome by the use of
RIXS[6],[9],[11] in the hard X-ray range, which has the advantage of improved spectral res-
olution compared to K-edge XANES. In a RIXS experiment a secondary spectrometer is
positioned after the sample which analyses and selects the emission energy to focus onto a
detector. The set-up used in these experiments is discussed in detail elsewhere.[12] In 1s2p
RIXS we probe the pre-edge structure seen in K-edge XANES by scanning the incident
energy around the edge as a function of emission energy around the desired fluorescence
lines. On absorption of a photon, Ω, a 1s electron is promoted to an empty 3d state, leaving
a 1s core hole in our intermediate state, as shown in Figure 3.1. In the emission process a
2p electron will fill the 1s core hole, emitting a fluorescence photon, ω, to give a final state
with a 2p core hole. The two-step RIXS process yields exactly the same initial and final
states as L2,3 XAS, so that 1s2p RIXS gives indirect L-edge information, at hard X-ray
energies. A difference between 1s2p RIXS and 2p XAS are the different matrix elements
implying different spectral intensities. This opens up the prospect for operando studies
under varied conditions to gain direct information on the d orbitals for first row transi-
tion metals.[13] Emission spectrometers can also be used to obtain High Energy Resolution
Fluorescence Detected (HERFD) spectra, which measure across the absorption edge for
a selected emission line, to give XANES like information on a system.[1],[14] However, the
spectra will have higher resolution due to the reduced lifetime broadening compared to
the normal XANES process, as the spectra are broadened by the final, rather than the
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intermediate states.

Figure 3.1 Energy level diagram for 1s2p RIXS of a first row transition metal.

Although there have been several publications on 1s2p RIXS data for first row transition
metals[15],[16],[17] to the best of our knowledge there have been no reported studies util-
ising 1s2p RIXS for the characterisation of chromium systems. Because chromium is of
significant interest in catalysis[18],[19],[20] a more in-depth study of the electronic behaviour
during some of these reactions would be a welcome advance to better understand electronic-
structure relationships.

There are multiple methods emerging for the simulation and analysis of RIXS spectra.
In this work we use both a charge transfer multiplet approach, CTM4XAS[2] and a multi-
ple scattering approach, FEFF9.[21] CTM4XAS, a multiplet code, has been used to effec-
tively model L-edge XAS spectra for 3d transition metals. This method uses crystal field
theory to model the spectra, and includes multiplet contributions in addition to optional
charge transfer effects. FEFF9, in contrast, uses the full crystal structure to model K-
edge XANES spectra, and more recently RIXS spectra.[22] Whereas CTM4RIXS simulates
RIXS spectra by calculating the variations in state–dependent X-ray emission intensities,
FEFF9, as a single-electron-excitation approximation, calculates state-independent X-ray
emission spectra.
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3.3 Experimental

All Cr compounds were purchased from Sigma-Aldrich (UK).

The HERFD, XANES and 1s2p RIXS spectra were collected at beamline ID26 at the
European Synchrotron Radiation Facility. The storage ring was operated in 16 bunch
mode with a beam current of between 60 to 90 mA with an electron energy of 6 GeV. The
incident energy was selected with a Si (311) double crystal monochromator, which was
calibrated using a Cr foil. Three Si-coated focusing mirrors were used at 2.5mrad grazing
incidence to reject higher harmonics. For the energy resolved measurement of the Kα emit-
ted X-rays, 5 spherically bent (bending radius R = 1 m, crystal radius r=50mm) Ge (422)
crystals in vertical Rowland geometry were used with an avalanche photo diode (APD)
detector. The 5 crystals were mounted horizontally covering 34 degrees with the centre
crystal at 90 ◦ horizontal scattering angle. The overall energy bandwidth was determined
to be 0.6 eV by scanning the elastic peak. HERFD spectra were recorded at the maximum
of the Cr Kα1 fluorescence line. The samples were measured as pressed powders, and in
some cases as solutions, and were orientated at 45◦ relative to the incident beam. The
Kβ emission lines were measured using a spherically bent Ge (333) crystal with an 850
mm bending radius centred at 90 degrees scattering angle. The total energy bandwidth
was determined to be 1 eV. To obtain the 2-dimensional 1s2p RIXS planes, continuous
(on-the-fly) HERFD data were recorded in the pre-edge incident energy range while the
emission energy was varied to cover the Kα lines.

The L-edge XANES experiments were performed at beamline I06 at Diamond Light
Source. The storage ring was operated in normal mode with a beam current of 250 mA with
an electron energy of 3 GeV. The incident energy was selected with a collimated light plane
grating monochromator with a 2.250 fixed focus constant. The experiments were measured
in total electron yield mode, where the sample is connected to ground through an ammeter
and the neutralization current is monitored by a total electron yield detector. The overall
energy resolution of the spectrometer was determined to be 0.05 eV. The samples were
measured as pressed pellets in an UHV chamber.

The K-edge XANES, Kα HERFD, and 1s2p RIXS were simulated using FEFF9. The
calculations used a self-consistent field approximation of 6 Å and a full multiple scattering
radius of 12 Å around the central Cr atoms, and included both dipole and quadrupole
contributions. Crystal structures from the literature were used as input and broadening
was introduced to give the best possible fit, although in some systems discrepancies were
still present between experiment and theory.
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The L-edge XAS and 1s2p RIXS were simulated using the CTM4XAS and CTM4RIXS
code[23] with parameters as discussed in the text, with RIXS parameters in Table 3.1 below.

Table 3.1 Corresponding parameters used for the RIXS simulations.

Slater integral reduc. Charge transfer Spin orbit coupling

Comp. 10 Dq Fdd Fpd Gpd Delta Udd Upd Core Valence

Cr2O3 1.9 0.94 0.85 1.0 4.0 5.8 7.0 1 0
Cr(acac)3 -3.1 0.6 0.2 0.2 3.0 6.0 7.0 1 0

3.4 Results and Discussion

In Figure 3.2 we present K-edge fluorescence detected XANES spectra, Kα HERFD spec-
tra, and FEFF9 simulations for a series of four chromium compounds: the two tetrahedral
CrVI compounds, CrO3 and Na2CrO4, and the two CrIII compounds, Cr(acac)3 and Cr2O3,
both with (distorted) octahedral geometry around the central Cr atom. These spectra were
obtained in the same experiments as the 1s2p RIXS (vide infra) so self-absorption effects
can be observed due to the high concentration of Cr needed to study the pre-edge region
with reasonable collection times. The increased spectral resolution of the HERFD com-
pared to the total fluorescence detected XANES is clear, with features more pronounced,
for example, the low energy shoulder on the pre-peak of CrO3 is clearly resolved from the
main peak.
We can see a large pre-edge peak in both the tetrahedral compounds, well reproduced by
the FEFF9 calculations, particularly the low energy shoulder on the CrO3 pre-peak. These
intense pre-peaks, characteristic of tetrahedral geometry, are due to quadrupole transitions
made possible by 3d-4p mixing in non-centrosymmetric systems.[24] We can see that the
pre-peaks are much lower in intensity for the distorted octahedral environment in Cr2O3,
and lower again for octahedral Cr(acac)3, in which dipole transitions become much less
favourable. There are clear differences between experiment and theory in the pre-edge
structures for these CrIII octahedral complexes, with the number and relative positions
of peaks inconsistent. The use of the spherical muffin-tin approximation in FEFF9 could
affect the splitting in these pre-edge peaks, while the neglect of spin dependent exchange
effects, could lead to incorrect predicted d band occupations.[25] Below we present the
full experimental 1s2p RIXS planes (the HERFD data in Figure 3.3 represent a diagonal

48



3.4 Results and Discussion

cut through the RIXS plane), and simulations of the pre-edge regions of these spectra
calculated using the CTM4RIXS program, for Cr(acac)3 and Cr2O3. For Cr(acac)3, the
relative intensities of the peaks, in addition to the spin-orbit coupling, are well reproduced,
as seen by the difference in energy transfer between the two peaks. The crystal field
splitting also corresponds to the experiment; however, the two peaks are not fully resolved
in the diagonal. The multiplet simulation for the chromiumIII oxide shows good agreement
in the energy transfer direction, with the spin-orbit coupling and peak intensity ratio well-
reproduced, however the dipole contributions in the experiment obscure the third peak
along the diagonal. The second peak in the diagonal cross-section is not fully resolved,
so it is difficult to assess the reproduction of the crystal field splitting. The second peak
in Cr2O3 is mainly the non-local peak, dipole absorption to O p-character as hybridised
with the Cr 3d-band. It appears typically 3 eV above the pre-edge as the 1s3d pre-edge is
shifted by the core hole potential.

Figure 3.2 K-edge XANES spectra, Kα HERFD spectra and FEFF9 simulations for (clockwise
from top left) Cr(acac)3, Cr2O3, Na2CrO4, and CrO3
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3.4 Results and Discussion

Figure 3.3 Experimental 1s2p RIXS (left) and CTM4RIXS multiplet calculations (right) for
the two CrIII compounds: Cr(acac)3 (top) and Cr2O3 (bottom).
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The calculated spectrum for Na2CrO4 (Figure 3.4) also reproduces the experiment reason-
ably well, with vertical splitting of 8.5 eV compared to 9 eV for the experimental data. In
the octahedral complexes, weak 3d-4p dipole-quadrupole orbital mixing[24] increases the
spectral intensity in the pre-edge region. The quadrupole transitions are of much lower
intensity than the dipole transitions, so that only peaks resulting from dipole transitions
are visible in our experimental spectrum.
CTM4RIXS is well suited for quadrupole transitions due to the strong local multiplet inter-
actions in the final state, whereas FEFF9 is ideal for systems dominated by dipole transi-
tions. In the case of CrO3 the Cr-O-Cr bond would be problematic in CTM4RIXS, as only
atomic orbitals and the local point group symmetry are considered, however FEFF9 takes
the full crystal structure as input, therefore accounting for the neighbouring Cr atoms.[26]

In the FEFF9 theoretical spectrum (Figure 3.5) the experimental crystal field splitting of
1.96 eV is reasonably well reproduced, with a value of 2.1 eV in the simulation, and similar
broadening is seen. The good agreement between theory and experiments indicated that
dipole transitions dominate the spectrum. L-edge XAS spectra are presented in Figure 3.6

Figure 3.4 Experimental 1s2p RIXS (left) and CTM4RIXS multiplet calculations (right) for
Na2CrO4
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Figure 3.5 Experimental 1s2p RIXS (left) and FEFF 9 calculation (right) for CrO3.

for all four compounds, overlaid with simulations calculated using the CTM4XAS program.
Increased fine structure is seen in the L2,3 edges compared to the K-edge of Cr, due to the
relatively low lifetime broadening of the 2p corehole (0.2 eV[1] for L3 and 0.29 eV[2] for L2)
compared to the 1s corehole (1.08 eV)[1].

The two octahedral CrIII complexes show good agreement in the crystal field splitting
(1.9 eV was selected as the 10 Dq value for both), with reasonable agreement in the fine
structure of both edges. Overall, the multiplet calculation is in line with the experimental
data, holding similar features and intensities. The small peak in the L3 spectrum for
tetrahedral Na2CrO4 at 579 eV is not seen in other reported chromate spectra [27], so is
likely an experimental artefact. Taking this into account, the peak splitting and intensity
ratio of the L3 peak is very well replicated in the simulation, whereas the splitting of the
L2 peak is greater than the experiment. In case of CrO3, the L3 to L2 branching ratio
is well reproduced, although it does slightly deviates from the 2:1 ratio predicted by the
relative degeneracy of the states. It has been reported that the electrostatic interactions
between the core hole and valence electrons will also impact the branching ratios.[28],[29]

The orbital interactions between the orbitals of Cr and the oxygen ligands is dependent on
their symmetry and the distorted tetrahedral geometry in CrO3 could be responsible for a
less accurate description by the calculation.
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3.4 Results and Discussion

Figure 3.6 Experimental L-edge XAS and multiplet calculations for (clockwise from top left)
Cr(acac)3, Cr2O3, CrO3 and Na2CrO4.

Both CrVI spectra contain some CrIII impurities, observable around 585 eV.[30] This can
be explained by the surface sensitivity of the total electron yield detection mode, solely
measuring the less stable outer layer of the sample. Therefore, the ratio of CrIII impurities
is greater compared to the bulk detection in K-edge RIXS data. Both L2,3-edge XAS and
1s2p RIXS have the same initial and final states, therefore they contain similar information,
albeit from a one- versus a two-photon process. Examples of direct (L2,3 XAS) and indirect
(taken from 1s2p RIXS) L-edge spectra are shown in Figure 3.7. It is clear that more
detail can be seen in the direct L-edge spectra than the indirect information taken from the
RIXS. This is due to the high spectral resolution (around 0.1 eV) of the L-edge experiments
compared to the RIXS, which have a resolution of 0.6 eV. It is thought that an experimental
resolution of greater than 0.3 eV is needed to uncover all the information contained within
1s2p RIXS.[15] The 1s2p RIXS data in turn can ultimately provide more information than
the L-edge data because two edges are probed with the spectral intensity distributed over
the two-dimensional energy plane. Additionally, the two-photon process needed to obtain
the indirect L-edge information means that different transition rules apply, compared to
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3.5 Conclusion

Figure 3.7 L-edge experimental XAS and indirect L-edge information extracted from the 1s2p
RIXS data for Cr2O3.

direct L-edge XAS, which could result in differences even when a similar resolution is
reached.

3.5 Conclusion

It is clear that the use of emission spectrometers offers a wealth of new information: when
comparing the 1s2p RIXS and Kα HERFD to the K-edge XANES, pre-edge features are
uncovered or better resolved. These features contain information on the geometric and
electronic properties of complexes. However, due to experimental limitations core-to-core
RIXS cannot currently reach the high resolution of L-edge spectroscopy, as is shown in
our data. The combination of experimental techniques with theoretical methods such as
FEFF9 and charge transfer multiplet theory based on CTM4XAS and CTM4RIXS can
provide valuable information on the electronic properties of chromium compounds. This
can be applied to catalytic systems in the near future, to derive geometric and valence
information about the operando active site.
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4.1 Abstract

4.1 Abstract

In [Fe-Fe] hydrogenase mimic systems the ene-1,2-dithiolene ligands play an important
role in the stabilization of the redox- active metal center. This is demonstrated by the
benzenedithiolene (bdt) analogue, featuring six terminal carbonyl ligands connected to
a di-iron metal center, i.e. [Fe2(bdt)(CO)6]. Here we present a combined experimental
and theoretical study that elucidates key intermediates [Fe2(bdt)(CO)6]1- and [Fe2(bdt)(μ-
CO)(CO)5]2- in the electro-catalytic production of dihydrogen. A DFT study shows that
[Fe2(bdt)(CO)6]1- is the kinetic product after the first one electron reduction, while the
previously proposed bridging intermediate species [Fe2(bdt)(μ-CO)(CO)5]1- is kinetically
inaccessible. The doubly reduced species [Fe2(bdt)(μ-CO)(CO)5]2- was for the first time
structurally characterized using EXAFS. XANES analysis confirms the existence of reduced
iron zero species and confirms the distorted geometry that was suggested by the DFT cal-
culations. Combining IR, UV-Vis and XAS spectroscopic results with TD-DFT and FEFF
calculations enabled us to assign the key-intermediate [Fe2(bdt)(CO)6]2-. This study em-
phasizes the strengths of combining computational chemistry with advanced spectroscopy
techniques.

4.2 Introduction

The ever-increasing demand to replace our current fossil fuel- driven economy by sus-
tainable alternatives, has intensified the research field on alternative energy sources. A
good candidate as clean fuel could be molecular hydrogen, but only when generated in
a sustainable manner. Water splitting using green energy would be sustainable, but for
proton reduction catalysis the best catalysts are still based on non-abundant metals like
platinum.[1] In order to make the switch to a sustainable economy, we should strive to
develop cheap, robust and reliable catalysts. In nature, dihydrogen is efficiently produced
by hydrogenase enzymes and research into hydrogenase mimics is an active field. Many
simple bio-mimetic analogues have been synthesized[2],[3] and characterized[4] over the past
decades. To characterize these systems, many techniques like, cyclic voltammetry (CV)[5],
electron paramagnetic resonance spectroscopy (EPR)[6], infrared spectroscopy (IR)[7],[8] and
X-ray absorption spectroscopy (XAS)[9] have been used. In order to design more produc-
tive hydrogen evolution catalysts, detailed understanding on their performance, including
their reaction mechanism is required. For example, accurate information on the charge
transfer (resulting in changes in oxidation state) within these systems is essential to under-
stand the electronic properties and reactivity. Felton et al.[10] reviewed the electrochemical
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performance of over 240 complexes containing the Fe2S2 core-motif and showed that only
[Fe2(bdt)(CO)6] ([1]) is capable of high catalytic efficiency with three different acids. The
relatively mild over-potential (∼500mV) and the reversible and stable reduction process
makes [1] an interesting hydrogenase mimic system.[11],[12] This complex is well established
in the field of bio-inorganic chemistry[13],[14] and modifications have been performed by the
group of Rauchfuss[15] and Kaur[16].

The proton reduction process utilizing [Fe2(bdt)(CO)6] has previously been theoretically
modelled and monitored by spectro-electrochemical methods and from these results a vari-
ety of (catalytic) mechanisms has been proposed.[17],[18] Felton et al.[10] and Capon et al.[19]

for example postulated that the first one-electron reduction step would lead to a struc-
tural rearrangement in which one CO bridges between both iron atoms and one Fe-S bond
cleaves ([1-μ-CO]1-). Femtosecond transient IR spectroscopy, however, suggested a termi-
nal binding mode of all the CO fragments in the mono-reduced state ([1]1-) which was
further supported by DFT calculations.[20],[21] Wright et al.[11] demonstrated that by using
an excess of sodium, {[Na2(THF)(OEt2)][Fe2(bdt)(CO)6]2-}2 could be isolated, which was
characterised by X-ray crystallography. In solution, however, multiple bridging CO signals
were observed by IR spectroscopy hinting at the presence of multiple species.[11] A proposed
mechanism for the formation of the singly and doubly reduced Fe species (before formation
of H2) is shown in Scheme 4.1. Despite the fact that there is experimental evidence of solely
terminal CO species after the first reduction, theory often also suggests the formation of
[1-μ-CO]1-, as both structures are close in energy.[10],[19] In order to clarify why only [1]1- is
experimentally observed, we have conducted a DFT study focussing on the possible forma-
tion and interconversion between the two structures. Although the overall mechanism is
dependent on the acid strength, the singly reduced catalyst ([1]1-) was shown to be a key
intermediate in the photocatalytic H2 formation, whereas in electro-chemical reduction the
di-anion [Fe2(bdt)(μ-CO)(CO)5]2- (([1]2-) is inevitably formed. Thus far, this key doubly
reduced [1]2- intermediate has not been structurally characterized in solution, and could
help in further understanding and development of proton reduction catalysts.

To structurally characterize this reduced complex in solution, X-ray absorption spec-
troscopy (XAS) has been combined with a computational study. XAS combines electronic
and structural characterisation, in solid state and solution, and is therefore a powerful
method for the identification of intermediates in mechanistic studies.[22],[23] By using S and
Fe K-edge XAS spectroscopy we can characterize the electronic properties of the metal
and ligand in great detail and look at the different charge distributions over the systems.
The atoms of which typical ligands consist are in the low energy range for X-ray ex-
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Scheme 4.1 Proposed electro-chemical reduction mechanism of [1] prior to the formation of
H2.

perimentation, requiring (near) vacuum methods and thus complicate in situ/operando
experimentation severely. That is probably the reason why these methods have not been
applied in catalysis so far. Herein we report the characterisation of reduced intermedi-
ates present in an active hydrogenase mimic system [Fe2(bdt)(CO)6] [1]. Unfortunately,
the singly-reduced [1]1-) or [1-μ-CO]1- could not be isolated for structural analysis and
the first electron reduction was thus solely investigated computationally. The overall two-
electron reduced species was spectroscopically characterised using Fe and S K-edge XAS
together with spectro-electrochemistry (UV-Vis and IR). Additional TD-DFT and FEFF9
calculations have provided detailed insights in the structural and electronic properties of
the reduced intermediate [Fe2(bdt)(CO)6]2-.

4.3 Experimental

4.3.1 General Experimental Details

Starting materials were obtained commercially or prepared and purified according to the
references given below. All solvents were dried by using standard procedures.[24] All air-
sensitive materials were manipulated using standard Schlenk techniques or by the use of
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a glovebox. 1H and - 13C NMR spectra were recorded on a Bruker AVANCE 300 MHz
spectrometer. IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer. Elemental
analyses were performed by Mikroanalytischen Laboratorium Kolbe in Germany.

4.3.2 Sample preparation

[Fe2(bdt)(CO)6] ([1]). A modified literature procedure[25] was used. 4.3 g (8.5mmol)
Fe3(CO)12 was treated with 1.20 g (8.5 mmol) benzene- 1,2-dithiol in THF and refluxed
for exactly two hours. The resulting red solution was directly filtered over cotton. Unre-
acted Fe(CO)5 was evaporated by rotary evaporation as a yellow solution. Silica column
chromatography was conducted using petroleum ether/pentane (40/60) as eluent. Only
the red band was collected and further dried in vacuo, resulting in red crystalline powder
in a 76% yield. 1H NMR (300 MHz, CDCl3) δ 7.16 (dd, J = 5.5, 3.2 Hz, 2H), 6.66 (dd,
J = 5.5, 3.2 Hz, 2H). 131H-NMR (300 MHz, CDCl3): δ = 207.48 (s, CO), 147.45 (s, SC),
127.96 (s, SCCH), 126.80 (s, SCCHCH) IR (CO) (MeCN) (cm-1): 2078 (m), 2043 (s), 2002
(s). Elemental analysis: determined (expected): C, 34.35 (34.32); H, 0.93 (0.96); Fe, 26.42
(26.59); S, 15.02 (15.27).

[Fe2(bdt)(CO)6] ([1]) + 1.05 eq. of CoCp2
∗ (5mM), added to Fe2(bdt)(CO)6 (5.0 mM)

in acetonitrile under nitrogen or argon atmosphere. IR (CO) (MeCN) (cm-1): 2078 (m),
2043 (s), 2002 (s), 1963 (s), 1914 (s), 1881 (w), 1863 (m), 1842 (w), 1688 (b).

[Fe2(bdt)(μ-CO)(CO)5]2- ([1]2-). 2.1 eq. of CoCp2
∗ (5mM) was added to Fe2(bdt)(CO)6

([1]) (5.0 mM) in acetonitrile under nitrogen or argon atmosphere. IR (CO) (MeCN)
(cm-1): 1963 (s), 1914 (s), 1881 (w), 1863 (m), 1842 (w), 1688 (b).

4.3.3 Fe K-edge X-ray Absorption Spectroscopy

Fe K-Edge (7112 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. Solu-
tions were measured in fluorescence mode, using a Germanium 9 element detector, or in
transmission using ionisation chambers. The energy was calibrated by defining the first
derivative peak of the Fe foil spectrum to be 7112.0 eV. The measurements were performed
on 5.0 mM complexes in acetonitrile. Samples were prepared in Kapton tubes and subse-
quently frozen in liquid nitrogen under argon atmosphere (to prevent further reaction as
well as beam damage). During the measurements the samples were kept frozen using a
cryojet (100 K) setup. Data processing analysis was conducted with Athena and Artemis
(Demeter software package).[26]
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4.3.4 S K-edge X-ray Absorption Spectroscopy

S K-edge (2472 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. The
cell was mounted in a large vacuum chamber. Solutions were always measured under
high vacuum (prevent strong absorption of X-rays by air) and measured in fluorescence
mode, using a Germanium 9 element detector. Energy calibration was performed with FeS2

for which the peak of the white line was assigned to 2470.1 eV. The measurements were
performed on 5.0 mM complexes in acetonitrile. Samples were prepared in peek cells in a
Glovebox under argon atmosphere and were sealed with 8 microns thick Kapton foil as X-
ray window. Data processing analysis was conducted with Athena and Artemis (Demeter
software package).[26]

4.3.5 UV-Vis and IR Spectro-Electrochemistry

Electrochemical experiments were performed in an optically transparent thin-layer (200
μm) electrochemical (OTTLE)[27] cell equipped with CaF2 optical windows and a plat-
inum minigrid working electrode. The difference absorbance IR spectra were recorded on a
Nicolet Nexus FT-IR spectrometer and the UV-Vis spectra were recorded on a Shimadzu
UV-2700 spectrophotometer. The cyclic voltammetry scanning process (v = 0.5 mV s-1)
was controlled by a PGSTAT (Eco-Chemie) potentiostat. The measurements were per-
formed on 5.0 mM complexes in acetonitrile containing 0.1M nBu4NPF6 as a supporting
electrolyte.

4.3.6 Computational Details

All geometry optimisations and IR simulations were conducted using ADF[28],[29] with the
TZ2P basis set and BP86[30] or OPBE[31] functional. COSMO solvent models were car-
ried out employing acetonitrile.[32] Transition states were located using a linear transit
method,[33] and are validated by a single imaginary frequency. TD-DFT XANES calcula-
tions were performed with a 50 Davidson excitation restriction window where only singlet
quadrupole- and dipole-allowed transitions are selected from the Fe 1s orbitals.[34],[35] In all
TD-DFT calculations, the B3LYP – d3 functional and a QZ4P Slater-type basis set was
applied.[36] The intensities include second-order contributions due to the magnetic-dipole
and electric-quadrupole transition moments.[37] The spectra were shifted by 151.0 eV for
comparison to experiment. These shifts are chosen such that the energy of the first peak
in the calculated spectrum agrees with the first peak in the experimental spectrum. While
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these shifts are rather large, they do not affect the relative position of the peaks.[38]

Redox potentials were determined using the Born-Haber cycle approach[39] (see Scheme
4.4, Appendix). By applying equation 4.1, the change in free energy of the redox process
in solution can be obtained.[40] Now by the use of equation 4.2, the standard absolute redox
potential (E0) can be calculated, where F is the Faraday constant (23.061 kcal per volt
gram equivalent) and Z equals 1.0 (one-electron redox processes).[40]

E0 = −ΔGo

ZF
(4.1)

−ΔGo (soln, redox) = ΔGo (gas, redox) + ΔGo(solv, [Fe2(bdt)(CO)6]1−)
−ΔGo(solv, [Fe2(bdt)(CO)6])

(4.2)

Fe K-Edge XANES spectra were simulated with FEFF9.[41],[42] These XANES calculations
were carried out using both the crystallographic data as well as DFT geometry optimised
coordinates. In all cases a Hedin-Lundqvist potential was utilized.[43] The many-body
reduction factor (S02) was kept at 1.0. A default core-hole broadening (1/3 of the energy
step) was applied for spectral plots, with no additional experimental broadening.

4.4 Results and Discussion

4.4.1 Fe K-edge XANES

Figure 4.1 displays the experimental and DFT calculated Fe K-edge XANES spectra of
[1]. At lower energies (7113 eV), multiple pre-edge absorption signals arise that are mainly
attributed to electric dipole-forbidden transitions of the 1s core electrons into valence metal
3d orbitals.[44] The relatively high pre-edge intensities in the spectra are typical for five-
coordinated iron species, compared to octahedral complexes.[45] The pre-edge features at
7120 eV mainly arise due to quadrupole allowed 3d-4pz hybridized orbital final states, as
shown by the calculated DFT contributions. Utilizing the calculated TD-DFT excitations,
we can determine whether a transition from the iron 1s to the unoccupied molecular orbitals
will have dipolar and/or quadrupole contributions. The reduced complex ([1]2-) also
plotted in Figure 1, displays a significant edge shift of -1.5 eV, corresponding to a reduction
of Fe1-Fe1 to Fe0-Fe0.[46] The pre-edge features again hint at a 5-coordinated geometry, with
similar transitions as observed in [1]. The singly-reduced [1]1- or [1-μ-CO]1- system was
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attempted to be prepared and measured. Unfortunately, the data point to a combination
of starting compound [1] (60%) and doubly-reduced [1]2- (40%) species (see Appendix for
linear combination fit of the singly-reduced XANES data), rather than a unique singly-
reduced structure, confirming that the singly-reduced species is very short-lived, explaining
the results in literature as discussed above[10],[11],[13],[15],[16] and which will be confirmed by
our computational study (vide infra). The white line possesses no distinct pre-edge features
at higher energies. This is also reflected in the calculated XANES spectrum of [1]2- where
the transitions are mainly from iron 1s to the lowest lying unoccupied orbitals now more
localized on the Fe – Fe core. These electric-dipole-allowed transitions are in line with
the selection rules. At higher energies (7140 eV) multiple scattering and charge transfer
effects play a dominant factor,[47] which is not accounted for in our DFT calculations.
In order to simulate the full XANES (including edge), FEFF9 was used. The pre-edge
features both resemble their experimental value in terms of energy position and shape.
The main edge position is shifted to lower energies, reproducing the reduction of the two
central iron atoms. The drop in intensity after the edge at 7140 eV is well-reproduced
by the FEFF calculation and is due to the reduced multiple scattering features of the
neighbouring carbonyl groups and overall changes in (less constraint) geometry and which
will be confirmed by our computational study (vide infra).
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Figure 4.1 Experimental (solid) and computational (dashed) Fe K-edge XANES spectrum of
[1] (red) and reduced [1]2- (blue) using TD-DFT (left) and FEFF9 (right).

4.5 Sulfur K-edge XANES

The short core-hole lifetime of sulphur results in high energy resolution spectra where
different oxidations states can easily be differentiated. This sensitivity is a useful tool
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in understanding the role of the sulphur-linked backbones in hydrogenase systems. The
XANES region gives information on the sulphur 3p character of the unoccupied frontier
orbitals. The S XANES spectra in Figure 4.2 define two separate features, at ∼2472 and at
∼2474 eV for the precursor [1]. By calculating the XANES spectrum using TD-DFT, the
first feature at 2472 eV can be assigned to S 1s core electron excitations into the LUMO,
mainly localized on the Fe2CO6 core with additional C-Sσ∗ mixing. Upon reduction of [1]
with 2 eq. of CoCp2∗ the large pre-edge signal at ∼2472 eV reduces drastically, together
with a growing inset at lower energies (2470 eV), hinting at reduction of the sulphur
atom(s). Looking in more detail, TD-DFT indeed shows a similar trend where the LUMO
shifts to lower energy, which is still mainly located on the Fe2CO6 moiety accompanied
by mixing of π∗ ligand backbone orbitals (Figure 4.2 C). The additional lowering and
blue shift of the second peak (2473.4 eV −→ 2473.1 eV) is due to symmetry breakage and
really emphasizes the formation of the open di-anionic species, explained by the excitation
towards more unoccupied orbitals, spread out over a wider energy range.[48]

Figure 4.2 Experimental (solid) and computational (dashed) S K-edge XANES spectrum of
[1] (red) and reduced [1]2- (blue) using TD-DFT (bottom).
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4.6 Fe K-edge EXAFS

Structural information of [1] and [1]2- was obtained from a frozen acetonitrile solution in
a Kapton tube. The k2-weighted Fe K-edge EXAFS spectra are shown in Figure 4.3 [top].
Iron K-edge EXAFS analysis of the non-reduced species show three main contributions:
Fe-C (A), Fe-S (B) and the multiple scattering Fe-CO (C) interactions. The carbonyl
multiple scattering is highly contributing due to the linearity of the Fe-CO bond in these
Fe2S2 butterfly structures.[49] The coordination numbers (N) and inter-atomic distances
(R) in the fitting model, closely resembles its single crystal structure as shown in Table
4.2. The main features of EXAFS are reproduced with good accuracy, as observed in
both EXAFS and Fourier Transforms. EXAFS analysis of [1]2- also shows three main
contributions: Fe-C (D), Fe-S (E) and the less pronounced multiple scattering Fe-CO (F),
depicted in Figure 4.3 [bottom]. The overall reduction in amplitude resembles a loss of
symmetry, earlier observed in the XANES region. The Fe – S contribution is fitted with a
bond distance of 2.32(2) Å with a coordination number of 1.5. This supports the cleavage
of the Fe2S2 butterfly structure and the loss of symmetry, resulting in two in-equivalent
iron atoms. A further Fe – S scattering path with a distance of 3.76(4) Å can be added,
but with a low reliability of the fit, as this distance exceeds the limit of the data. The
Fe-C shell is split in to a coordination number of one carbon at a distance of 2.03(3) Å and
2.5 carbons at 1.78(1) Å. Further analysis shows a decreasing CO contribution which can
be explained by the bridging mode observed by earlier IR and DFT results. The use of
this model where CO is bridging and bond breakage between Fe–S had to be included in
order to obtain a good and reliable fit. The reduction of both iron atoms logically causes
an elongation of the bond, as was proven by our DFT calculations. Hence, the calculated
bond distance of 2.58 Å in [1]2- compared to the 2.48 Å bond distance in [1] was applied
in the EXAFS fitting model (2.55(2) Å), resulting in an overall better fit, while further
elongation of the bond (e.g. > 2.61 Å) gave a worse fit. The results confirm the structure
of the hydrogenase mimic [1] and the formation of its reduced equivalent [1]2- as proposed
in scheme 4.2. The EXAFS analysis of [1] with one equivalent of CoCp2

∗ again indicates,
like in the XANES, that a combination of [1] and [1]2- is obtained (see Figure 4.6 in
Appendix).
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Scheme 4.2 Proposed reduction mechanism of [1].

Figure 4.3 (Top) k2 -weighted Fe K-edge EXAFS data of [1] (left) and [1]2- (right). (Bottom)
k2-weighted Fourier Transforms of the EXAFS data for 2 < k < 10.5 Å of [1] (left)
and [1]2- right. In all plots the data are represented by the solid lines (red), whereas
the corresponding fits are the dotted lines (blue).
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Table 4.1 Fe K-edge EXAFS fitting parameters for [1] (crystal structure) and [1]2- (DFT
geometry optimized), where N = coordination number, σ2 = Debye Waller factor
[AA-2], R = fitted bond length [Å].

Compound Shell N σ2 RXRD/DFT (Å) RFit (Å)

[1] Fe-C 3.0 0.004(1) 1.79 1.80(1)
Fe-S 2.0 0.006(3) 2.27 2.29(1)
Fe-Fe 1.0 0.006(3) 2.48 2.48(2)
Fe-O 3.0 0.0002(2) 2.92 2.97(1)

Fe-CO 6.0 0.002(2) 2.92 2.97(1)
Fe-COC 3.0 0.004(2) 2.92 2.97(1)

[1]2- Fe-C 2.5 0.0051(9) 1.76 1.776(6)
Fe-C 1.0 0.006(4) 1.98 2.00(2)
Fe-S 1.5 0.006(3) 2.33 2.310(6)
Fe-Fe 1.0 0.009(2) 2.58 2.57(1)
Fe-O 3.0 0.0002(8) 2.93 2.970(2)

Fe-CO 5.0 0.0026(9) 2.93 2.970(2)
Fe-COC 2.5 0.0052(9) 2.93 2.970(2)

ak range = 2 – 12.8 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -0.8(8) eV, SO
2

= 0.90. R-factor fit: 0.0174
bk range = 2 – 12.8 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -0.12 eV ∗, SO

2

= 0.90. R-factor fit: 0.0069
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4.7 The reduction mechanism of Fe2(bdt)(CO)6

4.7.1 Theory and Spectroscopy

In order to reliably assign possible intermediate structures and obtain more insights in
the singly-reduced species, additional calculations were performed. In the current study
calculations have been performed with the often applied BP86 functional (in combination
with scaling factors)[48] and these have been compared to the results obtained with the
OPBE functional, which is often applied for the accurate description of open-shell inorganic
systems.[31] Although the structure with the lowest energy is often depicted as the most
relevant structure, it is also important to evaluate if the structure is kinetically accessible
by doing transition state analysis of the possible pathways. Additionally, comparison of the
calculated infrared spectra and redox potentials to the experimental data should support
the theory (see Appendix Table 4.3 and 4.4).

Complex [1] possesses a clear fingerprint of mainly four CO vibrational modes in the
IR region, resulting in two sharp signals at 2078 cm-1 and 2044 cm-1, and two unresolved
signals around 2001 cm-1 (see Figure 4.4). Comparing the different functionals and models,
it is evident that the neutral molecule is best described by the use of the OPBE functional
in combination with a solvent model (based on the comparison of calculated and exper-
imental IR signals). The calculated redox potential show only minor variations between
the functionals, with OPBE giving a value of -1.41 V, which is quite close to the literature
value of -1.33 V.[10] Upon the first reduction, all calculated structures show Fe – S (∼1.2
Å) and Fe – Fe (∼0.1 Å) bond elongation compared to the neutral state.
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Figure 4.4 (Left) Normalized experimental (solid lines) and theoretical (dashed lines) infrared
spectrum of [1] (red) and [1]2- (blue). (Bottom) Spectro-electrochemistry of [1]
in the infrared region.
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The CO ligands can either all stay in a terminal binding mode or one moving to a bridging
mode. The energy difference between bridged [1-μ-CO]1- and terminally bonded CO [1]1-

is relatively low (0.65 kcal mol-1), in favour of the non-bridging structure. The addition of
one electron was found to be energetically downhill, therefore proceeding barrierless. Due
to the fact that the final, and the carbonyl bridged structure, are so close in total bonding
energy, carbonyl displacement forming [1-μ-CO]1- could be feasible. The energy barrier
from [1]1- towards [1-μ-CO]1- is calculated to be +11.9 kcal/mol (see Scheme 4.3).

Scheme 4.3 Free energy diagram of [1] towards [1]1-. First the adiabatic energy difference is
shown, followed by [1]1- and the subsequent transition state to [1-μ-CO]1-. All
the relative energies are in kcal mol-1.

This corresponds to an approximate half time (τ 1/2) in the millisecond regime calculated
via the Eyring equation at ambient conditions.[46] The second electron transfer takes place
on a much faster timescale[20], explaining why the formation of [1-μ-CO]1- is not experi-
mentally observed. The Gibbs free energy of the calculated reduction potential of [1]1- at
-1.13 V (-89 kcal/mol) compared to [1] at -1.41 eV (-84 kcal/mol) nicely models a potential
inversion and also underpins an expected fast second electron transfer as ΔGo increases
by a very small amount.[47] The calculated infrared spectrum of [1]1-, indeed only shows
terminal CO fragments best described by again an OPBE functional. This analysis
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4.7 The reduction mechanism of Fe2(bdt)(CO)6
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Figure 4.5 Spectro-electrochemistry of [Fe2(bdt)(CO)6] in the UV-Vis region.

is in line with our spectro-electrochemical UV-Vis data showing an isobestic points at 330
and 350 nm indicating the transformation of [1] to [1]2- without the observation of an
intermediate state (Figure 4.5). The calculated reduction potential of [1-μ-CO]1- (-1.13
V OPBE and -0.97 V BP86) and [1]1- (-1.13 V OPBE and -1.07 V BP86) are all in
the same range, slightly underestimating the earlier simulated second reduction potential.
This implies that Fe – S bond breakage only is sufficient to lower the overall basicity of
the complex. Regardless of the functional employed, the second reduction step always
converges to a CO bridged incorporated structure [1]2- . This results in an IR spectral
profile where all three carbonyl vibrations undergo a blue shift towards lower wavenumbers
(Figure 4.4). This can be explained by stronger π back donation into the carbonyl anti-
bonding orbital from the electron enriched iron centres, thereby weakening the carbonyl
bond.[50] This reduction was performed experimentally by the addition of 2.05 eq. CoCp2

∗

to 5.0 mM of [1] in acetonitrile. Due to the presence of the cationic [CoCp2
∗]+, ion paired

species are likely to be present, assigning minor signals around 1750 cm-1 (see Figure
4.4). Note, a bridging CO moiety between two iron atoms will give a signal at even lower
wavenumbers, (1687 cm-1), an assignment that is supported by our spectro-electrochemistry
data (see Figure 4.4). Looking at the calculated data, the OPBE functional resulted in an
infrared spectrum matching the different experimental CO vibrational modes. The bridging
CO signal at 1682 cm-1, often calculated at much higher wavenumbers is herein conclusive.
Moreover, in order to match our infrared spectra with experimental data, no additional
shift or scaling factor was applied, contrary to earlier literature research.[51] Although the
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calculated reduction potentials show some variation, in all cases they are able to replicate
the experimental potential inversion. Based on all experimental and theoretical results, we
have proposed the following reduction mechanism, where the mono-reduced species indeed
have all CO’s in terminal position and only move to a bridging position upon the second
electron reduction (see Scheme 4.2). The Fe – S bond will elongate upon the first reduction
and slightly reorganize after the second reduction.

4.8 Conclusions

We have investigated the reduction of hydrogenase mimic [Fe2(bdt)(CO)6] with a com-
bined XAS - DFT study, revealing the structural rearrangement of the catalyst after the
second electron reduction. DFT predicts that upon the first reduction only Fe – S and Fe
– Fe bond elongation is likely to take place, supporting the latest findings. The conver-
sion of the reduced [1]1- to [1-μ-CO]1-, the isomeric structure with a bridging carbonyl,
is associated with an energy barrier of +12 kcal/mol, which is considered (kinetically)
prohibitive. Consecutive reduction of [1]1-, leads to a structure that has a bridging iron
carbonyl moiety (Fe-μ-CO-Fe), as supported by both DFT calculations and infrared spec-
troscopy. The suggested open di-anionic structure [Fe2(bdt)(μ-CO)(CO)5]2- was for the
first time structurally characterized by the use of XAS. In here, the Fe XANES region
clearly shows the reduction by a significant edge shift of -1.5 eV. TD-DFT calculations are
sufficiently accurate to allow a qualitative assignment and analysis of the pre-edge region
in the experimental XAS spectra. The reduced multiple scattering effects above the edge
support the structural reorganization, which was further characterized in great detail by
EXAFS analysis. This shows that the coordination number of Fe – S drops from 2 to 1.5.
Both the observed increase in the Fe – Fe bond length from 2.48 Å to 2.55(2) Å as the fitted
bridging carbonyl ligand are in good agreement with theory. Additional S XANES shows
reduction towards thiolate species, this was interpreted as ligand displacement by accurate
TD-DFT calculations. Overall, our DFT calculations are in excellent agreement with the
experimentally derived structural parameters and provide complementary insights into the
electronic structures of the species presented. This was To the best of our knowledge,
direct evidence of Fe – S bond breakage has not been experimentally observed before and
as this is a key intermediate in the reaction mechanism it facilitates in understanding the
operational mode of hydrogenase mimics. The presented methodology should be directly
applicable to other postulated intermediates in the mechanistic characterization of alter-
native catalyst systems. Future work to focus on the elucidation of other intermediates
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4.10 Appendix

4.10.1 XANES analysis

Figure 4.6 Linear Combination fitting of the XANES region of [Fe2(bdt)(CO)6] with 1 eq.
of reducing agent CoCp2

∗ with the standards [Fe2(bdt)(CO)6] and [Fe2(bdt)CO6]
with 2 eq. CoCp2

∗.

Standard Weight (error) [Fe2(bdt)(CO)6] 0.604 (0.038), [Fe2(bdt)(CO)6] + 2eq. CoCp2
∗

0.396 (0.044) (Sum = 1.000). Linear combination fit from 7104.5 to 7154.5 eV. Weights
forced between 0 and 1 with no overall E0 shift. R-factor = 0.00080 Reduced chi-square =
0.00014.
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4.10.2 EXAFS analysis

Figure 4.7 (left) k2-weighted Fe K-edge EXAFS data of [Fe2(bdt)(CO)6] + 1 eq. CoCp2
∗ with

the corresponding fit. (Bottom) k2-weighted Fourier Transforms of the EXAFS
data for 2 < k < 12 Å. In all plots the data are represented by the solid lines (red),
whereas the corresponding fits are the dotted lines (blue).

Table 4.2 Fe K-edge EXAFS fitting parameters for [1] with 1eq. CoCp2
∗, where N = coordi-

nation number, σ2 = Debye Waller factor [AA-2], R = fitted bond length [Å].

Compound Shell N σ2 RFit (Å)

[1] Fe-C 2.5 0.001(1) 1.79(1)
+ 1eq. CoCp2

∗ Fe-S 1.75 0.003(3) 2.28(2)
Fe-Fe 1.0 0.004(4) 2.45(3)
Fe-O 3.0 0.002(5) 2.97(6)
Fe-CO 6.0 0.001(3) 2.97(6)
Fe-COC 3.0 0.003(3) 2.97(6)

ak range = 2 – 12 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -2.6(8) eV, SO
2 =

0.90. R-factor fit: 0.0188.
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4.10.3 Redox potentials

Redox potentials were determined using the Born-Haber cycle approach, seen in Scheme
4.4.

Scheme 4.4 Born Haber Cycle used for the calculation of redox potentials.

The tables below show the calculated parameters needed for the redox potentials. Table 4.3
gives the results in case of OPBE as functional whereas table 4.4 represents the calculated
parameters using the BP86 functional.

Table 4.3 Redox parameters calculated using an OPBE functional.

Start Final ΔGo ΔGo ΔGo ΔGo RP
product product (gas, redox) (sln, redox) (solv. [1]-n) (solv. [1]-2n) eV.

[1] [1]1- -44.20 -78.70 -38.56 -4.06 -1.59
[1] μCO-[1]1- -43.55 -78.66 -39.17 -4.06 -1.59
[1]-n μCO-[1]2- 19.31 -89.23 -147.10 -38.56 -1.13
μCO-[1]-n μCO-[1]2- 18.66 -89.27 -147.10 -39.17 1.13

All reported values are in kcal/mol.
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Table 4.4 Redox parameters calculated using BP86 as functional.

Start Final ΔGo ΔGo ΔGo ΔGo RP
product product (gas, redox) (sln, redox) (solv. [1]-n) (solv. [1]-2n) eV.

[1] [1]1- -50.47 -84.14 -38.17 -4.50 -1.41
[1] μCO-[1]1- -48.89 -82.01 -37.62 -4.50 -1.50
[1]-n μCO-[1]2- 15.25 -92.11 -145.53 -38.17 -1.07
μCO-[1]-n μCO-[1]2- 13.67 -94.24 -145.53 -37.62 -0.97

All reported values are in kcal/mol.
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Chapter 5

Electronic Characterization of Redox
(Non)-Innocent Fe2S2 Reference
Systems: a Multi K-edge XAS Study

The majority of this work is based on: J. P. H. Oudsen, B. Venderbosch, T. J. Korstanje,
and M. Tromp, Electronic Characterization of Redox (Non)-Innocent Fe2S2 Reference Sys-
tems: A Multi K-edge X-ray Spectroscopic study, RSC Advances, 2020, 10, 729 - 738.
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5.1 Abstract

5.1 Abstract

Di-iron dithiolate hydrogenase model complexes are promising systems for electro-catalytic
production of dihydrogen and have therefore been spectroscopically and theoretically in-
vestigated in this study. The direct effect of ligand substitution on the redox activity of
the complex is examined. In order to understand and eventually optimize such systems,
we characterised both metal and ligand in detail, using element specific X-ray Absorption
Fe and S K-edge XAS. The (electronic) structure of three different [Fe2S2] hydrogenase
systems in their non-reduced state was investigated. The effect of one- and two-electron
reduction on the (electronic) structure was subsequently investigated. The S K-edge XAS
spectra proved to be sensitive to delocalization of the electron density into the aromatic
ring. The earlier postulated charge and spin localization in these complexes could now be
measured directly using XANES. Moreover, the electron density (from S K-edge XANES)
could be directly correlated to the Fe-CO bond length (from Fe K-edge EXAFS), which are
in turn both related to reported catalytic activities of these complexes. The delocalization
of the electron density into the conjugated π-system of the aromatic moieties lowers the
basicity of the diiron core and since protonation occurs at the diiron (as a rate determening
step), lowering the basicity decreases the extent of protonation and the catalytic activity.

5.2 Introduction

Despite the variety of Fe2S2 hydrogenase mimics synthesized and evaluated for hydrogen
evolution, more understanding of the role of the subsequent ligand is required. In general,
the spectator role or ‘innocence’ of the ligand has proven inaccurate for more and more
ligands and care has to be taken in judging the ligand’s role and capabilities,[1],[2] espe-
cially when trying to explain the performance and reaction mechanisms of organometallic
complexes.[3] Thus far, in our group, doubly reduced [Fe2(bdt)CO6]2- ([1]2- species have
been characterized structurally and electronically by Fe K-edge XAS spectroscopy, showing
the rupture of an iron-sulfur bond, caused by the potential inversion (Chapter 4).[4] Time
resolved infrared spectroscopy (TRIR) enabled the characterization of reduced intermedi-
ate structures, Mirmohades et al.[5] for example showed Fe-S bond rupture after the first
reduction by laser quench methods. A variety of functionalized 1,8-dithiolene diiron com-
plexes were synthesized and electrochemically characterized. The authors postulated both
events to reduce Fe1-Fe1 towards monomeric Fe0-Fe0, although possible ligand reduction
could not be excluded.[6] This is in contrast to investigations by the group of X. Liu, where
ferrocene functionalized 1,8-dithiol-naphthalene hydrogenase mimics were postulated to
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form a dimer with a tetra-iron core,[7] also observed in alkyl bridgehead structures.[8],[9]

In both systems, the reduction event is described to take place at the metal. Hence, the
use of naphthalene mono imide (NMI) substituted hydrogenase system[10] showed for the
first time an ultrafast electron transfer process between excited ZnTPP and the ligand
of a Fe2S2 H2-ase model in a self-assembled system. The electronic structure of [3]1-

reveals that the NMI group is non-innocent during this first reduction, which explains
the low activity in photo-driven hydrogen production.[10] This ligand based reduction was
based on IR spectro-electrochemistry (IR SEC), EPR spectroscopy and in combination
with DFT calculations.[9] The combined results reveal that the NMI group is non-innocent
during the first reduction of [2], which explains the low activity in photo-driven hydrogen
production.[10] Using combined S K-edge and Fe K-edge XAS, we seek to describe and un-
derstand the effect of ligand environment in the H-cluster mimics in much more detail. The
group of Solomon pioneered in this field, using S K-edge spectroscopy to investigate sulfur
covalency in [2Fe-2S] sites of model complexes where sulfide were distinguished from the
thiolate pre-edge due to differences in effective nuclear charge.[11] Earlier investigations by
the same group investigated the active site of the non-heme iron enzyme nitrile hydratase
(NHase) using sulfur K-edge XAS. They evaluated the effects of metal coordination to the
S, protonation/metal coordination to the O of RSO-, and protonation of RSO2

-. DFT
calculations (solely ground state) were used to assign the significant shifts between the
different species. The group of Hedman and Solomon has shown by a combination of Cu
K- and L-edge and S K-edge XAS a metal-based oxidation to occur upon one-electron
oxidation. The observed pre-edge and edge energy shifts observed in these XAS spectra
were supported by DFT calculations.[12] TDDFT calculations have been performed on ge-
ometrically different compounds with identical functional groups by the group of Hedman
and showed the strength of combining theory and spectroscopy as they could clearly dis-
tinguish between functional groups based on the mixing of atomic orbitals and the energies
of molecular orbitals leading to changes in the S K-edge XANES spectra.[13] The group of
S. de Beer has presented Fe K-, S K-edge XAS in combination with Fe Kβ XES data on a
series of Fe2S2 complexes, investigating three redox states. They showed a detailed picture
of electronic structures. By the use of Kβ XES mainlines and Fe K-edge XAS they empha-
size that “fingerprints” regarding oxidation states should be treated with caution.[14] The
series of [Fe2S2] mimics in this study (see Scheme 5.1) are proposed to have very different
charge and spin localization in the complexes. Next to envisioned differences in electronic
structure we were also able to measure Fe-S and/or Fe-Fe bond elongations directly.
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Scheme 5.1 Hydrogenase mimic structures investigated in this study.

5.3 Experimental

5.3.1 General Experimental Details

Starting materials were obtained commercially or prepared and purified according to the
references given below. All solvents were dried by using standard procedures.[15] All air-
sensitive materials were manipulated using standard Schlenk techniques or by the use of
a glovebox. Ligand (L) 1,8-Naphthalic anhydride-4,5-disulfide was prepared via literature
procedure.[16] 1H and - 13C NMR spectra were recorded on a Bruker AVANCE 400 MHz
spectrometer. IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer.

5.3.2 Sample preparation

[Fe2(bdt)(CO)6] ([1]). A modified literature procedure[17] was used. 4.3 g (8.5mmol)
Fe3(CO)12 was treated with 1.20 g (8.5 mmol) benzene- 1,2-dithiol in THF and refluxed
for exactly two hours. The resulting red solution was directly filtered over cotton. Unre-
acted Fe(CO)5 was evaporated by rotary evaporation as a yellow solution. Silica column
chromatography was conducted using petroleum ether/pentane (40/60) as eluent. Only
the red band was collected and further dried in vacuo, resulting in red crystalline powder
in a 76% yield. 1H NMR (300 MHz, CDCl3) δ 7.16 (dd, J = 5.5, 3.2 Hz, 2H), 6.66 (dd,
J = 5.5, 3.2 Hz, 2H). 131H-NMR (300 MHz, CDCl3): δ = 207.48 (s, CO), 147.45 (s, SC),
127.96 (s, SCCH), 126.80 (s, SCCHCH) IR (CO) (MeCN) (cm-1): 2078 (m), 2043 (s), 2002
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(s).
[Fe2(bdt)(μ-CO)(CO)5]2- ([1]2-). 2.1 eq. of CoCp2

∗ (5mM) was added to Fe2(bdt)(CO)6

([1]) (5.0 mM) in acetonitrile under nitrogen or argon atmosphere. IR (CO) (MeCN)
(cm-1): 1963 (s), 1914 (s), 1881 (w), 1863 (m), 1842 (w), 1688 (b).

Napthalene-1,8-dithiolate [2a]. 720 mg (2.3 mmol) of Sulfur and 570 mg (2.3 mmol)
of Sodium was refluxed in 40 mL of DMF under nitrogen atmosphere. 1.50 g of 1,8 di-
bromonaphthalene was added upon the solution turned dark blue over time. The mixture
was refluxed for 24h and afterwards cooled down to room temperature. To the solution was
added 50 mL of water followed by 100 mL of toluene. The organic phase was extracted and
washed with water (2x 50 mL) using a separation funnel. The solution was evaporated
using a rotary evaporator, leaving an orange oil. Recrystallization in hexane at -20 °C
overnight yielded orange/red spiked crystals. 1H-NMR (400 MHz, CD2Cl2) δ 8.33 (dd, J
= 7.3, 1.2 Hz, 2H), 8.10 (dd, J = 8.2, 1.2 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H).

[Fe2(naph)(CO)6] [2]. Naphthalene-1,8-dithiol [2a] (1.15 g, 6.00 mmol) was dissolved
in THF (150 mL). [Fe2(CO)9] (3.02 g, 6.00 mmol) was dissolved in THF (20 mL) and
added dropwise to the ligand solution. The mixture was refluxed for 45 min as it turned
from green to red. Finally, the solution was allowed to cool to room temperature, filtered,
and concentrated to dryness. The residue was recrystallized in hexane (20 mL), affording
microcrystalline product [2] (1.4 g, 50%). 1H-NMR (400 MHz, CDCl3) δ 8.28 (d, J = 7.1
Hz, 2H), 8.02 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.5 Hz, 2H) ppm. IR (CO) (MeCN) (cm-1):
2075 (m), 2041 (s), 2000 (br, m). [Fe2(naph)(CO)6]1- [2]]1-. 1.05 eq. of CoCp2

∗ (5mM),
added to [Fe2(naph)(CO)6] (5.0 mM) in acetonitrile under nitrogen or argon atmosphere.
IR (CO) (MeCN) (cm-1): 2008 (m, 1950 (s), 1915 (br, m). [Fe2(naph)(CO)6]2- [2]2-. 2.1 eq.
of CoCp2

∗ (5mM) was added to [Fe2(naph)(CO)6] (5.0 mM) in acetonitrile under nitrogen
or argon atmosphere. IR (CO) (MeCN) (cm-1): 1920 (s), 1890 (s), 1864 (br, m), 1805 (br,
m).

μ-PyCH2-NMI-S2 [3a]. 1,8-Naphthalic anhydride-4,5-disulfide (260 mg, 1.15 mmol)
was dissolved in degassed 2-methoxyethanol and 0.7 mL (740 mg) of 4-aminomethylpyridine
was added. The solution was refluxed for 48 hours under nitrogen atmosphere. The solution
was cooled down and placed at -20°C for 48 hours, after which golden crystals were obtained
and further dried in vacuo (165mg) in 45% yield. 1H-NMR (400 MHz, CDCl3) δ 8.54 (d,
J = 6.1 Hz 2H), 8.47 (d, J = 8.1 Hz, 2H), 7.52 (d, J = 8.1 Hz ,2H), 7.36 (d, J = 5.7 Hz,
2H), 5.39 (s, 2H) ppm.

[μ-PyCH2-NMI-S2)Fe2(CO)6] [3]. Ligand [3a] (300 mg, 0.86mmol) was dissolved in
dry THF after which Fe3CO12 (432 mg, 0.86mmol) was dissolved in 10 mL THF and added
to the reaction mixture. After stirring for 1.5 hour at room temperature, the reaction
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mixture turned from green to red and was filtered over Celite and further dried in vacuo.
The product was purified by column chromatography on Silica gel with CH2Cl2 and a drop
of methanol. The product was obtained as pure orange powder in 46% yield. 1H-NMR
(400 MHz, CDCl3) δ 8.56 (2H), 8.44 (2H), 7.54 (2H), 7.37 (2H), 5.34 (2H) ppm. IR (CO)
(MeCN) (cm-1): 2080 (m), 2045 (s), 2007 (s).

[μ-PyCH2-NMI-S2)Fe2(CO)6]1- [3]1-. 1.05 eq. of CoCp2
∗ (5mM), added to [μ-PyCH2-

NMI-S2)Fe2(CO)6] (5.0 mM) in acetonitrile under nitrogen or argon atmosphere IR (CO)
(MeCN) (cm-1): 2050 (m), 2018 (s), 1979 (br, m).

5.3.3 Infrared Spectro-Electrochemistry

Electrochemical experiments were performed in an optically transparent thin-layer (200
μm) electrochemical (OTTLE)[18] cell equipped with CaF2 optical windows and a plat-
inum minigrid working electrode. The difference absorbance IR spectra were recorded on a
Nicolet Nexus FT-IR spectrometer and the UV-Vis spectra were recorded on a Shimadzu
UV-2700 spectrophotometer. The cyclic voltammetry scanning process (v = 0.5 mV s-1)
was controlled by a PGSTAT (Eco-Chemie) potentiostat. The measurements were per-
formed on 5.0 mM complexes in acetonitrile containing 0.1M nBu4NPF6 as a supporting
electrolyte.

5.3.4 Fe K-edge X-ray Absorption Spectroscopy

Fe K-edge (7112 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. Solu-
tions were measured in fluorescence mode, using a Germanium 9 element detector, or in
transmission using ionisation chambers. The energy was calibrated by defining the first
derivative peak of the Fe foil spectrum to be 7112.0 eV. The measurements were performed
on 5.0 mM complexes in acetonitrile. Samples were prepared in peek cells in a Glovebox
under argon atmosphere and were sealed with 8 microns thick Kapton foil as X-ray win-
dow. Data processing analysis was conducted with Athena and Artemis (Demeter software
package).[19]

5.3.5 S K-edge X-ray Absorption Spectroscopy

Fe S-Edge (2472 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. The
cell was mounted in a large vacuum chamber. Solutions were always measured under
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high vacuum (prevent strong absorption of X-rays by air) and measured in fluorescence
mode, using a Germanium 9 element detector. Energy calibration was performed with
FeS2 for which the peak of the white line was assigned to 2471.1 eV. The measurements
were performed on 5.0 mM complexes in acetonitrile. Samples were prepared in peek cells
in a Glovebox under argon atmosphere and were sealed with 8 microns thick Kapton foil as
X-ray window. In order to exclude beam induced changes, we monitored beam irradiation
effects by 10 subsequent quick scans (2 min/scan), with a focused beam on complex [1].
No changes in the XANES spectra occurred. Additionally, Fe K-edge XANES was always
measured before and after every S K-edge XANES experiment to check the stability of
the complexes in solution. After the experiment, all samples were inspected on beam
damage by eye. As such we ensure that reported spectral changes are in fact chemistry
and not beam induced. Data processing analysis was conducted with Athena and Artemis
(Demeter software package).[15]

5.3.6 Computational Details

All geometry optimisations and IR simulations were conducted using ADF[20] with the
TZ2P basis set and BP86[21] or OPBE[22] functional. TD-DFT XANES calculations were
performed with a 50 Davidson excitation restriction window where only singlet quadrupole-
and dipole-allowed transitions are selected from the Fe 1s orbitals.[23] In all TD-DFT cal-
culations, the B3LYP – d3 functional and a QZ4P Slater-type basis set was applied.[24]

The intensities include second-order contributions due to the magnetic-dipole and electric-
quadrupole transition moments.[25] The spectra were shifted by 151.0 eV in case of iron and
56.0 eV in case of sulfur for comparison to experiment for comparison to experiment.[26]

These shifts are chosen such that the energy of the first peak in the calculated spectrum
agrees with the first peak in the experimental spectrum. Although these are large shifts,
they do not affect the relative position of the peaks.

5.4 Results and Discussion

5.4.1 IR spectro-electrochemistry

The spectro-electrochemistry of complex [1] was already discussed in Chapter 4. In here,
four main CO vibrational modes in the IR region, 2078 cm-1, 2044 cm-1, and two signals near
2001 cm-1 underwent a blue shift towards 1961 cm-1, 1914 cm-1 and 1862 cm-1 together with
an additional signal at 1682 cm-1 assigned to a bridging carbonyl, showing the formation of
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[1][2-]. The reported DFT calculations were in excellent agreement with these experimental
results. By applying a potential over a solution of [2] the first reduced state: [2]1-

could be characterized with a reduction potential at roughly -1.6 eV, in correspondence
with literature.[16] The vibrational bands originally present at 2074 cm-1, 2038 cm-1 and
1999 cm-1 also here underwent a blue shift towards 2008 cm-1 1950 cm-1 and 1910 cm-1

in correspondence with our computational data (Figure 5.1) and literature.[10],[6] Upon
increasing the potential to -1.95 V, new strong bands were present at 1910, 1880 cm-1

and broad bands between 1850 and 1800 cm-1 (Figure 5.2). This is in well agreement
with DFT calculations, visualizing bands at 1910 cm-1, 1895 cm-1 and two relatively sharp
signals between 1850 and 1800 cm-1. This would imply that all carbonyl groups are ligated
in a linear fashion to an even more reduced iron core (Figure 5.2).

Figure 5.1 Absorbance difference IR SEC spectra recorded during the first electron reduction
of 1.0 mM of [2] in Acetonitrile (0.1 M nBu4NPF6) within an OTTLE cell.

Steady state infrared spectra are recorded for [3] and [3]1- (Figure 5.3) and showed iden-
tical values compared to results obtained by Ping et al.[10] The neutral state has three
signals at 2080 cm-1, 2046 cm-1 and 2007 cm-1 and the reduced state at 2054 cm-1, 2018
cm-1 and 1976 cm-1. Next to the metal-carbonyls, two additional weak bands are shifted
from 1706 cm-1 and 1666 cm-1 towards 1629 cm-1 and 1583 cm-1, highlighting the largely
delocalized spin density upon the ligand system.
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Figure 5.2 DFT calculated spectra of [2]2- (right) compared to the final spectrum in the
spectro-electrochemistry measurement (left).

Figure 5.3 Steady state infrared spectrum of hydrogenase complex [3] (bottom red) and [3]
+ 1.05 eq. CoCp2

∗ (top blue).
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5.5 Fe K-edge EXAFS

Structural information on the precursors [2] and [3] together with reduced species [2]1-,
[2]2- and [3]1- was obtained via Fe K-edge EXAFS analysis. An overview of all the ob-
tained Fe K-edge EXAFS data of both precursors and final reduced species is presented in
Figure 5.4. The structural information for [1] and its chemically reduced analogue [1]2-

have been extensively discussed in Chapter 4. We characterized the di-anionic structure as
an open structure in which one Fe-S bond was broken in combination with the formation
of a new bridging carbonyl between both iron centres. Both precursors [2] and [3] were
measured in acetonitrile and require four shells to obtain a satisfactory fit for the data.
The first shell is a carbon shell containing three atoms at a distance of ∼1.80 Å. The
second shell is a sulfur shell, containing two atoms at 2.26 Å. The third shell is an iron
shell containing one atom at a distance of 2.43(4) Å in case of [2] and 2.539(2) Å in case
of [3]. The final oxygen shell has a coordination number of three at ∼2.93 Å. Additional
multiple scattering pathways, i.e. single forward Fe – CO and double forward Fe – COC
were analyzed for both structures. In order to reduce the amount of parameters used in
the fit, the Fe-CO and Fe-COC multiple scattering pathways were constructed by apply-
ing the parameters used for the single scattering contributions of the carbon and oxygen
shell,assuming perfectly linear Fe-CO coordination geometry.

The k2-weighted Fourier transform of [2]1- in acetonitrile is shown in Appendix Figure
5.14. The obtained EXAFS parameters and comparison towards a DFT optimized struc-
ture are given in Table 5.1. Also here, four shells are used to obtain a reliable fit for the
data. The first shell, still has three carbon atoms at a similar bond distance of 1.806(8)
Å compared to [2]. The second shell of two sulfur atoms is 2.27(1) Å. Whereas the third
shell with one iron atom, is elongated extensively towards 3.12(4) Å, in line with DFT
(2.85 Å). § The final oxygen shell consists of three atoms and remains at a distance of
∼2.95 Å. The fact that [2]1- has three identical Fe – CO bond distances and an identical
number of Fe-CO and Fe-COC multiple scattering pathways compared to [2] proves that
no bridged carbonyl species (Fe-μ-CO) are present in the bulk solution. The k2-weighted
Fourier transform of [2]2- in acetonitrile is shown in Figure 5.4.

§ The use of 1.05 eq. CoCp2
∗ results in partial formation of [1]2- explaining the longer Fe-

Fe bond distance in [1]1-.
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The obtained EXAFS parameters and comparison towards a DFT optimized structure
is given in Table 5.1. Although the first carbon shell of three atoms is still at a similar dis-
tance of 1.80(1) Å, the second shell with two sulfur atoms underwent a small, but further
elongation towards 2.29(2) Å. In case of the iron shell, an elongation towards 3.53(8) Å was
observed. Finally, the Fe-COs are shortened towards 2.83(1) Å, but do remain in a linear
binding mode based on the single and multiple Fe-CO(C) scattering pathways required for
analysis. This is in good agreement with our spectro-electrochemistry investigations for
both reduced species, as only terminal ligated CO signals were observed. The k2-weighted
Fourier transform of [3]1- in acetonitrile is shown in Figure 5.4. The obtained EXAFS
parameters and comparison towards a DFT optimized structure is given in Table 5.1. Also
here, the first carbon shell of three atoms is at a similar distance of 1.79(1) Å, compared
to [3]. The second shell with two sulfur atoms are observed at 2.27(1) Å. Reduction of
[2] displayed extensive elongation of the Fe–Fe bond. In case of [3] however, the addition
1.05 eq. CoCp2

∗ leads to no significant changes in the Fe-Fe bond length. Furthermore,
the six Fe-CO bonds are again not affected by the reducing conditions, nor does the Fe-S
coordination change. Based on many electro-chemical investigations, the di-iron core is
in general known to be capable of accepting one and often two consecutive electrons. In
some cases, after accepting the first electron, one of the four Fe-S bonds may de-coordinate
to form an entirely new structure.[8],[27],[28] Earlier investigations in our group has shown
a clear example of this where Fe-S bond breakage even resulted in a potential inversion
in [1].[4] Earlier investigations by G. Qian et al.[7] postulate the formation of a dimer
with a tetra-iron core using a ferrocene functionalized 1,8 dithiol-naphthalene hydrogenase
mimic. The formation of Fe- S ruptured structures can be disregarded as in all cases both
bridging sulfur atoms are observed at similar bond distances compared to its neutral state.
Furthermore, plausible isomeric structures were also disregarded as in the EXAFS region
as we only observed an elongation of the Fe-Fe bond and no additional Fe-Fe shells were
observed in the experimental R-space.[29]
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5.5 Fe K-edge EXAFS

Figure 5.4 (Top) k2-weighted Fe K-edge EXAFS data of [2] (left) and [2]1- (right). (Bottom)
k2-weighted Fourier Transforms of the EXAFS data for 2 < k < 10.5 Å of [3]
(left) and [3]1- right. In all plots the data are represented by the solid lines (red),
whereas the corresponding fits are the dotted lines (blue).
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Table 5.1 Fe K-edge EXAFS fitting parameters for [2] and [2]1-, [2]2-, [3] and [3]1- where N
= coord. number, σ2 = Debye Waller factor [AA-2], R = fitted bond length [Å].

Compound Shell N σ2 RDFT (Å) RFit (Å)

[2]a Fe-C 3.0 0.004(1) 1.79 1.80(2)
Fe-S 2.0 0.002(3) 2.27 2.28(2)
Fe-Fe 1.0 0.004(5) 2.54 2.43(4)
Fe-O 3.0 0.001(3) 2.93 2.95(1)

Fe-CO 6.0 0.002(2) 2.93 2.95(1)
Fe-COC 3.0 0.004(2) 2.93 2.95(1)

[2]1- b Fe-C 3.0 0.004(1) 1.80 1.806(8)
Fe-S 2.0 0.0018(7) 2.33 2.27(1)
Fe-Fe 1.0 0.007(5) 2.85 3.12(4)
Fe-O 3.0 0.011(4) 2.93 2.95(1)

Fe-CO 5.0 0.008(4) 2.93 2.95(1)
Fe-COC 2.5 0.008(4) 2.93 2.95(1)

[2]2- c Fe-C 3.0 0.006(2) 1.76 1.80(1)
Fe-S 2.0 0.0022(7) 2.36 2.29(2)
Fe-Fe 1.0 0.01(1) 3.46 3.53(8)
Fe-O 3.0 0.012(3) 2.87∗∗ 2.83(1)

Fe-CO 5.0 0.010(3) 2.87∗∗ 2.83(1)
Fe-COC 2.5 0.010(3) 2.87∗∗ 2.84(1)

[3] d Fe-C 3.0 0.003(2) 1.80 1.82(1)
Fe-S 2.0 0.003(7) 2.26 2.253(8)
Fe-Fe 1.0 0.008(1) 2.54 2.539(2)
Fe-O 3.0 0.005(3) 2.94 2.989(8)

Fe-CO 6.0 0.002(2) 2.94 2.989(8)
Fe-COC 3.0 0.004(2) 2.94 2.989(8)

[3]1- e Fe-C 3.0 0.007(2) 1.77 1.79(2)
Fe-S 2.0 0.004(2) 2.29 2.27(1)
Fe-Fe 1.0 0.008(1) 2.55 2.51(4)
Fe-O 3.0 0.005(5) 2.93 2.95(2)

Fe-CO 6.0 0.005(5) 2.93 2.95(2)
Fe-COC 3.0 0.010(5) 2.93 2.95(2)
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ak range = 3–11.4 Å, R range = 1–3.5 Å; E0 = -3.4 eV∗ , R-factor fit: 0.021
bk range = 3–10.5 Å, R range = 1–4.0 Å; E0 = -1.16 eV∗, R-factor fit: 0.015
ck range = 3–11.2 Å, R range = 1–3.5 Å; E0 = -2(1) eV, R-factor fit: 0.018
dk range = 3–12.0 Å, R range = 1–3.5 Å; E0 = 0.59 eV ∗, R-factor fit: 0.020
ek range = 2–11.8 Å, R range = 1–3.5 Å; E0 = -1(1) eV, R-factor fit: 0.023
∗ fixed value ∗∗ Fe-CO bond angle changes from almost 180o towards 172o.

5.5.1 Fe K-edge XANES

So far, EXAFS analysis showed structural changes under reductive conditions are mainly
observed in the Fe – Fe bond distance for [2], whereas [3]1- showed no bond elongation
between both iron atoms. Next to revealing additional structural information, Fe K-edge
XANES also visualizes the electronic processes. The XANES data of [1], [2] and [3] in
acetonitrile are shown in Figure 5.5. All precursors have an absorption edge at ∼7125
eV. These are commonly observed for Fe1-Fe1 carbonyl ligated complexes,[30] attributed
to the strong π-accepting nature of the carbonyls.[31] The shape and position of all three
spectra are almost identical and supports a similar electronic structure and coordination
environment near the absorbing iron atom. The position and intensity of the spectra in
the pre-edge region (7112 – 7118 eV) are indicative of five coordinate iron species.[32] The
TD-DFT calculated pre-edge of [2] and [3] are both shown in Figure 5.5 B. The peak
at the start of the calculated spectrum is split in two transitions. The first transition,
(7112.5 eV) only consists of quadrupole contributions. The five iron d-orbitals combine
with the carbonyl σ and π∗-orbital combinations, where the dxz- and dyz-orbitals interact
only with the π∗-orbitals. The second transition (7112.8 eV) has next to small carbonyl
σ contributions mostly sulfur σ∗ contributions. The peak at higher energy (7115 eV) are
transitions where dz2 orbitals interact mainly with carbonyl π∗-orbitals (Figure 5.5B). The
involvement of the ligand is observed strongest at higher energies (7117 – 7119 eV) and are
again similar in case of [2] and [3] (Figure 5.5 B). The isosurface plots of (a combination
of) unoccupied orbitals discussed above are plotted in Figure 5.6, these also include the
iron orbital contributions. Small differences at the rising edge (∼7120 eV) and increased
intensity at the top of the pre-edge (∼7112 eV) for [3] are most likely due to an overall
lower symmetry compared to [2], enhancing 1s to 4p transitions.[33] When examining the
reduction events at [2] (Figure 5.5), a significant edge shift of -1.5 eV was observed. No
direct changes in the ligand environment strongly supports a reduction of the iron core.[34]

No blue shift of the edge position is observed after the second electron reduction.
The anionic charge is possibly more distributed over the conjugated ligand backbone.
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Figure 5.5 Experimental (solid) and computational (dashed) Fe K edge XANES spectrum of
A: [1] (black), [2] (red) and [3] (blue) B: Pre-edge region of Fe K-edge XANES
spectra of [1] (black), [2] (red) and [3] (blue) with TD-DFT simulated spectra
(dashed) C: Fe K-edge XANES spectra of [2] (red) [2]1- (purple) and [2]2- (blue)
with the normalized derivative as inset and D: Fe-K edge XANES spectra of [3]
(red) and [3]1- (blue) with the normalized derivative as inset.

These statements are clearly reflected by the TD-DFT calculated spectrum of [2]2- (Figure
5.7). The first two peaks in the pre-edge region are separated to a greater extend compared
to [2]. This peak splitting can be understood by looking at the corresponding orbital
contributions. In here, the first few LUMOs have more 3d character and less character of
the CO π∗ orbitals in the reduced complex [2]2- which are now reflected at 7114 eV. Thus,
the metal and corresponding Fe-CO orbitals are affected to a greater extend in [2]2- and
matches with the blue shift of the white line, also a strong indication of metal reduction.
Looking at the reduction of [3], the first derivative of the Fe K-edge indicates no reduction
of the iron centre, therefore strongly suggesting a ligand based reduction. The hypothesis
of the charge being more located on the ligand backbone was confirmed by our TD-DFT
XANES calculations (Figure 5.7)
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Figure 5.6 Isosurface plots of the unoccupied orbitals probed by the pre-edge transitions as
obtained from TD-DFT calculations with B3LYP/QZ4P, for the major contribu-
tions to the pre-edge peaks of [2].

Figure 5.7 Experimental (solid) and computational (dashed) Fe K-edge XANES spectrum of
[2]2-.

This is in line with EXAFS analysis, where no structural changes around the metallic
centre took place, in contrast to [1]2- and [2]2- and further support both the experimental
and computational data.
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5.6 Sulfur K-edge XANES

The S K-edge XANES spectra in Figure 5.8 define two separate features, at ∼2472 and
at ∼2474 eV for all precursors [1], [2] and [3]. The first features at 2472 eV can be
assigned to S 1s core electron excitations into vacant Fe-Fe, Fe-S mixed σ∗ and π∗ orbitals
in addition to a limited set of Fe-CO π∗ orbitals that are symmetry allowed to mix with S
3p orbitals [30] (Figure 5.8 A). The features at 2474 eV emerge due to the excitation towards
anti-bonding orbitals on the ligand backbone (Figure 5.9).[35] When comparing [2] and [3]
to [1], (Figure 5.8A) we can see that the naphthalene bridged complexes exhibit a lower
edge feature at 2474 eV. Comparing the calculated orbital compositions reveals that [1]
has the least (covalent) mixing between the ligand π∗ and sulfur orbitals, and the most
iron character in the ligand π∗-orbitals. The high intensity of both peaks in [1] are due
to close lying high intensity transitions, whereas the broader intensity in [2] and [3] have
additional transitions that are more spread out, giving rise to a lower and broader signal.[36]

By calculating the XANES spectrum of [1] using TD-DFT (Figure 5.9), the first feature at
2472 eV can be assigned to S 1s core electron excitations into the LUMO, mainly localized
on the Fe2CO6 core with additional C-σ∗ mixing. Upon reduction of [1] with 2 eq. of
CoCp2

∗ the large pre-edge signal at ∼2472 eV reduces drastically, together with a growing
inset at lower energies (2470 eV), hinting at reduction of the sulphur atom(s). Looking in
more detail, TD-DFT indeed shows a similar trend where the LUMO shifts to lower energy,
which is still mainly located on the Fe2CO6 moiety accompanied by mixing of π∗ ligand
backbone orbitals (Figure 5.9 A peak C). The additional lowering and blue shift of the
second peak (B −→ D) is due to symmetry breakage and really emphasizes the formation of
the open di-anionic species, explained by the excitation towards more unoccupied orbitals,
spread out over a wider energy range.[30] Adding one equivalent of reductant to [2] shows
an intense pre-edge feature to arise, which further increases in intensity upon a second
reduction (Figure 5.8 C). The pre-edge feature can be assigned to the excitation of 1s to the
LUMO (Figure 5.9 B), visualizing a strong reduction on the iron core. This is accompanied
by a minor blue shift of the rising edge (2473.9 eV). The shift shows the lowering of the
ionization threshold, mainly caused by (indirect) reduction of sulfur species. The increased
sulfide character delocalized between the two sub-clusters could be explained by partial spin
density localized on the ligand backbone from the iron core.[37] The increased absorption
at 2474 eV which is also reflected in the TD-DFT calculation supports the spin density
distribution towards the ligand backbone. Both Fe and S K-edge have shown the reduction
process to take place at the metallic site. This result is in line with the observed Fe – Fe
bond elongation, observed via EXAFS analysis. Overall, the spin density distribution
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Figure 5.8 (A) Experimental S K-edge XANES of [1] (black) [2] (red) and [3] (blue). (B)
Experimental S K-edge XANES spectrum of [1] (red), [1]1- (purple) and [1]2-

blue. (C) Experimental S K-edge XANES spectrum of [2] (red), [2]1- (purple)
and [2]2- (blue) and (D) experimental S K-edge XANES spectrum of [3] (red) and
[3]1- (blue).

in [2]1- and [2]2- have experimentally been examined in solution and match the trend
observed computationally.
Figure 5.10 shows the calculated spin density of [2]1- and [2]2- to mainly reside on the iron
core. In comparison, reduction of [3] only shows a minor shift (∼ -0.1 eV) of the edge at
2471 eV, together with a strong increase in absorption at 2474 eV. No changes in the pre-
edge region occur, indicating a reduction event to take place further away from the Fe2S2

core, only affecting the transitions towards the ligand backbone, observed by increased
absorption at 2474 eV and not the Fe-Fe or Fe-CO π∗ orbitals.[30] The TD-DFT calculated
spectrum of [3]1- (Figure 5C) points out unambiguously that the metallic part (2470 eV) is
not affected whereas the ligand part (reflected at 2474 eV) is. These observations are in line
with the EXAFS analysis of [3]1- where no structural changes were observed. Furthermore,
the calculated spin density of [3]1-, is mainly located on the NMI ligand (Figure 5.10),
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Figure 5.9 (A) Experimental S K-edge XANES of [1] (black) [2] (red) and [3] (blue). (B)
Experimental S K-edge XANES spectrum of [1] (red), [1]1- (purple) and [1]2-

blue. (C) Experimental S K-edge XANES spectrum of [2] (red), [2]1- (purple)
and [2]2- (blue) and (D) experimental S K-edge XANES spectrum of [3] (red) and
[3]1- (blue).

further supporting our findings.
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Figure 5.10 Spin density plots (BP86 dipersion Grimme 3, TZ2P) for [2]1-, [2]2- and [3]1-.

Summarizing, we have determined that the distribution of the electron density is directly
probed in S K-edge XANES. At the same time, we see a change in Fe-CO distance depend-
ing on ligand and/or upon reduction. Since the LUMO resides mostly on the Fe2S2CO6

fragment, we hypothesized that the S K-edge and Fe-CO bond distance are a measure of
the same phenomenon. Plotting the absorption at 2470 eV (peak area determined given
in Appendix Figure 5.13) against the Fe-CO bond distance, we see that indeed a linear
correlation was found (Figure 5.11). This means that in this case, the S K-edge pre-edge

Fit exp R2= 0.85

0.0 0.2 0.4 0.6 0.8 1.0
2.80

2.85

2.90

2.95

3.00

3.05

3.10

Fitted Peak area at 2470 eV

Fe
-CO

Bo
nd
D
is
ta
nc
e
(Å)

Figure 5.11 The absorption values at 2470 eV determined by pseudo-Voight peak fitting after
abstraction of the two main peaks. The S- XANES data are plotted as a function
of Fe – CO bond lengths. (blue) Experimentally derived values via Fe-K-edge
EXAFS analysis.
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region can be used to visualize the Fe-CO bond distance, as a function of ligand and/or
reduction. Although a direct link towards catalytic activity is difficult to establish, es-
pecially when structures undergo structural rearrangements, as observed for [1],[4],[33],[34]

these observations do support the earlier proposed hypothesis that the LUMO should be
primarily metal centered[38] explaining why [2] [6] is more active than [3] [10] (comparing the
TOF).[39],[40],[41] It should however be noted that the rigidity of these naphthalene systems,
together with their stabilizing charge effect results in more stable reduced species compared
to alkyl-thiolate linkers.[42]

5.7 Conclusions

The combination of soft (S K-edge) and hard (Fe K-edge) X-ray spectroscopy enabled the
full characterization of different hydrogenase mimics, allowing to detect changes in different
parts of these catalytic systems. The S K-edge XANES spectra clearly showed electronic
and structural changes upon reduction, which were visible only due to high experimental
energy resolution. This allowed us to differentiate between reduction of the metal center
observed for [2] and ligand reduction in case of complex [3]. Next to the typical (lack of)
shift in the edge position, additional evolution of pre-edge features in [2] were assigned
to reduction of the metal center, which was fully supported by TD-DFT calculations. A
linear correlation between the peak area of the pre-edge in S K-edge XANES and the
EXAFS determined Fe-CO bond distance and reflects the changed spin density in the
system, affecting both S electronics and Fe-CO bond length to an equal extend. The
satisfactory derived elongation from 2.43(3) Å to 3.53(8) Å of the Fe–Fe bond in [2]2- -
with no additional Fe-Fe scattering paths at longer distances show the Fe2S2 core to stay
intact. No Fe-Fe bond elongation was observed via EXAFS analysis in [3]1- - in line with
the non-innocence of the NMI group that was reduced instead of the iron. This study shows
that a combination of soft and hard X-rays is a powerful tool to identify redistribution of
charge in ligand containing hydrogenase mimics, during redox processes. These results
are a good starting point for operando (soft) X-ray analysis during hydrogen evolution
catalysis to study the role of the ligand and the metal center under catalytic conditions.
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5.9 Appendix

5.9.1 XANES analysis

Figure 5.12 Experimental Fe K-edge (left) and Fe S K-edge (right) XANES spectrum of ref-
erence material FeS2 and complexes [1] and [2].

Figure 5.13 Example of Pseudo-Voigt peak fitting of experimental S K-edge XANES data of
[1]2-
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5.9 Appendix

5.9.2 EXAFS analysis

Figure 5.14 (Left) k2-weighted Fe K-edge EXAFS data of [1]1- and (right) k2-weighted Fourier
Transforms of the EXAFS data for 3 < k < 10.5 Å of [1]1-. In all plots the data is
represented by the solid lines (red), whereas the corresponding fits are the dotted
lines (blue).
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5.9 Appendix

5.9.3 Molecular orbital contributions

Table 5.2 Percentage of Symmetrized Fragment Orbitals in the Lowest Unoccupied (LUMO)
and Highest Occupied Molecular Orbitals (HOMOs) of [1]–[3].

Compound MO %Fe %Fe %Fe %Fe %Fe %S %C
dz2 dxy dxz dyz dx2-y2 Px Px

[1] HOMO 13 - 1 13 21 9 13
HOMO-1 8 3 14 9 13 - -
HOMO-2 10 40 9 5 8 - -
LUMO 12 11 5 - 7 9 8
LUMO+1 4 5 11 9 14 13 1

[2] HOMO 9 - 20 - 20 6 -
HOMO-1 - 3 - 3 - 5 60
HOMO-2 - 8 - 16 - 52 -
LUMO 6 - 18 - 20 5 11
LUMO+1 - 5 - 10 - - 56

[3] HOMO - - - - - - 70∗∗

HOMO-1 12 - 17 - 15 - -
HOMO-2 34 - 2- - 23 7 -
LUMO - 4 - 8 - - -
LUMO+1 6 - 18 - 20 11 3

∗%C only involves the ligand backbone and not the carbonyl based orbitals.
∗∗%C also involves the %N in the ligand backbone.
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6.1 Abstract

6.1 Abstract

Here, we have studied two bisiminopyridine-based iron catalysts that are active in the
oligomerization and polymerization of ethene. By applying spectroscopic experiments
(UV-Vis and XAS) with industrially applied activators, we were able to characterize the
activated catalyst in solution; time resolved measurements enabled us to monitor the ac-
tivation pathway for both precursors. Hereby we have shown the quantitative formation
of postulated [Fe+μ-MeMe-AlMe2(NNN)-R] general structure, with an overall triplet spin
state for [R = Mes], compared to a quintet ground state in the case of [R = iPr]. This
assignment was based on EXAFS analysis of the Fe – N bond distances which are shown
by DFT to be dependent on the iron ground state. Additional formation of a bidentate
complex was investigated computationally.

6.2 Introduction

Since bisiminopyridine-type ligands were independently discovered by Brookhart[1] and
Gibson[2] in 1998, there have been numerous studies directed at modifying the bisiminopy-
ridine frame,[3],[4],[5],[6] especially the groups attached to the imine nitrogen donors[7],[8],[9] in
order to improve its catalytic properties towards ethene oligomerization. Rational ligand
design played a crucial role, steering the selectivity towards linear polymers by the addition
of alkyl and or halogen-groups on the ortho aryl position connected to the imine nitrogen of
the backbone.[3],[8],[9] The high steric bulk (HSB) of such ortho substituted aryls retards the
chain termination steps and thus allows for formation of more heavy LAO polymers[10] in
addition to formation of Schultz Flory distributed linear α-olefins. On the other hand, low
steric bulk (LSB), e.g. non- or mono-ortho substituted aryls, mainly produce low molecular
weight linear α-olefins, also with a Schultz-Flory distribution.[1],[11] Thus far, this reactivity
has mostly been determined based on analysis of the formed polyethylene product (e.g.
1H-NMR or GPC) in combination with DFT calculations. This steric effect could also play
an important role in the activation and reaction mechanism under catalytic conditions. In
order to explain differences in reactivity, we envisioned to apply time resolved spectroscopy
on two species, based on either high or low steric bulk (respectively 1 and 2 , see Figure
6.1).

An in-depth study of the polymerization mechanism with FeII-bisiminopyridine based
catalysts was made by Deng et al.[12], who found that most ethene polymerization reactions
proceed via a so-called Cossee-Arlman type reaction mechanism.[13] This chain propaga-
tion mechanism is proposed to incorporate only reactions of a monomer with propagating

106



6.2 Introduction

Figure 6.1 HSB complex 1 and LSB complex 2 used in this study.

species and no other polymer-monomer or polymer-polymer reaction occurs, forming ex-
clusively regular linear products. The reaction mechanism of iron catalyzed ethene poly-
merization starts by activation of the pre-catalyst with an aluminum activator. The most
applied activator for this kind of reactions is modified methylaluminumoxane (MMAO).
Despite the complex composition of MMAO, it has proven to show unparalleled activity for
oligomerization and polymerization reactions.[14][15] The exact (activation) mechanism and
the corresponding oxidation state (FeII or FeIII) of the active species, remain an ongoing
debate[16] (Scheme 6.1). The now well-evidenced ‘non-innocence’ of the bis(imino)pyridine
ligand[17],[18] and, consequently, the uncertainty over the oxidation and spin state of the
open-shell Fe organometallic complex during catalysis, recently demonstrated by Chirik
and Wieghardt[19], render the drawing of mechanistic conclusions uncertain. Several au-
thors propose that the activator forms an ionic bond with the iron, whereas the aluminum
is anionic and the iron cationic in nature[14],[20] (4A and 4B in Scheme 6.1). This allows for
easy monomer coordination to the iron center and the MMAO can act as possible anionic
stabilizer. Recently, studies have shown the presence of an FeII active catalyst.[21][22] Gib-
son et al.[23] claimed the observation of solely FeIII species based on Mössbauer and EPR
results. These findings are further supported by theoretical studies done by Raucoules and
co-workers[16], in which they point out that the two most reactive activated catalytic species
are the monomethyl substituted complexes of the type [FeIIMe]+ and [FeIIIMe]2+ in case of
FeIII species.[12][24] The large paramagnetic shifts in the 1H-NMR spectra hamper the study
of catalytic intermediates, mostly due to difficulties in assigning the signals.[21],[22],[25] EPR
spectroscopy is often not suited for FeII and FeIII high spin species (S=2, S=5/2) as these
are often EPR silent. The use of crystallographic techniques to crystallize reactive inter-
mediates is extremely difficult to perform due to the high amounts of aluminum activator
necessary for the activation process.
We therefore propose to use time resolved UV-Vis spectroscopy, to gain more insights in the
kinetics of both short time scales (ms regime) and longer time scales (minutes to hours).
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6.2 Introduction

Scheme 6.1 Proposed activation mechanism for FeII bisiminopyridine complexes with MMAO
and/or TMA.

From this point, we envisioned to apply (synchrotron) X-ray Absorption Spectroscopy
(XAS) in combination with a freeze quench (FQ) methodology to isolate reaction mixtures
in time. XAS analysis enables us to determine the oxidation state and local geometry of
the probed element with high accuracy. With this FQ approach, remarkable results have
been achieved in the structural investigation of several other paramagnetic 3d transition
metal based catalysts, such as Cr[26] and Mo[27]. However, limited studies have been per-
formed on homogeneous iron catalysts. This is most likely due to the fact that high spin
FeII (d6) and high spin FeIII (d5) could possess several different multiplicities and could
therefore hamper the assignment in the spectra. Lately, the use of TD-DFT calculations
has shown to be a great tool in assigning pre-edge features in the XANES region of the
spectrum. This could therefore give additional insight in the geometry and spin state of the
iron species. Herein, we report a combination of time resolved UV-Vis spectroscopy and
FQ XAS in order to follow the activation mechanism of iron based ethene polymerization
catalysts. Additionally, TD-DFT calculations were performed, cross-linking observed co-
ordination modes in the EXAFS region with simulated pre-edge XAS and UV-Vis spectra.
By activating with MMAO under 1 bar of ethene, or excess alkyne reagents we envisioned
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to trap ethene or alkyne-coordinated species. Despite the many efforts in this field, the
question regarding the oxidation state and structure of these catalysts under catalytic con-
ditions are still under debate. Proposals regarding the activation process and final active
species are made based on Fe K-edge XAS results and (TD-)DFT calculations.

6.3 Experimental Section

6.3.1 General Experimental Details

Starting materials were obtained commercially or prepared and purified according to the
references given below. All solvents were dried by using standard procedures.[28] All air-
sensitive materials were manipulated using standard Schlenk techniques or by the use of a
glovebox. 1H NMR spectra were recorded on a Bruker AVANCE 400 MHz spectrometer.

6.3.2 Synthesis and characterization of complex 1 and 2

The tridentate ligands used in this study are pyridine diimine ligands of general structures
1-2 prepared by the Schiff-base condensation of 2,6–diacetylpyridine with 2 eq. of the
desired aniline/amine. The precursors, formed by addition of the ligand to the anhydrous
metal salt FeIICl2, are neutral bisiminopyridyl FeII complexes synthesized and characterized
according to literature[29],[30] (Further details are given in section 6.9.1 of the Appendix).

6.3.3 X-ray Absorption Spectroscopy

Fe K-edge (7112 eV) X-ray absorption measurements were performed at beamline BM26
(DUBBLE)[31] of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Fe K-edge XAS data were obtained in fluorescence mode using a Si(111) double crystal
monochromator and a Silicon drift detector, with acquisition times of 20 min (multiple
scans were averaged to improve signal to noise ratios, unless stated otherwise). The en-
ergy was calibrated by defining the first derivative peak of the Fe foil spectrum to be 7112
eV. The measurements were performed on 5.0 mM complexes in toluene. Samples were
prepared in Schlenk flasks under inert conditions and transferred to kapton tubes and sub-
sequently frozen in liquid nitrogen under argon atmosphere (to prevent further reaction
as well as beam damage). During the measurements the samples were kept frozen using a
cryojet (100 K) setup. Data processing analysis was conducted with Athena and Artemis
(Demeter software package).[32]
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6.3.4 Stopped Flow – UV Vis Spectroscopy

We have developed a freeze-quench (FQ)XAS cell to permit measurements to be made
following rapid quenching of the catalyst mixture. The stopped-flow system has a proven
performance in controlled and reproducible injection of accurate mixtures in millisecond
timescales. The stopped-flow (SFM400/QS, Biologic, France) consists of four syringes that
can be filled with reaction solution or solvent.[18],[29] The system is computer controlled and
allows injection of very precise volumes with controlled injection rates (and thus injection
times). The solutions are injected using stepper motors via the delay lines and the mix-
ers into a cuvette or capillary, depending on the requirement. Specially designed quartz
cuvettes allow time-resolved experiments to be performed on the injected mixtures, using
an optical fibre UV/Vis spectrometer (MCS–UV–VIS–NIR 1/500-3 Fast Diode Array De-
tector, BioLogic, France), specially customized for the stopped flow setup. Due to the air
and moisture sensitive nature of the chemistry, the entire stopped-flow is connected to a
Schlenk line allowing us to work under an argon atmosphere. To ensure the stopped-flow is
completely air and moisture free, a careful cleaning and passivating procedure is employed
before every experiment. The internal components of the stopped-flow instrument were
manufactured in KelF (polychlorotrifluorethyene), with Kalrez (perfluoroelastomer) rings,
to ensure full chemical compatibility. All stopped-flow experiments were carried out using
a BioLogic SFM-400 stopped-flow instrument as explained above. In stopped-flow mode,
all reactions were observed in cuvette TC-100/10T with minimum dead volume of 30.2
μL. In time UV/Vis was collected using J and M Analytic AG MCS-UVNIR 500-3 fibre
optic diode array spectrometer. Prior to all reactions using the stopped-flow instrument,
the whole instrument was purged with argon, maintaining a positive pressure throughout
(including waste lines) by attachment to a Schlenk line. All lines were washed with anhy-
drous toluene, then the subsequent reactant, followed by further washing with anhydrous
toluene.

6.3.5 Computational Details

All geometry optimizations and IR simulations were conducted using ADF[33][34] with the
TZP basis set and the BP86-D3[35] or OPBE[36],[37],[38],[39] functional. In the geometry op-
timization, the relativistic effects were taken into account by the ZORA Hamiltonian in
its scalar approximation.[40] Transition states were located using the QUILD program[41],
based on analytical gradients[42] and model Hessians[43], and are validated by a single imag-
inary frequency from analytical Hessians.[44] TD-DFT UV Vis calculations were performed
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on the crystal structure or geometry optimized structure (OPBE/TZP) with the B3LYP-
D3/AUG-TZ2P[45],[46],[47] level of theory using the Amsterdam density functional (ADF)
software. In the simulation of the spectra, we have taken into account the 50 – 100 lowest
singlet-singlet and coupled singlet-triplet transitions and plots of intensity vs. wavelength
(nm) were fit with a Lorentzian function with a full width at half maximum (FWHM)
broadening of 75 nm. The most probable and intense features were assigned based on their
oscillatory strength in combination with the transition dipole moment values, all shown in
the corresponding tables. All orbital plots were viewed and generated using the ADF GUI.
TD-DFT XANES calculations were performed with a 100 Davidson excitation restriction
window where only singlet quadrupole- and dipole-allowed transitions are selected from the
Fe 1s orbital.[48][49] In all XANES TD-DFT calculations, the B3LYP–D3 functional[45],[50]

and a TZP Slater-type basis set was applied. The intensities include second-order con-
tributions due to the magnetic-dipole and electric-quadrupole transition moments.[51] The
spectra were shifted by 151.0 eV for comparison to experiment. These shifts are chosen such
that the energy of the first peak in the calculated spectrum agrees with the first peak in
the experimental spectrum. While these shifts are rather large, they do not affect the rela-
tive position of the peaks.[52] Fe K-edge XANES spectra were simulated with FEFF9.[53][54]

These XANES calculations were carried out using both the crystallographic data as well
as DFT geometry optimized coordinates. In all cases a Hedin-Lundqvist potential was
utilized.[55] The many-body reduction factor (S02) was kept at 1.0. A default core-hole
broadening (1/3 of the energy step) was applied for spectral plots, with no additional
experimental broadening.

6.4 Results and Discussion

6.4.1 Synthesis and spectroscopic characterization of the precur-
sors

The first iron precursor that we chose for our study was the mesityl substituted bis(imino)
pyridine iron dichloride, a very active ethene polymerization catalyst.[56] For the second
system we chose a sterically less demanding isopropyl substituted bis(imino)pyridine which
we envisioned to be an active polymerization catalyst, as was observed in case of tert-Butyl-
Acrylate (TBA).[57][58] The 1H-NMR spectrum of both precursors contains six sharp signals
over a wide region, corresponding to the protons of the tridentate ligand based on the rela-
tive distance and accurate integrals. (See first section in the Appendix, Figure 6.13). The
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paramagnetic nature of both complexes was further investigated using Evans NMR and
showed magnetic moments between 5.0 and 5.4 μB for precursor 1 and 2 , indicating two
quintet ground states which is in good agreement with previous studies in the literature.[29]

In addition, both precursors were probed with Fe K-edge XAS. The k2-weighted Fourier
Transform of both the Fe K-edge EXAFS data are shown in Figure 6.2. The obtained EX-
AFS parameters compared to the crystal structure are presented in Table 6.1. Precursor
2 was measured at room temperature in toluene. The first shell in here consists of one
nitrogen atom at a distance of 2.07(2) Å, two nitrogen atoms at corresponding 2.21(2) Å,
and finally two chloride atoms at 2.29(1) Å. The second shell is a carbon shell containing
four atoms at a distance of 2.95(6) Å. This carbon shell is assigned to the carbons on the
bisiminopyridine backbone. An additional multiple scattering pathway is assigned to the
imine bonds at a distance of 3.2(2) Å also located on the ligand backbone.
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Figure 6.2 k2-weighted Fe K-edge EXAFS data of 1 (Top left) and 2 (Top Right), k2-weighted
Fourier Transforms of the EXAFS data for 2 < k < 13.2 Å of 1 (Bottom left) and
2 (bottom right). In all plots the data are represented by the solid lines (red),
whereas the corresponding fits are the dotted lines (blue).
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Table 6.1 Fe K-edge EXAFS fitting parameters for [1] and [2] (crystal structures and DFT
geometry), where N = coordination number, σ2 = Debye Waller factor [Å-2], R =
fitted bond length [Å].

Compound Shell N σ2 RFit (Å) RXRD (Å) RDFT (Å)

1 Fe-N 1.0 0.001(1) 2.03(8) 2.07 1.99
Fe-N 2.0 0.00(2) 2.18(6) 2.24 2.25/2.24
Fe-Cl 2.0 0.003(2) 2.32(1) 2.25 2.27
Fe-C 4.0 0.001(3) 2.97(3) 3.02 3.01/2.92
Fe-CN 4.0 0.004(2) 3.10(8) 3.19 -

2 Fe-N 1.0 0.016(6) 2.07(2) 2.11 2.01
Fe-N 2.0 0.016(6) 2.21(2) 2.24 2.25
Fe-Cl 2.0 0.0073(6) 2.29(1) 2.28 2.32/2.27
Fe-C 4.0 0.0073(6) 2.95(6) 3.02 2.94/2.98
Fe-CN 4.0 0.02(1) 3.2(2) 3.22 -

ak range = 2.1 – 11.8 Å, R range = 1 – 3.0 Å; k-weighted fit = 1,2,3 E0 = -0.7 eV∗, S0
2 =

0.90. R-factor fit: 0.0150
bk range = 2.5 – 12.8 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -1.4 eV ∗, S0

2

= 0.90. R-factor fit: 0.015 ∗fixed value.

DFT calculations on the OPBE / TZP level were performed to compare experimental
bond lengths to calculated bond lengths (see Table 6.1). Additionally, this level of theory
is sufficient to accurately predict a quintet ground state for both complexes, as observed
by our Evans NMR results. The experimental bond lengths of all the carbon and nitrogen
atoms are in excellent agreement with the performed calculations and only minor differ-
ences (∼0.03 Å) are observed for the Fe-N and Fe-C bond distances. A slightly larger
deviation is observed for the Fe-Cl distance (0.07 Å). We incorporated a toluene based
COSMO solvation model at the same level of theory, indeed showing elongated Fe-Cl bond
distances (0.03 Å) compared to gas phase calculations, possibly explaining the elongated
Fe-Cl bond distances obtained in the EXAFS analysis. Precursor 1 , measured as a frozen
toluene solution, contains a coordination environment much alike precursor 2 and could
be fitted in a similar fashion. The lower temperature in this measurement compared to 2 ,
decreases the Debye Waller factor, showing amplified oscillations in the EXAFS region. In
short, in the first shell there is one nitrogen atom at a distance of 2.03(8) Å, two additional
nitrogen atoms at 2.18(6) Å, and two chloride atoms at 2.32(1) Å. The second coordina-
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tion shell shows four carbon atoms at distance of 2.97(3) Å and an imine based multiple
scattering pathway at 3.10(8) Å.

The Iron K-edge XANES data of both precursor 1 and 2 in toluene are shown in Fig-
ure 6.3. Both precursors have an absorption edge at ∼7020 eV, indicative of divalent iron
species. The shapes and position of both spectra are almost identical and support a similar
electronic structure and coordination environment. The position and intensity of the spec-
tra in the pre-edge region (7112 – 7118 eV) are indicative of five coordinate iron species.[59]

Small differences at the rising edge (∼7118 eV) and decreased intensity at the top of the
edge (∼7125 eV) in case of 1 are most likely due to an overall lower symmetry, enhancing
1s to 4p transitions.[60]

Mes Precursor
iPr Precursor

7105 7110 7115 7120 7125 7130 7135
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Energy (eV)

N
or
m
.A
bs
or
pt
io
n
(a.u) Mes Precursor

iPr Precursor

7105 7110 7115 7120 7125 7130 7135
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Energy (eV)

N
or
m
.A
bs
or
pt
io
n
(a.u)

Figure 6.3 Normalized Fe K-edge XANES spectra of precursor 1 (red) and 2 (blue) in toluene
(left) and simulated with FEFF (right).

The use of ab initio multiple scattering calculations of XANES greatly mimics these absorp-
tion differences near the rising edge as the spectra intersect in a similar fashion, indicated
by the black markers (Figure 6.3). Next to ab initio calculations, quantum mechanical
modeling methods can be applied in order to investigate the electronic structures. By
applying the hybrid B3LYP-D3 functional with a TZP basis set we were able to simulate
the pre-edge region of both precursors with the use of TD-DFT. The spin state, which is
determined to follow an overall quintet ground state based on our Evans NMR, is next to
being the lowest in energy also most representative compared to the experimental XANES
spectrum. This can be attributed to a lowering of dz2 mixing (26%) and enhancement of
dx2-y2 contributions (40%) due to the smaller bond angle of 126o (Cl-Fe-Cl) compared to
157o in case of a singlet ground state (See Figure 6.10 and 6.14). This hypothesis was
further confirmed by FEFF9 multiplet calculations where the pre-edge intensity also scales
with a decreasing multiplicity (See Figure 6.15).
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Figure 6.4 Normalized Fe K-edge XANES pre-edge region of precursor 1 (left) and 2 (right)
(solid line) in toluene with according Pseudo-Voigt fitted peaks (Dashed Lines) and
the TD-DFT calculation (Small dashed orange line).

In order to evaluate the TD-DFT calculated spectra with the experimental data in a
more quantitative fashion, the pre-edge region was extracted from the normalized XANES
spectra and modelled using a series of pseudo-Voigt functions (Figure 6.4). The calculated
pre-edge for both precursors is predominated by iron transitions to 3dxz (7111.9 eV) and
3dyz (7112.3 eV) orbitals, with additional 3p Cl π orbital bond (7112.4 eV) contributions.
Transitions with mixed 3d and 4p ligand backbone orbital contributions are calculated
at 7113.6 and 7114.7 eV, respectively, but with an overall lower intensity. In this area,
1 shows increased absorption compared to 2 , which is caused by the extended aromatic
ligand system, as shown by the TD-DFT calculated contributions. At higher energies, the
calculations should be treated with caution, as it was argued that most density functionals
do not have the correct asymptotic behavior for modeling the rising edge.[19] Iso-surface
plots of the most contributing unoccupied orbitals probed by the pre-edge transitions as
obtained from TD-DFT calculations with B3LYP/TZP, of 1 and 2 can be found in Figure
6.16.

6.4.2 Catalytic reaction of ethene polymerization

Activation of the catalyst was achieved by reacting the precursor with a known amount
of MMAO under ethene atmosphere (see section 6.9.2 for experimental details). Table 6.2
shows the catalytic results of both precursors under increasing ethene pressure in toluene
at room temperature and elevated temperatures. The performance of precursor 2 at any
given condition is low in terms of polyethylene formation. Increasing the ethene pressure
resulted in higher activities in case of precursor 1 , indicating a first order dependency in
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substrate. Catalytic reactions of precursor 2 does show the formation of butene, hexene
and even octene, by GC analysis (see Figure 6.17) indicating the formation of shorter linear
α-olefins. It has been shown before that less steric bulk around the metal center, causes
the chain termination step (β-hydride atom transfer), to predominate over the propagation
pathway[61], thereby promoting the formation of lighter linear α-olefins.

Table 6.2 Catalytic test performed with both precursors under varying ethene pressures, tem-
peratures and MMAO concentrations.

Catalyst Ethene Pres. (bar) MMAO (eq.) T (oC) PE (g) Oligomers (g) C4-C6

1 1a 300 RT 1.75 <0.020
1 30b,c 300 30 8.05 n.d.
2 1a 300 RT 0.010 2.20
2 40b 300 60 1.20 11.10

Fe catalyst: 5μmol, reaction time: 30min. Internal standard: mesitylene (4 mg / mL
reaction solvent) RT = room temperature. Reaction volume: a10 mL, b110 mL. creaction

time 15min. dTraces of short α olefins based on GC analysis).

6.4.3 MMAO activation followed by FQ Fe K-edge EXAFS

In order to gain additional structural information, we applied Fe K-edge XAS to follow
the activation of both precursors in toluene. An overview of all the obtained Fe K-edge
EXAFS data for the activation of both precursors is presented in Figure 6.5. Addition of
aluminum alkyl activators to both precursors led to immediate changes (<10 seconds) in
the observed EXAFS, followed up to 2 minutes in case of precursor 1 and 10 minutes in
case of precursor 2 . EXAFS analysis of a frozen reaction mixture of precursor 1 after 10
seconds (Figure 6.6 and Table 6.3) reveals a five coordinated iron (Fe-N, Fe-C and Fe-Cl)
as was observed for the precursor itself. However, the chloride contribution was split up
in to two separate contributions with one Fe-Cl bond distance elongated with respect to
1 to 2.37(2) Å and one 2.28(2) Å. We now observe the C/N shell shortened to 2.09(3) Å
with a coordination number of two and one Fe-N scattering at 2.00(3) Å. Based on these
observations possible aluminum coordinated species, like [FeCl(μ-Cl)(MMAO)(NNN-Mes)]
were investigated (Scheme 6.2), where trimethylaluminum is coordinated to the iron metal
center via a chloride bond.
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Figure 6.5 Overview of the activated precursors,k2-weighted Fe K-edge EXAFS data of 1 (Top
left) and 2 (Bottom left) and the k2-weighted Fourier Transforms of the activated
EXAFS data of 1 (Top right) and 2 (bottom right).

Scheme 6.2 Proposed activation mechanism of precursor 1 using 300 eq. of MMAO in toluene.
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Figure 6.6 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 10 sec. (left)
and k2-weighted Fourier Transforms of the EXAFS data for 2 < k < 13.2 Å of
activated precursor 1 after 10 sec. (right). In all plots the data are represented by
the solid lines (red), whereas the corresponding fits are the dotted lines (blue).

The DFT modeled structure of (1A) (scheme 6.2) matches the experimental observations,
especially the separate Fe-Cl bond distance of 2.38 Å and 2.22 Å. This observation hints at
an aluminum–coordinated species FeCl(μ-Cl)(MMAO)(NNN-Mes) (1A) to be an initial
starting species in the activation process.
We managed to successfully fit the EXAFS oscillations at reaction times of 2 minutes,
5 minutes and 10 minutes, based on the alkylation of precursor 1 (Scheme 6.2). The
structural assignments were obtained by introducing coordination shells and optimizing
the corresponding coordination numbers and bond distances. These bond distances and
coordination numbers were compared to several DFT geometry optimized structures (e.g.
[Fe+R1R2(μ-AlMe2)Me(NNN-Mes)] and [FeR1R2(NNN-Mes))] (R1,R2 = Me/Cl) in which
we included all possible spin states. EXAFS fitting results for the sample frozen after 5
minutes is shown in the Appendix (see Figure 6.18 and Table 6.5) and 10 minutes (bottom
Figure 6.7 and Table 6.4) proposes the full conversion to [Fe+Me(μ-AlMe2)Me(NNN-iPr)]
1C (Scheme 6.2) having a triplet ground state. Interestingly, the first indistinguishable
Fe-C and Fe-N shells are better resolved in this analysis. The Fe-N shell contains two atoms
at a bond distance of 2.006(6) Å, in combination with a separate Fe-C/N shell with three
atoms (one nitrogen and two carbons) at a bond distance of 2.126(6) Å. These carbon
atoms are the two methyl-groups directly coordinated towards iron, shown in 1C . The final
shells consist of a Fe-C with two atoms at an observed distance of 2.65(1), supplements the
shortening of the Fe-C atoms of both imines to 2.73Å observed by DFT. Finally, the Fe-CN
multiple scattering pathway at 3.1(2) Å is still present although with a greater uncertainty.
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Figure 6.7 k2-weighted Fe K-edge EXAFS data of precursor 2 activated after 2min. (top left)
, 10min. (bottom left) and k2-weighted Fourier Transforms of the EXAFS data for
2 < k < 13.0 Å of activated precursor 2 after 2min (top right) and 10 min. (bottom
right). In all plots the data are represented by the solid lines (red), whereas the
corresponding fits are the dotted lines (blue).

This altogether describes the proposed activated species [Fe+Me(μ-AlMe2)(NNN-iPr)] 1C
(Scheme 6.2) to a greater extent. It should be noted that the Fe–Al bond is elongated
to 2.80(3) Å, longer than the computational model suggests (2.67 Å). This could be
caused by the big [MeMAO]- anion which was not modelled here due to the computational
cost of such big clusters. Looking at the reaction mixture frozen after 2 minutes, a total
of six contributions are required to obtain a reliable fit. EXAFS analysis reveals a five
coordinate first shell environment, with one nitrogen contribution at 1.97(5) Å, together
with 3.5 carbon/nitrogen atoms at 2.111(4) Å. It should be noted that this additional
carbon/nitrogen shell replaced one chloride ligand, which reduced from two to 0.5 in the
overall fitting model. This remaining Fe-Cl bond was elongated to 2.33(2) Å, which in
principle could correspond to traces of earlier described (Fe-Cl(μ-Cl)AlMe3) 1A. Hence, it
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Table 6.3 Fe K-edge EXAFS fitting parameters after 10 sec, 2min and 10 min. for activated
precursor 1 (compared to the discussed DFT optimized geometry structures, where
N = coord. number, σ2 = Debye Waller factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å) RDFT (Å)

[10 sec]a Fe-N 1.0 0.004(2) 2.00(3) 1.99
Fe-N 2.0 0.004(2) 2.09(3) 2.20
Fe-Cl 0.8 0.008(3) 2.28(2) 2.23
Fe-Cl 1.2 0.008(3) 2.37(2) 2.35
Fe-C 2.0 0.001(3) 2.94(3) 2.95

[2 min]b Fe-N 1.0 0.006(9) 1.98(5) 1.85/2.04
Fe-C/N 3.3 0.007(2) 2.111(4) 2.12
Fe-Cl 0.7 0.02(1) 2.33(4) 2.34
Fe-C 2.0 0.005(5) 2.68(3) 2.74
Fe-Al 1.0 0.001(2) 2.78(3) 2.99
Fe-CN 2.0 0.006(5) 3.07(2) -

[10 min]c Fe-C/N 2.0 0.001(1) 2.006(6) 2.04
Fe-C/N 3.0 0.0001(3) 2.126(6) 2.13
Fe-C 2.0 0.0015(6) 2.65(1) 2.73
Fe-Al 1.0 0.005(3) 2.80(3) 2.67
Fe-CN 2.0 0.008(3) 3.1(2) -

ak range = 2.6 – 11.0 Å, R range = 1.1 – 3.1 Å; k-weighted fit = 1,2,3 E0 = 1(2) eV, S0
2

= 0.90. R-factor fit: 0.0203. Reported DFT values are obtained from 1A and 1B.
bk range = 2.5 – 12.8 Å, R range = 1 – 3.1 Å; k-weighted fit = 1,2,3 E0 = -0.63 eV ∗, S0

2

= 0.90. R-factor fit: 0.0131. Reported DFT values are obtained from 1B
ck range = 2.5 – 13.0 Å, R range = 1.2 – 3.2 Å; k-weighted fit = 1,2,3 E0 = 0.62 eV ∗, S0

2

= 0.90. R-factor fit: 0.0076. Reported DFT values are obtained from 1C

could also be described by a 30/70 mixture of 1A and intermediate structure Fe+MeClμ-
AlMe2(NNN-iPr) 1B (scheme 6.2) based on the Fe-Cl/C ratio and the additional Fe-Al
shell at 2.78(3) Å. Other second shell contributions are coming from three carbon atoms
belonging to the bisiminopyridine backbone, which are slightly shortened to 2.68(3) Å.
This shortening is in line with the DFT geometry optimized structure of 1B possessing a
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triplet ground state.

A similar fitting procedure was conducted for the different frozen samples of precursor
2: where in less than 10 seconds (Figure 6.8 and Table 6.5), we propose the formation of
alkylated iron species, based on the reduction of chloride contributions (2.32(2) Å) and at
the same time an increase in light scattering elements: four Fe-C/N shells at 2.03(3) Å.
Additionally, two Fe-C contributions are present at 2.88(4) Å in the second coordination
shell. It was difficult to separate the Fe – C/N contributions in the first shell, making it
hard to assign intermediate species with great certainty. This result could represent the
formation of cationic species [Fe+Me(μ-AlMe2(Cl)(NNN-Mes)] 2A (Scheme 3) or even be
a 50/50 mixture of the precursor and [Fe+Meμ-AlMe2(Me)(NNN-Mes)] 2B (Scheme 3).
In both cases the catalyst undergoes a reduction in Fe-Cl which were clearly observed by
the loss of strong oscillations in the EXAFS as shown in Figure 6.8.

Table 6.4 Fe K-edge EXAFS fitting parameters after 10 sec. and 2min. for activated precursor
2 (compared to the discussed DFT optimized geometry structures, where N = coord.
number, σ2 = Debye Waller factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å) RDFT (Å)

[10 sec]a Fe-C/N 4.0 0.010(2) 2.03(3) 2.02
Fe-Cl 1.0 0.00(1) 2.30(1) 2.34
Fe-C 2.0 0.00(3) 2.89(4) 2.95

[2 min]b Fe-N 2.0 0.007(8) 2.26(3) 2.29
Fe-C/N 3.0 0.005(3) 2.10(2) 2.15
Fe-C 2.0 0.004(1) 3.00(3) 2.96
Fe-Al 1.0 0.011(6) 2.51(4) 2.60
Fe-CN 4.0 0.006(3) 3.38(6) -

ak range = 2.2 – 11.2 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = -2 eV∗, S0
2 =

0.90. R-factor fit: 0.016. Reported DFT values are obtained from 2A with R=Cl
bk range = 2.2 – 13.0 Å, R range = 1.1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = 5(2) eV, S0

2

= 0.90. R-factor fit: 0.019. Reported DFT values are obtained from 2B

The frozen solution of activated precursor 2 at a time interval of 2 minutes appears to
be fully converted to earlier mentioned cationic species [Fe+Me(μ-AlMe2)(Me)(NNN-iPr)].
This was based on a similar fitting procedure including a Fe-N shell containing two atoms
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Figure 6.8 k2-weighted Fe K-edge EXAFS data of precursor 2 activated after 2min. (top left),
10min. (bottom left) and k2-weighted Fourier Transforms of the EXAFS data for 2
< k < 13.0 Å of activated precursor 2 after 2min (top right) and 10 min. (bottom
right). In all plots the data are represented by the solid lines (red), whereas the
corresponding fits are the dotted lines (blue).

Scheme 6.3 Proposed activation mechanism of precursor 2 using 300 eq. of MMAO in toluene.
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at 2.10(2) Å and three atoms at 2.26(3) Å together with a Fe-Al shell observed at 2.51(4)
Å, a Fe-C shell at 3.00(3) Å and a Fe-CN multiple scattering pathway at 3.38(6) Å (Figure
6.8 and table 6.5). A remarkable difference can be observed here between activated species
1C and 2B: The Fe-N distance is considerably larger in 2B (0.20 Å), as are the Fe-C
(0.35 Å) and Fe-CN (0.28 Å), while the Fe-Al distance is much shorter (0.32 Å). This
result hints at a much weaker interaction of the bisiminopyridine ligand in 2B compared
to 1C with a concomitant stronger interaction with the aluminum activator. The Fe–N
elongated bonds in 2B compared to 1C are very indicative of moving from a triplet to a
quintet ground state which in turn also shortens the Fe–Al bond from 2.66 Å to 2.60 Å, a
shortening we also observed in our EXAFS analysis, which is another difference with 1C ,
being in a triplet state. The lower steric repulsion of the isopropyl-groups in complex 2
compared to the mesityl-groups in complex 1 could also be responsible for the shortened
Fe-Al bond distance.

6.4.4 MMAO activation followed by FQ Fe K-edge XANES

Next to the EXAFS region, a typical XAS spectrum also consists of a XANES region;
providing more information about the oxidation state and coordination environment.[62]

Upon MMAO activation (300 eq.) both precursors undergo a drop in absorption at the
main edge (∼7125 eV), together with a small increase of the rising edge at 7117 eV. The
pre-edge region of precursor 1 increases slightly upon activation at 7114 eV (Figure 6.9).
The iron center in both activation processes does not seem to undergo any major reduction
or oxidation process since the main edge stays in the same position around 7120 eV. The
drop at the top of the spectra is assigned to halogen abstraction, replaced by alkyl groups,
which has been observed in literature before.[19][63] As seen in our EXAFS analysis, MMAO
is known to alkylate metal-chloride precursors, therefore several methylated species where
chloride atoms were replaced by methyl groups were calculated using TD-DFT and FEFF
and compared in terms of their simulated XANES spectra. FEFF9 simulations show that
substituting these chloride atoms with methyl groups does shift the top of the absorption
peak in a similar fashion to higher energies (see Figure 6.19).
The XANES region of earlier by EXAFS described cationic intermediates: [Fe+MeMeμ-
AlMe2(NNN-iPr)] and [Fe+MeMeμ-AlMe2(NNN-iPr)] were calculated using TD-DFT (Fig-
ure 6.10). In here, we observe lower absorption values in the pre-edge region relative to
neutral species (e.g. [FeMeMe(NNN-iPr]). This can be explained by a large geometrical
shift, going from a (distorted) trigonal bipyramid to a more square pyramidal geometry for
cationic species where the X-Fe-X (X=Me/Cl) bond angle decreases to ∼94o (see bottom

123



6.4 Results and Discussion

Mes Precursor
MAO activated 10sec
MAO activated 300sec
MAO activated 600sec

7105 7110 7115 7120 7125 7130 7135
0.0

0.5

1.0

1.5

Energy (eV)

N
or
m
.A
bs
or
pt
io
n
(a.u)

Precursor
MAO activated 10sec
MAO activated 120sec

7105 7110 7115 7120 7125 7130 7135
0.0

0.5

1.0

1.5

Energy (eV)

N
or
m
.A
bs
or
pt
io
n
(a.u)

Normalized experimental Fe K-edge XANES spectra of MMAO activation (300 eq.)
in time for precursor 1 (left) and 2 (right).

of Figure 6.10). This lowers the dz2 orbital contributions and thereby lowers the transi-
tions in the pre-edge region (1s →−− 3d). This outcome was verified by FEFF simulations,
in which the pre-edge regions are quantified (see Figure 6.19). A very good agreement
between FEFF and TD-DFT results is observed, where neutral di-methylated species have
too enlarged pre-edge contributions due to a trigonal bipyramid geometry.

A similar outcome was obtained in case of precursor 1 , where again TD-DFT calcula-
tions showed much higher transitions in the pre-edge region. Also here, FEFF simulations
confirmed that cationic species better describe the experimental spectra based on similar
geometric changes (see Figure 6.19). The calculated XANES spectra of 1C in a triplet
state (Figure 6.11, left) shows a similar peak splitting energy and relative peak intensity
compared to the experimental data. Looking at the calculated XANES spectra of acti-
vated precursor 2C , there is a reduced peak area at the 7112 eV pre-edge peak and two
additional features at 7114 and 7116 eV (Figure 6.11 right). Similar peak positions and
intensities were fitted using two Pseudo-Voigt’s, contemplating the via EXAFS analysis
earlier deduced quintet state.
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Figure 6.10 Normalized experimental Fe K-edge XANES spectra of MMAO activation (300eq.)
after 2 minutes for precursor 2 (top) together with TD-DFT simulated (dashed)
Fe K-edge XANES spectrum of different activated complexes with corresponding
spin states of 2 and 4. (Bottom) the iso-surface plots of [Fe+MeCl(NNN-iPr)],
precursor 2 and [Fe+μ-AlMe2(NNN-iPr)] with the corresponding bond angle and
their molecular orbital contributions.
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6.5 MMAO activation followed by SF UV-Vis spectroscopy

Figure 6.11 Experimental Fe K-edge XANES pre-edge region of MMAO activation (300eq.)
after 10 minutes for precursor 1 (left) and precursor 2 after 2 minutes (right)
together with TD-DFT simulated (dashed) Fe K-edge XANES spectra of activated
complexes 1C with a triplet spin state and 2C with a quintet spin state.

6.5 MMAO activation followed by SF UV-Vis spec-
troscopy

The stopped-flow UV-Vis spectra for the activation of precursor 1 and 2 in toluene are
presented in Figure 6.12. A more qualitative understanding of the observed features and
trends was obtained by applying TD-DFT calculations, simulating the corresponding UV-
Vis spectra of both precursors (see Figure 6.21). The high energy bands (<390 nm)
are caused by (Pz) π → π∗ transitions involving the bisiminopyridine ligand, as earlier
postulated in literature.[64] Strong bands in this region are also observed between 390 and
500 nm in case of precursor 2 , which are assigned to charge transfer transitions from the
Py and Pz orbitals of the chloride ligand, to the ligand backbone structure (Px and Pz of
π∗). In the visible spectrum, energy bands between 500 and 700 nm arise mostly from
transitions of Fe dz2 towards the ligand backbone (Pz) π∗ orbitals and are referred to as
Metal-Ligand-Charge-Transfers (MLCT). Going to longer wavelengths (700 – 800 nm),
charge-transfer bands from the in-plane pπ orbital of the chloride ligands to the ligand
backbone and partly towards half-filled dπ∗ orbital of high spin iron(II) account for the
intense purple color of the complex. Precursor 2 shows two distinct absorption bands at
750 nm and 550 nm. Again, energy bands between 500 and 600 nm arise mostly from
MLCT (Fe dxz −→ π∗(Px) of the backbone) whereas LMCT transitions now account for
the intense blue color of the complex (∼750 nm). Upon activation of precursor 2 , an
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6.6 Ethene coordination

immediate shift (<10 ms) in absorption bands is observed and novel/increased bands are
observed at 500 nm and 600 nm. After 40 ms, an extra signal evolves around 390 nm,
but overlaps with the big charge transfer band near the UV region. The spectrum has a
clear isosbestic point at 622 nm, showing the clean transition from the precursor to the
activated species. After two minutes, it does not undergo any further changes. Precursor
1 was not very soluble in toluene, as indicated by the overall high absorption signal in the
UV-Vis spectrum, caused by scattering particles. After activating with 300 eq. of MMAO,
the solution turned a transparent yellow and again a new broad absorption band at 550
nm is observed. Finally, a similar rising but slightly wider charge-transfer (CT) band is
observed when compared to precursor 2 at shorter wavelengths. The loss of absorption
around 750 nm in both activated samples seem to indicate the loss of chloride ligands.
As observed in our XAS analysis, alkylated species could be present in solution. This
was checked by applying TD-DFT on earlier characterized intermediate species 1C and
2C (see Figure 6.22). In case of 1C , the observed transitions between 400 and 600 nm
(MLCT) are in good correspondence with the experimental spectrum after ten minutes of
activation. Whereas 2B better describes the large charge transfer band in and near the UV
region. The kinetic trace at 500 nm in case of activated precursor 1 shows no significant
changes after ten minutes, and the time trace at 450 nm in case of 2 after two minutes,
cross correlating the earlier timescales in the XAS analysis.

6.6 Ethene coordination

The formation of ethene-bound intermediate structures was investigated with in-situ XAS
activation experiments under an ethene atmosphere. In both cases, the EXAFS analysis
shows similar fitting results compared to solely activated solutions (300 eq. MMAO) for
both precursors. (See section 6.9.6 XAS under ethene and alkyne conditions). Additional
saturated ethene solutions were prepared by cooling down the reaction mixture to -60 oC,
but again no clear changes were observed in the EXAFS region. In order to trap coordi-
nated species we used more electron-rich substrates (e.g. alkynes). In the present study
we employed (1-Phenyl-2-trimethylsilylacetylene) as trapping reagent. With the advantage
of being a solution, high (excess) concentrations could be easily be achieved. The alkyne
reagent was added after or prior to MMAO activation of precursor 1 and unfortunately
did not lead to significant changes in the EXAFS region (Figure 6.25). Addition of alkyne
nor ethene after MMAO activation, again hinted at divalent iron species to be present in
solution, based on the edge position and the pre-edge region (Figure 6.26). Despite the
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6.6 Ethene coordination

Figure 6.12 Activation of precursor 1 (left) and 2 (right) (1 eq. ∼5 mM top and 3 mM
bottom) by MMAO (300 eq.), followed by stopped-flow UV-Vis in toluene with
the corresponding time traces at the position of the arrow.

fact that we are under catalytic conditions, no ethene or alkyne coordinated intermediates
or other intermediates could be assigned in the XANES region, since only minor differ-
ences are observed. Despite the fact that possible ethene coordinated species could not
be confirmed by XAS analysis, computational modelling could give more insight in the
reaction mechanism and possibly explain the observed differences in reactivity. So far, the
activation mechanism has led to cationic alkylated species in which the ground state of the
activated complex is the main difference. It was already pointed out by EXAFS analysis
that in case of a quintet ground state, the iron - imine nitrogen bond elongates substantially
(0.20Å). In turn, this could have a great influence on the reactivity, i.e. formation of a
bidentate complex where a TMA unit coordinates to the free imine bond. The short olefin
distribution could possibly be explained based on the fact that β-hydrogen atom transfer
(BHAT) in this model is faster than chain propagation. The formation of a bidentate
complex from complex 1C was computationally found to be uphill (ΔG = ∼20kcal/mol
and ΔH = ∼8 kcal/mol). The formation of bidentate iron species follows an overall higher
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lying reaction path, with similar energy barriers compared to an original tridentate system,
mainly due to a high energy penalty for Fe–N bond breakage. Therefore, it is not consid-
ered a viable route in the oligomerization of ethene. This is in line with earlier published
experimental results[1],[65] in which BHAT was determined to be the main chain-transfer
mechanism for LSB systems. Later QM calculations support these propositions.[16],[66],[67]

The BHAT mechanism in case of the HSB (similar to, or like complex 1 ) has also been
extensively modelled before.[12],[24],[67] The chain-termination is often proposed to go via
MMAO activated methylation processes.[68] Overall, chain propagation is thought to take
place on triplet and/or quintet (potential energy) surfaces.[16],[24],[66],[67],[69]

6.7 Conclusions

Both the oxidation state and structure of the two selected catalysts were investigated
under catalytic conditions. The activation of 1 and 2 with 300 eq. of MMAO showed
the formation of cationic [Fe+Me(μ-AlMe2)(Me)(NNN)] [MeMAO]- divalent iron species.
Precursor 1 , showed to be an active ethene polymerization catalyst. Where an overall
triplet ground state after MMAO activation, was assigned to 1C by extensive XANES and
EXAFS analysis. Precursor 2 , active in the oligomerization of ethene showed a similar
MMAO activation pathway based on UV-Vis and XANES analysis. Hence, 2B is best
described by an overall quintet ground state. The accurately via EXAFS determined Fe –
N bond distances in 1C and 2B were decisive in this assignment. Although spectroscopic
studies under ethene atmosphere were conducted, we were not able to conclude the actual
active species during catalysis.
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6.9 Appendix

6.9 Appendix

6.9.1 Synthesis and Characterization of precursor 1 and 2

Scheme 6.4 Synthesis of Iron bisimino pyridine precursor 1 and 2 via L1 and L2.
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L1: 2,6-Diacetylpyridine (1.0 g, 6 mmol) and 1,3,5-trimethylaniline (1.7 g, 12.5 mmol)
were added to a schlenk flask with 40 ml of ethanol under inert conditions. Formic acid
(0.4 mL) was added, the flask was kept under nitrogen atmosphere and stirred overnight
at room temperature. The solution was placed in the freezer overnight, after which yellow
crystals could be filtered off. The yellow solid was washed with (cold) ethanol and pentane
and further dried in vacuo. Yield: 72%

L2: 2,6-Diacetylpyridine (1.0 g, 6.1 mmol) was added to 100mL of iso-propyl amine
inside a schlenk flask under inert conditions containing 4A molecular sieves. A few drops of
formic acid were added, the flask was kept under nitrogen atmosphere and refluxed for 72
hours at 35 oC. The yellow solid was washed with (cold) ethanol and pentane and further
dried in vacuo. Yield: 65%

Precursor 1 : 214 mg (0.53 mmol) Ligand L1 was dissolved in 10 mL of anhydrous THF
and was subsequently added to a suspension of FeCl¬2 (68.4 mg, 0.54 mmol) in 10 mL of
anhydrous THF. Upon addition the reaction mixture turned deep purple and was stirred
overnight under inert conditions. The solution was filtered under nitrogen atmosphere and
washed with cold diethyl ether (3 x 10 mL). The purple solid was further dried in vacuo.
Yield: 92%.

Precursor 2 : 1.3g (3.3 mmol) Ligand L2 was dissolved in 10 mL of anhydrous THF and
was subsequently added to a suspension of FeCl¬2 (0.45 g, 3.5 mmol) in 10 mL of anhydrous
THF. Upon addition the reaction mixture turned dark green/blue and was stirred overnight
under inert conditions. The solution was filtered under nitrogen atmosphere and washed
with cold pentane (3 x 10 mL). The dark blue solid was further dried in vacuo. Yield:
88%.
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Figure 6.13 1H-NMR spectra of precursor 1 (top) and 2 (bottom) with the corresponding
assignment.
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Figure 6.14 Experimental (solid trace) and computational using TD-DFT (dashed traces) Fe
K-edge XANES spectrum of precursor 1 (top) and precursor 2 (bottom) with
different iron multiplicities.

Figure 6.15 FEFF simulated XANES regions for precursor 1 (top) and 2 (bottom) with dif-
ferent iron spin multiplicities.
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Figure 6.16 Calculated TD-DFT XANES regions for precursor 1 (top) and 2 (bottom) and
molecular orbitals corresponding to the labeled transitions. A broadening of 1.0
eV and a shift of 151.0 eV was applied.
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6.9.2 Catalytic reactions

a. Ethene polymerization at 1 bar

A dried three-necked Schlenk with a balloon connected at the top was filled with ethene
(with a pressure of ∼1 bar). MMAO-12 (2.3 M) (1 ml, 2.30, 200 eq) was dissolved in
anhydrous toluene (10 ml) and stirred for 15 min in the three-neck schlenk under ethene
atmosphere. Complex x (x mg, 0.001 mmol, 1 eq) was dissolved in anhydrous toluene (20
ml) under inert conditions and added to the three-necked schlenk together with mesytilene
(54 mg) in anhydrous toluene (1 ml). The mixture was allowed to react for 30 minutes
before quenching with MeOH (3 ml) and washing with diluted HCl (30 ml). The formed
polyethene was filtrated, dried and weighed.

b. Ethene polymerization in autoclave

A 450 ml stainless steel autoclave was dried at 80oC for 3 hours using TMA (5 ml) dis-
solved in toluene (100 ml). Afterwards, the autoclave was filled under inert conditions with
MMAO-12 (2.3 M) (1 ml, 2.3 mmol, 300 eq.) dissolved in toluene (100 ml). An autoclave
addition funnel was filled under inert conditions with complex x (x mg, 0.012 mmol, 1 eq.)
dissolved in toluene (10 ml). The autoclave was heated to 30 oC and an ethene pressure
of 10 bar was applied. The catalyst was added using the addition funnel with an ethene
pressure of 15 bar. At this stage the pressure and/or temperatures were adjusted to the
reported values. Catalysis was performed for half an hour with a steady ethene pressure
of 18/30 bar at 30 or 80oC. After catalysis the reaction mixture was quenched by addition
of methanol (3 ml) and flushed with hydrogen chloride (150 ml). 3 ml of the toluene layer
was collected and dried with MgSO4 prior to GC-analysis. The formed polyethene present
in the autoclave was filtered out, dried and weighed.
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Figure 6.17 GC analysis of precursor 2 activated with 300 eq. MMAO under 10 bar of ethene
at r.t. quenched after 30 minutes. Sample (green line), 1-butene reference (blue
line) and 1-hexene reference (red line).
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6.9.3 MMAO activation followed by EXAFS

Figure 6.18 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 5 min. with
300 eq. MMAO. k2-weighted Fourier Transforms of the EXAFS data for 2.6 < k
< 10.6 Å. In all plots the data are represented by the solid lines (red), whereas
the corresponding fits are the dotted lines (blue).

Table 6.5 Fe K-edge EXAFS fitting parameters for [1] activated after 5 min. with 300 eq.
MMAO. Where N = coordination number, σ2 = Debye Waller factor [Å-2], R =
fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

1 Fe-N 2.0 0.0009(4) 2.13(5)
Fe-C/N 3.0 0.006(6) 2.06(7)
Fe-C 2.0 0.001(4) 2.64(6)
Fe-Al 1.0 0.01(1) 2.72(9)
Fe-CN 2.0 0.001(6) 3.08 ∗

ak range = 2.4 – 10.6 Å, R range = 1.1 – 3.4 Å; k-weighted fit = 1,2,3 E0 = 0.7(3) eV∗,
S0

2 = 0.90. R-factor fit: 0.0350.
∗fixed value.

137



6.9 Appendix

6.9.4 MMAO activation followed by XANES

Figure 6.19 XANES region of precursor (1 left, 2 right) and methyl substituted
structures [FeMeMe(NNN-Mes)] and [FeMeMe(μ-AlMe2)(NNN-Mes)] (right),
[FeMeMe(NNN-iPr)] and [FeMeMe(-μ-AlMe2)(NNN-iPr)] (left), obtained with
FEFF simulations.

Figure 6.20 Experimental Fe K-edge extracted pre-edge region of MMAO activation (300eq.)
after 2 minutes for precursor 1 , together with TD-DFT simulated (dashed) Fe K-
edge XANES spectrum of activated complexes 1C with corresponding spin states
of 2 and 4.
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6.9.5 MMAO activation followed by SF UV-Vis

Figure 6.21 (left) Experimental UV-Vis spectrum of precursor 1 (red) and 2 (blue), (rigt)
UV-Vis spectrum obtained with TD-DFT calculations.

Figure 6.22 (left) Experimental UV-Vis spectrum of precursor 1 (solid red) and TD-DFT
calculated spectrum of 1C with spin state 2 (dashed red) and spin state 4 (dashed
blue). (Right) Experimental UV-Vis spectrum of precursor 2 (solid blue) and TD-
DFT calculated spectrum of 2C with spin state 2 (dashed red) and spin state 4
(dashed blue).
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Table 6.6 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for precursor 1 obtained with TD-DFT calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

334.4 0.0342 0.0.591 -0.164 0.005 HOMO → LUMO+6
346.7 0.0252 0.150 0.489 0.160 HOMO-9 → LUMO+3
358.8 0.0168 -0.428 0.124 0.022 HOMO-10 → LUMO
412.0 0.0224 -0.529 0.156 0.021 HOMO-1 → LUMO+5
423.6 0.0201 0.0104 -0.099 -0.033 HOMO-6 → LUMO+1
437.7 0.0950 -0.034 -0.079 -0.359 HOMO-5 → LUMO+6
446.5 0.0132 0.129 0.420 0.045 HOMO → LUMO+6
472.2 0.0282 0.635 -0.185 -0.025 HOMO-5 → LUMO
508.2 0.0062 0.075 0.225 0.217 HOMO-1 → LUMO+3
516.4 0.0028 -0.209 0.066 0.008 HOMO-3 → LUMO+1
529.3 0.010 0.098 0.328 0.229 HOMO-2 → LUMO
534.0 0.0033 -0.231 0.062 0.006 HOMO → LUMO+2
601.7 0.0047 -0.292 0.085 0.013 HOMO → LUMO+1
611.3 0.0063 0.079 0.198 0.286 HOMO → LUMO+1
660.1 0.0359 0.859 -0.244 -0.035 HOMO → LUMO+1
849.3 0.088 -0.123 -0.416 -0.240 HOMO → LUMO+4
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Table 6.7 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for precursor 1 obtained with TD-DFT calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

334.4 0.0342 0.0.591 -0.164 0.005 HOMO → LUMO+6
346.7 0.0252 0.150 0.489 0.160 HOMO-9 → LUMO+3
358.8 0.0168 -0.428 0.124 0.022 HOMO-10 → LUMO
412.0 0.0224 -0.529 0.156 0.021 HOMO-1 → LUMO+5
423.6 0.0201 0.0104 -0.099 -0.033 HOMO-6 → LUMO+1
437.7 0.0950 -0.034 -0.079 -0.359 HOMO-5 → LUMO+6
446.5 0.0132 0.129 0.420 0.045 HOMO → LUMO+6
472.2 0.0282 0.635 -0.185 -0.025 HOMO-5 → LUMO
508.2 0.0062 0.075 0.225 0.217 HOMO-1 → LUMO+3
516.4 0.0028 -0.209 0.066 0.008 HOMO-3 → LUMO+1
529.3 0.010 0.098 0.328 0.229 HOMO-2 → LUMO
534.0 0.0033 -0.231 0.062 0.006 HOMO → LUMO+2
601.7 0.0047 -0.292 0.085 0.013 HOMO → LUMO+1
611.3 0.0063 0.079 0.198 0.286 HOMO → LUMO+1
660.1 0.0359 0.859 -0.244 -0.035 HOMO → LUMO+1
849.3 0.088 -0.123 -0.416 -0.240 HOMO → LUMO+4
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Table 6.8 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for precursor 2 obtained with TD-DFT calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

276.4 0.0357 -0.2134 0.0728 0.524 HOMO-10 → LUMO+1
284.9 0.0271 -0.039 -0.497 0.077 HOMO-9 → LUMO
290.6 0.0195 -0.181 0.053 0.389 HOMO-10 → LUMO
341.7 0.0207 0.480 -0.025 0.024 HOMO → LUMO
349.3 0.0072 -0.275 0.049 0.069 HOMO-8 → LUMO
360.1 0.0055 -0.0319 -0.027 -0.0254 HOMO-8 → LUMO+1
366.8 0.0056 -0.0319 -0.027 0.0256 HOMO-2 → LUMO
399.2 0.0024 -0.167 0.017 0.058 HOMO-6 → LUMO
421.8 0.0026 -0.048 0.025 0.181 HOMO-1 → LUMO+1
446.8 0.0277 0.157 -0.079 -0.613 HOMO → LUMO+2
481.7 0.0140 -0.434 0.008 -0.180 HOMO-3 → LUMO
502.3 0.0041 0.017 0.259 -0.030 HOMO-1 → LUMO+1
628.7 0.0031 0.029 0.028 0.250 HOMO-1 → LUMO
771.3 0.0122 0.095 -0.071 -0.544 HOMO → LUMO+4
822.5 0.0011 -0.076 -0.015 0.155 HOMO → LUMO+5
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Table 6.9 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for 1C in case of spin state 4 obtained with TD-DFT
calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

330.4 0.0078 -0.290 0.015 0.006 HOMO-17 → LUMO
356.9 0.0064 -0.088 -0.250 -0.066 HOMO-9 → LUMO+2
360.8 0.0105 0.399 -0.098 -0.016 HOMO-11 → LUMO+2
404.0 0.0224 -0.138 -0.524 -0.063 HOMO → LUMO+6
457.8 0.0081 -0.096 -0.210 -0.262 HOMO-8 → LUMO
522.8 0.0046 0.005 -0.232 0.155 HOMO-3 → LUMO+4
542.6 0.0222 -0.605 0.171 0.044 HOMO-2 → LUMO+4
545.6 0.0116 0.316 0.324 0.060 HOMO-2 → LUMO+3
560.3 0.0166 0.532 -0.146 -0.024 HOMO-1 → LUMO+4
587.3 0.0138 0.128 0.395 0.308 HOMO → LUMO+5
646.9 0.0071 -0.103 -0.280 -0.251 HOMO-1 → LUMO
842.5 0.0114 -0.543 0.148 0.007 HOMO-1 → LUMO+2
887.3 0.0344 0.968 -0.254 -0.048 HOMO → LUMO+3
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Table 6.10 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for 2C in case of spin state 4 obtained with TD-DFT
calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

264.6 0.0888 0.542 -0.117 -0.683 HOMO-4 → LUMO+3
274.9 0.0263 -0.122 -0.477 0.153 HOMO-9 → LUMO+1
293.0 0.0469 -0.437 0.051 0.509 HOMO-8 → LUMO+1
341.0 0.0117 -0.019 -0.034 0.361 HOMO-3 → LUMO+3
402.4 0.0107 0.024 -0.024 0.376 HOMO-7 → LUMO+2
429.6 0.0206 -0.075 0.085 -0.528 HOMO-4 → LUMO
539.9 0.0093 -0.157 -0.003 -0.375 HOMO → LUMO+1
640.0 0.0115 -0.036 0.480 -0.103 HOMO → LUMO+1
714.6 0.0027 -0.046 0.035 -0.247 HOMO-2 → LUMO
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6.9.6 XAS under ethene and alkyne conditions

Figure 6.23 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 10 min. with
300 eq. MMAO under ethene atmosphere. k2-weighted Fourier Transforms of the
EXAFS data for 2.0 < k < 13.0 Å. In all plots the data are represented by the
solid lines (red), whereas the corresponding fits are the dotted lines (blue).

Table 6.11 Fe K-edge EXAFS fitting parameters for [1] activated after 10 min. with 300 eq.
MMAO under ethene atmosphere. Where N = coordination number, σ2 = Debye
Waller factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

[Ethene 10 min] Fe-N 2.0 0.001(3) 2.05(1)
Fe-C/N 3.0 0.008(6) 2.16(7)
Fe-C 2.0 0.01(2) 2.69(9)
Fe-Al 1.0 0.007(8) 2.86(7)
Fe-CN 2.0 0.001(8) 3.10 ∗

ak range = 2.8 – 13.0 Å, R range = 1.15 – 4.0 Å; k-weighted fit = 1,2,3 E0 = 5(3) eV, S0
2

= 0.90. R-factor fit: 0.0170. ∗fixed value.
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Figure 6.24 k2-weighted Fe K-edge EXAFS data of precursor 2 activated after 2 min. with
300 eq. MMAO under ethene atmosphere. k2-weighted Fourier Transforms of the
EXAFS data for 2.0 < k < 13.0 Å. In all plots the data are represented by the
solid lines (red), whereas the corresponding fits are the dotted lines (blue).

Table 6.12 Fe K-edge EXAFS fitting parameters for [2] activated after 2 min. with 300 eq.
MMAO. Where N = coordination number, σ2 = Debye Waller factor [Å-2], R =
fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

[Ethene 2 min] Fe-N 2.0 0.0009(9) 2.25(2)
Fe-C/N 3.0 0.005(5) 2.09(5)
Fe-C 2.0 0.01(2) 3.00(4)
Fe-Al 1.0 0.011(7) 2.52(5)
Fe-CN 4.0 0.006(5) 3.38(8)

ak range = 2.5 – 13.0 Å, R range = 1.0 – 4.0 Å; k-weighted fit = 1,2,3 E0 = 5(3) eV, S0
2

= 0.90. R-factor fit: 0.0188. ∗fixed value.
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Figure 6.25 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 10 min. with
300 eq. MMAO with excess alkyne. k2-weighted Fourier Transforms of the EXAFS
data for 2.0 < k < 13.0 Å. In all plots the data are represented by the solid lines
(red), whereas the corresponding fits are the dotted lines (blue).

Table 6.13 Fe K-edge EXAFS fitting parameters for [1] activated after 10 min. with 300 eq.
MMAO with excess alkyne. Where N = coordination number, σ2 = Debye Waller
factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

[Alkyne 10 min] Fe-N 1.0 0.004(2) 1.95(2)
Fe-C/N 4.0 0.0003(6) 2.100(7)
Fe-C 2.0 0.007(2) 2.58(2)
Fe-Al 1.0 0.01(4) 2.80(1)
Fe-CN 2.0 0.0005(6) 3.14(2)

ak range = 2.5 – 13.0 Å, R range = 1.0 – 4.0 Å; k-weighted fit = 1,2,3 E0 = -1(1) eV, S0
2

= 0.90. R-factor fit: 0.0054.
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Figure 6.26 (left) Experimental Fe K-edge XANES spectra of MAO activation (300eq.) after 2
minutes for precursor 2 (Solid blue), and under ethene atmosphere (Dashed red).
(right) Experimental Fe K-edge XANES spectra of MAO activation (300eq.) after
10 minutes for precursor 1 (Solid blue), and with the addition of excess (1-Phenyl-
2-trimethylsilylacetylene (Dashed red).
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7.1 Abstract

7.1 Abstract

In this study, we have combined X-ray Absorption Spectroscopy with NMR spectroscopy
(1H and 31P) to study the Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reaction un-
der operando conditions. Initially, our study was focused on the CuAAC reaction catalyzed
by Cu(PPh3)3Br. Surprisingly, it was found that iminophosphorane ligands, formed in-
situ via the Staudinger reduction, facilitate the CuAAC reaction. This observation was
used to prepare novel, well-defined CuI iminophosphorane complexes, which were found to
be active catalysts in the CuAAC reaction. A mononuclear Cu-triazolide intermediate is
identified to be the resting state during catalysis; cyclization and protonation were both
found to have an effect on the rate of the reaction. A key finding of this study includes
a novel group of highly modular CuI complexes that are active in the base-free CuAAC
reaction.

7.2 Introduction

The CuI-catalyzed azide-alkyne cycloaddition (CuAAC) reaction is a valuable methodol-
ogy to generate complex molecules, and it has high functionality group compatibility.[1]

The uncatalyzed variant of this reaction (a.k.a. Huisgen 1,3-dipolar cycloaddition) yields a
mixture of 1,4 and 1,5-regioisomers of the target triazole and the reaction requires elevated
temperature (Scheme 7.1a).[2] On the contrary, the Cu-catalyzed version yields solely the
1,4-regioisomer and is typically performed at room temperature (Scheme 7.1b).[3],[4] Due
to the high yields, selectivity and robustness of the CuAAC reaction, it is a prime exam-
ple of a so-called click reaction.[5] Generation of the active CuAAC catalyst often involves
in-situ reduction of a CuII precursor (e.g. CuSO4).[6] Alternatively, catalysis can be per-
formed directly with a CuI complex ligated by, e.g. carbenes,[7] amines[8] or phosphines.[9]

Several mechanistic studies have been performed on the CuAAC reaction. An early mech-
anistic proposal made by Sharpless and coworkers suggested that catalysis proceeds via
mononuclear CuI intermediates.[4] Later mechanistic studies however revealed a second-
order rate dependency on the concentration of CuI.[10] DFT calculations show a decrease
in the reaction barrier when a second Cu atom is introduced into these calculations.[11]

In addition, various polynuclear copper acetylide complexes have been isolated and were
found to be catalytically active in the CuAAC reaction.[12–15] Based on these observations,
catalysis is now believed to proceed through dinuclear CuI intermediates (Scheme 7.1c).
Most of these mechanistic proposals are based on either solid state structures, obtained
through single-crystal X-ray diffraction (XRD), or on DFT calculations performed in the

154



7.2 Introduction

gas phase. To date, limited spectroscopic studies have been performed under operando
conditions. Dinuclear intermediates have recently been detected using electrospray ioniza-
tion (ESI) mass spectrometry (MS) under catalytic conditions.[16] The CuAAC reaction
was also studied using infrared spectroscopy (IR) by Wu et al.[17] and the rate-determining
step was identified to be cyclization of the azide and alkyne. However, no conclusions are
made regarding the exact structure nor the nuclearity of the active species. In this chapter,
more insights into the mechanism of the CuAAC reaction are detailed using novel, cationic,
homoleptic CuI iminophosphorane complexes. The preparation of these complexes is based
on initial observations using Cu(PPh3)3Br that involved Staudinger-type reactivity of the
phosophine ligands with the employed azide reactant. The mechanism of the CuAAC re-
action catalyzed by these CuI complexes is investigated using spectroscopic (NMR and Cu
K-edge XAS) and kinetic experiments. Additionally, a mononuclear CuI triazolide complex
is prepared and its relevance to the catalytic cycle is investigated. The obtained results
are supported by DFT calculations.
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7.2 Introduction

Scheme 7.1 A) Uncatalyzed azide-alkyne cycloaddition reaction to yield the 1,4- and 1,5-
regioisomer of the target triazole. B) CuI-catalyzed azide-alkyne cycloaddition re-
action to yield solely the 1,5-regioisomer. C) Recent mechanistic proposal for the
CuI-catalyzed azide-alkyne cycloaddition reaction, involving dinuclear CuI inter-
mediates. The depicted catalytic cycle is based on the proposal made in reference
12.
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7.3 Results and Discussion

7.3.1 Degradation of Cu(PPh3)3Br under catalytic conditions

Initially, Cu(PPh3)3Br was selected for this mechanistic study, as it has previously been
reported as a competent CuAAC catalyst that operates under both neat conditions and in
THF solution and requires no additional base.[18–21] Reactions were performed under strict
air-free conditions to prevent oxygen or moisture affecting the course of the reaction. As a
model system, the reaction between benzyl azide and phenyl acetylene in the presence of
Cu(PPh3)3Br in THF-d8 was monitored with 1H NMR spectroscopy (Figure 7.1, left). After
roughly 15 hours a conversion of 75% is obtained and a conversion of ∼94% is achieved.
Interestingly, an induction period is present, as can be seen in the inset of Figure 7.1,
indicative of structural changes occurring to the complex prior to formation of the active
catalyst. 31P NMR spectroscopy was used to shed light on the origin of this induction
period. Figure 7.1b shows a kinetic 31P NMR experiment, with the first spectrum measured
after 30 minutes and consecutive spectra acquired in 15-minute time intervals. Two distinct
resonances are observed in the 31P spectrum. Firstly, a resonance that decreases in time
is observed at around δP = -6 ppm. This resonance is assigned to PPh3, either bound or
free in solution. A second, increasing resonance is observed at around δP = 10 ppm. The
broadness of the observed resonances is indicative of underlying dynamic processes, which
were further probed using variable temperature (VT) NMR experiments (Figure 7.2).
In the first VT-NMR experiment, catalysis was initiated and the reaction mixture was
directly cooled to -60 °C after mixing. In the second experiment, the reaction was cooled
after 3 hours. Upon immediate quenching, several resonances in the region of δP = -10
to 0 ppm are present that originate from PPh3 (either ligated to Cu or unbound). Upon
quenching after 3 hours, relative intensity of these signals is significantly decreased and
only a single sharp PPh3 resonance is observed. Furthermore, a sharp resonance at δP =
6.4 ppm is attributed to the iminophosphorane product (PPh3)NCH2Ph of the Staudinger
reaction between PPh3 and benzyl azide (Scheme 7.2).[22] Additional resonances related
to iminophosphorane ligated to copper (δP = 32 ppm) and protonated iminophosphorane
(δP = 38 ppm) are also observed (vide infra).

The changes occurring to Cu(PPh3)3Br during this initial stage of catalysis were also
studied using Cu K-edge XANES (Figure 7.16 in the Appendix) and EXAFS. Figure 7.3
shows a comparison of the Cu K-edge EXAFS data for (black line) Cu(PPh3)3Br and (red
line) Cu(PPh3)3Br under catalytic conditions after 5 hours of reaction. In addition, Table
7.1 shows the results obtained for the EXAFS analysis of the data. EXAFS analysis of
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Figure 7.1 Reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.) in the pres-
ence of Cu(PPh3)3Br (2.5 mol%) in THF-d8 a) conversion followed by 1H NMR
spectroscopy; b) temporal evolution of the resonances observed in the 31P NMR
spectrum. Conversion was determined by comparing the integral of the benzyl azide
and triazole moiety. In the 31P NMR spectrum, the first spectrum is measured af-
ter 30 minutes and time intervals of 15 minutes are employed between consecutive
spectra.

Cu(PPh3)3Br shows a Cu–P shell containing three atoms at a distance of 2.32(1) Å and a
Cu–Br shell containing one atom at a distance of 2.481(7) Å. The obtained distances are in
close agreement with the reported crystal structure of Cu(PPh3)3Br (Cu–P: 2.3098(16) Å,
Cu–Br: 2.4826(5) Å).[23] EXAFS analysis of Cu(PPh3)3Br under catalytic conditions and
frozen after five hours shows significant changes. An excellent fit was obtained by including
a Cu–N / Cu–C shell at a distance of 1.89(1) Å a Cu–C shell containing six atoms at a
distance of 3.02(2) Å and a Cu–P shell containing one atom at a distance of 3.04(5) Å.
These Cu K-edge EXAFS experiments thus show that PPh3 does not remain ligated to
copper under catalytic conditions. Instead, two light scatters (carbon or nitrogen) are
coordinated to the metal. The origin of the Cu–P shell further away from the metal will
be discussed below.
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7.3 Results and Discussion

Figure 7.2 Reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.) in the presence
of Cu(PPh3)3Br (2.5 mol%) in THF-d8 followed by 31P VT NMR spectroscopy at
-60 °C. Shown is the NMR spectrum of a solution cooled after 0h (top) and after
3h (bottom).
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Figure 7.3 Comparison of the Cu K-edge XAS data for (black) Cu(PPh3)3Br and (red)
Cu(PPh3)3Br (2.5 mol%) with benzyl azide (1 eq.) and phenylacetylene (1.2 eq.)
after 5h of reaction time. Both samples were measured in THF. a) k2-weighted Cu
K-edge EXAFS data; b) Fourier transform of the Cu K-edge EXAFS data. For
the Fourier transform, a k-range of 3 to 12Å-1 was employed. Structures of the
corresponding complexes are included.

Table 7.1 Cu K-edge EXAFS fitting results for Cu(PPh3)3Br in THF with and without benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to obtain
the fits shown in Figure 7.3.

Conditions Shell N σ2 RFit (Å)

Cu(PPh3)3Bra Cu-P 3.0 0.0035(5) 2.32(1)
Cu-Br 1.0 0.0023(8) 2.481(7)

Cu(PPh3)3Br (2.5mol%)b Cu-C/N 2.0 0.0028(7) 1.89(1)
+ PhAc (1.2 eq.) Cu-P 1.0 0.002(2) 3.04(5)
+ BzAz (1.0 eq.)c,d Cu-C 6.0 0.03(8) 3.02(2)

ak range = 3.1 – 12.5 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(1) eV, SO
2

= 0.91. R-factor fit: 0.007.
bk range = 3.4 – 11.7 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014. cReaction mixture was frozen after 5 hours. dPhAc =
phenylacetylene; BzAz = benzyl azide.
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7.3.2 Synthesis and characterization of Cu iminophosphorane
complexes

The Staudinger reaction occurring under catalytic azide-alkyne coupling conditions has
already been observed with Cu(PPh3)3Br and was considered an unwanted reaction.[20],[24]

However, our results imply that the Staudinger reaction is essential to generate a cat-
alytically active species from Cu(PPh3)3Br under anhydrous and oxygen-free conditions.
These combined results suggest that iminophosphorane (IP) ligation to copper might be
of importance in this activation process to enable the CuAAC reaction. Notably, copper
complexes with chelating iminophosphorane-based ligands have previously been employed
in the CuAAC reaction.[25],[26]

To investigate the coordination chemistry of IPs, we prepared a variety of IPs (Scheme
7.3). The IPs were prepared through mixing of the phosphine and azide in a suitable
solvent (either toluene or THF). For the less sterically-encumbered IPs (L1-L3 and L5) the
reaction readily proceeds at room temperature, indicated by rapid N2 evolution. Formation
of L4 required heating to 110 oC, presumably due to steric hindrance imposed by PCy3,
preventing elimination of N2 from the phosphazide intermediate.[27] L1-L4 were isolated
as white solids, whereas L5 was obtained as a pink liquid. The 1H NMR spectrum of
the IPs show a characteristic doublet (3JP-H) of the benzylic hydrogens. In addition, the
observed 31P NMR resonance for the respective P=N moiety varied depending on the
parent phosphine employed. ForL1-L3 a single resonance was observed with a value of δP
= 9 ppm, while L4 resonates at δP = 24.3 ppm and L5 resonates at δP = 11.6 ppm.
Reaction of L1 (1.1 eq.) with CuBr (1 eq.) in THF led to a white solid after work-up
(Scheme 7.3). Single crystals suitable for X-ray diffraction were grown via slow diffusion
of pentane into a saturated THF solution of the complex. Rather than a heteroleptic
mononuclear species, the molecular structure revealed an ionic bis-copper complex with

Scheme 7.2 Staudinger reaction to produce the target iminophosphorane ligands L1-L5
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the structure [Cu(PPh3NCH2Ph)2[CuBr2] (Figure 7.4, left), which was also observed using
ESI+ and ESI- MS. 1H and 31P NMR spectra of [Cu(PPh3NCH2Ph)2] [CuBr2] acquired at
room temperature showed broad resonances, but a single sharp 31P NMR resonance (δP =
33.1 ppm; Δδ24 ppm with respect to free ligand) was detected at -60°C. These observations
are suggestive of the complex being dynamic in solution, which may complicate mechanistic
studies. In addition, the presence of the dibromocuprate anion is undesirable as it may
serve as a source of catalytically active Cu in the CuAAC reaction. Indeed, [NBu4][CuBr2]
(2.5 mol%) in THF-d8 showed moderate activity (34 % conversion after 22 hours) in the
reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.).

Scheme 7.3 Synthesis of Cu iminophosphorane complexes 1-CuBr2, 1-BF4 and 2-5 .

Given the propensity of these iminophosphorane ligands to form homoleptic Cu-complexes
and to prevent the generation of cuprate anions, complexes 1-5 with the general structure
[Cu(IP)2]BF4 were synthesized via reaction of [Cu(NCMe)4]BF4 with the corresponding
iminophosphorane (2.1 eq.). In all cases, the resulting complexes were isolated as white
solids that were fully characterized via NMR spectroscopy and mass spectrometry (MS).
Using cold-spray ioniziation (CSI) MS, the homoleptic cationic fragments are detected and
no noticeable fragmentation of these complexes. NMR spectroscopy shows clear changes in
the 31P NMR resonances for the corresponding Cu iminophosphorane complexes compared
to the free ligands (see Exp. Section) with Δδ of approx. 24 ppm in case of aromatic
substituents and Δδ of approx. 36 ppm in case of aliphatic substituents on the phosphine.
In addition, for all complexes, a shift in the 1H NMR spectrum for the benzylic hydrogens
is observed upon coordination to copper. Single crystals suitable for X-ray diffraction for
complexes 1-PF6 (using [Cu(NCMe)4]PF6 as precursor) and 2-4 were obtained by dif-
fusion of pentane into a THF-saturated solution of the respective complex (Figure 7.5).
Complex 5 proved very sensitive, with discoloration of solid material observed inside an
Ar-filled glovebox in the course of several days, presumably hampering the isolation of
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Figure 7.4 ORTEP plots (50% probability level) for 1-CuBr2 (left) and 1-PF6 (right).
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å], an-
gles [°] and torsion angles [°], for [1-PF6]: Cu1–N1 1.8764(19); Cu1–N2

1.8984(19); N1–P1 1.6062(19); N2–P2 1.599(2); N1–C1 1.480(3); N2–C26

1.476(3); N1–Cu1–N2 176.25(8); P1–N1–Cu1 124.16(11); C1–N1–Cu1 115.72(15);
C1–N1–P1 116.34(15); P2–N2–Cu1 114.89(11); C26–N2–Cu1 117.66(15); C26–N2–P1

123.51(16); P1–N1–N2–P2 112.18. For 1-CuBr2: Cu1–N1 1.8902(18); N1–P1

1.6055(18); N1–C1 1.487(3); N1–Cu1–N1
i 178.80(11); P1–N1–Cu1 120.18(11);

C1–N1–Cu1 117.04(14); C1–N1–P1 120.27(15); P1–N1–N1
i–P1

i 99.24.

single-crystals for this complex. All four molecular structures show a linear coordination
environment around Cu, with N–Cu–N angles close to 180o and a trigonal planar coordi-
nation environment in each case with Cu-N distances varying slightly (between 1.87 Å and
1.90 Å).
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7.3 Results and Discussion

Figure 7.5 ORTEP plots (50% probability level) for 2 (top left), 3 (top right) and 4 (bottom).
Hydrogen atoms and BF4 anions are omitted for clarity. Selected bond lengths [Å],
angles [°] and torsion angles [°], for 3 : Cu1–N1 1.879(5); Cu1–N2 1.867(5); N1–P1

1.600(5); N2–P2 1.600(5); N1–C1 1.464(8); N2–C29 1.478(8); N1–Cu1–N2 179.7(3);
P1–N1–Cu1 117.3(4); C1–N1–Cu1 117.3(4); C1–N1–P1 121.2(4); P2–N2–Cu1

118.1(3); C29–N2–Cu1 117.7(4); C29–N2–P2 118.3(4); P1–N1–N2–P2 176.95. For
4 : Cu1–N1 1.865(4); N1–P1 1.592(4); N1–C1 1.474(6); N1–Cu1–N1

i 180.0;
P1–N1–Cu1 121.5(2); C1–N1–Cu1 116.0(3); C1–N1–P1 119.6(3); P1–N1–N1

i–P1
i

180.0; Cu¬2–N2 1.860(4); N2–P2 1.587(4); N2–C26 1.472(6); N2–Cu2–N2
i 180.0;

P2–N2–Cu2 117.5(2); C26–N2–Cu2 121.0(3); C26–N2–P2 119.0(3) P1–N1–N1
i–P1

i

180.0. For 5 : Cu1–N1 1.8796(13); Cu1–N2 1.8813(13) N1–P1 1.6156(13); N2–P2

1.6169(13); N1–C1 1.477(2); N2–C26 1.472(2); N1–Cu1–N2 174.84(6); P1–N1–Cu1

121.83(8); C1–N1–Cu1 113.18(10); C1–N1–P1 120.54(11); P2–N2–Cu1 119.55(7);
C26–N2–Cu1 118.07(10); C26–N2–P2 119.24(10); P1–N1–N2–P2 144.05.
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7.3.3 Catalytic activity of the prepared Cu iminophosphorane
complexes

The catalytic performance of the complexes (1-5 ) in the CuAAC reaction between pheny-
lacetylene (1.2 eq.) and benzyl azide (1 eq.) in THF-d8 was monitored over the course
of 15 hours using 1H NMR spectroscopy (Figure 7.6). All complexes were found to be
active in the CuAAC reaction but a large variation for their performance in the CuAAC
reaction is observed. Figure 7.6a shows a comparison of complexes 1-CuBr2, 1-BF4

and Cu(PPh3)3Br, with only Cu(PPh3)3Br suffering from a clear induction period, at-
tributed to the Staudinger reaction between PPh3 and azide reagent. Although 1 and
1-BF4 are immediately active in catalysis, their catalytic performance proved inferior to
Cu(PPh3)3Br, which affords ∼70% conversion after approx. 12 hours. Addition of two
equiv. of L1 or PPh3 to 1-CuBr2 did not abate this difference in catalytic activity be-
tween Cu(PPh3)3Br and 1-CuBr2 (Figure 7.28). Additionaly, the enhanced performance
of Cu(PPh3)3Br could not be linked to the bromide anion, as the complex Cu(PPh3)3BF4

also outperforms 1-CuBr2 and 1-BF4 (Figure 6a) We suspect that residual PPh3 plays
a role in improving the catalytic performance of Cu(PPh3)3Br and Cu(PPh3)3BF4. For
Cu(PPh3)3Br, the highest rate is observed when roughly 1 equivalent of PPh3 (with respect
to Cu) remains in solution (Figure 7.29) and the rate decreases further upon decrease of
the PPh3 concentration through the Staudinger reaction.
A side-by-side comparison of complexes1-BF4, 2 and 3 may provide insight in the in-
fluence of the electronic structure of the ligand on the catalytic activity in the CuAAC
reaction. The observed activity trend is 3 > 1-BF4 > 2 , suggesting an increased cat-
alytic performance upon increased Lewis basicity of the ligand. Comparing complexes
1-BF4, 4 and 5 , seems to imply a reduction of steric bulk is beneficial to the catalytic
performance. However, analysis of complex 5 also shows an increased performance over
time. This may be related to the small substituents at phosphorus, enabling the triazole
product to also ligate to the metal and have a positive influence on the rate of the rate of
the reaction (i.e. autocatalysis).28
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Figure 7.6 Conversion as a function of time for the various prepared complexes. Reactions
were performed by mixing the Cu complex (2.5 mol% with respect to Cu), with
benzyl azide (1 eq.) in THF-d8 (1 mL), followed by the addition of phenylacetylene
(1.2 eq.).
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7.3.4 Mechanistic study using Cu iminophosphorane complexes

Due to ease of synthesis and good stability in solution, complex 1-BF4 was used for a
mechanistic study. To arrive at potentially relevant catalytic intermediates, initial syn-
thetic attempts focused on a Cu-acetylide bearing ligand L1. Cu complexes containing an
internal base can be directly reacted with alkynes to prepare Cu acetylides. This approach
has been used to prepare CuI complexes containing carbene ligands.[13],[29],[30] It is likely
that iminophosphorane ligands can also act as internal bases, given their qualification as
superbases, given their qualification as superbases; the closely related iminophosphorane
Ph3P=NCy was found to have a pKBH

+ of 22.7 in acetonitrile.[31]

Scheme 7.4 Overview of (attempted) synthetic procedures to prepare catalytically relevant
intermediates. a) Reaction of 1-BF4 with phenylacetylene; b) Reaction of copper
phenylacetylide with (PPh3)NCH2Ph; c) Reaction of copper phenylacetylide with
(PPh3)NCH2Ph and benzyl azide.

The hypothesis that IPs are capable of deprotonating alkynes was confirmed by reacting
1-BF4 with ∼ 10 equiv. phenylacetylene (Scheme 7.4a). Mixing both reagents in THF
leads to immediate formation of a yellow precipitate that is insoluble in both apolar and
polar solvents. Attenuated total reflection (ATR) infrared (IR) spectroscopy confirmed
the presence of both CuI(CCPh) and unreacted 1-BF4 (Figure 7.20), with no vibrations
observed for Cu(CCPh)(IP) species. The 1H NMR spectrum of the in vacuo dried super-
natant, showed broad, uninformative resonances in the 1H NMR spectrum (Figure 7.19),
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while the 31P NMR spectrum (Figure 7.19) showed unreacted 2 (δP = 33.2 ppm) and a
second, unknown resonance (δP = 28.2 ppm). Interestingly, this unknown resonance is
also observed during the CuAAC reaction catalyzed by Cu(PPh3)3Br (Figure 7.2). The
resonance does not correspond to ((PPh3)N(H)CH2Ph)+, the conjugate acid of L1 (δP
= 38.6 ppm). Based on the formation of copper phenylacetylide and the absence of free
ligand in the 31P NMR spectrum, we propose that two equivalents of (PPh3)NCH2Ph
coordinate to H+, forming (PPh3)N(H)(CH2Ph)2(H)+. Other approaches that have been
employed in the literature to prepare Cu phenylacetylide complexes include the direct
reaction between copper phenylacetylide and a suitable ligand.[30] However, an attempt
to react copper phenylacetylide with PPh3NCH2Ph was unsuccessful (Scheme 7.4b), with
work-up only leading to quantitative isolation of copper phenylacetylide and PPh3NCH2Ph
(SI Section 7.4.3). Based on the two previous unsuccessful reactions, we propose that mon-
odentate IPs do not provide stable ligation to copper phenylacetylide. During catalysis,
the solution remains homogeneous and no precipitation of copper phenylacetylide is ob-
served. Combined with the observations made during the previous experiments (Scheme
7.4a and 7.4b), it is unlikely that the resting state during catalysis under the employed
reaction conditions is a Cu acetylide complex. Another plausible candidate for the rest-
ing state is a Cu triazolide complex (Scheme 7.1). In this regard, recent DFT studies
have shown that proton-transfer from incoming acetylene substrate to a copper-triazolide
species can become the rate-determining step if the CuAAC reaction is performed un-
der aprotic conditions.[32] To date, only a handful of Cu triazolide complexes have been
isolated.[14],[33–35] Common strategies to isolate such a copper triazolide complex involve
reaction of a ligated Cu phenylacetylide complex with an organic azide. For our system,
this approach is not viable as no ligated Cu phenylacetylide complexes have been isolated.
In an attempt to prepare the targeted Cu triazolide complex, a direct reaction was per-
formed with Cu phenylacetylide, benzyl azide and (PPh3)NCH2Ph (Scheme 7.4c). After
work-up, an off-white solid was obtained that was characterized by mass spectrometry
(only homoleptic fragments) and NMR spectroscopy. The 1H NMR spectrum is in line
with the successful synthesis of Cu-triazolide complex [Cu(PhCH2N(PPh3))(1-benzyl-4-
phenyl-triazolide)] ([Cu(triaz)L1)]) (Figure 7.7), with a resonance at δH = 5.13 ppm
that is not observed in either (PPh3)NCH2Ph and Cu(PPh3NCH2Ph)2]BF4. This res-
onance is assigned to the benzylic hydrogens of the triazolide moiety. Additionally, 13C
NMR shows two resonances (δC = 154.2 and 150.0 ppm) that can be attributed to the C=C
fragment present in the five-membered ring, in correspondence with data for an earlier iso-
lated triazolide complex by Straub (δC = 154.6 and 152.2 ppm).[34] Finally, the 31P NMR
spectrum shows a single resonance at δP = 32.2 ppm. The positive mode high-resolution

168



7.3 Results and Discussion

cold-spray ioniziation mass spectrum (CSI HRMS) shows the molecular ion peak for the ho-
moleptic fragment [Cu((PPh3)NCH2Ph)2]+ (expected: 797.228, found: 797.224). Negative
mode (CSI HRMS) provides many fragments, including [Cu(triazolide)2]- (expected:
531.136, found: 531.131) It is unclear whether [Cu(triaz)L1)] is homoleptic, or whether
ligand exchange has occurred under MS conditions and the complex is heteroleptic. Of the
few reported Cu-triaozlide complexes, none of them were homoleptic.[14],[33–35] In addition,
[Cu(triaz)L1)] is highly soluble in toluene, deeming the formation of an ionic complex
unlikely. Furthermore, the ligands’ benzylic hydrogens of [Cu(triaz)L1)] are significantly
shifted compared to the benzylic hydrogens of 1-BF4, indicating a different chemical en-
vironment (Figure 7.7). Based on these findings, we propose that [Cu(triaz)L1)] is best
formulated as a heteroleptic complex.

The triazolide complex proved to be active in the CuAAC reaction between phenylacety-
lene (1.2 eq.) and benzyl azide (1 eq.) and showed similar activity compared to 1-BF4

(Figure 7.21). The similarity in catalytic activity of the two complexes suggests that the
Cu-triazolide complex is indeed formed from the [Cu((PPh3) NCH2Ph)2]BF4 system un-
der catalytic conditions. Additional evidence for the formation of a Cu-triazolide complex
under catalytic conditions was found using VT NMR and Cu K-edge EXAFS experiments.
The 31P NMR spectrum acquired at -50 oC shows two resonances at δP = 37.4 and 32.6
ppm (Figure 7.22), with the former signal being assigned to [(PPh3)N(H)CH2Ph]+. The
latter signal is very similar to the 31P resonance as discussed previously for the Cu triazolide
complex. Furthermore, Cu K-edge EXAFS analysis of 1-BF4 reveals a Cu–N/ Cu–C shell
containing two atoms at a distance of 1.87(1) Å, a Cu–C shell containing six atoms at a
distance of 2.90(2) Å and a Cu–P shell containing two atoms at a distance of 3.03(1) Å
(Figure 7.8 and Table 7.2). The bond distances and coordination numbers are in close
agreement with the crystal structure of 1-PF6 (Figure 7.4b). Under catalytic conditions,
a solution containing the 1-BF4 complex shows a reduction of the coordination number
of the Cu–P shell to one, in line with loss of one of the IP ligands. Also, the EXAFS anal-
ysis is in very close agreement with EXAFS analysis of [Cu(triaz)L1)] providing further
evidence for the formation of a Cu-triazolide complex under catalytic conditions. Overall,
these data support formulation of [Cu(triaz)L1)] as the resting state during catalytic
turnover in the CuAAC reaction, starting from 1-BF4.
Having identified the resting state to be [Cu(triaz)L1)], we performed kinetic experi-
ments to investigate the pathway through which the triazole product is formed. Firstly,
the kinetic isotope effect (KIE) for deuterium-labeled phenylacetylene-d1 was determined
by reacting phenylacetylene (0.6 eq.), phenylacetylene-d1 (0.6 eq.) and benzyl azide (1
eq.) in the presence of 1-BF4 and was found to be 4.4(4) (Supporting Information 7.4.9)
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Figure 7.7 Comparison of the 1H NMR spectrum of (PPh3)NCH2Ph (top), 1-BF4 (middle)
and [Cu(PhCH2N(PPh3))(1-benzyl-4-phenyl-triazolide)] (bottom) in CD2Cl2.
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Table 7.2 Cu K-edge EXAFS fitting results for Cu(PPh3)3Br in THF with and without benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to obtain
the fits shown in Figure 7.3.

Conditions Shell N σ2 RFit (Å)

1-BF4
a Cu-N 2.0 0.0037(7) 1.87(1)

Cu-C 6.0 0.016(9) 2.90(2)
Cu-P 2.0 0.005(2) 3.03(1)

1-BF4 (2.5mol%)b Cu-C/N 2.0 0.0022(6) 1.90(1)
+ PhAc (1.2 eq.) Cu-C 6.0 0.024(6) 3.03(3)
+ BzAz (1.0 eq.)c,d Cu-P 1.0 0.003(2) 3.04(2)

[Cu(triaz)L1)]e Cu-C/N 2.0 0.0029(6) 1.89(1)
Cu-C 6.0 0.022(5) 3.00(2)
Cu-P 1.0 0.003(2) 3.02(2)

[Cu(triaz)L1)]f Cu-C/N 2.0 0.0028(5) 1.895(9)
+ PhAc (1.2 eq.) Cu-C 6.0 0.021(4) 3.02(2)

+ BzAz (1.0 eq.)c, d Cu-P 1.0 0.003(1) 3.03(1)
a k range = 3.1 – 12.5 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(1) eV, SO

2

= 0.91. R-factor fit: 0.007.
b k range = 3.4 – 11.7 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014.
c Reaction mixture was frozen after 5 hours.
d PhAc = phenylacetylene; BzAz = benzyl azide.
e k range = 3.4 – 12.3 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014.
f k range = 3.4 – 12.4 Å, R range = 1.0 – 3.5 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO

2

= 0.91. R-factor fit: 0.010.
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Figure 7.8 Comparison of the Cu K-edge XAS data for [Cu((PPh33)NCH 2Ph)2]BF4 and
[Cu(PhCH2N(PPh3))(1-benzyl-4-phenyl-triazolide)] in the absence and presence of
benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). Under catalytic conditions,
solutions were frozen after a reaction time of 10 minutes and 2.5mol% of Cu was
employed. Both samples were measured in THF. a) k2-weighted Cu K-edge EX-
AFS data; b) Fourier transform of the Cu K-edge EXAFS data. For the Fourier
transform, a k-range of 3 to 12Å-1 was employed. Figure 7.8b also shows structures
of the corresponding complexes.

and shows that the mildly acidic C–H bond of phenylacetylene is broken in the rate-
determining step. Two pathways that are in agreement with this observation are depicted
in Scheme 7.5. Firstly, phenylacetylene may coordinate to the metal center and directly
protonate the triazolide moiety to form the product and a copper-phenylacetylide com-
plex. Secondly, proton-transfer from phenylacetylene to the basic IP ligand may proceed
protonation of the triazolide moiety, with IP acting as a proton shuttle. To discern be-
tween the two pathways, we have reacted [Cu(triaz)L1)] with either phenylacetylene or
[PhCH2N(H+)(PPh3)]BF4 for two hours at r.t. Both reactions lead to the triazole prod-
uct, as evidenced by the 1H NMR spectrum (Figure 7.26). If the ligand indeed does act
as a proton shuttle, it should be beneficial for the catalytic activity to have additional
[PhCH2N(H)(PPh3)]BF4 present during catalysis. A kinetic experiment was performed
where additional [PhCH2N(H+)(PPh3)]BF4 (1 eq.) was added to [Cu(triaz)L1)], which
had no effect on the catalytic performance compared to standard conditions (Figure 7.27).
These findings make it unlikely that catalysis occurs through a proton shuttling facilitated
by the IP ligand.
Next, we determined the order of the reaction with respect to copper and substrates (Ta-
ble 3). A first-order dependency on the Cu concentration and a zeroth-order dependency
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Scheme 7.5 Hypothesized pathways through which the product triazole is formed. Pheny-
lacetylene can directly protonate the triazolide moiety to form the product. Al-
ternatively, the ligand is first protonated and can then act as a proton shuttle. In
this scheme, RDS is used to denote rate-determining step.

Table 7.3 Overview of the employed conditions for the order determination of the various
components of the 1-BF4 system.

Component Cu (eq.) BzAza (eq.) PhAcb (eq.) Reaction order

Cu 1-3 225 205 1.1(1)
PhAc 1 35 25-45 -0.02(7)
BzAz 1 20-40 10 0.00(3)
PhAcc 1 40 1-10 0.28(3)
BzAzc 1 4-10 40 0.30(6)

a BzAz is used to denote benzyl azide.
b PhAc is used to denote.
c[Cu(triaz)(L1)] was employed due to the slow reactivity between 1-BF4, BzAz and
PhAc at low substrate loadings.
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in both substrates is observed when a large excess of both phenylacetylene and benzyl
azide is used. The former indicates that a mononuclear Cu complex is involved in the
rate-determining step or a dinuclear complex that stays intact in the whole catalytic cycle.
Zeroth-order dependency on both substrates is indicative of saturation kinetics.[10] To limit
saturation conditions, we had reduced the amount of substrate with respect to the metal
center. At low substrate concentrations, the formation of the Cu triazolide complex from
1-BF4 was too slow for kinetic analysis. For this reason, we employed [Cu(L1)(triaz)]
as the Cu source. For benzyl azide, a broken order of 0.30(6) is observed and for pheny-
lacetylene a broken order of 0.28(3) is observed. These broken order either indicates no
clear rate determenining step or that phenylacetylene and benzyl azide are involved in a
pre-equilibrium leading up the rate-determining step.[36] A broken order with respect to
phenylacetylene is in line with the KIE measurements and further confirms that coordina-
tion of phenylacetylene occurs during the rate-determining step(s). A broken order with
respect to benzyl azide also shows that benzyl azide coordination occurs during the rate-
determining step(s). In line with the general mechanism of the CuAAC reaction (Scheme
7.1c), we propose that both the cyclization step and protonation step contribute to the
overall rate of the reaction at low substrate loadings. Evidence for coordination of a sub-
strate was observed via Cu K-edge XANES analysis (Figure 7.17). Upon introduction of
benzyl azide and phenylacetylene to a THF solution of [Cu(L1)(triaz)], a slight decrease
in intensity of the pre-edge region is observed. The pre-edge region arises from 1s to 4p
transitions; distortion from linearity gives rise to a decrease in intensity of the pre-edge
region.[37] The slight decrease in intensity in the pre-edge region can be interpreted to arise
from a small fraction of substrate ligation (phenylacetylene or benzyl azide) towards the
Cu centers under catalytic conditions.

7.3.5 Computational study of the CuAAC reaction using Cu
iminophosphorane complexes

To verify our experimental findings, we have performed DFT-D3 calculations at the BP86/
TZ2P level of theory on the proposed catalytic cycle (Scheme 7.6) with the corresponding
energies reported below the respective intermediates. Copper phenylacetylide complex A1

was employed as a starting point for these calculations. Although complex A1 has not
been isolated nor detected, the successful synthesis of [Cu(triaz)L1)] suggest this complex
is thermodynamically accessible. A1 is incapable of directly coordinating benzyl azide.
Instead, a rather large Cu–N (3.33 Å) is observed in the final geometry (TSA2, δG =
-0.1 kcal mol-1). Subsequent cycloaddition of benzyl azide and complex A1 to yield six-
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membered cupracycle A3 (δG = 7.9 kcal mol-1) proceeds with a relatively low barrier
(TSA1, ΔΔG‡ = 11.0 kcal mol-1). Ring contraction (TSA2, ΔΔG‡ = 1.4 kcal mol-1) of
cupracycle A3 to yield Cu triazolide A4 is highly exergonic ( ΔΔG = -61.9 kcal mol-1).
Coordination of phenylacetylene to Cu triazolide A4 yields Cu triazolide A5 ( ΔΔG = -0.9
kcal mol-1); coordination of phenylacetylene is slightly exergonic. Finally, protonolysis of
complex A5 through reaction with phenylacetylene proceeds with a relatively high barrier
(TSA3, ΔΔG = 22.5 kcal mol-1) to yield the triazole and copper phenylacetylide complex
A1 ( ΔΔG = 5.8 kcal mol-1). In line with our mechanistic studies, a minor difference is
observed between the barrier for protonation (G = 5.8 kcal mol-1, difference (TSA3 and
(TSA1). This difference is expected to be even smaller when i) the polynuclear of copper
phenylacetylide is taken into consideration and ii) the relative concentration of benzyl azide
and phenylacetylene are taken into consideration (Table 3). [38]

As an alternative pathway, a mechanism proceeding through dinuclear intermediates was
considered but attempts to optimize dinuclear copper intermediates were hampered by the
steric repulsion between the two copper complexes and a very large Cu–Cu distance (∼5.00
Å), making a pathway proceeding via dinuclear intermediates unlikely.

7.4 Conclusions

A mechanistic study of the CuAAC reaction, catalyzed by cationic copper imonophospho-
rane complexes, has been detailed in this chapter. Novel cationic, homoleptic CuI com-
plexes ligated by iminophosphoranes were synthesized and fully characterized. All com-
plexes showed to be active in the CuAAC reaction with model substrates benzyl azide and
phenylacetylene. The observed activity trend 3 > 1-BF4 > 2 , highlights the increased
performance with increased Lewis basicity of the ligand. Additionally, a Cu triazolide
complex was prepared that was identified as the resting state in catalysis by spectroscopic
and kinetic analysis. Both protonolysis of the Cu triazolide and cyclization of Cu pheny-
lacetylide intermediates contribute to the overall rate of the reaction, depending on the
relative concentration of the substrates. We propose the formation of a mononuclear rest-
ing state as no evidence was found for the involvement of dinuclear intermediates in this
part of the catalytic cycle. The spectroscopic and kinetic experiments were supplemented
by DFT calculations to support the proposed catalytic cycle.
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Scheme 7.6 Proposed catalytic cycle for the CuAAC reaction catalyzed by copper iminophos-
phorane complexes. DFT-D3 calculations were performed at the BP86/TZ2P level
of theory. The Gibbs free energy is reported as well as the electronic energy, the
latter in italics and in brackets. The R group denotes a phenyl substitute and
the R’ group denotes a benzyl substituent. The ligand (L) employed in these
calculations was PhCH2N(PPh3).
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7.6 Experimental Section

7.6.1 General methods

Laboratory methods and materials All manipulations were performed under an in-
ert atmosphere (N2 or Ar) using standard glovebox and Schlenk techniques. Benzyl
azide and Cu(PPh3)3Br were synthesized according to previously published methods.[39],[40]

[Cu(ACN)4]BF4 was synthesized using a slightly modified literature procedure, where
an aqueous HBF4 solution was used instead of an aqueous HPF6 solution used in the
protocol.[41] Phenylacetylene, PPh3, tris(4-methoxy phenyl)phosphine, PMe3 (1M in THF)
and CuBr were purchased from Sigma-Aldrich. PCy3 was purchased from Strem. Tris(4-
chlorophenyl)phosphine was purchased from Alfa Aesar. Phenylacetylene was distilled
prior to use. All other reagents were used as provided by the supplier. Solvents were
distilled prior to use using suitable drying agents. NMR spectra were recorded on a 300
MHz (19F) and 500 MHz (1H, 13C and 31P) Bruker spectrometer. Chemical shifts were
referenced to TMS (1H and 13C), CFCl3 (19F) and H3PO4 (31P).

XAS measurements and sample preparation Cu K-edge XAS experiments were per-
formed at Diamond Light Source on beamline B18 in Didcott (UK) and at Swiss Light
Source on beamline SuperXAS in Villigen (Switzerland). All measurements were done in
fluorescence mode. Catalyst solutions were kept frozen using a Cryojet set to a tempera-
ture of 100K.[42] Measurements at SuperXAS were performed with a Si(111) double crystal
monochromator in combination with a SDD detector. Measurements were done in Quick
EXAFS mode and a single scan required 1 second and a single measurement typically
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required 10 minutes.[43] Measurements at Diamond were performed with a Si(111) double
monochromator in combination with a 36 element Ge detector. A typical measurement
required around 2 minutes; 20 scans were required to obtain good signal-to-noise ratio in
the data. All acquired spectra were calibrated to a Cu foil. Data processing was performed
using the Demeter software package.[44] The amplitude reduction factor (S0

2) was deter-
mined using the Cu foil and was found to be 0.91. Below a typical XAS measurement is
described. Other experiments are done in a similar fashion.

Inside a glovebox, [Cu(PPh3)3]Br (11.2 mg, 12 micromoles, 2.5 mol%) was weighed and
dissolved into THF (1 mL). To this solution was first added benzyl azide (63 mg, ∼480
micromoles, 1 eq.), followed by the addition of phenylacetylene (59 mg, ∼580 micromoles,
1.2 eq.). The reaction was allowed to proceed for 1 hour, after which an aliquot of the
solution was taken and put into a Kapton® tube. The Kapton tube was taken out of the
glovebox, flash-frozen into liquid nitrogen and transferred to the beamline for measurement.

Computational methods Calculations were performed using the ADF software package
(2017.107).45],[46] Geometry optimizations were performed in the gas phase at the BP86 /
TZ2P level of theory, with inclusion of Grimme’s dispersion correction (D3).[47-49] Solvent
corrections were applied by performing single-point calculations on the geometry-optimized
molecule using an implicit solvent model (COSMO) for THF.[50],[51] Frequency calculations
were performed to verify whether ground states had no imaginary frequencies and transi-
tion states had a single imaginary frequency.

Crystal structure determination X-ray intensities were measured on a Bruker D8
Quest Eco diffractometer equipped with a Triumph monochromator (l = 0.71073 Å) and a
CMOS Photon 100 detector at a temperature of 150(2) K. Intensity data were integrated
with the Bruker APEX3 software.[52] Absorption correction and scaling was performed
with SADABS.[53] The structures were solved using intrinsic phasing with the program
SHELXT.[54] Least-squares refinement was performed with SHELXL-2014[55] against F2 of
all reflections. Non-hydrogen atoms were refined with anisotropic displacement parame-
ters. The H atoms were placed at calculated positions using the instructions AFIX 13,
AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5
times U eq of the attached C atoms.
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Figure 7.9 ORTEP plots (50% probability level) Crystal structure of
[Cu(PhCH2NPPh3)2][CuBr2] with one molecule of THF in its crystal lat-
tice. Hydrogen atoms are omitted for clarity. Selected bond lengths [Å], angles [°]
and torsion angles [°]: Cu1–N1 1.870(2); Cu1–N2 1.877(2); N1–P1 1.605(3); N2–P2

1.601(2); N1–C1 1.484(4); N2–C26 1.487(4); N1–Cu1–N2 178.65(11); P1–N1–Cu1

120.59(14); C1–N1–Cu1 118.42(19); C1–N1–P1 117.60(19); P2–N2–Cu1 117.59(13);
C26–N2–Cu1 120.47(18); C26–N2–P2 120.88(19); P1–N1–N2–P2 101.03.
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7.6.2 Synthetic procedures

Synthesis of PhCH2NPR3 (L1, R = C6H5)

The resonance in the 1H NMR spectrum with a value of δH = 7.46 ppm is composed of two
overlapping resonances, as is observed in the 1H–13C HSQC spectrum. In addition, in the
13C spectrum, the resonance observed at δC = 133.2 ppm is composed of two overlapping
resonances

Triphenylphosphine (2.00 g, 7.63 mmol, 1 eq.) was weighed and dissolved into toluene (20
mL). To this solution was slowly added benzyl azide (1.14 g, 8.56 mmol, 1.1 eq.). During
the addition, evolution of N2 gas was observed. The reaction was left overnight (∼16h),
after which the solution was concentrated to obtain a pale yellow gel. Pentane was added
to this gel and the precipitation of a white solid was observed. The solution was again
concentrated. The resulting solid was washed with pentane (4 x 10 mL) and dried under
vacuum to obtain the target compound as a white solid (1.41 g, 3.84 mmol, 50% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.70 (m, 6H, –P–C–CH–), 7.53 (m, 3H, –P–C–CH–CH–CH–),
7.46 (m, 6H, –P–C–CH–CH–), 7.46 (m, 2H, –CH2–C–CH–) 7.26 (m, 2H, –CH2–C–CH–CH–),
7.15 (m, 1H, –CH2–C–CH–CH–CH–) 4.32 (d, 3JP–H = 15.8 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 147.1 (–CH2–C–), 133.2 (d, JC–P = 8.5 Hz, –P–C–CH
–CH–), 132.8 (d, JC–P = 95.6 Hz, –P–C–), 132.0 (–P–C–CH–CH–CH–), 129.2 (d, JC–P =
11.2 Hz, –P–C–CH–), 128.5 (–CH2–C–CH–CH–), 127.9 (–CH2–C–CH–CH–), 126.2 (–CH2–
C–CH–CH–CH–) 49.5 (–CH2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 8.9 (–PPh3)

Mass (m/z) C25H23NP+: 368.156, (368.157), 369.160, (369.160), 370.163, (370.163).
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7.6 Experimental Section

Synthesis of PhCH2NPR3 (L2, R = C6H4OMe)

Tris(4-methoxyphenyl)phosphine (1.20 g, 3.40 mmol, 1 eq.), was weighed and dissolved
into toluene (15 mL). To this solution was added benzyl azide (0.50 g, 2.70 mmol, 1.1 eq.).
During the addition, evolution of N2 gas was observed and the reaction was left overnight
(∼16h). The resulting solution was concentrated to yield a pale yellow oil. The oil was
washed with pentane (3 x 10 mL) and dried under vacuum to obtain the target compound
as a tacky white solid (1.35 g, 2.95 mmol, 87% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.60 (m, 6H, –P–C–CH–CH–), 7.45 (m, 2H, –CH2–C–CH–),
7.27 (m, 2H, –CH2–C–CH–CH–), 7.14 (m, 1H, –C–CH–CH–CH), 6.96 (m, 6H, –P–C–CH–),
4.28 (d, 3JP–H = 16.4 Hz, 2H, –CH2–), 3.84 (s, 9H, –O–CH3)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 162.7 (–C–O–CH3), 147.3 (–CH2–C–), 134.9 (d,
JC–P = 10.1 Hz, –CH–C–O–CH3), 128.5 (–CH2–C–CH–CH–), 127.9 (–CH2–C–CH–CH–),
126.1 (–CH–CH–CH–), 124.6 (d, JC–P = 103.1 Hz, –P–C–), 114.6 (d, JC–P = 12.2 Hz,
–P–C–CH–), 56.1 (–O–CH3 ), 49.6 (–CH2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 8.9 (–P(C6H4OMe)3)

Mass (m/z) C28H29NO3P: 468.1861, (468.1885), 459.1896, (459.1919), 460.1930, (460.1949)
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7.6 Experimental Section

Synthesis of PhCH2NPR3 (L3, R = C6H4Cl)

Tris(4-chlorophenyl)phosphine (0.99 g, 2.71 mmol, 1 eq.) was weighed and dissolved into
toluene (20 mL). To this solution was added benzyl azide (0.42 g, 3.15 mmol, 1.2 eq.).
During the addition, evolution of N2 gas was observed and the reaction was left overnight
(∼16h). The resulting solution was concentrated to yield a white solid. The solid was
washed with pentane (3 x 5 mL) and dried under vacuum to obtain the target compound
as a white solid (1.01 g, 2.14 mmol, 79% yield). Based on the observation of the CH3

resonance of toluene in the final product, the product is expected to contain 0.1 equivalent
of toluene.

1H NMR (500 MHz, CD2Cl2, δ): 7.61 (m, 6H, –P–C–CH–CH–), 7.47 (m, 6H, –P–C–CH–),
7.41 (m, 2H, –CH2–C–CH–), 7.26 (m, 2H, –CH2–C–CH–CH–), 7.16 (m, 1H, –C–CH–CH–CH),
4.28 (d, 3JP-H = 17.0 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 146.4 (d, JC-P = 19.7 Hz, –CH2–C–), 138.8 (–C–Cl),
134.2 (d, JC-P = 7.4 Hz, –CH–C–Cl), 130.7 (d, JC-P = 97.5 Hz, –P–C–), 129.7 (d, JC-P = 10.9
Hz, –P–C–CH–), 128.6 (–CH2–C–CH–CH–), 127.8 (–CH2–C–CH–CH–), 126.4 (–CH–CH–CH–),
49.2 (–CC2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 5.7 (–P(C6H4Cl)3)

Mass (m/z) C25H20Cl3NP: 470.038 (470.040), 471.041 (471.043), 472.035 (472.037), 473.038
(473.040), 474.032 (474.035), 475.036 (475.038), 476.030 (476.033), 470.032 (477.034),
478.008 (478.038)
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7.6 Experimental Section

Synthesis of PhCH2NPR3 (L4, R = C6H11)

The quaternary carbon (δC = 148.0 ppm) contained within the benzyl moiety was not
directly observed in the 13C spectrum. The assignment of this resonance is based on its
observation in the 1H-13C-HMBC spectrum.

PCy3 (0.99 g, 3.57 mmol, 1 eq.) was dissolved into toluene (15 mL). To this solution was
added benzyl azide (0.52 g, 3.92 mmol, 1.2 eq.) and the solution was briefly stirred at
room temperature and a discoloration to yellow was observed. The solution was heated for
2 hours at 110oC. Afterwards, the solution was brought back to room temperature, where
it was concentrated. The resulting solid was washed with pentane (3 x 10 mL) and was
dried under vacuum to obtain the target compound as a white solid (0.36 g, 0.94 mmol,
27% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.45 (m, 2H, –CH2–C–CH–), 7.25 (m, 2H, –CH2–C–
CH–CH–), 7.12 (m, 1H, –C–CH–CH–CH), 4.28 (d, 3JP-H = 14.0 Hz, 2H, –CH2–), 2.03 (br
m, 3H, Cy CH), 1.96-1.26 (br m, 30H, Cy CH2)

13C1H NMR (126 MHz, CD2Cl2, δ): 148.0 (–CH2–C–), 128.4 (–CH2–C–CH–CH–), 127.7
(–CH2–C–CH–CH–), 126.0 (–CH–CH–CH–), 50.0 (–CH2–), 35.8 (d, JC-P = 56.8 Hz, Cy
CH), 28.2 (Cy CH2), 28.1 (Cy CH2), 27.2 (Cy CH2)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 24.3 (–P–(Cy)3)

Mass (m/z) C25H41NP: 386.296, (386.298), 387.299, (387.301), 388.303 (388.304), 389.306
(389.308)
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7.6 Experimental Section

Synthesis of PhCH2NPR3 (L5, R = CH3)

Note: the compound proved to be very reactive. Over time, during measurement of the
NMR sample, degradation was observed in CD2Cl2..

PMe3 in THF (1.0M, 7 mL, 7 mmol) was added to THF (5 mL). To this solution was
slowly added benzyl azide (0.53 g, 5.86 mmol, 1.2 eq.). Evolution of N2 was observed; the
reaction was found to be highly exothermic. The solution was stirred for 2 hours and was
concentrated under vacuum to yield a pink liquid (413 mg, 2.28 mmol, 38.9% yield). The
resulting liquid was used without further purification.

1H NMR (500 MHz, CD2Cl2, δ): 7.35 (m, 2H, –CH2–C–CH–), 7.25 (m, 2H, –CH2–C–CH–CH–),
7.13 (m, 1H, –C–CH–CH–CH), 4.28 (d, 3JP-H = 23.5 Hz, 2H, –CH2–), 1.35 (d, 2JP–H =
12.3 Hz, 9H, –P–(CH3)3)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 147.1 (d, JC-P = 14.1 Hz, –CH2–C–), 128.5 (–CH2–C–CH–CH–),
127.9 (–CH2–C–CH–CH–), 126.2 (–CH–CH–CH–), 50.0 (d, JC-P = 5.5 Hz, –CH2–), 16.4
(d, JC-P = 65.3 Hz, –P–(CH3)3)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 11.6 (–P–(CH3)3)

Mass (m/z) C25H41NP: 182.110, (182.112), 183.112, (183.113), 184.116 (184.117).
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] CuBr2 (Complex 1-CuBr2, R = C6H5)

One resonance in the 13C NMR spectrum was not observed at room temperature: the qua-
ternary carbon atom attached to the phosphorus. Presumably, under the employed mea-
surement conditions, T1 relaxation times were too long for this resonance to be observable
under the employed experimental conditions. Cooling the solution to -60oC allowed for the
detection of this resonance. Assignment of the 13C and 31P NMR resonances is based on
the spectrum acquired at -60oC.

CuBr (78 mg, 0.54 mmol 1 eq.) was weighed and slurried into THF. To this solution
was added L1 (405 mg, 1.12 mmol, 1.1 eq.) and the solution was stirred overnight (∼16
hours). The solution was filtered and was evaporated to dryness. The obtained solid was
washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid (340 mg,
0.33 mmol, 61% yield). Crystals suitable for single-crystal XRD were grown by layering a
THF-saturated solution of the complex with pentane.
Traces of THF were identified in the final product. These traces could not be removed,
despite rigorous drying. Based on the relative integral, the compound is expected to contain
approximate 0.1 equivalents of THF. In this regard, crystals were isolated for the target
compound containing THF in its crystal lattice.

1H NMR (500 MHz, CD2Cl2, δ): 7.62 (m, 6H, –P–C–CH–CH–), 7.62 (m, 3H, –P–C–CH–
CH–CH–), 7.50 (m, 6H, –P–C–CH–), 7.27 (m, 2H, –CH2–C–CH–CH–), 7.27 (m, 2H,
–CH2–C–CH–), 7.27 (m, 1H, –CH2–C–CH–CH–CH–), 4.06 (d, 3JP-H = 14.1 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 143.1 (d, JC-P = 15.9 Hz, –CH2–C–), 133.5 (–P–C–CH–
CH–CH–), 133.0 (d, JC-P = 9.4 Hz, –P–C–CH–CH–), 129.3 (d, JC-P = 12.0 Hz, –P–C–CH–),
128.7 (–CH2–C–CH–CH–), 127.8 (–CH2–C–CH–CH–), 127.4 (–CH2–C– CH–CH–CH–),
126.2 (d, JC-P = 99.8 Hz, –P–C–), 50.0 (–CH2–)
31P{1H}NMR (201 MHz, CD2Cl2, δ): 33.1 (–PPh3)

Mass (m/z) C50H44CuN2P2: 797.228, (797.228), 798.229, (798.231), 799.226 (799.223),
800.228 (800.230), 801.231 (801.233) CuBr2- : 220.769 (220.766) 222.767 (222.764), 224.765
(224.762), 226.763 (226.761)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 1-BF4, R = C6H5)

The resonance in the 1H NMR spectrum with a value of δH = 7.29 ppm is composed of
two overlapping resonances, observed in the 1H–13C HSQC spectrum.

[Cu(ACN)4]BF4 (165.7 mg, 0.45 mmol, 1 eq.) was weighed and slurried into THF. To
this solution was added L1 (406.6 mg, 1.10 mmol, 2.1 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(396 mg, 0.448mmol, 99%).

From [Cu(ACN)4]PF6, we prepared the corresponding PF6 complex using a similar pro-
cedure. For this complex, crystals suitable for single-crystal XRD were grown by layering
a THF-saturated solution of the complex with pentane.

1H NMR (500 MHz, CD2Cl2, δ): 7.68 (m, 3H, –P–C–CH–CH–CH–), 7.47 (m, 6H, –P–C–CH–),
7.40 (m, 6H, –P–C–CH–CH–), 7.29 (m, 2H, –CH2–C–CH–CH–), 7.29 (m, 1H, –CH2–C–CH
–CH–CH–), 7.06 (m, 2H, –CH2–C–CH–), 3.82 (d, 3JP-H = 12.7 Hz, 2H, –CH2–) 13C{1H}
NMR (126 MHz, CD2Cl2, δ): 143.6 (d, JC-P = 13.5 Hz, –CH2–C–), 134.1 (–P–C–CH–CH–CH–),
133.7 (d, JC-P = 7.3 Hz, –P–C–CH–CH–), 130.0 (d, JC-P = 11.0 Hz, –P–C–CH–), 129.3
(–CH2–C–CH–CH–), 128.5 (–CH2–C–CH–CH–), 128.0 (–CH2–C– CH–CH–CH–), 127.2 (d,
JC-P = 99.9 Hz, –P–C–), 51.5 (–CH2–) 19F NMR (282 MHz, CD2Cl2, δ): -153.5 (10B–F4),
-153.5 (11B–F4) 31P{1H}NMR (201 MHz, CD2Cl2, δ): 33.5 (–PPh3)

Mass (m/z) C50H44CuN2P2: 797.225, (797.228), 798.231, (798.231), 799.228 (799.223),
800.230 (800.230), 801.230 (801.233), 802.233 (802.236), 803.236 (803.239), BF4

- : 86.006
(86.007), 87.002 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 2, R = C6H4OMe)

[Cu(ACN)4]BF4(127 mg, 0.405 mmol, 1 eq.) was weighed and slurried into THF. To this
solution was added L2 (377.5 mg, 0.826 mmol, 2.1 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(320 mg, 0.300 mmol, 74% yield). Crystals suitable for single-crystal XRD were grown by
layering a THF-saturated solution of the complex with pentane.

1 NMR (500 MHz, CD2Cl2, δ): 7.29 (m, 6H, –P–C–CH–CH–),7.29 (m, 1H, –C–CH–CH–CH),
7.29 (m, 2H, –CH2–C–CH–CH–), 7.06 (m, 2H, –CH2–C–CH–), 6.89 (m, 6H, –P–C–CH–),
3.85 (s, 9H, –O–CH3), 3.75 (d, 3JP–H = 13.2 Hz, 2H, –CH2

13C{1H} NMR (126 MHz, CD2Cl2, δ): 164.1 (d, JC-P= 1.9 Hz, –C–O–CH3), 144.1 (d, JC-P=
14.0 Hz, –CH2–C–), 135.5 (d, JC-P= 10.1 Hz, –CH–C–O–CH3), 129.2 (–CH2–C–CH–CH–),
128.6 (–CH2–C–CH–CH–), 127.8 (–CH–CH–CH–), 118.7 (d, JC-P = 107.8 Hz, –P–C–),
114.6 (d, JC-P = 13.1 Hz, –P–C–CH–), 56.4 (–O–CH3 ), 51.3 (–CH2–)

19F NMR (282 MHz, CD2Cl2, δ): -153.7 (10B–F4), -153.8 (11B–F4)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 31.9 (–PPh3)

Mass (m/z) C56H56CuN2O6P2: 977.285, (977.291), 978.288, (978.294), 979.285 (979.292),
980.287 (980.294), 981.291 (981.296), 982.295 (982.299), 983.298 (983.302), BF4

-: 86.009
(86.007), 87.005 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 3, R = C6H4Cl)

[Cu(ACN)4]BF4 (91.6 mg, 0.293 mmol, 1.0 eq.) was weighed and slurried into THF. To
this solution was added L3 (301.2 mg, 0.640 mmol, 2.2 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(255 mg, 0.23 mmol, 80% yield). Crystals suitable for single-crystal XRD were grown by
layering a THF-saturated solution of the complex with pentane.

1H NMR (500 MHz, CD, δ): 7.49 (m, 6H, –P–C–CH–CH–), 7.30 (m, 6H, –P–C–CH–), 7.30
(m, 2H, –CH2–C–CH–CH–), 7.30 (m, 1H, –C–CH–CH–CH), 7.06 (m, 2H, –CH2–C–CH–),
3.81 (d, 3JP–H = 13.0 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 143.0 (d, JC-P= 14.2 Hz, –CH2–C–), 141.5 (–C–Cl),
134.9 (d, JC-P= 10.3 Hz, –CH–C–Cl), 130.6 (d, JC-P = 12.8 Hz, –P–C–CH–), 129.5
(–CH2–C–CH–CH–), 128.5 (–CH2–C–CH–CH–), 128.4 (–CH–CH–CH–), 124.8 (d, JC-P =
102.6 Hz, –P–C–), 51.5 (–CH2–)

19F NMR (282 MHz, CD2Cl2, δ): -152.2 (10B–F4), -152.3 (11B–F4)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 32.0 (–P(C6H4Cl)3)

Mass (m/z) C56H56CuN2O6P2+H2O: 1019.000, (1019.004), 1020.002, (1020.001), 1020.996
(1021.002), 1021.999 (1022.005), 1022.993 (1023.000), 1023.996 (1024.003), 1024.991 (1024.998),
1025.994 (1026.000), 1026.989 (1026.996), 1027.991 (1027.998), 1028.989, (1028.995), 1029.992
(1029.996), 1030.987 (1030.994). BF4

-: 86.005 (86.007), 87.001 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 4, R = C6H11)

[Cu(ACN)4]BF4 (34.6 mg, 0.108 mmol, 1 eq.) was weighed and slurried into THF. To
this solution was added L4 (101.2mg, 0.260 mmol, 2.35 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(80.4mg, 0.076mmol, 70% yield). Crystals suitable for single-crystal XRD were grown by
layering a THF-saturated solution of the complex with pentane.

Traces of THF were identified in the final product. These traces could not be removed,
despite rigorous drying. Based on the relative integral, the compound is expected to contain
approximate 0.1 equivalents of THF.

1H NMR (500 MHz, CD2Cl2, δ): 7.39 (m, 2H, –CH2–C–CH–), 7.39 (m, 2H, –CH2–C–CH–CH–),
7.31 (m, 1H, –C–CH–CH–CH), 4.15 (d, 3JP-H = 11.1 Hz, 2H, –CH2–), 2.08 (br m, 3H,
Cy–H2), 1.83-1.20 (br m, 30H, Cy–H)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 144.2 (d, JC-P = 11.0 Hz, –CH2–C–), 129.3 (–CH2–C
–CH–CH–), 127.9 (–CH–CH–CH–), 127.5 (–CH2–C–CH–CH–), 51.3 (d, JC-P = 2.9 Hz,
–CH2–), 35.2 (d, JC-P = 56.8 Hz, Cy CH), 27.8 (Cy CH2), 27.7 (Cy CH2), 27.5 (Cy CH2),
26.6 (Cy CH2)

19F NMR (282 MHz, CD2Cl2, δ): -153.1 (10B–F4), -153.1 (11B–F4)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 50.6 (–P–(Cy)3)

Mass (m/z) C56H56CuN2O6P2: 833.506, (803.509), 834.510 (834.513), 835.507 (835.510),
836.509 (836.512), 837.512 (837.515), 838.516 (838.518), 839.518 (839.521). BF4

- : 86.009
(86.007), 87.005 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 5, R = CH3)

The complex proved to be very sensitive: discoloration to yellow was observed over several
days despite being stored in the refrigerator (-35oC) of a glovebox in absence of oxygen and
moisture.

[Cu(ACN)4]BF4 (293 mg, 0.931 mmol, 1 eq.) was weighed and slurried into THF (15 mL).
To this solution was added emphL5 (413 mg, 2.28 mmol, 2.4 eq.) and the solution was
stirred overnight (∼16 hours). The resulting solution was evaporated to dryness. The
obtained solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a
white solid (300 mg, 0.585 mmol, 62% yield).

Traces of ACN were identified in the final product. These traces could not be removed,
despite rigorous drying. Based on the relative integral, the compound is expected to contain
approximate 0.3 equivalents of ACN.

1H-NMR (500 MHz, CD2Cl2, δ): 7.36 (m, 2H, –CH2–C–CH–), 7.30 (m, 2H, –CH2–C–CH–CH–),
7.30 (m, 1H, –C–CH–CH–CH), 3.92 (d, 3JP-H = 13.7 Hz, 2H, –CH2–), 1.47 (d, 2JP-H =
12.6 Hz, 9H, –P–(CH3)3)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 144.0 (d, JC-P = 13.7 Hz, –CH2–C–), 129.4 (–CH2–C
–CH–CH–), 128.8 (–CH2–C–CH–CH–), 128.1 (–CH–CH–CH–), 50.6 (d, JC-P = 2.7 Hz,
–CH2–), 15.2 (d, JC-P = 67.7 Hz, –P–(CH3)3) 19F NMR (282 MHz, CD2Cl2, δ): -152.3
(10B–F4), -152.3 (11B–F4) 31P{1H}NMR (201 MHz, CD2Cl2, δ): 39.7 (–P–(CH3)3)

Mass (m/z): CuC20H32N2P2: 425.133, (425.134), 426.137, (426.137), 427.132 (427.133),
428.136 (428.135), 429.139 (429.138). BF4

- 86.005 (86.007), 87.001 (87.003)

190



7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)(1-benzyl-4phenyl-triazolide)] BF4 (Cu(triaz)L1)
(Complex 6, R = C6H5)

One resonance in the 13C NMR spectrum was not observable at room temperature: the
quaternary carbon atom attached to the phosphorus. Presumably, under the employed mea-
surement conditions, T1 relaxation times were too long for this resonance to be observable.
Cooling of the solution to -60oC allowed for the detection of this resonance; 13C assignment
is based on the 13C{1H} spectrum acquired at -60oC.

A one pot reaction between copper phenylacetylide (180.2 mg, 1.19 mmol, 1.1 eq.), benzyl
azide (146.8 mg, l.10 mmol, 1 eq.) and emphL1 (406.8 mg, 1.11 mmol, 1 eq.) was per-
formed in THF (8 mL). The solution was stirred overnight in a glovebox (∼16 hours) and
was filtered. The resulting solution was evaporated to dryness. The obtained solid was
washed with Et2O (3 x 10 mL) and pentane (3 x 10 mL) to obtain the target compound
as a white solid (420 mg, 0.64 mmol, 58% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.76 (br m, 8H, Ph H), 7.65 (br m, 3H, Ph H), 7.50
(br m, 6H, Ph H), 7.37 (br m, 2H, Ph H), 7.27 (br m, 6H, Ph H), 7.10 (br m, 3H, Ph H),
7.00 (br m, 2H, Ph H), 5.13 (s, 2H, –C–N–CH2–), 4.27 (d, 3JP-H = 15.0 Hz, 2H, –P–N–CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 154.2 (–Cu–C–C–), 150.0 (–Cu–C–), 142.8 (d,
JC-P = 14.5 Hz, –N–CH2–C–), 138.0 (–Cu–C–N–CH2–C), 135.1 (–C–C–C–), 132.7 (–P–C–
CH–CH–CH–), 132.7 (d, JC-P = 9.4 Hz, –P–C–CH–CH–), 128.6 (d, JC-P = 12.0 Hz,
–P–C–CH–), 127.9 (Ph H), 127.7 (Ph H), 127.4 (Ph H), 127.0 (Ph H), 126.5 (Ph H),
127.8 (Ph H), 126.4 (Ph H), 125.6 (d, JC-P = 99.6 Hz, –P–C–), 124.7 (Ph H), 124.6 (Ph
H), 56.4 (–C–N–CH2), 51.2 (–P–N–CH2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 32.2 (–PPh3)

Mass (m/z) C50H44CuN2P2: 797.224, (797.228), 798.229, (798.231), 799.225 (799.223),
800.227 (800.230), 801.231 (801.233) 802.234 (802.236), 803.236 (803.239) C30H24CuN6

-:
531.131 (531.136) 532.133 (532.139), 533.129 (533.135), 534.132 (534.137), 535.136 (535.140),
536.150 (536.143).
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7.7.1 Cu K-edge EXAFS analysis

EXAFS analysis of [Cu(PPh3)3]Br in the absence and presence of substrates

Figure 7.10 Cu K-edge EXAFS data and corresponding Fourier Transform for [Cu(PPh3)3]Br,
acquired in a frozen THF solution.

Figure 7.11 Cu K-edge EXAFS data and corresponding Fourier Transform for the reaction
between phenylacetylene (1.2 eq.) and benzylazide (1 eq.) in the presence of
[Cu(PPh3)3]Br, (2.5 mol%) acquired in a frozen THF solution. The reaction
mixture was frozen after five hours.
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Table 7.4 Cu K-edge EXAFS fitting results for Cu(PPh3)3Br in THF with and without benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to obtain
the fits shown in Figure 7.10 and 7.11.

Conditions Shell N σ2 RFit (Å)

Cu(PPh3)3Bra Cu-P 3.0 0.0035(5) 2.32(1)
Cu-Br 1.0 0.0023(8) 2.481(7)

Cu(PPh3)3Br (2.5mol%)b Cu-C/N 2.0 0.0028(7) 1.89(1)
+ PhAc (1.2 eq.) Cu-P 1.0 0.002(2) 3.04(5)
+ BzAz (1.0 eq.)c,d Cu-C 6.0 0.03(8) 3.02(2)

ak range = 3.1 – 12.5 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(1) eV, SO
2

= 0.91. R-factor fit: 0.007.
bk range = 3.4 – 11.7 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014. cReaction mixture was frozen after 5 hours. dPhAc =
phenylacetylene; BzAz = benzyl azide.

EXAFS analysis of Complex 1-BF4 in the absence and presence of substrates

Figure 7.12 Cu K-edge EXAFS data and corresponding Fourier Transform for 1-BF4 acquired
in a frozen THF solution.
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Figure 7.13 Cu K-edge EXAFS data and corresponding Fourier Transform for the reaction
between phenylacetylene (1.2 eq.) and benzylazide (1 eq.) in the presence of
1-BF4 (2.5 mol%) acquired in a frozen THF solution. The reaction mixture was
frozen after ten minutes.

Table 7.5 Cu K-edge EXAFS fitting results for Complex 1-BF4 in THF with and without
benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to
obtain the fits shown in Figure 7.12 and 7.13.

Conditions Shell N σ2 RFit (Å)

Complex 1-BF4
a Cu-N 2.0 0.0037(7) 1.88(1)

Cu-C 6.0 0.0017(8) 2.94(1)
Cu-P 2.0 0.005(1) 3.03(2)

Complex 1-BF4 (2.5mol%)b Cu-C/N 2.0 0.0028(5) 1.89(1)
+ PhAc (1.2 eq.) Cu-C 6.0 0.0021(4) 3.02(2)
+ BzAz (1.0 eq.)c,d Cu-P 1.0 0.003(1) 3.03(1)

ak range = 3.4 – 11.7 Å, R range = 1.0 – 3.3 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO
2

= 0.91. R-factor fit: 0.019.
bk range = 3.4 – 12.4 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 8(2) eV, SO

2

= 0.91. R-factor fit: 0.017. cReaction mixture was frozen after 10 min. dPhAc =
phenylacetylene; BzAz = benzyl azide.
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EXAFS analysis of Complex 6 (Cu(triaz)L1 in the absence and presence of
substrates

Figure 7.14 Cu K-edge EXAFS data and corresponding Fourier Transform for Cu(triaz)L1

acquired in a frozen THF solution.

Figure 7.15 Cu K-edge EXAFS data and corresponding Fourier Transform for the reaction
between phenylacetylene (1.2 eq.) and benzylazide (1 eq.) in the presence of
Cu(triaz)L1 (2.5 mol%) acquired in a frozen THF solution. The reaction mixture
was frozen after ten minutes.
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Table 7.6 Cu K-edge EXAFS fitting results for Complex Cu(triaz)L1 in THF with and with-
out benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used
to obtain the fits shown in Figure 7.14 and 7.15.

Conditions Shell N σ2 RFit (Å)

Complex Cu(triaz)L1
a Cu-N 2.0 0.0029(6) 1.89(1)

Cu-C 6.0 0.0022(5) 3.00(2)
Cu-P 2.0 0.003(2) 3.02(2)

Complex Cu(triaz)L1 (2.5mol%)b Cu-C/N 2.0 0.0028(5) 1.895(9)
+ PhAc (1.2 eq.) Cu-C 6.0 0.0021(4) 3.02(2)
+ BzAz (1.0 eq.)c,d Cu-P 1.0 0.003(1) 3.03(1)

ak range = 3.4 – 12.3 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO
2

= 0.91. R-factor fit: 0.014.
bk range = 3.4 – 12.4 Å, R range = 1.0 – 3.5 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO

2

= 0.91. R-factor fit: 0.010. cReaction mixture was frozen after 10 min. dPhAc =
phenylacetylene; BzAz = benzyl azide.
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7.7.2 Cu K-edge XANES data

Below, an overview is given of the changes that are observed in the Cu K-edge XANES
region under catalytic conditions.

Figure 7.16 Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and
benzyl azide (1 eq.) in the presence of [Cu(PPh3)3]Br (2.5 mol%), acquired in a
frozen THF solution. Reaction times are given in the figure

.

Figure 7.17 Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and
benzyl azide (1 eq.) in the presence of Cu-1BF4 (2.5 mol%), acquired in a frozen
THF solution. Reaction times are given in the figure.
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Figure 7.18 Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and
benzyl azide (1 eq.) in the presence of Cu(triaz)L1 (2.5 mol%), acquired in a
frozen THF solution. Reaction times are given in the figure.

7.7.3 Mechanistic study of the CuAAC reaction catalyzed by
[Cu-1BF4]

Reaction of [Cu-1BF4] with phenylacetylene (∼10 eq.)

Inside a glovebox, a Schlenk flask was loaded with [Cu-1BF4] (100 mg, 0.272 mmol, 1
eq.) and was slurried into THF (15 mL). To this solution was added phenylacetylene (0.2
mL, 1.82 mmol, 6.7 eq.). The solution turned yellow (∼1 minute). The solution was left
for another hour, after which the solution was filtered. The obtained solid was washed
with THF (3 x 10 mL) and n-hexane (3 x 10 mL) to obtain 9.7 mg of a yellow solid. The
yellow solid was characterized via ATR-IR spectroscopy (Figure 7.20). In addition, the
filtrate was concentrated and washed with n-hexane (3 x 10 mL) to obtain 28.9 mg of an
off-white solid. The solid was characterized via NMR spectroscopy (Figure 7.19).
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Figure 7.19 1H and 31P{1H} NMR spectra of the filtrate obtained in the reaction between
[Cu-1BF4]and phenylacetylene, acquired in CD3CN.

Preparation of PPh3NCH2Ph.HCl

Inside a glovebox, L1 (150.6 mg, 0.409 mmol, 1 eq.) was added to a Schlenk flask and
dissolved into Et2O (10 mL). To this solution was added 1M HCl in Et2O (0.8 mL, 0.800
mmol, 2 eq.). Immediate precipitation of a white solid was observed. The solution was
stirred for another hour and afterward the solution was filtered. The resulting white solid
was washed with pentane (3 x 10 mL) and Et2O (3 x 10 mL). The white solid was further
dried under vacuum at 50oC to obtain PPh3NCH2Ph.HCl as a white solid (121.9 mg, 0.302
mmol, 73.8% yield).

1H NMR (500 MHz, CD3CN, δ): 8.48 (m, 1H, –N–H), 7.86 (m, 9H, Ph H), 7.69 (m,
6H, Ph H), 7.26 (m, 5H, Ph H), 4.24 (m, 2H, –CH2–) 31P{1H} NMR (201 MHz, CD3CN,
δ): 38.6 (–PPh3)

Reaction of copper phenylacetylide with PPh3NCH2Ph

Inside a glovebox, a Schlenk flask was loaded with copper phenylacetylide (79.4 mg, 0.482
mmol, 1 eq.) and this complex was slurried into THF (15 mL). To this solution was added
L1 (198 mg, 0.539 mmol, 1.1 eq.) and the solution was stirred for ∼15 hours. Afterwards,
the solution was filtered and 62.0 mg of a yellow solid was isolated. The yellow solid was
characterized by ATR-IR spectroscopy (see Figure 7.20). In addition, the filtrate was con-
centrated to obtain 121.8 mg. The resulting solid was characterized by NMR spectroscopy
and was identified to be unreacted L1.
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Figure 7.20 Overview of the ATR-IR spectra. From top to bottom, depicted are the ATR-IR
spectra of copper phenyl acetylide, complex 2, the precipitate formed during the
reaction between [Cu-1BF4] and phenylacetylene (10 eq.) and the precipitate of
the reaction between copper phenylacetylide and PPh3NCH22Ph.
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Comparison of the catalytic activity of [Cu(triaz)L1 and [1-BF4]

Figure 7.21 Comparison of the catalytic performance of [Cu(triaz)L1] and [1-BF4] in the
reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.).

NMR experiments performed for [1-BF4] under catalytic conditions

Below, the low-temperature 31P NMR spectrum is shown of the reaction between benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.), catalyzed by [1-BF4]. The resonance with a
value of δP = 37.5 ppm matches closely with protonated IP. The resonance with a value
of δP = 32.5 ppm matches closely with [Cu(triaz)L1] (δP = 32.2 ppm).

Additionally, under catalytic conditions, both [1-BF4] and [Cu(triaz)L1] show a res-
onance (δ at 5.25 ppm) close to where the resonance of the benzylic hydrogens of the
triazolide moiety are expected, providing further evidence for the formation of a Cu tria-
zolide complex under catalytic conditions for the [1-BF4] complex.
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Figure 7.22 Low-temperature 31P NMR experiment (-60oC) for CuAAC reaction between
phenylacetylene (1.2 eq.) and benzyl azide (1 eq.) catalysed by [1-BF4] (2.5
mol% in Cu), performed in THF-d8.
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Figure 7.23 1H NMR spectra of the benzylic hydrogens observed in the reaction between
phenyacetylene (1.2 eq.) and benzyl azide (1 eq.) catalyzed by [1-BF4] (2.5
mol% in Cu, top) and [Cu(triaz)L1] (2.5 mol% in Cu, bottom) in THF-d8.
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Kinetic study for the reaction between phenylacetylene and benzyl azide, cat-
alyzed by [1-BF4] or [Cu(triaz)L1]

The order in Cu, phenylacetylene and benzyl azide was determined to further probe the
mechanism of the CuAAC reaction. Kinetic experiments were done similar to the previ-
ously described kinetic experiments. The initial rate was determined by taking various
NMR spectra over the course of 1 hour and comparing the relative integral of the triazole
product and benzyl azide to determine the amount of triazole formed.

Figure 7.24 Depicted is a log-log plot of the initial rate (μmol hr-1) against the concentration
of (left) Cu (μmol mL-1). [1-BF4] was used as the Cu source, (right) phenylacety-
lene and (bottom) benzylazide. The experimental data was fitted to an equation
with the general form y = a + bx.
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Figure 7.25 Depicted is a log-log plot of the initial rate (μmol hr-1) against the concentration
of (left) phenylacetylene (μmol mL-1). [Cu(triaz)L1] was used as the Cu source
and (right) benzylazide. The experimental data was fitted to an equation with
the general form y = a + bx.

Stoichiometric reaction between [Cu(triaz)L1] and phenylacetylene or
PPh3NCH2Ph.HBF4

To assess whether phenylacetylene or the protonated IP is responsible for product re-
lease, we had performed stoichiometric reactions in THF-d8 between [Cu(triaz)L1] and
phenylacetylene or PPh3NCH2Ph.HBF4. In these experiments, either 1 equivalent of
PPh3NCH2Ph.HBF4 or 40 equivalents of phenylacetylene were reacted with the triazolide
complex. A 1H NMR spectrum was acquired after 2 hours to assess the formation of the
triazole. The results are depicted in the figure below; both compounds are capable of
liberating the triazole.
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Figure 7.26 Stoichiometric reaction between [Cu(triaz)L1] and phenylacetylene (40 eq., top)
or PPh3NCH2Ph.HBF4 (1 eq., bottom) in THF-d8 and measured after 2 hours.
The asterisk is used to denote the triazole product.
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Catalysis in the presence of one extra equivalent of PPh3NCH2Ph.HBF4

To assess whether the ligand can act as proton shuttle, we devised a catalytic experi-
ment where we added an additional equivalent of PPh3NCH2Ph.HBF4 to [Cu(triaz)L1]
under catalytic conditions. If the ligand were to act as a proton shuttle during the rate-
determining step, addition of protonated IP would be expected to lead to an increase in
the rate of the reaction. This is not the case as seen in the figure below.

Figure 7.27 Comparison of the catalytic activity of [Cu(triaz)L1] (2.5 mol%) in the presence
and absence of one equivalent of PPh3NCH2Ph.HBF4.
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Effect of additional equivalents of ligand or PPh3 on the catalytic activity of
[1-CuBr2]

To assess the enhanced performance [Cu(PPh3)3]Br with respect to [1-CuBr2], we devised
an experiment two total equivalents of PPh3 and/or ligand was added during catalysis of
[1-CuBr2]. This was found to not have an effect on the catalytic performance

Figure 7.28 Comparison of the catalytic performance of [Cu(PPh3)3]Br and [1-CuBr2] in
the presence of two total equivalents of PPh3 and/or ligand in THF-d8. For both
complexes, 2.5 mol% of Cu was employed.
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Figure 7.29 Consumption of PPh3 as a function of time. The consumption was estimated by
taking the maximum peak intensity of the PPh3 resonance and plotting it as a
function of time. The curve was fit to an equation of the form: B+F exp(-x G),
with B= 2.84, F= 91.77 and G= 9.62e-05.
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Summary

Summary

Catalysis is one of the most important methods to obtain compounds in a selective and
sustainable fashion and as such is a key technology for the generation of a sustainable
society. Next to developing processes that require a minimal amount of energy and/or
resources we are facing an enormous challenge in the transition of a society that runs
on renewable energy. Next to the generation of sufficient amount of renewable energy,
we should also focus on the production of novel energy carriers to cope with the natural
fluctuations. These are required to make a transition to a renewable energy economy
in which the hydrogen economy is likely going to play a role. In order to optimize and
thereby modify homogeneous catalyst for these type of processes, it is important to know
the exact structure of the catalyst, especially under catalytic conditions. Spectroscopic
information on the catalyst is crucial to reveal for example structure-activity relationships
or typical ligand effects, as this allows further rational development of catalysts. Often,
experimental techniques like NMR, Infrared spectroscopy (IR) and mass spectrometry,
do not provide detailed structural information. Recently, X-ray Absorption Spectroscopy
(XAS) has been used for the in-situ identification of intermediate species during catalysis
with the use of stopped-flow (SF) and freeze-quench (FQ) methodologies. This approach
allows for time-resolved experimentation on liquid systems down to the millisecond (ms)
time resolution and shows noteworthy changes of the catalyst structure during the catalytic
process. XAS is a very powerful technique to determine the local structure around the
absorber atom: type and number of neighboring atoms, their respective bond distances,
together with electronic properties. In this thesis we develop and use various XAS methods
to study different catalytic processes. Highlights include XAS in combination with fast
data acquisition, identifying reactive intermediate species, in combination with extended
theoretical modelling, using Time Dependent Density Functional Theory (TD-DFT) and
ab initio self-consistent multiple-scattering code (FEFF).

Chapter 1 introduces the basic understanding of XAS spectroscopy, in particular
the EXAFS equation. Furthermore, background information on the different catalytic
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systems that we have studied in this thesis is provided. It focuses on the state of the latest
spectroscopic findings and remaining challenges in the field.

Chapter 2 describes the experimental and theoretical methodologies used in the re-
search throughout this thesis. First an introduction to DFT is provided, followed by how
to interpret XAS data. It furthermore describes the fundamentals of theoretical models,
simulating XAS and Resonant Inelastic Resonance Spectroscopy (RIXS) spectra. Conven-
tional (1D) XAS spectroscopy provides information on geometric and electronic properties,
while 1s2p RIXS (2D) and Kα HERFD K-edge XANES contain additional features via va-
lence band excitations. Chapter 3 shows that the combination of experimental techniques
with theoretical methods such as FEFF9 and charge transfer multiplet theory based on
CTM4XAS and CTM4RIXS provide valuable information on the electronic properties of
chromium reference compounds. Overall, the multiplet calculations are in line with the
experimental data, providing spectra with similar features and peak intensities. This study
emphasizes that CTM4RIXS is well suited for quadrupole transitions (due to the strong lo-
cal multiplet interactions in the final state), whereas FEFF9 is ideal for systems dominated
by dipole transitions. The obtained knowledge in our study of reference materials can be
applied to catalytic systems in the near future, to derive geometric and valence information
about the active site(s) observed under catalytic conditions. In Chapter 4 and Chap-
ter 5 we demonstrate that X-ray absorption near edge spectroscopy (XANES) directly
probes molecular orbitals. Essential information about the electronic properties of the
samples was obtained. The hard Fe K-edge and soft S K-edge of a series of organometallic
(Fe2S2) complexes is studied in detail (Figure 1). The different charge distributions pos-
sible in these complexes due to different redox-states can clearly be assigned. Depending
on the ligand backbone, which determines the basicity of the complex, different charge
distributions can occur. The use of S K-edge XANES could clearly assign electronic and
structural changes due to high experimental energy resolution. This allowed us to differen-
tiate between reduction of the metal or the ligand coordinated to the metal center. Both
Fe and S K-edge TD-DFT XANES and FEFF simulations helped to interpret and assign
the different molecular orbitals and validate the results obtained.

In Chapter 4, we are able to characterize a so-far hypothesized key intermediate ([1’]
for a hydrogen evolution catalyst depicted in Figure 1. The open di-anionic structure is
fully characterized by EXAFS analysis. This shows that the one Fe-S bond is broken and
only the iron core is reduced, as the Fe–Fe bond lengthens extensively. This work is an
important stepping stone towards the elucidation of other intermediates postulated in the
proton reduction mechanism, e.g. the subsequent protonation of the mono or doubly re-
duced intermediate.
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Figure S1. Schematic overview of the hydrogenase mimic structures investigated in this thesis.

In Chapter 6, we investigated two bisiminopyridine-based iron catalysts that are active
in the oligomerization and polymerization of ethene. The exact (activation) mechanism
and the corresponding oxidation state (FeII or FeIII) of the active species, remain an ongo-
ing debate. The ‘non-innocence’ of the bis(imino)pyridine ligand makes the assignment of
the oxidation and spin state of the open-shell Fe organometallic complex during catalysis
uncertain. The two systems have different functional groups (bound via the imine) to the
ligand backbone. This allows for selective 1-butene formation in case of the less sterically
demanding iPr-group and ethene polymerization in case of the bulky mesityl-substituted
catalyst. The selective product formation could be explained by de-stabilizing the tran-
sition state of the termination reaction (favoring ethene insertion) in the bulky catalyst.
By applying time resolved spectroscopic experiments (UV-Vis and XAS) under industrially
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applicable conditions we were able to characterize the activated catalyst in solution. By the
use of EXAFS analysis, we have shown the quantitative formation of postulated cationic
FeII species in both systems (Figure S2). By combining XAS analysis with (TD-)DFT
calculations, we could differentiate between a triplet and quintet ground state for the two
different activated precursors.

Figure S2. Schematic overview of the ethene oligo- and poylemerization catalysts activation
process

Another important class of reactivity; click chemistry, is discussed in Chapter 7. The
Cu catalyzed azide alkyne cycloaddition (CuAAC) was investigated by spectroscopic, ki-
netic and computational analysis. By using Cu(PPh3)3Br as a catalyst, we noticed that
the phosphine ligands rapidly undergo the Staudinger reaction to form iminophosphoranes
(IPs) leading to the in situ formation of novel cationic, homoleptic copper complexes lig-
ated by IPs. A small library of different IP-ligated complexes was therefore synthesized
and all complexes were fully characterized. Extensive kinetic analysis provide insight in the
influence of the electronic structure of the ligand on the catalytic activity in the CuAAC
reaction. A targeted Cu triazolide complex, is synthesized by a direct reaction between
Cu phenylacetylide, benzyl azide and IP-ligand, was further studied. This Cu triazolide
complex is determined to be the resting state during catalysis by kinetic analysis and
additional NMR experiments. No evidence is found for the involvement of dinuclear inter-
mediates in this part of the catalytic cycle. All the spectroscopic and kinetic experiments
are supplemented by DFT calculations to support the proposed catalytic cycle (Figure S3).
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Figure S3. Proposed catalytic cycle with techniques applied to characterize the corresponding
intermediate(s).

Experimental XAS studies benefit from additional theoretical studies, either based on DFT
calculations or multiplet calculations. TD-DFT yields accurate excitation energies for low-
lying excited states in case of both hard X-rays (Fe, Cr, Cu) and soft X-rays (S). The
electronic and geometric factors that determined the different electronic structures can
therefore be understood to a greater extend. Calculated spectral line shapes and (relative)
energy positions can hereby fingerprint the valence and spin states of different metals,
which is highly desirable and often difficult to determine.
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Katalyse is een van de belangrijkste methoden om op een selectieve en duurzame manier
(nieuwe) verbindingen te verkrijgen. Naast het ontwikkelen van processen die een mini-
male hoeveelheid energie en / of hulpbronnen vereisen, moeten we ons ook richten op de
productie van nieuwe energiedragers. Deze zijn nodig om een transitie te maken naar een
energie-duurzame economie waarin het gebruik van waterstof een veelbelovend alternatief
op fosssiele brandstoffen is. Om katalytische routes te optimaliseren en zelfs te wijzigen, is
het belangrijk om de exacte structuur van de katalysator te weten, vooral onder katalytische
omstandigheden. Spectroscopische informatie, die structuur-activiteitsrelaties of ligandef-
fecten onthult, is van cruciaal belang bij de ontwikkeling van katalysatoren. Vaak bieden
experimentele technieken zoals NMR, infraroodspectroscopie en element analyse geen gede-
tailleerde structurele informatie. Röntgenabsorptie spectroscopie (XAS) is een techniek
die gebruik maakt van hoog energetische straling door een synchrotron. Hiermee kunnen
we in-situ intermediairen identificeren tijdens katalyse met behulp van ’stopped-flow’ en
’freeze-quench’ methodologieën. Deze methodes maken het mogelijk vloeistofsystemen tot
op milliseconde (ms) tijdresolutie te meten. Structurele en elektronische veranderingen
tijdens het katalytische proces kunnen hierdoor worden waargenomen. XAS spectroscopie
is een zeer krachtige techniek om de lokale structuur rond het absorberende atoom te
bepalen: type en aantal aangrenzende atomen, hun respectieve bindingsafstanden, samen
met elektronische eigenschappen. In mijn proefscrhift, wordt de snelle data-acquisitie,
waarmee reactieve intermediairen worden geïdentificeerd, gecombineerd met uitgebreide
theoretische modellen. We hebben veel gebruik gemaakt van tijds-afhankelijke dichtheids-
functionaaltheorie (Den- sity Functional Theory, TD-DFT). Deze theorie wordt gebruikt
om de elektronenstructuur van moleculen te beschrijven.

Hoofdstuk 1 introduceert het basisbegrip van dit onderzoek: XAS-spectroscopie waarin
we voornamelijk naar de EXAFS-vergelijking en de afleiding daarvan kijken. Verder wordt
achtergrondinformatie gegeven over de verschillende katalytische systemen die in dit proef-
schrift worden toegepast. Het richt zich op de stand van de nieuwste spectroscopische
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bevindingen en extra uitdagingen in het veld. Hoofdstuk 2 beschrijft de experimentele
en theoretische methoden die in dit proefschrift zijn gebruikt. Allereerst een introductie
over DFT, gevolgd door XAS-analyses en interpretaties. Het beschrijft daarnaast ook de
basisprincipes van de door ons gebruikte theoriën, waarmee XAS- en RIXS-spectra worden
gesimuleerd.

Naast conventionele (1D) XAS-spectroscopie, bevatten 1s2p RIXS (2D) en Kα HERFD
K-edge XANES extra signalen met informatie over de geometrische en elektronische eigen-
schappen van complexen. In Hoofdstuk 3 biedt de combinatie van experimentele tech-
nieken en theoretische methoden zoals FEFF9 en ladingsoverdracht multiplettheorie waarde-
volle informatie over de elektronische eigenschappen van chroom referentieverbindingen.
Over het algemeen zijn de multipletberekeningen in overeenstemming met de experimentele
gegevens, met vergelijkbare kenmerken en intensiteiten.
Deze studie benadrukt dat CTM4RIXS goed geschikt is voor quadrupool overgangen (van-
wege de sterke lokale multiplet-interacties in het uiteindelijke deeltje), terwijl FEFF9 ideaal
is voor systemen die worden gedomineerd door dipoolovergangen. De verkregen kennis in
onze studie van referentiematerialen kan in de nabije toekomst op katalytische systemen
worden toegepast om geometrische en elektronische informatie over de actieve deeltjes tij-
dens katalyse te verkrijgen.

In Hoofdstuk 4 en Hoofdstuk 5 laten we zien hoe het eerste deel van een XAS
spectrum (XANES), direct beïnvloed wordt door de (lege) moleculaire orbitalen van de
bestudeerde complexen. Hier wordt essentiële informatie over de elektronische eigenschap-
pen van de verscillende complexen verkregen. De ijzer en zwavel atomen zijn specifiek
bekeken met behulp van Fe K-edge en S K-edge XANES. De ladingsverschillen in een
reeks van organometallische (Fe2S2) complexen zijn in detail bestudeerd. Afhankelijk van
het gekozen ligand, die de basiciteit van het complex beïnvloedt, kunnen verschillende
ladingsverdelingen optreden. Het gebruik van S K-edge XANES kan duidelijk elektronis-
che en structurele veranderingen onthullen vanwege de hoge experimentele energieresolutie.
De verschillende ladingsherverdelingen in meerdere redox-toestanden kunnen hier duidelijk
worden toegewezen en het stelde ons in staat om onderscheid te maken tussen elektron(en)
overdracht naar het metaal (ijzer) en/of ligand. Theoretische berekeningen (TD-DFT en
FEFF) valideren de verkregen resultaten. In Hoofdstuk 4 kijken we naar de vorm-
ing van een tot nu toe gehypothetiseerd intermediair, belangrijk in de product vorming
van waterstof. De open gevouwen (anionische) structuur wordt volledig gekaraktiseerd
met EXAFS-analyse. Hier laten we duidelijk zien dat een Fe-S bond breekt en de Fe-Fe
binding substantieel langer wordt. Beide observaties beschrijven dat reductie alleen op het
metaal plaats vindt. Dit werk is een belangrijke opstap naar de opheldering van andere
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Figure S1. Schematisch overzicht van de gebruikte hydrogenase systemen in deze thesis.

tussenproducten die zijn gepostuleerd in de productie van waterstof.
In Hoofdstuk 6 kijken we naar twee verschillende bisiminopyridine gebaseerde ijz-

erkatalysatoren, die actief zijn in de oligomerisatie en polymerisatie van etheen. Het exacte
(activerings) mechanisme en de bijbehorende oxidatietoestand (FeII of FeIII) van de actieve
deeltjes, blijven een voortdurend debat. De toewijzing van de oxidatie- en spintoestand is
lastig doordat het vaak om open-shell Fe organometaalcomplexen gaat. De twee systemen
hebben verschillende functionele groepen (gebonden via het imine) aan het ligand. Dit
maakt selectieve 1-buteen vorming mogelijk in het geval van de minder sterische iPr-groep
en etheenpolymerisatie in het geval van de sterische mesityl-gesubstitueerde katalysator.
De selectieve productvorming kan worden verklaard door de overgangstoestand van de ter-
minatiereactie (etheeninsertie wordt begunstigd) in het geval van de sterische katalysator
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te destabiliseren. Door toepassing van in de tijd opgeloste spectroscopische experimenten
(UV-Vis en XAS) onder industrieel toepasbare omstandigheden konden we de geactiveerde
katalysatoren in oplossing karakteriseren. We hebben de kwantitatieve vorming van gepos-
tuleerde kationische FeII deeltjes in beide systemen aangetoond. Door XAS-analyse te com-
bineren met (TD-)DFT-berekeningen konden we onderscheid maken tussen verschillende
grondtoestanden.

Figure S2. Schematisch overzicht van het activatieproces van etheen oligo- en poylemerizatie
katalysatoren

Klikchemie is een relatief nieuwe term waarbij via een minimum aantal stappen in com-
binatie met een kleine verzameling van bouwstenen, een bibliotheek van stoffen kan worden
samengesteld met uiteenlopende structuren en bijbehorende eigenschappen. In Hoofd-
stuk 7 kijken we naar de klikreactie tussen benzylazide en fenylacetyleen, gecatalyzeerd
door kopercomplexen. Via spectroscopie, kinetische metingen en theoretische modellen
is er meer inzicht verkregen in het reactiemechanisme en bijhorende gevormde interme-
diaren. Aanvankelijk richten we ons op het gebruik van Cu(PPh3)3Br als katalysator.
De fosfineliganden ondergaan echter snel de Staudinger-reactie: leidend tot de ontwikke-
ling van nieuwe kationische, homoleptische kopercomplexen, geligeerd door iminofosfora-
nen (IP’s). Meerdere IP-geligeerde complexen zijn gesynthetiseerd en alle complexen zijn
volledig gekarakteriseerd. Uitgebreide kinetische analyse laat duidelijk de invloed van de
elektronische structuur van het ligand op de katalytische activiteit in de CuAAC-reactie
zien. Een voorgesteld Cu-triazolide complex wordt gesynthetiseerd door een directe reac-
tie tussen Cu-fenylacetylide, benzylazide en IP-ligand. Er is geen bewijs gevonden voor de
betrokkenheid van dinucleaire tussenproducten in dit deel van de katalytische cyclus. Alle
spectroscopische en kinetische experimenten worden aangevuld met DFT-berekeningen om
de voorgestelde katalytische cyclus te onderbouwen (Figuur S3).
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Figure S3. Voorgestelde katalytische cyclus met bijbehorend de technieken waarmee de inter-
mediaren zijn vastgesteld.

Experimentele XAS-studies profiteren van aanvullende theoretische modellen, hetzij
gebaseerd op DFT-berekeningen of multiplet-berekeningen. TD-DFT levert nauwkeurige
excitatie-energieën voor laag liggende geëxciteerde toestanden in het geval van zowel harde
(Fe, Cr, Cu) als zachte röntgenstralen (S). De elektronische en geometrische factoren die
de verschillende elektronische structuren bepalen, kunnen nu in grotere mate worden be-
grepen. Berekende spectrale lijnvormen en (relatieve) energieposities kunnen dienen als
vingerafdruk voor het bepalen van de valentie- en spintoestanden van verschillende met-
alen. Dit is zeer wenselijk en vaak moeilijk te bepalen.
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Introduction

Chapter 1

Introduction

1.1 Theory and Spectroscopy in the Field of Catalysis

People nowadays realize that the industrial revolution – a technological investment into
global society – has a big impact on our current life habitat by the emission of greenhouse
gases like carbon dioxide. Moving towards a more sustainable chemical industry requires
that we have to produce chemicals in a responsible and more sustainable fashion. So far,
some big processes have been industrialized with the use of catalysts,[1],[2] of which the most
famous one is probably the Fe3O4 as used in the Haber-Bosch process for the production
of ammonia.[3] This process makes use of a heterogeneous catalyst, meaning the phase
of reactants (gas) differs from the phase of the catalyst (solid). Other disciplines in the
field of catalysis are homogeneous catalysis and biocatalysis. In the latter, the reactant
and catalyst are in the same phase (often both liquid). In biocatalysis, living (biological)
systems are used to catalyze a chemical reaction. Catalytic processes based on each of these
three types have their own strengths and weaknesses. In short, heterogeneous catalysts
often involve robust materials, withstanding high temperatures and pressures required in
the process. The separation of products is often straightforward due to the phase difference.
However, control over the active site and thereby activity and product selectivity are
overall lower compared to homogeneous catalysts, and even more compared to bio-catalysts.
Homogeneous catalysts are easily modified by changing the ligand system and are therefore
often applied for production of fine chemicals. Although these homogeneous catalysts
are often highly active and selective, they are often quite expensive due to expensive
synthesis methods and difficulties in reusing the catalyst. We know catalysis plays an
essential role in our society and is of great importance for the industrial production of

1



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

1.1 Theory and Spectroscopy in the Field of Catalysis

e.g. polymers, fuels or fine chemicals. In fact, the vast majority (>90%) of industrially
synthesized chemicals has been in contact with at least one catalyst.[1] An approach for
the development of more sustainable processes is via the development of more sustainable
catalysts. A common strategy is the use of metals with high crustal abundance, such as
iron, copper and chromium, replacing the expensive noble metals like palladium, gold or
iridium. The properties of catalysts are determined by their composition, the atomic
structure. Hence, it is not sufficient enough to only know the elemental composition
of catalysts. It is essential to know the exact changing structure and electronics of the
catalyst, especially under catalytic conditions. Spectroscopic information, revealing for
example structure activity relationships or ligand effects, are of crucial importance in the
development of catalysts. Next to routine experimental techniques like, Nuclear Magnetic
Resonance (NMR) spectroscopy (1H, 31P, 19F), Infrared spectroscopy (IR), Single-crystal X-
ray Diffraction (XRD), elemental analysis and mass spectrometry (MS), X-ray Absorption
Spectroscopy (XAS) can be used for the in-situ identification of intermediate species during
catalysis. Recently developed stopped-flow (SF) methodologies allow for time-resolved UV-
Vis/XAS experimentation on liquid systems down to the millisecond (ms) time resolution
and shows noteworthy changes during the catalytic process.[4] Additional freeze quenched
(FQ) procedures, maintaining the time-resolution of the SF, but freeze-quenches reaction
intermediates (in < 1 s) for longer data acquisitions have also successfully been applied to
3d, 4d and 5d TM systems (Cu[4], Mo[5], Pd[6], Sc[7] and Cr[8]). In this work, the fast data
acquisition, identifying reactive intermediate species, is combined with extended theoretical
modelling, using Time Dependent Density Functional Theory, (TD-DFT) and ab initio self-
consistent multiple-scattering code (FEFF). In this thesis, organometallic systems, used as
homogeneous catalysts, are studied in detail. As XAS is widely applied throughout this
thesis, an extensive introduction towards the technique will be given in the next section.
The following sections will also explain the terms in the title, theory, spectroscopy, and
catalysis to a greater extent.

Theory, from Latin theoria, from Greek theōria "contemplation, speculation, from theörein
"to consider", look at," from theöros "spectator." Although a theory is a rationalized type
of abstract thinking, a clear distinction is needed in case of scientific theory, which is not
addressed by speculative guessing. A scientific theory is an explanation of a particular phe-
nomenon in the world that can be repeatedly tested and verified, consistent with a scientific
method. These involve accepted protocols of observation, measurements, and evaluation
of results. If possible, theories are tested under controlled conditions in what we chemists
call an experiment. Although many theories exist in the field of Chemistry (e.g. Valence

2
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bond theory, molecular orbital theory), in the last decades the use of Density Functional
Theory (DFT) has been a useful tool in predicting and calculating the behavior of chem-
ical reactions and materials on the basis of quantum mechanical considerations. Instead
of calculating wavefunctions, to solve the famous Schrödinger equation, DFT techniques
evaluate the electronic structure using a potential acting on the system’s electrons.

Spectroscopy is derived from both Latin (spectrum image in the soul) and Greek (skopein,
to look) and was first used at the end of the 19th century, during a lecture by Arthur
Schuster in 1882 at the Royal Institution.[9] Isaac Newton was able to capture light in
the form of a ‘spectrum’ when he passed light through a prism, showing him the colors
of the rainbow.[10] At the end of the 19th century, the close relationship between ‘theory
and spectroscopy’ was established. Experimental results of spectroscopic studies are an
important input for the development of theoretical models of the structure of matter, and
vice versa, the theoretical models are necessary for the interpretation of (modern) spectro-
scopic results. Ångström for example measured accurately the lines of atomic hydrogen in
the visible range,[11] where Johann Jakob Balmer in 1885 was the first to find an empirical
formula for the observed lines between 656 and 377 nm with m = 3, 4, ..., 11 (equation
1.1).[12]

λ = h( m2

m2 − n2 ), n < m (1.1)

in which h is the Balmer constant = 364.56 nm and both n and m are integer num-
bers. A generalization of the Balmer series for all atomic electron transitions of hydrogen
was empirically stated by Rydberg[13] and theoretically by Bohr.[14] Other scientists like,
Heisenberg[15], Schrödinger[16] and Dirac[17] tested their theories on the spectrum of the
hydrogen atom and discovered principles upon which modern spectroscopy is based. The
electromagnetic spectrum (see Figure 1.1) ranges from radio frequencies over the visible
and X-ray regime all the way to gamma radiation. The wavelength determines the size
of objects – and details one can measure. For example, X-rays can be used to measure
molecular bonds at the atomic scale of 10-8 - 10-12m.

The discovery that light (and particle radiation) can be described by electromagnetic
waves allows the following definition: Spectroscopy is a branch of science studying the in-
teraction of electromagnetic radiation with matter, with the object determining the nature
of the matter in question.[18] The intensity of this radiation as a function of wavelength,
frequency, or energy is called ‘spectrum’. In this thesis, the transitions of interest are tran-
sitions between different electronic states (together with additional scattering effects)

3
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Figure 1.1 Schematic representation of the electromagnetic spectrum, with various properties
across the range of frequencies and wavelengths.

which typically occur in the UV-Vis and X-ray part of the electromagnetic spectrum and
between different vibrational states that occur in the Infrared region of the spectrum.

1.1.1 X-ray Absorption Spectroscopy

With the discovery of X-rays by Wilhelm Röntgen in 1895, he discovered a medical
breakthrough.[19] Imaging of fractured bones and diagnosing infectious diseases like tuber-
culosis by chest X-rays are well known examples. In the field of physics, accurate structure
determination of matter became possible. The development of X-ray diffraction[20] and
X-ray absorption techniques[21] allowed to retrieve structural information on the atomic
scale. In XAS, the absorption of X-rays by matter is measured as function of energy E
(keV). The basic physical description of the XAS process starts at the photoelectric effect,
an excitation of a core electron to an empty orbital or density of states (DOS) (see Figure
1.2).[22] The sample absorbs part of the beam, dependent on the material properties. The
incoming X-ray beam with intensity I0 is attenuated by the sample according to Lambert
Beer Law (equation 1.2).[23]

It = I0 e−μ(E)d (1.2)

4
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In here, It is the transmitted intensity of the X-rays and I0 is the incident X-ray intensity
onto the sample with path length d. The absorption coefficient, μ gives the probability
that X-rays will be absorbed. The absorption coefficient depends on, the density (ρ), the
atomic number (Z) and the atomic mass (A) (equation 1.3).

μ(E) = p Z4

A E3 (1.3)

Every atom has well-defined core level electrons with particular binding energies. The
quartic dependence of μE on Z separates the absorption coefficient over several orders of
magnitude, thereby achieving a good contrast between different materials (elements).[24]

We can now selectively probe an element by tuning the X-ray energy to specific core
binding energies, which are known and reported in tables.[25] The core electron that is
excited, is linked to the principal quantum numbers (n = 0, 1, 2 and 3) and correspond
to the K, L and M- edges. For example, the excitation of a 1s core electron is referred to
as K-edge, whereas 2s and 2p core electrons are described by a L-edge. Going deeper, the
L-edge categorized into L1, L2 and L3 edges, where L1 corresponds to an excitation of a 2s
electron while the L2- and L3-edges correspond to an excitation from the 2p1/2 and 2p3/2

orbitals originating from the spin-orbital coupling.
A XAS spectrum typically comprises of two distinct regions, the X-ray Absorption Near
Edge Structure (XANES), defined as the region within 50 eV of the absorption edge (Figure
1.2). At higher energies, the oscillatory structure caused by the interference between the
outgoing and the back-scattered photo-electron waves is referred to as Extended X-ray
absorption Fine Structure (EXAFS), which can extend to 2000 eV above the absorption
edges (Figure 1.2). As will become clear in the next section, EXAFS is best understood
in terms of the wave behavior of the photo-electron created in the absorption process.
Therefore, the X-ray energy is often converted into k, the wavenumber of the photo-electron.
The total kinetic energy of the photo-electron equals the total kinetic energy of the incident
photon, minus the energy necessary to remove the photo-electron from the absorbing atom
(E0) (equation 1.4). This outgoing photo-electron is a spherical wave with wavenumber k

(equation 1.5).

Ekin = hν − E0 (1.4)

k =
√

2me E − E0

�
(1.5)

5
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XANES

EXAFS

Energy (eV)
In
te
ns
ity

Figure 1.2 (Left) The photoelectric effect: Excitation of a core electron. (Middle) Schematic
representation of empty states and the continuum. (Right) Typical x-ray absorption
spectrum, showing the XANES region (A) including the pre-edge (red), (A) and
main absorption edge (purple) and (B) the extended x-ray absorption fine structure
(EXAFS) region (blue).

With me the electron mass. The absorption coefficient, μ(E), of the sample is proportional
to the probability of the photoelectric effect. The transition probability is a function of
the initial state Ψi and final state Ψf wave functions according to Fermi’s Golden Rule
(equation 1.6).[26]

μ(E) ∝ |〈Ψf |ê • r|Ψi|〉2 δ (Ef − Ei − hν) (1.6)

In here, ê is the electric field polarization vector of the photon and r the coordinate vector
of the electron. The delta function (δ) describes the conservation of energy, Ei and Ef are
the initial and final state energies .

1.1.2 EXAFS

The oscillatory structure caused by the interference between the outgoing and the back-
scattered photo-electron waves is referred to as Extended X-ray absorption Fine Structure
(EXAFS). The interference between these waves is a function of the energy and depends on
the local structure of the absorber atom. The absorption coefficient above the absorption
edge is defined in equation 1.7.

6
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μtot = μ0 (1 + χ (k)) (1.7)

Where μ0 represents the atomic background and χ the oscillatory EXAFS part of the
spectrum as a function of (k). The useful part of these oscillations derived above, is that
the spacing of the oscillations depends on the distance (R) between the absorbing and
scattering atoms (equation 1.8). The photo-electron undergoes elastic scattering (kinetic
energy of a particle is conserved in the center of mass frame but its direction of propagation
is modified) and its probability can be monitored via equation 1.9.[27]

2R = nπ (1.8)

χ(k) = f(k) cos(2k R) (1.9)

In here, n is an integer and f(k) is the scattering amplitude, and is dependent on the Z of
the neighboring atoms and their geometry. It should be noted that the angular wavenum-
ber (k) (thus the momentum) of the photo-electron is responsible for the probability of
elastic scattering. Often not only one neighboring atom is close to the absorbing atom,
more may be closer and/or further away. Identical atoms can have similar distances to-
wards the absorbing atom and this degeneracy is denoted by the symbol N. Equation 1.9
treats scattering atoms as they do not change the phase of the photo-electron wave and yet
only reverse its direction instantly. For this reason, an additional phase shift (θ) should be
applied when describing the scattering probability. Overall, to account for multiple neigh-
bors, we can describe the modulation as a sum of all individual scattering contributions
with possible N times the effect of a single scattering atom (equation 1.10).[24] Please note,
a sine function is used from now on, as after all it simply is a phase shifted cosine function.

χ(k) =
∑

i

Ni fi(k) sin(2k Ri + θi(k)) (1.10)

Similar to when a stone is thrown into a pond where the water waves spread out, the
scattering probability of a photo-electron does too. The spherical waves damp as the
square of the distance and it is therefore rather necessary to divide the fi(k) function by
kR2

i (equation 1.11).

χ(k) =
∑

i

Ni
fi(k)
kR2

i

sin(2k Ri + θi(k)) (1.11)

Upon the ejection of a photo-electron, the final state is different than its initial state,
as a corehole is created. This in its turn affects all the other electrons near the nucleus

7
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and their orbitals adjust accordingly. In order to account for this phenomenon, an element
dependent constant, the amplitude reduction factor (S2

0) is applied in the model. Although
it is a modest effect (typical values between 0.7 and 1) it is not negligible (equation 1.12).

χ(k) = S2
0

∑
i

Ni
fi(k)
kR2

i

sin(2k Ri + θi(k)) (1.12)

So far, only elastic scattering has been taken into account, but the photo-electron can
undergo other processes. It could scatter inelastically, exciting a valence electron from
a neighboring atom. Such and other events will lower the energy of photo-electron and
thereby its corresponding wavelength. Together with this, the created corehole can be
filled, often by emission of a photon or an electron. In both cases, the overlap between
the initial and final states used for Fermi’s golden rule will be different.[26] This can mostly
be attributed to the length of the photo-electron’s path: the farther it has to travel, the
longer it takes, increasing the chances of filling the corehole. These effects are generally
treated in the same factor, the mean free path (λ(k)), integrated in equation 1.13.

χ(k) = S2
0

∑
i

Ni
fi(k)
kR2

i

e− 2Ri
λ(k) sin(2k Ri + θi(k)) (1.13)

Finally, with EXAFS an average of millions of photons being absorbed is collected. As
chemical bonds typically vibrate in the order of 1013 Hz, the environment of a single atom
is not constant over time. In fact, typical corehole lifetimes in X-ray spectroscopy are in
the order of 10-15 s. The variations in absorber-scatter distance by thermal vibrations are
modeled by the mean square radial displacement (σ2

i ) (equation 1.14).[27][28] This symbol
at the same time also takes into account effects caused by structural disorder.[27]

χ(k) = S2
0

∑
i

Ni
fi(k)
kR2

i

e− 2Ri
λ(k) e−2k2σ2

i sin(2k Ri + θi(k)) (1.14)

The derived equation is known by the EXAFS equation and is often applied to fit the
local atomic structure around the absorbing atom. Fourier transformation of the EXAFS
data results in a radial atomic distribution function and by the use of all the discussed
parameters one can accurately determine inter-atomic distances and coordination numbers
of a given sample.[28],[29] The oscillations one can extract in the EXAFS region will consist
of different frequencies, corresponding to the different distances for each coordination shell.
Hence, a Fourier Transform can be used in order to rewrite the waveform as individual
sinusoidal functions. Although the amplitude is often only shown, there are oscillations
present with both real and imaginary components. The absolute part mainly reflects the
amount of neighboring atoms and disorder, whereas the imaginary part can be used to

8



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 17PDF page: 17PDF page: 17PDF page: 17

1.1 Theory and Spectroscopy in the Field of Catalysis

obtain an accurate absorber–scattering distance and for the discovery of unknown contri-
butions when analyzing EXAFS data.[30] In order to finally extract these distances and
coordination numbers around the absorbing atom, we need to have accurate values for
the scattering amplitude fi(k) and phase-shifts θi(k) which can be obtained via reference
compounds.

1.1.3 XANES

The XANES part of the absorption spectrum (see Figure 1.2) consists of three distinct
regions. The first region is described as the pre-edge region, here not many absorption
effects can take place because of the low kinetic energies. In metal K-edge XANES there
are weak 1s – 3d transitions, described as dipole-forbidden by the Laporte selection rules
but gain intensity through a quadrupole mechanism and/or through 4p mixing into the
final state.[31] Directly correlated to the orbital mixing is the pre-edge intensity, centrosym-
metric molecules undergo less 4p mixing with the 3d orbitals of the molecule and therefore
generally have lower pre-edge intensities.[24] This provides detailed information on the ge-
ometrical arrangement of the neighboring atoms, including bond angles and orientation
among the atoms. An excellent example of this, where structure, geometry and coordina-
tion are correlated in K-edge XANES is shown in Figure 1.3. In this example, different
coordination modes of CuI complexes are distinguished based on orbital hybridization
effects.[32]

The next region is named the rising-edge and often consists of several overlapping transi-
tions, which are more difficult to resolve. The maximum absorption of the highest peak in
the absorption edge, is often referred to as white-line. The absorption edge energy (E0) can
be determined in a variety of ways but is often taken as the maximum in the first derivative
of the absorption as function of the energy. This ionization threshold is dependent upon
the real valence charge and coordination environment of the absorber atom.[33]

The last part of the XANES spectrum typically starts with kinetic energies of the photo
electron higher than 10 eV. The large backscattering amplitude of the neighbor atoms
becomes so large therefore multiple scattering events dominate the spectra. These mul-
tiple scattering resonances mostly depend upon the position of atoms. Hence, XANES
calculations are often performed using a muffin-tin potential within a small atomic cluster,
like FEFF9.[34] Other methods involve the use of spin-orbit coupling or Slater-TS, both
used in TD-DFT using Amsterdam Density Functional Theory (ADF). In the latter, DFT
suffers from incorrect modelling of core-hole interactions and 3d electron-electron repul-
sions but pre-edge features corresponding to (localized) empty states, can be modelled to

9
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Figure 1.3 Cu K-edge XANES spectra of different CuI complexes with different coordination
numbers (CN) with CN = 2 (solid, red and dashed, blue) and CN = 4 (dotted,
black).The peak at 8985 eV in the spectra reflects the Cu 1s 4p transitions probing
the energies of the metal 4p derived molecular orbitals. The change in energy and
mostly intensity and shape of this peak is affected by the ligand field splitting
depicted next to it.

a certain extend with LDA and especially GGA approaches.[34a],[34b] The main limitation
of these approaches is the underestimation of charge-transfer (CT) excitation energies,
often by several eV.[35a] In this regard, the use of hybrid functionals, combining Hartree
Fock-exchange with (semi)local xc functional components are better suited to describe CT
excitation energies. More costly Range-Separated Hybrid Functionals (e.g. CAM-B3LYP)
splits the Coulomb interaction into long- and short-range components[35b] and could de-
scribe charge transfer excitations accurately.[35c]. Care should be taken, as there are studies
which find that CAM-B3LYP overestimates the amount of charge separation inherent in
the ground state and TD-DFT/CAM-B3LYP drastically underestimates this amount in
the excited charge-transfer state.35d

Overall, XANES has three different applications: (i) determination of the oxidation state,
(ii) the electronic structure, and (iii) the three-dimensional geometrical structure. Although
clear examples exist in literature.[32][36][37] XANES is much more difficult to interpret than
EXAFS. Until now, there is no equivalent to the EXAFS equation which would allow
for quantitative XANES analysis. In this work, calculations of both EXAFS and XANES
spectra were performed with FEFF9. The multiple Green’s function method is applied and
includes the self-energy correction added to the optical potential, leading to the famous
muffin-tin approximation. Both approaches will be covered in Chapter 2.
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1.1 Theory and Spectroscopy in the Field of Catalysis

1.1.4 Resonant inelastic X-ray scattering (RIXS)

Overall, catalytic properties of transition metals are governed by their d electrons, which are
not directly probed by K-edge XANES. Although quadrupole s to d transitions can be found
in the pre-edge region of K-edge XANES, analysis is often complicated due to quadrupole-
dipole mixing, non-local transition features and data limitations due to lifetime broadening
of the 1s core hole. In K-edge XAS you probe d electrons indirectly and only in certain
geometries. To overcome this, we make use of resonant inelastic X-ray scattering (RIXS)
and probe 3d orbitals.[38],[39] In RIXS the energy difference between the unoccupied and
occupied states are probed. In this technique the energy of the incident photon is chosen
such that it is at resonance with one of the atomic X-ray absorption edges of the system.
The methodology of this technique is schematically depicted in Figure 1.4, where the labels
(I), (II) and (III) correspond to the respective step of the RIXS process.[31] (I) The incident
light excites the core level electron of the absorbing atom towards the unoccupied states
(1s → 3d), ωin, leaving a corehole assigned as intermediate state. (II) The recombination of
the core hole and the excited electron, with the concurrent emission of a scattered photon
allows the system to relax back into the initial state (elastic scattering). The radiative
decay filling up the corehole can also occur from a lower energy molecular orbital level,
where 2p →1s has the highest probability (inelastic scattering, ωout). In particular, the
inelastic scattering processes allows one to probe the elementary excitations of the system.
This inelastic scattering has a lower probability than elastic scattering and therefore the
inelastic cross section needs to be greatly enhanced in here. (III) The energy difference
between the final state and the ground state is termed the energy transfer and is obtained
by subtracting ωout from ωin.
Mathematically, the intermediate state is reached from the ground state via a so called tran-
sition operator T1, given in Figure 1.4, a simplified atomic configurations |g|〉 = 3dn |n|〉 =
3dn+1. Please note, the intermediate states in RIXS are normally the final states in conven-
tional absorption spectroscopy. The transition operator T1 identifies with the quadrupole
transition operator especially when the scattering atom is in centrosymmetric coordination.
Reducing this symmetry towards square pyramidal or tetrahedral, the transition operator
(T1) obtains additional dipole character.[40] Just as in conventional XAS, states can mix
and therefore transitions from 1s to the 3d4p mixed states are dipole allowed. Now, the
ratio of the dipole to the quadrupole contribution can be determined by analyzing the an-
gular dependence of the absorption coefficient using linear polarized light.[41] Although the
final states in RIXS are identical compared to soft X-ray L-edge or even M-edge absorption
final states it is constructed via two transition matrix elements rather than just one. This
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1.1 Theory and Spectroscopy in the Field of Catalysis

Figure 1.4 Schematic energy scheme in 1s2p RIXS spectroscopy.

inherent distinction causes differences in the fine structures intensities of the spectra due
to different spin-orbit and electron-electron interactions.[40,42] Additionally, differences in
the crystal field splitting might arise also causing differences between K-(pre) edge RIXS
and soft XAS.[43a]

The spectra are commonly plotted versus a two dimensional grid in which the spectra are
visualized using contour plots (Figure 1.5 C). The energy transfer axis, (y-axis) represents
the excitation energy in the soft edge absorption spectroscopy and is plotted against the
incident energy (x-axis). By cutting diagonally through the RIXS plane, meaning that the
emission energy is fixed and the incident energy is scanned, results a high energy resolu-
tion fluorescence detected (HERFD) absorption spectrum (Figure 1.5 B). This diagonal
cut is also often referred to as a constant emission energy (CEE) scan. It is important
to understand that the line sharpening effect in HERFD XANES is due to a similar ex-
perimental energy bandwidth and (2p) core hole lifetime broadening and thus not the
selective detection of fluorescence.[44] The lifetime broadening of the intermediate state ex-
tends horizontally (Γn), spreading out the edge intensity along a broad diagonal band.[39,45]

However, integrating the total absorption energy along the energy transfer axis, recovers
this intensity. This is the case in Figure 1.5D, where the emission is detected at a fixed
incident energy, referred to as a constant incident energy (CIE) scan. Finally, plotting the
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1.1 Theory and Spectroscopy in the Field of Catalysis

Figure 1.5 Typical 2D RIXS spectrum (C) obtained by plotting incident energy versus the
energy transfer. The High Energy Resolution Fluorescence Detected (HERFD)
spectrum is compared with a conventional XAS spectrum to highlight the improved
resolution (B). The cross section in the first peak gives rise to the constant incident
energy spectrum (D) and constant transferred energy (A).[43b]

normalized intensity versus a constant energy transfer yields Figure 1.5 A.
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1.2 Bringing it all together

Homogeneous catalysts are in general more active and selective than heterogeneous cata-
lysts and often consist of organometallic complexes, in which ligand effects are known to
play an important role. To get a qualitative understanding of how chemical reactions take
place during catalysis, we can apply (time-resolved) X-ray Absorption Spectroscopy. This
technique has been widely applied in heterogeneous catalysis,[2] while its use for homoge-
neous catalytic systems is very limited. So far, efforts have focused on the development of
the structural and electronic characterisation of the metal site. Next to understanding the
oxidation state of the metal, or even the charge distribution and transfer within the entire
system, it is of crucial importance to take into account potential non-innocent behavior of
the ligand. In this thesis, activation and reaction mechanisms of a wide variety of catalytic
reactions are investigated and discussed: (I) Iron-based oligo – and polymerization reac-
tions, (II) Iron-based hydrogen evolution, (III) Copper based azide-alkyne cycloadditions.
A short introduction towards all the mentioned chemical reactions, highlighting the latest
spectroscopic investigations will be given in the following paragraphs.

1.2.1 Iron bisiminopyridine

The electronic and steric properties of homogeneous transition metal catalysts can be fine-
tuned in a controlled manner by changing the ligands around the metal center. In this
fashion, their activity and selectivity can be directed and the stability can be increased. The
simple spectator role of ligands is shown to be inaccurate for more and more ligands, and
thus care has to be taken in judging the ligand’s role and capabilities, especially when trying
to explain the performance and reaction mechanisms of organometallic complexes.[46],[47]

Bisiminopyridine ligand classes, known for their non-innocent redox chemistry are a good
example of this. The most well-known example is the sterically cumbered bisiminopy-
ridine ligands in combination with iron or cobalt metal salts, developed by Brookhart
and Small for the polymerization of ethene. [48],[49] Recently, spectroscopic, structural and
computational studies have been employed to understand the electronic structure of the
bisiminopyridine ligand class, a schematic overview is given in Scheme 1.1.[50] Reducing
the common aryl-substituted metal precursor, [(PDI)FeCl2] with one electron furnished re-
duction of the ligand fragment. Mössbauer parameters and computational results support
the formation of high spin ferrous ions. Further reduction of [(PDI)FeIICl] in the presence
of a weak ligand like DMAP or dinitrogen showed another ligand reduction. Reduction of
[(PDI)FeIICl] in the presence of strong field ligands as CO, resulted in diamagnetic com-
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1.2 Bringing it all together

Scheme 1.1 Overview of oxidation and reduction of redox active aryl substituted
bis(imino)pyridine iron complexes.

pounds, again hinting at ligand reduction, but the authors could not exclude contributions
from Fe0-like resonance structures.[50] In a follow-up paper by the same group XAS and
XES measurements highlight the use of TD-DFT XAS/XES calculations to assign certain
geometries and accurate spin states.[52] Clear experimental differences between different di-
nitrogen coordinated structures were explained by matching calculated pre-edge positions,
showing a decrease in energy in going from five-coordinate to four-coordinate compounds.
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While the iron-catalyzed polymerization mechanism is largely accepted to follow a Cossee-
Arlman type mechanism, leading to a Schulz-Flory distribution of linear α-olefins, the
debate concerning the nature of the metallic active species and the corresponding activa-
tion path remains open and is driven by numerous studies regarding the oxidation state
of the active species or the non-innocence of the ligand towards redox reactions. Hence,
bisiminopyridine iron alkyl complexes have previously been synthesized and characterized
in order to gain deeper insight in possible reaction intermediates. Mono-alkylated struc-
tures were characterized in their anionic, neutral and cationic form (see Scheme 1.1). One
electron oxidation of the neutral iron monoalkyl compounds to the corresponding alkyl
cations, [(PDI)FeII(CH2EMe3)]+ (E = C, Si) is ligand-based as both the experimental
and computational data support high-spin ferrous complexes with a redox-innocent neu-
tral bis(imino)pyridine chelate. [(PDI)FeII(Me)]+, although having a different geometry,
also has the same electronic structure description. The monoalkyl anion, [(PDI)2-FeII

(CH2EMe3)(N2)]- (E= C,Si) was best described as a low-spin ferrous compound (S = 0)
with a closed-shell (PDI)2- dianion (see Scheme 1.2).[51a] In case of CO ligated complexes,
the cationic form, [(PDI)Fe(CO)2]+ is best described as a low-spin FeI compound with
three doubly occupied principally iron-based d-orbitals in which the SOMO is primarily
characterized in the Fe dz2 orbital. Examining the most reduced compound in the se-
ries, [(PDI)Fe(CO)2]-, it can be best described as a low-spin FeI compound with a triplet
bis(imino)pyridine diradical dianion (see Scheme 1.2) based on EPR, Mössbauer and DFT
calculations.[51b]

Scheme 1.2 Additional overview of oxidation and reduction of redox active aryl substituted
bis(imino)pyridine iron complexes.
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Additional spectroscopic techniques like mass spectrometry show the presence of FeIIMe+

species upon activation with excess alkyl reagents, where the authors assume a high-spin
ferrous iron cationic species after activation with a redox-innocent neutral bis(imino)pyridine
chelate and suppose no electron transfers between the metal and ligand.[53] In-situ char-
acterization of [(PDI)FeCl2] by example, Gibson et al.[54], showed with Mössbauer and
EPR spectroscopy FeIII species, whereas EPR and NMR data of Talsi et al.[55] pointed to-
wards the formation of FeII species. Depending on the activator used, AlMe3 or Al(iBu)3)
was shown to form neutral complexes [(PDI)1-Fe+(μ-Me)2AlMe2] (<30 eq. AlX3) where
the ligand plays the role of anion. On the contrary, AlMe3-free MAO showed ion pairs
[(PDI)FeII(μ-Me)2AlMe2]+[MeMAO]-. The neutral compound, [(PDI)1-FeII(μ-X)(μ-CH3)
Al(CH3)2], is best described as a ferrous compound with a bis(imino) pyridine radical anion.
The cationic complex, [(PDI)0FeII(μ-X)(μ-CH3)Al(CH3)2]+, is likely a high-spin ferrous
compound (S Fe = 2) with a redox-innocent, neutral bis(imino)pyridine chelate. Previously
discussed cationic complexes by Chirik and co-workers have a connection towards these ob-
servations. The ionic complexes [(PDI)FeIIR][MeB(6F5)3] and [(PDI)FeIIR][MeB(C6F5)3]
showed catalytic activity in ethene polymerization.

Scheme 1.3 Proposed activated iron bisiminopyridine structure with excess MMAO with left
a ferrous overall neutral complex with a ligand based radical anion and right a
redox innocent chelate connected to a high spin ferrous compound with MMAO
as anion.

1.2.2 Bio-mimetic [Fe-Fe] Hydrogenase

Another popular class of redox active ligands can be found in hydrogenase enzymes (mim-
ics). Hydrogenase enzymes are capable of reversible oxidation of molecular hydrogen (H2)
in a catalytic fashion. Hydrogenases are sub-classified into three different types based on
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the active site metal content: iron-iron hydrogenase, nickel-iron hydrogenase, and iron
hydrogenase. Many of these mimic the [Fe-Fe] hydrogenase active site (H-cluster)[56] and
early employed model system are given in Scheme 1.4. Nowadays, the attached [4Fe4S]
cofactor is known to serve as a redox mediator and several studies have been employed of-
ten replacing CO-ligands with substituted phosphine[57a] or phosphone[57b] ligands or even
phosphine ligated fullerene (C60)[57c] (Scheme 1.5). More information on these systems can
be found

Scheme 1.4 Early investigated Biomimetic hydrogenase systems with different bridging moi-
eties.

elsewhere.[56],[57] Although these redox-active ligand classes are interesting to study, we
focused on redox activity in the bridgehead ligand backbone. This was first investigated by
the group of Wasielewski[57d] in which a imide functionality was introduced to the dithiolate
bridgehead. This complex underwent two reduction events at more positive potentials
(+350 and 400 mV) compared to the unsubstituted naphthalene complex. Although both
events were first proposed to be metal-based,Ping et al. showed strong delocalization of
an unpaired electron over the NMI group by EPR spectroscopy and DFT calculations.[57e]

Scheme 1.5 Diiron complexes with different redox non-innocent ligands.
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A large library of (simple) bio-mimetic analogues have been synthesized and characterized
over the past decades.[56],[57] Next to low efficiencies and oxygen sensitivity, large redox over-
potentials are often observed for these mimic systems. One strategy for designing diiron
model systems with redox properties closer to the thermodynamic potential for H+ reduc-
tion is inclusion of a suitably (substituted) aromatic dithiolato bridgehead, as highlighted
by a study by Felton and co-workers.[58a] Next to developing and testing new catalytic
systems, spectroscopic investigations could give insight in operating reaction mechanisms.
The studies by F. Gloaguen et al.[59a], Mirmohades et al.[59b] and Felton et al.[58b] for ex-
ample explained that Fe2(μ-pdt)(CO)6 operates with an (E)CECE catalytic mechanism
whereas Fe2(μ-adt)(CO)6, operates with two competing mechanisms (ECEC and ECCE)
in case of weak acids. Weak acid catalysis using Fe2(μ-bdt)(CO)6 leads to an (E)ECEC
mechanism, whereas employing a stronger acid leads to an EECC mechanism.

Scheme 1.6 Early investigated Biomimetic hydrogenase systems with different bridging moi-
eties.

Next to steric and electronic ligand effects in the reactivity of the iron – iron center, the
basicity of the overall complex has proven to be a key factor. F. Gloaguen showed models to
study the interplay between the reduction potential and basicity and how these antagonist
properties impact the mechanisms of PCET to metal centers, a relevant question at the
molecular level.[60] In 2006, D.E. Schwab et al. presented their XAS and computational
results, concluding that the 6Fe-cluster is electronically inseparable due to delocalization of
molecular orbitals.[61] Another extensive study by M. Salomone-Stagni et al.[62] highlighted
the use of XANES as clear fingerprint on specific binding motifs, oxidation states, number
of ligands and overall symmetry in [Fe]-hydrogenase systems using a variety of reference
systems. Additional Fe K-edge, XAS, S K-edge XAS and Fe Kβ-XES showed the parallel
analysis on a series of Fe2S2 complexes.[35c] The different redox levels were discussed in
combination with a computational study, in which a detailed picture of the electronic
structure emerged. Although these XAS studies serve as important references for future
X-ray spectroscopic studies of iron-sulfur clusters and corresponding mimic systems, they
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do not fully exploit the potential of Fe – K XAS spectroscopy, as the EXAFS region is
often neglected. The first EXAFS study on a bacterial [FeFe] hydrogenase investigated the
H-cluster and showed similar results towards crystallographically characterized bacterial
counterparts.[63] It therefore seems that the use of EXAFS analysis on hydrogenase H-
clusters and simple reference systems over a range of different redox levels could give more
structural insight and thereby complement catalytic observations.

1.2.3 Copper Catalyzed Azide Alkyne cycloadditions (CuAAC)

The azide-alkyne cycloaddition is a type of 1,3-dipolar cycloaddition between an azide and
a terminal or internal alkyne to give a 1,2,3-triazole and was developed by Rolf Huisgen
(see Scheme 1.7). Regio-selective formation of 1,4-substituted triazole was obtained by
applying a CuI source, hence, described as the CuI-catalyzed Azide-Alkyne Cycloaddition
(CuAAC).[64] 1,3 dipolar cycloaddition between an azide and alkyne forming a five-

Scheme 1.7 1,3-dipolar cycloaddition reaction

membered triazole ring. The CuI species can be generated in-situ from a π complex with
the triple bond of a terminal alkyne. In the presence of a base, the terminal hydrogen,
being the most acidic, is deprotonated first to give a Cu-acetylide intermediate. Several
studies have shown that the reaction is second order with respect to Cu. It has therefore
been suggested that the transition state involves two copper atoms.[65],[66] (see Scheme 1.8)
One copper atom is bonded to the acetylide while the other Cu atom serves to activate
the azide.
The azide displaces one ligand to generate a copper-azide-acetylide complex. Mechanis-
tic insights into CuI-catalyzed Azide-Alkyne click reaction were obtained via real time
infrared spectroscopy with additional 2D correlation analysis.[67] By following the con-
centration of azide, alkyne and triazole at specific infrared regions, they were able to
characterize the coordination of the azide-alkyne complex to the CuI-triazolide species as
the rate-determining step. They applied CuBr in combination with 1 eq. of N,N,N,N,N -
pentamethyldiethylenetriamine (PMDETA). Possible formation of mono- or dinuclear cop-
per species was not further discussed. Next to CuII sources in combination with excess
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Scheme 1.8 Proposed reaction mechanism involving two copper atoms[65],[66].

ascorbic acid as reducing agent, often used systems are NHC complexes[68] or phosphine
ligands (e.g. Cu(PPh3)3Br).[69] Under catalytic conditions, Cu(PPh3)3Br showed the for-
mation of iminophosphorane species, via the Staudinger reaction.[70] These ligand classes
are known to possess a basic character, able to deprotonate substrates. Iminophosphorane
complexes, therefore make it possible to perform this reaction in the absence of any base.

1.2.3.1 Mechanistic studies

Mechanistic studies by Fokin presented direct evidence for the proposed dinuclear copper
intermediates in the CuAAC reaction. First, a variety of CuI sources were shown to be
needed for the conversion of mononuclear σ-bound acetylide complexes to the triazole prod-
uct in the presence of organic azides in a real-time heat flow calorimetry experiment.[65] By
additional crossover experiments with isotopically enriched [(63Cu)(H3CCN)4]PF6 (1 equiv-
alent) and (SIPr)Cu(acetylide) complex with natural isotopic distribution, they showed by
isotopic enrichment that two copper centers are needed for the reaction to take place.[65]

The group of Bertrand reported the isolation of previously postulated π, σ-bis(copper)
acetylide and a not earlier proposed bis(metallated) triazole complex.[66] They showed that
both mono-and bis-copper pathways are active in the CuAAC reaction (see scheme 1.7), in
which the bis pathway is kinetically favored. The alkyne performs the protodemetallation,
regenerating the π,σ-bis copper acetylide complex. The group of Straub was able to isolate
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a neutral molecular CuI(triazolide) complex (see scheme 1.9) and show its catalytic per-
formance in the CuAAC reaction. Investigations towards the acidity of the medium hint
at different rate-determining steps. The protonation of the triazolide complex was favored
with water or alkyne as proton source whereas the alkyne deprotonation–cycloaddition
sequence was rate determining in excess of acetic acid. The group of Straub also focused
on interplay of two CuI centers and showed by a bistriazolylidene dicopper-acetate com-
plex high catalytic activity at relatively low catalyst loadings (0.5 mol%).[71] In a follow-up
paper they even isolate a dicationic CuI acetylide cluster involving eight different Cu atoms.

Scheme 1.9 Proposed reaction mechanism involving both the mono- and bis-copper pathways
active in the CuAAC reaction.

This cluster is catalytically active, although it did not exceed the catalytic activity of
the acetate precursor.[72] Multiple DFT studies have shown that mononuclear pathways
are disfavoured, often due to the much higher Gibbs free energy of activation for the C–N
bond.[65],[66],[73],[74] The work by Diez-Gonzalez[75] provides a good example of a mononuclear
pathway in which multiple reaction mechanisms are taken into account. The reaction be-
tween iodoalkyne and benzyl azide was studied and showed two valid reaction mechanisms.
(i) Formation of a copperIII metallacycle or (ii) the direct activation of the iodoalkyne via
π-coordination of the copper catalyst. Importantly, these mechanisms account both for the
catalyst acceleration effect in this cycloaddition reaction and the exclusive regioselectivity
of the copper-catalyzed version toward the formation of 5-iodotriazoles. It should how-
ever be noted that neither of the proposed mechanistic options involves the intermediacy
of copper-acetylide species, well-accepted intermediates in the cycloadditions of terminal
alkynes.
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Scheme 1.10 Preparation of Cu-triazolde species by (i) 1,2-bis-(2,6-
diisopropylphenylamino)ethane, CH(OEt)3 and HOAc were heated at 110oC (ii)
the functionalized imidazolinium was reacted with CuI acetate together with
KH in THF for 12h. Further reacted with phenylacetylene and n-BuLi in THF
and after work-up reacted with the functionalized azide.

Overall, there is direct evidence for mononuclear pathways being a viable route, although
the involvement of binuclear or even multi-nuclear mechanisms are often involved in the
CuAAC reaction.

1.3 Outline of this thesis

This thesis describes experimental and theoretical research using XAS in combination with
(TD)DFT. In this study, the activation mechanism of iron-based homogeneous catalysts
are investigated by IR, UV-vis and Fe and S K-edge XAS spectroscopy. Rapid SF mixing
and a FQ methodology allows good quality EXAFS analysis with ∼1s time resolution and
is required for high enough S/N ratio at lower E energies and low effective concentrations.
The activation mechanism of copper click reactions is studied by in-situ 1H and 31P NMR
spectroscopy. Additional operando and in-situ XAS investigations show a new pathway in
a 1,3-dipolar cyclization reaction under aprotic reaction conditions.
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1.3 Outline of this thesis

Chapter 2 discusses in detail the spectroscopic methods and data analysis techniques
used throughout the thesis. The chapter starts with an introduction towards XAS analysis.
It describes the fundamentals and use of theoretical models like FEFF, multiplet calcula-
tions and TD-DFT. This chapter is by no means extensive, but aims to outline the general
principles and techniques that can be employed for a variety of cases typically encountered
in this work.

Chapter 3 discusses previously experimentally obtained Cr L-edge (2p) X-ray Absorp-
tion Spectroscopy (XAS), K-edge (1s) X-ray Absorption Near Edge Structure (XANES),
and 1s2p Resonant Inelastic X-ray Scattering (RIXS) which are in a next step computa-
tionally evaluated. To date, multiple methods exist for the simulation and analysis of RIXS
spectra. In this work we use both a charge-transfer multiplet approach, CTM4XAS and a
multiple scattering approach, FEFF9. New insights into the electronic-structure relations
of Cr materials were obtained.

Chapter 4 presents a study towards reduced diiron dithiolate complex [Fe2(bdt)(CO)6],
a key intermediate for the electro-catalytic production of dihydrogen. Chemical and elec-
trochemical reduction was followed by UV-Vis and IR, showing bridged carbonyl moieties
to be present. Upon reduction, bond breakage between Fe and S is suggested by DFT cal-
culations. For the first time, structural evidence of this ‘open-structure’ is directly observed
by EXAFS spectroscopy. This chapter emphasizes the ability to combine computational
chemistry with a variety of spectroscopic techniques.

Chapter 5, moves to naphthalene and naphthalene mono-imide (NMI) ligands and
characterize the non-innocent behavior for the first electron reduction based on XAS anal-
ysis. The results show how the effective charge of the di-iron is affected by different
electronics in the ligand.

Chapter 6 is a detailed description of the activation mechanism of iron-based ethene
polymerization catalysts. The activation and propagation mechanisms are investigated
by XAS and UV-Vis measurements. Time-resolved measurements enabled us to monitor
the activation pathway for two different precursors. The role of the ligand on the product
selectivity and spectral features is discussed. EXAFS analysis shows quantitative formation
of ionic FeII species for both complexes, with different spin multiplicities.

Chapter 7 describes in more detail the effect of iminophosphorane ligands on the
activity of the copper catalyzed acetylene azide cycloaddition reaction. The influence of
the ligand basicity on the kinetics and corresponding spectral features are discussed. We
show a new type of reactivity, following mono-nuclear copper species shown by kinetic
analysis. Finally, an isolated Cu-triazolide species is shown to be the resting state during
catalysis by extensive EXAFS and NMR analysis.
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2.1 Abstract

2.1 Abstract

In this chapter we discuss the experimental and theoretical methodologies used in the
research throughout this thesis. This chapter starts off with an introduction on DFT,
followed by XAS processing, analysis and interpretation. Furthermore, the fundamentals
of applied theoretical models, simulating XAS and RIXS spectra are discussed.

2.2 Density Functional Theory

DFT is a computational quantum mechanical method to investigate the electronic struc-
ture of atoms and molecules. Hereby the focus is upon the electron density across the entire
molecule. A mathematical functional (a mathematical function that has a mathematical
function as its argument (p)) is used to calculate the energy, hence the name Density Func-
tional Theory. This DFT potential is constructed as the sum of several external potentials
(equation 2.1). Here, ET is the electron kinetic energy term (Born-Oppenheimer).[1] The
EV , potential energy accounts for both nuclear-electron attraction and nuclear-nuclear re-
pulsion. The electron-electron repulsion is described by the Coulomb self-interaction EJ .
The final EXC , the exchange-correlation energy accounts for both the exchange interaction
(Pauli principle)[2] and electron-electron correlation.

E = ET + EV + EJ + EXC (2.1)

One of the major issues with DFT is that the exact functionals for exchange and correlation
are unknown besides for the free electron gas. Hence, only approximations exist which per-
mit the calculation of certain quantities relative accurately.[3] One of these approximations
is called the local density approximation (LDA), in here the functional depends on the den-
sity at the coordinate where the functional is evaluated. The EXC term is often separated
into the EX and EC part. Due to the fact that LDA assumes that the electron density is
everywhere the same, the exchange energy EX is often underestimated whereas the cor-
relation energy EC is often overestimated.[4] In order to account for the non-homogeneity
of the electron density, the density is expanded with a so called generalized gradient ap-
proximations (GGA). Commonly used GGA functionals are e.g. BP86, OPBE and OLYP.
An improved version of this, Meta-GGA like M06-L, includes the second derivative of the
electron density.[5] More information about the LDA approximation, the extended local
spin-density approximation (LSDA), GGA and Meta-GGA can be found elsewhere.[6] Next
to GGA-like functionals, hybrid functionals have been developed.[7] These approximations
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include a component of the exact exchange energy, now calculated from Hartree-Fock the-
ory. The main advantage of hybrid functionals, compared to ab initio or empirical are found
in improved calculated molecular properties like atomization energies, bond lengths or even
vibration frequencies. The most common hybrid function is B3LYP (Becke, 3-parameter,
Lee–Yang–Parr).[8]

2.2.1 COSMO solvent model[9]

There are several tools for the accurate determination of saddle points by the use of elec-
tronic structure methods. Additional homogeneous liquid phases can be considered by
taking into account certain Conductor like Screening Model (COSMO) of solvation. In
here, a solute molecule is embedded in a molecule-shaped cavity surrounded by a dielectric
medium, with given dielectric constant (ε). Contrary to the polarizable continuum model
(PCM), where the exact dielectric boundaries are applied, the COSMO method uses the
approximate scaling function f(ε). This approximation turned out to provide a more ac-
curate description of the so-called outlying charge, thereby lowering the error. This model
can be applied in case of geometry optimizations.

2.2.2 Time Dependent DFT

TD-DFT can be applied to investigate the properties and dynamics of many-body sys-
tems in the presence of time-dependent potentials, such as electric or magnetic fields. The
effect of such fields on molecules and solids can extract features like excitation energies,
frequency-dependent response properties, and photo-absorption spectra, like UV-Vis and
XAS spectra.[10],[11] In the last decades, a lot of research has focused on benchmarking and
calibrating different functionals in the prediction of XAS spectra.[12],[13] Next to the repro-
duction of the rising edge, most often the pre-edge features are analyzed computationally
(vide infra).

2.2.3 Selecting the right functional

Common GGA functionals like BP86 and hybrid functions like B3LYP are very accurate
in predicting for example reaction barriers and harmonic frequencies in case of molecular
complexes. However, in the field of molecular inorganic chemistry, we often encounter
paramagnetic species. This could on its turn lead to spin dependent effects in catalysis. The
main physical forces responsible are determined by the exchange interaction and the spin-
orbit coupling (SOC).[14] Multiple examples exist in which the spin orbit coupling (SOC)
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influences the catalytic pathway via non-adiabatic spin inversions.[15] This type of switching
has also been calculated in selective polymerization of α-olefins, using the Brookhart-
Gibson catalyst based on a bisiminopyridine backbone.[16] Spin dependent effects are also
known to play an important role in Fe-Fe hydrogenase systems[17]. The molecular geometry
could be significantly affected, thereby altering the stretching vibrations.[18] In order to get a
better and more reliable understanding of proposed catalytic species using DFT, the OPBE
functional has been applied in case of many geometry optimizations and corresponding
frequency analysis as this exchange function significantly improves the description of the
spin state energies of open-shell iron complexes.[19],[20],[21]

2.2.4 XAS - analysis

XAS data processing has been performed using the Demeter package.[22] There are several
methods to obtain (quantitative) information about the XANES region, the first region
in an XAS spectrum. For example, in Linear Combination Fitting (LCF) the data is
interpreted by comparing the data with standards. Whereas in peak fitting one would fit
peak-like and step-like line-shapes to the XANES data. This last example can be combined
with TD-DFT calculations.

2.2.4.1 Data normalization

Data processing, background subtraction and normalisation was done in Athena[22] and is
shown in Figure 2.2. The process was always performed in the same order: (i) E0 was
determined, derived from the maximum absorption in the first derivative of μE. (ii) A
polynomial line fit (1-3 order) at the region below the edge and another one at the region
above the edge was applied. Now one can estimate the edge step, μ0 by extrapolating a
simple fit to the two curves. This value is normalized towards 1.0. In addition, to account
for any instrumental and or sample dependent aspects of the shapes of the measures data, a
(background) polynomial (1-3 order) was centered around the absorption edge (AUTOBK
algorithm).[23] The subtraction of this in combination with an error function (accounting
for example possible Compton scattering effects) results in a definite normalized data set
χ(k). Multiple data sets were normalized after merging of the original raw data. The
extracted χ(k) is subjected to a Fourier transformation (FT) to yield a radial distribution
function (equation 2.2),[23b,c] where kmin and kmax are the minimum and maximum k value.
The radial distribution function, defined in R-space is roughly 0.2-0.5Å shorter than the
actual distance due to the energy dependency of the phase factors in the sine function.[23a]

The FT can be taken with different k-weightings (kn). This can be used to distinguish
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between high and low Z scattering atoms around the absorber atom. An element with
low mass (like carbon) will scatter mainly at lower k-values, while copper (high mass) will
scatter significantly at higher k-values. Both real and imaginary parts are obtained with
this FT. The absolute part is determined mainly by the number of neighbouring atoms
and disorder. Whereas the imaginary part is useful for an accurate determination of the
absorber–neighbouring atom distance, plus the discovery of unknown contributions when
analysing EXAFS data.[(23b,c)]

FT (R) = 1√
2π

∫ kmax

kmin

knχ(k) ei2kR dk (2.2)

Analysis of EXAFS data was performed in Artemis, using a theoretical FEFF code.[24],[25],[26]

Crystallographic, a "hand-made" model or DFT coordinates are imported on which FEFF
predicts and organizes the most contributing scattering paths.[25],[27] The data is always
fitted in both k and R-space with the use of the following parameters: R (distance to
neighboring atom), N (coordination number of neighboring atom(s)), σ2 (mean-square dis-
order of neighbor distance), scattering amplitude f(k) and phase-shift δ(k). The number
of independent parameters that can be used for a reliable EXAFS fit is determined in
equation 2.3. Figure 2.2 shows a clear example of a constructed EXAFS fit for a linear CuI

complex with two iminophosphorane ligands (Bz-N=PPh3). The first shell (purple) clearly
fits to a Cu-N shell, although there are still missing components in the EXAFS (k-space
Figure 2.2). A second shell can be added, two Cu-P atoms (green) at a longer distance.
Finally, six Cu-C atoms (jam) are fitted, corresponding to the aromatic ring in the ligand
backbone. All used parameters are specified with each fit as shown in Table 2.1.

N = 2Δ(k)Δ(R)
π

(2.3)

Table 2.1 Cu K-edge EXAFS fitting results used to obtain the fit shown in Figure 2.2.

Conditions Shell N σ2 RFit (Å)

Cu(IP)2BF4 Cu-N 2.0 0.0037(7) 1.88(1)
Cu-P 2.0 0.004(1) 3.03(2)
Cu-C 6.0 0.018(8) 3.03(1)

k range = 3.4 – 11.7 Å, R range = 1.0 – 3.3 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO
2

= 0.91. R-factor fit: 0.019.
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2.2 Density Functional Theory

Figure 2.1 Normalization of Fe K-edge XAS spectrum.

2.2.4.2 Linear combination fitting28

The spectrum from an unknown sample can be understood as a linear superposition of the
spectra of two or more known samples. This feature can be used in Athena.[22] Two or
more different standards are selected and used for the fitting of a specific spectrum. The
fitting is always done using normalized μ(E) spectra. In the process, weighting parameters
are defined for each standard spectrum. The data range over which the fit is performed
can be selected in the program itself. Finally, the fit is evaluated using chi-squared and
reduced chi-square values. Relative changes in chi-square between fits are probably most
meaningful. Hence, chi-square does not have a very different meaning from the R-factor

Figure 2.2 Fitting of Cu K-edge EXAFS spectra.
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2.2 Density Functional Theory

used in EXAFS analysis.

2.2.4.3 Peak fitting

Peak fitting involves fitting a number of analytical line shapes to XANES data. The typical
approach is to simulate the XANES data using one or two step-like functions and several
peak functions for the peaks in the data. The centroids, amplitudes, and widths of the
various line shapes are either fixed or varied to best fit the data. The Pseudo-Voigt function
within the Fytik program[29] were used to fit the XANES region (equation 2.4). Pseudo-
Voigt is a name given to the sum of Gaussian and Lorentzian function. Mostly, one but
sometimes two peaks are used to describe the edge, functioning as background subtraction
and thereby only leaving the pre-edge region (e.g. in Figure 2.1). The pre-edge region can
now be interpreted by comparing it to TD-DFT or sometimes FEFF9 calculated XANES
spectra, examples given in [30],[31],[32].

y = a0 [(1 − a3) exp − ln(2)x − ai

a2

2
+ a3

1 + x−a1
a2

2 ] (2.4)

Figure 2.3 S- K-edge XANES with a subtracted main edge (orange dashed) and near edge
feature (dashed yellow) leaving only the pre-edge region (blue dashed lines) and
rising edge (red dashed lines).
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2.3 XANES calculations with TD-DFT

2.3 XANES calculations with TD-DFT

Extensive use of XAS in the last decades has given much information about the oxidation
state, geometry and sometimes even spin state of materials. Although the edge region
(related to the oxidation state) and the near edge region can often be interpreted by the
use of reference samples, the pre-edge region is more difficult. This region reflects the
unoccupied states and could be modelled by molecular orbital theory. In many metal
K-edge XAS, the pre-edge features are formally 1s to 3d quadrupole-allowed transitions,
weak transitions according to Laporte rules. However, distortions from centro-symmetry
allow for 4p character to mix into the metal 3d orbitals giving this transition electric
dipole-allowed character and thus increasing the pre-edge intensity.[33] The understanding
of for example Fe K-pre-edge features has greatly matured, hence the interpretation of
these features is often still based on a combination of theoretical and empirical trends. J.
Rohde et al.[34] for example used single-point calculations to model the 1s → 3dz2 excited
state and yielded MO compositions virtually identical to those computed for the ground
states. Therefore, they used the ground states to gain insight in the pre-edge region. This
methodology relies on the method of Westere[35], in which the amount of 4p mixing into
specific d orbitals and its distribution over the final states as determined from molecular
orbital calculations and ligand field theory are estimated and compared to experimental re-
sults. Additional calculations of quadrupole transition intensities, using a time-dependent
density functional theory (TD-DFT) also underwent advances. For example, the group of
F. Neese[36] have provided evidence that good agreement between calculated and experi-
mental spectra can be obtained by using the BP86 functional in combination with a TZVP
basis set. The main adjustment to other approaches was the ability to better model the
significant quadrupole intensity. Next to reliable results with BP86, the costlier B3LYP
calculations due to the presence of the exact HF exchange, shows to be useful in the anal-
ysis of pre-edge features.[30][38][39] A study by A.J. Atkins et al.[30] (Figure 2.4) compared
the two exchange–correlation functionals: BP86 and B3LYP, leading to XANES spectra
that differ significantly. They found that B3LYP was sufficiently accurate to allow for a
qualitative assignment and analysis of the experimental spectra. Similar observations have
been made before by other groups.[40],[41] It should be noted that in all cases, the average
shift required to align the calculated spectra to the experimental data still remains large
(>100 eV), often attributed towards the Hartree-Fock exchange, needed for a more correct
shape of the molecular exchange-correlation potential.[13]

In this thesis, TD-DFT XANES calculations were performed with a 50 Davidson exci-
tation restriction window where only singlet quadrupole- and dipole-allowed transitions
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2.4 FEFF9

Figure 2.4 X-ray absorption spectra for Fe2(CO)9 and Fe2(CO)4(Cp)2. Top: experimental
spectra; bottom: B3LYP calculated spectra.[30]

are selected from the Fe or S 1s orbitals.[30],[41] In all TD-DFT calculations, the B3LYP
– d3 functional and a QZ4P Slater-type basis set was applied.[42] The intensities include
second-order contributions due to the magnetic-dipole and electric-quadrupole transition
moments.[31] The spectra were shifted by 151.0 eV for comparison to experiment in case of
Fe and by 54 eV in case of S[44] These shifts are chosen such that the energy of the first
peak in the calculated spectrum agrees with the first peak in the experimental spectrum.
While these shifts are rather large, they do not affect the relative position of the peaks.

2.4 FEFF9

FEFF9 is developed to calculate the unoccupied molecular orbitals. It is based on a (ab-
initio) self-consistent real space multiple-scattering code for simultaneous calculations of
x-ray-absorption spectra and electronic structure.[28] It is based on a real space Green’s
function approach, more information on this can be found in reference 45. In FEFF, the
assigned neutral-atom radii overlap significantly and in order to account for the electrons in
the overlapping regions, the muffin tin approach is applied. Meaning, the electron density
within one muffin-tin radius is associated with the atom at the center of that sphere and all
of the electron density that falls outside of the muffin-tin spheres is volumetrically averaged
and treated as interstitial electron density. Further details are given in references 46 and 47.
Although FEFF9 could have difficulties in calculating molecular orbitals, and accordingly
different charge distribution effects, it should be emphasized that FEFF9 predicts general
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2.4 FEFF9

trends and can help in the interpretation and assignment of molecular orbitals observed
in experimental data, especially by looking at the density of states.[48] The group of S.
de Beer[44] shows a good example where the general trends in the rising edge features are
generally well reproduced in a multiple-scattering-based approach.

Figure 2.5 FEFF-calculated XANES spectra for Fe2S2 reference systems with diferric (red),
mixed-valent (blue), and diferrous (black) complexes (top left) and Fe K-edge XAS
experimental data (top right). Comparison of the calculated XANES spectra for
each Fe in the mixed-valent AF (antiferromagnetically coupled broken symmetry
solution; bottom left) and F cases (ferromagnetically coupled high-spin solution;
bottom right).[44]

Hence, the changes that were observed in the white line region (i.e., the decrease in intensity
at ∼7125 eV upon oxidation) are unfortunately not reproduced by this approach (see Figure
2.3). In our work, Fe K-Edge XANES spectra were simulated with FEFF9.[ref] These
XANES calculations were carried out using both the crystallographic data as well as DFT
geometry optimised coordinates. In all cases a Hedin−Lundqvist potential was utilized.[49]

The many-body reduction factor (S0
2) was kept at 1.0. A default core-hole broadening
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2.5 CTM4XAS

(1/3 of the energy step) was applied for spectral plots, with no additional experimental
broadening.

2.5 CTM4XAS

Compared to K-edge XAS, in L-edge XAS many multiplet interactions between various
possible core holes and the partly filled valence band occur. In order to account for these
multiplet effects, often causing splitting of the spectrum, CTM4XAS[50], developed by F.
de Groot can be used. The main parts of the charge transfer multiplet (CTM) model are (i)
multiplet effects[51] and (ii) charge transfer effects.[52] Contrary to earlier ab initio routes,
the CTM4XAS program is based on a semi-empirical approach that includes explicitly the
important interactions for the calculation of L edge spectra.[53] This for example includes
the core and valence spin–orbit couplings, the multiplet effects (core-valence two-electron
integrals) and the core hole induced charge transfer effects. Crystal field theory[54] is a well-
known model, useful in explaining the electronic properties of transition metal systems.
This model makes full use of (point)group theory[55], mostly based on symmetry operations.
From here, a branching table[31] can be established which is needed to calculate the XAS
spectrum. A good example is that a S symmetry state in atomic symmetry branches
only to a A1 symmetry state in octahedral symmetry.[31] More information on the code
and applications can be found in reference 50 and 59. In our investigations, the program
was used in the following order for simulations of L edge spectra, with (i) selection of
the metal (ii) select its corresponding charge (iii) give its symmetry by a corresponding
crystal field splitting value. Next, the different slater integrals are selected (values between
0 – 1), Fdd (Coulombic d-d interactions) Fpd (p-d coulomb interaction) and Gpd (p-d
Exchange interaction).[56],[57] Please note, the over-estimation of electron-electron repulsions
is automatically corrected by taking 80% of the selected values.[57] Finally, the spin-orbit
(SO) coupling is entered (values between 0 – 1) together with the Lorentzian broadening (if
not indicated, 0.2 is the default value). Additional, Charge Transfer, Udd (Hubbard value)
and Upd (core hole potential) parameters[58] were filled in. Note, the difference between
Udd and Upd is more important than the absolute values. Finally, a split could be selected,
to divide the L2 and L3 edges.
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2.6 CTM4RIXS[59]

2.6 CTM4RIXS[59]

CTM4RIXS is an interface for the plotting of RIXS planes and cross sections, using the
matrix elements calculated by CTM4XAS.[50] First, one loads the .ora files computed by
the CTM4XAS (explained above). From this point the program creats the matrices. If
necessary, change Gaussian broadening (to fit the data). The program combines the created
matrices from the first step. Plot Final state energy (instead of Emitted energy) and one
can take if necessary cross sections using the program.
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Theoretical Simulations of Resonant Inelastic X-Ray Scattering Spectroscopy on Chromium
Systems

Chapter 3

Theoretical Simulations of Resonant
Inelastic X-Ray Scattering
Spectroscopy on Chromium Systems

The majority of this work is based on: R. Thomas, S. Hobbs, J.P.H. Oudsen, J. Samson,
S. Dhesi, P. Glatzel, J. Kas, J.J. Rehr, F.M.F. De Groot and M. Tromp, Detailed Elec-
tronic Characterisation of Chromium Reference Compounds Using X-ray Absorption and
Emission Spectroscopies, Submitted.

43



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 52PDF page: 52PDF page: 52PDF page: 52

3.1 Abstract

3.1 Abstract

Two tetrahedral CrVI complexes, Na2CrO4 and CrO3, and two octahedral CrIII systems,
Cr(acac)3 and Cr2O3, were investigated using 1s2p Resonant Inelastic X-ray Scattering
(RIXS), K-edge X-ray Absorption Near Edge Structure (XANES) and L-edge X-ray Ab-
sorption Spectroscopy (XAS). Multiplet calculations were performed to simulate the L-edge
XAS and core-to-core 1s2p RIXS spectra. FEFF9 calculations were used to simulate the
K-edge XANES and the RIXS spectra. It was found that, although 1s2p RIXS and L-edge
XAS contain equivalent electronic information, the L-edge data is more informative with
currently available experimental resolution. Hence, the possibility of 2D information and
operando experiments using RIXS offers advantages not possible with L-edge spectroscopy,
which requires vacuum conditions for 3d transition metals.

3.2 Introduction

First row transition metals are of great interest in catalysis, forming the active sites in
many catalytic processes. However, to improve the design and functionality of future
catalysts, a detailed understanding of the mechanistic pathways of existing catalysts is
needed. Information to this purpose can be gained by spectroscopic and computational
methods, with element specific X-ray absorption and emission spectroscopies ideally suited
to this purpose. In this work we focus on Cr L-edge (2p) X-ray Absorption Spectroscopy
(XAS), K-edge (1s) X-ray Absorption Near Edge Structure (XANES) spectroscopy, and
1s2p Resonant Inelastic X-ray Scattering (RIXS), alongside complementary computational
techniques, in order to gain new insights into the electronic properties of four Cr reference
materials. In future work these techniques will be applied to catalytic systems, to probe
electronic-structure-performance relationships, with the aim of rational design of future
catalysts with improved performance.

In recent decades XAS has proven to be a valuable tool in the structural and electronic
characterisation of molecules and materials of catalytic interest.[1],[2] While Extended X-
ray Absorption Fine Structure (EXAFS) is well established for the elucidation of local
structure in materials, we will focus on XANES, which can be used to probe the electronic
and geometric properties of a metal.[3] For 3d transition metals the 1s to 4p K-edge tran-
sition is the most versatile transition at modern synchrotron radiation facilities, with 1s
electron binding energies between 5 and 10 keV. At these energies, researchers are able
to carry out XAS studies under a range of different conditions, for example under high
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3.2 Introduction

pressures and temperatures in catalytic studies.[4] However, the behaviour and catalytic
properties of 3d transition metals are governed by the d electron states, which are not
directly probed by K-edge XANES, which arise from the 1s−→4p transitions. Quadrupole
1s−→3d transitions can be found in the pre-edge region of K-edge XANES, but are compli-
cated by quadrupole-dipole mixing and non-local transition features.[5],[6] Additionally the
large lifetime broadening of the 1s core hole obscures many details.

In order to directly probe the 3d electron states, it is convenient to use L2,3-edge spec-
troscopy, in which the 2p electron states are excited to empty 3d orbitals by dipole allowed
transitions. L-edge XAS also has the advantage of lower lifetime broadening compared
to the K-edge: for chromium the 1s lifetime broadening is 1.08 eV[7], compared to 0.29
eV[1] and 0.2 eV[8] for the 2p1/2 and 2p3/2 edges respectively. However, for 3d metals the
soft X-rays required (0.4-1 keV) present experimental difficulties. At these energies the
transmission through air is low, so that vacuum environments are generally needed for
these experiments. This is difficult for in situ or operando experiments. The fine structure
visible in the L-edge is largely due to multiplet effects, primarily the overlap of the 2p core
hole wave function with the 3d electron wave functions.[9][10]

The lack of direct information on the 3d orbitals can be overcome by the use of
RIXS[6],[9],[11] in the hard X-ray range, which has the advantage of improved spectral res-
olution compared to K-edge XANES. In a RIXS experiment a secondary spectrometer is
positioned after the sample which analyses and selects the emission energy to focus onto a
detector. The set-up used in these experiments is discussed in detail elsewhere.[12] In 1s2p
RIXS we probe the pre-edge structure seen in K-edge XANES by scanning the incident
energy around the edge as a function of emission energy around the desired fluorescence
lines. On absorption of a photon, Ω, a 1s electron is promoted to an empty 3d state, leaving
a 1s core hole in our intermediate state, as shown in Figure 3.1. In the emission process a
2p electron will fill the 1s core hole, emitting a fluorescence photon, ω, to give a final state
with a 2p core hole. The two-step RIXS process yields exactly the same initial and final
states as L2,3 XAS, so that 1s2p RIXS gives indirect L-edge information, at hard X-ray
energies. A difference between 1s2p RIXS and 2p XAS are the different matrix elements
implying different spectral intensities. This opens up the prospect for operando studies
under varied conditions to gain direct information on the d orbitals for first row transi-
tion metals.[13] Emission spectrometers can also be used to obtain High Energy Resolution
Fluorescence Detected (HERFD) spectra, which measure across the absorption edge for
a selected emission line, to give XANES like information on a system.[1],[14] However, the
spectra will have higher resolution due to the reduced lifetime broadening compared to
the normal XANES process, as the spectra are broadened by the final, rather than the

45



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 54PDF page: 54PDF page: 54PDF page: 54

3.2 Introduction

intermediate states.

Figure 3.1 Energy level diagram for 1s2p RIXS of a first row transition metal.

Although there have been several publications on 1s2p RIXS data for first row transition
metals[15],[16],[17] to the best of our knowledge there have been no reported studies util-
ising 1s2p RIXS for the characterisation of chromium systems. Because chromium is of
significant interest in catalysis[18],[19],[20] a more in-depth study of the electronic behaviour
during some of these reactions would be a welcome advance to better understand electronic-
structure relationships.

There are multiple methods emerging for the simulation and analysis of RIXS spectra.
In this work we use both a charge transfer multiplet approach, CTM4XAS[2] and a multi-
ple scattering approach, FEFF9.[21] CTM4XAS, a multiplet code, has been used to effec-
tively model L-edge XAS spectra for 3d transition metals. This method uses crystal field
theory to model the spectra, and includes multiplet contributions in addition to optional
charge transfer effects. FEFF9, in contrast, uses the full crystal structure to model K-
edge XANES spectra, and more recently RIXS spectra.[22] Whereas CTM4RIXS simulates
RIXS spectra by calculating the variations in state–dependent X-ray emission intensities,
FEFF9, as a single-electron-excitation approximation, calculates state-independent X-ray
emission spectra.

46



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 55PDF page: 55PDF page: 55PDF page: 55

3.3 Experimental

3.3 Experimental

All Cr compounds were purchased from Sigma-Aldrich (UK).

The HERFD, XANES and 1s2p RIXS spectra were collected at beamline ID26 at the
European Synchrotron Radiation Facility. The storage ring was operated in 16 bunch
mode with a beam current of between 60 to 90 mA with an electron energy of 6 GeV. The
incident energy was selected with a Si (311) double crystal monochromator, which was
calibrated using a Cr foil. Three Si-coated focusing mirrors were used at 2.5mrad grazing
incidence to reject higher harmonics. For the energy resolved measurement of the Kα emit-
ted X-rays, 5 spherically bent (bending radius R = 1 m, crystal radius r=50mm) Ge (422)
crystals in vertical Rowland geometry were used with an avalanche photo diode (APD)
detector. The 5 crystals were mounted horizontally covering 34 degrees with the centre
crystal at 90 ◦ horizontal scattering angle. The overall energy bandwidth was determined
to be 0.6 eV by scanning the elastic peak. HERFD spectra were recorded at the maximum
of the Cr Kα1 fluorescence line. The samples were measured as pressed powders, and in
some cases as solutions, and were orientated at 45◦ relative to the incident beam. The
Kβ emission lines were measured using a spherically bent Ge (333) crystal with an 850
mm bending radius centred at 90 degrees scattering angle. The total energy bandwidth
was determined to be 1 eV. To obtain the 2-dimensional 1s2p RIXS planes, continuous
(on-the-fly) HERFD data were recorded in the pre-edge incident energy range while the
emission energy was varied to cover the Kα lines.

The L-edge XANES experiments were performed at beamline I06 at Diamond Light
Source. The storage ring was operated in normal mode with a beam current of 250 mA with
an electron energy of 3 GeV. The incident energy was selected with a collimated light plane
grating monochromator with a 2.250 fixed focus constant. The experiments were measured
in total electron yield mode, where the sample is connected to ground through an ammeter
and the neutralization current is monitored by a total electron yield detector. The overall
energy resolution of the spectrometer was determined to be 0.05 eV. The samples were
measured as pressed pellets in an UHV chamber.

The K-edge XANES, Kα HERFD, and 1s2p RIXS were simulated using FEFF9. The
calculations used a self-consistent field approximation of 6 Å and a full multiple scattering
radius of 12 Å around the central Cr atoms, and included both dipole and quadrupole
contributions. Crystal structures from the literature were used as input and broadening
was introduced to give the best possible fit, although in some systems discrepancies were
still present between experiment and theory.
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3.4 Results and Discussion

The L-edge XAS and 1s2p RIXS were simulated using the CTM4XAS and CTM4RIXS
code[23] with parameters as discussed in the text, with RIXS parameters in Table 3.1 below.

Table 3.1 Corresponding parameters used for the RIXS simulations.

Slater integral reduc. Charge transfer Spin orbit coupling

Comp. 10 Dq Fdd Fpd Gpd Delta Udd Upd Core Valence

Cr2O3 1.9 0.94 0.85 1.0 4.0 5.8 7.0 1 0
Cr(acac)3 -3.1 0.6 0.2 0.2 3.0 6.0 7.0 1 0

3.4 Results and Discussion

In Figure 3.2 we present K-edge fluorescence detected XANES spectra, Kα HERFD spec-
tra, and FEFF9 simulations for a series of four chromium compounds: the two tetrahedral
CrVI compounds, CrO3 and Na2CrO4, and the two CrIII compounds, Cr(acac)3 and Cr2O3,
both with (distorted) octahedral geometry around the central Cr atom. These spectra were
obtained in the same experiments as the 1s2p RIXS (vide infra) so self-absorption effects
can be observed due to the high concentration of Cr needed to study the pre-edge region
with reasonable collection times. The increased spectral resolution of the HERFD com-
pared to the total fluorescence detected XANES is clear, with features more pronounced,
for example, the low energy shoulder on the pre-peak of CrO3 is clearly resolved from the
main peak.
We can see a large pre-edge peak in both the tetrahedral compounds, well reproduced by
the FEFF9 calculations, particularly the low energy shoulder on the CrO3 pre-peak. These
intense pre-peaks, characteristic of tetrahedral geometry, are due to quadrupole transitions
made possible by 3d-4p mixing in non-centrosymmetric systems.[24] We can see that the
pre-peaks are much lower in intensity for the distorted octahedral environment in Cr2O3,
and lower again for octahedral Cr(acac)3, in which dipole transitions become much less
favourable. There are clear differences between experiment and theory in the pre-edge
structures for these CrIII octahedral complexes, with the number and relative positions
of peaks inconsistent. The use of the spherical muffin-tin approximation in FEFF9 could
affect the splitting in these pre-edge peaks, while the neglect of spin dependent exchange
effects, could lead to incorrect predicted d band occupations.[25] Below we present the
full experimental 1s2p RIXS planes (the HERFD data in Figure 3.3 represent a diagonal
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3.4 Results and Discussion

cut through the RIXS plane), and simulations of the pre-edge regions of these spectra
calculated using the CTM4RIXS program, for Cr(acac)3 and Cr2O3. For Cr(acac)3, the
relative intensities of the peaks, in addition to the spin-orbit coupling, are well reproduced,
as seen by the difference in energy transfer between the two peaks. The crystal field
splitting also corresponds to the experiment; however, the two peaks are not fully resolved
in the diagonal. The multiplet simulation for the chromiumIII oxide shows good agreement
in the energy transfer direction, with the spin-orbit coupling and peak intensity ratio well-
reproduced, however the dipole contributions in the experiment obscure the third peak
along the diagonal. The second peak in the diagonal cross-section is not fully resolved,
so it is difficult to assess the reproduction of the crystal field splitting. The second peak
in Cr2O3 is mainly the non-local peak, dipole absorption to O p-character as hybridised
with the Cr 3d-band. It appears typically 3 eV above the pre-edge as the 1s3d pre-edge is
shifted by the core hole potential.

Figure 3.2 K-edge XANES spectra, Kα HERFD spectra and FEFF9 simulations for (clockwise
from top left) Cr(acac)3, Cr2O3, Na2CrO4, and CrO3
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3.4 Results and Discussion

Figure 3.3 Experimental 1s2p RIXS (left) and CTM4RIXS multiplet calculations (right) for
the two CrIII compounds: Cr(acac)3 (top) and Cr2O3 (bottom).
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3.4 Results and Discussion

The calculated spectrum for Na2CrO4 (Figure 3.4) also reproduces the experiment reason-
ably well, with vertical splitting of 8.5 eV compared to 9 eV for the experimental data. In
the octahedral complexes, weak 3d-4p dipole-quadrupole orbital mixing[24] increases the
spectral intensity in the pre-edge region. The quadrupole transitions are of much lower
intensity than the dipole transitions, so that only peaks resulting from dipole transitions
are visible in our experimental spectrum.
CTM4RIXS is well suited for quadrupole transitions due to the strong local multiplet inter-
actions in the final state, whereas FEFF9 is ideal for systems dominated by dipole transi-
tions. In the case of CrO3 the Cr-O-Cr bond would be problematic in CTM4RIXS, as only
atomic orbitals and the local point group symmetry are considered, however FEFF9 takes
the full crystal structure as input, therefore accounting for the neighbouring Cr atoms.[26]

In the FEFF9 theoretical spectrum (Figure 3.5) the experimental crystal field splitting of
1.96 eV is reasonably well reproduced, with a value of 2.1 eV in the simulation, and similar
broadening is seen. The good agreement between theory and experiments indicated that
dipole transitions dominate the spectrum. L-edge XAS spectra are presented in Figure 3.6

Figure 3.4 Experimental 1s2p RIXS (left) and CTM4RIXS multiplet calculations (right) for
Na2CrO4
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3.4 Results and Discussion

Figure 3.5 Experimental 1s2p RIXS (left) and FEFF 9 calculation (right) for CrO3.

for all four compounds, overlaid with simulations calculated using the CTM4XAS program.
Increased fine structure is seen in the L2,3 edges compared to the K-edge of Cr, due to the
relatively low lifetime broadening of the 2p corehole (0.2 eV[1] for L3 and 0.29 eV[2] for L2)
compared to the 1s corehole (1.08 eV)[1].

The two octahedral CrIII complexes show good agreement in the crystal field splitting
(1.9 eV was selected as the 10 Dq value for both), with reasonable agreement in the fine
structure of both edges. Overall, the multiplet calculation is in line with the experimental
data, holding similar features and intensities. The small peak in the L3 spectrum for
tetrahedral Na2CrO4 at 579 eV is not seen in other reported chromate spectra [27], so is
likely an experimental artefact. Taking this into account, the peak splitting and intensity
ratio of the L3 peak is very well replicated in the simulation, whereas the splitting of the
L2 peak is greater than the experiment. In case of CrO3, the L3 to L2 branching ratio
is well reproduced, although it does slightly deviates from the 2:1 ratio predicted by the
relative degeneracy of the states. It has been reported that the electrostatic interactions
between the core hole and valence electrons will also impact the branching ratios.[28],[29]

The orbital interactions between the orbitals of Cr and the oxygen ligands is dependent on
their symmetry and the distorted tetrahedral geometry in CrO3 could be responsible for a
less accurate description by the calculation.
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3.4 Results and Discussion

Figure 3.6 Experimental L-edge XAS and multiplet calculations for (clockwise from top left)
Cr(acac)3, Cr2O3, CrO3 and Na2CrO4.

Both CrVI spectra contain some CrIII impurities, observable around 585 eV.[30] This can
be explained by the surface sensitivity of the total electron yield detection mode, solely
measuring the less stable outer layer of the sample. Therefore, the ratio of CrIII impurities
is greater compared to the bulk detection in K-edge RIXS data. Both L2,3-edge XAS and
1s2p RIXS have the same initial and final states, therefore they contain similar information,
albeit from a one- versus a two-photon process. Examples of direct (L2,3 XAS) and indirect
(taken from 1s2p RIXS) L-edge spectra are shown in Figure 3.7. It is clear that more
detail can be seen in the direct L-edge spectra than the indirect information taken from the
RIXS. This is due to the high spectral resolution (around 0.1 eV) of the L-edge experiments
compared to the RIXS, which have a resolution of 0.6 eV. It is thought that an experimental
resolution of greater than 0.3 eV is needed to uncover all the information contained within
1s2p RIXS.[15] The 1s2p RIXS data in turn can ultimately provide more information than
the L-edge data because two edges are probed with the spectral intensity distributed over
the two-dimensional energy plane. Additionally, the two-photon process needed to obtain
the indirect L-edge information means that different transition rules apply, compared to
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3.5 Conclusion

Figure 3.7 L-edge experimental XAS and indirect L-edge information extracted from the 1s2p
RIXS data for Cr2O3.

direct L-edge XAS, which could result in differences even when a similar resolution is
reached.

3.5 Conclusion

It is clear that the use of emission spectrometers offers a wealth of new information: when
comparing the 1s2p RIXS and Kα HERFD to the K-edge XANES, pre-edge features are
uncovered or better resolved. These features contain information on the geometric and
electronic properties of complexes. However, due to experimental limitations core-to-core
RIXS cannot currently reach the high resolution of L-edge spectroscopy, as is shown in
our data. The combination of experimental techniques with theoretical methods such as
FEFF9 and charge transfer multiplet theory based on CTM4XAS and CTM4RIXS can
provide valuable information on the electronic properties of chromium compounds. This
can be applied to catalytic systems in the near future, to derive geometric and valence
information about the operando active site.
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Chapter 4

Spectroscopic and Theoretical
Investigation of the [Fe2(bdt)(CO)6]
Hydrogenase Mimic

2e-

IR UV X-Ray
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The majority of this work is based on: J. P. H. Oudsen, B. Venderbosch, D. J. Martin,
T. J. Korstanje, J. N. H. Reek and M. Tromp, Spectroscopic and theoretical investigation
of the [Fe2(bdt)(CO)6] hydrogenase mimic and some catalyst intermediates, Phys. Chem.
Chem. Phys., 2019,21, 14638-14645.
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4.1 Abstract

4.1 Abstract

In [Fe-Fe] hydrogenase mimic systems the ene-1,2-dithiolene ligands play an important
role in the stabilization of the redox- active metal center. This is demonstrated by the
benzenedithiolene (bdt) analogue, featuring six terminal carbonyl ligands connected to
a di-iron metal center, i.e. [Fe2(bdt)(CO)6]. Here we present a combined experimental
and theoretical study that elucidates key intermediates [Fe2(bdt)(CO)6]1- and [Fe2(bdt)(μ-
CO)(CO)5]2- in the electro-catalytic production of dihydrogen. A DFT study shows that
[Fe2(bdt)(CO)6]1- is the kinetic product after the first one electron reduction, while the
previously proposed bridging intermediate species [Fe2(bdt)(μ-CO)(CO)5]1- is kinetically
inaccessible. The doubly reduced species [Fe2(bdt)(μ-CO)(CO)5]2- was for the first time
structurally characterized using EXAFS. XANES analysis confirms the existence of reduced
iron zero species and confirms the distorted geometry that was suggested by the DFT cal-
culations. Combining IR, UV-Vis and XAS spectroscopic results with TD-DFT and FEFF
calculations enabled us to assign the key-intermediate [Fe2(bdt)(CO)6]2-. This study em-
phasizes the strengths of combining computational chemistry with advanced spectroscopy
techniques.

4.2 Introduction

The ever-increasing demand to replace our current fossil fuel- driven economy by sus-
tainable alternatives, has intensified the research field on alternative energy sources. A
good candidate as clean fuel could be molecular hydrogen, but only when generated in
a sustainable manner. Water splitting using green energy would be sustainable, but for
proton reduction catalysis the best catalysts are still based on non-abundant metals like
platinum.[1] In order to make the switch to a sustainable economy, we should strive to
develop cheap, robust and reliable catalysts. In nature, dihydrogen is efficiently produced
by hydrogenase enzymes and research into hydrogenase mimics is an active field. Many
simple bio-mimetic analogues have been synthesized[2],[3] and characterized[4] over the past
decades. To characterize these systems, many techniques like, cyclic voltammetry (CV)[5],
electron paramagnetic resonance spectroscopy (EPR)[6], infrared spectroscopy (IR)[7],[8] and
X-ray absorption spectroscopy (XAS)[9] have been used. In order to design more produc-
tive hydrogen evolution catalysts, detailed understanding on their performance, including
their reaction mechanism is required. For example, accurate information on the charge
transfer (resulting in changes in oxidation state) within these systems is essential to under-
stand the electronic properties and reactivity. Felton et al.[10] reviewed the electrochemical
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4.2 Introduction

performance of over 240 complexes containing the Fe2S2 core-motif and showed that only
[Fe2(bdt)(CO)6] ([1]) is capable of high catalytic efficiency with three different acids. The
relatively mild over-potential (∼500mV) and the reversible and stable reduction process
makes [1] an interesting hydrogenase mimic system.[11],[12] This complex is well established
in the field of bio-inorganic chemistry[13],[14] and modifications have been performed by the
group of Rauchfuss[15] and Kaur[16].

The proton reduction process utilizing [Fe2(bdt)(CO)6] has previously been theoretically
modelled and monitored by spectro-electrochemical methods and from these results a vari-
ety of (catalytic) mechanisms has been proposed.[17],[18] Felton et al.[10] and Capon et al.[19]

for example postulated that the first one-electron reduction step would lead to a struc-
tural rearrangement in which one CO bridges between both iron atoms and one Fe-S bond
cleaves ([1-μ-CO]1-). Femtosecond transient IR spectroscopy, however, suggested a termi-
nal binding mode of all the CO fragments in the mono-reduced state ([1]1-) which was
further supported by DFT calculations.[20],[21] Wright et al.[11] demonstrated that by using
an excess of sodium, {[Na2(THF)(OEt2)][Fe2(bdt)(CO)6]2-}2 could be isolated, which was
characterised by X-ray crystallography. In solution, however, multiple bridging CO signals
were observed by IR spectroscopy hinting at the presence of multiple species.[11] A proposed
mechanism for the formation of the singly and doubly reduced Fe species (before formation
of H2) is shown in Scheme 4.1. Despite the fact that there is experimental evidence of solely
terminal CO species after the first reduction, theory often also suggests the formation of
[1-μ-CO]1-, as both structures are close in energy.[10],[19] In order to clarify why only [1]1- is
experimentally observed, we have conducted a DFT study focussing on the possible forma-
tion and interconversion between the two structures. Although the overall mechanism is
dependent on the acid strength, the singly reduced catalyst ([1]1-) was shown to be a key
intermediate in the photocatalytic H2 formation, whereas in electro-chemical reduction the
di-anion [Fe2(bdt)(μ-CO)(CO)5]2- (([1]2-) is inevitably formed. Thus far, this key doubly
reduced [1]2- intermediate has not been structurally characterized in solution, and could
help in further understanding and development of proton reduction catalysts.

To structurally characterize this reduced complex in solution, X-ray absorption spec-
troscopy (XAS) has been combined with a computational study. XAS combines electronic
and structural characterisation, in solid state and solution, and is therefore a powerful
method for the identification of intermediates in mechanistic studies.[22],[23] By using S and
Fe K-edge XAS spectroscopy we can characterize the electronic properties of the metal
and ligand in great detail and look at the different charge distributions over the systems.
The atoms of which typical ligands consist are in the low energy range for X-ray ex-
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4.3 Experimental

Scheme 4.1 Proposed electro-chemical reduction mechanism of [1] prior to the formation of
H2.

perimentation, requiring (near) vacuum methods and thus complicate in situ/operando
experimentation severely. That is probably the reason why these methods have not been
applied in catalysis so far. Herein we report the characterisation of reduced intermedi-
ates present in an active hydrogenase mimic system [Fe2(bdt)(CO)6] [1]. Unfortunately,
the singly-reduced [1]1-) or [1-μ-CO]1- could not be isolated for structural analysis and
the first electron reduction was thus solely investigated computationally. The overall two-
electron reduced species was spectroscopically characterised using Fe and S K-edge XAS
together with spectro-electrochemistry (UV-Vis and IR). Additional TD-DFT and FEFF9
calculations have provided detailed insights in the structural and electronic properties of
the reduced intermediate [Fe2(bdt)(CO)6]2-.

4.3 Experimental

4.3.1 General Experimental Details

Starting materials were obtained commercially or prepared and purified according to the
references given below. All solvents were dried by using standard procedures.[24] All air-
sensitive materials were manipulated using standard Schlenk techniques or by the use of
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4.3 Experimental

a glovebox. 1H and - 13C NMR spectra were recorded on a Bruker AVANCE 300 MHz
spectrometer. IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer. Elemental
analyses were performed by Mikroanalytischen Laboratorium Kolbe in Germany.

4.3.2 Sample preparation

[Fe2(bdt)(CO)6] ([1]). A modified literature procedure[25] was used. 4.3 g (8.5mmol)
Fe3(CO)12 was treated with 1.20 g (8.5 mmol) benzene- 1,2-dithiol in THF and refluxed
for exactly two hours. The resulting red solution was directly filtered over cotton. Unre-
acted Fe(CO)5 was evaporated by rotary evaporation as a yellow solution. Silica column
chromatography was conducted using petroleum ether/pentane (40/60) as eluent. Only
the red band was collected and further dried in vacuo, resulting in red crystalline powder
in a 76% yield. 1H NMR (300 MHz, CDCl3) δ 7.16 (dd, J = 5.5, 3.2 Hz, 2H), 6.66 (dd,
J = 5.5, 3.2 Hz, 2H). 131H-NMR (300 MHz, CDCl3): δ = 207.48 (s, CO), 147.45 (s, SC),
127.96 (s, SCCH), 126.80 (s, SCCHCH) IR (CO) (MeCN) (cm-1): 2078 (m), 2043 (s), 2002
(s). Elemental analysis: determined (expected): C, 34.35 (34.32); H, 0.93 (0.96); Fe, 26.42
(26.59); S, 15.02 (15.27).

[Fe2(bdt)(CO)6] ([1]) + 1.05 eq. of CoCp2
∗ (5mM), added to Fe2(bdt)(CO)6 (5.0 mM)

in acetonitrile under nitrogen or argon atmosphere. IR (CO) (MeCN) (cm-1): 2078 (m),
2043 (s), 2002 (s), 1963 (s), 1914 (s), 1881 (w), 1863 (m), 1842 (w), 1688 (b).

[Fe2(bdt)(μ-CO)(CO)5]2- ([1]2-). 2.1 eq. of CoCp2
∗ (5mM) was added to Fe2(bdt)(CO)6

([1]) (5.0 mM) in acetonitrile under nitrogen or argon atmosphere. IR (CO) (MeCN)
(cm-1): 1963 (s), 1914 (s), 1881 (w), 1863 (m), 1842 (w), 1688 (b).

4.3.3 Fe K-edge X-ray Absorption Spectroscopy

Fe K-Edge (7112 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. Solu-
tions were measured in fluorescence mode, using a Germanium 9 element detector, or in
transmission using ionisation chambers. The energy was calibrated by defining the first
derivative peak of the Fe foil spectrum to be 7112.0 eV. The measurements were performed
on 5.0 mM complexes in acetonitrile. Samples were prepared in Kapton tubes and subse-
quently frozen in liquid nitrogen under argon atmosphere (to prevent further reaction as
well as beam damage). During the measurements the samples were kept frozen using a
cryojet (100 K) setup. Data processing analysis was conducted with Athena and Artemis
(Demeter software package).[26]
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4.3 Experimental

4.3.4 S K-edge X-ray Absorption Spectroscopy

S K-edge (2472 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. The
cell was mounted in a large vacuum chamber. Solutions were always measured under
high vacuum (prevent strong absorption of X-rays by air) and measured in fluorescence
mode, using a Germanium 9 element detector. Energy calibration was performed with FeS2

for which the peak of the white line was assigned to 2470.1 eV. The measurements were
performed on 5.0 mM complexes in acetonitrile. Samples were prepared in peek cells in a
Glovebox under argon atmosphere and were sealed with 8 microns thick Kapton foil as X-
ray window. Data processing analysis was conducted with Athena and Artemis (Demeter
software package).[26]

4.3.5 UV-Vis and IR Spectro-Electrochemistry

Electrochemical experiments were performed in an optically transparent thin-layer (200
μm) electrochemical (OTTLE)[27] cell equipped with CaF2 optical windows and a plat-
inum minigrid working electrode. The difference absorbance IR spectra were recorded on a
Nicolet Nexus FT-IR spectrometer and the UV-Vis spectra were recorded on a Shimadzu
UV-2700 spectrophotometer. The cyclic voltammetry scanning process (v = 0.5 mV s-1)
was controlled by a PGSTAT (Eco-Chemie) potentiostat. The measurements were per-
formed on 5.0 mM complexes in acetonitrile containing 0.1M nBu4NPF6 as a supporting
electrolyte.

4.3.6 Computational Details

All geometry optimisations and IR simulations were conducted using ADF[28],[29] with the
TZ2P basis set and BP86[30] or OPBE[31] functional. COSMO solvent models were car-
ried out employing acetonitrile.[32] Transition states were located using a linear transit
method,[33] and are validated by a single imaginary frequency. TD-DFT XANES calcula-
tions were performed with a 50 Davidson excitation restriction window where only singlet
quadrupole- and dipole-allowed transitions are selected from the Fe 1s orbitals.[34],[35] In all
TD-DFT calculations, the B3LYP – d3 functional and a QZ4P Slater-type basis set was
applied.[36] The intensities include second-order contributions due to the magnetic-dipole
and electric-quadrupole transition moments.[37] The spectra were shifted by 151.0 eV for
comparison to experiment. These shifts are chosen such that the energy of the first peak
in the calculated spectrum agrees with the first peak in the experimental spectrum. While
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4.4 Results and Discussion

these shifts are rather large, they do not affect the relative position of the peaks.[38]

Redox potentials were determined using the Born-Haber cycle approach[39] (see Scheme
4.4, Appendix). By applying equation 4.1, the change in free energy of the redox process
in solution can be obtained.[40] Now by the use of equation 4.2, the standard absolute redox
potential (E0) can be calculated, where F is the Faraday constant (23.061 kcal per volt
gram equivalent) and Z equals 1.0 (one-electron redox processes).[40]

E0 = −ΔGo

ZF
(4.1)

−ΔGo (soln, redox) = ΔGo (gas, redox) + ΔGo(solv, [Fe2(bdt)(CO)6]1−)
−ΔGo(solv, [Fe2(bdt)(CO)6])

(4.2)

Fe K-Edge XANES spectra were simulated with FEFF9.[41],[42] These XANES calculations
were carried out using both the crystallographic data as well as DFT geometry optimised
coordinates. In all cases a Hedin-Lundqvist potential was utilized.[43] The many-body
reduction factor (S02) was kept at 1.0. A default core-hole broadening (1/3 of the energy
step) was applied for spectral plots, with no additional experimental broadening.

4.4 Results and Discussion

4.4.1 Fe K-edge XANES

Figure 4.1 displays the experimental and DFT calculated Fe K-edge XANES spectra of
[1]. At lower energies (7113 eV), multiple pre-edge absorption signals arise that are mainly
attributed to electric dipole-forbidden transitions of the 1s core electrons into valence metal
3d orbitals.[44] The relatively high pre-edge intensities in the spectra are typical for five-
coordinated iron species, compared to octahedral complexes.[45] The pre-edge features at
7120 eV mainly arise due to quadrupole allowed 3d-4pz hybridized orbital final states, as
shown by the calculated DFT contributions. Utilizing the calculated TD-DFT excitations,
we can determine whether a transition from the iron 1s to the unoccupied molecular orbitals
will have dipolar and/or quadrupole contributions. The reduced complex ([1]2-) also
plotted in Figure 1, displays a significant edge shift of -1.5 eV, corresponding to a reduction
of Fe1-Fe1 to Fe0-Fe0.[46] The pre-edge features again hint at a 5-coordinated geometry, with
similar transitions as observed in [1]. The singly-reduced [1]1- or [1-μ-CO]1- system was
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4.5 Sulfur K-edge XANES

attempted to be prepared and measured. Unfortunately, the data point to a combination
of starting compound [1] (60%) and doubly-reduced [1]2- (40%) species (see Appendix for
linear combination fit of the singly-reduced XANES data), rather than a unique singly-
reduced structure, confirming that the singly-reduced species is very short-lived, explaining
the results in literature as discussed above[10],[11],[13],[15],[16] and which will be confirmed by
our computational study (vide infra). The white line possesses no distinct pre-edge features
at higher energies. This is also reflected in the calculated XANES spectrum of [1]2- where
the transitions are mainly from iron 1s to the lowest lying unoccupied orbitals now more
localized on the Fe – Fe core. These electric-dipole-allowed transitions are in line with
the selection rules. At higher energies (7140 eV) multiple scattering and charge transfer
effects play a dominant factor,[47] which is not accounted for in our DFT calculations.
In order to simulate the full XANES (including edge), FEFF9 was used. The pre-edge
features both resemble their experimental value in terms of energy position and shape.
The main edge position is shifted to lower energies, reproducing the reduction of the two
central iron atoms. The drop in intensity after the edge at 7140 eV is well-reproduced
by the FEFF calculation and is due to the reduced multiple scattering features of the
neighbouring carbonyl groups and overall changes in (less constraint) geometry and which
will be confirmed by our computational study (vide infra).
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Figure 4.1 Experimental (solid) and computational (dashed) Fe K-edge XANES spectrum of
[1] (red) and reduced [1]2- (blue) using TD-DFT (left) and FEFF9 (right).

4.5 Sulfur K-edge XANES

The short core-hole lifetime of sulphur results in high energy resolution spectra where
different oxidations states can easily be differentiated. This sensitivity is a useful tool
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4.5 Sulfur K-edge XANES

in understanding the role of the sulphur-linked backbones in hydrogenase systems. The
XANES region gives information on the sulphur 3p character of the unoccupied frontier
orbitals. The S XANES spectra in Figure 4.2 define two separate features, at ∼2472 and at
∼2474 eV for the precursor [1]. By calculating the XANES spectrum using TD-DFT, the
first feature at 2472 eV can be assigned to S 1s core electron excitations into the LUMO,
mainly localized on the Fe2CO6 core with additional C-Sσ∗ mixing. Upon reduction of [1]
with 2 eq. of CoCp2∗ the large pre-edge signal at ∼2472 eV reduces drastically, together
with a growing inset at lower energies (2470 eV), hinting at reduction of the sulphur
atom(s). Looking in more detail, TD-DFT indeed shows a similar trend where the LUMO
shifts to lower energy, which is still mainly located on the Fe2CO6 moiety accompanied
by mixing of π∗ ligand backbone orbitals (Figure 4.2 C). The additional lowering and
blue shift of the second peak (2473.4 eV −→ 2473.1 eV) is due to symmetry breakage and
really emphasizes the formation of the open di-anionic species, explained by the excitation
towards more unoccupied orbitals, spread out over a wider energy range.[48]

Figure 4.2 Experimental (solid) and computational (dashed) S K-edge XANES spectrum of
[1] (red) and reduced [1]2- (blue) using TD-DFT (bottom).
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4.6 Fe K-edge EXAFS

4.6 Fe K-edge EXAFS

Structural information of [1] and [1]2- was obtained from a frozen acetonitrile solution in
a Kapton tube. The k2-weighted Fe K-edge EXAFS spectra are shown in Figure 4.3 [top].
Iron K-edge EXAFS analysis of the non-reduced species show three main contributions:
Fe-C (A), Fe-S (B) and the multiple scattering Fe-CO (C) interactions. The carbonyl
multiple scattering is highly contributing due to the linearity of the Fe-CO bond in these
Fe2S2 butterfly structures.[49] The coordination numbers (N) and inter-atomic distances
(R) in the fitting model, closely resembles its single crystal structure as shown in Table
4.2. The main features of EXAFS are reproduced with good accuracy, as observed in
both EXAFS and Fourier Transforms. EXAFS analysis of [1]2- also shows three main
contributions: Fe-C (D), Fe-S (E) and the less pronounced multiple scattering Fe-CO (F),
depicted in Figure 4.3 [bottom]. The overall reduction in amplitude resembles a loss of
symmetry, earlier observed in the XANES region. The Fe – S contribution is fitted with a
bond distance of 2.32(2) Å with a coordination number of 1.5. This supports the cleavage
of the Fe2S2 butterfly structure and the loss of symmetry, resulting in two in-equivalent
iron atoms. A further Fe – S scattering path with a distance of 3.76(4) Å can be added,
but with a low reliability of the fit, as this distance exceeds the limit of the data. The
Fe-C shell is split in to a coordination number of one carbon at a distance of 2.03(3) Å and
2.5 carbons at 1.78(1) Å. Further analysis shows a decreasing CO contribution which can
be explained by the bridging mode observed by earlier IR and DFT results. The use of
this model where CO is bridging and bond breakage between Fe–S had to be included in
order to obtain a good and reliable fit. The reduction of both iron atoms logically causes
an elongation of the bond, as was proven by our DFT calculations. Hence, the calculated
bond distance of 2.58 Å in [1]2- compared to the 2.48 Å bond distance in [1] was applied
in the EXAFS fitting model (2.55(2) Å), resulting in an overall better fit, while further
elongation of the bond (e.g. > 2.61 Å) gave a worse fit. The results confirm the structure
of the hydrogenase mimic [1] and the formation of its reduced equivalent [1]2- as proposed
in scheme 4.2. The EXAFS analysis of [1] with one equivalent of CoCp2

∗ again indicates,
like in the XANES, that a combination of [1] and [1]2- is obtained (see Figure 4.6 in
Appendix).
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4.6 Fe K-edge EXAFS

Scheme 4.2 Proposed reduction mechanism of [1].

Figure 4.3 (Top) k2 -weighted Fe K-edge EXAFS data of [1] (left) and [1]2- (right). (Bottom)
k2-weighted Fourier Transforms of the EXAFS data for 2 < k < 10.5 Å of [1] (left)
and [1]2- right. In all plots the data are represented by the solid lines (red), whereas
the corresponding fits are the dotted lines (blue).
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4.6 Fe K-edge EXAFS

Table 4.1 Fe K-edge EXAFS fitting parameters for [1] (crystal structure) and [1]2- (DFT
geometry optimized), where N = coordination number, σ2 = Debye Waller factor
[AA-2], R = fitted bond length [Å].

Compound Shell N σ2 RXRD/DFT (Å) RFit (Å)

[1] Fe-C 3.0 0.004(1) 1.79 1.80(1)
Fe-S 2.0 0.006(3) 2.27 2.29(1)
Fe-Fe 1.0 0.006(3) 2.48 2.48(2)
Fe-O 3.0 0.0002(2) 2.92 2.97(1)

Fe-CO 6.0 0.002(2) 2.92 2.97(1)
Fe-COC 3.0 0.004(2) 2.92 2.97(1)

[1]2- Fe-C 2.5 0.0051(9) 1.76 1.776(6)
Fe-C 1.0 0.006(4) 1.98 2.00(2)
Fe-S 1.5 0.006(3) 2.33 2.310(6)
Fe-Fe 1.0 0.009(2) 2.58 2.57(1)
Fe-O 3.0 0.0002(8) 2.93 2.970(2)

Fe-CO 5.0 0.0026(9) 2.93 2.970(2)
Fe-COC 2.5 0.0052(9) 2.93 2.970(2)

ak range = 2 – 12.8 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -0.8(8) eV, SO
2

= 0.90. R-factor fit: 0.0174
bk range = 2 – 12.8 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -0.12 eV ∗, SO

2

= 0.90. R-factor fit: 0.0069
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4.7 The reduction mechanism of Fe2(bdt)(CO)6

4.7 The reduction mechanism of Fe2(bdt)(CO)6

4.7.1 Theory and Spectroscopy

In order to reliably assign possible intermediate structures and obtain more insights in
the singly-reduced species, additional calculations were performed. In the current study
calculations have been performed with the often applied BP86 functional (in combination
with scaling factors)[48] and these have been compared to the results obtained with the
OPBE functional, which is often applied for the accurate description of open-shell inorganic
systems.[31] Although the structure with the lowest energy is often depicted as the most
relevant structure, it is also important to evaluate if the structure is kinetically accessible
by doing transition state analysis of the possible pathways. Additionally, comparison of the
calculated infrared spectra and redox potentials to the experimental data should support
the theory (see Appendix Table 4.3 and 4.4).

Complex [1] possesses a clear fingerprint of mainly four CO vibrational modes in the
IR region, resulting in two sharp signals at 2078 cm-1 and 2044 cm-1, and two unresolved
signals around 2001 cm-1 (see Figure 4.4). Comparing the different functionals and models,
it is evident that the neutral molecule is best described by the use of the OPBE functional
in combination with a solvent model (based on the comparison of calculated and exper-
imental IR signals). The calculated redox potential show only minor variations between
the functionals, with OPBE giving a value of -1.41 V, which is quite close to the literature
value of -1.33 V.[10] Upon the first reduction, all calculated structures show Fe – S (∼1.2
Å) and Fe – Fe (∼0.1 Å) bond elongation compared to the neutral state.
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Figure 4.4 (Left) Normalized experimental (solid lines) and theoretical (dashed lines) infrared
spectrum of [1] (red) and [1]2- (blue). (Bottom) Spectro-electrochemistry of [1]
in the infrared region.
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4.7 The reduction mechanism of Fe2(bdt)(CO)6

The CO ligands can either all stay in a terminal binding mode or one moving to a bridging
mode. The energy difference between bridged [1-μ-CO]1- and terminally bonded CO [1]1-

is relatively low (0.65 kcal mol-1), in favour of the non-bridging structure. The addition of
one electron was found to be energetically downhill, therefore proceeding barrierless. Due
to the fact that the final, and the carbonyl bridged structure, are so close in total bonding
energy, carbonyl displacement forming [1-μ-CO]1- could be feasible. The energy barrier
from [1]1- towards [1-μ-CO]1- is calculated to be +11.9 kcal/mol (see Scheme 4.3).

Scheme 4.3 Free energy diagram of [1] towards [1]1-. First the adiabatic energy difference is
shown, followed by [1]1- and the subsequent transition state to [1-μ-CO]1-. All
the relative energies are in kcal mol-1.

This corresponds to an approximate half time (τ 1/2) in the millisecond regime calculated
via the Eyring equation at ambient conditions.[46] The second electron transfer takes place
on a much faster timescale[20], explaining why the formation of [1-μ-CO]1- is not experi-
mentally observed. The Gibbs free energy of the calculated reduction potential of [1]1- at
-1.13 V (-89 kcal/mol) compared to [1] at -1.41 eV (-84 kcal/mol) nicely models a potential
inversion and also underpins an expected fast second electron transfer as ΔGo increases
by a very small amount.[47] The calculated infrared spectrum of [1]1-, indeed only shows
terminal CO fragments best described by again an OPBE functional. This analysis
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4.7 The reduction mechanism of Fe2(bdt)(CO)6

200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

Ab
so
rp
tio
n
(a.u)

Figure 4.5 Spectro-electrochemistry of [Fe2(bdt)(CO)6] in the UV-Vis region.

is in line with our spectro-electrochemical UV-Vis data showing an isobestic points at 330
and 350 nm indicating the transformation of [1] to [1]2- without the observation of an
intermediate state (Figure 4.5). The calculated reduction potential of [1-μ-CO]1- (-1.13
V OPBE and -0.97 V BP86) and [1]1- (-1.13 V OPBE and -1.07 V BP86) are all in
the same range, slightly underestimating the earlier simulated second reduction potential.
This implies that Fe – S bond breakage only is sufficient to lower the overall basicity of
the complex. Regardless of the functional employed, the second reduction step always
converges to a CO bridged incorporated structure [1]2- . This results in an IR spectral
profile where all three carbonyl vibrations undergo a blue shift towards lower wavenumbers
(Figure 4.4). This can be explained by stronger π back donation into the carbonyl anti-
bonding orbital from the electron enriched iron centres, thereby weakening the carbonyl
bond.[50] This reduction was performed experimentally by the addition of 2.05 eq. CoCp2

∗

to 5.0 mM of [1] in acetonitrile. Due to the presence of the cationic [CoCp2
∗]+, ion paired

species are likely to be present, assigning minor signals around 1750 cm-1 (see Figure
4.4). Note, a bridging CO moiety between two iron atoms will give a signal at even lower
wavenumbers, (1687 cm-1), an assignment that is supported by our spectro-electrochemistry
data (see Figure 4.4). Looking at the calculated data, the OPBE functional resulted in an
infrared spectrum matching the different experimental CO vibrational modes. The bridging
CO signal at 1682 cm-1, often calculated at much higher wavenumbers is herein conclusive.
Moreover, in order to match our infrared spectra with experimental data, no additional
shift or scaling factor was applied, contrary to earlier literature research.[51] Although the
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4.8 Conclusions

calculated reduction potentials show some variation, in all cases they are able to replicate
the experimental potential inversion. Based on all experimental and theoretical results, we
have proposed the following reduction mechanism, where the mono-reduced species indeed
have all CO’s in terminal position and only move to a bridging position upon the second
electron reduction (see Scheme 4.2). The Fe – S bond will elongate upon the first reduction
and slightly reorganize after the second reduction.

4.8 Conclusions

We have investigated the reduction of hydrogenase mimic [Fe2(bdt)(CO)6] with a com-
bined XAS - DFT study, revealing the structural rearrangement of the catalyst after the
second electron reduction. DFT predicts that upon the first reduction only Fe – S and Fe
– Fe bond elongation is likely to take place, supporting the latest findings. The conver-
sion of the reduced [1]1- to [1-μ-CO]1-, the isomeric structure with a bridging carbonyl,
is associated with an energy barrier of +12 kcal/mol, which is considered (kinetically)
prohibitive. Consecutive reduction of [1]1-, leads to a structure that has a bridging iron
carbonyl moiety (Fe-μ-CO-Fe), as supported by both DFT calculations and infrared spec-
troscopy. The suggested open di-anionic structure [Fe2(bdt)(μ-CO)(CO)5]2- was for the
first time structurally characterized by the use of XAS. In here, the Fe XANES region
clearly shows the reduction by a significant edge shift of -1.5 eV. TD-DFT calculations are
sufficiently accurate to allow a qualitative assignment and analysis of the pre-edge region
in the experimental XAS spectra. The reduced multiple scattering effects above the edge
support the structural reorganization, which was further characterized in great detail by
EXAFS analysis. This shows that the coordination number of Fe – S drops from 2 to 1.5.
Both the observed increase in the Fe – Fe bond length from 2.48 Å to 2.55(2) Å as the fitted
bridging carbonyl ligand are in good agreement with theory. Additional S XANES shows
reduction towards thiolate species, this was interpreted as ligand displacement by accurate
TD-DFT calculations. Overall, our DFT calculations are in excellent agreement with the
experimentally derived structural parameters and provide complementary insights into the
electronic structures of the species presented. This was To the best of our knowledge,
direct evidence of Fe – S bond breakage has not been experimentally observed before and
as this is a key intermediate in the reaction mechanism it facilitates in understanding the
operational mode of hydrogenase mimics. The presented methodology should be directly
applicable to other postulated intermediates in the mechanistic characterization of alter-
native catalyst systems. Future work to focus on the elucidation of other intermediates
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4.10 Appendix

4.10.1 XANES analysis

Figure 4.6 Linear Combination fitting of the XANES region of [Fe2(bdt)(CO)6] with 1 eq.
of reducing agent CoCp2

∗ with the standards [Fe2(bdt)(CO)6] and [Fe2(bdt)CO6]
with 2 eq. CoCp2

∗.

Standard Weight (error) [Fe2(bdt)(CO)6] 0.604 (0.038), [Fe2(bdt)(CO)6] + 2eq. CoCp2
∗

0.396 (0.044) (Sum = 1.000). Linear combination fit from 7104.5 to 7154.5 eV. Weights
forced between 0 and 1 with no overall E0 shift. R-factor = 0.00080 Reduced chi-square =
0.00014.
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4.10 Appendix

4.10.2 EXAFS analysis

Figure 4.7 (left) k2-weighted Fe K-edge EXAFS data of [Fe2(bdt)(CO)6] + 1 eq. CoCp2
∗ with

the corresponding fit. (Bottom) k2-weighted Fourier Transforms of the EXAFS
data for 2 < k < 12 Å. In all plots the data are represented by the solid lines (red),
whereas the corresponding fits are the dotted lines (blue).

Table 4.2 Fe K-edge EXAFS fitting parameters for [1] with 1eq. CoCp2
∗, where N = coordi-

nation number, σ2 = Debye Waller factor [AA-2], R = fitted bond length [Å].

Compound Shell N σ2 RFit (Å)

[1] Fe-C 2.5 0.001(1) 1.79(1)
+ 1eq. CoCp2

∗ Fe-S 1.75 0.003(3) 2.28(2)
Fe-Fe 1.0 0.004(4) 2.45(3)
Fe-O 3.0 0.002(5) 2.97(6)
Fe-CO 6.0 0.001(3) 2.97(6)
Fe-COC 3.0 0.003(3) 2.97(6)

ak range = 2 – 12 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -2.6(8) eV, SO
2 =

0.90. R-factor fit: 0.0188.
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4.10 Appendix

4.10.3 Redox potentials

Redox potentials were determined using the Born-Haber cycle approach, seen in Scheme
4.4.

Scheme 4.4 Born Haber Cycle used for the calculation of redox potentials.

The tables below show the calculated parameters needed for the redox potentials. Table 4.3
gives the results in case of OPBE as functional whereas table 4.4 represents the calculated
parameters using the BP86 functional.

Table 4.3 Redox parameters calculated using an OPBE functional.

Start Final ΔGo ΔGo ΔGo ΔGo RP
product product (gas, redox) (sln, redox) (solv. [1]-n) (solv. [1]-2n) eV.

[1] [1]1- -44.20 -78.70 -38.56 -4.06 -1.59
[1] μCO-[1]1- -43.55 -78.66 -39.17 -4.06 -1.59
[1]-n μCO-[1]2- 19.31 -89.23 -147.10 -38.56 -1.13
μCO-[1]-n μCO-[1]2- 18.66 -89.27 -147.10 -39.17 1.13

All reported values are in kcal/mol.
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Table 4.4 Redox parameters calculated using BP86 as functional.

Start Final ΔGo ΔGo ΔGo ΔGo RP
product product (gas, redox) (sln, redox) (solv. [1]-n) (solv. [1]-2n) eV.

[1] [1]1- -50.47 -84.14 -38.17 -4.50 -1.41
[1] μCO-[1]1- -48.89 -82.01 -37.62 -4.50 -1.50
[1]-n μCO-[1]2- 15.25 -92.11 -145.53 -38.17 -1.07
μCO-[1]-n μCO-[1]2- 13.67 -94.24 -145.53 -37.62 -0.97

All reported values are in kcal/mol.
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Chapter 5

Electronic Characterization of Redox
(Non)-Innocent Fe2S2 Reference
Systems: a Multi K-edge XAS Study

The majority of this work is based on: J. P. H. Oudsen, B. Venderbosch, T. J. Korstanje,
and M. Tromp, Electronic Characterization of Redox (Non)-Innocent Fe2S2 Reference Sys-
tems: A Multi K-edge X-ray Spectroscopic study, RSC Advances, 2020, 10, 729 - 738.
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5.1 Abstract

5.1 Abstract

Di-iron dithiolate hydrogenase model complexes are promising systems for electro-catalytic
production of dihydrogen and have therefore been spectroscopically and theoretically in-
vestigated in this study. The direct effect of ligand substitution on the redox activity of
the complex is examined. In order to understand and eventually optimize such systems,
we characterised both metal and ligand in detail, using element specific X-ray Absorption
Fe and S K-edge XAS. The (electronic) structure of three different [Fe2S2] hydrogenase
systems in their non-reduced state was investigated. The effect of one- and two-electron
reduction on the (electronic) structure was subsequently investigated. The S K-edge XAS
spectra proved to be sensitive to delocalization of the electron density into the aromatic
ring. The earlier postulated charge and spin localization in these complexes could now be
measured directly using XANES. Moreover, the electron density (from S K-edge XANES)
could be directly correlated to the Fe-CO bond length (from Fe K-edge EXAFS), which are
in turn both related to reported catalytic activities of these complexes. The delocalization
of the electron density into the conjugated π-system of the aromatic moieties lowers the
basicity of the diiron core and since protonation occurs at the diiron (as a rate determening
step), lowering the basicity decreases the extent of protonation and the catalytic activity.

5.2 Introduction

Despite the variety of Fe2S2 hydrogenase mimics synthesized and evaluated for hydrogen
evolution, more understanding of the role of the subsequent ligand is required. In general,
the spectator role or ‘innocence’ of the ligand has proven inaccurate for more and more
ligands and care has to be taken in judging the ligand’s role and capabilities,[1],[2] espe-
cially when trying to explain the performance and reaction mechanisms of organometallic
complexes.[3] Thus far, in our group, doubly reduced [Fe2(bdt)CO6]2- ([1]2- species have
been characterized structurally and electronically by Fe K-edge XAS spectroscopy, showing
the rupture of an iron-sulfur bond, caused by the potential inversion (Chapter 4).[4] Time
resolved infrared spectroscopy (TRIR) enabled the characterization of reduced intermedi-
ate structures, Mirmohades et al.[5] for example showed Fe-S bond rupture after the first
reduction by laser quench methods. A variety of functionalized 1,8-dithiolene diiron com-
plexes were synthesized and electrochemically characterized. The authors postulated both
events to reduce Fe1-Fe1 towards monomeric Fe0-Fe0, although possible ligand reduction
could not be excluded.[6] This is in contrast to investigations by the group of X. Liu, where
ferrocene functionalized 1,8-dithiol-naphthalene hydrogenase mimics were postulated to
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5.2 Introduction

form a dimer with a tetra-iron core,[7] also observed in alkyl bridgehead structures.[8],[9]

In both systems, the reduction event is described to take place at the metal. Hence, the
use of naphthalene mono imide (NMI) substituted hydrogenase system[10] showed for the
first time an ultrafast electron transfer process between excited ZnTPP and the ligand
of a Fe2S2 H2-ase model in a self-assembled system. The electronic structure of [3]1-

reveals that the NMI group is non-innocent during this first reduction, which explains
the low activity in photo-driven hydrogen production.[10] This ligand based reduction was
based on IR spectro-electrochemistry (IR SEC), EPR spectroscopy and in combination
with DFT calculations.[9] The combined results reveal that the NMI group is non-innocent
during the first reduction of [2], which explains the low activity in photo-driven hydrogen
production.[10] Using combined S K-edge and Fe K-edge XAS, we seek to describe and un-
derstand the effect of ligand environment in the H-cluster mimics in much more detail. The
group of Solomon pioneered in this field, using S K-edge spectroscopy to investigate sulfur
covalency in [2Fe-2S] sites of model complexes where sulfide were distinguished from the
thiolate pre-edge due to differences in effective nuclear charge.[11] Earlier investigations by
the same group investigated the active site of the non-heme iron enzyme nitrile hydratase
(NHase) using sulfur K-edge XAS. They evaluated the effects of metal coordination to the
S, protonation/metal coordination to the O of RSO-, and protonation of RSO2

-. DFT
calculations (solely ground state) were used to assign the significant shifts between the
different species. The group of Hedman and Solomon has shown by a combination of Cu
K- and L-edge and S K-edge XAS a metal-based oxidation to occur upon one-electron
oxidation. The observed pre-edge and edge energy shifts observed in these XAS spectra
were supported by DFT calculations.[12] TDDFT calculations have been performed on ge-
ometrically different compounds with identical functional groups by the group of Hedman
and showed the strength of combining theory and spectroscopy as they could clearly dis-
tinguish between functional groups based on the mixing of atomic orbitals and the energies
of molecular orbitals leading to changes in the S K-edge XANES spectra.[13] The group of
S. de Beer has presented Fe K-, S K-edge XAS in combination with Fe Kβ XES data on a
series of Fe2S2 complexes, investigating three redox states. They showed a detailed picture
of electronic structures. By the use of Kβ XES mainlines and Fe K-edge XAS they empha-
size that “fingerprints” regarding oxidation states should be treated with caution.[14] The
series of [Fe2S2] mimics in this study (see Scheme 5.1) are proposed to have very different
charge and spin localization in the complexes. Next to envisioned differences in electronic
structure we were also able to measure Fe-S and/or Fe-Fe bond elongations directly.
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5.3 Experimental

Scheme 5.1 Hydrogenase mimic structures investigated in this study.

5.3 Experimental

5.3.1 General Experimental Details

Starting materials were obtained commercially or prepared and purified according to the
references given below. All solvents were dried by using standard procedures.[15] All air-
sensitive materials were manipulated using standard Schlenk techniques or by the use of
a glovebox. Ligand (L) 1,8-Naphthalic anhydride-4,5-disulfide was prepared via literature
procedure.[16] 1H and - 13C NMR spectra were recorded on a Bruker AVANCE 400 MHz
spectrometer. IR spectra were recorded on a Nicolet Nexus FT-IR spectrometer.

5.3.2 Sample preparation

[Fe2(bdt)(CO)6] ([1]). A modified literature procedure[17] was used. 4.3 g (8.5mmol)
Fe3(CO)12 was treated with 1.20 g (8.5 mmol) benzene- 1,2-dithiol in THF and refluxed
for exactly two hours. The resulting red solution was directly filtered over cotton. Unre-
acted Fe(CO)5 was evaporated by rotary evaporation as a yellow solution. Silica column
chromatography was conducted using petroleum ether/pentane (40/60) as eluent. Only
the red band was collected and further dried in vacuo, resulting in red crystalline powder
in a 76% yield. 1H NMR (300 MHz, CDCl3) δ 7.16 (dd, J = 5.5, 3.2 Hz, 2H), 6.66 (dd,
J = 5.5, 3.2 Hz, 2H). 131H-NMR (300 MHz, CDCl3): δ = 207.48 (s, CO), 147.45 (s, SC),
127.96 (s, SCCH), 126.80 (s, SCCHCH) IR (CO) (MeCN) (cm-1): 2078 (m), 2043 (s), 2002
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5.3 Experimental

(s).
[Fe2(bdt)(μ-CO)(CO)5]2- ([1]2-). 2.1 eq. of CoCp2

∗ (5mM) was added to Fe2(bdt)(CO)6

([1]) (5.0 mM) in acetonitrile under nitrogen or argon atmosphere. IR (CO) (MeCN)
(cm-1): 1963 (s), 1914 (s), 1881 (w), 1863 (m), 1842 (w), 1688 (b).

Napthalene-1,8-dithiolate [2a]. 720 mg (2.3 mmol) of Sulfur and 570 mg (2.3 mmol)
of Sodium was refluxed in 40 mL of DMF under nitrogen atmosphere. 1.50 g of 1,8 di-
bromonaphthalene was added upon the solution turned dark blue over time. The mixture
was refluxed for 24h and afterwards cooled down to room temperature. To the solution was
added 50 mL of water followed by 100 mL of toluene. The organic phase was extracted and
washed with water (2x 50 mL) using a separation funnel. The solution was evaporated
using a rotary evaporator, leaving an orange oil. Recrystallization in hexane at -20 °C
overnight yielded orange/red spiked crystals. 1H-NMR (400 MHz, CD2Cl2) δ 8.33 (dd, J
= 7.3, 1.2 Hz, 2H), 8.10 (dd, J = 8.2, 1.2 Hz, 2H), 7.49 (t, J = 7.8 Hz, 2H).

[Fe2(naph)(CO)6] [2]. Naphthalene-1,8-dithiol [2a] (1.15 g, 6.00 mmol) was dissolved
in THF (150 mL). [Fe2(CO)9] (3.02 g, 6.00 mmol) was dissolved in THF (20 mL) and
added dropwise to the ligand solution. The mixture was refluxed for 45 min as it turned
from green to red. Finally, the solution was allowed to cool to room temperature, filtered,
and concentrated to dryness. The residue was recrystallized in hexane (20 mL), affording
microcrystalline product [2] (1.4 g, 50%). 1H-NMR (400 MHz, CDCl3) δ 8.28 (d, J = 7.1
Hz, 2H), 8.02 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.5 Hz, 2H) ppm. IR (CO) (MeCN) (cm-1):
2075 (m), 2041 (s), 2000 (br, m). [Fe2(naph)(CO)6]1- [2]]1-. 1.05 eq. of CoCp2

∗ (5mM),
added to [Fe2(naph)(CO)6] (5.0 mM) in acetonitrile under nitrogen or argon atmosphere.
IR (CO) (MeCN) (cm-1): 2008 (m, 1950 (s), 1915 (br, m). [Fe2(naph)(CO)6]2- [2]2-. 2.1 eq.
of CoCp2

∗ (5mM) was added to [Fe2(naph)(CO)6] (5.0 mM) in acetonitrile under nitrogen
or argon atmosphere. IR (CO) (MeCN) (cm-1): 1920 (s), 1890 (s), 1864 (br, m), 1805 (br,
m).

μ-PyCH2-NMI-S2 [3a]. 1,8-Naphthalic anhydride-4,5-disulfide (260 mg, 1.15 mmol)
was dissolved in degassed 2-methoxyethanol and 0.7 mL (740 mg) of 4-aminomethylpyridine
was added. The solution was refluxed for 48 hours under nitrogen atmosphere. The solution
was cooled down and placed at -20°C for 48 hours, after which golden crystals were obtained
and further dried in vacuo (165mg) in 45% yield. 1H-NMR (400 MHz, CDCl3) δ 8.54 (d,
J = 6.1 Hz 2H), 8.47 (d, J = 8.1 Hz, 2H), 7.52 (d, J = 8.1 Hz ,2H), 7.36 (d, J = 5.7 Hz,
2H), 5.39 (s, 2H) ppm.

[μ-PyCH2-NMI-S2)Fe2(CO)6] [3]. Ligand [3a] (300 mg, 0.86mmol) was dissolved in
dry THF after which Fe3CO12 (432 mg, 0.86mmol) was dissolved in 10 mL THF and added
to the reaction mixture. After stirring for 1.5 hour at room temperature, the reaction

83



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 92PDF page: 92PDF page: 92PDF page: 92

5.3 Experimental

mixture turned from green to red and was filtered over Celite and further dried in vacuo.
The product was purified by column chromatography on Silica gel with CH2Cl2 and a drop
of methanol. The product was obtained as pure orange powder in 46% yield. 1H-NMR
(400 MHz, CDCl3) δ 8.56 (2H), 8.44 (2H), 7.54 (2H), 7.37 (2H), 5.34 (2H) ppm. IR (CO)
(MeCN) (cm-1): 2080 (m), 2045 (s), 2007 (s).

[μ-PyCH2-NMI-S2)Fe2(CO)6]1- [3]1-. 1.05 eq. of CoCp2
∗ (5mM), added to [μ-PyCH2-

NMI-S2)Fe2(CO)6] (5.0 mM) in acetonitrile under nitrogen or argon atmosphere IR (CO)
(MeCN) (cm-1): 2050 (m), 2018 (s), 1979 (br, m).

5.3.3 Infrared Spectro-Electrochemistry

Electrochemical experiments were performed in an optically transparent thin-layer (200
μm) electrochemical (OTTLE)[18] cell equipped with CaF2 optical windows and a plat-
inum minigrid working electrode. The difference absorbance IR spectra were recorded on a
Nicolet Nexus FT-IR spectrometer and the UV-Vis spectra were recorded on a Shimadzu
UV-2700 spectrophotometer. The cyclic voltammetry scanning process (v = 0.5 mV s-1)
was controlled by a PGSTAT (Eco-Chemie) potentiostat. The measurements were per-
formed on 5.0 mM complexes in acetonitrile containing 0.1M nBu4NPF6 as a supporting
electrolyte.

5.3.4 Fe K-edge X-ray Absorption Spectroscopy

Fe K-edge (7112 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. Solu-
tions were measured in fluorescence mode, using a Germanium 9 element detector, or in
transmission using ionisation chambers. The energy was calibrated by defining the first
derivative peak of the Fe foil spectrum to be 7112.0 eV. The measurements were performed
on 5.0 mM complexes in acetonitrile. Samples were prepared in peek cells in a Glovebox
under argon atmosphere and were sealed with 8 microns thick Kapton foil as X-ray win-
dow. Data processing analysis was conducted with Athena and Artemis (Demeter software
package).[19]

5.3.5 S K-edge X-ray Absorption Spectroscopy

Fe S-Edge (2472 eV) X-ray absorption measurements were performed at beamline B18 of
the Diamond Light source (Didcot, UK) using a Si (111) crystal monochromator. The
cell was mounted in a large vacuum chamber. Solutions were always measured under
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5.4 Results and Discussion

high vacuum (prevent strong absorption of X-rays by air) and measured in fluorescence
mode, using a Germanium 9 element detector. Energy calibration was performed with
FeS2 for which the peak of the white line was assigned to 2471.1 eV. The measurements
were performed on 5.0 mM complexes in acetonitrile. Samples were prepared in peek cells
in a Glovebox under argon atmosphere and were sealed with 8 microns thick Kapton foil as
X-ray window. In order to exclude beam induced changes, we monitored beam irradiation
effects by 10 subsequent quick scans (2 min/scan), with a focused beam on complex [1].
No changes in the XANES spectra occurred. Additionally, Fe K-edge XANES was always
measured before and after every S K-edge XANES experiment to check the stability of
the complexes in solution. After the experiment, all samples were inspected on beam
damage by eye. As such we ensure that reported spectral changes are in fact chemistry
and not beam induced. Data processing analysis was conducted with Athena and Artemis
(Demeter software package).[15]

5.3.6 Computational Details

All geometry optimisations and IR simulations were conducted using ADF[20] with the
TZ2P basis set and BP86[21] or OPBE[22] functional. TD-DFT XANES calculations were
performed with a 50 Davidson excitation restriction window where only singlet quadrupole-
and dipole-allowed transitions are selected from the Fe 1s orbitals.[23] In all TD-DFT cal-
culations, the B3LYP – d3 functional and a QZ4P Slater-type basis set was applied.[24]

The intensities include second-order contributions due to the magnetic-dipole and electric-
quadrupole transition moments.[25] The spectra were shifted by 151.0 eV in case of iron and
56.0 eV in case of sulfur for comparison to experiment for comparison to experiment.[26]

These shifts are chosen such that the energy of the first peak in the calculated spectrum
agrees with the first peak in the experimental spectrum. Although these are large shifts,
they do not affect the relative position of the peaks.

5.4 Results and Discussion

5.4.1 IR spectro-electrochemistry

The spectro-electrochemistry of complex [1] was already discussed in Chapter 4. In here,
four main CO vibrational modes in the IR region, 2078 cm-1, 2044 cm-1, and two signals near
2001 cm-1 underwent a blue shift towards 1961 cm-1, 1914 cm-1 and 1862 cm-1 together with
an additional signal at 1682 cm-1 assigned to a bridging carbonyl, showing the formation of
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5.4 Results and Discussion

[1][2-]. The reported DFT calculations were in excellent agreement with these experimental
results. By applying a potential over a solution of [2] the first reduced state: [2]1-

could be characterized with a reduction potential at roughly -1.6 eV, in correspondence
with literature.[16] The vibrational bands originally present at 2074 cm-1, 2038 cm-1 and
1999 cm-1 also here underwent a blue shift towards 2008 cm-1 1950 cm-1 and 1910 cm-1

in correspondence with our computational data (Figure 5.1) and literature.[10],[6] Upon
increasing the potential to -1.95 V, new strong bands were present at 1910, 1880 cm-1

and broad bands between 1850 and 1800 cm-1 (Figure 5.2). This is in well agreement
with DFT calculations, visualizing bands at 1910 cm-1, 1895 cm-1 and two relatively sharp
signals between 1850 and 1800 cm-1. This would imply that all carbonyl groups are ligated
in a linear fashion to an even more reduced iron core (Figure 5.2).

Figure 5.1 Absorbance difference IR SEC spectra recorded during the first electron reduction
of 1.0 mM of [2] in Acetonitrile (0.1 M nBu4NPF6) within an OTTLE cell.

Steady state infrared spectra are recorded for [3] and [3]1- (Figure 5.3) and showed iden-
tical values compared to results obtained by Ping et al.[10] The neutral state has three
signals at 2080 cm-1, 2046 cm-1 and 2007 cm-1 and the reduced state at 2054 cm-1, 2018
cm-1 and 1976 cm-1. Next to the metal-carbonyls, two additional weak bands are shifted
from 1706 cm-1 and 1666 cm-1 towards 1629 cm-1 and 1583 cm-1, highlighting the largely
delocalized spin density upon the ligand system.
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5.4 Results and Discussion

Figure 5.2 DFT calculated spectra of [2]2- (right) compared to the final spectrum in the
spectro-electrochemistry measurement (left).

Figure 5.3 Steady state infrared spectrum of hydrogenase complex [3] (bottom red) and [3]
+ 1.05 eq. CoCp2

∗ (top blue).
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5.5 Fe K-edge EXAFS

5.5 Fe K-edge EXAFS

Structural information on the precursors [2] and [3] together with reduced species [2]1-,
[2]2- and [3]1- was obtained via Fe K-edge EXAFS analysis. An overview of all the ob-
tained Fe K-edge EXAFS data of both precursors and final reduced species is presented in
Figure 5.4. The structural information for [1] and its chemically reduced analogue [1]2-

have been extensively discussed in Chapter 4. We characterized the di-anionic structure as
an open structure in which one Fe-S bond was broken in combination with the formation
of a new bridging carbonyl between both iron centres. Both precursors [2] and [3] were
measured in acetonitrile and require four shells to obtain a satisfactory fit for the data.
The first shell is a carbon shell containing three atoms at a distance of ∼1.80 Å. The
second shell is a sulfur shell, containing two atoms at 2.26 Å. The third shell is an iron
shell containing one atom at a distance of 2.43(4) Å in case of [2] and 2.539(2) Å in case
of [3]. The final oxygen shell has a coordination number of three at ∼2.93 Å. Additional
multiple scattering pathways, i.e. single forward Fe – CO and double forward Fe – COC
were analyzed for both structures. In order to reduce the amount of parameters used in
the fit, the Fe-CO and Fe-COC multiple scattering pathways were constructed by apply-
ing the parameters used for the single scattering contributions of the carbon and oxygen
shell,assuming perfectly linear Fe-CO coordination geometry.

The k2-weighted Fourier transform of [2]1- in acetonitrile is shown in Appendix Figure
5.14. The obtained EXAFS parameters and comparison towards a DFT optimized struc-
ture are given in Table 5.1. Also here, four shells are used to obtain a reliable fit for the
data. The first shell, still has three carbon atoms at a similar bond distance of 1.806(8)
Å compared to [2]. The second shell of two sulfur atoms is 2.27(1) Å. Whereas the third
shell with one iron atom, is elongated extensively towards 3.12(4) Å, in line with DFT
(2.85 Å). § The final oxygen shell consists of three atoms and remains at a distance of
∼2.95 Å. The fact that [2]1- has three identical Fe – CO bond distances and an identical
number of Fe-CO and Fe-COC multiple scattering pathways compared to [2] proves that
no bridged carbonyl species (Fe-μ-CO) are present in the bulk solution. The k2-weighted
Fourier transform of [2]2- in acetonitrile is shown in Figure 5.4.

§ The use of 1.05 eq. CoCp2
∗ results in partial formation of [1]2- explaining the longer Fe-

Fe bond distance in [1]1-.
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5.5 Fe K-edge EXAFS

The obtained EXAFS parameters and comparison towards a DFT optimized structure
is given in Table 5.1. Although the first carbon shell of three atoms is still at a similar dis-
tance of 1.80(1) Å, the second shell with two sulfur atoms underwent a small, but further
elongation towards 2.29(2) Å. In case of the iron shell, an elongation towards 3.53(8) Å was
observed. Finally, the Fe-COs are shortened towards 2.83(1) Å, but do remain in a linear
binding mode based on the single and multiple Fe-CO(C) scattering pathways required for
analysis. This is in good agreement with our spectro-electrochemistry investigations for
both reduced species, as only terminal ligated CO signals were observed. The k2-weighted
Fourier transform of [3]1- in acetonitrile is shown in Figure 5.4. The obtained EXAFS
parameters and comparison towards a DFT optimized structure is given in Table 5.1. Also
here, the first carbon shell of three atoms is at a similar distance of 1.79(1) Å, compared
to [3]. The second shell with two sulfur atoms are observed at 2.27(1) Å. Reduction of
[2] displayed extensive elongation of the Fe–Fe bond. In case of [3] however, the addition
1.05 eq. CoCp2

∗ leads to no significant changes in the Fe-Fe bond length. Furthermore,
the six Fe-CO bonds are again not affected by the reducing conditions, nor does the Fe-S
coordination change. Based on many electro-chemical investigations, the di-iron core is
in general known to be capable of accepting one and often two consecutive electrons. In
some cases, after accepting the first electron, one of the four Fe-S bonds may de-coordinate
to form an entirely new structure.[8],[27],[28] Earlier investigations in our group has shown
a clear example of this where Fe-S bond breakage even resulted in a potential inversion
in [1].[4] Earlier investigations by G. Qian et al.[7] postulate the formation of a dimer
with a tetra-iron core using a ferrocene functionalized 1,8 dithiol-naphthalene hydrogenase
mimic. The formation of Fe- S ruptured structures can be disregarded as in all cases both
bridging sulfur atoms are observed at similar bond distances compared to its neutral state.
Furthermore, plausible isomeric structures were also disregarded as in the EXAFS region
as we only observed an elongation of the Fe-Fe bond and no additional Fe-Fe shells were
observed in the experimental R-space.[29]
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5.5 Fe K-edge EXAFS

Figure 5.4 (Top) k2-weighted Fe K-edge EXAFS data of [2] (left) and [2]1- (right). (Bottom)
k2-weighted Fourier Transforms of the EXAFS data for 2 < k < 10.5 Å of [3]
(left) and [3]1- right. In all plots the data are represented by the solid lines (red),
whereas the corresponding fits are the dotted lines (blue).
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5.5 Fe K-edge EXAFS

Table 5.1 Fe K-edge EXAFS fitting parameters for [2] and [2]1-, [2]2-, [3] and [3]1- where N
= coord. number, σ2 = Debye Waller factor [AA-2], R = fitted bond length [Å].

Compound Shell N σ2 RDFT (Å) RFit (Å)

[2]a Fe-C 3.0 0.004(1) 1.79 1.80(2)
Fe-S 2.0 0.002(3) 2.27 2.28(2)
Fe-Fe 1.0 0.004(5) 2.54 2.43(4)
Fe-O 3.0 0.001(3) 2.93 2.95(1)

Fe-CO 6.0 0.002(2) 2.93 2.95(1)
Fe-COC 3.0 0.004(2) 2.93 2.95(1)

[2]1- b Fe-C 3.0 0.004(1) 1.80 1.806(8)
Fe-S 2.0 0.0018(7) 2.33 2.27(1)
Fe-Fe 1.0 0.007(5) 2.85 3.12(4)
Fe-O 3.0 0.011(4) 2.93 2.95(1)

Fe-CO 5.0 0.008(4) 2.93 2.95(1)
Fe-COC 2.5 0.008(4) 2.93 2.95(1)

[2]2- c Fe-C 3.0 0.006(2) 1.76 1.80(1)
Fe-S 2.0 0.0022(7) 2.36 2.29(2)
Fe-Fe 1.0 0.01(1) 3.46 3.53(8)
Fe-O 3.0 0.012(3) 2.87∗∗ 2.83(1)

Fe-CO 5.0 0.010(3) 2.87∗∗ 2.83(1)
Fe-COC 2.5 0.010(3) 2.87∗∗ 2.84(1)

[3] d Fe-C 3.0 0.003(2) 1.80 1.82(1)
Fe-S 2.0 0.003(7) 2.26 2.253(8)
Fe-Fe 1.0 0.008(1) 2.54 2.539(2)
Fe-O 3.0 0.005(3) 2.94 2.989(8)

Fe-CO 6.0 0.002(2) 2.94 2.989(8)
Fe-COC 3.0 0.004(2) 2.94 2.989(8)

[3]1- e Fe-C 3.0 0.007(2) 1.77 1.79(2)
Fe-S 2.0 0.004(2) 2.29 2.27(1)
Fe-Fe 1.0 0.008(1) 2.55 2.51(4)
Fe-O 3.0 0.005(5) 2.93 2.95(2)

Fe-CO 6.0 0.005(5) 2.93 2.95(2)
Fe-COC 3.0 0.010(5) 2.93 2.95(2)
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5.5 Fe K-edge EXAFS

ak range = 3–11.4 Å, R range = 1–3.5 Å; E0 = -3.4 eV∗ , R-factor fit: 0.021
bk range = 3–10.5 Å, R range = 1–4.0 Å; E0 = -1.16 eV∗, R-factor fit: 0.015
ck range = 3–11.2 Å, R range = 1–3.5 Å; E0 = -2(1) eV, R-factor fit: 0.018
dk range = 3–12.0 Å, R range = 1–3.5 Å; E0 = 0.59 eV ∗, R-factor fit: 0.020
ek range = 2–11.8 Å, R range = 1–3.5 Å; E0 = -1(1) eV, R-factor fit: 0.023
∗ fixed value ∗∗ Fe-CO bond angle changes from almost 180o towards 172o.

5.5.1 Fe K-edge XANES

So far, EXAFS analysis showed structural changes under reductive conditions are mainly
observed in the Fe – Fe bond distance for [2], whereas [3]1- showed no bond elongation
between both iron atoms. Next to revealing additional structural information, Fe K-edge
XANES also visualizes the electronic processes. The XANES data of [1], [2] and [3] in
acetonitrile are shown in Figure 5.5. All precursors have an absorption edge at ∼7125
eV. These are commonly observed for Fe1-Fe1 carbonyl ligated complexes,[30] attributed
to the strong π-accepting nature of the carbonyls.[31] The shape and position of all three
spectra are almost identical and supports a similar electronic structure and coordination
environment near the absorbing iron atom. The position and intensity of the spectra in
the pre-edge region (7112 – 7118 eV) are indicative of five coordinate iron species.[32] The
TD-DFT calculated pre-edge of [2] and [3] are both shown in Figure 5.5 B. The peak
at the start of the calculated spectrum is split in two transitions. The first transition,
(7112.5 eV) only consists of quadrupole contributions. The five iron d-orbitals combine
with the carbonyl σ and π∗-orbital combinations, where the dxz- and dyz-orbitals interact
only with the π∗-orbitals. The second transition (7112.8 eV) has next to small carbonyl
σ contributions mostly sulfur σ∗ contributions. The peak at higher energy (7115 eV) are
transitions where dz2 orbitals interact mainly with carbonyl π∗-orbitals (Figure 5.5B). The
involvement of the ligand is observed strongest at higher energies (7117 – 7119 eV) and are
again similar in case of [2] and [3] (Figure 5.5 B). The isosurface plots of (a combination
of) unoccupied orbitals discussed above are plotted in Figure 5.6, these also include the
iron orbital contributions. Small differences at the rising edge (∼7120 eV) and increased
intensity at the top of the pre-edge (∼7112 eV) for [3] are most likely due to an overall
lower symmetry compared to [2], enhancing 1s to 4p transitions.[33] When examining the
reduction events at [2] (Figure 5.5), a significant edge shift of -1.5 eV was observed. No
direct changes in the ligand environment strongly supports a reduction of the iron core.[34]

No blue shift of the edge position is observed after the second electron reduction.
The anionic charge is possibly more distributed over the conjugated ligand backbone.
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5.5 Fe K-edge EXAFS

Figure 5.5 Experimental (solid) and computational (dashed) Fe K edge XANES spectrum of
A: [1] (black), [2] (red) and [3] (blue) B: Pre-edge region of Fe K-edge XANES
spectra of [1] (black), [2] (red) and [3] (blue) with TD-DFT simulated spectra
(dashed) C: Fe K-edge XANES spectra of [2] (red) [2]1- (purple) and [2]2- (blue)
with the normalized derivative as inset and D: Fe-K edge XANES spectra of [3]
(red) and [3]1- (blue) with the normalized derivative as inset.

These statements are clearly reflected by the TD-DFT calculated spectrum of [2]2- (Figure
5.7). The first two peaks in the pre-edge region are separated to a greater extend compared
to [2]. This peak splitting can be understood by looking at the corresponding orbital
contributions. In here, the first few LUMOs have more 3d character and less character of
the CO π∗ orbitals in the reduced complex [2]2- which are now reflected at 7114 eV. Thus,
the metal and corresponding Fe-CO orbitals are affected to a greater extend in [2]2- and
matches with the blue shift of the white line, also a strong indication of metal reduction.
Looking at the reduction of [3], the first derivative of the Fe K-edge indicates no reduction
of the iron centre, therefore strongly suggesting a ligand based reduction. The hypothesis
of the charge being more located on the ligand backbone was confirmed by our TD-DFT
XANES calculations (Figure 5.7)
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5.5 Fe K-edge EXAFS

Figure 5.6 Isosurface plots of the unoccupied orbitals probed by the pre-edge transitions as
obtained from TD-DFT calculations with B3LYP/QZ4P, for the major contribu-
tions to the pre-edge peaks of [2].

Figure 5.7 Experimental (solid) and computational (dashed) Fe K-edge XANES spectrum of
[2]2-.

This is in line with EXAFS analysis, where no structural changes around the metallic
centre took place, in contrast to [1]2- and [2]2- and further support both the experimental
and computational data.

94



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 103PDF page: 103PDF page: 103PDF page: 103

5.6 Sulfur K-edge XANES

5.6 Sulfur K-edge XANES

The S K-edge XANES spectra in Figure 5.8 define two separate features, at ∼2472 and
at ∼2474 eV for all precursors [1], [2] and [3]. The first features at 2472 eV can be
assigned to S 1s core electron excitations into vacant Fe-Fe, Fe-S mixed σ∗ and π∗ orbitals
in addition to a limited set of Fe-CO π∗ orbitals that are symmetry allowed to mix with S
3p orbitals [30] (Figure 5.8 A). The features at 2474 eV emerge due to the excitation towards
anti-bonding orbitals on the ligand backbone (Figure 5.9).[35] When comparing [2] and [3]
to [1], (Figure 5.8A) we can see that the naphthalene bridged complexes exhibit a lower
edge feature at 2474 eV. Comparing the calculated orbital compositions reveals that [1]
has the least (covalent) mixing between the ligand π∗ and sulfur orbitals, and the most
iron character in the ligand π∗-orbitals. The high intensity of both peaks in [1] are due
to close lying high intensity transitions, whereas the broader intensity in [2] and [3] have
additional transitions that are more spread out, giving rise to a lower and broader signal.[36]

By calculating the XANES spectrum of [1] using TD-DFT (Figure 5.9), the first feature at
2472 eV can be assigned to S 1s core electron excitations into the LUMO, mainly localized
on the Fe2CO6 core with additional C-σ∗ mixing. Upon reduction of [1] with 2 eq. of
CoCp2

∗ the large pre-edge signal at ∼2472 eV reduces drastically, together with a growing
inset at lower energies (2470 eV), hinting at reduction of the sulphur atom(s). Looking in
more detail, TD-DFT indeed shows a similar trend where the LUMO shifts to lower energy,
which is still mainly located on the Fe2CO6 moiety accompanied by mixing of π∗ ligand
backbone orbitals (Figure 5.9 A peak C). The additional lowering and blue shift of the
second peak (B −→ D) is due to symmetry breakage and really emphasizes the formation of
the open di-anionic species, explained by the excitation towards more unoccupied orbitals,
spread out over a wider energy range.[30] Adding one equivalent of reductant to [2] shows
an intense pre-edge feature to arise, which further increases in intensity upon a second
reduction (Figure 5.8 C). The pre-edge feature can be assigned to the excitation of 1s to the
LUMO (Figure 5.9 B), visualizing a strong reduction on the iron core. This is accompanied
by a minor blue shift of the rising edge (2473.9 eV). The shift shows the lowering of the
ionization threshold, mainly caused by (indirect) reduction of sulfur species. The increased
sulfide character delocalized between the two sub-clusters could be explained by partial spin
density localized on the ligand backbone from the iron core.[37] The increased absorption
at 2474 eV which is also reflected in the TD-DFT calculation supports the spin density
distribution towards the ligand backbone. Both Fe and S K-edge have shown the reduction
process to take place at the metallic site. This result is in line with the observed Fe – Fe
bond elongation, observed via EXAFS analysis. Overall, the spin density distribution
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5.6 Sulfur K-edge XANES

Figure 5.8 (A) Experimental S K-edge XANES of [1] (black) [2] (red) and [3] (blue). (B)
Experimental S K-edge XANES spectrum of [1] (red), [1]1- (purple) and [1]2-

blue. (C) Experimental S K-edge XANES spectrum of [2] (red), [2]1- (purple)
and [2]2- (blue) and (D) experimental S K-edge XANES spectrum of [3] (red) and
[3]1- (blue).

in [2]1- and [2]2- have experimentally been examined in solution and match the trend
observed computationally.
Figure 5.10 shows the calculated spin density of [2]1- and [2]2- to mainly reside on the iron
core. In comparison, reduction of [3] only shows a minor shift (∼ -0.1 eV) of the edge at
2471 eV, together with a strong increase in absorption at 2474 eV. No changes in the pre-
edge region occur, indicating a reduction event to take place further away from the Fe2S2

core, only affecting the transitions towards the ligand backbone, observed by increased
absorption at 2474 eV and not the Fe-Fe or Fe-CO π∗ orbitals.[30] The TD-DFT calculated
spectrum of [3]1- (Figure 5C) points out unambiguously that the metallic part (2470 eV) is
not affected whereas the ligand part (reflected at 2474 eV) is. These observations are in line
with the EXAFS analysis of [3]1- where no structural changes were observed. Furthermore,
the calculated spin density of [3]1-, is mainly located on the NMI ligand (Figure 5.10),
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5.6 Sulfur K-edge XANES

Figure 5.9 (A) Experimental S K-edge XANES of [1] (black) [2] (red) and [3] (blue). (B)
Experimental S K-edge XANES spectrum of [1] (red), [1]1- (purple) and [1]2-

blue. (C) Experimental S K-edge XANES spectrum of [2] (red), [2]1- (purple)
and [2]2- (blue) and (D) experimental S K-edge XANES spectrum of [3] (red) and
[3]1- (blue).

further supporting our findings.
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5.6 Sulfur K-edge XANES

Figure 5.10 Spin density plots (BP86 dipersion Grimme 3, TZ2P) for [2]1-, [2]2- and [3]1-.

Summarizing, we have determined that the distribution of the electron density is directly
probed in S K-edge XANES. At the same time, we see a change in Fe-CO distance depend-
ing on ligand and/or upon reduction. Since the LUMO resides mostly on the Fe2S2CO6

fragment, we hypothesized that the S K-edge and Fe-CO bond distance are a measure of
the same phenomenon. Plotting the absorption at 2470 eV (peak area determined given
in Appendix Figure 5.13) against the Fe-CO bond distance, we see that indeed a linear
correlation was found (Figure 5.11). This means that in this case, the S K-edge pre-edge
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Figure 5.11 The absorption values at 2470 eV determined by pseudo-Voight peak fitting after
abstraction of the two main peaks. The S- XANES data are plotted as a function
of Fe – CO bond lengths. (blue) Experimentally derived values via Fe-K-edge
EXAFS analysis.
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5.7 Conclusions

region can be used to visualize the Fe-CO bond distance, as a function of ligand and/or
reduction. Although a direct link towards catalytic activity is difficult to establish, es-
pecially when structures undergo structural rearrangements, as observed for [1],[4],[33],[34]

these observations do support the earlier proposed hypothesis that the LUMO should be
primarily metal centered[38] explaining why [2] [6] is more active than [3] [10] (comparing the
TOF).[39],[40],[41] It should however be noted that the rigidity of these naphthalene systems,
together with their stabilizing charge effect results in more stable reduced species compared
to alkyl-thiolate linkers.[42]

5.7 Conclusions

The combination of soft (S K-edge) and hard (Fe K-edge) X-ray spectroscopy enabled the
full characterization of different hydrogenase mimics, allowing to detect changes in different
parts of these catalytic systems. The S K-edge XANES spectra clearly showed electronic
and structural changes upon reduction, which were visible only due to high experimental
energy resolution. This allowed us to differentiate between reduction of the metal center
observed for [2] and ligand reduction in case of complex [3]. Next to the typical (lack of)
shift in the edge position, additional evolution of pre-edge features in [2] were assigned
to reduction of the metal center, which was fully supported by TD-DFT calculations. A
linear correlation between the peak area of the pre-edge in S K-edge XANES and the
EXAFS determined Fe-CO bond distance and reflects the changed spin density in the
system, affecting both S electronics and Fe-CO bond length to an equal extend. The
satisfactory derived elongation from 2.43(3) Å to 3.53(8) Å of the Fe–Fe bond in [2]2- -
with no additional Fe-Fe scattering paths at longer distances show the Fe2S2 core to stay
intact. No Fe-Fe bond elongation was observed via EXAFS analysis in [3]1- - in line with
the non-innocence of the NMI group that was reduced instead of the iron. This study shows
that a combination of soft and hard X-rays is a powerful tool to identify redistribution of
charge in ligand containing hydrogenase mimics, during redox processes. These results
are a good starting point for operando (soft) X-ray analysis during hydrogen evolution
catalysis to study the role of the ligand and the metal center under catalytic conditions.
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5.9 Appendix

5.9.1 XANES analysis

Figure 5.12 Experimental Fe K-edge (left) and Fe S K-edge (right) XANES spectrum of ref-
erence material FeS2 and complexes [1] and [2].

Figure 5.13 Example of Pseudo-Voigt peak fitting of experimental S K-edge XANES data of
[1]2-
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5.9 Appendix

5.9.2 EXAFS analysis

Figure 5.14 (Left) k2-weighted Fe K-edge EXAFS data of [1]1- and (right) k2-weighted Fourier
Transforms of the EXAFS data for 3 < k < 10.5 Å of [1]1-. In all plots the data is
represented by the solid lines (red), whereas the corresponding fits are the dotted
lines (blue).
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5.9 Appendix

5.9.3 Molecular orbital contributions

Table 5.2 Percentage of Symmetrized Fragment Orbitals in the Lowest Unoccupied (LUMO)
and Highest Occupied Molecular Orbitals (HOMOs) of [1]–[3].

Compound MO %Fe %Fe %Fe %Fe %Fe %S %C
dz2 dxy dxz dyz dx2-y2 Px Px

[1] HOMO 13 - 1 13 21 9 13
HOMO-1 8 3 14 9 13 - -
HOMO-2 10 40 9 5 8 - -
LUMO 12 11 5 - 7 9 8
LUMO+1 4 5 11 9 14 13 1

[2] HOMO 9 - 20 - 20 6 -
HOMO-1 - 3 - 3 - 5 60
HOMO-2 - 8 - 16 - 52 -
LUMO 6 - 18 - 20 5 11
LUMO+1 - 5 - 10 - - 56

[3] HOMO - - - - - - 70∗∗

HOMO-1 12 - 17 - 15 - -
HOMO-2 34 - 2- - 23 7 -
LUMO - 4 - 8 - - -
LUMO+1 6 - 18 - 20 11 3

∗%C only involves the ligand backbone and not the carbonyl based orbitals.
∗∗%C also involves the %N in the ligand backbone.
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Chapter 6

Understanding the Activation
Mechanism of Iron Catalyzed Ethene
Polymerization by in-situ X-ray
Absorption Spectroscopy

The majority of this work is based on: J.P.H. Oudsen, B. Venderbosch, L.A. Wolzak,
M. Hammerton, T.J. Korstanje, M. Swart and M. Tromp, Understanding the Activation
Mechanism of Iron Catalyzed Ethene Polymerization by in situ/Operando Spectroscopy,
Manuscript in preparation.
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6.1 Abstract

6.1 Abstract

Here, we have studied two bisiminopyridine-based iron catalysts that are active in the
oligomerization and polymerization of ethene. By applying spectroscopic experiments
(UV-Vis and XAS) with industrially applied activators, we were able to characterize the
activated catalyst in solution; time resolved measurements enabled us to monitor the ac-
tivation pathway for both precursors. Hereby we have shown the quantitative formation
of postulated [Fe+μ-MeMe-AlMe2(NNN)-R] general structure, with an overall triplet spin
state for [R = Mes], compared to a quintet ground state in the case of [R = iPr]. This
assignment was based on EXAFS analysis of the Fe – N bond distances which are shown
by DFT to be dependent on the iron ground state. Additional formation of a bidentate
complex was investigated computationally.

6.2 Introduction

Since bisiminopyridine-type ligands were independently discovered by Brookhart[1] and
Gibson[2] in 1998, there have been numerous studies directed at modifying the bisiminopy-
ridine frame,[3],[4],[5],[6] especially the groups attached to the imine nitrogen donors[7],[8],[9] in
order to improve its catalytic properties towards ethene oligomerization. Rational ligand
design played a crucial role, steering the selectivity towards linear polymers by the addition
of alkyl and or halogen-groups on the ortho aryl position connected to the imine nitrogen of
the backbone.[3],[8],[9] The high steric bulk (HSB) of such ortho substituted aryls retards the
chain termination steps and thus allows for formation of more heavy LAO polymers[10] in
addition to formation of Schultz Flory distributed linear α-olefins. On the other hand, low
steric bulk (LSB), e.g. non- or mono-ortho substituted aryls, mainly produce low molecular
weight linear α-olefins, also with a Schultz-Flory distribution.[1],[11] Thus far, this reactivity
has mostly been determined based on analysis of the formed polyethylene product (e.g.
1H-NMR or GPC) in combination with DFT calculations. This steric effect could also play
an important role in the activation and reaction mechanism under catalytic conditions. In
order to explain differences in reactivity, we envisioned to apply time resolved spectroscopy
on two species, based on either high or low steric bulk (respectively 1 and 2 , see Figure
6.1).

An in-depth study of the polymerization mechanism with FeII-bisiminopyridine based
catalysts was made by Deng et al.[12], who found that most ethene polymerization reactions
proceed via a so-called Cossee-Arlman type reaction mechanism.[13] This chain propaga-
tion mechanism is proposed to incorporate only reactions of a monomer with propagating
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6.2 Introduction

Figure 6.1 HSB complex 1 and LSB complex 2 used in this study.

species and no other polymer-monomer or polymer-polymer reaction occurs, forming ex-
clusively regular linear products. The reaction mechanism of iron catalyzed ethene poly-
merization starts by activation of the pre-catalyst with an aluminum activator. The most
applied activator for this kind of reactions is modified methylaluminumoxane (MMAO).
Despite the complex composition of MMAO, it has proven to show unparalleled activity for
oligomerization and polymerization reactions.[14][15] The exact (activation) mechanism and
the corresponding oxidation state (FeII or FeIII) of the active species, remain an ongoing
debate[16] (Scheme 6.1). The now well-evidenced ‘non-innocence’ of the bis(imino)pyridine
ligand[17],[18] and, consequently, the uncertainty over the oxidation and spin state of the
open-shell Fe organometallic complex during catalysis, recently demonstrated by Chirik
and Wieghardt[19], render the drawing of mechanistic conclusions uncertain. Several au-
thors propose that the activator forms an ionic bond with the iron, whereas the aluminum
is anionic and the iron cationic in nature[14],[20] (4A and 4B in Scheme 6.1). This allows for
easy monomer coordination to the iron center and the MMAO can act as possible anionic
stabilizer. Recently, studies have shown the presence of an FeII active catalyst.[21][22] Gib-
son et al.[23] claimed the observation of solely FeIII species based on Mössbauer and EPR
results. These findings are further supported by theoretical studies done by Raucoules and
co-workers[16], in which they point out that the two most reactive activated catalytic species
are the monomethyl substituted complexes of the type [FeIIMe]+ and [FeIIIMe]2+ in case of
FeIII species.[12][24] The large paramagnetic shifts in the 1H-NMR spectra hamper the study
of catalytic intermediates, mostly due to difficulties in assigning the signals.[21],[22],[25] EPR
spectroscopy is often not suited for FeII and FeIII high spin species (S=2, S=5/2) as these
are often EPR silent. The use of crystallographic techniques to crystallize reactive inter-
mediates is extremely difficult to perform due to the high amounts of aluminum activator
necessary for the activation process.
We therefore propose to use time resolved UV-Vis spectroscopy, to gain more insights in the
kinetics of both short time scales (ms regime) and longer time scales (minutes to hours).
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6.2 Introduction

Scheme 6.1 Proposed activation mechanism for FeII bisiminopyridine complexes with MMAO
and/or TMA.

From this point, we envisioned to apply (synchrotron) X-ray Absorption Spectroscopy
(XAS) in combination with a freeze quench (FQ) methodology to isolate reaction mixtures
in time. XAS analysis enables us to determine the oxidation state and local geometry of
the probed element with high accuracy. With this FQ approach, remarkable results have
been achieved in the structural investigation of several other paramagnetic 3d transition
metal based catalysts, such as Cr[26] and Mo[27]. However, limited studies have been per-
formed on homogeneous iron catalysts. This is most likely due to the fact that high spin
FeII (d6) and high spin FeIII (d5) could possess several different multiplicities and could
therefore hamper the assignment in the spectra. Lately, the use of TD-DFT calculations
has shown to be a great tool in assigning pre-edge features in the XANES region of the
spectrum. This could therefore give additional insight in the geometry and spin state of the
iron species. Herein, we report a combination of time resolved UV-Vis spectroscopy and
FQ XAS in order to follow the activation mechanism of iron based ethene polymerization
catalysts. Additionally, TD-DFT calculations were performed, cross-linking observed co-
ordination modes in the EXAFS region with simulated pre-edge XAS and UV-Vis spectra.
By activating with MMAO under 1 bar of ethene, or excess alkyne reagents we envisioned
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6.3 Experimental Section

to trap ethene or alkyne-coordinated species. Despite the many efforts in this field, the
question regarding the oxidation state and structure of these catalysts under catalytic con-
ditions are still under debate. Proposals regarding the activation process and final active
species are made based on Fe K-edge XAS results and (TD-)DFT calculations.

6.3 Experimental Section

6.3.1 General Experimental Details

Starting materials were obtained commercially or prepared and purified according to the
references given below. All solvents were dried by using standard procedures.[28] All air-
sensitive materials were manipulated using standard Schlenk techniques or by the use of a
glovebox. 1H NMR spectra were recorded on a Bruker AVANCE 400 MHz spectrometer.

6.3.2 Synthesis and characterization of complex 1 and 2

The tridentate ligands used in this study are pyridine diimine ligands of general structures
1-2 prepared by the Schiff-base condensation of 2,6–diacetylpyridine with 2 eq. of the
desired aniline/amine. The precursors, formed by addition of the ligand to the anhydrous
metal salt FeIICl2, are neutral bisiminopyridyl FeII complexes synthesized and characterized
according to literature[29],[30] (Further details are given in section 6.9.1 of the Appendix).

6.3.3 X-ray Absorption Spectroscopy

Fe K-edge (7112 eV) X-ray absorption measurements were performed at beamline BM26
(DUBBLE)[31] of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
Fe K-edge XAS data were obtained in fluorescence mode using a Si(111) double crystal
monochromator and a Silicon drift detector, with acquisition times of 20 min (multiple
scans were averaged to improve signal to noise ratios, unless stated otherwise). The en-
ergy was calibrated by defining the first derivative peak of the Fe foil spectrum to be 7112
eV. The measurements were performed on 5.0 mM complexes in toluene. Samples were
prepared in Schlenk flasks under inert conditions and transferred to kapton tubes and sub-
sequently frozen in liquid nitrogen under argon atmosphere (to prevent further reaction
as well as beam damage). During the measurements the samples were kept frozen using a
cryojet (100 K) setup. Data processing analysis was conducted with Athena and Artemis
(Demeter software package).[32]
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6.3 Experimental Section

6.3.4 Stopped Flow – UV Vis Spectroscopy

We have developed a freeze-quench (FQ)XAS cell to permit measurements to be made
following rapid quenching of the catalyst mixture. The stopped-flow system has a proven
performance in controlled and reproducible injection of accurate mixtures in millisecond
timescales. The stopped-flow (SFM400/QS, Biologic, France) consists of four syringes that
can be filled with reaction solution or solvent.[18],[29] The system is computer controlled and
allows injection of very precise volumes with controlled injection rates (and thus injection
times). The solutions are injected using stepper motors via the delay lines and the mix-
ers into a cuvette or capillary, depending on the requirement. Specially designed quartz
cuvettes allow time-resolved experiments to be performed on the injected mixtures, using
an optical fibre UV/Vis spectrometer (MCS–UV–VIS–NIR 1/500-3 Fast Diode Array De-
tector, BioLogic, France), specially customized for the stopped flow setup. Due to the air
and moisture sensitive nature of the chemistry, the entire stopped-flow is connected to a
Schlenk line allowing us to work under an argon atmosphere. To ensure the stopped-flow is
completely air and moisture free, a careful cleaning and passivating procedure is employed
before every experiment. The internal components of the stopped-flow instrument were
manufactured in KelF (polychlorotrifluorethyene), with Kalrez (perfluoroelastomer) rings,
to ensure full chemical compatibility. All stopped-flow experiments were carried out using
a BioLogic SFM-400 stopped-flow instrument as explained above. In stopped-flow mode,
all reactions were observed in cuvette TC-100/10T with minimum dead volume of 30.2
μL. In time UV/Vis was collected using J and M Analytic AG MCS-UVNIR 500-3 fibre
optic diode array spectrometer. Prior to all reactions using the stopped-flow instrument,
the whole instrument was purged with argon, maintaining a positive pressure throughout
(including waste lines) by attachment to a Schlenk line. All lines were washed with anhy-
drous toluene, then the subsequent reactant, followed by further washing with anhydrous
toluene.

6.3.5 Computational Details

All geometry optimizations and IR simulations were conducted using ADF[33][34] with the
TZP basis set and the BP86-D3[35] or OPBE[36],[37],[38],[39] functional. In the geometry op-
timization, the relativistic effects were taken into account by the ZORA Hamiltonian in
its scalar approximation.[40] Transition states were located using the QUILD program[41],
based on analytical gradients[42] and model Hessians[43], and are validated by a single imag-
inary frequency from analytical Hessians.[44] TD-DFT UV Vis calculations were performed
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6.4 Results and Discussion

on the crystal structure or geometry optimized structure (OPBE/TZP) with the B3LYP-
D3/AUG-TZ2P[45],[46],[47] level of theory using the Amsterdam density functional (ADF)
software. In the simulation of the spectra, we have taken into account the 50 – 100 lowest
singlet-singlet and coupled singlet-triplet transitions and plots of intensity vs. wavelength
(nm) were fit with a Lorentzian function with a full width at half maximum (FWHM)
broadening of 75 nm. The most probable and intense features were assigned based on their
oscillatory strength in combination with the transition dipole moment values, all shown in
the corresponding tables. All orbital plots were viewed and generated using the ADF GUI.
TD-DFT XANES calculations were performed with a 100 Davidson excitation restriction
window where only singlet quadrupole- and dipole-allowed transitions are selected from the
Fe 1s orbital.[48][49] In all XANES TD-DFT calculations, the B3LYP–D3 functional[45],[50]

and a TZP Slater-type basis set was applied. The intensities include second-order con-
tributions due to the magnetic-dipole and electric-quadrupole transition moments.[51] The
spectra were shifted by 151.0 eV for comparison to experiment. These shifts are chosen such
that the energy of the first peak in the calculated spectrum agrees with the first peak in
the experimental spectrum. While these shifts are rather large, they do not affect the rela-
tive position of the peaks.[52] Fe K-edge XANES spectra were simulated with FEFF9.[53][54]

These XANES calculations were carried out using both the crystallographic data as well
as DFT geometry optimized coordinates. In all cases a Hedin-Lundqvist potential was
utilized.[55] The many-body reduction factor (S02) was kept at 1.0. A default core-hole
broadening (1/3 of the energy step) was applied for spectral plots, with no additional
experimental broadening.

6.4 Results and Discussion

6.4.1 Synthesis and spectroscopic characterization of the precur-
sors

The first iron precursor that we chose for our study was the mesityl substituted bis(imino)
pyridine iron dichloride, a very active ethene polymerization catalyst.[56] For the second
system we chose a sterically less demanding isopropyl substituted bis(imino)pyridine which
we envisioned to be an active polymerization catalyst, as was observed in case of tert-Butyl-
Acrylate (TBA).[57][58] The 1H-NMR spectrum of both precursors contains six sharp signals
over a wide region, corresponding to the protons of the tridentate ligand based on the rela-
tive distance and accurate integrals. (See first section in the Appendix, Figure 6.13). The
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6.4 Results and Discussion

paramagnetic nature of both complexes was further investigated using Evans NMR and
showed magnetic moments between 5.0 and 5.4 μB for precursor 1 and 2 , indicating two
quintet ground states which is in good agreement with previous studies in the literature.[29]

In addition, both precursors were probed with Fe K-edge XAS. The k2-weighted Fourier
Transform of both the Fe K-edge EXAFS data are shown in Figure 6.2. The obtained EX-
AFS parameters compared to the crystal structure are presented in Table 6.1. Precursor
2 was measured at room temperature in toluene. The first shell in here consists of one
nitrogen atom at a distance of 2.07(2) Å, two nitrogen atoms at corresponding 2.21(2) Å,
and finally two chloride atoms at 2.29(1) Å. The second shell is a carbon shell containing
four atoms at a distance of 2.95(6) Å. This carbon shell is assigned to the carbons on the
bisiminopyridine backbone. An additional multiple scattering pathway is assigned to the
imine bonds at a distance of 3.2(2) Å also located on the ligand backbone.
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Figure 6.2 k2-weighted Fe K-edge EXAFS data of 1 (Top left) and 2 (Top Right), k2-weighted
Fourier Transforms of the EXAFS data for 2 < k < 13.2 Å of 1 (Bottom left) and
2 (bottom right). In all plots the data are represented by the solid lines (red),
whereas the corresponding fits are the dotted lines (blue).
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6.4 Results and Discussion

Table 6.1 Fe K-edge EXAFS fitting parameters for [1] and [2] (crystal structures and DFT
geometry), where N = coordination number, σ2 = Debye Waller factor [Å-2], R =
fitted bond length [Å].

Compound Shell N σ2 RFit (Å) RXRD (Å) RDFT (Å)

1 Fe-N 1.0 0.001(1) 2.03(8) 2.07 1.99
Fe-N 2.0 0.00(2) 2.18(6) 2.24 2.25/2.24
Fe-Cl 2.0 0.003(2) 2.32(1) 2.25 2.27
Fe-C 4.0 0.001(3) 2.97(3) 3.02 3.01/2.92
Fe-CN 4.0 0.004(2) 3.10(8) 3.19 -

2 Fe-N 1.0 0.016(6) 2.07(2) 2.11 2.01
Fe-N 2.0 0.016(6) 2.21(2) 2.24 2.25
Fe-Cl 2.0 0.0073(6) 2.29(1) 2.28 2.32/2.27
Fe-C 4.0 0.0073(6) 2.95(6) 3.02 2.94/2.98
Fe-CN 4.0 0.02(1) 3.2(2) 3.22 -

ak range = 2.1 – 11.8 Å, R range = 1 – 3.0 Å; k-weighted fit = 1,2,3 E0 = -0.7 eV∗, S0
2 =

0.90. R-factor fit: 0.0150
bk range = 2.5 – 12.8 Å, R range = 1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = -1.4 eV ∗, S0

2

= 0.90. R-factor fit: 0.015 ∗fixed value.

DFT calculations on the OPBE / TZP level were performed to compare experimental
bond lengths to calculated bond lengths (see Table 6.1). Additionally, this level of theory
is sufficient to accurately predict a quintet ground state for both complexes, as observed
by our Evans NMR results. The experimental bond lengths of all the carbon and nitrogen
atoms are in excellent agreement with the performed calculations and only minor differ-
ences (∼0.03 Å) are observed for the Fe-N and Fe-C bond distances. A slightly larger
deviation is observed for the Fe-Cl distance (0.07 Å). We incorporated a toluene based
COSMO solvation model at the same level of theory, indeed showing elongated Fe-Cl bond
distances (0.03 Å) compared to gas phase calculations, possibly explaining the elongated
Fe-Cl bond distances obtained in the EXAFS analysis. Precursor 1 , measured as a frozen
toluene solution, contains a coordination environment much alike precursor 2 and could
be fitted in a similar fashion. The lower temperature in this measurement compared to 2 ,
decreases the Debye Waller factor, showing amplified oscillations in the EXAFS region. In
short, in the first shell there is one nitrogen atom at a distance of 2.03(8) Å, two additional
nitrogen atoms at 2.18(6) Å, and two chloride atoms at 2.32(1) Å. The second coordina-
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6.4 Results and Discussion

tion shell shows four carbon atoms at distance of 2.97(3) Å and an imine based multiple
scattering pathway at 3.10(8) Å.

The Iron K-edge XANES data of both precursor 1 and 2 in toluene are shown in Fig-
ure 6.3. Both precursors have an absorption edge at ∼7020 eV, indicative of divalent iron
species. The shapes and position of both spectra are almost identical and support a similar
electronic structure and coordination environment. The position and intensity of the spec-
tra in the pre-edge region (7112 – 7118 eV) are indicative of five coordinate iron species.[59]

Small differences at the rising edge (∼7118 eV) and decreased intensity at the top of the
edge (∼7125 eV) in case of 1 are most likely due to an overall lower symmetry, enhancing
1s to 4p transitions.[60]
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Figure 6.3 Normalized Fe K-edge XANES spectra of precursor 1 (red) and 2 (blue) in toluene
(left) and simulated with FEFF (right).

The use of ab initio multiple scattering calculations of XANES greatly mimics these absorp-
tion differences near the rising edge as the spectra intersect in a similar fashion, indicated
by the black markers (Figure 6.3). Next to ab initio calculations, quantum mechanical
modeling methods can be applied in order to investigate the electronic structures. By
applying the hybrid B3LYP-D3 functional with a TZP basis set we were able to simulate
the pre-edge region of both precursors with the use of TD-DFT. The spin state, which is
determined to follow an overall quintet ground state based on our Evans NMR, is next to
being the lowest in energy also most representative compared to the experimental XANES
spectrum. This can be attributed to a lowering of dz2 mixing (26%) and enhancement of
dx2-y2 contributions (40%) due to the smaller bond angle of 126o (Cl-Fe-Cl) compared to
157o in case of a singlet ground state (See Figure 6.10 and 6.14). This hypothesis was
further confirmed by FEFF9 multiplet calculations where the pre-edge intensity also scales
with a decreasing multiplicity (See Figure 6.15).
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6.4 Results and Discussion

Figure 6.4 Normalized Fe K-edge XANES pre-edge region of precursor 1 (left) and 2 (right)
(solid line) in toluene with according Pseudo-Voigt fitted peaks (Dashed Lines) and
the TD-DFT calculation (Small dashed orange line).

In order to evaluate the TD-DFT calculated spectra with the experimental data in a
more quantitative fashion, the pre-edge region was extracted from the normalized XANES
spectra and modelled using a series of pseudo-Voigt functions (Figure 6.4). The calculated
pre-edge for both precursors is predominated by iron transitions to 3dxz (7111.9 eV) and
3dyz (7112.3 eV) orbitals, with additional 3p Cl π orbital bond (7112.4 eV) contributions.
Transitions with mixed 3d and 4p ligand backbone orbital contributions are calculated
at 7113.6 and 7114.7 eV, respectively, but with an overall lower intensity. In this area,
1 shows increased absorption compared to 2 , which is caused by the extended aromatic
ligand system, as shown by the TD-DFT calculated contributions. At higher energies, the
calculations should be treated with caution, as it was argued that most density functionals
do not have the correct asymptotic behavior for modeling the rising edge.[19] Iso-surface
plots of the most contributing unoccupied orbitals probed by the pre-edge transitions as
obtained from TD-DFT calculations with B3LYP/TZP, of 1 and 2 can be found in Figure
6.16.

6.4.2 Catalytic reaction of ethene polymerization

Activation of the catalyst was achieved by reacting the precursor with a known amount
of MMAO under ethene atmosphere (see section 6.9.2 for experimental details). Table 6.2
shows the catalytic results of both precursors under increasing ethene pressure in toluene
at room temperature and elevated temperatures. The performance of precursor 2 at any
given condition is low in terms of polyethylene formation. Increasing the ethene pressure
resulted in higher activities in case of precursor 1 , indicating a first order dependency in
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6.4 Results and Discussion

substrate. Catalytic reactions of precursor 2 does show the formation of butene, hexene
and even octene, by GC analysis (see Figure 6.17) indicating the formation of shorter linear
α-olefins. It has been shown before that less steric bulk around the metal center, causes
the chain termination step (β-hydride atom transfer), to predominate over the propagation
pathway[61], thereby promoting the formation of lighter linear α-olefins.

Table 6.2 Catalytic test performed with both precursors under varying ethene pressures, tem-
peratures and MMAO concentrations.

Catalyst Ethene Pres. (bar) MMAO (eq.) T (oC) PE (g) Oligomers (g) C4-C6

1 1a 300 RT 1.75 <0.020
1 30b,c 300 30 8.05 n.d.
2 1a 300 RT 0.010 2.20
2 40b 300 60 1.20 11.10

Fe catalyst: 5μmol, reaction time: 30min. Internal standard: mesitylene (4 mg / mL
reaction solvent) RT = room temperature. Reaction volume: a10 mL, b110 mL. creaction

time 15min. dTraces of short α olefins based on GC analysis).

6.4.3 MMAO activation followed by FQ Fe K-edge EXAFS

In order to gain additional structural information, we applied Fe K-edge XAS to follow
the activation of both precursors in toluene. An overview of all the obtained Fe K-edge
EXAFS data for the activation of both precursors is presented in Figure 6.5. Addition of
aluminum alkyl activators to both precursors led to immediate changes (<10 seconds) in
the observed EXAFS, followed up to 2 minutes in case of precursor 1 and 10 minutes in
case of precursor 2 . EXAFS analysis of a frozen reaction mixture of precursor 1 after 10
seconds (Figure 6.6 and Table 6.3) reveals a five coordinated iron (Fe-N, Fe-C and Fe-Cl)
as was observed for the precursor itself. However, the chloride contribution was split up
in to two separate contributions with one Fe-Cl bond distance elongated with respect to
1 to 2.37(2) Å and one 2.28(2) Å. We now observe the C/N shell shortened to 2.09(3) Å
with a coordination number of two and one Fe-N scattering at 2.00(3) Å. Based on these
observations possible aluminum coordinated species, like [FeCl(μ-Cl)(MMAO)(NNN-Mes)]
were investigated (Scheme 6.2), where trimethylaluminum is coordinated to the iron metal
center via a chloride bond.
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Figure 6.5 Overview of the activated precursors,k2-weighted Fe K-edge EXAFS data of 1 (Top
left) and 2 (Bottom left) and the k2-weighted Fourier Transforms of the activated
EXAFS data of 1 (Top right) and 2 (bottom right).

Scheme 6.2 Proposed activation mechanism of precursor 1 using 300 eq. of MMAO in toluene.
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Figure 6.6 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 10 sec. (left)
and k2-weighted Fourier Transforms of the EXAFS data for 2 < k < 13.2 Å of
activated precursor 1 after 10 sec. (right). In all plots the data are represented by
the solid lines (red), whereas the corresponding fits are the dotted lines (blue).

The DFT modeled structure of (1A) (scheme 6.2) matches the experimental observations,
especially the separate Fe-Cl bond distance of 2.38 Å and 2.22 Å. This observation hints at
an aluminum–coordinated species FeCl(μ-Cl)(MMAO)(NNN-Mes) (1A) to be an initial
starting species in the activation process.
We managed to successfully fit the EXAFS oscillations at reaction times of 2 minutes,
5 minutes and 10 minutes, based on the alkylation of precursor 1 (Scheme 6.2). The
structural assignments were obtained by introducing coordination shells and optimizing
the corresponding coordination numbers and bond distances. These bond distances and
coordination numbers were compared to several DFT geometry optimized structures (e.g.
[Fe+R1R2(μ-AlMe2)Me(NNN-Mes)] and [FeR1R2(NNN-Mes))] (R1,R2 = Me/Cl) in which
we included all possible spin states. EXAFS fitting results for the sample frozen after 5
minutes is shown in the Appendix (see Figure 6.18 and Table 6.5) and 10 minutes (bottom
Figure 6.7 and Table 6.4) proposes the full conversion to [Fe+Me(μ-AlMe2)Me(NNN-iPr)]
1C (Scheme 6.2) having a triplet ground state. Interestingly, the first indistinguishable
Fe-C and Fe-N shells are better resolved in this analysis. The Fe-N shell contains two atoms
at a bond distance of 2.006(6) Å, in combination with a separate Fe-C/N shell with three
atoms (one nitrogen and two carbons) at a bond distance of 2.126(6) Å. These carbon
atoms are the two methyl-groups directly coordinated towards iron, shown in 1C . The final
shells consist of a Fe-C with two atoms at an observed distance of 2.65(1), supplements the
shortening of the Fe-C atoms of both imines to 2.73Å observed by DFT. Finally, the Fe-CN
multiple scattering pathway at 3.1(2) Å is still present although with a greater uncertainty.
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Figure 6.7 k2-weighted Fe K-edge EXAFS data of precursor 2 activated after 2min. (top left)
, 10min. (bottom left) and k2-weighted Fourier Transforms of the EXAFS data for
2 < k < 13.0 Å of activated precursor 2 after 2min (top right) and 10 min. (bottom
right). In all plots the data are represented by the solid lines (red), whereas the
corresponding fits are the dotted lines (blue).

This altogether describes the proposed activated species [Fe+Me(μ-AlMe2)(NNN-iPr)] 1C
(Scheme 6.2) to a greater extent. It should be noted that the Fe–Al bond is elongated
to 2.80(3) Å, longer than the computational model suggests (2.67 Å). This could be
caused by the big [MeMAO]- anion which was not modelled here due to the computational
cost of such big clusters. Looking at the reaction mixture frozen after 2 minutes, a total
of six contributions are required to obtain a reliable fit. EXAFS analysis reveals a five
coordinate first shell environment, with one nitrogen contribution at 1.97(5) Å, together
with 3.5 carbon/nitrogen atoms at 2.111(4) Å. It should be noted that this additional
carbon/nitrogen shell replaced one chloride ligand, which reduced from two to 0.5 in the
overall fitting model. This remaining Fe-Cl bond was elongated to 2.33(2) Å, which in
principle could correspond to traces of earlier described (Fe-Cl(μ-Cl)AlMe3) 1A. Hence, it
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6.4 Results and Discussion

Table 6.3 Fe K-edge EXAFS fitting parameters after 10 sec, 2min and 10 min. for activated
precursor 1 (compared to the discussed DFT optimized geometry structures, where
N = coord. number, σ2 = Debye Waller factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å) RDFT (Å)

[10 sec]a Fe-N 1.0 0.004(2) 2.00(3) 1.99
Fe-N 2.0 0.004(2) 2.09(3) 2.20
Fe-Cl 0.8 0.008(3) 2.28(2) 2.23
Fe-Cl 1.2 0.008(3) 2.37(2) 2.35
Fe-C 2.0 0.001(3) 2.94(3) 2.95

[2 min]b Fe-N 1.0 0.006(9) 1.98(5) 1.85/2.04
Fe-C/N 3.3 0.007(2) 2.111(4) 2.12
Fe-Cl 0.7 0.02(1) 2.33(4) 2.34
Fe-C 2.0 0.005(5) 2.68(3) 2.74
Fe-Al 1.0 0.001(2) 2.78(3) 2.99
Fe-CN 2.0 0.006(5) 3.07(2) -

[10 min]c Fe-C/N 2.0 0.001(1) 2.006(6) 2.04
Fe-C/N 3.0 0.0001(3) 2.126(6) 2.13
Fe-C 2.0 0.0015(6) 2.65(1) 2.73
Fe-Al 1.0 0.005(3) 2.80(3) 2.67
Fe-CN 2.0 0.008(3) 3.1(2) -

ak range = 2.6 – 11.0 Å, R range = 1.1 – 3.1 Å; k-weighted fit = 1,2,3 E0 = 1(2) eV, S0
2

= 0.90. R-factor fit: 0.0203. Reported DFT values are obtained from 1A and 1B.
bk range = 2.5 – 12.8 Å, R range = 1 – 3.1 Å; k-weighted fit = 1,2,3 E0 = -0.63 eV ∗, S0

2

= 0.90. R-factor fit: 0.0131. Reported DFT values are obtained from 1B
ck range = 2.5 – 13.0 Å, R range = 1.2 – 3.2 Å; k-weighted fit = 1,2,3 E0 = 0.62 eV ∗, S0

2

= 0.90. R-factor fit: 0.0076. Reported DFT values are obtained from 1C

could also be described by a 30/70 mixture of 1A and intermediate structure Fe+MeClμ-
AlMe2(NNN-iPr) 1B (scheme 6.2) based on the Fe-Cl/C ratio and the additional Fe-Al
shell at 2.78(3) Å. Other second shell contributions are coming from three carbon atoms
belonging to the bisiminopyridine backbone, which are slightly shortened to 2.68(3) Å.
This shortening is in line with the DFT geometry optimized structure of 1B possessing a
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6.4 Results and Discussion

triplet ground state.

A similar fitting procedure was conducted for the different frozen samples of precursor
2: where in less than 10 seconds (Figure 6.8 and Table 6.5), we propose the formation of
alkylated iron species, based on the reduction of chloride contributions (2.32(2) Å) and at
the same time an increase in light scattering elements: four Fe-C/N shells at 2.03(3) Å.
Additionally, two Fe-C contributions are present at 2.88(4) Å in the second coordination
shell. It was difficult to separate the Fe – C/N contributions in the first shell, making it
hard to assign intermediate species with great certainty. This result could represent the
formation of cationic species [Fe+Me(μ-AlMe2(Cl)(NNN-Mes)] 2A (Scheme 3) or even be
a 50/50 mixture of the precursor and [Fe+Meμ-AlMe2(Me)(NNN-Mes)] 2B (Scheme 3).
In both cases the catalyst undergoes a reduction in Fe-Cl which were clearly observed by
the loss of strong oscillations in the EXAFS as shown in Figure 6.8.

Table 6.4 Fe K-edge EXAFS fitting parameters after 10 sec. and 2min. for activated precursor
2 (compared to the discussed DFT optimized geometry structures, where N = coord.
number, σ2 = Debye Waller factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å) RDFT (Å)

[10 sec]a Fe-C/N 4.0 0.010(2) 2.03(3) 2.02
Fe-Cl 1.0 0.00(1) 2.30(1) 2.34
Fe-C 2.0 0.00(3) 2.89(4) 2.95

[2 min]b Fe-N 2.0 0.007(8) 2.26(3) 2.29
Fe-C/N 3.0 0.005(3) 2.10(2) 2.15
Fe-C 2.0 0.004(1) 3.00(3) 2.96
Fe-Al 1.0 0.011(6) 2.51(4) 2.60
Fe-CN 4.0 0.006(3) 3.38(6) -

ak range = 2.2 – 11.2 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = -2 eV∗, S0
2 =

0.90. R-factor fit: 0.016. Reported DFT values are obtained from 2A with R=Cl
bk range = 2.2 – 13.0 Å, R range = 1.1 – 3.2 Å; k-weighted fit = 1,2,3 E0 = 5(2) eV, S0

2

= 0.90. R-factor fit: 0.019. Reported DFT values are obtained from 2B

The frozen solution of activated precursor 2 at a time interval of 2 minutes appears to
be fully converted to earlier mentioned cationic species [Fe+Me(μ-AlMe2)(Me)(NNN-iPr)].
This was based on a similar fitting procedure including a Fe-N shell containing two atoms
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Figure 6.8 k2-weighted Fe K-edge EXAFS data of precursor 2 activated after 2min. (top left),
10min. (bottom left) and k2-weighted Fourier Transforms of the EXAFS data for 2
< k < 13.0 Å of activated precursor 2 after 2min (top right) and 10 min. (bottom
right). In all plots the data are represented by the solid lines (red), whereas the
corresponding fits are the dotted lines (blue).

Scheme 6.3 Proposed activation mechanism of precursor 2 using 300 eq. of MMAO in toluene.
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6.4 Results and Discussion

at 2.10(2) Å and three atoms at 2.26(3) Å together with a Fe-Al shell observed at 2.51(4)
Å, a Fe-C shell at 3.00(3) Å and a Fe-CN multiple scattering pathway at 3.38(6) Å (Figure
6.8 and table 6.5). A remarkable difference can be observed here between activated species
1C and 2B: The Fe-N distance is considerably larger in 2B (0.20 Å), as are the Fe-C
(0.35 Å) and Fe-CN (0.28 Å), while the Fe-Al distance is much shorter (0.32 Å). This
result hints at a much weaker interaction of the bisiminopyridine ligand in 2B compared
to 1C with a concomitant stronger interaction with the aluminum activator. The Fe–N
elongated bonds in 2B compared to 1C are very indicative of moving from a triplet to a
quintet ground state which in turn also shortens the Fe–Al bond from 2.66 Å to 2.60 Å, a
shortening we also observed in our EXAFS analysis, which is another difference with 1C ,
being in a triplet state. The lower steric repulsion of the isopropyl-groups in complex 2
compared to the mesityl-groups in complex 1 could also be responsible for the shortened
Fe-Al bond distance.

6.4.4 MMAO activation followed by FQ Fe K-edge XANES

Next to the EXAFS region, a typical XAS spectrum also consists of a XANES region;
providing more information about the oxidation state and coordination environment.[62]

Upon MMAO activation (300 eq.) both precursors undergo a drop in absorption at the
main edge (∼7125 eV), together with a small increase of the rising edge at 7117 eV. The
pre-edge region of precursor 1 increases slightly upon activation at 7114 eV (Figure 6.9).
The iron center in both activation processes does not seem to undergo any major reduction
or oxidation process since the main edge stays in the same position around 7120 eV. The
drop at the top of the spectra is assigned to halogen abstraction, replaced by alkyl groups,
which has been observed in literature before.[19][63] As seen in our EXAFS analysis, MMAO
is known to alkylate metal-chloride precursors, therefore several methylated species where
chloride atoms were replaced by methyl groups were calculated using TD-DFT and FEFF
and compared in terms of their simulated XANES spectra. FEFF9 simulations show that
substituting these chloride atoms with methyl groups does shift the top of the absorption
peak in a similar fashion to higher energies (see Figure 6.19).
The XANES region of earlier by EXAFS described cationic intermediates: [Fe+MeMeμ-
AlMe2(NNN-iPr)] and [Fe+MeMeμ-AlMe2(NNN-iPr)] were calculated using TD-DFT (Fig-
ure 6.10). In here, we observe lower absorption values in the pre-edge region relative to
neutral species (e.g. [FeMeMe(NNN-iPr]). This can be explained by a large geometrical
shift, going from a (distorted) trigonal bipyramid to a more square pyramidal geometry for
cationic species where the X-Fe-X (X=Me/Cl) bond angle decreases to ∼94o (see bottom
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Figure 6.9 Normalized experimental Fe K-edge XANES spectra of MMAO activation (300 eq.)
in time for precursor 1 (left) and 2 (right).

of Figure 6.10). This lowers the dz2 orbital contributions and thereby lowers the transi-
tions in the pre-edge region (1s −→ 3d). This outcome was verified by FEFF simulations,
in which the pre-edge regions are quantified (see Figure 6.19). A very good agreement
between FEFF and TD-DFT results is observed, where neutral di-methylated species have
too enlarged pre-edge contributions due to a trigonal bipyramid geometry.

A similar outcome was obtained in case of precursor 1 , where again TD-DFT calcula-
tions showed much higher transitions in the pre-edge region. Also here, FEFF simulations
confirmed that cationic species better describe the experimental spectra based on similar
geometric changes (see Figure 6.19). The calculated XANES spectra of 1C in a triplet
state (Figure 6.11, left) shows a similar peak splitting energy and relative peak intensity
compared to the experimental data. Looking at the calculated XANES spectra of acti-
vated precursor 2C , there is a reduced peak area at the 7112 eV pre-edge peak and two
additional features at 7114 and 7116 eV (Figure 6.11 right). Similar peak positions and
intensities were fitted using two Pseudo-Voigt’s, contemplating the via EXAFS analysis
earlier deduced quintet state.
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6.4 Results and Discussion

Figure 6.10 Normalized experimental Fe K-edge XANES spectra of MMAO activation (300eq.)
after 2 minutes for precursor 2 (top) together with TD-DFT simulated (dashed)
Fe K-edge XANES spectrum of different activated complexes with corresponding
spin states of 2 and 4. (Bottom) the iso-surface plots of [Fe+MeCl(NNN-iPr)],
precursor 2 and [Fe+μ-AlMe2(NNN-iPr)] with the corresponding bond angle and
their molecular orbital contributions.
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6.5 MMAO activation followed by SF UV-Vis spectroscopy

Figure 6.11 Experimental Fe K-edge XANES pre-edge region of MMAO activation (300eq.)
after 10 minutes for precursor 1 (left) and precursor 2 after 2 minutes (right)
together with TD-DFT simulated (dashed) Fe K-edge XANES spectra of activated
complexes 1C with a triplet spin state and 2C with a quintet spin state.

6.5 MMAO activation followed by SF UV-Vis spec-
troscopy

The stopped-flow UV-Vis spectra for the activation of precursor 1 and 2 in toluene are
presented in Figure 6.12. A more qualitative understanding of the observed features and
trends was obtained by applying TD-DFT calculations, simulating the corresponding UV-
Vis spectra of both precursors (see Figure 6.21). The high energy bands (<390 nm)
are caused by (Pz) π → π∗ transitions involving the bisiminopyridine ligand, as earlier
postulated in literature.[64] Strong bands in this region are also observed between 390 and
500 nm in case of precursor 2 , which are assigned to charge transfer transitions from the
Py and Pz orbitals of the chloride ligand, to the ligand backbone structure (Px and Pz of
π∗). In the visible spectrum, energy bands between 500 and 700 nm arise mostly from
transitions of Fe dz2 towards the ligand backbone (Pz) π∗ orbitals and are referred to as
Metal-Ligand-Charge-Transfers (MLCT). Going to longer wavelengths (700 – 800 nm),
charge-transfer bands from the in-plane pπ orbital of the chloride ligands to the ligand
backbone and partly towards half-filled dπ∗ orbital of high spin iron(II) account for the
intense purple color of the complex. Precursor 2 shows two distinct absorption bands at
750 nm and 550 nm. Again, energy bands between 500 and 600 nm arise mostly from
MLCT (Fe dxz −→ π∗(Px) of the backbone) whereas LMCT transitions now account for
the intense blue color of the complex (∼750 nm). Upon activation of precursor 2 , an
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6.6 Ethene coordination

immediate shift (<10 ms) in absorption bands is observed and novel/increased bands are
observed at 500 nm and 600 nm. After 40 ms, an extra signal evolves around 390 nm,
but overlaps with the big charge transfer band near the UV region. The spectrum has a
clear isosbestic point at 622 nm, showing the clean transition from the precursor to the
activated species. After two minutes, it does not undergo any further changes. Precursor
1 was not very soluble in toluene, as indicated by the overall high absorption signal in the
UV-Vis spectrum, caused by scattering particles. After activating with 300 eq. of MMAO,
the solution turned a transparent yellow and again a new broad absorption band at 550
nm is observed. Finally, a similar rising but slightly wider charge-transfer (CT) band is
observed when compared to precursor 2 at shorter wavelengths. The loss of absorption
around 750 nm in both activated samples seem to indicate the loss of chloride ligands.
As observed in our XAS analysis, alkylated species could be present in solution. This
was checked by applying TD-DFT on earlier characterized intermediate species 1C and
2C (see Figure 6.22). In case of 1C , the observed transitions between 400 and 600 nm
(MLCT) are in good correspondence with the experimental spectrum after ten minutes of
activation. Whereas 2B better describes the large charge transfer band in and near the UV
region. The kinetic trace at 500 nm in case of activated precursor 1 shows no significant
changes after ten minutes, and the time trace at 450 nm in case of 2 after two minutes,
cross correlating the earlier timescales in the XAS analysis.

6.6 Ethene coordination

The formation of ethene-bound intermediate structures was investigated with in-situ XAS
activation experiments under an ethene atmosphere. In both cases, the EXAFS analysis
shows similar fitting results compared to solely activated solutions (300 eq. MMAO) for
both precursors. (See section 6.9.6 XAS under ethene and alkyne conditions). Additional
saturated ethene solutions were prepared by cooling down the reaction mixture to -60 oC,
but again no clear changes were observed in the EXAFS region. In order to trap coordi-
nated species we used more electron-rich substrates (e.g. alkynes). In the present study
we employed (1-Phenyl-2-trimethylsilylacetylene) as trapping reagent. With the advantage
of being a solution, high (excess) concentrations could be easily be achieved. The alkyne
reagent was added after or prior to MMAO activation of precursor 1 and unfortunately
did not lead to significant changes in the EXAFS region (Figure 6.25). Addition of alkyne
nor ethene after MMAO activation, again hinted at divalent iron species to be present in
solution, based on the edge position and the pre-edge region (Figure 6.26). Despite the
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6.6 Ethene coordination

Figure 6.12 Activation of precursor 1 (left) and 2 (right) (1 eq. ∼5 mM top and 3 mM
bottom) by MMAO (300 eq.), followed by stopped-flow UV-Vis in toluene with
the corresponding time traces at the position of the arrow.

fact that we are under catalytic conditions, no ethene or alkyne coordinated intermediates
or other intermediates could be assigned in the XANES region, since only minor differ-
ences are observed. Despite the fact that possible ethene coordinated species could not
be confirmed by XAS analysis, computational modelling could give more insight in the
reaction mechanism and possibly explain the observed differences in reactivity. So far, the
activation mechanism has led to cationic alkylated species in which the ground state of the
activated complex is the main difference. It was already pointed out by EXAFS analysis
that in case of a quintet ground state, the iron - imine nitrogen bond elongates substantially
(0.20Å). In turn, this could have a great influence on the reactivity, i.e. formation of a
bidentate complex where a TMA unit coordinates to the free imine bond. The short olefin
distribution could possibly be explained based on the fact that β-hydrogen atom transfer
(BHAT) in this model is faster than chain propagation. The formation of a bidentate
complex from complex 1C was computationally found to be uphill (ΔG = ∼20kcal/mol
and ΔH = ∼8 kcal/mol). The formation of bidentate iron species follows an overall higher
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6.7 Conclusions

lying reaction path, with similar energy barriers compared to an original tridentate system,
mainly due to a high energy penalty for Fe–N bond breakage. Therefore, it is not consid-
ered a viable route in the oligomerization of ethene. This is in line with earlier published
experimental results[1],[65] in which BHAT was determined to be the main chain-transfer
mechanism for LSB systems. Later QM calculations support these propositions.[16],[66],[67]

The BHAT mechanism in case of the HSB (similar to, or like complex 1 ) has also been
extensively modelled before.[12],[24],[67] The chain-termination is often proposed to go via
MMAO activated methylation processes.[68] Overall, chain propagation is thought to take
place on triplet and/or quintet (potential energy) surfaces.[16],[24],[66],[67],[69]

6.7 Conclusions

Both the oxidation state and structure of the two selected catalysts were investigated
under catalytic conditions. The activation of 1 and 2 with 300 eq. of MMAO showed
the formation of cationic [Fe+Me(μ-AlMe2)(Me)(NNN)] [MeMAO]- divalent iron species.
Precursor 1 , showed to be an active ethene polymerization catalyst. Where an overall
triplet ground state after MMAO activation, was assigned to 1C by extensive XANES and
EXAFS analysis. Precursor 2 , active in the oligomerization of ethene showed a similar
MMAO activation pathway based on UV-Vis and XANES analysis. Hence, 2B is best
described by an overall quintet ground state. The accurately via EXAFS determined Fe –
N bond distances in 1C and 2B were decisive in this assignment. Although spectroscopic
studies under ethene atmosphere were conducted, we were not able to conclude the actual
active species during catalysis.
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6.9 Appendix

6.9 Appendix

6.9.1 Synthesis and Characterization of precursor 1 and 2

Scheme 6.4 Synthesis of Iron bisimino pyridine precursor 1 and 2 via L1 and L2.
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6.9 Appendix

L1: 2,6-Diacetylpyridine (1.0 g, 6 mmol) and 1,3,5-trimethylaniline (1.7 g, 12.5 mmol)
were added to a schlenk flask with 40 ml of ethanol under inert conditions. Formic acid
(0.4 mL) was added, the flask was kept under nitrogen atmosphere and stirred overnight
at room temperature. The solution was placed in the freezer overnight, after which yellow
crystals could be filtered off. The yellow solid was washed with (cold) ethanol and pentane
and further dried in vacuo. Yield: 72%

L2: 2,6-Diacetylpyridine (1.0 g, 6.1 mmol) was added to 100mL of iso-propyl amine
inside a schlenk flask under inert conditions containing 4A molecular sieves. A few drops of
formic acid were added, the flask was kept under nitrogen atmosphere and refluxed for 72
hours at 35 oC. The yellow solid was washed with (cold) ethanol and pentane and further
dried in vacuo. Yield: 65%

Precursor 1 : 214 mg (0.53 mmol) Ligand L1 was dissolved in 10 mL of anhydrous THF
and was subsequently added to a suspension of FeCl¬2 (68.4 mg, 0.54 mmol) in 10 mL of
anhydrous THF. Upon addition the reaction mixture turned deep purple and was stirred
overnight under inert conditions. The solution was filtered under nitrogen atmosphere and
washed with cold diethyl ether (3 x 10 mL). The purple solid was further dried in vacuo.
Yield: 92%.

Precursor 2 : 1.3g (3.3 mmol) Ligand L2 was dissolved in 10 mL of anhydrous THF and
was subsequently added to a suspension of FeCl¬2 (0.45 g, 3.5 mmol) in 10 mL of anhydrous
THF. Upon addition the reaction mixture turned dark green/blue and was stirred overnight
under inert conditions. The solution was filtered under nitrogen atmosphere and washed
with cold pentane (3 x 10 mL). The dark blue solid was further dried in vacuo. Yield:
88%.
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6.9 Appendix

Figure 6.13 1H-NMR spectra of precursor 1 (top) and 2 (bottom) with the corresponding
assignment.
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6.9 Appendix

Figure 6.14 Experimental (solid trace) and computational using TD-DFT (dashed traces) Fe
K-edge XANES spectrum of precursor 1 (top) and precursor 2 (bottom) with
different iron multiplicities.

Figure 6.15 FEFF simulated XANES regions for precursor 1 (top) and 2 (bottom) with dif-
ferent iron spin multiplicities.
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6.9 Appendix

Figure 6.16 Calculated TD-DFT XANES regions for precursor 1 (top) and 2 (bottom) and
molecular orbitals corresponding to the labeled transitions. A broadening of 1.0
eV and a shift of 151.0 eV was applied.
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6.9.2 Catalytic reactions

a. Ethene polymerization at 1 bar

A dried three-necked Schlenk with a balloon connected at the top was filled with ethene
(with a pressure of ∼1 bar). MMAO-12 (2.3 M) (1 ml, 2.30, 200 eq) was dissolved in
anhydrous toluene (10 ml) and stirred for 15 min in the three-neck schlenk under ethene
atmosphere. Complex x (x mg, 0.001 mmol, 1 eq) was dissolved in anhydrous toluene (20
ml) under inert conditions and added to the three-necked schlenk together with mesytilene
(54 mg) in anhydrous toluene (1 ml). The mixture was allowed to react for 30 minutes
before quenching with MeOH (3 ml) and washing with diluted HCl (30 ml). The formed
polyethene was filtrated, dried and weighed.

b. Ethene polymerization in autoclave

A 450 ml stainless steel autoclave was dried at 80oC for 3 hours using TMA (5 ml) dis-
solved in toluene (100 ml). Afterwards, the autoclave was filled under inert conditions with
MMAO-12 (2.3 M) (1 ml, 2.3 mmol, 300 eq.) dissolved in toluene (100 ml). An autoclave
addition funnel was filled under inert conditions with complex x (x mg, 0.012 mmol, 1 eq.)
dissolved in toluene (10 ml). The autoclave was heated to 30 oC and an ethene pressure
of 10 bar was applied. The catalyst was added using the addition funnel with an ethene
pressure of 15 bar. At this stage the pressure and/or temperatures were adjusted to the
reported values. Catalysis was performed for half an hour with a steady ethene pressure
of 18/30 bar at 30 or 80oC. After catalysis the reaction mixture was quenched by addition
of methanol (3 ml) and flushed with hydrogen chloride (150 ml). 3 ml of the toluene layer
was collected and dried with MgSO4 prior to GC-analysis. The formed polyethene present
in the autoclave was filtered out, dried and weighed.
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6.9 Appendix

Figure 6.17 GC analysis of precursor 2 activated with 300 eq. MMAO under 10 bar of ethene
at r.t. quenched after 30 minutes. Sample (green line), 1-butene reference (blue
line) and 1-hexene reference (red line).
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6.9.3 MMAO activation followed by EXAFS

Figure 6.18 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 5 min. with
300 eq. MMAO. k2-weighted Fourier Transforms of the EXAFS data for 2.6 < k
< 10.6 Å. In all plots the data are represented by the solid lines (red), whereas
the corresponding fits are the dotted lines (blue).

Table 6.5 Fe K-edge EXAFS fitting parameters for [1] activated after 5 min. with 300 eq.
MMAO. Where N = coordination number, σ2 = Debye Waller factor [Å-2], R =
fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

1 Fe-N 2.0 0.0009(4) 2.13(5)
Fe-C/N 3.0 0.006(6) 2.06(7)
Fe-C 2.0 0.001(4) 2.64(6)
Fe-Al 1.0 0.01(1) 2.72(9)
Fe-CN 2.0 0.001(6) 3.08 ∗

ak range = 2.4 – 10.6 Å, R range = 1.1 – 3.4 Å; k-weighted fit = 1,2,3 E0 = 0.7(3) eV∗,
S0

2 = 0.90. R-factor fit: 0.0350.
∗fixed value.
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6.9.4 MMAO activation followed by XANES

Figure 6.19 XANES region of precursor (1 left, 2 right) and methyl substituted
structures [FeMeMe(NNN-Mes)] and [FeMeMe(μ-AlMe2)(NNN-Mes)] (right),
[FeMeMe(NNN-iPr)] and [FeMeMe(-μ-AlMe2)(NNN-iPr)] (left), obtained with
FEFF simulations.

Figure 6.20 Experimental Fe K-edge extracted pre-edge region of MMAO activation (300eq.)
after 2 minutes for precursor 1 , together with TD-DFT simulated (dashed) Fe K-
edge XANES spectrum of activated complexes 1C with corresponding spin states
of 2 and 4.
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6.9.5 MMAO activation followed by SF UV-Vis

Figure 6.21 (left) Experimental UV-Vis spectrum of precursor 1 (red) and 2 (blue), (rigt)
UV-Vis spectrum obtained with TD-DFT calculations.

Figure 6.22 (left) Experimental UV-Vis spectrum of precursor 1 (solid red) and TD-DFT
calculated spectrum of 1C with spin state 2 (dashed red) and spin state 4 (dashed
blue). (Right) Experimental UV-Vis spectrum of precursor 2 (solid blue) and TD-
DFT calculated spectrum of 2C with spin state 2 (dashed red) and spin state 4
(dashed blue).
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Table 6.6 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for precursor 1 obtained with TD-DFT calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

334.4 0.0342 0.0.591 -0.164 0.005 HOMO → LUMO+6
346.7 0.0252 0.150 0.489 0.160 HOMO-9 → LUMO+3
358.8 0.0168 -0.428 0.124 0.022 HOMO-10 → LUMO
412.0 0.0224 -0.529 0.156 0.021 HOMO-1 → LUMO+5
423.6 0.0201 0.0104 -0.099 -0.033 HOMO-6 → LUMO+1
437.7 0.0950 -0.034 -0.079 -0.359 HOMO-5 → LUMO+6
446.5 0.0132 0.129 0.420 0.045 HOMO → LUMO+6
472.2 0.0282 0.635 -0.185 -0.025 HOMO-5 → LUMO
508.2 0.0062 0.075 0.225 0.217 HOMO-1 → LUMO+3
516.4 0.0028 -0.209 0.066 0.008 HOMO-3 → LUMO+1
529.3 0.010 0.098 0.328 0.229 HOMO-2 → LUMO
534.0 0.0033 -0.231 0.062 0.006 HOMO → LUMO+2
601.7 0.0047 -0.292 0.085 0.013 HOMO → LUMO+1
611.3 0.0063 0.079 0.198 0.286 HOMO → LUMO+1
660.1 0.0359 0.859 -0.244 -0.035 HOMO → LUMO+1
849.3 0.088 -0.123 -0.416 -0.240 HOMO → LUMO+4
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Table 6.7 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for precursor 1 obtained with TD-DFT calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

334.4 0.0342 0.0.591 -0.164 0.005 HOMO → LUMO+6
346.7 0.0252 0.150 0.489 0.160 HOMO-9 → LUMO+3
358.8 0.0168 -0.428 0.124 0.022 HOMO-10 → LUMO
412.0 0.0224 -0.529 0.156 0.021 HOMO-1 → LUMO+5
423.6 0.0201 0.0104 -0.099 -0.033 HOMO-6 → LUMO+1
437.7 0.0950 -0.034 -0.079 -0.359 HOMO-5 → LUMO+6
446.5 0.0132 0.129 0.420 0.045 HOMO → LUMO+6
472.2 0.0282 0.635 -0.185 -0.025 HOMO-5 → LUMO
508.2 0.0062 0.075 0.225 0.217 HOMO-1 → LUMO+3
516.4 0.0028 -0.209 0.066 0.008 HOMO-3 → LUMO+1
529.3 0.010 0.098 0.328 0.229 HOMO-2 → LUMO
534.0 0.0033 -0.231 0.062 0.006 HOMO → LUMO+2
601.7 0.0047 -0.292 0.085 0.013 HOMO → LUMO+1
611.3 0.0063 0.079 0.198 0.286 HOMO → LUMO+1
660.1 0.0359 0.859 -0.244 -0.035 HOMO → LUMO+1
849.3 0.088 -0.123 -0.416 -0.240 HOMO → LUMO+4
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Table 6.8 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for precursor 2 obtained with TD-DFT calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

276.4 0.0357 -0.2134 0.0728 0.524 HOMO-10 → LUMO+1
284.9 0.0271 -0.039 -0.497 0.077 HOMO-9 → LUMO
290.6 0.0195 -0.181 0.053 0.389 HOMO-10 → LUMO
341.7 0.0207 0.480 -0.025 0.024 HOMO → LUMO
349.3 0.0072 -0.275 0.049 0.069 HOMO-8 → LUMO
360.1 0.0055 -0.0319 -0.027 -0.0254 HOMO-8 → LUMO+1
366.8 0.0056 -0.0319 -0.027 0.0256 HOMO-2 → LUMO
399.2 0.0024 -0.167 0.017 0.058 HOMO-6 → LUMO
421.8 0.0026 -0.048 0.025 0.181 HOMO-1 → LUMO+1
446.8 0.0277 0.157 -0.079 -0.613 HOMO → LUMO+2
481.7 0.0140 -0.434 0.008 -0.180 HOMO-3 → LUMO
502.3 0.0041 0.017 0.259 -0.030 HOMO-1 → LUMO+1
628.7 0.0031 0.029 0.028 0.250 HOMO-1 → LUMO
771.3 0.0122 0.095 -0.071 -0.544 HOMO → LUMO+4
822.5 0.0011 -0.076 -0.015 0.155 HOMO → LUMO+5
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Table 6.9 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for 1C in case of spin state 4 obtained with TD-DFT
calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

330.4 0.0078 -0.290 0.015 0.006 HOMO-17 → LUMO
356.9 0.0064 -0.088 -0.250 -0.066 HOMO-9 → LUMO+2
360.8 0.0105 0.399 -0.098 -0.016 HOMO-11 → LUMO+2
404.0 0.0224 -0.138 -0.524 -0.063 HOMO → LUMO+6
457.8 0.0081 -0.096 -0.210 -0.262 HOMO-8 → LUMO
522.8 0.0046 0.005 -0.232 0.155 HOMO-3 → LUMO+4
542.6 0.0222 -0.605 0.171 0.044 HOMO-2 → LUMO+4
545.6 0.0116 0.316 0.324 0.060 HOMO-2 → LUMO+3
560.3 0.0166 0.532 -0.146 -0.024 HOMO-1 → LUMO+4
587.3 0.0138 0.128 0.395 0.308 HOMO → LUMO+5
646.9 0.0071 -0.103 -0.280 -0.251 HOMO-1 → LUMO
842.5 0.0114 -0.543 0.148 0.007 HOMO-1 → LUMO+2
887.3 0.0344 0.968 -0.254 -0.048 HOMO → LUMO+3
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6.9 Appendix

Table 6.10 The excited state energy (nm), oscillatory strengths, key transitions and the transi-
tion dipole moments involved for 2C in case of spin state 4 obtained with TD-DFT
calculations.

Excitation Osc. Strength Transition dip. Key Transitions
energy F. (a.u.) moments (a.u.)
(nm) X Y Z

264.6 0.0888 0.542 -0.117 -0.683 HOMO-4 → LUMO+3
274.9 0.0263 -0.122 -0.477 0.153 HOMO-9 → LUMO+1
293.0 0.0469 -0.437 0.051 0.509 HOMO-8 → LUMO+1
341.0 0.0117 -0.019 -0.034 0.361 HOMO-3 → LUMO+3
402.4 0.0107 0.024 -0.024 0.376 HOMO-7 → LUMO+2
429.6 0.0206 -0.075 0.085 -0.528 HOMO-4 → LUMO
539.9 0.0093 -0.157 -0.003 -0.375 HOMO → LUMO+1
640.0 0.0115 -0.036 0.480 -0.103 HOMO → LUMO+1
714.6 0.0027 -0.046 0.035 -0.247 HOMO-2 → LUMO
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6.9.6 XAS under ethene and alkyne conditions

Figure 6.23 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 10 min. with
300 eq. MMAO under ethene atmosphere. k2-weighted Fourier Transforms of the
EXAFS data for 2.0 < k < 13.0 Å. In all plots the data are represented by the
solid lines (red), whereas the corresponding fits are the dotted lines (blue).

Table 6.11 Fe K-edge EXAFS fitting parameters for [1] activated after 10 min. with 300 eq.
MMAO under ethene atmosphere. Where N = coordination number, σ2 = Debye
Waller factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

[Ethene 10 min] Fe-N 2.0 0.001(3) 2.05(1)
Fe-C/N 3.0 0.008(6) 2.16(7)
Fe-C 2.0 0.01(2) 2.69(9)
Fe-Al 1.0 0.007(8) 2.86(7)
Fe-CN 2.0 0.001(8) 3.10 ∗

ak range = 2.8 – 13.0 Å, R range = 1.15 – 4.0 Å; k-weighted fit = 1,2,3 E0 = 5(3) eV, S0
2

= 0.90. R-factor fit: 0.0170. ∗fixed value.
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Figure 6.24 k2-weighted Fe K-edge EXAFS data of precursor 2 activated after 2 min. with
300 eq. MMAO under ethene atmosphere. k2-weighted Fourier Transforms of the
EXAFS data for 2.0 < k < 13.0 Å. In all plots the data are represented by the
solid lines (red), whereas the corresponding fits are the dotted lines (blue).

Table 6.12 Fe K-edge EXAFS fitting parameters for [2] activated after 2 min. with 300 eq.
MMAO. Where N = coordination number, σ2 = Debye Waller factor [Å-2], R =
fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

[Ethene 2 min] Fe-N 2.0 0.0009(9) 2.25(2)
Fe-C/N 3.0 0.005(5) 2.09(5)
Fe-C 2.0 0.01(2) 3.00(4)
Fe-Al 1.0 0.011(7) 2.52(5)
Fe-CN 4.0 0.006(5) 3.38(8)

ak range = 2.5 – 13.0 Å, R range = 1.0 – 4.0 Å; k-weighted fit = 1,2,3 E0 = 5(3) eV, S0
2

= 0.90. R-factor fit: 0.0188. ∗fixed value.
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Figure 6.25 k2-weighted Fe K-edge EXAFS data of precursor 1 activated after 10 min. with
300 eq. MMAO with excess alkyne. k2-weighted Fourier Transforms of the EXAFS
data for 2.0 < k < 13.0 Å. In all plots the data are represented by the solid lines
(red), whereas the corresponding fits are the dotted lines (blue).

Table 6.13 Fe K-edge EXAFS fitting parameters for [1] activated after 10 min. with 300 eq.
MMAO with excess alkyne. Where N = coordination number, σ2 = Debye Waller
factor [Å-2], R = fitted bond length [Å].

Sample Shell N σ2 RFit (Å)

[Alkyne 10 min] Fe-N 1.0 0.004(2) 1.95(2)
Fe-C/N 4.0 0.0003(6) 2.100(7)
Fe-C 2.0 0.007(2) 2.58(2)
Fe-Al 1.0 0.01(4) 2.80(1)
Fe-CN 2.0 0.0005(6) 3.14(2)

ak range = 2.5 – 13.0 Å, R range = 1.0 – 4.0 Å; k-weighted fit = 1,2,3 E0 = -1(1) eV, S0
2

= 0.90. R-factor fit: 0.0054.
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Figure 6.26 (left) Experimental Fe K-edge XANES spectra of MAO activation (300eq.) after 2
minutes for precursor 2 (Solid blue), and under ethene atmosphere (Dashed red).
(right) Experimental Fe K-edge XANES spectra of MAO activation (300eq.) after
10 minutes for precursor 1 (Solid blue), and with the addition of excess (1-Phenyl-
2-trimethylsilylacetylene (Dashed red).
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Chapter 7

Cationic Copper Iminophosphorane
Complexes as CuAAC Catalysts: a
Mechanistic Study

The majority of this work is based on: J. P. H. Oudsen, B. Venderbosch, T. J. Korstanje,
and M. Tromp, Cationic copper iminophosphorane complexes as CuAAC catalysts: a
mechanistic study, Manuscript in preparation.
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7.1 Abstract

7.1 Abstract

In this study, we have combined X-ray Absorption Spectroscopy with NMR spectroscopy
(1H and 31P) to study the Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reaction un-
der operando conditions. Initially, our study was focused on the CuAAC reaction catalyzed
by Cu(PPh3)3Br. Surprisingly, it was found that iminophosphorane ligands, formed in-
situ via the Staudinger reduction, facilitate the CuAAC reaction. This observation was
used to prepare novel, well-defined CuI iminophosphorane complexes, which were found to
be active catalysts in the CuAAC reaction. A mononuclear Cu-triazolide intermediate is
identified to be the resting state during catalysis; cyclization and protonation were both
found to have an effect on the rate of the reaction. A key finding of this study includes
a novel group of highly modular CuI complexes that are active in the base-free CuAAC
reaction.

7.2 Introduction

The CuI-catalyzed azide-alkyne cycloaddition (CuAAC) reaction is a valuable methodol-
ogy to generate complex molecules, and it has high functionality group compatibility.[1]

The uncatalyzed variant of this reaction (a.k.a. Huisgen 1,3-dipolar cycloaddition) yields a
mixture of 1,4 and 1,5-regioisomers of the target triazole and the reaction requires elevated
temperature (Scheme 7.1a).[2] On the contrary, the Cu-catalyzed version yields solely the
1,4-regioisomer and is typically performed at room temperature (Scheme 7.1b).[3],[4] Due
to the high yields, selectivity and robustness of the CuAAC reaction, it is a prime exam-
ple of a so-called click reaction.[5] Generation of the active CuAAC catalyst often involves
in-situ reduction of a CuII precursor (e.g. CuSO4).[6] Alternatively, catalysis can be per-
formed directly with a CuI complex ligated by, e.g. carbenes,[7] amines[8] or phosphines.[9]

Several mechanistic studies have been performed on the CuAAC reaction. An early mech-
anistic proposal made by Sharpless and coworkers suggested that catalysis proceeds via
mononuclear CuI intermediates.[4] Later mechanistic studies however revealed a second-
order rate dependency on the concentration of CuI.[10] DFT calculations show a decrease
in the reaction barrier when a second Cu atom is introduced into these calculations.[11]

In addition, various polynuclear copper acetylide complexes have been isolated and were
found to be catalytically active in the CuAAC reaction.[12–15] Based on these observations,
catalysis is now believed to proceed through dinuclear CuI intermediates (Scheme 7.1c).
Most of these mechanistic proposals are based on either solid state structures, obtained
through single-crystal X-ray diffraction (XRD), or on DFT calculations performed in the
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7.2 Introduction

gas phase. To date, limited spectroscopic studies have been performed under operando
conditions. Dinuclear intermediates have recently been detected using electrospray ioniza-
tion (ESI) mass spectrometry (MS) under catalytic conditions.[16] The CuAAC reaction
was also studied using infrared spectroscopy (IR) by Wu et al.[17] and the rate-determining
step was identified to be cyclization of the azide and alkyne. However, no conclusions are
made regarding the exact structure nor the nuclearity of the active species. In this chapter,
more insights into the mechanism of the CuAAC reaction are detailed using novel, cationic,
homoleptic CuI iminophosphorane complexes. The preparation of these complexes is based
on initial observations using Cu(PPh3)3Br that involved Staudinger-type reactivity of the
phosophine ligands with the employed azide reactant. The mechanism of the CuAAC re-
action catalyzed by these CuI complexes is investigated using spectroscopic (NMR and Cu
K-edge XAS) and kinetic experiments. Additionally, a mononuclear CuI triazolide complex
is prepared and its relevance to the catalytic cycle is investigated. The obtained results
are supported by DFT calculations.
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7.2 Introduction

Scheme 7.1 A) Uncatalyzed azide-alkyne cycloaddition reaction to yield the 1,4- and 1,5-
regioisomer of the target triazole. B) CuI-catalyzed azide-alkyne cycloaddition re-
action to yield solely the 1,5-regioisomer. C) Recent mechanistic proposal for the
CuI-catalyzed azide-alkyne cycloaddition reaction, involving dinuclear CuI inter-
mediates. The depicted catalytic cycle is based on the proposal made in reference
12.
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7.3 Results and Discussion

7.3.1 Degradation of Cu(PPh3)3Br under catalytic conditions

Initially, Cu(PPh3)3Br was selected for this mechanistic study, as it has previously been
reported as a competent CuAAC catalyst that operates under both neat conditions and in
THF solution and requires no additional base.[18–21] Reactions were performed under strict
air-free conditions to prevent oxygen or moisture affecting the course of the reaction. As a
model system, the reaction between benzyl azide and phenyl acetylene in the presence of
Cu(PPh3)3Br in THF-d8 was monitored with 1H NMR spectroscopy (Figure 7.1, left). After
roughly 15 hours a conversion of 75% is obtained and a conversion of ∼94% is achieved.
Interestingly, an induction period is present, as can be seen in the inset of Figure 7.1,
indicative of structural changes occurring to the complex prior to formation of the active
catalyst. 31P NMR spectroscopy was used to shed light on the origin of this induction
period. Figure 7.1b shows a kinetic 31P NMR experiment, with the first spectrum measured
after 30 minutes and consecutive spectra acquired in 15-minute time intervals. Two distinct
resonances are observed in the 31P spectrum. Firstly, a resonance that decreases in time
is observed at around δP = -6 ppm. This resonance is assigned to PPh3, either bound or
free in solution. A second, increasing resonance is observed at around δP = 10 ppm. The
broadness of the observed resonances is indicative of underlying dynamic processes, which
were further probed using variable temperature (VT) NMR experiments (Figure 7.2).
In the first VT-NMR experiment, catalysis was initiated and the reaction mixture was
directly cooled to -60 °C after mixing. In the second experiment, the reaction was cooled
after 3 hours. Upon immediate quenching, several resonances in the region of δP = -10
to 0 ppm are present that originate from PPh3 (either ligated to Cu or unbound). Upon
quenching after 3 hours, relative intensity of these signals is significantly decreased and
only a single sharp PPh3 resonance is observed. Furthermore, a sharp resonance at δP =
6.4 ppm is attributed to the iminophosphorane product (PPh3)NCH2Ph of the Staudinger
reaction between PPh3 and benzyl azide (Scheme 7.2).[22] Additional resonances related
to iminophosphorane ligated to copper (δP = 32 ppm) and protonated iminophosphorane
(δP = 38 ppm) are also observed (vide infra).

The changes occurring to Cu(PPh3)3Br during this initial stage of catalysis were also
studied using Cu K-edge XANES (Figure 7.16 in the Appendix) and EXAFS. Figure 7.3
shows a comparison of the Cu K-edge EXAFS data for (black line) Cu(PPh3)3Br and (red
line) Cu(PPh3)3Br under catalytic conditions after 5 hours of reaction. In addition, Table
7.1 shows the results obtained for the EXAFS analysis of the data. EXAFS analysis of
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7.3 Results and Discussion

Figure 7.1 Reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.) in the pres-
ence of Cu(PPh3)3Br (2.5 mol%) in THF-d8 a) conversion followed by 1H NMR
spectroscopy; b) temporal evolution of the resonances observed in the 31P NMR
spectrum. Conversion was determined by comparing the integral of the benzyl azide
and triazole moiety. In the 31P NMR spectrum, the first spectrum is measured af-
ter 30 minutes and time intervals of 15 minutes are employed between consecutive
spectra.

Cu(PPh3)3Br shows a Cu–P shell containing three atoms at a distance of 2.32(1) Å and a
Cu–Br shell containing one atom at a distance of 2.481(7) Å. The obtained distances are in
close agreement with the reported crystal structure of Cu(PPh3)3Br (Cu–P: 2.3098(16) Å,
Cu–Br: 2.4826(5) Å).[23] EXAFS analysis of Cu(PPh3)3Br under catalytic conditions and
frozen after five hours shows significant changes. An excellent fit was obtained by including
a Cu–N / Cu–C shell at a distance of 1.89(1) Å a Cu–C shell containing six atoms at a
distance of 3.02(2) Å and a Cu–P shell containing one atom at a distance of 3.04(5) Å.
These Cu K-edge EXAFS experiments thus show that PPh3 does not remain ligated to
copper under catalytic conditions. Instead, two light scatters (carbon or nitrogen) are
coordinated to the metal. The origin of the Cu–P shell further away from the metal will
be discussed below.
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7.3 Results and Discussion

Figure 7.2 Reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.) in the presence
of Cu(PPh3)3Br (2.5 mol%) in THF-d8 followed by 31P VT NMR spectroscopy at
-60 °C. Shown is the NMR spectrum of a solution cooled after 0h (top) and after
3h (bottom).
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7.3 Results and Discussion

Figure 7.3 Comparison of the Cu K-edge XAS data for (black) Cu(PPh3)3Br and (red)
Cu(PPh3)3Br (2.5 mol%) with benzyl azide (1 eq.) and phenylacetylene (1.2 eq.)
after 5h of reaction time. Both samples were measured in THF. a) k2-weighted Cu
K-edge EXAFS data; b) Fourier transform of the Cu K-edge EXAFS data. For
the Fourier transform, a k-range of 3 to 12Å-1 was employed. Structures of the
corresponding complexes are included.

Table 7.1 Cu K-edge EXAFS fitting results for Cu(PPh3)3Br in THF with and without benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to obtain
the fits shown in Figure 7.3.

Conditions Shell N σ2 RFit (Å)

Cu(PPh3)3Bra Cu-P 3.0 0.0035(5) 2.32(1)
Cu-Br 1.0 0.0023(8) 2.481(7)

Cu(PPh3)3Br (2.5mol%)b Cu-C/N 2.0 0.0028(7) 1.89(1)
+ PhAc (1.2 eq.) Cu-P 1.0 0.002(2) 3.04(5)
+ BzAz (1.0 eq.)c,d Cu-C 6.0 0.03(8) 3.02(2)

ak range = 3.1 – 12.5 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(1) eV, SO
2

= 0.91. R-factor fit: 0.007.
bk range = 3.4 – 11.7 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014. cReaction mixture was frozen after 5 hours. dPhAc =
phenylacetylene; BzAz = benzyl azide.
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7.3.2 Synthesis and characterization of Cu iminophosphorane
complexes

The Staudinger reaction occurring under catalytic azide-alkyne coupling conditions has
already been observed with Cu(PPh3)3Br and was considered an unwanted reaction.[20],[24]

However, our results imply that the Staudinger reaction is essential to generate a cat-
alytically active species from Cu(PPh3)3Br under anhydrous and oxygen-free conditions.
These combined results suggest that iminophosphorane (IP) ligation to copper might be
of importance in this activation process to enable the CuAAC reaction. Notably, copper
complexes with chelating iminophosphorane-based ligands have previously been employed
in the CuAAC reaction.[25],[26]

To investigate the coordination chemistry of IPs, we prepared a variety of IPs (Scheme
7.3). The IPs were prepared through mixing of the phosphine and azide in a suitable
solvent (either toluene or THF). For the less sterically-encumbered IPs (L1-L3 and L5) the
reaction readily proceeds at room temperature, indicated by rapid N2 evolution. Formation
of L4 required heating to 110 oC, presumably due to steric hindrance imposed by PCy3,
preventing elimination of N2 from the phosphazide intermediate.[27] L1-L4 were isolated
as white solids, whereas L5 was obtained as a pink liquid. The 1H NMR spectrum of
the IPs show a characteristic doublet (3JP-H) of the benzylic hydrogens. In addition, the
observed 31P NMR resonance for the respective P=N moiety varied depending on the
parent phosphine employed. ForL1-L3 a single resonance was observed with a value of δP
= 9 ppm, while L4 resonates at δP = 24.3 ppm and L5 resonates at δP = 11.6 ppm.
Reaction of L1 (1.1 eq.) with CuBr (1 eq.) in THF led to a white solid after work-up
(Scheme 7.3). Single crystals suitable for X-ray diffraction were grown via slow diffusion
of pentane into a saturated THF solution of the complex. Rather than a heteroleptic
mononuclear species, the molecular structure revealed an ionic bis-copper complex with

Scheme 7.2 Staudinger reaction to produce the target iminophosphorane ligands L1-L5
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the structure [Cu(PPh3NCH2Ph)2[CuBr2] (Figure 7.4, left), which was also observed using
ESI+ and ESI- MS. 1H and 31P NMR spectra of [Cu(PPh3NCH2Ph)2] [CuBr2] acquired at
room temperature showed broad resonances, but a single sharp 31P NMR resonance (δP =
33.1 ppm; Δδ24 ppm with respect to free ligand) was detected at -60°C. These observations
are suggestive of the complex being dynamic in solution, which may complicate mechanistic
studies. In addition, the presence of the dibromocuprate anion is undesirable as it may
serve as a source of catalytically active Cu in the CuAAC reaction. Indeed, [NBu4][CuBr2]
(2.5 mol%) in THF-d8 showed moderate activity (34 % conversion after 22 hours) in the
reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.).

Scheme 7.3 Synthesis of Cu iminophosphorane complexes 1-CuBr2, 1-BF4 and 2-5 .

Given the propensity of these iminophosphorane ligands to form homoleptic Cu-complexes
and to prevent the generation of cuprate anions, complexes 1-5 with the general structure
[Cu(IP)2]BF4 were synthesized via reaction of [Cu(NCMe)4]BF4 with the corresponding
iminophosphorane (2.1 eq.). In all cases, the resulting complexes were isolated as white
solids that were fully characterized via NMR spectroscopy and mass spectrometry (MS).
Using cold-spray ioniziation (CSI) MS, the homoleptic cationic fragments are detected and
no noticeable fragmentation of these complexes. NMR spectroscopy shows clear changes in
the 31P NMR resonances for the corresponding Cu iminophosphorane complexes compared
to the free ligands (see Exp. Section) with Δδ of approx. 24 ppm in case of aromatic
substituents and Δδ of approx. 36 ppm in case of aliphatic substituents on the phosphine.
In addition, for all complexes, a shift in the 1H NMR spectrum for the benzylic hydrogens
is observed upon coordination to copper. Single crystals suitable for X-ray diffraction for
complexes 1-PF6 (using [Cu(NCMe)4]PF6 as precursor) and 2-4 were obtained by dif-
fusion of pentane into a THF-saturated solution of the respective complex (Figure 7.5).
Complex 5 proved very sensitive, with discoloration of solid material observed inside an
Ar-filled glovebox in the course of several days, presumably hampering the isolation of
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Figure 7.4 ORTEP plots (50% probability level) for 1-CuBr2 (left) and 1-PF6 (right).
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å], an-
gles [°] and torsion angles [°], for [1-PF6]: Cu1–N1 1.8764(19); Cu1–N2

1.8984(19); N1–P1 1.6062(19); N2–P2 1.599(2); N1–C1 1.480(3); N2–C26

1.476(3); N1–Cu1–N2 176.25(8); P1–N1–Cu1 124.16(11); C1–N1–Cu1 115.72(15);
C1–N1–P1 116.34(15); P2–N2–Cu1 114.89(11); C26–N2–Cu1 117.66(15); C26–N2–P1

123.51(16); P1–N1–N2–P2 112.18. For 1-CuBr2: Cu1–N1 1.8902(18); N1–P1

1.6055(18); N1–C1 1.487(3); N1–Cu1–N1
i 178.80(11); P1–N1–Cu1 120.18(11);

C1–N1–Cu1 117.04(14); C1–N1–P1 120.27(15); P1–N1–N1
i–P1

i 99.24.

single-crystals for this complex. All four molecular structures show a linear coordination
environment around Cu, with N–Cu–N angles close to 180o and a trigonal planar coordi-
nation environment in each case with Cu-N distances varying slightly (between 1.87 Å and
1.90 Å).
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7.3 Results and Discussion

Figure 7.5 ORTEP plots (50% probability level) for 2 (top left), 3 (top right) and 4 (bottom).
Hydrogen atoms and BF4 anions are omitted for clarity. Selected bond lengths [Å],
angles [°] and torsion angles [°], for 3 : Cu1–N1 1.879(5); Cu1–N2 1.867(5); N1–P1

1.600(5); N2–P2 1.600(5); N1–C1 1.464(8); N2–C29 1.478(8); N1–Cu1–N2 179.7(3);
P1–N1–Cu1 117.3(4); C1–N1–Cu1 117.3(4); C1–N1–P1 121.2(4); P2–N2–Cu1

118.1(3); C29–N2–Cu1 117.7(4); C29–N2–P2 118.3(4); P1–N1–N2–P2 176.95. For
4 : Cu1–N1 1.865(4); N1–P1 1.592(4); N1–C1 1.474(6); N1–Cu1–N1

i 180.0;
P1–N1–Cu1 121.5(2); C1–N1–Cu1 116.0(3); C1–N1–P1 119.6(3); P1–N1–N1

i–P1
i

180.0; Cu¬2–N2 1.860(4); N2–P2 1.587(4); N2–C26 1.472(6); N2–Cu2–N2
i 180.0;

P2–N2–Cu2 117.5(2); C26–N2–Cu2 121.0(3); C26–N2–P2 119.0(3) P1–N1–N1
i–P1

i

180.0. For 5 : Cu1–N1 1.8796(13); Cu1–N2 1.8813(13) N1–P1 1.6156(13); N2–P2

1.6169(13); N1–C1 1.477(2); N2–C26 1.472(2); N1–Cu1–N2 174.84(6); P1–N1–Cu1

121.83(8); C1–N1–Cu1 113.18(10); C1–N1–P1 120.54(11); P2–N2–Cu1 119.55(7);
C26–N2–Cu1 118.07(10); C26–N2–P2 119.24(10); P1–N1–N2–P2 144.05.
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7.3 Results and Discussion

7.3.3 Catalytic activity of the prepared Cu iminophosphorane
complexes

The catalytic performance of the complexes (1-5 ) in the CuAAC reaction between pheny-
lacetylene (1.2 eq.) and benzyl azide (1 eq.) in THF-d8 was monitored over the course
of 15 hours using 1H NMR spectroscopy (Figure 7.6). All complexes were found to be
active in the CuAAC reaction but a large variation for their performance in the CuAAC
reaction is observed. Figure 7.6a shows a comparison of complexes 1-CuBr2, 1-BF4

and Cu(PPh3)3Br, with only Cu(PPh3)3Br suffering from a clear induction period, at-
tributed to the Staudinger reaction between PPh3 and azide reagent. Although 1 and
1-BF4 are immediately active in catalysis, their catalytic performance proved inferior to
Cu(PPh3)3Br, which affords ∼70% conversion after approx. 12 hours. Addition of two
equiv. of L1 or PPh3 to 1-CuBr2 did not abate this difference in catalytic activity be-
tween Cu(PPh3)3Br and 1-CuBr2 (Figure 7.28). Additionaly, the enhanced performance
of Cu(PPh3)3Br could not be linked to the bromide anion, as the complex Cu(PPh3)3BF4

also outperforms 1-CuBr2 and 1-BF4 (Figure 6a) We suspect that residual PPh3 plays
a role in improving the catalytic performance of Cu(PPh3)3Br and Cu(PPh3)3BF4. For
Cu(PPh3)3Br, the highest rate is observed when roughly 1 equivalent of PPh3 (with respect
to Cu) remains in solution (Figure 7.29) and the rate decreases further upon decrease of
the PPh3 concentration through the Staudinger reaction.
A side-by-side comparison of complexes1-BF4, 2 and 3 may provide insight in the in-
fluence of the electronic structure of the ligand on the catalytic activity in the CuAAC
reaction. The observed activity trend is 3 > 1-BF4 > 2 , suggesting an increased cat-
alytic performance upon increased Lewis basicity of the ligand. Comparing complexes
1-BF4, 4 and 5 , seems to imply a reduction of steric bulk is beneficial to the catalytic
performance. However, analysis of complex 5 also shows an increased performance over
time. This may be related to the small substituents at phosphorus, enabling the triazole
product to also ligate to the metal and have a positive influence on the rate of the rate of
the reaction (i.e. autocatalysis).28

165



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 174PDF page: 174PDF page: 174PDF page: 174

7.3 Results and Discussion

Figure 7.6 Conversion as a function of time for the various prepared complexes. Reactions
were performed by mixing the Cu complex (2.5 mol% with respect to Cu), with
benzyl azide (1 eq.) in THF-d8 (1 mL), followed by the addition of phenylacetylene
(1.2 eq.).
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7.3 Results and Discussion

7.3.4 Mechanistic study using Cu iminophosphorane complexes

Due to ease of synthesis and good stability in solution, complex 1-BF4 was used for a
mechanistic study. To arrive at potentially relevant catalytic intermediates, initial syn-
thetic attempts focused on a Cu-acetylide bearing ligand L1. Cu complexes containing an
internal base can be directly reacted with alkynes to prepare Cu acetylides. This approach
has been used to prepare CuI complexes containing carbene ligands.[13],[29],[30] It is likely
that iminophosphorane ligands can also act as internal bases, given their qualification as
superbases, given their qualification as superbases; the closely related iminophosphorane
Ph3P=NCy was found to have a pKBH

+ of 22.7 in acetonitrile.[31]

Scheme 7.4 Overview of (attempted) synthetic procedures to prepare catalytically relevant
intermediates. a) Reaction of 1-BF4 with phenylacetylene; b) Reaction of copper
phenylacetylide with (PPh3)NCH2Ph; c) Reaction of copper phenylacetylide with
(PPh3)NCH2Ph and benzyl azide.

The hypothesis that IPs are capable of deprotonating alkynes was confirmed by reacting
1-BF4 with ∼ 10 equiv. phenylacetylene (Scheme 7.4a). Mixing both reagents in THF
leads to immediate formation of a yellow precipitate that is insoluble in both apolar and
polar solvents. Attenuated total reflection (ATR) infrared (IR) spectroscopy confirmed
the presence of both CuI(CCPh) and unreacted 1-BF4 (Figure 7.20), with no vibrations
observed for Cu(CCPh)(IP) species. The 1H NMR spectrum of the in vacuo dried super-
natant, showed broad, uninformative resonances in the 1H NMR spectrum (Figure 7.19),
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while the 31P NMR spectrum (Figure 7.19) showed unreacted 2 (δP = 33.2 ppm) and a
second, unknown resonance (δP = 28.2 ppm). Interestingly, this unknown resonance is
also observed during the CuAAC reaction catalyzed by Cu(PPh3)3Br (Figure 7.2). The
resonance does not correspond to ((PPh3)N(H)CH2Ph)+, the conjugate acid of L1 (δP
= 38.6 ppm). Based on the formation of copper phenylacetylide and the absence of free
ligand in the 31P NMR spectrum, we propose that two equivalents of (PPh3)NCH2Ph
coordinate to H+, forming (PPh3)N(H)(CH2Ph)2(H)+. Other approaches that have been
employed in the literature to prepare Cu phenylacetylide complexes include the direct
reaction between copper phenylacetylide and a suitable ligand.[30] However, an attempt
to react copper phenylacetylide with PPh3NCH2Ph was unsuccessful (Scheme 7.4b), with
work-up only leading to quantitative isolation of copper phenylacetylide and PPh3NCH2Ph
(SI Section 7.4.3). Based on the two previous unsuccessful reactions, we propose that mon-
odentate IPs do not provide stable ligation to copper phenylacetylide. During catalysis,
the solution remains homogeneous and no precipitation of copper phenylacetylide is ob-
served. Combined with the observations made during the previous experiments (Scheme
7.4a and 7.4b), it is unlikely that the resting state during catalysis under the employed
reaction conditions is a Cu acetylide complex. Another plausible candidate for the rest-
ing state is a Cu triazolide complex (Scheme 7.1). In this regard, recent DFT studies
have shown that proton-transfer from incoming acetylene substrate to a copper-triazolide
species can become the rate-determining step if the CuAAC reaction is performed un-
der aprotic conditions.[32] To date, only a handful of Cu triazolide complexes have been
isolated.[14],[33–35] Common strategies to isolate such a copper triazolide complex involve
reaction of a ligated Cu phenylacetylide complex with an organic azide. For our system,
this approach is not viable as no ligated Cu phenylacetylide complexes have been isolated.
In an attempt to prepare the targeted Cu triazolide complex, a direct reaction was per-
formed with Cu phenylacetylide, benzyl azide and (PPh3)NCH2Ph (Scheme 7.4c). After
work-up, an off-white solid was obtained that was characterized by mass spectrometry
(only homoleptic fragments) and NMR spectroscopy. The 1H NMR spectrum is in line
with the successful synthesis of Cu-triazolide complex [Cu(PhCH2N(PPh3))(1-benzyl-4-
phenyl-triazolide)] ([Cu(triaz)L1)]) (Figure 7.7), with a resonance at δH = 5.13 ppm
that is not observed in either (PPh3)NCH2Ph and Cu(PPh3NCH2Ph)2]BF4. This res-
onance is assigned to the benzylic hydrogens of the triazolide moiety. Additionally, 13C
NMR shows two resonances (δC = 154.2 and 150.0 ppm) that can be attributed to the C=C
fragment present in the five-membered ring, in correspondence with data for an earlier iso-
lated triazolide complex by Straub (δC = 154.6 and 152.2 ppm).[34] Finally, the 31P NMR
spectrum shows a single resonance at δP = 32.2 ppm. The positive mode high-resolution
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cold-spray ioniziation mass spectrum (CSI HRMS) shows the molecular ion peak for the ho-
moleptic fragment [Cu((PPh3)NCH2Ph)2]+ (expected: 797.228, found: 797.224). Negative
mode (CSI HRMS) provides many fragments, including [Cu(triazolide)2]- (expected:
531.136, found: 531.131) It is unclear whether [Cu(triaz)L1)] is homoleptic, or whether
ligand exchange has occurred under MS conditions and the complex is heteroleptic. Of the
few reported Cu-triaozlide complexes, none of them were homoleptic.[14],[33–35] In addition,
[Cu(triaz)L1)] is highly soluble in toluene, deeming the formation of an ionic complex
unlikely. Furthermore, the ligands’ benzylic hydrogens of [Cu(triaz)L1)] are significantly
shifted compared to the benzylic hydrogens of 1-BF4, indicating a different chemical en-
vironment (Figure 7.7). Based on these findings, we propose that [Cu(triaz)L1)] is best
formulated as a heteroleptic complex.

The triazolide complex proved to be active in the CuAAC reaction between phenylacety-
lene (1.2 eq.) and benzyl azide (1 eq.) and showed similar activity compared to 1-BF4

(Figure 7.21). The similarity in catalytic activity of the two complexes suggests that the
Cu-triazolide complex is indeed formed from the [Cu((PPh3) NCH2Ph)2]BF4 system un-
der catalytic conditions. Additional evidence for the formation of a Cu-triazolide complex
under catalytic conditions was found using VT NMR and Cu K-edge EXAFS experiments.
The 31P NMR spectrum acquired at -50 oC shows two resonances at δP = 37.4 and 32.6
ppm (Figure 7.22), with the former signal being assigned to [(PPh3)N(H)CH2Ph]+. The
latter signal is very similar to the 31P resonance as discussed previously for the Cu triazolide
complex. Furthermore, Cu K-edge EXAFS analysis of 1-BF4 reveals a Cu–N/ Cu–C shell
containing two atoms at a distance of 1.87(1) Å, a Cu–C shell containing six atoms at a
distance of 2.90(2) Å and a Cu–P shell containing two atoms at a distance of 3.03(1) Å
(Figure 7.8 and Table 7.2). The bond distances and coordination numbers are in close
agreement with the crystal structure of 1-PF6 (Figure 7.4b). Under catalytic conditions,
a solution containing the 1-BF4 complex shows a reduction of the coordination number
of the Cu–P shell to one, in line with loss of one of the IP ligands. Also, the EXAFS anal-
ysis is in very close agreement with EXAFS analysis of [Cu(triaz)L1)] providing further
evidence for the formation of a Cu-triazolide complex under catalytic conditions. Overall,
these data support formulation of [Cu(triaz)L1)] as the resting state during catalytic
turnover in the CuAAC reaction, starting from 1-BF4.
Having identified the resting state to be [Cu(triaz)L1)], we performed kinetic experi-
ments to investigate the pathway through which the triazole product is formed. Firstly,
the kinetic isotope effect (KIE) for deuterium-labeled phenylacetylene-d1 was determined
by reacting phenylacetylene (0.6 eq.), phenylacetylene-d1 (0.6 eq.) and benzyl azide (1
eq.) in the presence of 1-BF4 and was found to be 4.4(4) (Supporting Information 7.4.9)
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7.3 Results and Discussion

Figure 7.7 Comparison of the 1H NMR spectrum of (PPh3)NCH2Ph (top), 1-BF4 (middle)
and [Cu(PhCH2N(PPh3))(1-benzyl-4-phenyl-triazolide)] (bottom) in CD2Cl2.
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Table 7.2 Cu K-edge EXAFS fitting results for Cu(PPh3)3Br in THF with and without benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to obtain
the fits shown in Figure 7.3.

Conditions Shell N σ2 RFit (Å)

1-BF4
a Cu-N 2.0 0.0037(7) 1.87(1)

Cu-C 6.0 0.016(9) 2.90(2)
Cu-P 2.0 0.005(2) 3.03(1)

1-BF4 (2.5mol%)b Cu-C/N 2.0 0.0022(6) 1.90(1)
+ PhAc (1.2 eq.) Cu-C 6.0 0.024(6) 3.03(3)
+ BzAz (1.0 eq.)c,d Cu-P 1.0 0.003(2) 3.04(2)

[Cu(triaz)L1)]e Cu-C/N 2.0 0.0029(6) 1.89(1)
Cu-C 6.0 0.022(5) 3.00(2)
Cu-P 1.0 0.003(2) 3.02(2)

[Cu(triaz)L1)]f Cu-C/N 2.0 0.0028(5) 1.895(9)
+ PhAc (1.2 eq.) Cu-C 6.0 0.021(4) 3.02(2)

+ BzAz (1.0 eq.)c, d Cu-P 1.0 0.003(1) 3.03(1)
a k range = 3.1 – 12.5 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(1) eV, SO

2

= 0.91. R-factor fit: 0.007.
b k range = 3.4 – 11.7 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014.
c Reaction mixture was frozen after 5 hours.
d PhAc = phenylacetylene; BzAz = benzyl azide.
e k range = 3.4 – 12.3 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014.
f k range = 3.4 – 12.4 Å, R range = 1.0 – 3.5 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO

2

= 0.91. R-factor fit: 0.010.
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Figure 7.8 Comparison of the Cu K-edge XAS data for [Cu((PPh33)NCH 2Ph)2]BF4 and
[Cu(PhCH2N(PPh3))(1-benzyl-4-phenyl-triazolide)] in the absence and presence of
benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). Under catalytic conditions,
solutions were frozen after a reaction time of 10 minutes and 2.5mol% of Cu was
employed. Both samples were measured in THF. a) k2-weighted Cu K-edge EX-
AFS data; b) Fourier transform of the Cu K-edge EXAFS data. For the Fourier
transform, a k-range of 3 to 12Å-1 was employed. Figure 7.8b also shows structures
of the corresponding complexes.

and shows that the mildly acidic C–H bond of phenylacetylene is broken in the rate-
determining step. Two pathways that are in agreement with this observation are depicted
in Scheme 7.5. Firstly, phenylacetylene may coordinate to the metal center and directly
protonate the triazolide moiety to form the product and a copper-phenylacetylide com-
plex. Secondly, proton-transfer from phenylacetylene to the basic IP ligand may proceed
protonation of the triazolide moiety, with IP acting as a proton shuttle. To discern be-
tween the two pathways, we have reacted [Cu(triaz)L1)] with either phenylacetylene or
[PhCH2N(H+)(PPh3)]BF4 for two hours at r.t. Both reactions lead to the triazole prod-
uct, as evidenced by the 1H NMR spectrum (Figure 7.26). If the ligand indeed does act
as a proton shuttle, it should be beneficial for the catalytic activity to have additional
[PhCH2N(H)(PPh3)]BF4 present during catalysis. A kinetic experiment was performed
where additional [PhCH2N(H+)(PPh3)]BF4 (1 eq.) was added to [Cu(triaz)L1)], which
had no effect on the catalytic performance compared to standard conditions (Figure 7.27).
These findings make it unlikely that catalysis occurs through a proton shuttling facilitated
by the IP ligand.
Next, we determined the order of the reaction with respect to copper and substrates (Ta-
ble 3). A first-order dependency on the Cu concentration and a zeroth-order dependency
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7.3 Results and Discussion

Scheme 7.5 Hypothesized pathways through which the product triazole is formed. Pheny-
lacetylene can directly protonate the triazolide moiety to form the product. Al-
ternatively, the ligand is first protonated and can then act as a proton shuttle. In
this scheme, RDS is used to denote rate-determining step.

Table 7.3 Overview of the employed conditions for the order determination of the various
components of the 1-BF4 system.

Component Cu (eq.) BzAza (eq.) PhAcb (eq.) Reaction order

Cu 1-3 225 205 1.1(1)
PhAc 1 35 25-45 -0.02(7)
BzAz 1 20-40 10 0.00(3)
PhAcc 1 40 1-10 0.28(3)
BzAzc 1 4-10 40 0.30(6)

a BzAz is used to denote benzyl azide.
b PhAc is used to denote.
c[Cu(triaz)(L1)] was employed due to the slow reactivity between 1-BF4, BzAz and
PhAc at low substrate loadings.

173



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 182PDF page: 182PDF page: 182PDF page: 182
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in both substrates is observed when a large excess of both phenylacetylene and benzyl
azide is used. The former indicates that a mononuclear Cu complex is involved in the
rate-determining step or a dinuclear complex that stays intact in the whole catalytic cycle.
Zeroth-order dependency on both substrates is indicative of saturation kinetics.[10] To limit
saturation conditions, we had reduced the amount of substrate with respect to the metal
center. At low substrate concentrations, the formation of the Cu triazolide complex from
1-BF4 was too slow for kinetic analysis. For this reason, we employed [Cu(L1)(triaz)]
as the Cu source. For benzyl azide, a broken order of 0.30(6) is observed and for pheny-
lacetylene a broken order of 0.28(3) is observed. These broken order either indicates no
clear rate determenining step or that phenylacetylene and benzyl azide are involved in a
pre-equilibrium leading up the rate-determining step.[36] A broken order with respect to
phenylacetylene is in line with the KIE measurements and further confirms that coordina-
tion of phenylacetylene occurs during the rate-determining step(s). A broken order with
respect to benzyl azide also shows that benzyl azide coordination occurs during the rate-
determining step(s). In line with the general mechanism of the CuAAC reaction (Scheme
7.1c), we propose that both the cyclization step and protonation step contribute to the
overall rate of the reaction at low substrate loadings. Evidence for coordination of a sub-
strate was observed via Cu K-edge XANES analysis (Figure 7.17). Upon introduction of
benzyl azide and phenylacetylene to a THF solution of [Cu(L1)(triaz)], a slight decrease
in intensity of the pre-edge region is observed. The pre-edge region arises from 1s to 4p
transitions; distortion from linearity gives rise to a decrease in intensity of the pre-edge
region.[37] The slight decrease in intensity in the pre-edge region can be interpreted to arise
from a small fraction of substrate ligation (phenylacetylene or benzyl azide) towards the
Cu centers under catalytic conditions.

7.3.5 Computational study of the CuAAC reaction using Cu
iminophosphorane complexes

To verify our experimental findings, we have performed DFT-D3 calculations at the BP86/
TZ2P level of theory on the proposed catalytic cycle (Scheme 7.6) with the corresponding
energies reported below the respective intermediates. Copper phenylacetylide complex A1

was employed as a starting point for these calculations. Although complex A1 has not
been isolated nor detected, the successful synthesis of [Cu(triaz)L1)] suggest this complex
is thermodynamically accessible. A1 is incapable of directly coordinating benzyl azide.
Instead, a rather large Cu–N (3.33 Å) is observed in the final geometry (TSA2, δG =
-0.1 kcal mol-1). Subsequent cycloaddition of benzyl azide and complex A1 to yield six-
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membered cupracycle A3 (δG = 7.9 kcal mol-1) proceeds with a relatively low barrier
(TSA1, ΔΔG‡ = 11.0 kcal mol-1). Ring contraction (TSA2, ΔΔG‡ = 1.4 kcal mol-1) of
cupracycle A3 to yield Cu triazolide A4 is highly exergonic ( ΔΔG = -61.9 kcal mol-1).
Coordination of phenylacetylene to Cu triazolide A4 yields Cu triazolide A5 ( ΔΔG = -0.9
kcal mol-1); coordination of phenylacetylene is slightly exergonic. Finally, protonolysis of
complex A5 through reaction with phenylacetylene proceeds with a relatively high barrier
(TSA3, ΔΔG = 22.5 kcal mol-1) to yield the triazole and copper phenylacetylide complex
A1 ( ΔΔG = 5.8 kcal mol-1). In line with our mechanistic studies, a minor difference is
observed between the barrier for protonation (G = 5.8 kcal mol-1, difference (TSA3 and
(TSA1). This difference is expected to be even smaller when i) the polynuclear of copper
phenylacetylide is taken into consideration and ii) the relative concentration of benzyl azide
and phenylacetylene are taken into consideration (Table 3). [38]

As an alternative pathway, a mechanism proceeding through dinuclear intermediates was
considered but attempts to optimize dinuclear copper intermediates were hampered by the
steric repulsion between the two copper complexes and a very large Cu–Cu distance (∼5.00
Å), making a pathway proceeding via dinuclear intermediates unlikely.

7.4 Conclusions

A mechanistic study of the CuAAC reaction, catalyzed by cationic copper imonophospho-
rane complexes, has been detailed in this chapter. Novel cationic, homoleptic CuI com-
plexes ligated by iminophosphoranes were synthesized and fully characterized. All com-
plexes showed to be active in the CuAAC reaction with model substrates benzyl azide and
phenylacetylene. The observed activity trend 3 > 1-BF4 > 2 , highlights the increased
performance with increased Lewis basicity of the ligand. Additionally, a Cu triazolide
complex was prepared that was identified as the resting state in catalysis by spectroscopic
and kinetic analysis. Both protonolysis of the Cu triazolide and cyclization of Cu pheny-
lacetylide intermediates contribute to the overall rate of the reaction, depending on the
relative concentration of the substrates. We propose the formation of a mononuclear rest-
ing state as no evidence was found for the involvement of dinuclear intermediates in this
part of the catalytic cycle. The spectroscopic and kinetic experiments were supplemented
by DFT calculations to support the proposed catalytic cycle.
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7.4 Conclusions

Scheme 7.6 Proposed catalytic cycle for the CuAAC reaction catalyzed by copper iminophos-
phorane complexes. DFT-D3 calculations were performed at the BP86/TZ2P level
of theory. The Gibbs free energy is reported as well as the electronic energy, the
latter in italics and in brackets. The R group denotes a phenyl substitute and
the R’ group denotes a benzyl substituent. The ligand (L) employed in these
calculations was PhCH2N(PPh3).
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7.6 Experimental Section

7.6.1 General methods

Laboratory methods and materials All manipulations were performed under an in-
ert atmosphere (N2 or Ar) using standard glovebox and Schlenk techniques. Benzyl
azide and Cu(PPh3)3Br were synthesized according to previously published methods.[39],[40]

[Cu(ACN)4]BF4 was synthesized using a slightly modified literature procedure, where
an aqueous HBF4 solution was used instead of an aqueous HPF6 solution used in the
protocol.[41] Phenylacetylene, PPh3, tris(4-methoxy phenyl)phosphine, PMe3 (1M in THF)
and CuBr were purchased from Sigma-Aldrich. PCy3 was purchased from Strem. Tris(4-
chlorophenyl)phosphine was purchased from Alfa Aesar. Phenylacetylene was distilled
prior to use. All other reagents were used as provided by the supplier. Solvents were
distilled prior to use using suitable drying agents. NMR spectra were recorded on a 300
MHz (19F) and 500 MHz (1H, 13C and 31P) Bruker spectrometer. Chemical shifts were
referenced to TMS (1H and 13C), CFCl3 (19F) and H3PO4 (31P).

XAS measurements and sample preparation Cu K-edge XAS experiments were per-
formed at Diamond Light Source on beamline B18 in Didcott (UK) and at Swiss Light
Source on beamline SuperXAS in Villigen (Switzerland). All measurements were done in
fluorescence mode. Catalyst solutions were kept frozen using a Cryojet set to a tempera-
ture of 100K.[42] Measurements at SuperXAS were performed with a Si(111) double crystal
monochromator in combination with a SDD detector. Measurements were done in Quick
EXAFS mode and a single scan required 1 second and a single measurement typically
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7.6 Experimental Section

required 10 minutes.[43] Measurements at Diamond were performed with a Si(111) double
monochromator in combination with a 36 element Ge detector. A typical measurement
required around 2 minutes; 20 scans were required to obtain good signal-to-noise ratio in
the data. All acquired spectra were calibrated to a Cu foil. Data processing was performed
using the Demeter software package.[44] The amplitude reduction factor (S0

2) was deter-
mined using the Cu foil and was found to be 0.91. Below a typical XAS measurement is
described. Other experiments are done in a similar fashion.

Inside a glovebox, [Cu(PPh3)3]Br (11.2 mg, 12 micromoles, 2.5 mol%) was weighed and
dissolved into THF (1 mL). To this solution was first added benzyl azide (63 mg, ∼480
micromoles, 1 eq.), followed by the addition of phenylacetylene (59 mg, ∼580 micromoles,
1.2 eq.). The reaction was allowed to proceed for 1 hour, after which an aliquot of the
solution was taken and put into a Kapton® tube. The Kapton tube was taken out of the
glovebox, flash-frozen into liquid nitrogen and transferred to the beamline for measurement.

Computational methods Calculations were performed using the ADF software package
(2017.107).45],[46] Geometry optimizations were performed in the gas phase at the BP86 /
TZ2P level of theory, with inclusion of Grimme’s dispersion correction (D3).[47-49] Solvent
corrections were applied by performing single-point calculations on the geometry-optimized
molecule using an implicit solvent model (COSMO) for THF.[50],[51] Frequency calculations
were performed to verify whether ground states had no imaginary frequencies and transi-
tion states had a single imaginary frequency.

Crystal structure determination X-ray intensities were measured on a Bruker D8
Quest Eco diffractometer equipped with a Triumph monochromator (l = 0.71073 Å) and a
CMOS Photon 100 detector at a temperature of 150(2) K. Intensity data were integrated
with the Bruker APEX3 software.[52] Absorption correction and scaling was performed
with SADABS.[53] The structures were solved using intrinsic phasing with the program
SHELXT.[54] Least-squares refinement was performed with SHELXL-2014[55] against F2 of
all reflections. Non-hydrogen atoms were refined with anisotropic displacement parame-
ters. The H atoms were placed at calculated positions using the instructions AFIX 13,
AFIX 43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5
times U eq of the attached C atoms.
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7.6 Experimental Section

Figure 7.9 ORTEP plots (50% probability level) Crystal structure of
[Cu(PhCH2NPPh3)2][CuBr2] with one molecule of THF in its crystal lat-
tice. Hydrogen atoms are omitted for clarity. Selected bond lengths [Å], angles [°]
and torsion angles [°]: Cu1–N1 1.870(2); Cu1–N2 1.877(2); N1–P1 1.605(3); N2–P2

1.601(2); N1–C1 1.484(4); N2–C26 1.487(4); N1–Cu1–N2 178.65(11); P1–N1–Cu1

120.59(14); C1–N1–Cu1 118.42(19); C1–N1–P1 117.60(19); P2–N2–Cu1 117.59(13);
C26–N2–Cu1 120.47(18); C26–N2–P2 120.88(19); P1–N1–N2–P2 101.03.
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7.6 Experimental Section

7.6.2 Synthetic procedures

Synthesis of PhCH2NPR3 (L1, R = C6H5)

The resonance in the 1H NMR spectrum with a value of δH = 7.46 ppm is composed of two
overlapping resonances, as is observed in the 1H–13C HSQC spectrum. In addition, in the
13C spectrum, the resonance observed at δC = 133.2 ppm is composed of two overlapping
resonances

Triphenylphosphine (2.00 g, 7.63 mmol, 1 eq.) was weighed and dissolved into toluene (20
mL). To this solution was slowly added benzyl azide (1.14 g, 8.56 mmol, 1.1 eq.). During
the addition, evolution of N2 gas was observed. The reaction was left overnight (∼16h),
after which the solution was concentrated to obtain a pale yellow gel. Pentane was added
to this gel and the precipitation of a white solid was observed. The solution was again
concentrated. The resulting solid was washed with pentane (4 x 10 mL) and dried under
vacuum to obtain the target compound as a white solid (1.41 g, 3.84 mmol, 50% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.70 (m, 6H, –P–C–CH–), 7.53 (m, 3H, –P–C–CH–CH–CH–),
7.46 (m, 6H, –P–C–CH–CH–), 7.46 (m, 2H, –CH2–C–CH–) 7.26 (m, 2H, –CH2–C–CH–CH–),
7.15 (m, 1H, –CH2–C–CH–CH–CH–) 4.32 (d, 3JP–H = 15.8 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 147.1 (–CH2–C–), 133.2 (d, JC–P = 8.5 Hz, –P–C–CH
–CH–), 132.8 (d, JC–P = 95.6 Hz, –P–C–), 132.0 (–P–C–CH–CH–CH–), 129.2 (d, JC–P =
11.2 Hz, –P–C–CH–), 128.5 (–CH2–C–CH–CH–), 127.9 (–CH2–C–CH–CH–), 126.2 (–CH2–
C–CH–CH–CH–) 49.5 (–CH2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 8.9 (–PPh3)

Mass (m/z) C25H23NP+: 368.156, (368.157), 369.160, (369.160), 370.163, (370.163).
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Synthesis of PhCH2NPR3 (L2, R = C6H4OMe)

Tris(4-methoxyphenyl)phosphine (1.20 g, 3.40 mmol, 1 eq.), was weighed and dissolved
into toluene (15 mL). To this solution was added benzyl azide (0.50 g, 2.70 mmol, 1.1 eq.).
During the addition, evolution of N2 gas was observed and the reaction was left overnight
(∼16h). The resulting solution was concentrated to yield a pale yellow oil. The oil was
washed with pentane (3 x 10 mL) and dried under vacuum to obtain the target compound
as a tacky white solid (1.35 g, 2.95 mmol, 87% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.60 (m, 6H, –P–C–CH–CH–), 7.45 (m, 2H, –CH2–C–CH–),
7.27 (m, 2H, –CH2–C–CH–CH–), 7.14 (m, 1H, –C–CH–CH–CH), 6.96 (m, 6H, –P–C–CH–),
4.28 (d, 3JP–H = 16.4 Hz, 2H, –CH2–), 3.84 (s, 9H, –O–CH3)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 162.7 (–C–O–CH3), 147.3 (–CH2–C–), 134.9 (d,
JC–P = 10.1 Hz, –CH–C–O–CH3), 128.5 (–CH2–C–CH–CH–), 127.9 (–CH2–C–CH–CH–),
126.1 (–CH–CH–CH–), 124.6 (d, JC–P = 103.1 Hz, –P–C–), 114.6 (d, JC–P = 12.2 Hz,
–P–C–CH–), 56.1 (–O–CH3 ), 49.6 (–CH2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 8.9 (–P(C6H4OMe)3)

Mass (m/z) C28H29NO3P: 468.1861, (468.1885), 459.1896, (459.1919), 460.1930, (460.1949)
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7.6 Experimental Section

Synthesis of PhCH2NPR3 (L3, R = C6H4Cl)

Tris(4-chlorophenyl)phosphine (0.99 g, 2.71 mmol, 1 eq.) was weighed and dissolved into
toluene (20 mL). To this solution was added benzyl azide (0.42 g, 3.15 mmol, 1.2 eq.).
During the addition, evolution of N2 gas was observed and the reaction was left overnight
(∼16h). The resulting solution was concentrated to yield a white solid. The solid was
washed with pentane (3 x 5 mL) and dried under vacuum to obtain the target compound
as a white solid (1.01 g, 2.14 mmol, 79% yield). Based on the observation of the CH3

resonance of toluene in the final product, the product is expected to contain 0.1 equivalent
of toluene.

1H NMR (500 MHz, CD2Cl2, δ): 7.61 (m, 6H, –P–C–CH–CH–), 7.47 (m, 6H, –P–C–CH–),
7.41 (m, 2H, –CH2–C–CH–), 7.26 (m, 2H, –CH2–C–CH–CH–), 7.16 (m, 1H, –C–CH–CH–CH),
4.28 (d, 3JP-H = 17.0 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 146.4 (d, JC-P = 19.7 Hz, –CH2–C–), 138.8 (–C–Cl),
134.2 (d, JC-P = 7.4 Hz, –CH–C–Cl), 130.7 (d, JC-P = 97.5 Hz, –P–C–), 129.7 (d, JC-P = 10.9
Hz, –P–C–CH–), 128.6 (–CH2–C–CH–CH–), 127.8 (–CH2–C–CH–CH–), 126.4 (–CH–CH–CH–),
49.2 (–CC2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 5.7 (–P(C6H4Cl)3)

Mass (m/z) C25H20Cl3NP: 470.038 (470.040), 471.041 (471.043), 472.035 (472.037), 473.038
(473.040), 474.032 (474.035), 475.036 (475.038), 476.030 (476.033), 470.032 (477.034),
478.008 (478.038)
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Synthesis of PhCH2NPR3 (L4, R = C6H11)

The quaternary carbon (δC = 148.0 ppm) contained within the benzyl moiety was not
directly observed in the 13C spectrum. The assignment of this resonance is based on its
observation in the 1H-13C-HMBC spectrum.

PCy3 (0.99 g, 3.57 mmol, 1 eq.) was dissolved into toluene (15 mL). To this solution was
added benzyl azide (0.52 g, 3.92 mmol, 1.2 eq.) and the solution was briefly stirred at
room temperature and a discoloration to yellow was observed. The solution was heated for
2 hours at 110oC. Afterwards, the solution was brought back to room temperature, where
it was concentrated. The resulting solid was washed with pentane (3 x 10 mL) and was
dried under vacuum to obtain the target compound as a white solid (0.36 g, 0.94 mmol,
27% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.45 (m, 2H, –CH2–C–CH–), 7.25 (m, 2H, –CH2–C–
CH–CH–), 7.12 (m, 1H, –C–CH–CH–CH), 4.28 (d, 3JP-H = 14.0 Hz, 2H, –CH2–), 2.03 (br
m, 3H, Cy CH), 1.96-1.26 (br m, 30H, Cy CH2)

13C1H NMR (126 MHz, CD2Cl2, δ): 148.0 (–CH2–C–), 128.4 (–CH2–C–CH–CH–), 127.7
(–CH2–C–CH–CH–), 126.0 (–CH–CH–CH–), 50.0 (–CH2–), 35.8 (d, JC-P = 56.8 Hz, Cy
CH), 28.2 (Cy CH2), 28.1 (Cy CH2), 27.2 (Cy CH2)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 24.3 (–P–(Cy)3)

Mass (m/z) C25H41NP: 386.296, (386.298), 387.299, (387.301), 388.303 (388.304), 389.306
(389.308)
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Synthesis of PhCH2NPR3 (L5, R = CH3)

Note: the compound proved to be very reactive. Over time, during measurement of the
NMR sample, degradation was observed in CD2Cl2..

PMe3 in THF (1.0M, 7 mL, 7 mmol) was added to THF (5 mL). To this solution was
slowly added benzyl azide (0.53 g, 5.86 mmol, 1.2 eq.). Evolution of N2 was observed; the
reaction was found to be highly exothermic. The solution was stirred for 2 hours and was
concentrated under vacuum to yield a pink liquid (413 mg, 2.28 mmol, 38.9% yield). The
resulting liquid was used without further purification.

1H NMR (500 MHz, CD2Cl2, δ): 7.35 (m, 2H, –CH2–C–CH–), 7.25 (m, 2H, –CH2–C–CH–CH–),
7.13 (m, 1H, –C–CH–CH–CH), 4.28 (d, 3JP-H = 23.5 Hz, 2H, –CH2–), 1.35 (d, 2JP–H =
12.3 Hz, 9H, –P–(CH3)3)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 147.1 (d, JC-P = 14.1 Hz, –CH2–C–), 128.5 (–CH2–C–CH–CH–),
127.9 (–CH2–C–CH–CH–), 126.2 (–CH–CH–CH–), 50.0 (d, JC-P = 5.5 Hz, –CH2–), 16.4
(d, JC-P = 65.3 Hz, –P–(CH3)3)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 11.6 (–P–(CH3)3)

Mass (m/z) C25H41NP: 182.110, (182.112), 183.112, (183.113), 184.116 (184.117).
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Synthesis of [Cu(PhCH2NPR3)2] CuBr2 (Complex 1-CuBr2, R = C6H5)

One resonance in the 13C NMR spectrum was not observed at room temperature: the qua-
ternary carbon atom attached to the phosphorus. Presumably, under the employed mea-
surement conditions, T1 relaxation times were too long for this resonance to be observable
under the employed experimental conditions. Cooling the solution to -60oC allowed for the
detection of this resonance. Assignment of the 13C and 31P NMR resonances is based on
the spectrum acquired at -60oC.

CuBr (78 mg, 0.54 mmol 1 eq.) was weighed and slurried into THF. To this solution
was added L1 (405 mg, 1.12 mmol, 1.1 eq.) and the solution was stirred overnight (∼16
hours). The solution was filtered and was evaporated to dryness. The obtained solid was
washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid (340 mg,
0.33 mmol, 61% yield). Crystals suitable for single-crystal XRD were grown by layering a
THF-saturated solution of the complex with pentane.
Traces of THF were identified in the final product. These traces could not be removed,
despite rigorous drying. Based on the relative integral, the compound is expected to contain
approximate 0.1 equivalents of THF. In this regard, crystals were isolated for the target
compound containing THF in its crystal lattice.

1H NMR (500 MHz, CD2Cl2, δ): 7.62 (m, 6H, –P–C–CH–CH–), 7.62 (m, 3H, –P–C–CH–
CH–CH–), 7.50 (m, 6H, –P–C–CH–), 7.27 (m, 2H, –CH2–C–CH–CH–), 7.27 (m, 2H,
–CH2–C–CH–), 7.27 (m, 1H, –CH2–C–CH–CH–CH–), 4.06 (d, 3JP-H = 14.1 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 143.1 (d, JC-P = 15.9 Hz, –CH2–C–), 133.5 (–P–C–CH–
CH–CH–), 133.0 (d, JC-P = 9.4 Hz, –P–C–CH–CH–), 129.3 (d, JC-P = 12.0 Hz, –P–C–CH–),
128.7 (–CH2–C–CH–CH–), 127.8 (–CH2–C–CH–CH–), 127.4 (–CH2–C– CH–CH–CH–),
126.2 (d, JC-P = 99.8 Hz, –P–C–), 50.0 (–CH2–)
31P{1H}NMR (201 MHz, CD2Cl2, δ): 33.1 (–PPh3)

Mass (m/z) C50H44CuN2P2: 797.228, (797.228), 798.229, (798.231), 799.226 (799.223),
800.228 (800.230), 801.231 (801.233) CuBr2- : 220.769 (220.766) 222.767 (222.764), 224.765
(224.762), 226.763 (226.761)
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Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 1-BF4, R = C6H5)

The resonance in the 1H NMR spectrum with a value of δH = 7.29 ppm is composed of
two overlapping resonances, observed in the 1H–13C HSQC spectrum.

[Cu(ACN)4]BF4 (165.7 mg, 0.45 mmol, 1 eq.) was weighed and slurried into THF. To
this solution was added L1 (406.6 mg, 1.10 mmol, 2.1 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(396 mg, 0.448mmol, 99%).

From [Cu(ACN)4]PF6, we prepared the corresponding PF6 complex using a similar pro-
cedure. For this complex, crystals suitable for single-crystal XRD were grown by layering
a THF-saturated solution of the complex with pentane.

1H NMR (500 MHz, CD2Cl2, δ): 7.68 (m, 3H, –P–C–CH–CH–CH–), 7.47 (m, 6H, –P–C–CH–),
7.40 (m, 6H, –P–C–CH–CH–), 7.29 (m, 2H, –CH2–C–CH–CH–), 7.29 (m, 1H, –CH2–C–CH
–CH–CH–), 7.06 (m, 2H, –CH2–C–CH–), 3.82 (d, 3JP-H = 12.7 Hz, 2H, –CH2–) 13C{1H}
NMR (126 MHz, CD2Cl2, δ): 143.6 (d, JC-P = 13.5 Hz, –CH2–C–), 134.1 (–P–C–CH–CH–CH–),
133.7 (d, JC-P = 7.3 Hz, –P–C–CH–CH–), 130.0 (d, JC-P = 11.0 Hz, –P–C–CH–), 129.3
(–CH2–C–CH–CH–), 128.5 (–CH2–C–CH–CH–), 128.0 (–CH2–C– CH–CH–CH–), 127.2 (d,
JC-P = 99.9 Hz, –P–C–), 51.5 (–CH2–) 19F NMR (282 MHz, CD2Cl2, δ): -153.5 (10B–F4),
-153.5 (11B–F4) 31P{1H}NMR (201 MHz, CD2Cl2, δ): 33.5 (–PPh3)

Mass (m/z) C50H44CuN2P2: 797.225, (797.228), 798.231, (798.231), 799.228 (799.223),
800.230 (800.230), 801.230 (801.233), 802.233 (802.236), 803.236 (803.239), BF4

- : 86.006
(86.007), 87.002 (87.003)
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Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 2, R = C6H4OMe)

[Cu(ACN)4]BF4(127 mg, 0.405 mmol, 1 eq.) was weighed and slurried into THF. To this
solution was added L2 (377.5 mg, 0.826 mmol, 2.1 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(320 mg, 0.300 mmol, 74% yield). Crystals suitable for single-crystal XRD were grown by
layering a THF-saturated solution of the complex with pentane.

1 NMR (500 MHz, CD2Cl2, δ): 7.29 (m, 6H, –P–C–CH–CH–),7.29 (m, 1H, –C–CH–CH–CH),
7.29 (m, 2H, –CH2–C–CH–CH–), 7.06 (m, 2H, –CH2–C–CH–), 6.89 (m, 6H, –P–C–CH–),
3.85 (s, 9H, –O–CH3), 3.75 (d, 3JP–H = 13.2 Hz, 2H, –CH2

13C{1H} NMR (126 MHz, CD2Cl2, δ): 164.1 (d, JC-P= 1.9 Hz, –C–O–CH3), 144.1 (d, JC-P=
14.0 Hz, –CH2–C–), 135.5 (d, JC-P= 10.1 Hz, –CH–C–O–CH3), 129.2 (–CH2–C–CH–CH–),
128.6 (–CH2–C–CH–CH–), 127.8 (–CH–CH–CH–), 118.7 (d, JC-P = 107.8 Hz, –P–C–),
114.6 (d, JC-P = 13.1 Hz, –P–C–CH–), 56.4 (–O–CH3 ), 51.3 (–CH2–)

19F NMR (282 MHz, CD2Cl2, δ): -153.7 (10B–F4), -153.8 (11B–F4)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 31.9 (–PPh3)

Mass (m/z) C56H56CuN2O6P2: 977.285, (977.291), 978.288, (978.294), 979.285 (979.292),
980.287 (980.294), 981.291 (981.296), 982.295 (982.299), 983.298 (983.302), BF4

-: 86.009
(86.007), 87.005 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 3, R = C6H4Cl)

[Cu(ACN)4]BF4 (91.6 mg, 0.293 mmol, 1.0 eq.) was weighed and slurried into THF. To
this solution was added L3 (301.2 mg, 0.640 mmol, 2.2 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(255 mg, 0.23 mmol, 80% yield). Crystals suitable for single-crystal XRD were grown by
layering a THF-saturated solution of the complex with pentane.

1H NMR (500 MHz, CD, δ): 7.49 (m, 6H, –P–C–CH–CH–), 7.30 (m, 6H, –P–C–CH–), 7.30
(m, 2H, –CH2–C–CH–CH–), 7.30 (m, 1H, –C–CH–CH–CH), 7.06 (m, 2H, –CH2–C–CH–),
3.81 (d, 3JP–H = 13.0 Hz, 2H, –CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 143.0 (d, JC-P= 14.2 Hz, –CH2–C–), 141.5 (–C–Cl),
134.9 (d, JC-P= 10.3 Hz, –CH–C–Cl), 130.6 (d, JC-P = 12.8 Hz, –P–C–CH–), 129.5
(–CH2–C–CH–CH–), 128.5 (–CH2–C–CH–CH–), 128.4 (–CH–CH–CH–), 124.8 (d, JC-P =
102.6 Hz, –P–C–), 51.5 (–CH2–)

19F NMR (282 MHz, CD2Cl2, δ): -152.2 (10B–F4), -152.3 (11B–F4)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 32.0 (–P(C6H4Cl)3)

Mass (m/z) C56H56CuN2O6P2+H2O: 1019.000, (1019.004), 1020.002, (1020.001), 1020.996
(1021.002), 1021.999 (1022.005), 1022.993 (1023.000), 1023.996 (1024.003), 1024.991 (1024.998),
1025.994 (1026.000), 1026.989 (1026.996), 1027.991 (1027.998), 1028.989, (1028.995), 1029.992
(1029.996), 1030.987 (1030.994). BF4

-: 86.005 (86.007), 87.001 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 4, R = C6H11)

[Cu(ACN)4]BF4 (34.6 mg, 0.108 mmol, 1 eq.) was weighed and slurried into THF. To
this solution was added L4 (101.2mg, 0.260 mmol, 2.35 eq.) and the solution was stirred
overnight (∼16 hours). The resulting solution was evaporated to dryness. The obtained
solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a white solid
(80.4mg, 0.076mmol, 70% yield). Crystals suitable for single-crystal XRD were grown by
layering a THF-saturated solution of the complex with pentane.

Traces of THF were identified in the final product. These traces could not be removed,
despite rigorous drying. Based on the relative integral, the compound is expected to contain
approximate 0.1 equivalents of THF.

1H NMR (500 MHz, CD2Cl2, δ): 7.39 (m, 2H, –CH2–C–CH–), 7.39 (m, 2H, –CH2–C–CH–CH–),
7.31 (m, 1H, –C–CH–CH–CH), 4.15 (d, 3JP-H = 11.1 Hz, 2H, –CH2–), 2.08 (br m, 3H,
Cy–H2), 1.83-1.20 (br m, 30H, Cy–H)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 144.2 (d, JC-P = 11.0 Hz, –CH2–C–), 129.3 (–CH2–C
–CH–CH–), 127.9 (–CH–CH–CH–), 127.5 (–CH2–C–CH–CH–), 51.3 (d, JC-P = 2.9 Hz,
–CH2–), 35.2 (d, JC-P = 56.8 Hz, Cy CH), 27.8 (Cy CH2), 27.7 (Cy CH2), 27.5 (Cy CH2),
26.6 (Cy CH2)

19F NMR (282 MHz, CD2Cl2, δ): -153.1 (10B–F4), -153.1 (11B–F4)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 50.6 (–P–(Cy)3)

Mass (m/z) C56H56CuN2O6P2: 833.506, (803.509), 834.510 (834.513), 835.507 (835.510),
836.509 (836.512), 837.512 (837.515), 838.516 (838.518), 839.518 (839.521). BF4

- : 86.009
(86.007), 87.005 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)2] BF4 (Complex 5, R = CH3)

The complex proved to be very sensitive: discoloration to yellow was observed over several
days despite being stored in the refrigerator (-35oC) of a glovebox in absence of oxygen and
moisture.

[Cu(ACN)4]BF4 (293 mg, 0.931 mmol, 1 eq.) was weighed and slurried into THF (15 mL).
To this solution was added emphL5 (413 mg, 2.28 mmol, 2.4 eq.) and the solution was
stirred overnight (∼16 hours). The resulting solution was evaporated to dryness. The
obtained solid was washed with Et2O (3 x 10 mL) to obtain the target compound as a
white solid (300 mg, 0.585 mmol, 62% yield).

Traces of ACN were identified in the final product. These traces could not be removed,
despite rigorous drying. Based on the relative integral, the compound is expected to contain
approximate 0.3 equivalents of ACN.

1H-NMR (500 MHz, CD2Cl2, δ): 7.36 (m, 2H, –CH2–C–CH–), 7.30 (m, 2H, –CH2–C–CH–CH–),
7.30 (m, 1H, –C–CH–CH–CH), 3.92 (d, 3JP-H = 13.7 Hz, 2H, –CH2–), 1.47 (d, 2JP-H =
12.6 Hz, 9H, –P–(CH3)3)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 144.0 (d, JC-P = 13.7 Hz, –CH2–C–), 129.4 (–CH2–C
–CH–CH–), 128.8 (–CH2–C–CH–CH–), 128.1 (–CH–CH–CH–), 50.6 (d, JC-P = 2.7 Hz,
–CH2–), 15.2 (d, JC-P = 67.7 Hz, –P–(CH3)3) 19F NMR (282 MHz, CD2Cl2, δ): -152.3
(10B–F4), -152.3 (11B–F4) 31P{1H}NMR (201 MHz, CD2Cl2, δ): 39.7 (–P–(CH3)3)

Mass (m/z): CuC20H32N2P2: 425.133, (425.134), 426.137, (426.137), 427.132 (427.133),
428.136 (428.135), 429.139 (429.138). BF4

- 86.005 (86.007), 87.001 (87.003)
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7.6 Experimental Section

Synthesis of [Cu(PhCH2NPR3)(1-benzyl-4phenyl-triazolide)] BF4 (Cu(triaz)L1)
(Complex 6, R = C6H5)

One resonance in the 13C NMR spectrum was not observable at room temperature: the
quaternary carbon atom attached to the phosphorus. Presumably, under the employed mea-
surement conditions, T1 relaxation times were too long for this resonance to be observable.
Cooling of the solution to -60oC allowed for the detection of this resonance; 13C assignment
is based on the 13C{1H} spectrum acquired at -60oC.

A one pot reaction between copper phenylacetylide (180.2 mg, 1.19 mmol, 1.1 eq.), benzyl
azide (146.8 mg, l.10 mmol, 1 eq.) and emphL1 (406.8 mg, 1.11 mmol, 1 eq.) was per-
formed in THF (8 mL). The solution was stirred overnight in a glovebox (∼16 hours) and
was filtered. The resulting solution was evaporated to dryness. The obtained solid was
washed with Et2O (3 x 10 mL) and pentane (3 x 10 mL) to obtain the target compound
as a white solid (420 mg, 0.64 mmol, 58% yield).

1H NMR (500 MHz, CD2Cl2, δ): 7.76 (br m, 8H, Ph H), 7.65 (br m, 3H, Ph H), 7.50
(br m, 6H, Ph H), 7.37 (br m, 2H, Ph H), 7.27 (br m, 6H, Ph H), 7.10 (br m, 3H, Ph H),
7.00 (br m, 2H, Ph H), 5.13 (s, 2H, –C–N–CH2–), 4.27 (d, 3JP-H = 15.0 Hz, 2H, –P–N–CH2–)

13C{1H} NMR (126 MHz, CD2Cl2, δ): 154.2 (–Cu–C–C–), 150.0 (–Cu–C–), 142.8 (d,
JC-P = 14.5 Hz, –N–CH2–C–), 138.0 (–Cu–C–N–CH2–C), 135.1 (–C–C–C–), 132.7 (–P–C–
CH–CH–CH–), 132.7 (d, JC-P = 9.4 Hz, –P–C–CH–CH–), 128.6 (d, JC-P = 12.0 Hz,
–P–C–CH–), 127.9 (Ph H), 127.7 (Ph H), 127.4 (Ph H), 127.0 (Ph H), 126.5 (Ph H),
127.8 (Ph H), 126.4 (Ph H), 125.6 (d, JC-P = 99.6 Hz, –P–C–), 124.7 (Ph H), 124.6 (Ph
H), 56.4 (–C–N–CH2), 51.2 (–P–N–CH2–)

31P{1H}NMR (201 MHz, CD2Cl2, δ): 32.2 (–PPh3)

Mass (m/z) C50H44CuN2P2: 797.224, (797.228), 798.229, (798.231), 799.225 (799.223),
800.227 (800.230), 801.231 (801.233) 802.234 (802.236), 803.236 (803.239) C30H24CuN6

-:
531.131 (531.136) 532.133 (532.139), 533.129 (533.135), 534.132 (534.137), 535.136 (535.140),
536.150 (536.143).
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7.7 Appendix

7.7 Appendix

7.7.1 Cu K-edge EXAFS analysis

EXAFS analysis of [Cu(PPh3)3]Br in the absence and presence of substrates

Figure 7.10 Cu K-edge EXAFS data and corresponding Fourier Transform for [Cu(PPh3)3]Br,
acquired in a frozen THF solution.

Figure 7.11 Cu K-edge EXAFS data and corresponding Fourier Transform for the reaction
between phenylacetylene (1.2 eq.) and benzylazide (1 eq.) in the presence of
[Cu(PPh3)3]Br, (2.5 mol%) acquired in a frozen THF solution. The reaction
mixture was frozen after five hours.
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7.7 Appendix

Table 7.4 Cu K-edge EXAFS fitting results for Cu(PPh3)3Br in THF with and without benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to obtain
the fits shown in Figure 7.10 and 7.11.

Conditions Shell N σ2 RFit (Å)

Cu(PPh3)3Bra Cu-P 3.0 0.0035(5) 2.32(1)
Cu-Br 1.0 0.0023(8) 2.481(7)

Cu(PPh3)3Br (2.5mol%)b Cu-C/N 2.0 0.0028(7) 1.89(1)
+ PhAc (1.2 eq.) Cu-P 1.0 0.002(2) 3.04(5)
+ BzAz (1.0 eq.)c,d Cu-C 6.0 0.03(8) 3.02(2)

ak range = 3.1 – 12.5 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(1) eV, SO
2

= 0.91. R-factor fit: 0.007.
bk range = 3.4 – 11.7 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 6(3) eV, SO

2

= 0.91. R-factor fit: 0.014. cReaction mixture was frozen after 5 hours. dPhAc =
phenylacetylene; BzAz = benzyl azide.

EXAFS analysis of Complex 1-BF4 in the absence and presence of substrates

Figure 7.12 Cu K-edge EXAFS data and corresponding Fourier Transform for 1-BF4 acquired
in a frozen THF solution.
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7.7 Appendix

Figure 7.13 Cu K-edge EXAFS data and corresponding Fourier Transform for the reaction
between phenylacetylene (1.2 eq.) and benzylazide (1 eq.) in the presence of
1-BF4 (2.5 mol%) acquired in a frozen THF solution. The reaction mixture was
frozen after ten minutes.

Table 7.5 Cu K-edge EXAFS fitting results for Complex 1-BF4 in THF with and without
benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used to
obtain the fits shown in Figure 7.12 and 7.13.

Conditions Shell N σ2 RFit (Å)

Complex 1-BF4
a Cu-N 2.0 0.0037(7) 1.88(1)

Cu-C 6.0 0.0017(8) 2.94(1)
Cu-P 2.0 0.005(1) 3.03(2)

Complex 1-BF4 (2.5mol%)b Cu-C/N 2.0 0.0028(5) 1.89(1)
+ PhAc (1.2 eq.) Cu-C 6.0 0.0021(4) 3.02(2)
+ BzAz (1.0 eq.)c,d Cu-P 1.0 0.003(1) 3.03(1)

ak range = 3.4 – 11.7 Å, R range = 1.0 – 3.3 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO
2

= 0.91. R-factor fit: 0.019.
bk range = 3.4 – 12.4 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 8(2) eV, SO

2

= 0.91. R-factor fit: 0.017. cReaction mixture was frozen after 10 min. dPhAc =
phenylacetylene; BzAz = benzyl azide.
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7.7 Appendix

EXAFS analysis of Complex 6 (Cu(triaz)L1 in the absence and presence of
substrates

Figure 7.14 Cu K-edge EXAFS data and corresponding Fourier Transform for Cu(triaz)L1

acquired in a frozen THF solution.

Figure 7.15 Cu K-edge EXAFS data and corresponding Fourier Transform for the reaction
between phenylacetylene (1.2 eq.) and benzylazide (1 eq.) in the presence of
Cu(triaz)L1 (2.5 mol%) acquired in a frozen THF solution. The reaction mixture
was frozen after ten minutes.
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7.7 Appendix

Table 7.6 Cu K-edge EXAFS fitting results for Complex Cu(triaz)L1 in THF with and with-
out benzyl azide (1 eq.) and phenylacetylene (1.2 eq.). These parameters were used
to obtain the fits shown in Figure 7.14 and 7.15.

Conditions Shell N σ2 RFit (Å)

Complex Cu(triaz)L1
a Cu-N 2.0 0.0029(6) 1.89(1)

Cu-C 6.0 0.0022(5) 3.00(2)
Cu-P 2.0 0.003(2) 3.02(2)

Complex Cu(triaz)L1 (2.5mol%)b Cu-C/N 2.0 0.0028(5) 1.895(9)
+ PhAc (1.2 eq.) Cu-C 6.0 0.0021(4) 3.02(2)
+ BzAz (1.0 eq.)c,d Cu-P 1.0 0.003(1) 3.03(1)

ak range = 3.4 – 12.3 Å, R range = 1.0 – 3.0 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO
2

= 0.91. R-factor fit: 0.014.
bk range = 3.4 – 12.4 Å, R range = 1.0 – 3.5 Å; k-weighted fit = 1,2,3 E0 = 7(2) eV, SO

2

= 0.91. R-factor fit: 0.010. cReaction mixture was frozen after 10 min. dPhAc =
phenylacetylene; BzAz = benzyl azide.
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7.7 Appendix

7.7.2 Cu K-edge XANES data

Below, an overview is given of the changes that are observed in the Cu K-edge XANES
region under catalytic conditions.

Figure 7.16 Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and
benzyl azide (1 eq.) in the presence of [Cu(PPh3)3]Br (2.5 mol%), acquired in a
frozen THF solution. Reaction times are given in the figure

.

Figure 7.17 Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and
benzyl azide (1 eq.) in the presence of Cu-1BF4 (2.5 mol%), acquired in a frozen
THF solution. Reaction times are given in the figure.
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7.7 Appendix

Figure 7.18 Cu K-edge XANES data for the reaction between phenylacetylene (1.2 eq.) and
benzyl azide (1 eq.) in the presence of Cu(triaz)L1 (2.5 mol%), acquired in a
frozen THF solution. Reaction times are given in the figure.

7.7.3 Mechanistic study of the CuAAC reaction catalyzed by
[Cu-1BF4]

Reaction of [Cu-1BF4] with phenylacetylene (∼10 eq.)

Inside a glovebox, a Schlenk flask was loaded with [Cu-1BF4] (100 mg, 0.272 mmol, 1
eq.) and was slurried into THF (15 mL). To this solution was added phenylacetylene (0.2
mL, 1.82 mmol, 6.7 eq.). The solution turned yellow (∼1 minute). The solution was left
for another hour, after which the solution was filtered. The obtained solid was washed
with THF (3 x 10 mL) and n-hexane (3 x 10 mL) to obtain 9.7 mg of a yellow solid. The
yellow solid was characterized via ATR-IR spectroscopy (Figure 7.20). In addition, the
filtrate was concentrated and washed with n-hexane (3 x 10 mL) to obtain 28.9 mg of an
off-white solid. The solid was characterized via NMR spectroscopy (Figure 7.19).
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7.7 Appendix

Figure 7.19 1H and 31P{1H} NMR spectra of the filtrate obtained in the reaction between
[Cu-1BF4]and phenylacetylene, acquired in CD3CN.

Preparation of PPh3NCH2Ph.HCl

Inside a glovebox, L1 (150.6 mg, 0.409 mmol, 1 eq.) was added to a Schlenk flask and
dissolved into Et2O (10 mL). To this solution was added 1M HCl in Et2O (0.8 mL, 0.800
mmol, 2 eq.). Immediate precipitation of a white solid was observed. The solution was
stirred for another hour and afterward the solution was filtered. The resulting white solid
was washed with pentane (3 x 10 mL) and Et2O (3 x 10 mL). The white solid was further
dried under vacuum at 50oC to obtain PPh3NCH2Ph.HCl as a white solid (121.9 mg, 0.302
mmol, 73.8% yield).

1H NMR (500 MHz, CD3CN, δ): 8.48 (m, 1H, –N–H), 7.86 (m, 9H, Ph H), 7.69 (m,
6H, Ph H), 7.26 (m, 5H, Ph H), 4.24 (m, 2H, –CH2–) 31P{1H} NMR (201 MHz, CD3CN,
δ): 38.6 (–PPh3)

Reaction of copper phenylacetylide with PPh3NCH2Ph

Inside a glovebox, a Schlenk flask was loaded with copper phenylacetylide (79.4 mg, 0.482
mmol, 1 eq.) and this complex was slurried into THF (15 mL). To this solution was added
L1 (198 mg, 0.539 mmol, 1.1 eq.) and the solution was stirred for ∼15 hours. Afterwards,
the solution was filtered and 62.0 mg of a yellow solid was isolated. The yellow solid was
characterized by ATR-IR spectroscopy (see Figure 7.20). In addition, the filtrate was con-
centrated to obtain 121.8 mg. The resulting solid was characterized by NMR spectroscopy
and was identified to be unreacted L1.
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7.7 Appendix

Figure 7.20 Overview of the ATR-IR spectra. From top to bottom, depicted are the ATR-IR
spectra of copper phenyl acetylide, complex 2, the precipitate formed during the
reaction between [Cu-1BF4] and phenylacetylene (10 eq.) and the precipitate of
the reaction between copper phenylacetylide and PPh3NCH22Ph.
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7.7 Appendix

Comparison of the catalytic activity of [Cu(triaz)L1 and [1-BF4]

Figure 7.21 Comparison of the catalytic performance of [Cu(triaz)L1] and [1-BF4] in the
reaction between benzyl azide (1 eq.) and phenylacetylene (1.2 eq.).

NMR experiments performed for [1-BF4] under catalytic conditions

Below, the low-temperature 31P NMR spectrum is shown of the reaction between benzyl
azide (1 eq.) and phenylacetylene (1.2 eq.), catalyzed by [1-BF4]. The resonance with a
value of δP = 37.5 ppm matches closely with protonated IP. The resonance with a value
of δP = 32.5 ppm matches closely with [Cu(triaz)L1] (δP = 32.2 ppm).

Additionally, under catalytic conditions, both [1-BF4] and [Cu(triaz)L1] show a res-
onance (δ at 5.25 ppm) close to where the resonance of the benzylic hydrogens of the
triazolide moiety are expected, providing further evidence for the formation of a Cu tria-
zolide complex under catalytic conditions for the [1-BF4] complex.
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7.7 Appendix

Figure 7.22 Low-temperature 31P NMR experiment (-60oC) for CuAAC reaction between
phenylacetylene (1.2 eq.) and benzyl azide (1 eq.) catalysed by [1-BF4] (2.5
mol% in Cu), performed in THF-d8.
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Figure 7.23 1H NMR spectra of the benzylic hydrogens observed in the reaction between
phenyacetylene (1.2 eq.) and benzyl azide (1 eq.) catalyzed by [1-BF4] (2.5
mol% in Cu, top) and [Cu(triaz)L1] (2.5 mol% in Cu, bottom) in THF-d8.
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7.7 Appendix

Kinetic study for the reaction between phenylacetylene and benzyl azide, cat-
alyzed by [1-BF4] or [Cu(triaz)L1]

The order in Cu, phenylacetylene and benzyl azide was determined to further probe the
mechanism of the CuAAC reaction. Kinetic experiments were done similar to the previ-
ously described kinetic experiments. The initial rate was determined by taking various
NMR spectra over the course of 1 hour and comparing the relative integral of the triazole
product and benzyl azide to determine the amount of triazole formed.

Figure 7.24 Depicted is a log-log plot of the initial rate (μmol hr-1) against the concentration
of (left) Cu (μmol mL-1). [1-BF4] was used as the Cu source, (right) phenylacety-
lene and (bottom) benzylazide. The experimental data was fitted to an equation
with the general form y = a + bx.
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7.7 Appendix

Figure 7.25 Depicted is a log-log plot of the initial rate (μmol hr-1) against the concentration
of (left) phenylacetylene (μmol mL-1). [Cu(triaz)L1] was used as the Cu source
and (right) benzylazide. The experimental data was fitted to an equation with
the general form y = a + bx.

Stoichiometric reaction between [Cu(triaz)L1] and phenylacetylene or
PPh3NCH2Ph.HBF4

To assess whether phenylacetylene or the protonated IP is responsible for product re-
lease, we had performed stoichiometric reactions in THF-d8 between [Cu(triaz)L1] and
phenylacetylene or PPh3NCH2Ph.HBF4. In these experiments, either 1 equivalent of
PPh3NCH2Ph.HBF4 or 40 equivalents of phenylacetylene were reacted with the triazolide
complex. A 1H NMR spectrum was acquired after 2 hours to assess the formation of the
triazole. The results are depicted in the figure below; both compounds are capable of
liberating the triazole.
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7.7 Appendix

Figure 7.26 Stoichiometric reaction between [Cu(triaz)L1] and phenylacetylene (40 eq., top)
or PPh3NCH2Ph.HBF4 (1 eq., bottom) in THF-d8 and measured after 2 hours.
The asterisk is used to denote the triazole product.
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7.7 Appendix

Catalysis in the presence of one extra equivalent of PPh3NCH2Ph.HBF4

To assess whether the ligand can act as proton shuttle, we devised a catalytic experi-
ment where we added an additional equivalent of PPh3NCH2Ph.HBF4 to [Cu(triaz)L1]
under catalytic conditions. If the ligand were to act as a proton shuttle during the rate-
determining step, addition of protonated IP would be expected to lead to an increase in
the rate of the reaction. This is not the case as seen in the figure below.

Figure 7.27 Comparison of the catalytic activity of [Cu(triaz)L1] (2.5 mol%) in the presence
and absence of one equivalent of PPh3NCH2Ph.HBF4.

207



542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen542074-L-bw-Oudsen
Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020Processed on: 5-3-2020 PDF page: 216PDF page: 216PDF page: 216PDF page: 216

7.7 Appendix

Effect of additional equivalents of ligand or PPh3 on the catalytic activity of
[1-CuBr2]

To assess the enhanced performance [Cu(PPh3)3]Br with respect to [1-CuBr2], we devised
an experiment two total equivalents of PPh3 and/or ligand was added during catalysis of
[1-CuBr2]. This was found to not have an effect on the catalytic performance

Figure 7.28 Comparison of the catalytic performance of [Cu(PPh3)3]Br and [1-CuBr2] in
the presence of two total equivalents of PPh3 and/or ligand in THF-d8. For both
complexes, 2.5 mol% of Cu was employed.
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7.7 Appendix

Figure 7.29 Consumption of PPh3 as a function of time. The consumption was estimated by
taking the maximum peak intensity of the PPh3 resonance and plotting it as a
function of time. The curve was fit to an equation of the form: B+F exp(-x G),
with B= 2.84, F= 91.77 and G= 9.62e-05.
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Summary

Summary

Catalysis is one of the most important methods to obtain compounds in a selective and
sustainable fashion and as such is a key technology for the generation of a sustainable
society. Next to developing processes that require a minimal amount of energy and/or
resources we are facing an enormous challenge in the transition of a society that runs
on renewable energy. Next to the generation of sufficient amount of renewable energy,
we should also focus on the production of novel energy carriers to cope with the natural
fluctuations. These are required to make a transition to a renewable energy economy
in which the hydrogen economy is likely going to play a role. In order to optimize and
thereby modify homogeneous catalyst for these type of processes, it is important to know
the exact structure of the catalyst, especially under catalytic conditions. Spectroscopic
information on the catalyst is crucial to reveal for example structure-activity relationships
or typical ligand effects, as this allows further rational development of catalysts. Often,
experimental techniques like NMR, Infrared spectroscopy (IR) and mass spectrometry,
do not provide detailed structural information. Recently, X-ray Absorption Spectroscopy
(XAS) has been used for the in-situ identification of intermediate species during catalysis
with the use of stopped-flow (SF) and freeze-quench (FQ) methodologies. This approach
allows for time-resolved experimentation on liquid systems down to the millisecond (ms)
time resolution and shows noteworthy changes of the catalyst structure during the catalytic
process. XAS is a very powerful technique to determine the local structure around the
absorber atom: type and number of neighboring atoms, their respective bond distances,
together with electronic properties. In this thesis we develop and use various XAS methods
to study different catalytic processes. Highlights include XAS in combination with fast
data acquisition, identifying reactive intermediate species, in combination with extended
theoretical modelling, using Time Dependent Density Functional Theory (TD-DFT) and
ab initio self-consistent multiple-scattering code (FEFF).

Chapter 1 introduces the basic understanding of XAS spectroscopy, in particular
the EXAFS equation. Furthermore, background information on the different catalytic
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systems that we have studied in this thesis is provided. It focuses on the state of the latest
spectroscopic findings and remaining challenges in the field.

Chapter 2 describes the experimental and theoretical methodologies used in the re-
search throughout this thesis. First an introduction to DFT is provided, followed by how
to interpret XAS data. It furthermore describes the fundamentals of theoretical models,
simulating XAS and Resonant Inelastic Resonance Spectroscopy (RIXS) spectra. Conven-
tional (1D) XAS spectroscopy provides information on geometric and electronic properties,
while 1s2p RIXS (2D) and Kα HERFD K-edge XANES contain additional features via va-
lence band excitations. Chapter 3 shows that the combination of experimental techniques
with theoretical methods such as FEFF9 and charge transfer multiplet theory based on
CTM4XAS and CTM4RIXS provide valuable information on the electronic properties of
chromium reference compounds. Overall, the multiplet calculations are in line with the
experimental data, providing spectra with similar features and peak intensities. This study
emphasizes that CTM4RIXS is well suited for quadrupole transitions (due to the strong lo-
cal multiplet interactions in the final state), whereas FEFF9 is ideal for systems dominated
by dipole transitions. The obtained knowledge in our study of reference materials can be
applied to catalytic systems in the near future, to derive geometric and valence information
about the active site(s) observed under catalytic conditions. In Chapter 4 and Chap-
ter 5 we demonstrate that X-ray absorption near edge spectroscopy (XANES) directly
probes molecular orbitals. Essential information about the electronic properties of the
samples was obtained. The hard Fe K-edge and soft S K-edge of a series of organometallic
(Fe2S2) complexes is studied in detail (Figure 1). The different charge distributions pos-
sible in these complexes due to different redox-states can clearly be assigned. Depending
on the ligand backbone, which determines the basicity of the complex, different charge
distributions can occur. The use of S K-edge XANES could clearly assign electronic and
structural changes due to high experimental energy resolution. This allowed us to differen-
tiate between reduction of the metal or the ligand coordinated to the metal center. Both
Fe and S K-edge TD-DFT XANES and FEFF simulations helped to interpret and assign
the different molecular orbitals and validate the results obtained.

In Chapter 4, we are able to characterize a so-far hypothesized key intermediate ([1’]
for a hydrogen evolution catalyst depicted in Figure 1. The open di-anionic structure is
fully characterized by EXAFS analysis. This shows that the one Fe-S bond is broken and
only the iron core is reduced, as the Fe–Fe bond lengthens extensively. This work is an
important stepping stone towards the elucidation of other intermediates postulated in the
proton reduction mechanism, e.g. the subsequent protonation of the mono or doubly re-
duced intermediate.
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Figure S1. Schematic overview of the hydrogenase mimic structures investigated in this thesis.

In Chapter 6, we investigated two bisiminopyridine-based iron catalysts that are active
in the oligomerization and polymerization of ethene. The exact (activation) mechanism
and the corresponding oxidation state (FeII or FeIII) of the active species, remain an ongo-
ing debate. The ‘non-innocence’ of the bis(imino)pyridine ligand makes the assignment of
the oxidation and spin state of the open-shell Fe organometallic complex during catalysis
uncertain. The two systems have different functional groups (bound via the imine) to the
ligand backbone. This allows for selective 1-butene formation in case of the less sterically
demanding iPr-group and ethene polymerization in case of the bulky mesityl-substituted
catalyst. The selective product formation could be explained by de-stabilizing the tran-
sition state of the termination reaction (favoring ethene insertion) in the bulky catalyst.
By applying time resolved spectroscopic experiments (UV-Vis and XAS) under industrially
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applicable conditions we were able to characterize the activated catalyst in solution. By the
use of EXAFS analysis, we have shown the quantitative formation of postulated cationic
FeII species in both systems (Figure S2). By combining XAS analysis with (TD-)DFT
calculations, we could differentiate between a triplet and quintet ground state for the two
different activated precursors.

Figure S2. Schematic overview of the ethene oligo- and poylemerization catalysts activation
process

Another important class of reactivity; click chemistry, is discussed in Chapter 7. The
Cu catalyzed azide alkyne cycloaddition (CuAAC) was investigated by spectroscopic, ki-
netic and computational analysis. By using Cu(PPh3)3Br as a catalyst, we noticed that
the phosphine ligands rapidly undergo the Staudinger reaction to form iminophosphoranes
(IPs) leading to the in situ formation of novel cationic, homoleptic copper complexes lig-
ated by IPs. A small library of different IP-ligated complexes was therefore synthesized
and all complexes were fully characterized. Extensive kinetic analysis provide insight in the
influence of the electronic structure of the ligand on the catalytic activity in the CuAAC
reaction. A targeted Cu triazolide complex, is synthesized by a direct reaction between
Cu phenylacetylide, benzyl azide and IP-ligand, was further studied. This Cu triazolide
complex is determined to be the resting state during catalysis by kinetic analysis and
additional NMR experiments. No evidence is found for the involvement of dinuclear inter-
mediates in this part of the catalytic cycle. All the spectroscopic and kinetic experiments
are supplemented by DFT calculations to support the proposed catalytic cycle (Figure S3).
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Figure S3. Proposed catalytic cycle with techniques applied to characterize the corresponding
intermediate(s).

Experimental XAS studies benefit from additional theoretical studies, either based on DFT
calculations or multiplet calculations. TD-DFT yields accurate excitation energies for low-
lying excited states in case of both hard X-rays (Fe, Cr, Cu) and soft X-rays (S). The
electronic and geometric factors that determined the different electronic structures can
therefore be understood to a greater extend. Calculated spectral line shapes and (relative)
energy positions can hereby fingerprint the valence and spin states of different metals,
which is highly desirable and often difficult to determine.
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Samenvatting

Samenvatting

Katalyse is een van de belangrijkste methoden om op een selectieve en duurzame manier
(nieuwe) verbindingen te verkrijgen. Naast het ontwikkelen van processen die een mini-
male hoeveelheid energie en / of hulpbronnen vereisen, moeten we ons ook richten op de
productie van nieuwe energiedragers. Deze zijn nodig om een transitie te maken naar een
energie-duurzame economie waarin het gebruik van waterstof een veelbelovend alternatief
op fosssiele brandstoffen is. Om katalytische routes te optimaliseren en zelfs te wijzigen, is
het belangrijk om de exacte structuur van de katalysator te weten, vooral onder katalytische
omstandigheden. Spectroscopische informatie, die structuur-activiteitsrelaties of ligandef-
fecten onthult, is van cruciaal belang bij de ontwikkeling van katalysatoren. Vaak bieden
experimentele technieken zoals NMR, infraroodspectroscopie en element analyse geen gede-
tailleerde structurele informatie. Röntgenabsorptie spectroscopie (XAS) is een techniek
die gebruik maakt van hoog energetische straling door een synchrotron. Hiermee kunnen
we in-situ intermediairen identificeren tijdens katalyse met behulp van ’stopped-flow’ en
’freeze-quench’ methodologieën. Deze methodes maken het mogelijk vloeistofsystemen tot
op milliseconde (ms) tijdresolutie te meten. Structurele en elektronische veranderingen
tijdens het katalytische proces kunnen hierdoor worden waargenomen. XAS spectroscopie
is een zeer krachtige techniek om de lokale structuur rond het absorberende atoom te
bepalen: type en aantal aangrenzende atomen, hun respectieve bindingsafstanden, samen
met elektronische eigenschappen. In mijn proefscrhift, wordt de snelle data-acquisitie,
waarmee reactieve intermediairen worden geïdentificeerd, gecombineerd met uitgebreide
theoretische modellen. We hebben veel gebruik gemaakt van tijds-afhankelijke dichtheids-
functionaaltheorie (Den- sity Functional Theory, TD-DFT). Deze theorie wordt gebruikt
om de elektronenstructuur van moleculen te beschrijven.

Hoofdstuk 1 introduceert het basisbegrip van dit onderzoek: XAS-spectroscopie waarin
we voornamelijk naar de EXAFS-vergelijking en de afleiding daarvan kijken. Verder wordt
achtergrondinformatie gegeven over de verschillende katalytische systemen die in dit proef-
schrift worden toegepast. Het richt zich op de stand van de nieuwste spectroscopische
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bevindingen en extra uitdagingen in het veld. Hoofdstuk 2 beschrijft de experimentele
en theoretische methoden die in dit proefschrift zijn gebruikt. Allereerst een introductie
over DFT, gevolgd door XAS-analyses en interpretaties. Het beschrijft daarnaast ook de
basisprincipes van de door ons gebruikte theoriën, waarmee XAS- en RIXS-spectra worden
gesimuleerd.

Naast conventionele (1D) XAS-spectroscopie, bevatten 1s2p RIXS (2D) en Kα HERFD
K-edge XANES extra signalen met informatie over de geometrische en elektronische eigen-
schappen van complexen. In Hoofdstuk 3 biedt de combinatie van experimentele tech-
nieken en theoretische methoden zoals FEFF9 en ladingsoverdracht multiplettheorie waarde-
volle informatie over de elektronische eigenschappen van chroom referentieverbindingen.
Over het algemeen zijn de multipletberekeningen in overeenstemming met de experimentele
gegevens, met vergelijkbare kenmerken en intensiteiten.
Deze studie benadrukt dat CTM4RIXS goed geschikt is voor quadrupool overgangen (van-
wege de sterke lokale multiplet-interacties in het uiteindelijke deeltje), terwijl FEFF9 ideaal
is voor systemen die worden gedomineerd door dipoolovergangen. De verkregen kennis in
onze studie van referentiematerialen kan in de nabije toekomst op katalytische systemen
worden toegepast om geometrische en elektronische informatie over de actieve deeltjes tij-
dens katalyse te verkrijgen.

In Hoofdstuk 4 en Hoofdstuk 5 laten we zien hoe het eerste deel van een XAS
spectrum (XANES), direct beïnvloed wordt door de (lege) moleculaire orbitalen van de
bestudeerde complexen. Hier wordt essentiële informatie over de elektronische eigenschap-
pen van de verscillende complexen verkregen. De ijzer en zwavel atomen zijn specifiek
bekeken met behulp van Fe K-edge en S K-edge XANES. De ladingsverschillen in een
reeks van organometallische (Fe2S2) complexen zijn in detail bestudeerd. Afhankelijk van
het gekozen ligand, die de basiciteit van het complex beïnvloedt, kunnen verschillende
ladingsverdelingen optreden. Het gebruik van S K-edge XANES kan duidelijk elektronis-
che en structurele veranderingen onthullen vanwege de hoge experimentele energieresolutie.
De verschillende ladingsherverdelingen in meerdere redox-toestanden kunnen hier duidelijk
worden toegewezen en het stelde ons in staat om onderscheid te maken tussen elektron(en)
overdracht naar het metaal (ijzer) en/of ligand. Theoretische berekeningen (TD-DFT en
FEFF) valideren de verkregen resultaten. In Hoofdstuk 4 kijken we naar de vorm-
ing van een tot nu toe gehypothetiseerd intermediair, belangrijk in de product vorming
van waterstof. De open gevouwen (anionische) structuur wordt volledig gekaraktiseerd
met EXAFS-analyse. Hier laten we duidelijk zien dat een Fe-S bond breekt en de Fe-Fe
binding substantieel langer wordt. Beide observaties beschrijven dat reductie alleen op het
metaal plaats vindt. Dit werk is een belangrijke opstap naar de opheldering van andere
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Figure S1. Schematisch overzicht van de gebruikte hydrogenase systemen in deze thesis.

tussenproducten die zijn gepostuleerd in de productie van waterstof.
In Hoofdstuk 6 kijken we naar twee verschillende bisiminopyridine gebaseerde ijz-

erkatalysatoren, die actief zijn in de oligomerisatie en polymerisatie van etheen. Het exacte
(activerings) mechanisme en de bijbehorende oxidatietoestand (FeII of FeIII) van de actieve
deeltjes, blijven een voortdurend debat. De toewijzing van de oxidatie- en spintoestand is
lastig doordat het vaak om open-shell Fe organometaalcomplexen gaat. De twee systemen
hebben verschillende functionele groepen (gebonden via het imine) aan het ligand. Dit
maakt selectieve 1-buteen vorming mogelijk in het geval van de minder sterische iPr-groep
en etheenpolymerisatie in het geval van de sterische mesityl-gesubstitueerde katalysator.
De selectieve productvorming kan worden verklaard door de overgangstoestand van de ter-
minatiereactie (etheeninsertie wordt begunstigd) in het geval van de sterische katalysator
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te destabiliseren. Door toepassing van in de tijd opgeloste spectroscopische experimenten
(UV-Vis en XAS) onder industrieel toepasbare omstandigheden konden we de geactiveerde
katalysatoren in oplossing karakteriseren. We hebben de kwantitatieve vorming van gepos-
tuleerde kationische FeII deeltjes in beide systemen aangetoond. Door XAS-analyse te com-
bineren met (TD-)DFT-berekeningen konden we onderscheid maken tussen verschillende
grondtoestanden.

Figure S2. Schematisch overzicht van het activatieproces van etheen oligo- en poylemerizatie
katalysatoren

Klikchemie is een relatief nieuwe term waarbij via een minimum aantal stappen in com-
binatie met een kleine verzameling van bouwstenen, een bibliotheek van stoffen kan worden
samengesteld met uiteenlopende structuren en bijbehorende eigenschappen. In Hoofd-
stuk 7 kijken we naar de klikreactie tussen benzylazide en fenylacetyleen, gecatalyzeerd
door kopercomplexen. Via spectroscopie, kinetische metingen en theoretische modellen
is er meer inzicht verkregen in het reactiemechanisme en bijhorende gevormde interme-
diaren. Aanvankelijk richten we ons op het gebruik van Cu(PPh3)3Br als katalysator.
De fosfineliganden ondergaan echter snel de Staudinger-reactie: leidend tot de ontwikke-
ling van nieuwe kationische, homoleptische kopercomplexen, geligeerd door iminofosfora-
nen (IP’s). Meerdere IP-geligeerde complexen zijn gesynthetiseerd en alle complexen zijn
volledig gekarakteriseerd. Uitgebreide kinetische analyse laat duidelijk de invloed van de
elektronische structuur van het ligand op de katalytische activiteit in de CuAAC-reactie
zien. Een voorgesteld Cu-triazolide complex wordt gesynthetiseerd door een directe reac-
tie tussen Cu-fenylacetylide, benzylazide en IP-ligand. Er is geen bewijs gevonden voor de
betrokkenheid van dinucleaire tussenproducten in dit deel van de katalytische cyclus. Alle
spectroscopische en kinetische experimenten worden aangevuld met DFT-berekeningen om
de voorgestelde katalytische cyclus te onderbouwen (Figuur S3).
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Figure S3. Voorgestelde katalytische cyclus met bijbehorend de technieken waarmee de inter-
mediaren zijn vastgesteld.

Experimentele XAS-studies profiteren van aanvullende theoretische modellen, hetzij
gebaseerd op DFT-berekeningen of multiplet-berekeningen. TD-DFT levert nauwkeurige
excitatie-energieën voor laag liggende geëxciteerde toestanden in het geval van zowel harde
(Fe, Cr, Cu) als zachte röntgenstralen (S). De elektronische en geometrische factoren die
de verschillende elektronische structuren bepalen, kunnen nu in grotere mate worden be-
grepen. Berekende spectrale lijnvormen en (relatieve) energieposities kunnen dienen als
vingerafdruk voor het bepalen van de valentie- en spintoestanden van verschillende met-
alen. Dit is zeer wenselijk en vaak moeilijk te bepalen.
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