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The energy problem
Long before our ancestors, photosynthesis was already converting carbon dioxide into sugars, over time transformed into fossil fuels, paving the road for the evolution of life. Ever since
humankind made its appearance, its growth and progress have been closely linked to the
amount of energy available, either for nutrition or to perform work.1 For very long time the
exclusive source of energy that our species could rely on has been that provided by photosynthesis. The first breakthrough in our evolution did not come until the human race managed
to master fire; access to heat made possible the development of cooking, object crafting and
expansion to previously inhospitable cold lands. A second big step forward happened during
the Neolithic with settlement and most importantly with the birth of agriculture. Although
agriculture gave access to virtually limitless food, the growth of society was still hindered by
lack of energy to perform work but only until the third and most recent breakthrough; the
Industrial Revolution.
Industrial Revolution brought great prosperity and allowed for the vast growth of society as
we know it today. Thanks to the exploitation of fossil fuels, energy to perform work has no
longer been a limiting factor. Indeed, due to the large availability of food and energy in our
current society, it has been estimated that the annual growth rate for the world population
will constantly increase by about 2.3%.2 To keep up with this impressive trend, the energy
demand is surely expected to follow a similar exponential increase. Since the beginning of
the Industrial Revolution, the ever-growing energy demand has been satisfied by burning
fossil fuels, thus releasing the energy Nature stored over billions of years. Unfortunately this
practice not only provides the energy we crave to sustain our society, but it comes with the
consequence of releasing into the atmosphere carbon dioxide. Only in recent years we are
concretely realizing that this is a matter of major concern.3 In fact, because carbon dioxide is
a strong greenhouse gas and its level is constantly rising since the beginning of the Industrial
Revolution, it contributes to large extent to the climate change processes that we are recently observing. With a current annual energy consumption rate around 13.5 TW, expected
to double by 2050, it is now evident that the fossil fuels oriented society started roughly 250
years ago is not a viable option; thus the urgency for sustainable and carbon neutral energy
sources.4
Among the renewable options, solar energy is by far the most abundant and cheapest form
of energy available. As ballpark figure, the amount of energy reaching the earth’s surface
from the sun every single hour could in fact be sufficient to cover the annual world energy
demand.5 The technology needed to convert the solar radiation into usable electricity, photovoltaics, is mature, accessible and already widely distributed.6,7 Its exceptional annual growth
has been estimated around 20% for the last three years; following this trend, it is estimated
~ 2 ~

Introduction
that between 50 and 90% of the electricity demand will be actually provided by photovoltaic
installations by mid-century.8 Although photovoltaics are a great solution to provide cheap
energy, one major issue is the solar radiation intermittency which clearly evidences the dependence of our society from fossil fuels during dark hours.9 The origin of such problem
could be boiled down to technological incapability to efficiently store and transport electricity over long distances. Regarding this aspect, considerable efforts aimed at the development of batteries are ongoing and some progresses in the field have already been made e.g.
redox flow batteries.10 In addition, electricity only accounts for roughly 20% of the world
energy demand, the remaining being fossil fuels in the form of oil (32%), coal (30%) and gas
(21%), underlining the need for a different energy carrier.4 Among the options proposed, the
most interesting energy carrier substitutes are identified as hydrogen, ammonia, formic acid,
methanol or methane.11

Hydrogen seems the most straightforward choice, because it can be produced by electrolysis
of water, for example by coupling photovoltaic panels to electrolysis devices.12 In this way, the
electricity generated can be immediately converted and stored into chemical bonds. Although
this is a proven technology, several problems are associated with this solution. The materials
needed for the construction of electrolyzers are typically scarce and thus expensive metals
and hence not attractive for large scale application. As a second issue, energy conversion e.g. from solar radiation to electricity or from electricity to chemical bonds - is a process that
comes with energy losses. It becomes thus evident that processes with less conversion steps
can account, in principle, for higher efficiency. To this end, great effort is being spent in the
development of direct conversion processes able to directly use sunlight to construct new
bonds yielding sustainable energy carriers to be used by our society. A notable example of direct solar to chemical energy storage is provided by the natural photosynthetic process that
has been accompanying us throughout our progress. Although nowadays it might seem we
are no longer dependent on photosynthesis for our energy supply, we are finding ourselves
looking back at this amazing machinery that has been ever since converting sunlight into
chemical bonds and trying to glean and reproduce its secrets in what is imaginatively known
as ‘artificial photosynthesis’.

Natural photosynthesis
It is estimated that photosynthesis has the capability of storing about 100 TW of solar radiation into chemical bonds during the course of a single year; several times more than our energy consumption, furthermore with a solar to chemical bond (biomass) efficiency of about
only 0.1%.5 In order to sustain its metabolism, Nature has evolved a very complex machinery
~ 3 ~
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able to gather reducing equivalents from water using exclusively sunlight as energy input.
The process involves a Z scheme where two different light-induced charge separation events
are needed before reducing equivalents from water can be conveniently stored in a manageable energy form, for later use. The great complexity of the photosynthetic machinery underlines the difficulty of the deceivingly easy reaction involved; the splitting of water molecules.
In order to understand the working features of this process, it is needed to zoom into the
plant cells and in particular to the thylakoid membrane where the functional units of the
photosynthetic process are found; photosystem II (PSII) and photosystem I (PSI), Figure 1.13
Light is initially harvested by an intricate array of chlorophylls and pigments present in PSII.
This antenna system absorbs mainly red light and transfers the energy to the reaction center
P680 where charge separation effectively takes place. Excitation of this reaction center, by the
harvested energy, allows for the generation of P680∙+ and Pheo∙- radical couple. Both species
are chlorophyll a based but Pheo lacks the central magnesium atom at the porphyrinic ring.
P680∙+ is an extremely powerful oxidant with a redox potential around 1.3 V while Pheo∙- is a
strong reductant with a potential of about -0.5 V. Next, the generated reducing equivalent is
transferred, through a perfectly designed electron transfer chain based on a redox potential
gradient of different components among which iron-sulfur clusters and other cofactors (plastoquinone pool, cytochrome b6f, plastocyanin) eventually reaching the second photosystem,
PSI. During this electron transfer process, the energy of the electron is gradually reduced but
importantly ATP (adenosine triphosphate) is produced from the proton gradient generated
across the membrane. ATP is an energy-rich molecule that is used by the cell to transport energy wherever it is needed. When the electron finally reaches PSI, its potential is lowered to
about 0.6 V. Here, a second antenna system absorbs another photon that is transferred to the
reaction center P700 and used to elevate the energy of the electron a second time, thereby
increasing its potential to about -1.2 V, generating P700∙-. This high energy electron travels
down through another redox electron transfer chain ending at the NADP+ reductase where
it is combined with protons to produce NADPH (nicotinamide adenine dinucleotide phosphate). NADPH is the way the cell transports reducing equivalents. It is then used at a second
stage in the Calvin cycle to fix CO2 into glucose molecules, thus effectively storing solar energy
into chemical bonds.
For the process to be sustained in a cyclic (or catalytic) manner the strong oxidant P680∙+
generated at the first light-induced charge separation event must be regenerated from its
stripped electron now stored into a NADPH molecule. P680∙+ is coupled to a catalytic center
composed of manganese and calcium ions (CaMn4O5 cluster or water oxidation catalyst). This
cluster provides the reducing equivalents that flow into P680∙+ after every light-induced
charge separation event. Ultimately the CaMn4O5 cluster is able to extract those reducing
equivalents, in a catalytic manner, from the most abundant substrate present on our planet;
water. The CaMn4O5 cluster is able to break down two water molecules, generate a dioxygen
~ 4 ~

Introduction
molecule as byproduct and provide electrons to P680∙+, thereby closing the cycle. The water
splitting reaction operated by this machinery is the most important reaction known. It is
critical to realize that it established the basis of life as we know it today, it has been powering
the planet all along and now providing us with clear insights to face our current energy problem.

Figure 1. Schematic representation of the thylakoid membrane evidencing the essential components for the light-induced water oxidation process of natural photosynthesis. Highlighted in red
the Z scheme strategy to sequentially elevate the energy of reducing equivalents.

Hydrogenases
Nature provides detailed blueprints to achieve solar energy storage but the photosynthetic
process finally affords carbohydrates, which might not be the most suitable energy carrier for
our society. Nevertheless, Nature provides also other relevant lessons. Already back in 1892
it was observed that some microorganisms could sustain their metabolism by extracting reducing equivalents from hydrogen.14 It then took several years before the term ‘Hydrogenase’
was coined to refer to an enzyme able to catalyze the reversible interconversion between
protons and dihydrogen.15,16 Although it has long been known that hydrogenase enzymes
contain iron centers, only in the ‘90s X-ray crystal structures determination gave more precise insights regarding the active site of the enzymes, clearly revealing their organometallic
nature, based on iron-sulfur clusters.17-20 Three different types of hydrogenase are known
today. All are metalloenzymes containing either iron-iron, nickel-iron or a mono-iron core.
Although the three types of enzymes catalyze the reaction in both directions, the di-iron hydrogenases are without doubt the fastest enzymes for proton reduction, the nickel-iron ones
are more dedicated to hydrogen oxidation and the iron hydrogenases are specialized at catalyzing the reversible reduction of methenyltetrahydromethanopterin (methenyl-H4MPT+) to
methylene-H4MPT by hydride transfer, thereby activating hydrogen. Because such metallo~ 5 ~
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enzymes can produce hydrogen at comparable rates as platinum, which is the best catalyst
known for hydrogen evolution, and with similar driving force while being based on cheap
and earth abundant elements, these systems are highly interesting in view of possible applications.21

Concerning the iron-iron hydrogenases, several years of detailed spectroscopic inquisition
were needed to fully elucidate the structure of the organometallic active site, now referred
to as the H-cluster, which was found to contain six iron atoms and seven sulfur atoms. The
H-cluster can be subdivided into a di-iron center covalently connected, through a cysteine
ligand, to a cubane-like Fe4S4 structure. Looking at the entire crystal structure of the enzyme,
the Fe4S4 cluster is found to be at the end of an electron transfer chain constituted by several
other iron-sulfur clusters. This feature evidences the importance of electron transfer during
the catalytic process. Moving back to the di-iron core, several interesting features are noted.
The two metallic ions (referred as distal and proximal iron, with respect to the Fe4S4 cluster)
are bridged by a dithiolate ligand. Only recently, the full structure of this bridge has been clarified and found to be consistent with a S-CH2-NH-CH2-S fragment.22 This bridge is usually referred to as the azadithiolate (adt) cofactor,* where the central nitrogen atom sits just above
a vacant coordination site at the distal iron. This vacant position is believed to be the place
where the reversible conversion of protons into hydrogen takes place. The basic nitrogen is
believed to mediate the shuttling of protons from a nearby cysteine residue, found to be just
at the end of a proton transfer channel, and the iron center. To complete the coordination
sphere of the iron ions, three CO ligands, one of which semi-bridges the two irons, and two
CN- ligands are present. Both CO and CN- are very unusual biological ligands. Interestingly,
when the enzyme is exposed to such compounds, its catalytic activity is inhibited.
Figure 2 shows a picture of the crystal structure of the iron-iron hydrogenase from Clostridium pasteurianum, illustrating the structure of the H-cluster and its hydrogen bonding with
nearby residues. The H-cluster is embedded in a hydrophobic pocket surrounded by a dense
protein matrix. Several highly conserved amino acid residues are found to hydrogen bond to
the organometallic cluster keeping it in place, forcing it to adopt the so-called rotated structure with a bridging carbonyl and an apical vacant site at the distal iron, where proton reduction is believed to take place. Most of the hydrogen bonded residues have been shown to be
essential for the catalytic activity of the enzyme while others, although not essential, are important to achieve high rates.23 The very rigid structure of H-cluster and the vacant site at the
* Although literature refers to the azadithiolate bridge as being a cofactor and it has been shown
to be essential for the enzymatic activity, we note that this might not be the proper classification,
as the adt fragment is inherently part of the larger structure of the di-iron core. Nevertheless,
throughout this thesis the adt bridge of the natural di-iron hydrogenase enzyme will be referred
to as cofactor.
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distal iron suggest that terminal hydrides are involved in the mechanism, although their
spectroscopic evidence remains elusive so far. The Fe4S4 cluster connected to the proximal
iron and the azadithiolate cofactor are believed to work in concert to deliver reducing equivalents from one side and proton substrates from the other. To justify the high catalytic rates,
proton coupled electron transfer (PCET) steps have long been speculatively invoked. Although definitive proofs are still lacking, new observations point to the involvement of PCET
steps in the catalytic cycle.24

Figure 2. Crystal structure of the iron-iron hydrogenase from Clostridium pasteurianum, evidencing the structure of the H-cluster and its hydrogen bonding with the nearby residues that are essential for the activity of the enzyme.23 Figure taken from ref. 23.

The catalytic mechanism for the H-cluster has been under constant debate.25,26 According to
most recent findings, it is suggested to
feature six different states.24 For the hydrogen evolution path, the cycle starts
with the Hred state which undergoes a proton coupled electronic rearrangement to
generate HredH+ where one electron is
transferred from the Fe4S4 cluster to the
distal iron while the proton is believed to
be located at the adt bridge. An electron
transfer to the Fe4S4 cluster generates
HsredH+ which undergoes a second protonation to generate HhydH+. A second electronic rearrangement transferring one
Figure 3. Proposed catalytic cycle for the iron-iron electron from the Fe4S4 cluster into the
hydrogenases. Figure taken from ref. 24.
di-iron core, coupled to the formation of
~ 7 ~
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the H-H bond generates Hox(H2). This intermediate releases hydrogen affording the last state
in the cycle, Hox.

Nature has evolved a very complex mechanism to carry out the reduction of protons, one of
the easiest reactions on paper, evidencing how deceivingly difficult the handling of protons
and reducing equivalents is before they can be combined into hydrogen. Nevertheless the
enzyme features high rates and low driving force (overpotential), whilst utilizing exclusively
earth abundant materials.
To conclude this section, Nature has not only developed a way to make use of sunlight to
gather the energy necessary to extract reducing equivalents from water and transforming
them into energy-carrying compounds to sustain its metabolism, it also developed a very efficient way to discard excess reducing equivalents in the form of hydrogen. Overall, Nature is
providing us clear blueprints to follow as main guidelines to devise sustainable solutions to
our current energy problem.

Artificial photosynthesis
As seen in the previous two sections, the photosynthetic machinery of PSII and PSI splits
water into dioxygen, reducing equivalents and protons. The hydrogenase enzymes are capable of discarding reducing equivalents by combining them with protons to form dihydrogen, which many believe to be the future energy carrier for our society. From here, it comes
natural to envision a hybrid natural system that would couple the features of PSII and PSI to
those of the hydrogenase enzymes. Such re-engineering of the natural systems has indeed
been reported by Golbeck and coworkers already in 2010, by connecting PSI with a hydrogenase enzyme through a molecular dithiolate linker.27-29 The main function of PSII, namely
perform the water oxidation reaction to gather reducing equivalents, is here substituted by
the presence of a sacrificial electron donor in solution or electrochemically when PSI is immobilized onto a conductive electrode. As both machineries are based on iron-sulfur clusters,
they show great compatibility and are thus capable of working in synchrony to generate hydrogen upon PSI light irradiation.

~ 8 ~
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1

Figure 4. Representation of PSI-FeFe-hydrogenase couple covalently connected together through
a dithiolate linker. In CPK-style the iron-sulfur clusters representing the electron transfer chain.27

Although the previous example showcases a nice proof-of-principle that a hybrid natural system for fuel production could be achieved, it is generally recognized that the handling and
expression of biomolecules are time-consuming and require expensive purification methods
to isolate only small amounts of proteins or enzymes. For such reasons, biomolecule application on large scale is not an appealing perspective.

A more elegant approach would make use of the insights provided by the natural enzymes
to replicate their structural and functional features in man-made devices. Approaching the
problem stepwise, sunlight and water are the most abundant resources on our planet, thus
light-induced water oxidation seems the most promising route to pursue. This first step would
thereby provide reducing equivalents together with protons and dioxygen as by-products.
Secondly, the reducing equivalents should be combined with a proper substrate, chosen according to the energy carrier aimed for, such as protons for hydrogen, nitrogen for ammonia
or carbon dioxide for methanol and methane. Hydrogen is the most straightforward choice
due to the relative simplicity of the process (at least compared to the processes for ammonia
or methanol and methane formation) and because protons are in principle produced during
the water oxidation initial step. Hydrogen has the highest energy density per unit of mass
but it is a gas at atmospheric pressure, which makes its handling inconvenient.30 Despite this
challenge, progress regarding solid state hydrogen storage is constantly reported.31,32 However, other energy carriers, require activation of carbon dioxide or nitrogen, adding a whole
new level of complexity to the process. Notably, these carriers can be liquefied easily and
infrastructure for their use and transportation is already existing for some of them.
Having considered the primary energy source and substrate together with the desired ener~ 9 ~
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gy carrier, the functional components needed are those responsible for capturing sunlight
(antenna systems that absolve P680 and P700 tasks, from here generically referred to as
photosensitizers, P1 and P2) and suitable catalysts to drive the oxidation of water and reduction of protons (components that absolve CaMn4O5 cluster and H-cluster tasks, from here
generically referred to as water oxidation catalyst (WOC) and proton reduction catalyst
(PRC), respectively). All the functional components need to be connected together by an appropriate conducting wiring system (such as, for example electron transfer chains, semiconductor materials, from here referred as SC1 and SC2) in order to guarantee charge separation
and electron transfer. This is usually a non-trivial issue. Finally and most importantly, the
energetic levels of all the components must be properly matched in order to render the electron transfers unidirectional and vectorial. A schematic representation of a generic device is
depicted in Figure 5 showing both the disposition and energy levels of the components.

Figure 5. Schematic representation of a generic water splitting device showing relative disposition and energy levels of the components (SC1 and SC2: semiconductor materials; P1 and P2:
photosensitizers; WOC and PRC: water oxidation and proton reduction catalyst). Highlighted in
red the Z scheme strategy to sequentially elevate the energy of electrons mimicking the natural
photosynthesis.

Artificial photosynthesis devices
Devices are generally classified depending on the nature of the individual components. Inorganic devices are constructed from inorganic materials, molecular devices feature molecular
components and bio-hybrid devices feature some biological components associated with either molecular or inorganic components.
~ 10 ~
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Although the proposition of using solar light to store energy into chemical bonds has been
advanced already at the beginning of the previous century,33 it took few decades before the
first device made its appearance.34 This simple device, known as the Fujishima-Honda device,
was based on a single photo-active titanium dioxide electrode, coupled with a platinum counter electrode that could split water into its components upon irradiation. About 25 years
later a more sophisticated monolithic device based on gallium arsenide/gallium indium
phosphide light absorber was reported by Turner.35 Under illumination, the gallium indium
phosphide photoanode provides the driving force for water oxidation while the gallium arsenide semiconductor provides the driving force for proton reduction, operated by a platinum
electrode. The device could reach 12.4% efficiency under operational conditions, nevertheless its components are rather expensive and difficult to prepare and handle. Only in 2011
the first artificial water splitting device, known as artificial leaf, based on earth-abundant
components was reported.36 The core of this wireless device is a triple-junction amorphous
silicon photovoltaic cell, interfaced on one side with a cobalt based water oxidation catalyst
and an alloy of earth-abundant metals as proton reduction catalyst at the opposite side,
which could reach about 2.5% solar-to-hydrogen efficiency. Interestingly, a similar device
where the two electrodes are wired facing each other was also reported in the same study
and shown to have about 5% efficiency, underlining the difficulties of proton migration in the
wireless setup.

Figure 6. Schematic design of the artificial leaf reported by Nocera and coworkers.36 Left: wireless
configuration, solar-to-hydrogen efficiency of 2.5%. Right: wired configuration, solar to hydrogen
efficiency of 4.7%. Figure taken from ref. 36.

After this work, many more functional inorganic devices have appeared in literature, reporting on different materials for light absorption or different catalysts for the half-reactions.37-41
A notable system has recently been reported by Nocera and coworkers, expanding on the
concept of artificial photosynthesis, combining a water splitting device, which generates hydrogen and oxygen, with bacteria of the strain R. eutropha.42 This type of bacterium possesses
~ 11 ~
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a hydrogenase enzyme and is therefore able to use the produced hydrogen to gather reducing
equivalents to sustain its metabolism by fixing CO2 either fed to the reactor or harnessed
from the atmosphere. The overall process is conversion of sunlight and carbon dioxide into
biomass, with a solar-to-biomass efficiency of about 10%, well beyond the average natural
photosynthetic efficiency. More importantly, employing a modified stain of the bacteria, for
which the metabolic path was engineered to be minimized and the reducing equivalents redirected to a different route, enabled the production of small-chain alcohols that can be used
directly as fuel. For this second process a solar-to-fuel efficiency of about 7% was reached,
demonstrating the integration of inorganic and biological components.43 A schematic representation of the reactor employed is shown in Figure 7.

Figure 7. Bio-hybrid water splitting–CO2 reduction device reported by Nocera and coworkers.42
The device is powered by a regular photovoltaic device (solar-to-electricity efficiency of 18%).

Several other research groups achieved the integration of a biological component with synthetic or inorganic ones. Most relevant examples involve the direct coupling of PSI with artificially prepared (molecular) proton reduction catalysts based on various metals.44-48 Also
PSII has been successfully utilized for the construction of bio-hybrid electrodes for the water oxidation reaction.49,50 Regarding hydrogenase enzymes, they have been successfully immobilized on conductive electrodes to provide remarkable proton reduction electrodes.21,51
Nevertheless, regardless of the nature or type of biomolecule employed, bio-hybrid devices
always suffer from problems regarding protein expression and high purification costs, which
complicate their scalability and wide applicability.
A different type of water splitting device is entirely based on molecular synthetic components,52-54 which can potentially benefit from the power of rational design.55,56 Modification of
the molecular structure of the components offers useful handles to adjust critical parameters
such as energy levels of the photosensitizers or, to a lesser extent, catalyst turnover rates or
overpotential. Furthermore, the resulting devices, when based on earth-abundant materials,
are typically low cost, offer scalability opportunities and the fabrication methods can be
~ 12 ~
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straightforward. The group of Sun has recently reported on a complete molecular water splitting device able to split water upon solar irradiation, setting an important milestone in demonstrating the validity of the approach.53 The anode of the device, schematically represented
in Figure 8, is based on a titanium dioxide-covered FTO electrode onto which a photosensitizer (P1) and a ruthenium-based water oxidation catalyst are co-immobilized. The cathode
has a similar configuration but the n-type semiconductor is substituted for p-type nickel oxide, the ruthenium catalyst replaced for a cobalt-based proton reduction catalyst and the
photosensitizer (P2) appropriately chosen to match the redox levels of the latter. The photoinduced water splitting reaction starts with absorption of a photon by P1. The excited electron has thus energy suitable to be injected into the conduction band of titanium dioxide. The
hole left behind is filled by an electron coming from the water oxidation ruthenium catalyst
which is then again filled by an electron from water. After four photo-induced steps, two water molecules are split while oxygen and protons are liberated. At the cathode side of the device, P2 absorbs a second photon and the excited electron is sufficiently energetic to reduce
the cobalt proton reduction catalyst which is thus able to combine the extra electron with
protons coming from the anodic reaction, to obtain hydrogen. The holes generated at the
valence band of the nickel oxide semiconductor are promptly filled by electrons coming from
the conduction band of titanium dioxide, reaching through an Ohmic contact.

Figure 8. Schematic representation of the full molecular water splitting device reported by Sun
and coworkers.53

This device emulates closely the natural photosynthetic Z scheme of PSII and PSI, nevertheless the electron transfer is not completely vectorial. In fact, since both the catalyst and the
photosensitizer are co-immobilized on the metal oxide, the charge separation process is hindered by recombination events reducing the efficiency of this device. Dyad systems featuring
metal oxide immobilized photosensitizer with an appended molecular catalyst directly con~ 13 ~
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nected to it are believed to minimize recombination processes since they enforce vectorial
electron transfer paths. In recent years more and more dyad systems have appeared in literature both for water oxidation57-61 and proton reduction62-65 but most often such systems are
studied in homogeneous solutions, in the presence of sacrificial electron donors or acceptors.
Such studies have so far provided useful insights regarding the validity of the approach but
unfortunately, their immobilization on metal oxides remains problematic due to synthetic
challenges. Nevertheless the first systems to provide useful insights for future developments
are now appearing.66-68

Core of the molecular devices are the water oxidation and proton reduction catalysts. As the
rest of the thesis will focus on synthetic models of the di-iron hydrogenases as proton reduction catalysts, general properties that a good catalyst should feature are next presented,
before a brief overview regarding the configuration of typical molecular water oxidation and
proton reduction catalysts is presented. Finally an extended overview regarding synthetic
models of the iron-iron hydrogenases, focusing particularly on the efforts made at modeling
the key features of the natural enzyme, is presented.

Molecular catalysts
Typically, before a molecular water splitting device is assembled, the components are studied
individually, generally in homogeneous solution, to gain information related to the energy
levels of the photosensitizer and other critical catalyst parameters. Great attention is devoted
to the development of appropriate catalysts to fulfill specific requirements concerning overpotential, catalytic turnover rates and stability.
The overpotential (η) for a given reaction is defined as the potential difference between the
thermodynamically determined redox potential (E½) of the half-reaction and the potential
at which the redox event is experimentally observed (Ecat).69 For a reversible and efficient
catalyst, the overpotential approaches 0 V. This is the case for the hydrogenase enzymes or
for platinum.70 For the water oxidation reaction, the overpotential is usually higher, this is the
case also for the natural Mn4CaO5 oxygen evolving catalyst; η ~ 0.3 V.71
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Figure 9. Schematic representation of the overpotential (η) for reversible catalysts for proton
reduction and water oxidation.

From the picture above it is clear that in order to maximize the efficiency of a given catalyst,
its overpotential should be minimized. Minimization of the overpotential would thereby provide effective reversible catalysts. Nevertheless a second important parameter is the activity
of the catalyst, defined as turnover frequency, which expresses the number of catalytic cycles
per unit of time. A graphic representation that combines overpotential and turnover frequency is known as Tafel plot. This plot is often used to compare different catalysts - it is becoming
a prerogative for rational catalyst benchmarking.72,73 An example of such plot is shown in
Figure 10.

Figure 10. Representation of a Tafel plot of three different catalysts indicated by the different
colors. TOFmax represents the maximum turnover frequency of a given catalyst under a defined
substrate concentration.

~ 15 ~

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics
From the Tafel plot above, it is possible to clearly compare the different catalysts represented
by the different colors, regardless of the respective set-ups. While the blue system is the most
active, it also requires the highest overpotential. On the contrary, the red catalyst has a lower
overpotential but also a lower activity. Thereby the red catalyst would be preferred when
high overpotential could not be available. The black one instead is likely to be the best choice
as it has the lowest overpotential while the activity is not drastically decreased compared to
the blue catalyst. Therefore, the catalyst with the highest activity is not always the preferred
choice; a catalyst should be chosen considering the available driving force provided by the
system under study. Lastly, a third important parameter concerns the stability of the catalyst,
usually referred to as turnover number, which expresses the total number of catalytic cycles
accessible before catalyst deactivation occurs. An ideal catalyst would feature an infinite
turnover number but as ballpark figure, considering the integration of molecular catalysts
into operational devices with a lifetime of about ten years, the catalysts would have to ensure
few hundred million turnover numbers.
Molecular water oxidation catalysts
The first example of a molecular water oxidation catalyst reported has been a dinuclear ruthenium complex known as ruthenium blue dimer, reported from the Meyer group.74,75 After
this first example, researchers focused their attention on dinuclear complexes as the presence of two metals was hypothesized to be an essential feature for this type of catalysis.76
Nevertheless, a few years afterwards also mononuclear molecular complexes were shown to
catalyze the water oxidation reaction.77,78 Molecular water oxidation catalysts are often based
on ruthenium, or iridium79,80 metal centers, although complexes based on first row transition
metals (manganese, iron, cobalt and copper) have also been shown to perform the same task,
albeit with lower efficiency. Such complexes are summarized in recent reviews.80,81
Molecular proton reduction catalysts
Notable examples of molecular proton reduction catalysts are cobaloximes, nickel and cobalt P2N2 (1,5-diaza-3,7-diphosphacyclooctanes) complexes inspired by the active site of the
hydrogenases, iron complexes and synthetic models of hydrogenases that will be discussed
in the next section. Typical molecular structures of the mentioned categories are depicted in
Figure 11, but several review articles are available for more detailed discussions.82,83
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Figure 11. Molecular structure of proton reduction catalysts generally employed. Left: a cobaloxime example.84 Right: a nickel P2N2 example.85

Iron-Iron hydrogenase synthetic models
About thirty years ago, after the first insights regarding the structural features of the natural
iron-iron containing metalloenzyme,18 synthetic models quickly made their appearance as
the chemistry for their preparation was already known since the ‘60s.86,87 Before the discovery of the azadithiolate bridge, the leading research groups in this field (Darensbourg, Pickett
and Rauchfuss), mainly focused their attention on edt (1,2-ethane dithiolate)88, pdt (1,3-propane dithiolate)88 and odt (2-oxapropane-1,3-dithiolate)89 derivatives, shown in Figure 12. In
2001, the Rauchfuss group reported on the preparation of the azadithiolate bridged model
complex89 which has been the preferred model complex for its research, given the close resemblance to natural di-iron center.90

Figure 12. Molecular structures of di-iron hydrogenase model complexes.

Later on, another class of di-iron mimics, the bdt (benzenedithiolate) family of complexes,
has been shown to display rather interesting electrochemical properties.91-93 This last class of
compounds is recently gaining increasing attention due to the ability of the benzenedithiolate bridge to adapt its geometry, with respect to the metal centers, upon changes in their
redox states. This property originates from metal orbital overlap with filled pπ sulfur and
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filled pπ benzene orbitals, which effectively minimizes changes of electron density at the metal centers upon redox events, thereby minimizing the potential difference between successive redox states. This observation was also made for Mo/W containing enzymes where the
metal centers are often found to be ligated by 1,2-ene-dithiolates.94,95 Such enzymes operate
a wide variety of oxidation/reduction chemistry where the metals are required to switch
between a wide range of oxidation states. The 1,2-ene-dithiolate ligands are believed to play
an important role in the stabilization of those redox active metal centers. Indeed, the bdt diiron complex featuring six carbonyl ligands undergoes a two electron reduction with potential inversion (the second reduction is easier that the first one). During the reduction process
one S-Fe bond is broken, allowing for a different configuration of the bridge. The reductive
behavior of this complex is schematically shown in Figure 13.

Figure 13. Molecular structure of the benzenedithiolate di-iron hydrogenase model complex and
its reductive reversible behavior featuring a potential inversion.

Regardless of the type of bridge, di-iron hydrogenase mimics are prepared mainly in three
ways i) reaction of dithiols with Fe3(CO)12 or Fe2(CO)9 iron precursors, ii) by reaction of disulfides with the same iron precursors or iii) by alkylation of the Fe2(S2)(CO)6 synthon.96 Such reactions afford the so-called first generation model complexes featuring three carbonyl groups
around every iron center. The metal ions adopt a pseudo-square pyramidal geometry (not
considering the iron-iron bond). A first striking difference between the model complexes and
the enzyme is that all the synthetic models reported so far do not display a rotated configuration at the distal iron, believed to be essential for the catalytic activity of the enzyme. Only a
couple of exceptions are known, showing a rotated structure in their solid state.97,98 A second
and more important difference, the natural enzyme is a proton acceptor while most of the
hexacarbonyl derivatives can only be protonated by very strong acids.99 Furthermore, the
first generation of complexes typically are apolar and only soluble in organic solvents. This
key factor led most of the studies to two different approaches: i) study the reductive behavior
of the complexes, ii) exchange some of the CO ligands for σ-donating and π-accepting ligands
(typically phosphines but also cyanides, isonitriles or heterocyclic carbenes) to increase the
Brønsted basicity of the di-iron core. A third approach has been immobilization of the complexes onto electrodes but this resulted in limited success so far. Considering all the bridge
~ 18 ~
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variations explored, combined with CO replacement for different ligands, several hundreds
of complexes are reported in literature today.
Although the model complexes more or less resemble the natural active site, their acid-base
and redox behavior proved to be drastically different and with that also the catalytic performances of the complexes, both in turnover frequency and overpotential, are rather different.
Among the large variety of complexes known in literature, only a few selected examples display interesting features and properties. Noteworthy to mention is the first ‘complete’ structural model of the H-cluster prepared by Pickett and coworkers in 2005.100 The complex features a cubane-type Fe4S4 cluster covalently appended to the proximal iron. Although this
structural hexacarbonyl-based mimic features a similar electron-relay as the natural enzyme,
its catalytic behavior is rather different, displaying slow catalysis in the presence of weak
acid at high overpotential.

Figure 14. Left: molecular structure of the active site of the iron-iron hydrogenase; H-cluster.
Right: molecular structure of the synthetic structural model reported by Pickett and coworkers.100

In 2012, the Rauchfuss group reported on a mimic compound that closely resembles the acidbase chemistry believed to take place at the active site of the enzyme.101 The complex,
featuring an adt bridge and two chelating di-phosphine ligands (dppv, cis-1,2bis(diphenylphosphino)ethylene), could be protonated by weak acids to reach a rather stable
terminal hydride. Such an intermediate is likely involved in the enzymatic catalytic
mechanism. The terminal hydride complex undergoes follow-up protonation at the nitrogen
of the dithiolate bridge to generate a very stable ammonium terminal hydride that was
crystallographically characterized. Although the (NH)H+-H-(Fe) distance is estimated to be
around 1.4 Å� , this complex only liberated hydrogen upon one-electron reduction of the diiron core. Catalytic hydrogen evolution has been confirmed by electrocatalysis in the presence
of weak acid, revealing a turnover frequency of about 6∙106 s-1 at about 0.51 V overpotential.
In contrast herewith, the pdt bridged analog displayed very low activity under similar
conditions, underlining the importance of the internal proton-relay within the adt bridge.
The proposed catalytic mechanism is shown in Figure 15. This complex suffers from two
main drawbacks. Firstly it operates through iron terminal hydrides that are not thermally
stable and tend to rearrange to the bridging isomers which are energetically favorable and
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less reactive.102 Therefore, to prevent undesirable isomerization, a low working temperature
is needed. Secondly, although the complex displays a high turnover frequency, the
overpotential required still remains an issue. In addition the complex is oxygen sensitive,
which is typically a major drawback for application purposes.103

Figure 15. Proposed catalytic mechanism for the Fe2(adtNH)(dppv)2(CO)2 reported by Rauchfuss
and coworkers.101 Figure taken from ref. 90.

In the same year, the same group reported the first functional mimic comprising the essential
key components as present in the H-cluster.104,105 The complex featured a di-iron core with an
azadithiolate bridge and a phosphine ligand that carries a redox-active ferrocene derivative
as electron-relay moiety. The electronics of the di-iron core are tuned by addition of an extra
di-phosphine ligand (dppv) at the distal iron so that electron transfer between the redox-active ligand and the di-iron center is allowed. This complex has been shown to be a reversible
catalyst, able to perform both proton reduction reaction and dihydrogen oxidation. Figure
16 shows the structure of this complex together with its proposed reversible operational
mechanism.
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Figure 16. Proposed catalytic mechanism for the Fe2(adtNH)(dppv)(PEt2Fc*)(CO)2 reported by
Rauchfuss and coworkers in two different publications.104,105 Figure taken from ref. 90.

Very recently, another relevant di-iron mimic complex has been reported by the Reek group,
again featuring the essential components of the H-cluster.106 The complex is based on a benzenedithiolate bridge therefore lacking the natural adt proton-relay. Nevertheless, the proton-relay function is fulfilled by pyridyl groups present on a redox-active phosphole ligand
(PPy2). It has been shown that during the catalytic cycle both functionalities actively partake
in the proton reduction reaction. This compound dissolves in acidic aqueous media, displaying a turnover frequency of about 7∙104 s-1 at 0.66 V overpotential. Furthermore it tolerates
the presence of dioxygen during catalysis, which is a major advantage for application purposes.103 Figure 17 shows the structure of this complex together with its proposed catalytic
cycle.

Figure 17. Proposed catalytic mechanism for the Fe2(bdt)(PPy2)(CO)5 reported by Reek and coworkers.106 Figure taken from ref. 90.
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Despite the combined effort of researchers during the last 20 years to accurately mimic
structural and functional properties of the hydrogenases enzymes, a synthetic model that
is able to reversibly interconvert protons and electrons to hydrogen at fast rates and low
driving force has yet to be reported. It has been established, however, that the adt bridge (or
proton relays in general) plays a crucial role in catalysis. The presence of an electron reservoir connected to the di-iron center, although less studied, is also of great influence. A recent
report elaborates on experiments in which synthetic di-iron models are installed in the inactive apo-hydrogenase protein, thereby completely restoring the activity of the enzyme.22
This would suggest that the protein environment, second coordination sphere around the
H-cluster might play a far more important role than initially anticipated by chemists.
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Thesis layout
As mentioned in the previous section, four features are considered of primary importance for
the high proton reduction activity of the di-iron hydrogenase enzymes:
•
•
•
•

a di-iron organometallic core
a proton-relay
an electron reservoir
second coordination sphere around the H-cluster

Such features are the focus of this thesis, particularly for benzene dithiolate di-iron model
complexes.

Chapter 2 discusses di-iron complexes featuring several pyridyl proton relays appended on
phosphine ligands. It is shown that protonation of the pyridyl groups offers a good strategy
to partially counterbalance the increase in the electron density of the di-iron core due to
phosphine coordination. The positive effect of pyridyl protonation is best shown in acidic
aqueous environment where the complexes can perform catalysis at their first reduction
potential reaching proton reduction rates up to 108 M-1s-1, well beyond enzymatic activity.
This work demonstrates that for di-iron hydrogenase model complexes, proton-responsive
ligands alone are sufficient to achieve high catalytic rates; nevertheless the overpotential still
remains an issue.
Chapter 3 presents a straightforward approach for the immobilization of benzene dithiolate
di-iron complexes onto conductive (nano)FTO electrodes. Preparation of catalyst decorated
electrodes for electrocatalysis purposes is the first step towards the development of water
splitting devices. The prepared electrodes are shown to perform electrocatalytic proton reduction in acidic aqueous buffer solution at pH 3.5 with a mild overpotential.

Regarding the protein environment around the natural H-cluster, we envisioned that supramolecular M12L24 Fujita type cages could be a suitable platform to introduce a second coordination sphere around synthetic di-iron models. Such assemblies feature a relatively large
cavity that can be decorated through synthetic modifications of the standard building blocks
(L) providing tunable and customized confined nano-spaces.

Chapter 4 briefly introduces the supramolecular M12L24 cages but focus of this chapter is on
the preparation of cages featuring redox-active probes encapsulated either by supramolecular interactions or covalently bonded to the cage building blocks by different type of linkers,
to study the heterogeneous electron transfer processes occurring across the rim of the cages.
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The electrochemical response and kinetics of the electrode of such objects are investigated to
demonstrate the feasibility of electron transfer to redox-active moieties encapsulated in the
cavity of the nano-spheres, paving the road for catalyst encapsulation and electrocatalytic
applications of such systems.

In chapter 4 we prepared several M12L24 assemblies that contain multiple redox-active probes
in close proximity to each other, nevertheless they demonstrated to be all electrochemically
independent as indicated by their voltammetric behavior. The redox event would thus generate nano-spheres containing several charges at their inside. Considering the Faraday principle for macroscopic conductive hollow objects where the extra charge resides at their outer
shell and extending it to the M12L24 nano-spheres, would imply that charge accumulation at
the cage cavity is not allowed, unless it is neutralized by the electrolyte present in solution.
Thereby, Chapter 5 firstly describes the preparation of an exceptionally large size electrolyte
material that cannot access the cage cavity. Then, it describes the voltammetric response of
cages containing either 24 or 12 redox-active probes in the presence of the large size electrolyte, indicating that such self-assembled cages do have similarities to the macroscopic Faraday cages. The experiments suggest that charge accumulation at the cavity of these cages
causes electrostatic repulsion among the redox-active fragments, providing a driving force
for their redistribution toward the outer shell of the cage. As a result of the repulsion, electrochemical reversibility is lost at slow scan rates indicating the existence of follow up reactivity.
Interestingly, addition of small size electrolyte during the experiment, which can enter the
cage void to balance charges, restores the typical electrochemical reversible behavior of the
redox probes.

Chapter 6 describes two general approaches to introduce a second coordination sphere environment around di-iron hydrogenases models. Encapsulation of the synthetic mimics into
M12L24 Fujita type cages is achieved either by supramolecular interaction or covalent bonding of the catalyst to the cage building block. Preorganization of proton substrates is accomplished by introducing acidic moieties at the endohedral position of the cage building blocks.
We show that for the covalently encapsulated catalysts, proton preorganization around the
di-iron complexes leads to increased catalytic rates compared to cages that do not have this
proton preorganization. Most importantly, we show for the first time that changing the local environment around the catalyst leads to an overpotential that is significantly lowered,
underlining the importance of the second coordination sphere around the H-cluster and synthetic models.
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Introduction
Hydrogenases are metalloenzymes that perform the reversible proton reduction reaction
at very high rates with overpotentials close to the thermodynamic limit.1 Among the three
classes of hydrogenases known, those containing a di-iron active site are definitely the fastest
enzymes.2,3 In recent years this class of enzymes gained lot of interest, also in the context of
renewable energy and carbon neutral economy.4 It is not difficult to envision devices, such as
fuel cells or electrolyzers, based on components inspired by nature.5,6

The active site of the enzyme, the H-cluster, is embedded in a dense protein matrix that provides stability, substrate preorganization and geometrical preorganization, which forces the
active site in the so-called rotated structure.7 Two cofactors are essential for the high operational rates of the enzyme; i) the Fe4S4 cluster bounded to the distal iron, responsible for shuttling electrons into the iron-iron core and ii) the azadithiolate cofactor, which acts as proton
relay and thereby preorganizes the substrates (i.e. protons). The two cofactors are believed
to work in synergy through proton coupled electron transfer steps (PCET).8 In stark contrast
herewith, current synthetic ‘artificial’ model systems lack the protein environment and only
a handful of reports describe efforts to combine the two cofactors mentioned.9-13 Most of the
mimics are of the hexacarbonyl type due to their relative ease of preparation.10 Drawback is
the generation of low-polarity complexes for which the electrochemistry can only be studied
in organic solvents. Electrochemistry studies in aqueous media with di-iron-based models
are scarce and usually hampered by insolubility of the complexes. Some relevant electrochemical data in water have been obtained using water-soluble complexes by functionalization of the ligands with appropriate groups such as sulfonates or by using water-soluble
phosphine ligands such as PTA.14-17 However, analytical difficulties due to poor solubility, low
activity and high overpotentials hampered detailed studies.
Recently our group reported an iron-iron model featuring a benzenedithiolate bridge and a
phosphole ligand bearing two pyridine substituents.9 Is has been shown that this particular
ligand acts as an electron reservoir that actively partakes in the reduction of protons. The
pyridyl ligands were also found to efficiently act as proton relays, allowing for a PCET step.
The proposed proton reduction mechanism for this complex is shown in Figure 1. Furthermore, the presence of the pyridyl groups allowed for the dissolution of the complex in diluted
acidic solutions, giving access to the study of this complex in aqueous media.
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2
Figure 1. Proposed mechanism of proton reduction by the dipyridylphosphole substituted benzenedithiolate di-iron complex in dichloromethane.9

In this work, we set out to elucidate the role of proton-responsive ligands by decoupling this
function from the redox-active properties of the dipyridylphosphole ligand, both in organic
solvents and in acidic aqueous media. To this end we install trispyridylphosphine ligands
onto synthetic iron-iron hydrogenase models featuring benzenedithiolate bridges. In order
to overcome the loss of the redox-activity of the ligand, the electronic properties of the catalysts are tuned by i) modification of the benzenedithiolate bridge, ii) increasing the number
of trispyridylphosphine ligands and iii) protonation of the pyridyl ligands. It is shown that
in dichloromethane solution the mono-phosphine complexes do not display proton coupled
electron transfer steps and their catalytic rates are about two orders of magnitude slower
than the redox-active phosphole derivative; interestingly they operate at milder overpotentials. The positive effect of the proton-responsive trispyridylphosphine ligands becomes evident when the complexes are measured in diluted sulfuric acid solution. Pyridyl protonation
counterbalances the electron-donating properties of the phosphines and preorganizes protons around the di-iron center, allowing for unprecedented proton reduction rates that reach
values up to 108 M-1s-1, far beyond the enzymatic rates.
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Strategy
In order to decouple the proton-responsive properties of the dipyridylphosphole ligand from
its redox-active nature, the redox-innocent proton-responsive trispyridylphosphine was chosen as ligand for this study.
The electronic properties of the complexes are controlled in three ways, Scheme 1:
1.

by modification of the electron withdrawing character of the benzenedithiolate bridge

3.

by protonation of the pyridyl ligands

2.

by the number of trispyridylphosphine ligands connected to the di-iron core

Scheme 1. Overview of the strategy and complexes that will be described.
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A more electron-withdrawing bridge should decrease the electron density at the di-iron core
while a higher number of phosphine ligands (acting as σ-donors and π-acceptors) should
have the opposite effect. Aside from the structural modification of the complexes, protonation
of the pyridyl moieties is potentially an extra handle to influence the overall electron density
of the di-iron core. Furthermore, protonation of the pyridyl ligands should render the complexes soluble in acidic aqueous solutions allowing the study of proton reduction in aqueous
media. Comparison of proton reduction in organic solvents, where the pyridyl ligands are in
their unprotonated state, to similar studies in aqueous acidic media, with the pyridyl units
being inherently protonated, could reveal the role of the proton-responsive ligand.

First the synthesis, characterization and analytical data of the complexes will be presented.
Electrochemical analysis in dichloromethane in the absence of acid will elucidate the main
redox behavior of the complexes. The subsequent section describes the electrochemical experiments aimed at understanding the follow-up reactivity of the complexes upon the first
electron transfer. Lastly, the catalytic behavior of the complexes is described, starting with
experiments performed in dichloromethane in the presence of weak acid followed by their
behavior upon addition of stoichiometric amounts of strong acid and concluding with catalytic studies in acidic aqueous media.
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Results and discussion
Synthesis and characterization
Tetrachlorobenzenedithiol18,19 and tetrafluorobenzenedithiol20 were prepared according to
modified literature procedures. The di-iron dithiolate hexacarbonyl complexes 1-3 were prepared by reaction of the corresponding substituted benzenedithiol with the iron precursor
Fe3(CO)12 in hot toluene solution.
Complexes 1 and 2 have been reported and extensively characterized before.21,22 The novel
compound 3 has been characterized thoroughly by NMR and FT-IR spectroscopy, HR-mass
spectrometry, cyclic voltammetry and X-ray crystallography. Its solid state molecular structure is shown in Figure 2, the relevant analytical data for complexes 1-3 are shown in Table 1
while their IR spectra are shown in the appendix section.

Figure 2. X-ray crystal structure of Fe2(F4bdt)(CO)6, 3. Ellipsoids are set at 50% probability.
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Table 1. Analytical data for complexes 1-3.
Distances (Å� )
Fe-Fe

Fe-S average

Fe-CO average
CO Freq. in hexane (cm )
E½ (V vs. Ag/AgCl) in CH2Cl2
n electrons

Potential Inversion
Reversibility

Fe2(Cl4bdt)(CO)6,
2

Fe2(F4bdt)(CO)6,
3

2.480

2.480

2.469

2.267±0.003

2.270±0.004

2.281±0.008

2006

2014

2015

1.792±0.009
-1

Average CO

Fe2(bdt)(CO)6,
1

2044
2079
2043

1.804±0.011
2051
2084
2049

1.803±0.011
2052
2086
2051

-0.953

-0.834

-0.826

✓

✓

✓

✓

✓

✓

2
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The hexacarbonyl complexes have been converted into the corresponding mono-tris(m-pyridyl)phosphine derivatives 1a-3a by treatment with the decarbonylating agent trimethylamine N-oxide in the presence of one equivalent of phosphine ligand. Complexes 1a-3a have
been purified by column chromatography and characterized by NMR and FT-IR spectroscopy,
cyclic voltammetry, HR-mass spectrometry and X-ray crystallography. A second set of measurements has been carried out in diluted sulfuric acid to prove the stability of the species
under aqueous acidic conditions. The molecular structures of these species are shown in
Figure 3, with the relevant analytical data compiled in Table 2 and their IR shown in the appendix section.

Figure 3. X-ray crystal structures of Fe2(bdt)(CO)5PPy3, 1a (top left), Fe2(Cl4bdt)(CO)5PPy3, 2a (top
right), Fe2(F4bdt)(CO)5PPy3, 3a (bottom). Ellipsoids are set at 50% probability.
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Table 2. Analytical data for complexes 1a-3a.
Distances (Å� )
Fe-Fe

Fe-S average

Fe-CO average
Fe-P

CO Freq. in hexane (cm-1)

Fe2(bdt)
(CO)5PPy3, 1a

Fe2(Cl4bdt)
(CO)5PPy3, 2a

Fe2(F4bdt)
(CO)5PPy3, 3a

2.277±0.001

2.279±0.006

2.280±0.009

2.232

2.231

2.235

2.485

1.786±0.011
1992

2003
2059

2.478

1.791±0.018
1999
2009
2063

2.484

1.789±0.017
2000
2010
2065

Average CO

2017.8

2023.7

2024.8

Ered (V vs. Ag/AgCl) CH2Cl2

-1.134

-1.021

-1.011

✓

✓

✓

✗

✗

✗

2015

2019

2023

2069

2073

2075

P NMR CD2Cl2 (ppm)

31

n electrons

Disproportionation
Reversibility

CO Freq. in H2SO4 (cm-1)
Average CO

P NMR D2SO4 (ppm)

31

49.3
1

2005
2029.3
57.6
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1

2008
2033.4
55.9

48.5
1

2012
2036.6
54.9
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Two bis-phosphine complexes 1b and 3b have been prepared by refluxing a toluene solution
of the parent hexacarbonyl compounds in the presence of two equivalents of the phosphine
ligand. Isolation of the clean compounds is achieved by recrystallization from DCM/hexane
mixtures. Characterization of those compounds is done similarly as stated before for the mono-substituted ones. The molecular structures are shown in Figure 4, their analytical data is
presented in Table 3 an their IR shown in the appendix section.

Figure 4. X-ray crystal structures of Fe2(bdt)(CO)4(PPy3)2 (left), 1b and Fe2(F4bdt)(CO)4(PPy3)2, 3b
(right). Ellipsoids are set at 50% probability
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Table 3. Analytical data for complexes 1b and 3b.

Fe2(bdt)
(CO)4(PPy3)2, 1b

Fe2(F4bdt)
(CO)4(PPy3)2, 3b

Fe-S average

2.283±0.001

2.288±0.004

Fe-P average

2.226±0.005

2.229±0.004

Distances (Å� )
Fe-Fe

Fe-CO average
CO Freq. in CH2Cl2 (cm-1)

2.463

1.764±0.003
1950
1966
2010

2.479

1.764±0.006
1960
1976
2018

Average CO

1975.2

1984.8

Ered (V vs. Ag/AgCl) CH2Cl2

-1.395

-1.151

✓

✓

✗

✗

1982

1992

2033

2041

P NMR CD2Cl2 (ppm)

31

n electrons

Further Reactivity
Reversibility

CO Freq. in H2SO4 (cm-1)
Average CO

P NMR D2SO4 (ppm)

31

46.5
1

1992
2002.4
56.2

44.9
1

2001
2011.4
53.5

All the complexes were found to be relatively oxygen tolerant even in solution, but rapid
decomposition was observed when aerobic solutions were exposed to either light or acetonitrile. The solid samples were found to be stable for extended periods of time at -20 °C. Among
all the complexes presented, 2 and 2a were found to be the most unstable.

The molecular structures of the complexes in the solid state display the typical butterfly
conformation of the di-iron core, where each iron is in a distorted octahedral coordination.
The phosphine ligands are always located in the apical position, in agreement with similar
literature on benzenedithiolate analogs. Analysis of the crystallographic data suggests negligible structural differences among complexes with the same number of CO ligands. Further~ 41 ~
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more, the crystallographic data show that the complexes are rather similar in terms of bond
lengths, even when a different number of phosphine ligands are coordinated. On the other
hand, the IR data, particularly in the CO region show that the electronic properties of the
complexes are significantly different, following the expected trend, in line with the electronwithdrawing properties of the dithiolate bridge and the electron-donating properties of the
phosphines. A more electron-withdrawing bridge results in a minor shift of the CO bands to
higher wavenumbers e.g. from 1 to 3 the average shift is about 8 cm-1. A higher number of
phosphine ligands results in a major shift to lower wavenumbers e.g. from 1 to 1b the average shift is about 60 cm-1, in line with literature precedents.22-24

Cyclic voltammetry studies in CH2Cl2
Complexes 1-3
As mentioned before, complexes 1 and 2 have been reported in literature and their voltammetric response has been thoroughly investigated under a wide variety of conditions.22,25-27
Here, only the cyclic voltammograms of the novel tetrafluorobenzenedithiolate derivative 3
in DCM solution in absence of acid are shown, Figure 5 (left). This complex displays a reversible single wave event at -0.826 V vs. Ag/AgCl. The electrochemical event is a two-electron
process with potential inversion, as determined by isopoint analysis28 and bulk electrolysis,
similarly to what is known for 1 and 2.

Figure 5. Left: cyclic voltammograms of Fe2(F4bdt)(CO)6, 3 at different scan speeds. Right: comparison of voltammograms for complexes 1-3.

~ 42 ~

P roton relay effect in
pyridyl appended hydrogenase mimics
Figure 5 (right) shows an overlay of the reversible reduction events for complexes 1-3.
Switching from the benzenedithiolate derivative 1 (electronegativity of H substituent: 2.1) to
the more electron-withdrawing tetrachloro-derivative 2 (electronegativity of Cl substituent:
3.0) lowers the reduction potential of the complex by about 120 mV. Surprisingly, increasing
the electronegativity of the benzene ring substituents even more with the tetrafluoro-complex 3 (electronegativity of F substituent: 4.0), lowers the reduction potential by a mere 8 mV,
suggesting that there is a lower limit to the reduction potential of hexacarbonyl complexes by
only increasing the electron-withdrawing properties of the benzene bridge.
Preliminary experiments in the presence of acid showed similar behavior between 3 and the
other two complexes of the series, therefore further analysis and proton reduction data are
here omitted.
Complexes 1a-3a
Complexes 1a-3a show a single reduction peak in the range -1.15 – -1.02 V vs. Ag/AgCl,
as shown in Figure 6 (left). The reduction is electrochemically quasi-reversible with the
back-oxidation trace showing two distinct peaks. Semi-integrative convolution plots for the
complexes in the presence of equimolar amounts of ferrocene were analyzed indicating a
one-electron process, Figure 6 (right). Even though it is known that this method introduces
approximations and errors due to the lack of knowledge of the diffusion coefficients of the
species, it gives a reasonable indication on the number of electrons involved in the process.29
We note that bulk electrolysis, which is typically a more accurate method to determine the
number of electrons involved in a given process, is problematic in this case due to the followup reactivity of the complexes, as will be described in the next section.
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Figure 6. Left: cyclic voltammograms of the mono-phosphine derivatives 1a-3a. Right: cyclic
voltammogram of 1a with equimolar amounts of ferrocene (black line) and semi-integrative plot
(red line) showing similar plateau currents for the two species in solution.

Unlike what was observed for the parent hexacarbonyls, the mono-phosphine derivatives undergo a one-electron reduction. The trend in the reduction potential of the three complexes
is in line with what is observed for the parent complexes, in accordance with the electronwithdrawing character of the bridge.
Complexes 1b and 3b
The benzenedithiolate derivative 1b displays a single non-reversible reduction peak at -1.41
V vs. Ag/AgCl while the tetrafluoro-derivative 3b shows two non-reversible events at -1.15
V and -1.33 V. A comparison of the two complexes is shown in Figure 7 (left). Interestingly,
the back-oxidation traces show overlapping peaks at -0.4 V that can be attributed to a common decomposition pathway of dithiolate dissociation. Semi-integrative convolution plots
obtained from an equimolar solution of ferrocene and complexes 1b or 3b indicate a oneelectron process for the first reduction event of both complexes, Figure 7 (right).
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Figure 7. Left: cyclic voltammograms of the bis-phosphine derivatives 1b and 3b. Right: cyclic
voltammogram of 1b with equimolar amounts of ferrocene (black line) and semi-integrative plot
(red line), showing similar plateau currents for the two species in solution.

The single reduction event observed for complex 1b splits into two different events at relatively fast scan rates above 1 V/s. On the other hand, the two reduction events seen for complex 3b converge into one peak at relatively slow scan rates, below 20 mV/s. This phenomenon is tentatively attributed to a follow-up rearrangement of the complexes e.g. apical to
basal phosphine orientation or loss of phosphine ligand upon reduction. If sufficient time is
allowed after the mono-reduction (slow scan rates) the rearrangement can take place and
the newly generated species cannot be further reduced a second time. On the contrary, when
the rearrangement does not take place (fast scan rates) the mono-reduced complexes can be
further reduced a second time. Figure 8 schematically shows the processes described, with
the red arrow indicating the preferred pathway at conventional scan rates (around 100
mV/s).30

Figure 8. Scheme of the reduction of 1b and 3b. The red arrow indicates the preferred pathway
at scan rates around 100 mV/s. Species 1b*- and 3b*- are tentatively assigned to new species obtained after follow-up rearrangement e.g. apical to basal phosphine orientation or loss of phosphine ligand upon the first reduction. The species 1b2- can be observed at fast scan rates. Formation of 3b2- is avoided at slow scan rates.
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The electrochemical data presented for the reduction of the complexes 1-3, 1a-3a, 1b and 3b
follow the general trend expected, in line with the FT-IR data presented before. Increasing the
electron-withdrawing character of the bridge shifts the reduction potential of the complexes
towards milder values by about 125 mV going from 1 to 3 or from 1a to 3a. Increasing the
number of phosphine ligands has the opposite effect, lowering the reduction potential by
about 180-200 mV per phosphine ligand. The average CO frequency of the three most intense
carbonyl signals is often used as an indicator of the electron density at the di-iron core. The
average CO shift thus obtained correlates well with the reduction potential of the complexes.
Figure 9 summarizes this data for all the complexes presented here.

Figure 9. Plot of the average CO shift against the reduction potential of the complexes.

Reactivity of the complexes upon reduction
The cyclic voltammograms of complexes 1a-3a display a second minor reduction event in
the range -1.15 – -1.35 V, about 150-200 mV after their main reduction discussed previously.
The intensity of this particular peak depends on the scan rate, being more pronounced at
slow rates, and the redox potential is found to be consistent with that of the bis-substituted
complexes 1b-3b. In literature, the electrochemically induced disproportionation associated
with intramolecular rearrangement of the mono-substituted bis-diphenylphosphinomethane (dppm) di-iron complex into its bis-substituted derivative, where the pendant free phosphine of dppm also coordinates to the iron center, has been previously suggested.31 Dissociation of a CO ligand upon mono-reduction of the complex allows for the coordination of the
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free phosphine, already present nearby the iron center. Intrigued by this report and voltammograms obtained, we wondered if a similar intermolecular process could also occur with
the complexes presented here.

Interestingly, we note that if more consecutive voltammetric cycles are measured for a solution of complex 1a, a third reduction event appears at -1.05 V, Figure 10 (left). This reduction
event has a redox potential comparable to that of the hexacarbonyl species 1. Addition of 1 to
this same solution indicates that the newly generated species has the same reduction potential as an authentic sample of 1, Figure 10 (right). This observation suggests that a disproportionation reaction associated with ligand exchange, triggered by the mono-reduction of the
mono-phosphine complexes, takes place according to Scheme 2. A similar process is known for
propane dithiolate, mono-substituted di-iron complexes.32,33

Figure 10. Left: repeated cyclic voltammograms for 1a, showing the appearance of 1 around -1.05
V and 1b around -1.4 V, at the second cycle. Right: overlap of the equimolar solution of 1 and 1a
(black) and a solution of 1a at the third consecutive cycle, showing that the newly generated species at the surface of the electrode is consistent with being complex 1.

Scheme 2. Schematic disproportionation reaction of mono-phosphine derivatives upon monoreduction. Benzenedithiolate bridge and remaining CO ligands are omitted for clarity.

Validation of our hypothesis came from spectroelectrochemistry coupled with FT-IR spectroscopy, which clearly reveals the simultaneous appearance of two distinct species upon
reduction of the mono-phosphine derivatives. One species was found to be identical to the
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bis-phosphine complexes in their neutral form while the other can be ascribed to the doubly
reduced hexacarbonyl parent complexs. Figure 11 displays an overlay of the IR-spectroelectrochemistry data for the benzenedithiolate series of complexes 1, 1a and 1b.

Figure 11. FT-IR spectroelectrochemistry data. In black IR of 1b. Red spectroelectrochemistry
measurement for 1 after its reduction, showing the bleaching of 1 and the appearance of 12-. Blue
spectroelectrochemistry measurement for 1a showing its bleaching and simultaneous appearance of 12- and 1b.

Although the electrochemical conversion of similar hexacarbonyl species into the mono- and
bis-phosphine complexes has been reported before, the opposite process, which generates
back the di-anion of the hexacarbonyl parent complex has not been observed yet for benzenedithiolate di-iron complexes.34 Furthermore, we suspected the existence of intricate equilibrium reactions at the electrode surface. In fact, during the cycling experiment described in
Figure 10 (left), it was expected that the signal of the mono-phosphine derivative would progressively decrease with the number of cycles, while the signals of the hexacarbonyl and bisphosphine complexes would both gradually increase according to the IR-spectroelectrochemistry measurements. Interestingly, it was observed that a steady state was quickly
reached and after a couple of cycles the concentrations of the three species did not change
significantly anymore. In addition, a separate cycling experiment using an equimolar solution
of 1 and 1a showed no change of the voltammogram upon repeated voltammetric cycles, suggesting that the equilibrium has established, Figure 12 (left). Unexpectedly complex 1b was
not clearly detected at any cycle. Although this could appear counterintuitive since the disproportionation equilibrium reaction involves all three species 1, 1a and 1b, we suspect that
additional equilibrium reactions and decomposition pathways are present. However, if additional phosphine ligand is added in solution (about 25 equivalents), both signals for 1 and
1a gradually decrease while that of 1b increases, being the predominant species at the electrode surface, Figure 12 (right). Although about 12 equivalents of free phosphine ligand per
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di-iron complex are present in solution, a steady state is quickly reached. Since we do not
observe clear accumulation of 1b at the electrode, the collected experiments suggest that all
complexes could undergo further rearrangement upon reduction.

2

Figure 12. Left: cycling experiment for an equimolar solution of 1 and 1a showing no change of
the voltammogram upon repeated voltammetric cycles. Right: addition of phosphine ligand to an
equimolar solution of 1 and 1a showing their gradual decrease while the signal for 1b increases
upon repeated cycles.

In line with this, a cycling experiment starting with a solution of complex 1b shows, already
at the second cycle, the appearance of significant amounts of the mono-phosphine derivative, Figure 13 (left). In this case, a disproportionation event can be excluded since the triply
substituted di-iron complex is not observed. To the best of our knowledge, no examples of
(isolated) benzenedithiolate tris-phosphine di-iron complexes are reported. It is noted that
in order to generate 1a from 1b an additional CO ligand is needed, likely coming from the
decomposition of a second molecule of 1b and some free phosphine ligand must be liberated at the electrode surface. Although in lower amounts, also the hexacarbonyl derivative 1
is detected at the second cycle. The lower amount of this complex could be explained by its
known reactivity, when in its doubly reduced state, with the free phosphine ligand, which is
in this case generated at the electrode surface upon reduction of 1b.34
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Figure 13. Left: repeated cyclic voltammograms for 1b, showing the appearance of 1a at the second cycle. Right: repeated voltammograms for an equimolar solution of 1 and 1b showing the independent formation of 1a from the loss of a phosphine ligand upon reduction of 1b and reaction
of 12- with the free phosphine ligand thus generated.

Lastly, we measured an equimolar solution of complex 1 and 1b, Figure 13 right. At the
first cycle only the two expected complexes are present, indicating that there is no fast reaction between the doubly reduced hexacarbonyl (12-) and 1b in its neutral form. Instead,
at the second cycle, significant amounts of 1a are present. Interestingly both the intensity
of 1 and 1b are now lower, suggesting that 1a is generated independently from the monoreduction of 1b and from the reaction of 12- with the free phosphine liberated in solution
after reduction of 1b. A summary of the reactivity described is simplified in Table 4 where
the first column indicates the species present in solution before the electrochemical measurement and the second column contains the species that are detected at the surface of the
electrode, at the second consecutive cycle that are different from those present in solution.
Table 4. Summary of the reactivity described. P indicates free phosphine ligand.
1
2

Starting solution

Species detected at 2nd cycle

1a

1 + 1b

1+P

1a + 1b

3

1b

1 + 1a

1a + 1

-

5

1 + 1a + P

1b

4
6

1+1b

1a
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Finally, we note that other literature reports on phosphine substituted benzenedithiolate
complexes show similar voltammograms, indicating that such intricate reactivity upon reduction might be more general phenomenon for such type of compounds.30,35

Proton reduction from weak acid in CH2Cl2

2

Complexes 1a-3a
When complexes 1a-3a are in the presence of the weak acid HNEt3PF6, - this acid is not strong
enough to protonate either the Fe-Fe bond of the neutral species or the basic nitrogen of the
pyridine ligands - the first reduction peak of the complexes becomes completely irreversible
and new oxidation peaks appear in the range -0.4 – -0.1 V, Figure 14. This behavior is consistent with the reduction of the complexes, followed by protonation of the Fe-Fe bond to yield
a bridging hydride. When the potential window is increased to more reductive potentials, a
new peak appears in the range -1.55 – -1.40 V. This peak increases in intensity with increasing aliquots of acid, revealing the catalytic nature of this process, Figure 14.

Figure 14. Voltammetric response of 1a in the presence of increasing amounts of acid (HNEt3PF6)
in dichloromethane.

Combining the information obtained in the absence of acid for the first redox event, with
the new information in the presence of acid, the overall proton reduction mechanism
of 1a-3a can be summarized as an ECEC type, as proposed for similar complexes.30 This
mechanism differs from the one demonstrated for the parent hexacarbonyl species, which
operates via an EECEC mechanism.25 Foot-of-the-wave (FotW) analysis36 was employed
to deduce the catalytic proton reduction rate constant and related turnover frequency
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for the complexes. This analysis revealed a kcat in the order of 2∙103 M-1s-1. Table 5 summarizes the relevant data for complexes 1a-3a used to build the Tafel plot in Figure 15.
Table 5. Catalytic parameters for complexes 1a-3a in DCM solution, in the presence of weak acid
(HNEt3PF6). TOFmax are extrapolated for a 1 M concentration of acid.

kcat (M-1s-1)

Catalytic E½ potential
(V vs. Ag/AgCl)
η (V)

TOFmax (s-1)

Fe2(bdt)
(CO)5PPy3, 1a

Fe2(Cl4bdt)
(CO)5PPy3, 2a

Fe2(F4bdt)
(CO)5PPy3, 3a

-1.50

-1.45

-1.40

2.8∙103
0.68

5.5∙103

2.4∙103
0.63

4.7∙103

2.0∙103
0.58

3.9∙103

Figure 15. Tafel plot for complexes 1a-3a in the presence of weak acid (HNEt3PF6), in DCM. The
value of TOFmax is extrapolated for a 1 M concentration of substrate.

In contrast to the behavior of the redox-active and proton-responsive dipyridylphosphole
complex, the trispyridylphosphine complexes 1a-3a do not allow for a PCET step in their
mechanism. The trispyridylphosphine ligand is purely acting as a spectator, remaining in its
neutral form over the entire catalytic cycle. As such, the trispyridylphosphine does not play a
beneficial role as proton-responsive ligand and it also increases the operational overpotential of the complexes by roughly 100 mV compared to the respective more electron-deficient
hexacarbonyl parent complexes. Interestingly, although the trispyridyl complexes are lacking any redox-active and proton-responsive properties, they require a milder overpotential
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compared to the dipyridylphosphole complex. The importance of the redox-active ligand
is evidenced by the catalytic rate of the dipyridylphosphole complex, which is roughly 200
times faster than the trispyridyl complexes. Upon reduction, the redox-activity of the dipyridylphosphole ligand allows for delocalization of some electron density onto the phosphorus
based ligand itself, therefore increasing the basicity of the pyridyl moieties. The increased
basicity of the pyridyl ligands allows for their protonation and therefore proton preorganization around the di-iron center. This process happens in a concerted PCET fashion.
The electron-withdrawing character of the bridge has a clear effect for the overpotential;
complexes with electron-deficient di-iron cores display a milder first reduction potential and
require milder catalytic potentials, but at the expense of lower proton reduction rates. In fact,
moving from 1a to 3a the overpotential drops by about 100 mV while the catalytic activity
decreases by roughly only 30%. Interestingly, while the reduction potentials of 2a and 3a
are nearly identical in the absence of acid (Figure 6), we observe 50 mV difference in their
catalytic potential, indicating that the first reduction potential of the complexes cannot be
directly taken as a measure for the catalytic potential.

At this point we were also wondering whether the reductive disproportionation reactivity
observed in the absence of acid is also relevant under catalytic conditions. We addressed this
issue by comparison of the cyclic voltammograms for the hexacarbonyl species with those
obtained for complexes 1a-3a in the presence of the weak acid. Our experiments indicate
that in the presence of a few equivalents of acid (below about 4 equivalents) disproportionation still happens as a minor event. In the presence of higher amounts of acid (above about
8 equivalents) disproportionation is not observed, indicating that protonation and disproportionation have similar rates.
Complexes 1b and 3b
In the presence of HNEt3PF6, the reduction potential of 1b and 3b shifts anodically by about
100 mV, Figure 16. Despite the fact that the first reduction peak current increases slightly, the
semi-integral plot and comparison with equimolar amounts of ferrocene indicate that this is
still a one-electron process. Since the weak acid used protonates neither the Fe-Fe bond nor
the pyridyl ligands, the large potential shift observed can be attributed to a proton coupled
electron transfer step.
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Figure 16. Voltammogram of 1b in absence of acid (black line) and in the presence of 8 equivalents of weak acid, showing a 100 mV potential shift indicating a PCET step. Proton reduction
catalysis occurs at -1.4 V.

Increasing the potential window to more reductive potentials reveals the appearance of a new catalytic wave with the onset potential at -1.4 V and a peak potential
at about -1.6 V. Similarly to the mono-phosphine complexes, the catalytic mechanism
for the bis-phosphine complexes can be summarized as an ECEC mechanism where
the first EC is a concerted step. Proton reduction rates for 1b and 3b were deduced
from FotW analysis; the catalytic rate constant and relevant parameters are reported
in Table 6 while Figure 17 shows the Tafel plot for the two bis-substituted complexes.
Table 6. Catalytic parameters for complexes 1b and 3b in DCM solution, in the presence of weak
acid (HNEt3PF6). TOFmax are extrapolated for a 1 M concentration of acid.

kcat (M-1s-1)

Catalytic E½ potential
(V vs. Ag/AgCl)
η (V)

TOFmax (s )
-1

Fe2(bdt)
(CO)4(PPy3)2, 1b

Fe2(F4bdt)
(CO)4(PPy3)2, 3b

-1.68

-1.60

3.6∙103
0.86

7.3∙10
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Figure 17. Tafel plot for complexes 1b and 3b in the presence of weak acid, in DCM. The value of
TOFmax is extrapolated for a 1 M concentration of substrate.

By comparing 1a to 1b it is clear that the coordination of a second phosphine ligand has a
significant effect on the catalysis. The second phosphine makes the complex more electronrich, which therefore requires about 200 mV higher overpotential to start the proton reduction reaction while the catalytic rates are only marginally higher. A similar observation can be
made when comparing 3a to 3b. Regarding the electron-withdrawing character of the bridge,
moving from 1b to 3b has a similar influence as seen for the mono-substituted derivatives;
the overpotential is about 80 mV milder while the rate drops by only 30% as the di-iron core
of the complex becomes more electron-deficient.
Exclusion of any follow-up reactivity for complexes 1b and 3b, upon mono-reduction in the
presence of acid was confirmed by comparison of the voltammograms with those of the mono-phosphine and hexacarbonyl complexes. Such comparisons indicate that the bis-phosphine complexes behave differently than the mono-phosphine derivatives, as no back-oxidation peaks are detected for the former. Even when only small amounts of acid are added, any
side reactivity is completely suppressed, possibly due to the inherently fast proton coupled
electron transfer step. In addition, the main catalytic proton reduction catalysis for the bisphosphine complexes happens at potentials about 200 mV cathodically shifted compared to
their mono-substituted counterparts, in agreement with the higher electron density at the
di-iron center.

~ 55 ~

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics

Study of the complexes in CH2Cl2 with strong acid
Next we studied proton reduction catalysis in the presence of HBF4, a strong acid. This acid
is sufficiently strong to protonate either the pyridyl groups or the iron-iron bond. However,
reaction with a stoichiometric amount did not lead to a bridging hydride species, as indicated
by 1H NMR spectroscopy. This suggests that the pKa of the trispyridylphosphines is lower
than that of the di-iron fragment.
Addition of one equivalent of strong acid to 1a causes the first reduction potential to anodically shift by about 230 mV. A second reduction is also present at potentials similar to that of
the original reduction of the complex in absence of acid. Addition of a second equivalent of
HBF4 causes the first reduction potential to shift by an additional 150 mV, Figure 18. Exhaustive investigation is hampered by precipitation of the poorly soluble doubly protonated compound.

Figure 18. Left: voltammetric response of complex 1a in the absence of acid or with 1 and 2
equivalents of strong acid. After addition of the second equivalent of acid most of the complex
precipitates from solution. Right: voltammetric response of complex 1b in the absence of acid or
with 1 and 2 equivalents of strong acid. After addition of the first equivalent of acid most of the
complex precipitates from solution.

For complex 1b a similar trend is observed, with an anodic potential shift of about 520 mV
upon addition of one equivalent of acid. As this complex showed PCET in the presence of
weak acid, this shift is most likely due to a combination of ligand protonation and PCET. Detailed proof is hard to obtain due to the poor solubility of the mono-protonated species, Figure 18 (right).
These experiments indicate that ligand protonation has the beneficial effect of lowering the
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redox potential of the first electron transfer to milder values. Although also the second electron transfer appears to be anodically shifted, proper analysis and interpretation of the data
is hampered by the poor solubility of the species involved.

Catalysis in diluted H2SO4
In contrast to the protonated species in dichloromethane, complexes 1a-3a, 1b and 3b dissolve well in acidic aqueous solutions. This allowed us to study electrocatalytic proton reduction at a glassy carbon working electrode in acidic aqueous media. The complexes were
found to show very high activity under typical concentrations, therefore the experiments
were performed at 25 µM catalyst concentration in 0.5 M H2SO4 solution. The previously presented analytical data (Tables 2 and 3) show the great stability of the complexes under such
harsh acidic conditions, provided the combination of light and oxygen is avoided. The analytical data, in particular 1H NMR and FT-IR spectroscopy, indicate that also in diluted sulfuric
acid only protonation of the pyridyl ligands occurs, while the di-iron bond stays intact.

Under the described conditions, complexes 1a-3a show scan speed-independent plateau currents at -1.0 V, similar to their first reduction in organic solvents, Figure 19 left. The S-shaped
voltammograms obtained indicate that the electrocatalysis occurs under pure kinetic control
with negligible depletion of substrate. The DuBois method to obtain the catalytic rate constants kcat, could therefore be employed.37 The value of kcat can be accessed from the ratio Ipl/
I0p where Ipl is the plateau current at a given scan speed and I0p is the current in the absence
of substrate, which can be easily calculated using the Randles–Sevcik equation.38 The diffusion coefficients are obtained from 1H-DOSY NMR experiments in 1 M D2SO4 in D2O. A second
method to estimate the same catalytic constant is the FotW analysis proposed by Savéant.36
Application of this analysis at the different scan speeds recorded provides estimated reaction
rates that are in good agreement with those obtained via the Dubois method. The calculated
values of kcat were found to be as high as 107 M-1s-1 for 1a and 105 M-1s-1 for 3a. The relevant
parameters are summarized in Table 7.
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Figure 19. Catalytic voltammetric response of a 25 µM solution of 1a (left) and 25 µM solution of
1b (right) in 0.5 M H2SO4 at different scan speeds.

Complexes 1b and 3b were also found to be extremely active under these conditions. Respective 25 µM solutions in 0.5 M H2SO4 display a diffusion-limited shape of the catalytic curve at
potentials around -1.10 – -1.15 V vs. Ag/AgCl, Figure 19 (right). The shape of the voltammograms suggests a quick depletion of substrate, which is a first indication that these complexes
are faster catalysts than their mono-substituted analogs.

In this case the catalytic rates were deduced by FotW analysis and found to reach unprecedented values in the order of 108 M-1s-1. Table 7 summarizes the relevant data while Figure 20 shows a Tafel plot for the different complexes under acidic aqueous conditions.
Table 7. Catalytic parameters for complexes 1a-3a, 1b and 3b in 0.5 M H2SO4 solution. TOFmax are
extrapolated for a 1 M concentration of acid.
kcat (M-1s-1)

Catalytic E½ potential
(V vs. Ag/AgCl)
η (V)

TOFmax (s-1)

1a

2a

3a

1b

3b

1.8∙107

9.2∙105

5.4∙105

2.7∙108

4.0∙106

0.82

0.78

0.77

0.89

0.84

-1.08

3.6∙107

-1.04

1.8∙106
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Figure 20. Tafel plot for complexes 1a-3a, 1b and 3b in 0.5 M H2SO4 solution. The value of TOFmax
is extrapolated for a 1 M concentration of substrate.

In diluted H2SO4, protonation of the pyridyl ligands of the mono-phosphine derivatives 1a3a, has the effect of shifting the average CO frequency by about 11 wavenumbers to higher
values. For the bis-phosphine complexes 1b and 3b, the average shift for the CO bands is
roughly doubled at 20 cm-1. Addition of these data to the plot presented before for the average CO shift against the first reduction potential shows that pyridyl protonation has a large
effect on the electronics of the complexes, effectively counterbalancing the increase in electron density caused by the phosphine substitution, Figure 21.

Figure 21. Plot of the average CO shift against the reduction potential of the complexes. In red are
shown the data obtained in diluted sulfuric acid solution.
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In diluted sulfuric acid, proton reduction happens at the first reduction. Therefore, from the
graph above, it might appear that the catalytic potential for proton reduction in aqueous media is particularly mild. Although the numerical values for the reduction potentials seem
milder compared to the DCM ones, it is important to realize that the main working solvent
and the type of acid employed are different. This translates in a different thermodynamic
proton reduction potential and therefore a comparison of the overpotentials is needed. In
diluted sulfuric acid, the overpotentials are found to be higher than in dichloromethane. For
the mono-phosphine 1a, going from organic solvent solution and weak acid to acidic water
has the effect of increasing the activity of the catalyst by four orders of magnitude, but at the
expense of a significantly higher overpotential of about 140 mV, Figure 22 (left). The bisphosphine complex 1b on the other hand shows about five orders of magnitude higher activity in sulfuric acid than in organic solvents while the overpotential increases by a mere 30
mV, Figure 22 (right).

Figure 22. Tafel plot for complexes 1a (left) and 1b (right) in DCM solution in the presence of
weak acid and in H2SO4 solution. TOFmax are extrapolated for a 1 M concentration of substrate.

The presence of the pyridyl moieties and their inherent protonation in acidic aqueous solutions results in preorganization of the protons proximal to the catalytic di-iron center, which
drastically increases the activity of the complexes. Furthermore, pyridyl protonation has the
beneficial effect of counterbalancing the electron-donating abilities of the phosphine ligands
as electron transfer steps are facilitated because of positive charges of the complexes.
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Conclusions
In conclusion, we have shown that modification of the electron-withdrawing properties of the
benzenedithiolate bridge has a significant effect for catalysis. Complexes featuring strongly
electron-deficient di-iron cores have lower catalytic proton reduction potentials while the
decrease of their activity is modest.

Protonation of the pyridyl groups offers a good strategy to partially counterbalance the increase in the electron density of the di-iron core due to phosphine coordination. The positive
effect of pyridyl protonation is best shown by comparison of complex 1b in dichloromethane
and sulfuric acid. Moving to the acidic aqueous environment the activity of the complex increases by a factor of five, while the increase in overpotential is negligible.

This work demonstrates that the presence of a proton-responsive ligand that facilitates a
PCET step is important to lower the first reduction potential of di-iron complexes bearing
benzenedithiolate bridges. This is most important when the complex can perform catalysis
at its first reduction so that the PCET step effectively lowers the catalytic overpotential. Interestingly, it is also shown that proton-responsive ligands alone are sufficient to achieve high
catalytic rates.
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Experimental
Materials and methods
General procedures: all synthetic procedures were carried out under an argon atmosphere
using standard Schlenk techniques. All commercially available chemicals were used as received without further purification. Solvents used for synthesis were dried, distilled and degassed with the most suitable method. Column chromatography was performed open to air
using solvents as received.

Electrochemistry: Cyclic voltammetry was performed on 1 mM solution of analyte (unless
otherwise stated) using 0.1 M tetrabutylammonium hexafluorophosphate as supporting
electrolyte. The voltammograms were recorded using a PG-STAT302N potentiostat at glassy
carbon disk electrode (2 mm diameter). A platinum coil was used as auxiliary electrode and
a leak free silver electrode (inner compartment 3 M KCl/Ag) as reference electrode.
Spectroelectrochemistry was performed in an optically transparent thin layer OTTLE cell
with platinum working electrode, platinum auxiliary electrode and silver wire as reference
electrode, using 0.2 M tetrabutylammonium hexafluorophosphate as supporting electrolyte.
Mass analysis: high resolution mass spectra for all compounds were collected on an AccuTOF GC v 4g, JMS-T100G-CV mass spectrometer (JEOL, Japan).

X-ray crystal structure determination: X-ray intensities were measured on a Bruker D8
Quest Eco diffractometer equipped with a Triumph monochromator (λ = 0.71073 Å� ) and
a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity data were integrated
with the Bruker APEX2 software.39 Absorption correction and scaling was performed with
SADABS.40 The structures were solved using intrinsic phasing with the program SHELXT.39
Least-squares refinement was performed with SHELXL-201341 against F2 of all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 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 Ueq of the attached C atoms.
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Synthesis of complexes
Tetrachlorobenzenedithiol18,19 and tetrafluorobenzenedithiol20 were prepared according to
modified literature procedures. m-Trispyridylphosphine was prepared according to literature procedure.42
General procedure for the preparation of the hexacarbonyl complexes 1-3.

An oven-dried, argon-flushed round bottom Schlenk flask equipped with a reflux condenser
was charged with Fe3(CO)12 (4 mmol) and the dithiol precursor (1 equiv, 4 mmol). After addition of 200 mL of toluene, the reaction mixture was heated to 80 °C overnight in the dark.
The reaction was cooled to room temperature and filtered through a plug of Celite before
removing the volatiles under reduced pressure. The residue was dissolved in hexanes and
chromatographed on silica gel to afford the clean compound.
Fe2(bdt)(CO)6, 1: 1.09 g, yield 65%. 1H NMR (CD2Cl2, ppm) δ 7.22 (dd, J = 5.7, 3.2 Hz, 2H),
6.71 (dd, J = 5.7, 3.2 Hz, 2H). 13C NMR (CD2Cl2, ppm) δ 207.6, 147.4, 127.9, 126.7. FT-IR (hexane, ν) 2006, 2044, 2079 cm-1.

Fe2(Cl4bdt)(CO)6, 2: 0.89 g, Yield 40%. 13C NMR (CD2Cl2, ppm) δ 209.1, 206.6, 148.4, 131.4,
131.2, 129.2, 127.1. FT-IR (hexane, ν) 2014, 2050, 2084 cm-1. HR FD-MS (m/z) found:
557.6581 expected: 557.6562, C12Cl4Fe2O6S2.

Fe2(F4bdt)(CO)6, 3: 1.24 g, yield 63%. 13C NMR (CD2Cl2, ppm) δ 209.1, 206.4, 151.0 – 146.9
(m), 145.9 – 143.7 (m), 141.7 – 139.4 (m), 138.0 – 136.1 (m), 133.4 – 130.5 (m). 19F NMR
(CD2Cl2, ppm) δ -131.05 (d, J = 20.0 Hz), -153.43 (d, J = 20.0 Hz). FT-IR (hexane, ν) 2015,
2052, 2086 cm-1. HR FD-MS (m/z) found: 491.7750 expected: 491.7772, C12F4Fe2O6S2
General procedure for the preparation of the mono-trispyridyl phosphine complexes 1a-3a.

An oven-dried, argon-flushed round bottom Schlenk flask was charged with the hexacarbonyl complex 1-3 (0.6 mmol), trispyridyl phosphine (1 equiv, 0.6 mmol) and dichloromethane
60 mL. In a separate flask Me3NO (1.5 equiv, 0.9 mmol) was dissolved in 2 mL of acetonitrile
and this solution added to the first flask. After stirring the reaction mixture for 30 minutes
at room temperature, in the dark the solvents were removed under reduced pressure. The
residue was dissolved in minimal amount of DCM and chromatographed over silica gel with
DCM:MeOH 94:6 to afford the clean compound.
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Fe2(bdt)(CO)5PPy3, 1a: 299 mg, yield 76%. 1H NMR (CD2Cl2, ppm) δ 8.76 – 8.64 (m, 6H), 7.87
(t, J = 9.4, 3H), 7.38 (t, J = 6.4 Hz, 3H), 6.63 (dd, J = 5.5, 3.2 Hz, 2H), 6.32 (dd, J = 5.5, 3.2 Hz,
2H). 31P NMR (CD2Cl2, ppm) δ 49.32. 13C NMR (CD2Cl2, ppm) δ 212.8, 212.7, 208.6, 153.0,
152.8, 151.3, 147.2, 140.2, 140.1, 130.4, 129.9, 127.71, 125.9, 123.7, 123.6. FT-IR (hexane, ν)
1992, 2003, 2059 cm-1. 1H NMR (1 M D2SO4, ppm) δ 8.82 – 8.50 (m, 12H), 7.99 (t, J = 7.1 Hz,
3H), 6.44 (dd, J = 5.1, 3.0 Hz, 2H), 6.18 (dd, J = 5.1, 3.0 Hz, 2H). 31P NMR (1 M D2SO4, ppm) δ
57.64. DOSY (1 M D2SO4) logD=-9.461 m2s-1. FT-IR (1 M H2SO4, ν) 2015, 2005, 2069 cm-1. HR
FD-MS (m/z) found: 657.9080 expected: 657.9047, C26H16Fe2N3O5PS2.

Fe2(Cl4bdt)(CO)5PPy3, 2a: 233 mg, Yield 49%. 1H NMR (CD2Cl2, ppm) δ 8.75 – 8.59 (m, 6H),
7.95 (t, J = 9.6 Hz, 3H), 7.46 (m, 3H). 31P NMR (CD2Cl2, ppm) δ 48.01. 13C NMR (CD2Cl2, ppm)
δ 212.1, 207.6, 152.8, 152.6, 151.7, 148.3, 140.2, 140.1, 131.1, 130.2, 129.7, 129.2, 123.9. FTIR (hexane, ν) 1999, 2009, 2063 cm-1. 1H NMR (1 M D2SO4, ppm) δ 8.51 (d, J = 5.7 Hz, 3H),
8.48 – 8.37 (d, J = 6.3 Hz 3H), 8.25 (t, J = 9.4 Hz, 3H), 7.84 – 7.60 (m, 3H). 31P NMR (1 M D2SO4,
ppm) δ 55.88. DOSY(1 M D2SO4) logD=-9.739 m2s-1. FT-IR (1 M H2SO4, ν) 2019, 2008 2073
cm-1. HR FD-MS (m/z) found: 795.7462 expected: 795.7445, C26H12Cl4Fe2N3O5PS2.

Fe2(F4bdt)(CO)5PPy3, 3a: 328 mg, yield 75%. 1H NMR (CD2Cl2, ppm) δ 8.96 – 8.56 (m, 6H),
7.97 (t, J = 10.0 Hz, 3H), 7.49 (m, 3H). 31P NMR (CD2Cl2, ppm) δ 47.64. 13C NMR (CD2Cl2, ppm)
δ 211.9, 211.9, 207.5, 152.7, 151.8, 147.2, 143.8, 140.2, 140.1, 131.5, 129.7, 129.2, 124.0. 19F
NMR (CD2Cl2, ppm) δ -131.16 (d, J = 19.5 Hz), -154.99 (d, J = 19.5 Hz). FT-IR (hexane, ν)
2000, 2010, 2065 cm-1. 1H NMR (1 M D2SO4, ppm) δ 8.51 (m, 6H), 8.33 (t, J = 9.3 Hz, 3H), 7.74
(m, 3H). 31P NMR (1 M D2SO4, ppm) δ 54.94. 19F NMR (1 M D2SO4, ppm) δ -128.02 (d, J = 20.1
Hz), -150.72 (d, J = 20.1 Hz). DOSY(1 M D2SO4) logD=-9.476 m2s-1. FT-IR (1 M H2SO4, ν) 2023,
2012, 2075 cm-1. HR FD-MS (m/z) found: 729.8697 expected: 729.8670, C26H12F4Fe2N3O5PS2.
General procedure for the preparation of the bis-trispyridyl phosphine complexes 1b and 3b.

An oven-dried, argon-flushed round bottom Schlenk flask was charged with the hexacarbonyl complex 1 or 3 (0.3 mmol), trispyridyl phosphine (2.5 molar equiv, 0.75 mmol) and
toluene (60 mL). The reaction mixture was refluxed for 2 hours. After cooling the reaction
mixture to room temperature the volatiles were removed under reduced pressure. The residue was dissolved in dichloromethane and the complexes precipitated with hexanes. After
three recrystallizations the solids were washed with hexanes before drying under vacuum.
Fe2(bdt)(CO)4(PPy3)2, 1b: 233 mg, yield 87%. 1H NMR (CD2Cl2, ppm) δ 8.64 (m, 12H), 7.85(t,
J = 9.2 Hz, 6H), 7.34 (dd, J = 7.9, 4.8 Hz, 6H), 6.02 (dd, J = 5.4, 3.2 Hz, 2H), 5.91 (dd, J = 5.4, 3.2
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Hz, 2H). 31P NMR (CD2Cl2, ppm) δ 46.57. 13C NMR (CD2Cl2, ppm) δ 214.0, 214.0, 213.9, 152.8,
152.8, 152.7, 150.9, 146.8, 140.1, 140.1, 140.0, 130.5, 130.1, 127.4, 124.9, 123.4, 123.4. FT-IR
(DCM, ν) 1950, 1966, 2010 cm-1. 1H NMR (1 M D2SO4, ppm) δ 8.73 (d, J = 5.8 Hz, 6H), 8.71 –
8.52 (m, 12H), 7.99 (t, J = 7.1 Hz, 6H), 6.20 – 5.61 (m, 4H). 31P NMR (1 M D2SO4, ppm) δ 56.18.
DOSY(1 M D2SO4) logD=-9.482 m2s-1. FT-IR (1 M H2SO4, ν) 1982, 1992 2033 cm-1. HR FD-MS
(m/z) found: 893.9783 expected: 893.9789, C40H28Fe2N6O4P2S2.

Fe2(F4bdt)(CO)4(PPy3)2, 3b: 237 mg, yield 82%. 1H NMR (CD2Cl2, ppm) δ 8.68 (m, 12H), 7.94
(t, J = 9.2 Hz, 6H), 7.43 (m, 6H). 31P NMR (CD2Cl2, ppm) δ 44.94. 19F NMR (CD2Cl2, ppm) δ
-131.13 (d, J = 19.9 Hz), -156.52 (d, J = 19.9 Hz). 13C NMR (CD2Cl2, ppm) δ 213.3, 213.2, 152.7,
151.5, 147.4, 140.2, 140.1, 131.3, 130.0, 129.5, 123.8. FT-IR (DCM, ν) 1960, 1976, 2018 cm-1.
1
H NMR (1 M D2SO4, ppm) δ 8.85 (d, J = 5.0 Hz, 6H), 8.81 (d, J = 5.6 Hz, 6H), 8.62 (t, J = 8.6
Hz, 6H), 8.02 (t, J = 7.1 Hz, 6H). 31P NMR (1 M D2SO4, ppm) δ 53.54. 19F NMR (1 M D2SO4,
ppm) δ -128.73 (d, J = 18.5 Hz), -151.60 (d, J = 18.5 Hz). DOSY(1 M D2SO4) logD=-9.491 m2s1
. FT-IR (1 M H2SO4, ν) 1992, 2001, 2041 cm-1. HR FD-MS (m/z) found: 965.9458 expected:
965.9412, C40H24F4Fe2N6O4P2S2.
Crystallographic details
Fe2(F4bdt)(CO)6, 3: C12F4Fe2O6S2, Fw = 491.94, orange plate, 0.91 × 0.44 × 0.12 mm, Monoclinic, P21/n (No: 14), a = 6.4785 (4), b = 15.2757 (9), c = 15.6631 (10) Å� , β = 94.601 (3) o, V =
1545.08 (16) Å� 3, Z = 4, Dx = 2.115 g/cm3, µ = 2.22 mm-1. 17623 reflections were measured up
to a resolution of (sin θ/λ)max = 0.597 Å� -1. 2749 reflections were unique (Rint = 0.044), of which
2454 were observed [I>2σ(I)]. 235 parameters were refined with 0 restraints. R1/wR2 [I >
2σ(I)]: 0.0286/0.0983 R1/wR2 [all refl.]: 0.0346/0.1082. S = 0.93. Residual electron density
between −0.49 and 0.36 e/Å� 3.

Fe2(bdt)(CO)5PPy3, 1a: C26H16Fe2N3O5PS2, Fw = 657.21, dark red block, 0.57 × 0.52 × 0.24 mm,
Triclinic, P (No: 2), a = 9.8921 (4), b = 11.5320 (5), 12.4221 (5) Å� , α = 90.689 (2), β = 92.882
(2), γ = 109.525 (2) o, V = 1333.26 (10) Å� 3, Z =2, Dx = 1.637 g/cm3, µ = 1.35 mm-1. 25473 reflections were measured up to a resolution of (sin θ/λ)max = 0.597 Å� -1. 4739 reflections were
unique (Rint = 0.031), of which 4229 were observed [I>2σ(I)]. 352 parameters were refined
with 0 restraints. R1/wR2 [I > 2σ(I)]: 0.0387/0.1286 R1/wR2 [all refl.]: 0.0324/0.1114. S =
1.09. Residual electron density between −0.60 and 0.83 e/Å� 3.

Fe2(Cl4bdt)(CO)5PPy3, 2a: C29H19Cl4Fe2N3O5PS2 Fw = 838.06, dark red plate, 0.74 × 0.36 × 0.15
mm, Triclinic, P (No: 2), a = 10.9935 (5), b = 11.6498 (5), c = 12.9988 (6) Å� , α = 97.474 (2), β =
98.021 (2), γ = 96.445 (2) o, V = 1620.01 (13) Å� 3, Z = 2, Dx = 1.718 g/cm3, µ = 1.45 mm-1. 38316
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reflections were measured up to a resolution of (sin θ/λ)max = 0.597 Å� -1. 5742 reflections were
unique (Rint = 0.046), of which 4820 were observed [I>2σ(I)]. 416 parameters were refined
with 2 restraints. R1/wR2 [I > 2σ(I)]: 0.0398/0.1252 R1/wR2 [all refl.]: 0.0512/0.1408. S =
1.13. Residual electron density between −0.57 and 1.03 e/Å� 3.

Fe2(F4bdt)(CO)5PPy3, 3a: C26H12F4Fe2N3O5PS2, Fw = 729.18, dark red block, 0.71 × 0.28 × 0.19
mm, Triclinic, P (No: 2), a = 8.6708 (7), b = 9.6912 (8), 17.5162 (15) Å� , α = 83.094 (4), β =
86.066 (4), γ = 71.838 (4) o, V = 1387.7 (2) Å� 3, Z = 2, Dx = 1.745 g/cm3, µ = 1.32 mm-1. 20532
reflections were measured up to a resolution of (sin θ/λ)max = 0.596 Å� -1. 4892 reflections were
unique (Rint = 0.035), of which 4230 were observed [I>2σ(I)]. 388 parameters were refined
with 0 restraints. R1/wR2 [I > 2σ(I)]: 0.0331/0.1093 R1/wR2 [all refl.]: 0.0424/0.1240. S =
0.97. Residual electron density between −0.48 and 0.44 e/Å� 3.
Fe2(bdt)(CO)4(PPy3)2, 1b: C40H28Fe2N6O4P2S2, Fw = 894.44, dark red plate, 0.39 × 0.18 × 0.10
mm, Orthorhombic, P212121 (No: 19), a = 12.0635 (9), b = 17.3488 (14), c = 18.0217 (14) Å� , ,
V = 3771.7 (5) Å� 3, Z = 4, Dx = 1.575 g/cm3, µ = 1.02 mm-1. 31187 reflections were measured up
to a resolution of (sin θ/λ)max = 0.598 Å� -1. 6713 reflections were unique (Rint = 0.074), of which
5857 were observed [I>2σ(I)]. 505 parameters were refined with 0 restraints. R1/wR2 [I >
2σ(I)]: 0.0509/0.1128R1/wR2 [all refl.]: 0.0385/0.1014. S = 0.82. Residual electron density
between −0.34 and 0.70 e/Å� 3.
Fe2(F4bdt)(CO)4(PPy3)2, 3b: C41H26Cl2F4Fe2N6O4P2S2, Fw = 1051.34, dark red plate, 0.34 × 0.11
× 0.05 mm, Monoclinic, C2/c (No: 15), a = 40.2484 (15), b = 11.9538 (4), 18.7485 (7) Å� , β
= 109.875 (1) o, V = 8483.0 (5) Å� 3, Z = 8, Dx = 1.646 g/cm3, µ = 1.05 mm-1. 29490 reflections
were measured up to a resolution of (sin θ/λ)max = 0.595 Å� -1. 7476 reflections were unique
(Rint = 0.037), of which 5640 were observed [I>2σ(I)]. 569 parameters were refined with 0
restraints. R1/wR2 [I > 2σ(I)]: 0.1121/0.2706 R1/wR2 [all refl.]: 0.0929/0.2500. S = 2.08.
Residual electron density between −1.30 and 2.98 e/Å� 3.
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Figure 23. Ir spectra of complexes 1 (Fe2(bdt)(CO)6), 2 (Fe2(Cl4bdt)(CO)6) and 3 (Fe2(F4bdt)(CO)6)
in hexanes.

Figure 24. Ir spectra of complexes 1a (Fe2(bdt)(CO)5PPy3), 2a (Fe2(Cl4bdt)(CO)5PPy3) and 3a
(Fe2(F4bdt)(CO)5PPy3) in hexanes.
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Figure 25. Ir spectra of complexes 1b (Fe2(bdt)(CO)4(PPy3)2) and 3b (Fe2(F4bdt)(CO)4(PPy3)2) in
dichloromethane.

Figure 26. Ir spectra of complexes 1a (Fe2(bdt)(CO)5PPy3), 2a (Fe2(Cl4bdt)(CO)5PPy3) and 3a
(Fe2(F4bdt)(CO)5PPy3) in 1 M H2SO4.
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Figure 27. Ir spectra of complexes 1b (Fe2(bdt)(CO)4(PPy3)2) and 3b (Fe2(F4bdt)(CO)4(PPy3)2) in
1 M H2SO4.
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Introduction
The development of devices for direct conversion of solar energy into fuels is attracting much
attention as solution for sustainable energy storage and supply.1,2 Of particular interest is the
‘electrolysis’ of water into hydrogen and oxygen using efficient catalysts, driven by solar energy.3 Regarding the generation of hydrogen from protons and electrons, platinum is still the
most efficient catalyst as it can work at high rates without significant overpotential.4 On the
other hand, its high cost and low abundance make application of Pt-based systems unattractive on large scale. Nature, however, provides superb examples of hydrogen evolution catalyst
based on non-noble metals. Hydrogenases, metalloenzymes that utilize iron, di-iron or ironnickel as metallic components, are able to perform the reversible proton reduction reaction
at ambient temperature and pressure; furthermore their activity, efficiency and overpotential are comparable to platinum.5,6 It is thus not surprising that chemists take inspiration
from nature to mimic the active site of these metalloenzymes. Hydrogenases are well-studied
classes of proton reduction catalysts.7,8 Although literature contains several hundreds of examples of molecular hydrogenases models, the majority of them are studied as homogeneous
catalysts in organic solvents.9 Studies about their immobilization, key for the development
of devices, are relatively limited. The potential and advantages of immobilizing molecular
catalysts has already been illustrated mainly for cobalt-10-18 and nickel-based catalysts19-21
immobilized onto various surfaces via their organic ligand structure.22
The immobilization of molecular di-iron hydrogenase models onto substrates is however
less studied. Ott and coworkers showed that incorporation of a di-iron catalyst into a metalorganic framework has a beneficial effect on photochemical hydrogen evolution, improving
both the activity and stability of the catalyst in pH 5 aqueous solution.23 Li et al. reported on
the absorption of a di-iron hydrogenase mimic onto high surface area MCM-41 K+ exchange
molecular sieves, used for photocatalytic proton reduction in pure water.24 The same group
also reported another photocatalytic system using a hydrogel material as scaffold for the
hydrogenase catalyst.25

Effective immobilization of di-iron hydrogenase mimics on electrodes has been reported,
although hydrogen evolution studies on the modified electrodes had very limited success.
In 2005 the Brest group reported the immobilization of a hydrogenase mimic containing
a succinimide ester that was attached onto a glassy carbon electrode functionalized either
with amines or aminophenyl groups.26 Although the prepared electrodes were exhaustively
characterized by voltammetric measurements in organic solvents, they showed featureless
cyclic voltammograms in the presence of acid. A few years later Darensbourg et al. reported a
similar system based on a propane dithiolate bridged di-iron complex featuring a carboxylic
acid moiety used to graft the complex on an aniline functionalized, highly ordered pyrolytic
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graphite electrode.27 Although the immobilization was successful, the reductive electrochemical response did not persist over repeated scans, the reason being the irreversible nature of
the reduction of the complex employed. Artero et al. reported a di-iron complex containing
a modified propane dithiolate bridge featuring a succinimide ester anchored on amine functionalized carbon and gold electrodes.28 They could not observe hydrogen evolution from
their electrodes, due to deactivation of the iron catalyst in the presence of strong acids, but
they nicely showed the stability of the amide bond under the highly reductive and acidic conditions trough immobilization of ferrocene moieties, achieved with the same strategy.

In this contribution, we present a di-iron bezenedithiolate complex featuring a short linker
terminated with a chelating bis-carboxylic acid moiety. Direct immobilization on metal oxides is achieved by submerging the substrate into a solution of the catalyst. The molecular
catalyst is firstly studied in homogeneous solution, then on (nano)FTO (fluorine doped tin
oxide) functionalized electrodes. Finally, the electrodes are evaluated for catalytic proton reduction carried out in 0.05 M NaHSO4 solution at pH 3.5. A bias potential of -0.9 V vs. Ag/AgCl
is applied to afford a current density of 1.6 mA.cm-2 at about 500 mV overpotential. Hydrogen
formation was confirmed and quantified by GC analysis.

Strategy
Benzenedithiolates installed on the di-iron platform give some interesting properties to the
hydrogenase models. In particular, such complexes display a mild and reversible two-electron reduction potential.29 The catalytic proton reduction potential is known to be dependent
on the acid strength. It has been reported that proton reduction catalysis in acidic aqueous
environment occurs at the first reduction wave of the complexes.30-32 For these various reasons we employed a di-iron benzenedithiolate derivative in these immobilization studies.

Carboxylic acids are well-known functional groups for immobilization to metal oxides, providing an effective strategy to decorate electrodes with molecular catalysts. The readily accessible synthon Fe2(mcbdt)(CO)6, 4, featuring a carboxylic acid on the benzene ring, enables
modification of the di-iron catalyst without dramatically altering its electronic properties. On
the other hand, mono-carboxylic acids may bind too weakly to metal oxides, especially under
acidic conditions. Direct immobilization of 4 was not investigated, instead a suitable linker
featuring a bis-carboxylic acid functional group that was anticipated to more strongly bind to
metal oxides, was attached to 4.
The electrode of choice for this investigation is glass-coated FTO, as this material offers a con~ 75 ~

3

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics
ductive surface and relatively large potential window, even in aqueous environment. A drawback is the small surface area of such electrodes due to their relatively flat surface. To surpass
this limitation, FTO nano-crystals were prepared and deposited onto the flat FTO electrodes
by spin-coating, in order to obtain high surface area electrodes of the same material, Figure 1.

Figure 1. Schematic representation of the envisioned high surface area, catalyst modified electrodes.

Results and discussion
Synthesis and characterization
Compound 4 has been isolated before by Ott and coworkers as by-product during the synthesis of the di-carboxylic acid derivative Fe2(dcbdt)(CO)6.23 So far, neither detailed synthesis nor characterization of 4 has been described. A convenient and scalable synthesis route
was therefore developed. Preparation of 4 started with nucleophilic aromatic substitution of
1,2-dichlorobenzene with an isopropylthiolate salt that cleanly and quantitatively afforded
di-isopropylbenzene thioester (Scheme 1). The long reaction time 5 days at 90 °C ensures
quantitative di-substitution to avoid inconvenient chromatography or vacuum distillation
steps. Selective mono-ortho-lithiation with nBuLi and subsequent quenching of the lithioderivative of 1 with CO2 afforded the carboxylic acid derivative 2. Deprotection of both thioether groups was achieved by treatment with sodium naphthalenide; addition of concentrated HCl to the crude reaction mixture gave access to benzenedithiol monocarboxylic acid
3. Finally, complex 4 was prepared in about 40% yield from an equimolar reaction of the iron
precursor Fe3(CO)12 and 3.
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Scheme 1. Synthesis route for the preparation of Fe2(mcbdt)(CO)6, 4.

Linker 6 was obtained according to the reaction sequence outlined in Scheme 2. Intermediate 5 was isolated in quantitative yield from the HATU-mediated coupling reaction of dimethyl iminodiacetate and N-BOC protected β-alanine. The BOC-protecting group was easily
removed by reaction with a 20% (v/v) solution of trifluoroacetic acid in dichloromethane to
provide 6.

Scheme 2. Synthesis route for the preparation of linker 6.

Linker 6 was used directly for HATU-assisted coupling to di-iron compound 4. This coupling
reaction was performed in THF-MeCN at room temperature in the presence of 5 equivalents
of DIPEA. The reaction was considered finished after 30 minutes, according to TLC and workup afforded compound 7 in 80% yield (Scheme 3). Methyl ester deprotection employing
common saponification methods proved to be problematic as it resulted in decomposition
of the di-iron core, likely due to irreversible binding of the generated carboxylates to the
iron centers. The ester hydrolysis was successfully achieved by treating 7 with an excess of
the very mild deprotecting agent trimethyltin hydroxide (Me3SnOH), affording the desired
complex 8 in 70% yield.33
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Scheme 3. Synthesis route for the preparation of complexes 7 and 8.

Single crystals suitable for X-ray diffraction were grown by layering a THF solution of 8 with
hexanes at 4 ˚C. Complex 8 crystallizes with one water molecule. Its solid state structure is
shown in Figure 2; the relevant distances and angles are in agreement with literature values
for similar complexes.34

Figure 2. X-ray structure of complex 8. Ellipsoids are set at 50% probability. Water crystallization
molecule is omitted for clarity. Selected distances (Å� ): Fe-Fe 2.4967(8), Fe-S average 2.263 ± 0.005,
Fe-CO average 1.799 ± 0.013.

Electrode preparation and catalyst immobilization
The high surface area FTO electrodes were prepared by attachment of a layer of FTO nanocrystals to flat commercial glass-coated FTO. A known amount of FTO nano-crystals, prepared according to a modified literature procedure,35 were suspended in formic acid and
grinded with a mortar and pestle for 15 minutes. After this, the solids were used to prepare
a 30% (m/m) suspension in neat formic acid. This suspension was sonicated for 30 minutes
where after it was used to spin-coat clean FTO electrodes. The slides were then placed into a
furnace oven, the temperature was increased to 500 °C over 3 hours. The samples were kept
at this temperature for 30 minutes and then allowed to cool to room temperature.
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SEM measurements of the high surface area FTO electrodes display a homogeneous distribution of the particle size of the FTO nano-crystals, Figure 3. The particle size is in the order of
10-30 nm, consistent with the value calculated from the XRD data by using the Scherrer equation (see Figure 20, appendix section).

3
Figure 3. SEM pictures of glass-coated FTO after spin-coating with FTO nano-crystals, at 500 nm
scale (left) and 50 nm scale (right). The bigger crystals (right picture, lower half) are FTO crystals
from the commercial glass-coated FTO electrodes.

Immobilization of compound 8 on glass coated FTO electrodes and on FTO nano-crystals
coated electrodes is achieved by submerging the electrodes (after heat treatment at 120 °C
for 30 minutes) into a 0.5 mM catalyst solution in THF overnight. Subsequently, the electrodes are thoroughly washed with THF to remove any unbound catalyst, dried with a stream
of argon and used directly for the measurements. ATR FT-IR spectroscopy of the functionalized electrodes reveals the characteristic signature of the di-iron CO ligands and the other
carbonyl peaks at 2076, 2040, 2004, 1739 and 1641 cm-1 (Figure 4) and only minor shifts
with respect to the parent compound 8 in THF solution are observed.
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Figure 4. IR spectrum of 8 in THF solution (bottom) and ATR FT-IR spectrum of 8 on nano-crystal
FTO-coated electrode.

The SEM pictures of the electrodes with and without catalysts do not show evident differences, indicating that the immobilization did not change the FTO profile. EDX measurements
on the catalyst-functionalized electrodes demonstrate homogeneous distribution of iron and
sulfur in a 1:1 ratio. Such elements are absent in the unfunctionalized clean electrodes.

Cyclic voltammetry studies in homogeneous solution
Complex 7
Cyclic voltammograms of complex 7 in THF display one Nerstian reversible reduction at -0.88
V vs. Ag/AgCl, as shown in Figure 5 (left). Application of the iso-point method,36 developed by
Paul and Leddy, suggests a two-electron process. Bulk electrolysis at constant potential (-1.3
V vs. Ag/AgCl) confirms the two-electron reduction process (Figure 16, appendix section).
Although benzenedithiolate based di-iron complexes typically display potential inversion,
modeling of the cyclic voltammograms indicates two consecutive one electron reductions,
about 70 mV apart from each other. In contrast, preliminary cyclic voltammograms of 7 in
acetonitrile or dichloromethane point to potential inversion, indicating structural rearrangement of the complex upon reduction and a large solvent reorganization. This finding is in
line with literature.29 Interestingly, 7 displays a redox potential that is about 75 mV milder
than the parent unfunctionalized benzenedithiolate complex. This effect is attributed to the
electron-withdrawing character of the carbonyl substituent on the bridge.
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Figure 5. Left: cyclic voltammograms of a THF solution of 7 at different scan speeds. Right: plot of
peak currents vs. square root of the scan speed, displaying Nerstian behavior.

The electrochemical behavior of 7 in THF in the presence of acid was investigated by adding
various acids with different strength to its solution while the reduction peak was monitored.
When acetic acid (pKa = 23.5 in MeCN) or benzoic acid (pKa = 21.5 in MeCN) were added, the
shape and position of the reductive peak did not change. In contrast, when increasing
amounts of chloroacetic acid (pKa = 18.8 in MeCN) were added, the forward peak potential
shifts anodically while the current of the backwards oxidative peak progressively decreases
(Figure 6). This is consistent with protonation at the iron-iron bond. In agreement with this,
the newly formed bridging hydride undergoes re-oxidation around 0 V vs. Ag/AgCl.

Figure 6. Voltammetric response of a THF solution of 7 in the presence of increasing amounts of
chloroacetic acid.
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The progressive anodic shifting of the peak potential indicates a process involving proton
transfer as part of the electrochemical event. Peak potential analysis was applied to obtain
information about the number of protons involved in this step, having already established
that the reduction event is a two-electron process. This analysis relates the variation of the
peak potential with the acid concentration. The shift in potential is a function of the number
of electrons (n) and protons (m) involved in the electrochemical event, according to Equation
1. From the data collected, a 10.5 mV slope is obtained (Figure 19, appendix section) in agreement with a two-electron, one-proton process (theoretical value 12.5 mV).

Equation 1. Expression for the variation of peak potential Ep as function of the acid concentration
in solution

Increasing the potential window to more reductive potentials results in the appearance of a
catalytic proton reduction peak around -1.6 V vs. Ag/AgCl as shown in Figure 7. This event
corresponds to the reduction of the previously generated bridging hydride and its subsequent protonation that is associated with hydrogen release. Using all the information gained
by voltammetry, a proposed mechanism for proton reduction is shown in Scheme 4. This
mechanism is the same as for previously reported benzenedithiolate di-iron hexacarbonyl
complexes, indicating that modification of the bridge does not significantly affect the electronic properties of the complex.

Figure 7. Voltammetric catalytic response for a THF solution of 7 in the presence of increasing
amounts of chloroacetic acid.
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Scheme 4. Proposed catalytic cycle of complex 7, according to an (E)ECEC mechanism.

Although 7 has a milder first reduction potential compared to the benzenedithiolate derivative, it shows catalysis at potentials that are very similar to the unfunctionalized complex.
The milder reduction potential could be relevant in aqueous media where the complex is
expected to show catalysis at its first reduction potential, based on previous observations on
electrocatalysis in water with benzenedithiolate-based di-iron systems.30-32
Complex 8
The redox behavior of 8 in THF is different compared to that of 7, rather peculiar and unique.
When a small potential window is investigated in the absence of external chloroacetic acid,
the reductive scan displays a non-reversible reduction wave at -0.86 V vs. Ag/AgCl. Interestingly, a re-oxidation wave is present around 0 V vs. Ag/AgCl, consistent with re-oxidation of
the bridging hydride, as observed for 7 in the presence of acid, Figure 8. The electrochemical
process can be summarized as a two-electron reduction followed by intramolecular protonation of the iron-iron bond by a carboxylic acid group (Scheme 5, top half). This protonation
step is relatively fast as the reduction wave is fully irreversible at all scan speeds. In comparison, about 16 equivalents of chloroacetic acid are needed to achieve full protonation of
complex 7 in its doubly reduced state (Figure 6).

~ 83 ~

3

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics

Figure 8. Voltammetric response for a THF solution of 8 at different scan speeds, in the absence of
external chloroacetic acid, including only the first reduction.

When the scan window is increased to -1.8 V, a second irreversible wave is observed at -1.6
V, similarly to where 7 displays proton reduction. Following the back-oxidation scan, the first
reduction wave is quasi-reversible under these conditions, showing approximately half of the
intensity of the forward first reduction of the complex, Figure 9. After the two-electron reduction event and intramolecular proton transfer, the bridging hydride that is formed is reduced
at -1.6 V and a second proton from the linker is transferred to the iron-iron core, resulting
in hydrogen evolution. The second proton transfer seems considerably slower than the first
one, as the feature assigned to the re-oxidation of the di-reduced bridging hydride is still
evident around 0 V. After hydrogen evolution, a mono-reduced di-iron species is generated
with dicarboxylate functional side-arms ([8(COO)2]3-). This species, overall tri-anionic, can be
mono-oxidized at –0.85 V vs. Ag/AgCl, resulting in a di-anionic FeI-FeI species. The processes
described are depicted in Scheme 5.
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Figure 9. Voltammetric response for a THF solution of 8 at different scan speeds, in the absence of
external chloroacetic acid, including the second reduction and stoichiometric hydrogen evolution.

Scheme 5. Summary of the processes involved during a voltammetric scan of a THF solution of 8,
featuring the evolution of stoichiometric amounts of hydrogen.

Next we studied the electrochemistry of 8 in the presence of acid. Addition of increasing aliquots of chloroacetic acid confirms the presence of the catalytic wave at 1,6 V, consistent with
hydrogen evolution as shown in Figure 10. This is at the same potential as observed for 7.

The carboxylic acid groups present on the linker of complex 8 act as proton relays to preorganize the substrates for proton reduction. Proton preorganization around the catalyst is
expected to have a clear effect on the catalytic performance of the catalyst, although at first
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sight it appears that does not have an effect on the catalytic reaction. The next paragraph
contains a discussion on the catalytic rates for the proton reduction reaction for complexes 7
and 8 under identical conditions.

Figure 10. Voltammetric catalytic response for a THF solution of 8 in the presence of increasing
amounts of chloroacetic acid.

Foot-of-the-wave analysis in organic solvent
Plateau currents, necessary to determine catalytic rates, were not experimentally reached.
Foot-of-the-wave analysis37 (FotW) was therefore performed to access the catalytic rate constants for 7 and 8. This analysis provides curves which slopes can be used to obtain the catalyst rate constants (kcat) under defined conditions.37 Comparison of the FotW curves obtained
for 7 and 8 with 64 mM of acid reveals an interesting effect, as shown in Figure 11. The curve
for 7 presents a constant slope, indicating that the catalyst operates at the same rate from the
catalytic onset potential to the catalytic half-wave potential (ξ=0.5) without substrate depletion or catalyst decomposition. The corresponding FotW curve for catalyst 8 instead shows a
steep rise, followed by a second regime that is similar to that of 7. This accelerating effect is
attributed to the presence of the internal carboxylic acids, which are associated with rapid
intramolecular proton transfer relative to the intermolecular protonation events involving
the external acid. The difference in pKa between the external acid (chloroacetic acid) and the
internal carboxylic acid could also be of influence, although the two pKa’s are expected to be
rather similar. Furthermore, this apparent acceleration effect only occurs for a couple of turnovers (as indicated by Ip/Ip0 ~ 5, according to the proposed mechanism one electron activation step and two electrons per catalytic cycle); when the internal acidic protons are depleted, 8 operates at similar catalytic rates as 7. The FotW curve for 8 also gives some insights
concerning catalyst decomposition, likely arising from the irreversible coordination of the
~ 86 ~

H ydrogenase mimics immobilized on FTO electrodes;
a strategy towards solar fuel devices
carboxylate groups to the di-iron core of the complex, as indicated by the decrease in the
second slope for complex 8, observed around ξ=0.35.

3
Figure 11. Foot-of-the-wave analysis for 7 and 8 for voltammograms recorded at 0.1 V/s in the
presence of 64 equivalents of chloroacetic acid. FotW analysis is showed only for one scan speed
for clarity reasons, nevertheless the slopes indicated are obtained from datasets with six different
scan speeds.

For each of the three slopes noted in Figure 11, a value of kcat can be calculated. The calculated values and related parameters for the two complexes are summarized in Table 1. The
catalytic performances of the two complexes are nearly identical. The main difference is the
proton preorganization around 8 that is responsible for the initial acceleration effect. The
data suggest that during a catalytic cycle, only the first protonation happens intramolecularly
from the acidic protons on the linker. The second one, associated with hydrogen evolution
likely involves the external acid in solution. This is indicated by the studies in the absence
of acid, which suggest that the second protonation by the internal carboxylic acid is slow
compared to the first proton transfer event. After the second catalytic cycle and depletion of
the acidic protons on the linker, which cannot be replenished by chloroacetic acid because
it is not a strong enough acid, 8 operates at similar rates as 7. This would suggest that there
would be a great advantage in having proton relays on the catalyst that can be re-protonated
by the external acid, which could result in increased catalytic activity whilst keeping the overpotential unaffected.
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Table 1. Summary of the relevant catalytic parameters for complexes 7 and 8. TOFmax is calculated
for 1 M concentration of substrate. The overpotential reported is valid under the assumption that
the thermodynamic proton reduction potential of the acid used (chloroacetic acid) is equal in acetonitrile and THF.
Complex 7

kcat (M−1s−1)
TOFmax (s-1)

Catalytic E½ Potential
(V vs. Ag/AgCl)
Overpotential (V)

Complex 8

Main domain

First acceleration

Main domain

4.5∙103

6.5∙105

3.0∙103

2.25∙103
-1.48
0.66

3.25∙105

-1.50

1.50∙103

0.68

Electrochemical measurements of modified electrodes
It is anticipated that the redox behavior of the immobilized 8 will be comparable to the redox
behavior of 7 in THF solution, as the acidic protons of the linker are absent when the carboxylates are bound to the metal oxide substrate (electrode). Two sets of data will be presented
for catalyst 8 immobilized on electrodes; one on flat FTO, the other for electrodes coated with
FTO nano-crystals.

Figure 12. Voltammetric response of catalyst functionalized electrodes measured in THF with
N(Bu)4PF6 as supporting electrolyte. Left: for complex 8 immobilized on flat FTO. Right: for complex 8 immobilized on nano-crystal FTO modified electrodes.
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The voltammograms feature a wave at -0.90 V vs. Ag/AgCl consistent with the reversible twoelectron reduction of the di-iron complex, Figure 12.

Although peak potential separation is larger than what would be expected for a species immobilized on the electrode (around 0 V for a well-behaved system with relatively high heterogeneous rate of electron transfer k0),38 a plot of the peak current vs. scan rate shows a
linear trend, which confirms the immobilization of 8, Figure 13. The slopes of the lines in
Figure 13 are used to estimate the catalyst loading for the different types of electrodes, according to Equation 2. The catalyst loading is found to be in the order of 10-12 mol∙cm-2 for the
flat FTO electrodes, in accordance with monolayer coverage of the electrode. For the high
surface area FTO nano-crystals coated electrodes the catalyst loading is about 10-9 mol∙cm-2.

Figure 13. Current response as function of the scan speed for catalyst functionalized electrodes.
Left: complex 8 immobilized on flat FTO. Right: complex 8 immobilized on nano-crystal FTO coated electrodes. The slopes reported are used to calculate the catalyst loading according to Equation
2.

Equation 2. Expression to estimate the catalyst loading (Γ), wherein ip/ν represents the slope as
seen in Figure 13, A is the flat geometrical area of the electrode and n, F, R and T have their usual
meaning.

The shape of the voltammetric waves and the large peak potential separation suggest that
the system is under electron diffusion control, meaning that the electrons tunnel from the
electrode to the di-iron core with some difficulties. Direct electron transfer, although possible
due to the flexibility of the linker, which would in principle allow the di-iron center to be in
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the proximity of the electrode surface, can be excluded on the basis of the observed large
peak potential separation. This phenomenon is believed to be minimized by the presence of
THF, which is able to properly solvate both the organic and inorganic parts of the catalyst.
The data collected for the flat FTO electrodes allow for the direct determination of the heterogeneous electron transfer constant k0 through the graphical Laviron method based on peak
potential separation.38 The calculated value of k0 was found to be in the order of 6 s-1. This
value is considered to be on the lower side of the fast regime, in agreement with the observations described.38 On the contrary, with the nano-crystal FTO electrodes, the heterogeneous
electron transfer constant is believed to be considerably slower, as indicated by the different
slopes of their respective trumpet plots (Figure 21, appendix section).
Electrolysis at constant potential in aqueous media
The catalyst modified electrodes were examined for hydrogen evolution in a 50 mM NaHSO4
acidic aqueous buffer solution adjusted to pH 3.5. This pH value is a compromise between
activity of the catalyst and limited background reaction from the FTO electrodes.

The bias potential applied for the electrolysis was -0.9 V vs. Ag/AgCl, sufficient to access the
first reduction of the complex. The electrolysis cell employed was a two compartment cell;
one containing the modified working electrode and a reference electrode, the other containing a platinum coil counter electrode, separated from the main compartment by a glass frit.
The cell was connected to a gas chromatography set-up to monitor hydrogen evolution in
time. Visual inspection of the electrode, under catalytic conditions, revealed the formation of
small hydrogen bubbles trapped at the electrode surface, especially for the nano-sized material. Therefore, the bias potential was applied for 5 minutes, subsequently the electrodes
were gently shaken to liberate the small bubbles, thereafter the headspace was allowed to
equilibrate for 30 minutes before H2 was quantified. The results for the two types of electrodes are summarized in Table 2 together with their respective blank measurements.
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Table 2. Summary of the results from GC of the headspace coupled with electrolysis experiments
(50 mM NaHSO4 at pH 3.5 and 0.9 V bias potential vs. Ag/AgCl) of complex 8 immobilized on modified FTO electrodes.
8 on FTO

8 on nano-crystals FTO

Catalyst loading
(mol∙cm-2)

3.36∙10-12

1.01∙10-9

H2 evolved (µL)

11.1

29.2

1.35∙105

1.19∙103

Blank electrode
H2 evolved (µL)

Current density
(mA∙cm-2)

Faradaic efficiency (%)
TON

2.7

0.6
95

5.9

1.6
86

The nano-crystal FTO coated electrodes, having a higher surface area, accommodate about
300 times more catalyst then the flat FTO electrodes. Interestingly, they show about two
orders of magnitude lower turnover numbers (TON). This is tentatively attributed to fast
depletion of protons around the catalyst. Slow diffusion of electrolyte due to the intrinsic
properties of the mesoporous substrate, associated with fast depletion of the protons, would
increase the local pH around the catalyst, hampering catalyst stability and activity. As observed during the deprotection of methyl esters groups of complex 7 via traditional saponification methods, basic pHs are incompatible with 8.
Although the prepared electrodes proved to produce hydrogen, their stability under catalytic
conditions still remains an issue. As can be seen by the current density plot of the experiment
using complex 8 immobilized on nano-crystal FTO coated electrodes, Figure 14, the catalyst
is only stable for a couple of minutes.
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Figure 14. Current density plot for complex 8 immobilized on nano-crystal FTO coated electrode.

A possible explanation for the limited stability is hydrolysis of the chelating carboxylates
from the metal oxide surface due to the acidic nature of the medium. This would result in loss
of active catalyst from the surface. Alternatively, it is conceivable that the di-iron catalyst is
quickly inactivated, possibly by the metal oxide surface. As indicated by the lower Faradaic
efficiency for the nano-crystal FTO coated electrodes, side reactions at the metal oxide could
be relevant for catalyst inactivation. Although this does not appear to be an issue in organic
solvents, this phenomenon could be relevant in aqueous media. Water could also assist the
decomposition of the metal complex, especially when in its reduced state.
Foot-of-the-wave analysis was employed to deduce the catalytic rate for proton reduction
in acidic aqueous environment for the immobilized catalyst on FTO electrodes. It is noted
that the catalytic response does not persist for several voltammetric scans. Nevertheless, this
analysis for complex 8 immobilized on flat FTO with a catalyst loading of 3.36∙10-12 mol∙cm-2
reveals a catalytic constant kcat of 5.95∙103 M−1s−1. The calculated constant is in agreement
with the one calculated for the same catalyst dissolved in organic solvents with weak acid,
corroborating the presence of the molecular catalyst on the FTO surface. The information
from the electrocatalytic data in organic solvent and acidic aqueous media allow for the construction of a Tafel plot, Figure 15. The Tafel plot clearly evidences the advantage of the immobilization. Going from organic solvents to aqueous media has the effect of lowering the
overpotential by about 160 mV, while the activity of the catalyst is also improved four-fold.
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Figure 15. Comparative Tafel plot for a THF solution of 8 in the presence of weak acid (chloroacetic acid) and for 8 immobilized on flat FTO electrodes in aqueous media pH 3.5. Log(Tof) is
extrapolated for a 1 M substrate concentration.

Conclusions
In this work we have shown the successful immobilization of benzenedithiolate di-iron complexes on conductive FTO electrodes. The activity of the catalyst has been evaluated both in
the homogeneous phase and for the heterogenized system. From the studies in organic media
it is evidenced that proton relays around the catalyst could greatly improve the catalytic rates
of the catalyst. The studies of the immobilized catalyst reveal on the other hand that the same
catalyst can operate at lower overpotentials yet with similar rates in acidic aqueous media.
These observations could pave the road for the development of a second-generation catalyst
equipped with proton relays. Such functional groups could induce important (side) effects,
such as better solvation of the immobilized catalyst, more favorable proton transfer from the
‘bulk’ medium to the catalyst and faster electrolyte refreshing rates, functioning as a buffer.
Improvement of the anchoring group strategy is also needed and essential to improve the
stability of the catalyst-functionalized electrodes. Nevertheless, this first generation of electrodes displays hydrogen evolution at mild overpotential.
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Experimental
Materials and methods
General procedures: all synthetic procedures were carried out under an argon atmosphere
using standard Schlenk techniques. All commercially available chemicals were used as received without further purification. Solvents used for synthesis were dried via the most suitable method, distilled and degassed. Column chromatography was performed open to air
using solvents as received.
Electrochemistry: Cyclic voltammetry was performed on 1 mM solution of analyte (unless
otherwise stated) containing 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte. The voltammograms were recorded using a PG-STAT302N potentiostat at
glassy carbon disk electrode (2 mm diameter). A platinum coil was used as auxiliary electrode and a leak free silver electrode (inner compartment 3 M KCl/Ag).

Bulk electrolysis in organic solvents was carried out in a two-compartment cell using Duocel® reticulated vitreous carbon foam as working electrode (used as received from ERG
Aerospace Corporation) and a leak free silver electrode (inner compartment 3 M KCl/Ag).
The platinum auxiliary electrode was separated from the main solution by a P4 glass frit.
Both compartments contained 0.2 M tetrabutylammonium hexafluorophosphate as supporting electrolyte.

Bulk electrolysis in aqueous media was carried in the same two-compartment cell, but using
0.05 M NaHSO4 adjusted at pH 3.5 as electrolyte.

Hydrogen detection: The bulk electrolysis setup was connected to an in-line gas chromatographer (Interscience CompactGC equipped with molecular sieve column and TCD detector,
argon was used as carrier gas). The head space of the cell was sampled every 2 minutes. The
integrals for hydrogen peaks were compared to a calibration curve obtained using the same
setup and buffer volume.
Mass analysis: mass spectra for all compounds were collected on an AccuTOF GC v 4g, JMST100G-CV mass spectrometer (JEOL, Japan).
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X-ray crystal structure determination: X-ray intensities were measured on a Bruker D8
Quest Eco diffractometer equipped with a Triumph monochromator (λ = 0.71073 Å� ) and
a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity data were integrated
with the Bruker APEX2 software.39 Absorption correction and scaling was performed with
SADABS.40 The structures were solved using intrinsic phasing with the program SHELXT.39
Least-squares refinement was performed with SHELXL-201341 against F2 of all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 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 Uequiv. of the attached C
atoms.
Preparation of compounds
1,2-Bis(isopropylmercapto)benzene, 1 and 2,3-Bis(isopropylmercapto)benzoic acid, 2 were
prepared according to a modified literature procedure.42

1,2-bis(isopropylmercapto)benzene, 1. To an oven-dried, argon-flushed round bottom
Schlenk flask equipped with a reflux condenser and a dropping funnel were added sodium
(12.38 g, 0.538 mol, 1 equiv.) and 500 mL of dry diethyl ether. This suspension was cooled
with an ice bath before isopropylthiol (55 mL, 0.592 mol, 1.1 equiv.) was added dropwise
over the course of six hours, being careful to keep the reaction temperature below the diethyl ether boiling point. A white precipitate appeared over time. This suspension was stirred
overnight, whereafter it was heated to reflux for two hours. After cooling the suspension to
room temperature, most of the solvent was removed by cannula filtration and the white solid
was dried under vacuum. The dried solid was cooled to -10 °C with an ice/salt bath and dry
DMF (200 mL) was slowly added. The suspension was allowed to warm to room temperature
before 1,2-dichlorobenzene (15.2 mL, 0.134 mmol, 0.25 equiv.) was added by syringe. The
mixture was stirred at 90 °C for 5 days, then cooled to room temperature, poured into water
and extracted with ethyl acetate (3 × 100 mL). The organic phase was washed with water (2
× 100 mL) and brine (100 mL), dried over MgSO4 and the solvents removed under reduced
pressure to afford a colorless liquid in quantitative yield (30.2 g). The product was used without further purification. 1H NMR (CD2Cl2, ppm) δ 7.40-7.33 (m, 2H), 7.23-7.15 (m, 2H), 3.51
(hept, J = 6.7Hz, 2H), 1.34 (d, J = 6.7Hz, 12H).
2,3-bis(isopropylmercapto)benzoic acid, 2. An oven-dried, argon-flushed round bottom
Schlenk flask was charged with 1,2-bis(isopropylmercapto)benzene (1) (20 g, 88.34 mmol,
1 equiv.) and dry hexane (350 mL). The flask was cooled to 0 °C before TMEDA (13.2 mL,
88.34 mmol, 1 equiv.) and nBuLi (2.5 M solution in hexane, 35.33 mL, 88.34 mmol, 1 equiv.)
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were added dropwise over the course of one hour. The reaction mixture was then allowed
to warm up to room temperature and stirred for two hours before being re-cooled to 0 °C
and dry CO2, passed through a column containing concentrated sulfuric acid, was bubbled
through the suspension for one hour. The hexane layer was extracted with water until the
pH of the water phase was neutral (~800 mL). The hexane layer was discarded and concentrated HCl was added to the aqueous phase until a pH of 2 was reached. The mixture was
extracted with diethyl ether (3 × 100 mL) which was then dried over MgSO4, filtered and the
solvent removed under reduced pressure to afford a pale yellow liquid that crystallizes over
time. The solid material was triturated in hexanes (100 mL), filtered and dried under vacuum
(19,65 g, 82.3% yield). 1H NMR (CD2Cl2, ppm) δ 11.89 (br s, 1H), 8.02 (dd, J = 7.6, 1.7Hz, 1H),
7.59 – 7.50 (m, 2H), 3.56 (hept, J = 6.7 Hz, 2H), 1.42 (d, J = 6.7 Hz, 6H), 1.31 (d, J = 6.7 Hz, 6H).
Fe2(bdtCOOH)(CO)6, 4. 2,3-Bis(isopropylmercapto)benzoic acid (2) (4 g, 14.79 mmol, 1
equiv.) and naphthalene (4.73 g, 36.98 mmol, 2.5 equiv.) were added to an argon flushed
round bottom Schlenk flask and dissolved in 400 mL of dry THF. Sodium (2.04 g, 88.65 mmol,
6 equiv.) was added against a constant stream of argon. The mixture was stirred overnight
at room temperature. Then, 20 mL of degassed methanol were added dropwise over the
course of 10 minutes. After stirring for further 10 minutes, the volatiles were removed under
vacuum and the residue dissolved in degassed water. The aqueous phase was washed with
toluene (3 × 30 mL) in anaerobic conditions, to remove naphthalene. To the aqueous phase,
concentrated HCl was added, causing precipitation of an off-white compound that was extracted with ethyl acetate. The organic layer was dried in aerobic conditions over MgSO4 and
the solvent removed under vacuum to afford 2,3-bis(mercapto)benzoic acid as a yellow solid
that was used directly in the next step without further purification.
To the same flask containing 2,3-bis(mercapto)benzoic acid, Fe3(CO)12 (7.46 g, 14.80 mmol,
1 equiv) was added under a positive argon pressure together with 200 mL of dry toluene.
The mixture was stirred overnight at 80 °C causing the color to change from dark green to
dark red. The mixture was allowed to cool to room temperature and filtered over Celite to
remove a black precipitate. The solvent was removed under vacuum and the residue was
chromatographed over silica gel using gradient DCM:MeOH eluent. Product is obtained from
the red band that elutes with 8:2 DCM:MeOH. After collecting the right fraction the solvent
was removed under reduced pressure and the residue is dissolved again in DCM and washed
0.5 M HCl (3× 50 mL) and brine (50 mL). The organic phase is dried with MgSO4 and solvent
removed under vacuum to afford 4 as red powder (2.68 g, 39.4% yield). 1H NMR (CD2Cl2,
ppm) δ 7.37 (br s, 2H), 6.83 (bs s, 1H). FT-IR (THF, ν) 2077, 2041, 2001, 1668 cm-1.
Compound 5. To a round bottom Schlenk flask containing dimethyl iminodiacetate hydrochloride (1.5 g, 7.9 mmol, 1 equiv.), N-Boc-β-alanine (1.72 g, 8.7 mmol, 1.1 equiv.) and HATU
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coupling agent (3.31 g, 8.7 mmol, 1.1 equiv.) dry DMF (50 mL) and DIPEA (6.9 mL, 39.6 mmol,
5 equiv) were added and the mixture stirred at room temperature overnight. The volatiles
were removed under vacuum and the residue dissolved in ethyl acetate. The organic phase
was washed with saturated NaHCO3 (3 × 50 mL), 0.5 M HCl (3 × 50 mL) and brine (50 mL).
The organic layer was dried with MgSO4 and solvent removed under vacuum to afford a redorange oil that was chromatographed on silica gel with ethyl acetate. The product can be
spotted on TLC using ninhydrin stain solution. After the solvent was evaporated a clear oil
was obtained (2.51 g, 95.5%). 1H NMR (CD2Cl2, ppm) δ 5.22 (br s, 1H), 4.18 (s, 2H), 4.17 (s,
2H), 3.78 (s, 3H), 3.74 (s, 3H), 3.41 (q, J = 6 Hz, 2H), 2.52 (t, J = 6 Hz, 2H), 1.44 (s, 9H).
Compound 6. To a 20 mL DCM solution of 5 (2 g, 6.0 mmol), trifluoroacetic acid (TFA, 5 mL)
was slowly added. The solution was stirred at room temperature for two hours whereafter
the volatiles were removed under vacuum to afford a pale yellow liquid. The residue was
dissolved in a minimum amount of DCM and 150 mL of toluene was added. All volatiles were
removed under reduced pressure to afford a very hygroscopic off-white solid in quantitative
yield (2.0 g), which was used without further purification. 1H NMR (CD3CN, ppm) δ 7.40 (bs
s, 1H), 4.21 (s, 2H), 4.15 (s, 2H), 3.74(s, 3H), 3.70 (s, 3H), 3.21 (t, J = 6 Hz, 2H), 3.19 (t, J = 6
Hz, 2H).

Compound 7. To an argon-flushed round bottom Schlenk flask containing 4 (250 mg, 0,54
mmol, 1 equiv.), 6 (242.5 mg, 0.70 mmol, 1.3 equiv.) and HATU coupling agent (266.3 mg,
0.7 mmol, 1.3 equiv.) a 1:1 mixture of dry THF and dry acetonitrile (total 20 mL) and DIPEA (469 µL, 2.69 mmol, 5 equiv.) were added and the mixture stirred at room temperature.
The reaction was monitored in time by TLC and considered finished after 30 minutes. The
solvents were removed in vacuum and the residue dissolved in ethyl acetate (50 mL). The
organic layer was washed with water (3 × 50 mL), saturated NaHCO3 (50 mL), 0.5 M HCl
(50 mL) and brine (50 mL). The organic layer was dried with MgSO4, filtered and the solvent removed under vacuum to afford a red solid which was chromatographed on silica gel
with ethylacetate:NEt3 99:1 to afford a red solid (312 mg, 83.3% yield). 1H NMR (CD2Cl2,
ppm) δ 7.26 (d, J = 7.8 Hz, 1H), 6.93 (d, J = 7.8 Hz, 1H), 6.90 (br t, J = 6 Hz, 1H), 6.74 (t, J =
7.4 Hz, 1H), 4.19 (s, 2H), 4.17 (s, 2H), 3.77 (s, 3H), 3.74 (s, 3H), 3.70 (q, J = 6.0 Hz, 2H), 2.64
(t, J = 6.0 Hz, 2H). FT-IR (THF, ν) 2075, 2038, 2003 cm-1. HR CSI(pos.)-MS (m/z) (m + H+)
found: 678.9086 expected: 678.9077, C22H19Fe2N2O12S2, (m + Na+) found: 700.8902 expected:
700.8899, C22H19Fe2N2NaO12S2.
Compound 8. To an argon-flushed round bottom Schlenk flask containing compound 7 (260
mg, 0.37 mmol, 1 equiv.) and trimethyltin hydroxide (676 mg, 3.7 mmol, 10 equiv.), 1,2-dichloroethane was added (10 mL) and the solution was heated at 80 °C for three hours. After
cooling the solution to room temperature, ethyl acetate was added and the organic phase
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washed with 1 M HCl (3 × 50 mL) and brine (50 mL), dried with MgSO4 and the solvent removed under vacuum to afford an orange solid. The solid is dissolved in DCM and precipitated
by addition of hexane (187 mg, 75% yield). 1H NMR (CD2Cl2, ppm) δ 7.28 (d, J = 7.8 Hz, 1H),
7.02 (br t, J = 6 Hz, 1H), 6.91 (d, J = 7.8 Hz, 1H), 6.76 (t, J = 7.4 Hz, 1H), 4.23 (s, 2H), 4.16 (s, 2H),
3.71 (q, J = 6.0 Hz, 2H), 2.67 (t, J = 6.0 Hz, 2H). FT-IR (THF, ν) 2076, 2040, 2004, 1739, 1641
cm-1. HR CSI(neg.)-MS (m/z) (m - H+) found: 648.8893 expected: 648.8610, C20H13Fe2N2O12S2.
Crystallographic details
Complex 8: C20H16Fe2N2O13S2, Fw = 668.17, red/orange plate, 0.37 × 0.19 × 0.03 mm, Monoclinic, P21/c (No: 14), a = 18.4321 (10), b = 7.8043 (4), c = 18.4076 (9) Å� , β = 95.837 (3) o, V =
2634.2 (2) Å� 3, Z = 4, Dx = 1.685 g/cm3, µ = 1.33 mm-1. 25732 reflections were measured up to
a resolution of (sin θ/λ)max = 0.644 Å� -1. 5857 reflections were unique (Rint = 0.063), of which
4173 were observed [I>2σ(I)]. 362 parameters were refined with 3 restraints. R1/wR2 [I >
2σ(I)]: 0.0471/0.1012 R1/wR2 [all refl.]: 0.0820/0.1171. S = 1.05. Residual electron density
between −0.74 and 0.46 e/Å� 3.

FTO nano-crystals. FTO nano-crystals were prepared according to a modified literature
procedure.35 In a teflon beaker containing 30 mL of water, tin tetrachloride (1.5 mL) was
slowly added. After stirring this solution for 5 minutes, HF (50% solution in water, 0.5 mL)
was added. Concentrated ammonia was added to the solution dropwise until a sol-gel was
obtained and the pH of the liquid became basic. The sol-gel was dried at 100 °C in an oilbath overnight. The resulting solid was triturated in a mortar and calcined at 500 °C for 30
minutes. The powder obtained was further grinded in a mortar. XRD powder diffraction,
2Ɵ: 26.5, 33.8, 37.8, 51.7, 54.6, 55,5. A lower indication of the crystallites particle size can be
obtained from the Scherrer equation by measuring the width of the peaks at half-height. The
mean particle size is estimated to be around 6 nm.
Glass coated FTO cleaning: Glass coated fluorine doped tin oxide electrodes were cut in
2.5 × 1 cm pieces, washed with ethanol and then died. Prior to use, the FTO slides were immersed in a 3:1 piranha acid solution for 10 minutes, rinsed with Milli-Q water, acetone then
dried in an oven at 120 °C for 30 minutes.
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Appendix

3
Figure 16. Bulk electrolysis experiment for complex 7 in THF solution confirming the two-electron process.

Figure 17. Trumpet plot for complex 7 in THF solution.
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Figure 18. Blank experiments for a THF solution containing increasing amounts of chloroacetic
acid (blue lines) compared to a THF solution containing catalyst 7 showing no direct proton reduction from the glassy carbon electrode at the catalytic potential of the catalyst. During an electrolysis experiment of a THF solution of 7 in the presence of 250 equivalents of chloroacetic acid
at -1.75 V vs. Ag/AgCl hydrogen was detected by gas GC.

Figure 19. Peak potential analysis for complex 7 in the presence of chloroacetic acid.
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Figure 20. Left: powder XRD spectrum for FTO nano-crystals. Right: linearization of the Scherrer
equation.

Figure 21. Left: trumpet plot for 8 immobilized on flat FTO. This plot was used to determine heterogeneous electron transfer rate constant through the graphical Laviron method. Right: trumpet
plot for 8 immobilized on FTO nano-crystal functionalized electrode.
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Introduction
Catalytic transformations are essential for the preparation of chemicals and materials in a
sustainable manner.1-3 Although homogeneous catalysis is a well-developed field, there are
challenges that remain.4 In general, the selectivity, stability and activity of the catalysts are
issues to be solved.5 Controlling the selectivity and activity of homogeneous catalysts can be
achieved by fine-tuning the electronic and steric properties of the ligands coordinated to the
metal centers. In this respect, the developing field of cage catalysis has proven its potential
to control those parameters.5 During the last several years, many reports have shown that
homogeneous catalysts encapsulated into supramolecular assemblies display novel selectivity, affording products that cannot be prepared by conventional methods or can enhance
the rates of reaction due to several reasons such as local environment effects and substrate
preorganization.6-14 Cage catalysis is now rapidly developing and many examples spanning a
wide variety of catalytic transformations can be found in literature.5 Among them, palladium
catalyzed reactions, hydrolysis reactions, SN2 reactions and rearrangement reactions.7,14,15
Interestingly, so far, there are no reports describing redox catalytic reactions taking place
within cages. Furthermore, literature provides very little information about the feasibility of
electron transfer from an electrode to a redox-active species encapsulated by a supramolecular cage. The few examples reported concern very small assemblies where the redox probe
is readily accessible or in close proximity to the electrode surface so that a direct electron
transfer is possible.16-18 Similarly, the reported redox-active cages are supramolecular assemblies where the outer-shell of the cage is functionalized with redox probes or the building
blocks themselves are redox-active.16,19 For those reasons we decided to investigate electrochemical redox processes using redox-active centers encapsulated inside large supramolecular spheres.
To this end, we use the supramolecular M12L24 Fujita type cages because of their relatively
large size and ease of functionalization of the standard ditopic bis(pyridine) building blocks,
allowing for the independent study of different variables.20-22 In this chapter we describe the
synthetic strategies undertaken to prepare different building blocks containing a redox-active moiety. Cages were synthesized and their electrochemical response and the resultant
kinetics of the electrode were studied. This demonstrated the feasibility of electron transfer
to redox-active moieties that are encapsulated either via covalent bonds or via supramolecular interactions.
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Strategy
To study the thermodynamics and kinetics of the electrochemical electron transfer process to
redox-active species encapsulated inside the cavity of cages, four different approaches were
designed:
1.

supramolecular encapsulation through hydrogen bonding interactions between a ferrocenyl sulfonate redox probe that binds to a cage decorated with a guanidinium interior,
recently reported by our group (Figure 1).13

4
Figure 1. Schematic structure of guanidinium cage showing cooperative binding to sulfonate anions.

2.
3.
4.

a ferrocene moiety covalently attached to the ditopic bis(pyridine) building block
through a flexible linker (Figure 2, A).

a tetrathiafulvalene moiety covalently attached to a planar and fully conjugated
bis(pyridine) building block, resembling the structure of a molecular wire (Figure 2, B).
a tetrathiafulvalene containing bis(pyridine) building block featuring a biphenyl moiety
with a built-in 90° twist between two adjacent aromatic rings to break the conjugation
of the structure (Figure 2, C).

Figure 2. Molecular structure of building blocks A, B and C.
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Ferrocene was chosen as redox-active moiety, because of the anticipated synthetic ease and
its well-defined electrochemistry. Tetrathiafulvalene (TTF), the redox-active moiety chosen
for building blocks B and C, is another well-known compound that has received a lot of attention for its redox and magnetic properties. Some of the materials obtained from TTF-based
compounds display organic superconducting properties or semiconducting behavior and are
of particular interest for molecular electronics.23-25 Each five-membered ring of TTF contains
7π electrons; TTF undergoes two separate reversible oxidation events at very mild potentials, to afford two aromatic rings (6π electrons), with conversion of the central C=C double
bond to a C-C single bond. The redox properties of TTF and its rigid planar configuration
make it a suitable functional group for the current study.

Results and discussion
Synthesis and characterization of building blocks
The guanidinium building block was prepared according to a modified literature procedure.13
The yields and spectroscopic data are in line with the reported values. Ferrocenyl sulfonic
acid was prepared by reaction of ferrocene with ClSO3H in acetic anhydride. After recrystallization, it was converted to its tetrabutylammonium salt by reaction with an alcoholic
solution of tetrabutylammonium hydroxide. The generated salt is very hygroscopic, always
affording an oily substance upon removal of solvents. This issue was circumvented by dissolution of the mentioned oil into small amounts of water and subjecting the sample to a
freeze-drying process. This method afforded an orange solid that was characterized by 1H
NMR spectroscopy and mass spectrometry.

The ferrocene containing building block A (FcBB) is easily prepared in four steps according to Scheme 1. The synthesis starts with a Williamson reaction between 2,6-dibromophenol and BOC protected 2-chloroethylamine to afford 1 in good yield. A palladium catalyzed
Sonogashira reaction introduces the ethynylpyridine moieties. The BOC protecting group is
then removed by reaction with trifluoroacetic acid. The resulting intermediate 3 is a useful
synthon to introduce a wide variety of functionalities at the endo position of the building
block through amide coupling reactions; furthermore it is relatively bench-stable and can
be stored for extensive periods under ambient conditions in the dark. The last step is HATU
assisted coupling of ferrocene carboxylic acid to the primary amine generated in situ after
deprotonation of 3 with DIPEA. The desired FcBB A is obtained in 72% yield and 60% overall
yield over four steps.
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Scheme 1. Synthetic route for the preparation of the ferrocene containing building block, FcBB, A.

The first two steps of the synthesis of TTFBB, B (Scheme 2) are the preparation of
tributylstannyl functionalized TTF, 5, and intermediate 4, according to modified literature
procedures. A palladium catalyzed Stille coupling reaction between 4 and 5 affords 6 in
excellent yield. The TMS protecting group is then hydrolyzed in situ by one equivalent of
tetrabutylammonium fluoride. Subsequent addition of palladium catalyst and 1,3-dibromo5-(tert-butyl)-2-iodobenzene, prepared from the corresponding aniline via a Sandmeyer
reaction, affords intermediate 8. Lastly, a Sonogashira reaction introduces the ethynylpyridines
to afford TTFBB B in good yield. Overall, the yield for this preparation is 30% over six steps.
It is noted that some tetrathiafulvalene, from the first step, is carried through the entire
synthesis. This impurity is easily removed during the last purification column; its removal at
earlier stages, although possible, proved to be more challenging.

Scheme 2. Synthetic route for the preparation of the rigid and fully conjugated tetrathiafulvalene
containing building block, TTFBB, B.

The rigid and non-conjugated building block, twistedTTFBB, C, is prepared in a seven-step
synthesis according to Scheme 3, starting with zinc reduction of 1,3-dimethyl-5-nitroben~ 109 ~
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zene to afford the corresponding hydrazine. The following step is an acid catalyzed [5,5]-sigmatropic rearrangement to yield the tetramethyl-substituted benzidine. A Sandmeyer reaction affords the corresponding substituted diiodo-biphenyl derivative in quantitative yield. A
palladium catalyzed Sonogashira reaction is carried out to install one acetylene-TMS group.
Palladium catalyzed Stille coupling introduces the TTF moiety affording intermediate 13.
After in situ deprotection of the TMS protecting group by one equivalent of tetrabutylammonium fluoride, the last two steps are Sonogashira reactions to introduce the central dibromobenzene ring and finally the ethynylpyridine groups. The overall yield is about 2.5% over 7
steps. Although the yield is low, the individual reactions were not optimized and the yields
based on a single iteration of each reaction.

Scheme 3. Synthetic route for the preparation of the non-conjugated tetrathiafulvalene containing, building block featuring a 90° twist along the rigid linker structure, twistedTTFBB, C.

The last building block prepared is a standard ditopic bis(pyridine) backbone featuring a
hydrogen atom at the endo position, BBH, D. This building block will be used to vary the concentration of redox probes inside the cages. BBH is readily prepared according to Scheme 4,
in two steps in good yield from 2,6-dibromo-4-(tert-butyl)aniline through a Sandmeyer reaction carried out at high temperature. Intermediate 15 is then converted into building block D
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via a Sonogashira coupling under the same reaction conditions as described above.

Scheme 4. Synthetic route for the preparation of the non-functionalized building block, BBH, D.

The building blocks prepared have been characterized by 1H, 13C and DOSY NMR spectroscopy and high resolution mass spectrometry. NMR data are in agreement with the expected
signals and values of the diffusion coefficients, and high resolution mass spectra are, in all
cases, within 5 ppm error range.
Single crystals suitable for X-ray diffraction were grown either by layering a DCM solution of
the building blocks with hexanes or by slow evaporation of solvents. The solid state structures of building blocks A, B and C are shown in Figure 3. The crystal structure for FcBB A,
confirms the presence of the flexible linker that covalently connects the ferrocene unit to the
rest of the bis(pyridine) backbone. The TTF building blocks B and C have a very rigid nature
along the entire molecular structure. For TTFBB B, the angle between the central phenyl ring
of the backbone and the TTF moiety is about 172 degrees and TTF adops the usual boat conformation with the angle between the two hetero-rings of about 1.5 degrees, consistent with
literature data. The twistedTTFBB C shows similar angles but the most important feature
is the angle between the two phenyl rings along the linker structure of about 89.5 degrees.

~ 111 ~

4

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics

Figure 3. X-ray crystal structures of FcBB A (left), TTBB B (center) and twistedTTFBB C (right). In
all cases ellipsoids are set at 50% probability.

Preparation and characterization of M12L24 cages
The supramolecular M12L24 assemblies were prepared according to general literature procedures, by mixing a divalent metal precursor (typically Pd2+ or Pt2+) with two equivalents
of building block. After addition of a solvent (in general MeCN-d3 or mixture of MeCN-d3 and
DCM-d2, for solubility reasons) the solution were stirred overnight in a closed Schlenk flask
at 60 °C. The characterization methods available to confirm the formation of the assemblies
are showcased for the palladium assembly containing 24 FcBBs, (Pd12A24)24+.

The formation of the assembly is firstly suggested by 1H NMR spectroscopy. Deshielding of
the pyridine protons, caused by metal coordination, results in a low field shift of approximately 0.4 ppm of those protons, Figure 4. The symmetry and broadening of the 1H NMR
spectrum for the cage solution is also indication for the formation of the large assemblies.
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Figure 4. 1H NMR spectra of ferrocene building block A (bottom) and its palladium ferrocene cage,
(Pd12A24)24+ (top). The shift of the pyridine peaks upon metal coordination is indicated by the black
lines.

Secondly, DOSY NMR of the cage in MeCN-d3 shows a single diffusing species in solution with
a logD value of -9.6 m2s-1, Figure 5, in agreement with previously reported data.13,20,26 In contrast, the free building block, being considerably smaller than the full assembly, shows a logD
value of -8.9 m2s-1 under the same experimental conditions.

Figure 5. 1H DOSY NMR overlay for FcBB A, showing a single diffusing species with a logD of -8.9
m2s-1 and a palladium cage (Pd12A24)24+, showing a single diffusing species with a logD of -9.6 m2s-1,
in a mixture of MeCN-d3 and DCM-d2 at 25 °C.
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Cold Spray Ionization (CSI-MS) mass spectrometry confirms the formation of the (Pd12A24)24+
assembly. The experimental spectra show several signals belonging to the desired species,
and in particular species from 9+ to 14+ with different numbers of counter anions can be
identified, as shown in Figure 6. The measured signals and their isotopic patterns are in
agreement with the simulated spectra.
[Pd12A24(BF4)14]10+ 1572.6057

[Pd12A24(BF4)13]11+ 1421.7320

1572.6041

1421.7306

[Pd12A24(BF4)11]13+

1189.6188

[Pd12A24(BF4)10]14+ 1098.4318

1189.6945

1098.5017

Figure 6. CSI-MS spectra of measured and calculated species. [Pd12A24(BF4)14]10+; found 1572.6057
m/z, calculated 1572.6041 m/z (top left); [Pd12A24(BF4)13]11+; found 1421.7320 m/z, calculated
1421.7306 m/z (top right); [Pd12A24(BF4)11]13+; found 1189.6188 m/z, calculated 1189.6945 m/z
(bottom right); [Pd12A24(BF4)10]14+; found 1098.4318 m/z, calculated 1098.5017 m/z (bottom left).

Regarding the TTF containing assemblies, the distance from the central phenyl ring of the
backbone, to the end of the TTF moiety is about 1.5 nm for TTFBB B and about 2.0 nm for
twistedTTFBB C. Given their rigid nature, it is unlikely that 24 of those building blocks can
self-assemble into M12L24 spheres due to steric hindrance. Spartan modeling at molecular
mechanics level confirms this. To make nano-spheres based on the TTF containing building
block, these can be mixed with the unfunctionalized building block D to generate cage assemblies of the type M12DxL24-x (L = TTFBB B or twistedTTFBB C). A Spartan model of such a
hybrid assembly is shown in Figure 7.
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Figure 7. Spartan model of the cage assembly (Pt12D16B8)24+ optimized at molecular mechanics
level (MMFF). The cage frame is shown in wire-style, the platinum (blue) and the TTF moieties
(yellow and gray) are shown in CPK-style.

The M12DxL24-x assemblies are prepared in a similar fashion as described before, by mixing the
two different types of building blocks in the desired ratio, e.g. 23:1 up to 16:8 of compounds
D(BBH):B(TTFBB) or C, with 12 equivalents of a Pt2+ source. This leads to a statistical distribution of assemblies containing different numbers of TTF units in their interior, with the
major species resembling the ratio chosen. Only platinum(II) precursors can be used for this
procedure, as the palladium(II) ions are susceptible to reduction by the TTF moiety, affording
Pd black. NMR experiments confirm formation of the assemblies with the expected hydrodynamic radius, as deduced from the measured diffusion coefficient value by DOSY NMR.
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Figure 8. Left: 1H NMR spectra of free TTF building block B (bottom) and its cage of the type
(Pt12D23B1)24+ (top). Right: overlay of two 1H DOSY NMR spectra, showing the difference in logD
value between the free diffusing TTF building block B (logD = -9.0) and a solution of its cage of the
type (Pt12D16B8)24+ (logD = -9.6) in a mixture of MeCN-d3 and DCM-d2 at 25 °C.

Exceeding the ratio of 16:8 of D(BBH):B(TTFBB) or C, during the assembly formation results
in complicated 1H NMR spectra, including the observation of species with lower diffusion
coefficients than expected, indicating that the formation of the large assemblies is not quantitative.

The formation and characterization of the guanidinium cage was carried out as described in
the literature method reported by our group.13 Encapsulation studies were done by titrating
different equivalents of ferrocenyl sulfonate into a guanidinium cage solution; 1H NMR was
measured after each addition. The shift of all the relevant peaks is monitored and consistent
with the ferrocene being encapsulated. About 24 equivalents of ferrocenyl sulfonate can be
added to the cage solution, and the addition of an excess leads to formation of a precipitate.
This precipitate is assumed to be guanidinium cage with 24 ferrocenyl sulfonate moieties
encapsulated and ferrocenyl counterions at the outside. If more solvent is added to the NMR
tube the precipitate stays undissolved, whereas if more guanidinium cage is added the precipitate dissolves and its 1H NMR spectrum is identical to the one of a guanidinium cage with
encapsulated ferrocenyl sulfonate.
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Figure 9. 1H NMR spectra of a palladium guanidinium cage solution (bottom), tetrabutylammonium ferrocenyl sulfonate (top) and their mixture in 1:8 ratio (middle).

The encapsulation of the ferroceny derivative is also confirmed by DOSY NMR, as shown in
Figure 10. A single diffusing species is present containing all the signals belonging to the cage
itself and all the signals of the ferrocenyl species. No significant broadening of the ferrocenyl
peaks is observed, suggesting that the exchange rate of ferrocene, if present, is slow on the
timescale of the measurement. A second diffusing species with lower diffusion coefficient is
present and identified as the tetrabutylammonium counterions that are released after binding the ferrocenyl sulfonate to the guanidinium.

Figure 10. 1H DOSY NMR of a palladium guanidinium cage containing 8 equivalents of tetrabutylammonium ferrocenyl sulfonate. The ferrocenyl peaks have the same diffusion coefficient value as
the cage peaks, indicating full encapsulation. The set of signals around logD = -8.75 belong to the
tetrabutylammonium counterions that are not encapsulated.
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Electrochemistry
Supramolecular approach
A titration of ferrocenyl sulfonate into a solution of guanidinium cage was carried out, monitoring the voltammetric response after every addition of the redox probe. The guanidinium
cage itself does not show any electrochemical anodic response within the electrochemical
potential window of interest. When ferrocenyl sulfonate is added to this solution, a new reversible wave appears (E1/2 = 0.55 V vs. Ag/AgCl, ΔEp = 70 mV). Increasing amounts of ferrocenyl sulfonate result in higher peak currents but no significant potential shift is observed as
shown in Figure 11.

Figure 11. Cyclic voltammogram of free tetrabutylammonium ferrocenyl sulfonate (red) and titration of different equivalents of this compound into a guanidinium cage solution.

After about 22 equivalents of ferrocenyl sulfonate, formation of a precipitate was observed.
From this point, the peak current measured decreases with increasing amounts of ferrocenyl sulfonate, indicating that the ferrocenyl sulfonate is precipitating the cage from solution,
acting as counterion for the guanidinium-functionalized cage. After about 50 equivalents of
ferrocenyl sulfonate, a new reversible wave appears, with a cathodic shift of about 150 mV
(E1/2 = 0.40 V vs. Ag/AgCl). This last wave is identical to an authentic sample of free ferrocenyl
sulfonate.
At first glance, the electron transfer process seems to be more energetically demanding, as
suggested by the large potential shift of approximately 150 mV (~3.5 kcal mol-1) measured
between free and encapsulated ferrocenyl sulfonate. However, this shift in potential is ascribed to the interaction between the sulfonate and guanidinium functional groups. The hy~ 118 ~
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drogen bonding between the two complementary groups is expected to effectively reduce
the electron density at the ferrocene moiety, therefore rendering its oxidation more difficult.
To support this, a titration was carried out, monitoring the shift of the peak potentials of ferrocenyl sulfonate upon addition of n-butylguanidinium. Indeed, a progressive anodic shift is
observed with an increasing concentration of guanidinium, Figure 12.
Interestingly, about 25-30 equivalents of guanidinium salt are necessary to reproduce a similar potential shift as observed when the ferrocenyl sulfonate is encapsulated by the guanidinium cage. This is in line with the strong binding of the sulfonate inside the cage due to
cooperative binding, as proposed previously.

4

Figure 12. Left: voltammetric titration of free tetrabutylammonium ferrocenyl sulfonate (red) and
subsequent addition of different equivalents of n-butylguanidinium hexafluorophosphate (blue).
Right: plot of peak potentials vs. number of equivalents of n-butylguanidinium hexafluorophosphate added. The insert shows the same dataset on a natural logarithmic scale.

The data and behavior observed are consistent with the ferrocene derivative being encapsulated throughout the electrochemical experiment. The first indication comes from the
ferrocene peak potential, which remains constant during the entire titration experiment;
therefore, the association constant must be extremely high, likely due to cooperative binding, as previously reported.13 A second indication comes from the symmetric shape of the
voltammograms, which indicates that the ferrocene undergoes both electrochemical events
(oxidation and back-reduction) at the inside of the cage. In fact, if the ferrocenyl sulfonate
would leave the cage after the oxidation event and become back-reduced outside the cage,
the shape of the voltammogram would be asymmetric with a peak potential separation ΔEp
of approximately 250 mV instead of the 70 mV measured.
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Covalent encapsulation approach
Regarding the electrochemical behavior of the supramolecular assemblies containing redoxactive moieties covalently bound to the building block backbone, three different cage samples will be discussed: (Pd12A24)24+ containing 24 ferrocene units, (Pt12D23B)24+ containing one
TTFBB and (Pt12D23C)24+ containing one twistedTTFBB.

The cyclic voltammograms of all systems clearly show a single reversible wave, corresponding to the oxidation of the redox probe. In the case of the TTF containing samples, a second
single reversible wave is present at more anodic potentials, corresponding to the double oxidation of the TTF moiety, Figure 13 (right), but all further analysis will be limited to the first
oxidation of the TTF moiety.

Figure 13. Left: cyclic voltammograms, at different scan speeds, of the first reversible oxidation of
the TTF cage (Pt12D16B8)24+ containing on average 8 equivalents of TTFBB B. Right: oxidation behavior of the same sample including the second oxidation of the TTF moiety by cyclic voltammetry
(blak) and by differential pulse voltammetry (red).

Comparison of the dataset obtained for the cage samples with the dataset obtained for their
respective free building blocks reveals a shift of the half-wave potential towards more anodic
values when the redox-active probes are encapsulated at the interior of the spheres. Table 1
summarizes the values of the half-wave potentials measured and their relative shift.
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Table 1. Values for the half-wave potential for the cage samples and their respective building
blocks. The potentials are referenced to the couple Ag/AgCl.
FcBB
A

TTFBB

twistedTTFBB
C

0.415 V

0.330 V
x=23

B

Free building block (L)

0.612 V

0.400 V

Potential difference ΔE1/2

53 mV

15 mV

Cage (M12DxL24-x)24+

0.665 V
x=0

x=23

0.320 V
10 mV

The respective half-wave potentials shift toward more positive values, implies that oxidation
of the redox probes is more difficult when encapsulated into the supramolecular cage. A plausible explanation for this behavior is the different local environment in the cavity of the cage.
In fact, the redox probes are effectively confined within the space defined by the cavity of the
sphere, where the local environment might be different than the bulk solution.

Interestingly, voltammograms of cages containing more than one redox-active fragment feature a single oxidation wave. This can be seen in Figure 13 for the cage sample (Pt12D16B8)24+
but also in Figure 14 showing voltammograms for a cage sample containing 24 ferrocene
building blocks, (Pd12A24)24+.

Figure 14. Cyclic voltammograms recorded at different scan speeds for a sample of the ferrocene
cage, (Pd12A24)24+, showing a single oxidation wave for the 24 ferrocene units present at the interior of the cage.

The redox-active moieties are encapsulated within the volume defined by the 5 nm diameter
cage, hence they are in close proximity to one another. This may lead to dependency of the
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oxidation potential of the different units due to electronic and electrostatic communication.
Instead, as suggested by the single oxidation wave observed, the probes are all electrochemically identical, independent and isolated from each other. This behavior is often seen in literature for ferrocenyl or TTF dendrimers and polymers, both in solution or immobilized on
electrode surfaces.27-29 Important for this behavior is the fast molecular tumbling rate of the
cage in solution. The tumbling rate can be roughly estimated through Newtonian motion laws
of spherical objects. It depends on the viscosity of the solvent and it is proportional to the
volume of the object itself.30 For a spherical object of about 5 nm in diameter, in acetonitrile
at room temperature, the tumbling rate is roughly 2∙108 s-1. As the tumbling rate of the cage in
solution is considerably faster than the timescale of the voltammetric experiment, all redoxactive probes within the molecular cage are similar, even at very fast scan speeds, and on average equally distant from the electrode surface.31 This phenomenon alone is not sufficient to
explain the single-wave behavior upon a given electrochemical event. Electrostatic repulsion
of the newly generated charges inside the cavity of the cage does not seem to influence the
redox potential of other nearby units. Considering that the solution for the electrochemical
experiment always contains large amounts of supporting electrolyte, which is a salt such as
TBAPF6, it is likely that upon a particular electrochemical event, where charges are generated
inside the cavity of the sphere, electrolyte anions or cations, depending on the direction of
the electrochemical event, diffuse out of the cage, effectively keeping its net charge constant.
Without accumulation of charges within the cavity of the sphere, the electrostatic repulsion
is minimized. Further insights on this topic will be presented in the next chapter.

Analysis of the peak current against the square root of the scan speed plots provides further
details on the electrochemical process. The first observation is that, both for the cages and
building blocks, the plots show a linear trend over a broad scan speed range in all cases, Figure 15. This indicates a Nerstian behavior of the species under investigation; the Nernstian
equilibrium at the electrode surface is satisfied at all the scan rates measured. The linear
trend is also an indication that the analytes under investigation are in solution and do not
adsorb to the electrode surface during the electrochemical measurement.
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Figure 15. Plots of peak current vs. square root of the scan speed for the cage solutions (black and
red circles) and their respective building blocks (blue and green squares). Top left: (Pd12A24)24+ and
FcBB A. Top right: (Pt12D23B)24+ and TTFBB B. Bottom: (Pt12D23C)24+ and twistedTTFBB C.

In general, for the cage samples, the slopes of the straight lines obtained are smaller than
those of their respective building blocks, which is in line with their difference in size. The
Randles–Sevcik equation shows that a lower diffusion coefficient for the cages as compared
to the free building blocks translates into a smaller slope. The diffusion coefficients calculated from cyclic voltammetry are, within experimental error, in agreement with those obtained
from DOSY NMR.

Equation 1. Randles–Sevcik equation where ip is the peak potential, n the number of electrons, F
the Faraday constant, A the surface area of the electrode, C the analyte concentration, ν the scan
speed, D the diffusion coefficient, R the gas constant and T the temperature.
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In order to evidence differences in the electron transfer process between encapsulated redox-active species and free building blocks and between the different type of linkers used, the
datasets were further interrogated to obtain the heterogeneous electron transfer rate constants, k0. The method chosen was originally proposed by Nicholson in 1965 and revised by
Paul and Leddy in 1995.32,33 This method is based on peak potential separation; it relates k0
to a parameter ѱ which can be calculated from the parametric equation proposed by Paul and
Leddy. The two parameters M and B are slightly dependent on the transfer coefficient α,
which can be obtained by various methods, under very well-defined conditions.34 Nevertheless, when the Nicholson’s method is used, exact determination of α is not strictly necessary,
as small deviations from 0.5 have a negligible effect on the calculated heterogeneous electron
transfer constant, especially when the diffusion coefficient of the reduced and oxidized analytes are similar.32,33 Therefore, its value is often assumed to be 0.5 meaning that the electron
transfer is equally fast in both redox directions. Because this method relies on the peak potential separation, for it to be reliable, it is of primary importance that any residual solution
resistance is properly compensated.

Equation 2. Left: Nicholson method for determining the heterogeneous rate of electron transfer
k0. Right: Paul and Leddy method for determining ѱ. Values for the parameters M and B are listed
in their publication.

For the ferrocene building block A and its cage, α is assumed to be 0.5, in line with the very
symmetrical shape of the plots of the peak potential Ep vs. the natural logarithm of the scan
speed ln(ν), Figure 16. A different situation is observed for the TTF containing cages and for
the twistedTTFBB C, for which the plots of Ep vs. ln(ν) (Figure 17 and Figure 18), are not symmetric. Typically, increasing the scan speed results in increasing peak potential separation;
the oxidation peak shifts to more positive values, while the reduction peak shifts to more
negative potentials. The datasets measured show that the forward peak behaves accordingly
but the peak potential of the back reductive scan is somewhat constant or tends to shift to
more positive potentials. This deviation is associated with the variation of the transfer coefficient α, specifically α<0.5. In both cases the trend of the variation of the peak potential of
the back reductive scan (red circles) is indicative of electron transfer where the transfer coefficient α<0.5. With all the mentioned information, the values of k0 can be calculated (Table 2).
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Figure 16. Left: plot of peak potential vs. natural logarithm of the scan speed for the free ferrocene
building block A. Right: similar plot for the cage sample (Pd12A24)24+.

Figure 17. Left: plot of peak potential vs. natural logarithm of the scan speed for the free TTFBB B.
Right: similar plot for the cage sample (Pt12D23B)24+.
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Figure 18. Left: plot of peak potential vs. natural logarithm of the scan speed for the free twistedTTFBB C. Right: similar plot for the cage sample (Pt12D23C)24+.
Table 2. Calculated values for the heterogeneous rate of electron transfer k0 for the cages and their
respective free building blocks. The values reported are in cm∙s-1.

Free building block (L)
Cage (M12DxL24-x)24+
Factor difference

FcBB
A

TTFBB
B

twistedTTFBB
C

0.0117
x=23

0.0028
x=23

0.0319

0.0260

6.4

2.2

0.0050
x=0

0.0126
4.5

The large decrease in k0, observed for the ferrocene based cage compared to its free building
block, is expected as the linker, connecting the ferrocene moiety with the rest of the building
block, is not conjugated. The feasibility of electron transfer is attributed to the flexibility of
the linker itself, allowing the redox probes to bend toward the large cage windows. Direct
electron transfer from the electrode surface could thus happen.
For TTF containing cages, where the redox-active probes are located in the interior of the
sphere, electron transfer cannot happen directly by bending the unit towards the cage windows due to the rigidity of the linker. For the cage containing TTFBB B, the kinetics of electron
transfer between free building block and its cage differ by only a factor of 2. This suggests
that the cage framework has little influence on the electron transfer kinetics. The reason for
the fast kinetics of electron transfer is attributed to the fully conjugated linker resembling the
structure of a molecular wire, facilitating the electron transfer step.
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In the cage containing building block C the TTF moiety is not only deeply buried into the
cavity of the cage, but also has a 90° twist along the rigid linker connecting it to the rest
of the backbone. For this system the rate of electron transfer is slowed down by about 4.5
times compared to its free building block. The 90° twist introduced in the linker structure
effectively breaks the conjugation between the electrochemical TTF probe and the section of
the building block that is connected to the outside. This prevents any frontier orbital overlap,
hampering fast electronic communication between the TTF moiety and the rest of the structure, thus leading to slower electron transfer kinetics.

In order to corroborate the observations described above, DFT geometry optimizations and
orbital computations were performed to gain information regarding frontier orbitals of
building blocks B and C. For both structures, the HOMO is mainly located at the TTF moiety
and the LUMO is predominately located at the backbone of the building block. A closer inspection at the orbitals of TTFBB B reveals a delocalization of the HOMO that extends from
the TTF moiety to the adjacent phenyl ring and even to the carbon-carbon triple bond, Figure
19 (left). The LUMO shows a similar delocalization extending from the bis(pyridine) backbone all the way to the TTF moiety, Figure 19 (right). This broad overlap of the frontier orbitals nicely showcases the molecular wire structure of TTFBB B. In contrast, the computed orbitals of building block C show no delocalization of the orbitals across the knot point
introduced by the 90° twist as shown in Figure 20.

Figure 19. Computed orbitals for TTFBB B. Left: HOMO. Right: LUMO. The HOMO-LUMO energy
difference is 2.30 eV.

Figure 20. Computed orbitals for twistedTTFBB C. Left: HOMO. Right: LUMO. The HOMO-LUMO
energy difference is 2.34 eV.
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This set of experiments shows that it is possible to vary the kinetics of electron transfer from
the electrode surface to a redox moiety encapsulated within the interior of a supramolecular
cage. The nature of the linker connecting the redox probe to the backbone of the building
block plays a crucial role for the feasibility of the electron transfer and it determines its kinetics. The three building blocks discussed show fast electrode kinetics when studied as free
species in solution. The electrode kinetics of cages containing building block A or C is slowed
to the limit of reversibility, approaching semi-reversible rates. This is not a general effect of
the cage, as shown by the supramolecular assembly containing building block B, where the
electron transfer kinetic stays within the reversible regime.

Structural integrity of the supramolecular structure upon the electrochemical
event
So far, the data suggest that the supramolecular structure of the cage retains its integrity
upon the electrochemical event. To prove the stability of the oxidized assembly at longer
timescales, the oxidation events were monitored by EPR spectroscopy. A cage solution of the
type (Pt12D16B8)24+ containing on average 8 equivalents of TTFBB B was subjected to electrolysis at constant potential at 0.7 V vs. Ag/AgCl. The plot of the current measured in time
is shown in Figure 21 (left) together with its integration plot, which is informative about the
average number of electrons transferred per cage. The calculated number of electrons transferred during the electrolysis confirms that all the TTF present in the sample is oxidized by
one electron.
Assuming that the cage would be intact after the electrochemical oxidation, the supramolecular assembly would now contain several (TTF2)+. radicals within the volume of the cage,
possibly leading to changes in its EPR spectrum. Room temperature EPR of the radical cation
of the free building block shows the expected quartet pattern of a mono-substituted TTF,
with the radical coupling with the three remaining hydrogen atoms, Figure 21 (right, black
line). Hyperfine coupling with the sulfur atoms is also visible although the intensity is rather
low. In contrast, the EPR spectrum of the oxidized cage shows a very broad signal, Figure 21
(right, red line).
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Figure 21. Left: plot of current measured during electrolysis (black) and its integral (red). Right:
room temperature EPR signal of mono-oxidized TTFBB B (black) and its cage (Pt12D16B8)24+ (red),
after electrolysis at 0.7 V vs. Ag/AgCl.

Broadening of the EPR signal is commonly observed and reported in literature.35,36 The reason behind this behavior in the current system is ascribed to zero-field splitting, generated
from interaction of radicals within the hollow cavity of the cage. The radicals are forced in
close proximity to one another.36 To support this statement, cage solutions containing decreasing amounts of TTFBB B have been prepared and subjected to electrolysis and room
temperature EPR. Going from cages containing on average 8 equivalents of TTFBB B, to cages
containing 1, 0.5, and 0.25, the broadening of the EPR signal decreases. These low equivalents
of TTFBB B were required to minimize the broadening. This is likely due to π-π interaction
of the TTF containing building blocks in solution, leading to preorganization of a few units,
prior to cage formation. This would result in deviation from the expected statistical distribution of cages with preferential formation of cages containing more redox-active moieties than
expected based on the different building blocks ratio.
The EPR measurements suggest that TTF radicals are interacting with each other when confined into a M12L24 cage. To gain insights into the nature of such interactions, the mono-oxidation process was followed by spectroelectrochemistry coupled to UV-visible spectroscopy.
Spectroelectrochemistry was measured for three samples, in particular, free TTFBB B and for
the cage containing on average 1 and 8 equivalents of TTFBB B. Figure 22 shows the normalized difference spectra obtained after mono-oxidation of the mentioned samples.
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Figure 22. Difference normalized spectra for the mono-reduced TTFBB B (black), cage sample
(Pt12D23B)24+ (red) and cage sample (Pt12D16B8)24+.

From literature, it is known that one-electron oxidation of TTF generates very stable and
deeply colored radical cations. It is also known that the generated radicals can interact with
each other to generate dimers such as (TTF+.)2. In more controlled systems, where two TTF
units are forced in close proximity, it is possible to generate mixed valence dimers, (TTF2)+..3741
Such TTF mixed valence species, (TTF2)+., absorb in the UV-vis-NIR spectrum around 900
nm together with a broad absorption with a maximum at about 2000 nm, whereas the radical
dimer, (TTF+.)2, shows maximum absorptions around 600 nm and 800 nm.37-41 Accordingly,
for the free TTF building block only a band at 650 nm was observed, indicating the absence of
radical dimerization and formation of mixed valence species. For the cage solution containing on average 8 equivalents of TTFBB, a new absorption is present around 850 nm together
with an increased absorption at 600 nm. This is consistent with radical dimer absorption.
Typically, the extinction coefficient for the charge transfer band around 800 nm is higher
than the one for the absorption around 600 nm. Assuming that this is true also for the system
under investigation, it implies that the extent of radical dimerization or radical interaction
is a minor effect; most radicals within the cage are probably isolated as TTF.+. The data for
the cage solution containing one equivalent of TTFBB B show a similar behavior as the free
building block.
Overall, the experiments presented support the retention of the full supramolecular structure of the cage upon electrochemical event. Furthermore, the combination of EPR and spectroelectrochemistry measurements reveals interaction of the radicals confined into the cavity of the supramolecular cage assigned as radical dimer of the type (TTF+.)2.
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Conclusions
In this work we have demonstrated the feasibility of the electron transfer of redox-active species encapsulated into M12L24 supramolecular assemblies. The linker connecting the redox
probe to the cage building block is a useful handle to tune the rate of electron transfer. Envisioning that an (electroactive) catalyst can be encapsulated into the M12L24 supramolecular
assembly, the nature of the linker employed could potentially be exploited to fine-tune and
match the electron transfer rate to the rate at which the catalyst operates. This strategy could
be advantageous in order to avoid accumulation of reducing/oxidizing equivalents which
could potentially be harmful to the catalyst.
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Experimental
Materials and methods
General procedures: all synthetic procedures were carried out under an argon atmosphere
using standard Schlenk techniques. All commercially available chemicals were used as received without further purification. Solvents used for synthesis were dried via the most suitable method, distilled and degassed. Column chromatography was performed open to air
using solvents as received.
Electrochemistry: Cyclic voltammetry was performed on 1 mM solution of analyte (unless
otherwise stated) containing 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte. The voltammograms were recorded using a PG-STAT302 N potentiostat at
glassy carbon disk electrode (2 mm diameter). A platinum coil was used as auxiliary electrode and a leak free silver electrode (inner compartment 3 M KCl/Ag).

Electrolysis experiment were carried in a two compartment cell using Duocel® reticulated
vitreous carbon foam as working electrode (used as received from ERG Aerospace Corporation) and a leak free silver electrode (inner compartment 3 M KCl/Ag). Platinum auxiliary
electrode was separated from the main solution by a P4 glass frit. Both compartment contained 0.2 M tetrabutylammonium hexafluorophosphate as supporting electrolyte.
Spectroelectrochemistry was performed in an optically transparent thin layer Ottle cell with
platinum working electrode, platinum auxiliary electrode and silver wire as reference electrode, containing 0.2 M tetrabutylammonium hexafluorophosphate as supporting electrolyte.

EPR spectroscopy: Experimental X-band EPR spectra were recorded on a Bruker EMX spectrometer (Bruker BioSpin Rheinstetten), on an ELEXSYS 680 spectrometer and using an
in-house developed setup based on the resonator ER4116X-MD-5-W1. All oxidation were
carried out electrochemically, in acetonitrile solution containing 0.2 M tetrabutylammonium
hexafluorophosphate. After electrolysis was completed, samples were transferred, under inert conditions, to a melting point glass capillary that was then placed inside a standard EPR
tube.

Mass analysis: mass spectra for all compounds were collected on an AccuTOF GC v 4g, JMST100G-CV mass spectrometer (JEOL, Japan).

Mass spectrometry on cage samples: CSI-MS measurements were acquired on a UHR-ToF
Bruker Daltonik (Bremen, Germany) maXis, and ESI-ToF MS with a resolution of at least
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40.000 FWHM, coupled to a Bruker cryospray unit. Positive-ion detection mode with a source
voltage between 5 kV and 6 kV were used. The flow rates were 280 uL/hour. Nitrogen drying
gas was kept at -35 °C and the spray gas was kept at -40 °C. The machine was calibrated prior
to every experiment via direct infusion of the Agilent ESI-ToF low concentration tuning mixture, which provided an m/z range of singly charged peaks up to 2700 Da in both ion modes.
DFT calculations: Gas phase geometry optimizations were computed with Orca program
at RI-DFT/BP86 level with def2-SVP basis set. Frontier orbitals were computed with single
point calculation at DFT/B3LYP with def2-TZVP basis set.

X-ray crystal structure determination: X-ray intensities were measured on a Bruker D8
Quest Eco diffractometer equipped with a Triumph monochromator (λ = 0.71073 Å� ) and
a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity data were integrated
with the Bruker APEX2 software.42 Absorption correction and scaling was performed with
SADABS.43 The structures were solved using intrinsic phasing with the program SHELXT.42
Least-squares refinement was performed with SHELXL-201344 against F2 of all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 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 Ueq of the attached C atoms.
Synthesis of compounds

Synthesis of 4-(trimethylsilanylethynyl)pyridine hydrochloride: this compound was prepared according to a modified literature procedure, affording comparable yield but can be performed on several grams scale, has significantly easier workup and no chromatography is needed.
A 500 mL round bottom three neck flask equipped with mechanical stirrer was charged with
15 g of finely grinded p-bromo pyridine hydrochloride (1 equiv, 77.14 mmol). The flask was
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purged with argon before 40 mL of degassed methanol were added. The suspension was
stirred at room temperature for 10 minutes before 230 mL of degassed triethylamine were
added. After the addition, 0.270 g of PdCl2(PPh3)2 (0.5 mol%) and 0.105 g of CuI (0.7 mol%)
were added as solids against a positive pressure of argon. After stirring the suspension for
few minutes, 16.4 mL of degassed (trimethylsilyl)acetylene (1.5 equiv, 115.71 mmol) were
added by syringe. The mixture immediately turned dark and was stirred at room temperature until completeness. The reaction can be checked by TLC (eluent ethylacetate:hexanes
2:1) and was considered finished after 1 hour. After this time, the suspension was filtered
thought a glass frit and the solids washed with diethyl ether. All the volatiles were removed at
the rotary evaporator, being careful to fully remove triethylamine, to afford a dark oil. To this
residue, 500 mL of diethyl ether were added and the resulting suspension filtered through
Celite. Hydrochloric acid, generated by addition of concentrated H2SO4 to solid NaCl, was
bubbled for 15 minutes into the dark, clear ether solution obtained after filtration, causing
the formation of an off white precipitate. This suspension was filtered and the solids washed
with diethyl ether before they were subjected to overnight drying under vacuum to afford
15.8 g of the title compound 97% yield. 1H NMR (CD3OD, ppm) δ 8.86 (m, 4H), δ 8.09 (m,
4H), δ 0.34 (s, 9H).
Synthesis of 4-ethynyl pyridine hydrochloride: A 500 mL round bottom flask was charged
with 5 g of 4-(trimethylsilanylethynyl)pyridine hydrochloride (1 equiv, 23.6 mmol) and 10
mL of methanol. The flask was purged with argon and cooled with an ice/salt bath before
17.5 mL DBU (5 equiv, 118 mmol) and 425µL of water (1 equiv, 23.6 mmol) were added to
the flask. The solution was stirred for 10 minutes before 6.75 mL of acetic acid (5 equiv, 118
mmol) followed by 400 mL of diethyl ether were added to the flask. The resulting suspension was stirred at room temperature for 10 minutes then dried with magnesium sulfate and
filtered through a plug of Celite. Hydrochloric acid, generated by addition of concentrated
H2SO4 to solid NaCl, was bubbled for 15 minutes into the ether solution obtained after filtration, causing the formation of an off white precipitate. This suspension was filtered and the
solids washed with diethyl ether and hexane then dried under vacuum overnight to afford
3.13 g of the title compound in 95% yield. 1H NMR (CD3OD, ppm) δ 8.91 (m, 4H), δ 8.17 (m,
4H), δ 4.84 (s, 1H).
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Synthesis of compound 1: A round bottom Schlenk flask was charged with 2.5 g of 2,6-dibromophenol (1 equiv, 9.92 mmol) and 6.86 g of K2CO3 (5 equiv, 49.6 mmol). 50 mL of dry and
degassed DMF were added followed by slow addition of 1.78 g of N-(tert-butoxycarbonyl)2-chloroethylamine (1 equiv, 9.92 mmol) prepared according to literature procedure. The
mixture was stirred overnight at 90 °C then was cooled to room temperature and the volatiles
removed under reduced pressure. To the residue, 100 mL of water were added and the suspension extracted with dichloromethane (4x50 mL) then dried over MgSO4 and the volatiles
removed under vacuum. The residue was purified by silica column chromatography with
diethyl ether:triethylamine 9:1 to afford a white solid 3.76 g, 96%. 1H NMR (CD2Cl2, ppm)
7.57 (d, J = 8.0 Hz, 2H), 6.94 (t, J = 8.0 Hz, 1H), 5.24 (br s, 1H), 4.12 (t, J = 5.1 Hz, 2H), 3.57 (q,
J = 5.1 Hz, 2H), 1.48 (s, 9H).

Synthesis of compound 2: A round bottom Schlenk flask was charged with 1, 1.9 g (1 equiv,
4.82 mmol), 1.74 g of 4-ethynylpyridine hydrochloride (2.6 equiv, 12.5 mmol) and 36.6 mg
of CuI (0.05 mmol). The flask was flushed with argon before a degassed mixture of 40 mL
of THF and 20 mL of triethylamine was added. A separate Schlenk flask was charged with
110.67 mg of Pd(PhCN)2Cl2 (6 mol%) and 167.4 mg of P(tBu)3∙HBF4 (12 mol%). To this mixture, 5 mL of triethylamine and 10 mL of THF were added. The mixture was stirred for five
minutes before it was transferred to the first flask by syringe. The mixture was stirred at 45
°C overnight then cooled to room temperature, quenched with water and extracted with ethyl
acetate (4x50 mL). The organics were washed with water (2x50 mL) and brine (2x50 mL)
then dried over MgSO4 and the volatiles removed under vacuum. The residue was purified by
silica column chromatography with dichloromethane:methanol 96:4 to afford a white solid
1.79 g, 85% yield. 1H NMR (CD2Cl2, ppm) δ 8.66 (m, 4H), 7.63 (d, J = 7.7 Hz, 2H), 7.46 (m, 4H),
7.21 (t, J = 7.7 Hz, 1H), 4.48 (t, J = 5.1 Hz, 2H), 3.60 (q, J = 5.1 Hz, 2H), 1.39 (s, 9H).
Synthesis of compound 3: A round bottom flask was charged with 2, 1.79 g (1 equiv, 4.07
mmol) dissolved in 20 mL of dichloromethane. 15 mL of trifluoroacetic acid were slowly
added and the solution was stirred at room temperature for 1 h. The volatiles were removed
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under vacuum to afford a light brown solid which was thoroughly washed with dichloromethane and isolated in quantitative yield. 1H NMR (CD3CN, ppm) δ 8.80 (m, 4H), 8.00 (m,
4H), 7.83 (d, J = 7.7 Hz, 2H), 7.38 (t, J = 7.7 Hz, 1H), 7.05 (br s, 3H), 4.62 (t, J = 5.2 Hz, 2H) 3.52
(br m 2H).
Synthesis of FcBB, A: A round bottom Schlenk flask was charged with 260 mg of ferrocene
carboxylic acid (1 equiv, 1.13 mmol) and 473 mg of HATU (1.1 equiv, 1.24 mmol). The flask
was flushed with argon before a degassed mixture of 30 mL of dry THF and 0.64 mL of DIPEA
(2.5 equiv, 2.83 mmol) was added. This mixture was stirred for 1 hour. A separate Schlenk
flask was charged with 770 mg of compound 3, (1 equiv, 1.13 mmol). After dissolving the
compound in 10 mL of dry THF, 2.5 mL of DIPEA (10 equiv, 11.30 mmol) were added and
the mixture stirred for few minutes before it was transferred to the first flask. The reaction
mixture was stirred for additional 2 hours at room temperature then quenched with water
and extracted with ethyl acetate (4x50 mL). The organics were washed with water (2x50 mL)
then saturated NaHCO3 solution (2x50 mL). 1 M HCl was added causing the product to go into
the water phase. The aqueous phase was then washed with ethyl acetate (2x50 mL) before 5
M NaOH was added and the product extracted back into the organic phase which was washed
with brine (2x50 mL) then dried over MgSO4 and the volatiles removed under vacuum. The
residue was recrystallized from dichloromethane and hexane to afford a light yellow solid,
473 mg, 72% yield. 1H NMR (CD3CN, ppm) δ 8.61 (m, 4H), 7.62 (d, J = 7.8 Hz, 2H), 7.48 (m,
4H), 7.21 (t, J = 7.7 Hz, 1H), 6.72 (br s, 1H), 4.61 (q, J = 2.2 Hz, 2H), 4.52 (t, J = 5.6 Hz, 2H),
4.28 (q, J = 2.2 Hz, 2H), 4.09 (s, 5H), 3.83 (q, J = 5.7 Hz, 2H). 13C NMR (CD2Cl2, ppm) δ 169.8,
149.9, 134.9, 130.5, 125.3, 123.9, 116.4, 91.6, 89.1, 76.0, 74.2, 70.3, 69.6, 68.0, 40.0. HR FDMS (m/z) found 551.1291 expected 551.1297, C33H25FeN3O2.
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Synthesis of compound 5: compound 5 was prepared according to a modified literature
procedure.45 An argon flushed Schlenk round bottom flask was charged with 700 mg (3.42
mmol) of TTF and 20 mL of dry THF. The solution was cooled to -78 °C in a dry ice/acetone
bath then 1.37 mL (1.05 equiv, 3.59 mmol) of nBuLi 2.5 M were added dropwise during the
course of 15 minutes. The solution was left stirring under these condition for 60 min then
975µL (1.05 equiv, 3.59 mmol) of nBu3SnCl. The solution was stirred for extra 30 min before
it was allowed to warm to room temperature over the course of 2 hours. The reaction was
quenched with 100 mL of water and extracted with ethyl acetate (3x50 mL). The combined
organic layers were dried over MgSO4 and the volatiles removed under vacuum to afford the
crude product, 1.81 g which was used without further purification. 1H NMR (CD2Cl2, ppm) δ
6.31(s, 2H), δ 6.14(s, 1H), δ 1.53 (m, 6H), δ 1.34 (m, 6H), δ 1.09 (m, 6H), δ 0.90 (t, J = 6.5 Hz,
9H).
Synthesis of compound 6: A round bottom Schlenk flask was charged with crude 5, 1.81 g
(1 equiv, 3.65 mmol), 0.926 g of 1-Bromo-4-[2-(trimethylsilyl)ethynyl]benzene (1 equiv, 3.65
mmol) and 0.211 g of Pd(PPh3)4 (5 mol%). The flask was purged with argon before 100 mL
of degassed toluene were added. The mixture was refluxed overnight then cooled to room
temperature and the solvent removed under reduced pressure. The residue was dissolved in
minimal amount of hexane:dichloromethane 8:2 and chromatographed over silica gel to afford a bright orange compound in 92% yield, 1.208 g. 1H NMR (CD2Cl2, ppm) δ 7.43 (m, 4H),
δ 6.66 (s, 1H), δ 6.42 (s, 2H), δ 0.22 (s, 9H).
Synthesis of compound 7: a round bottom flask was charged with H2SO4 (20 mL) and cooled
in ice bath for 15 minutes. 2.471 g of NaNO2 (1.01 equiv, 35.86 mmol) were carefully added
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to the flask maintaining the temperature below 5 °C. A solution of 10 g of 2,6-dibromo-4-tertbutyl aniline (1 equiv, 32.57 mmol) in 100 mL of acetic acid was added dropwise over the
course of 3 hours being careful to maintain the temperature always below 5 °C. After the
addition, the mixture was allowed to warm to room temperature and stirred for additional
4 hours. After this time, a solution of 39.32 g of KI (7.3 equiv, 236.86 mmol) and 8.26 g I2
(1 equiv, 32.57 mmol) in 75 mL of water was added and the mixture stirred overnight at
room temperature. The resulting mixture was quenched by pouring it in a 1.5 L, 15% solution
of sodium hydroxide and then extracted with ethyl acetate (4x150 mL). The organic phase
was washed with water (2x100 mL) and brine (2x100 mL) then dried over MgSO4 and the
volatiles removed under vacuum. The residue was purified by silica column chromatography
with petroleum ether to afford a white solid 12.90 g, 95% yield. 1H NMR (CD2Cl2, ppm) δ 7.63
(s, 2H), δ 1.31 (s, 9H).

Synthesis of compound 8: A round bottom Schlenk flask was charged with 6, 1.208 g (1
equiv, 3.21 mmol) and 20 mL of degassed THF. To this solution 3.2 mL of tetrabutylammonium fluoride (1 M solution, 1 equiv, 3.21 mmol) was added and the solution was stirred at
room temperature in the dark for 2 hours. The completeness of the reaction was check by
TLC, after which the volatiles were removed under vacuum. To the same flask, 1.334 g of compound 7 (1 equiv, 3.21 mmol) and 0.350 mg of Pd(PPh3)4 (10 mol%) were added. The flask
was purged with argon before 60 mL of degassed THF and 20 mL of degassed triethylamine
were added. The mixture was refluxed overnight then cooled to room temperature, quenched
by addition of water and extracted with ethyl acetate (3x100 mL). The organics were then
dried over MgSO4 and the volatiles removed under vacuum. The residue was purified by silica
column chromatography with dichloromethane:hexane 1:2 to afford a red crystalline solid
0.740 g, 39% yield. 1H NMR (CD2Cl2, ppm) δ 7.66 (s, 2H), δ 7.64 (m, 2H), δ 7.47 (m, 2H), δ 6.71
(s, 1H), δ 6.42 (s, 2H), δ 1.34 (s, 9H).

Synthesis of TTFBB, B: A round bottom Schlenk flask was charged with 9, 0.740 g (1 equiv,
1.24 mmol), 0.452 g of 4-ethynylpyridine hydrochloride (2.6 equiv, 3.29 mmol) and 9.5 mg
of CuI (0.05 mmol). The flask was flushed with argon before a degassed mixture of 40 mL of
THF and 20 mL of triethylamine was added. A separate Schlenk flask was charged with 28.6
mg of Pd(PhCN)2Cl2 (6 mol%) and 43.3 mg of P(tBu)3·HCl (0.12 mol%). To this mixture, 5
mL of triethylamine and 10 mL of THF were added. The mixture was stirred for five minutes
before it was transferred to the first flask by syringe. The mixture was refluxed overnight
then cooled to room temperature, quenched with water and extracted with dichloromethane
(4x50 mL). The organics were washed with water (2x50 mL) and brine (2x50 mL) then dried
over MgSO4 and the volatiles removed under vacuum. The residue was purified by silica column chromatography with dichloromethane:methanol 94:6 to afford a red crystalline solid
0.715 g, 90% yield. 1H NMR (CD2Cl2, ppm) δ 8.66 (m, 4H), δ 7.72 (s, 2H), δ 7.60 (m, 2H), δ 7.48
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(m, 4H), δ 7.46 (m, 2H), δ 6.72 (s, 1H), δ 6.43 (s, 2H), δ 1.41 (s, 9H). 13C NMR (CD2Cl2, ppm) δ
151.8, 149.4, 134.9, 132.4, 131.7, 130.4, 130.0, 126.1, 124.7, 122.6, 119.0, 118.9, 115.2, 97.0,
91.9, 90.4, 88.0, 34.7, 30.5. HR ESI-MS (m/z) found 638.0976 expected 638.0979, C38H26N2S4.

4

Synthesis of compound 9: This compound was prepared according to a modified literature
procedure.46 A round bottom Schlenk flask equipped with a condenser and a dropping funnel
was charged with 10g of 3,5-dimethylnitrobenzene (1 equiv, 66.15 mmol) and 25 g of zinc
powder (5.8 equiv, 384 mmol). The flask was flushed with argon before degassed ethanol 60
mL was added. The mixture was heated to reflux then a degassed solution of 15 g of NaOH
(5.6 equiv, 375 mmol) in 50 mL of water was carefully added dropwise over the course of 1
hour. After the addition was completed the mixture was refluxed for additional 2 hours then
more zinc powder was added 10 g and the relux continued for other 2 hours. The mixture
was allowed to cool to room temperature. Diethyl ether 200 mL was added and the mixture
filtered through Celite. The solution obtained was washed with water (3x100 mL), the organics dried over magnesium sulfate and the volatiles removed under vacuum. The crude prod~ 139 ~
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uct containing few impurities was used in the next step without further purification. 1H NMR
(CD2Cl2, ppm) δ 7.57 (s 2H), δ 6.51 (s, 4H), δ 5.63 (br s, 2H) δ 2.27 (s, 12H).

Synthesis of compound 10: The crude 13 was dissolved in 100 mL of toluene. To this solution, 100 mL 6 M HCl were added and the mixture stirred vigorously at room temperature
for 2 hours. The organic layer was discarded and the aqueous phase was washed with ethyl
acetate (3x50 mL). The pH of the aqueous phase was adjusted to about 14 by addition of 5
M NaOH causing the formation of white precipitate which was extracted with ethyl acetate
(3x100 mL). The organic layer was washed with slightly basic water (3x50 mL) dried over
magnesium sulfate and the volatiles removed under vacuum to afford an off white solid 7.45
g, 47% yield over two steps, which was used in the next step without further purification. 1H
NMR (CD2Cl2, ppm) δ 6.50 (s, 4H), δ 3.49 (br s, 4H) 1.84 (s, 12H).

Synthesis of compound 11: This compound was prepared according to a modified literature procedure.47 Crude compound 14, 2.9 g (1 equiv, 12.1 mmol) was dissolved in acetonitrile 100 mL then 2 M HCl, 100 mL was added. The solution was cooled to −10 °C in an ice-salt
bath. 2.09 g of solid NaNO2 (2.5 equiv, 30.25 mmol) were added portion wise over the course
of 30 minutes maintaining the temperature around −10 °C. After the addition was complete,
the mixture was stirred for 30 minutes at −10 °C before 20 g of KI (10 equiv, 120 mmol) was
slowly added. The mixture was allowed to warm to room temperature over the course of 1
hour and stirred overnight at room temperature. Orange precipitate forms and it is collected
by filtration, dissolved in ethyl acetate and washed with water (3x50 mL). The organic layer
is dried over magnesium sulfate and the volatiles removed under vacuum to afford 5.45 g of
product in 97% yield. This material was used in the next step without further purification. 1H
NMR (CD2Cl2, ppm) δ 7.54 (s, 4H), δ 1.87 (s, 12H).
Synthesis of compound 12: A round bottom Schlenk flask was charged with 15, 2.50 g
(1 equiv, 5.41 mmol), 5 mg of CuI (0.025 mmol) and Pd(PPh3)2Cl2 17.5 mg (0.025 mmol).
The flask flushed with argon before a degassed mixture of 180 mL of THF and 20 mL of
triethylamine was added. To this mixture, TMS-acetylene 0.5 mL (0.65 equiv, 3.5 mmol)
were added and the mixture stirred at room temperature overnight. The volatiles were removed under vacuum and the residue was purified by silica column chromatography with
dichloromethane:hexane 1:2 to afford about 1.4 g of the unreacted excess of starting material
15, then the desired product as white crystalline solid 0.750 g, 49.6% yield. 1H NMR (CD2Cl2,
ppm) δ 7.54 (s, 2H), δ 7.27 (s, 2H), δ 1.88 (s, 6H), δ 1.86 (s, 6H), δ 0.28 (s, 9H).

Synthesis of compound 13: A round bottom Schlenk flask was charged with 16, 0.750 g (1
equiv, 1.74 mmol), Pd(PPh3)4 100 mg (5 mol%) and crude compound 5, 1 g (1.1 equiv, 2.0
mmol). The flask flushed with argon before degassed toluene, 50 mL was added. The mix~ 140 ~
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ture was refluxed overnight, allowed to cool to room temperature before the volatiles were
removed under vacuum. The residue was purified by silica column chromatography with
dichloromethane:hexane 1:1 to afford the desired product as yellow solid, 0.560 g, 63.4%
yield. 1H NMR (CD2Cl2, ppm) δ 7.29 (s, 2H), δ 7.24 (s, 2H), δ 6.62 (s, 1H), δ 6.42 (s, 2H), δ 1.92
(s, 6H), δ 1.90 (s, 6H), δ 0.29 (s, 9H).
Synthesis of compound 14: A round bottom Schlenk flask was charged with 17, 560 mg
(1 equiv, 1.10 mmol) and 20 mL of degassed THF. To this solution 1.1 mL of tetrabutylammonium fluoride (1 M solution, 1 equiv, 1.1 mmol) were added and the solution was stirred
at room temperature in the dark for 1 hour. The completeness of the reaction was check by
TLC. To the same flask under continuous argon purging, 0.552 g of compound 7 (1.2 equiv,
1.32 mmol), 130 mg of Pd(PPh3)4 (10 mol%) and a degassed mixture of THF 40 mL and triethylamine 20 mL were added. The mixture was refluxed overnight then cooled to room temperature, quenched by addition of water and extracted with ethyl acetate (3x100 mL). The
organics were then dried over MgSO4 and the volatiles removed under vacuum. The residue
was purified by silica column chromatography with dichloromethane:hexane 1:2 to afford a
yellow solid 0.405 g, 50% yield. 1H NMR (CD2Cl2, ppm) δ 7.66 (s, 2H), δ 7.44 (s, 2H), δ 7.26 (s,
2H), δ 6.63 (s, 1H), δ 6.42 (s, 2H), δ 1.95 (s, 12H), 1.35 (s, 9H).

Synthesis of twistedTTFBB, C: A round bottom Schlenk flask was charged with 18, 0.400 g
(1 equiv, 0.55 mmol), 0.200 g of 4-ethynylpyridine hydrochloride (2.6 equiv, 1.43 mmol) and
4.1 mg of CuI (0.05 mmol). The flask was flushed with argon before a degassed mixture of 40
mL of THF and 20 mL of triethylamine was added. A separate Schlenk flask was charged with
12.6 mg of Pd(PhCN)2Cl2 (6 mol%) and 19.2 mg of P(tBu)3·HCl (0.12 mol%). To this mixture,
5 mL of triethylamine and 10 mL of THF were added. The mixture was stirred for five minutes
before it was transferred to the first flask by syringe. The mixture was refluxed overnight
then cooled to room temperature, quenched with water and extracted with dichloromethane
(4x50 mL). The organics were washed with water (2x50 mL) and brine (2x50 mL) then dried
over MgSO4 and the volatiles removed under vacuum. The residue was purified by silica column chromatography with dichloromethane:methanol 94:6 to afford a yellow powder 0.150
g, 35.4% yield. 1H NMR (CD2Cl2, ppm) δ 8.65 (m, 4H), δ 7.72 (s, 2H), δ 7.53 (m, 4H), δ 7.42 (s,
2H), δ 7.27 (s, 2H), δ 6.64 (s, 1H), δ 6.42 (s, 2H), δ 1.97 (s, 6H), δ 1.91 (s, 6H), δ 1.42 (s, 9H).
13
C NMR (CD2Cl2, ppm) δ 151.4, 149.7, 140.5, 139.5, 136.0, 135.8, 131.1, 130.8, 130.6, 129.9,
125.9, 125.3, 124.6, 121.3, 119.0, 118.9, 112.8, 111.0, 108.8, 98.2, 92.2, 90.2, 86.1, 34.6, 30.5,
19.3, 19.2. HR FD-MS (m/z) found 770.1898 expected 770.1918, C48H38N2S4.
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Synthesis of compound 15: 5 g of 2,6-dibromo-4-tert-butyl- benzenamine (1 equiv, 16.3
mmol) were dissolved in 200 mL of ethanol and the solution heated to 50 °C. 25 mL of concentrated H2SO4 were added dropwise to this solution and the temperature was raised to
70 °C. 3.1 g of NaNO2 (2.7 equiv, 44.6 mmol) were added portion wise over the course of 2
hours. After the addition was completed the temperature was raised to 80 °C and the mixture
stirred at this temperature overnight. The mixture was then poured over ice and extracted
with ethyl acetate (3x100 mL). The organics were washed with brine (2x50 mL) and dried
over MgSO4, ﬁltered and evaporated under reduced pressure. The residue was puriﬁed by
silica gel column chromatography (petroleum ether 40-60 °C) to afford 4.32 g, 91%. 1H NMR
(CD2Cl2, ppm) δ 7.53 (m, 1H), δ 7.52 (m, 2H), δ 1.33 (s, 9H).
Synthesis of BBH, D: A round bottom Schlenk flask was charged with 11, 2.52 g (1 equiv,
8.63 mmol), 3.13 g of 4-ethynylpyridine hydrochloride (2.6 equiv, 22.44 mmol) and 66 mg
of CuI (0.05 mmol). The flask was flushed with argon before a degassed mixture of 40 mL of
toluene and 20 mL of triethylamine was added. A separate Schlenk flask was charged with
198 mg of Pd(PhCN)2Cl2 (6 mol%) and 300 mg of P(tBu)3∙HCl (0.12 mol%). To this mixture,
5 mL of triethylamilne and 10 mL of toluene were added. The mixture was stirred for five
minutes before it was transferred to the first flask by syringe. The mixture was heated overnight at 60 °C, then cooled to room temperature, quenched with water and extracted with
dichloromethane (4x100 mL). The organics were washed with water (2x50 mL) and brine
(2x50 mL) then dried over MgSO4 and the volatiles removed under vacuum. The residue was
purified by gradient silica column chromatography with dichloromethane:acetone 9:1. The
desired product eluted with dichloromethane:acetone 2:1 to afford an off white crystalline
solid 2.19 g, 75.5% yield. 1H NMR (CD2Cl2, ppm) δ 8.60 (br, 4H), δ 7.64 (s, 2H), δ 7.58 (s, 1H), δ
7.42 (m, 4H), δ 1.35 (s, 9H). 13C NMR (CD2Cl2, ppm) δ 154.1, 151.8, 151.8, 133.9, 132.7, 131.8,
131.8, 127.4, 127.3, 124.2, 94.8, 88.7, 36.6, 32.7. HR FD-MS (m/z) found 336.1620 expected
336.1626, C24H20N2.
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Synthesis of compound 16, ferrocenyl sulfonic acid: Ferrocene 2 g (1 equiv, 10.7 mmol)
was suspended in acetic anhydride 60 mL and the mixture cooled with ice. 0.71 mL of ClSO3H
(1.25 g, 1 equiv, 10.7 mmol) was added dropwise over the course of 1 hour. The mixture was
allowed to warm to room temperature and stirred for additional 2 hours then poured over
ice, stirred for 1 hour and extracted with diethyl ether. The volatiles were removed under
vacuum and the residue recrystallized from toluene/pentane mixture to afford the desired
compound, 2.5 g, 90% yield. 1H NMR (D2O, ppm) δ 4.56 (br, 2H), δ 4.37 (br, 7H).

Synthesis of compound 17, ferrocenyl sulfonate tetrabutylammonium: Ferrocene sulfonic acid 20 300 mg (1 equiv, 1.13 mmol) was dissolved in methanol then 1.13 mL of a 1 M
solution of tetrabutylammonium hydroxide (1 equiv, 1.13 mmol) was added. The mixture
was stirred for few minutes before the volatiles were removed under vacuum. This compound was found to be very hygroscopic and always affording oil upon vacuum removal of
solvents, therefore some water was added and the sample was freeze-dried affording an orange solid. 1H NMR (CD3CN, ppm) δ 4.40 (t, J = 1.9 Hz, 2H), 4.24 (s, 5H), 4.09 (t, J = 1.9 Hz,
2H), 3.31 – 2.97 (m, 8H), 1.97 (m, 8H), 1.62 (m, 8H), 1.38 (m, 8H), 0.99 (t, J = 7.3 Hz, 12H). HR
ESI(neg,)-MS (m/z) found 264.9616 expected 264.9622, (m) C10H9FeO3S. Found 772.2029
expected 772.2093, (2m + TBA) C36H54Fe2NO6S2.
Crystallographic details:
FcBB, A: C33H25FeN3O2, Fw = 551.41, yellow needle, 0.20 × 0.11 × 0.10 mm, Tetragonal, I41/a
(No: 88), a = 24.833 (3), c = 17.086 (3) Å� , V = 10537 (3) Å� 3, Z = 16, Dx = 1.390 g/cm3, µ = 0.61
mm-1. 41611 reflections were measured up to a resolution of (sin θ/λ)max = 0.595 Å� -1. 4633
reflections were unique (Rint = 0.116), of which 3205 were observed [I>2σ(I)]. 355 parameters were refined with 0 restraints. R1/wR2 [I > 2σ(I)]: 0.0366/0.0865 R1/wR2 [all refl.]:
0.0731/0.0744. S = 0.99. Residual electron density between −0.36 and 0.25 e/Å� 3.

TTFBB, B: C38H26N2S4, Fw = 638.85, orange plate, 0.56 × 0.35 × 0.20 mm, Triclinic, P (No: 2), a
= 9.1542 (3), b = 10.4410 (4), c = 17.0912 (6) Å� , α = 78.573 (2), β = 86.194 (2), γ = 82.405 (2) o,
V = 1585.77 (10) Å� 3, Z = 2, Dx = 1.338 g/cm3, µ = 0.33 mm-1. 36086 reflections were measured
up to a resolution of (sin θ/λ)max = 0.627 Å� -1. 6546 reflections were unique (Rint = 0.065), of
which 4874 were observed [I>2σ(I)]. 400 parameters were refined with 0 restraints. R1/
wR2 [I > 2σ(I)]: 0.0392/0.0910 R1/wR2 [all refl.]: 0.0652/0.1069. S = 0.94. Residual electron
density between −0.35 and 0.46 e/Å� 3.
twistedTTFBB, C: C48H38N2S4, Fw = 771.04, yellow needle, 0.58 × 0.30 × 0.21 mm, Orthorhombic, Pbcn (No: 60), a = 22.841 (1), b = 9.4123 (4), c = 42.3819 (18) Å� , V = 9111.5 (7) Å� 3, Z = 8,
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Dx = 1.124 g/cm3, µ = 0.24 mm-1. 61958 reflections were measured up to a resolution of (sin
θ/λ)max = 0.597 Å� -1. 8072 reflections were unique (Rint = 0.061), of which 5799 were observed
[I>2σ(I)]. 494 parameters were refined with 0 restraints. R1/wR2 [I > 2σ(I)]: 0.1061/0.3004
R1/wR2 [all refl.]: 0.1400/0.3116. S = 2.06. Residual electron density between −0.55 and
0.51 e/Å� 3.
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Appendix
Ferrocene building block A and ferrocene cage; electrochemistry.

Figure 23. Cyclic voltammograms recorded at different scan speeds for FcBB A.

Figure 24. Cyclic voltammograms recorded at different scan speeds for a sample of the ferrocene
cage (Pd12A24)24+.
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TTF building block B and TTF cage; electrochemistry.

Figure 25. Cyclic voltammograms recorded at different scan speeds for TTFBB B.

Figure 26. Cyclic voltammograms recorded at different scan speeds for the cage solution
(Pt12D23A)24+.
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TwistedTTF building block C and its cage; electrochemistry.

Figure 27. Cyclic voltammograms recorded at different scan speeds for twistedTTFBB C.

Figure 28. Cyclic voltammograms recorded at different scan speeds for a platinum cage
(Pt12D23C)24+.
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TTF building block B and its cage; spectroelectrochemistry.

Figure 29. Spectroelectrochemistry of TTFBB B, normal spectra (left), difference spectra (right).

Figure 30. Spectroelectrochemistry of a cage solution (Pt12D20B4)24+, normal spectra (left), difference spectra (right).

Figure 31. Spectroelectrochemistry of a cage solution (Pt12D23B)24+, difference spectra.
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Figure 32. Uv-vis spectrum in acetonitrile of TTF building block B (blue) and twistedTTFBB C
(black) and comparison with bulk TTF (red) showing increasing HOMO-LUMO gap corresponding
to increased π delocalization of the orbitals.

Figure 33. HOMO (-4.80 eV) and LUMO(-2.50 eV) of TTFBB B.

Figure 34. HOMO-1 (-5.89 eV) and LUMO+1 (-2.26 eV) of TTFBB B.
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Figure 35. HOMO (-4.68 eV) and LUMO (-2.34 eV) of twistedTTF building block C.

Figure 36. HOMO-1 (-5.91 eV) and LUMO+1 (-2.24 eV) of TTF building block C.

Figure 37. C: HOMO-2 (-6.08 eV) of TTF building block C.
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in [FeFe]-Hydrogenase mimics

Introduction
Supramolecular self-assembled cages have attracted considerable interest, as they display
interesting properties, especially with respect to objects that have been enclosed in their
confined spaces.1 Molecular reactions can be drastically increased in rate but encapsulated
catalysts can also display unusual reactivity or selectivity when reactions are carried out in
cages.2-8 Whereas most systems allow the encapsulation of a single catalyst, certain recently
developed larger spheres also allow the encapsulation of multiple catalyst molecules.9-12 In
particular, the M12L24 Fujita type of cages based on ditopic bis(pyridine) building blocks and
metal-containing corners have been used to create high local concentrations of metal complexes, which can lead to unusual reactivity for several reactions.13,14 The ease of functionalization of the standard building block and their relative large size make them suitable for
several applications.
In the previous chapter we have explored redox chemistry of molecular components that are
enclosed in such M12L24 cages. The multiple redox processes observed were independent and
reflected as a single redox event. The formation of cages with multiple charged species poses
the question of the stability of such systems. In fact, the principle of a Faraday cage, a metal
cage in which the extra charge resides at the outside and cannot enter the inside, is based on
the repulsion of the charges (electrons) that drives them to the outside. The typical M12L24
cage is based on an aromatic and fully conjugated framework, which to some extend represents the features of a Faraday cage. As far as we are aware, Faraday cages are usually macroscopic, conductive, hollow objects, and molecular analogues thereof have not been reported
as yet. If the M12L24 cages with redox sites would act as molecular Faraday cages, this would
imply that the redox centers could not be oxidized or reduced if the charges are not neutralized by the electrolyte used in the electrochemical experiment. According to Faraday’s theory, repulsive electrostatic forces should force the charged objects to the outside of the sphere.
In this chapter we set out to investigate whether the functional principles of a macroscopic
Faraday cage are still valid for molecular objects such as the M12L24 supramolecular cages.
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Strategy
In order to explore whether supramolecular hollow spheres can behave like macroscopic
Faraday cages, we use M12L24 supramolecular cages containing redox-active moieties that can
be oxidized electrochemically, thus generating positive charges within the hollow cavity of
the sphere. If our hypothesis is valid, upon the electrochemical event, a rearrangement of
charges originating from electrostatic repulsion of the newly generated positively charged
species is expected. A schematic representation is shown in Figure1.

Figure 1. Schematic representation of the envisioned charge reorganization within the cavity of
the M12L24 sphere upon electrochemical oxidation.

As this investigation is carried out utilizing voltammetry, which intrinsically requires large
amounts of supporting electrolyte, typically a small size salt such as tetrabutylammonium
hexafluorophosphate, it is expected that the electrolyte is homogeneously distributed in solution but also present within the cage. Because of the presence of these small ions within the
cavity of the cage, we hypothesize that net accumulation of charges in the hollow cavity of the
supramolecular assembly is not possible as the electrolyte ions can freely move inside or
outside the rim of the cage to balance the electric field generated upon the electrochemical
event, Figure 2. Accordingly, voltammograms for a cage sample containing 24 ferrocene moieties in the presence of TBAPF6 as supporting electrolyte display reversible behavior, indicating no significant rearrangement of the charges (Chapter 4, Figure 14).

Figure 2. Schematic representation of a ferrocene containing cage, in the presence of a small sized
electrolyte (left) and self-charge balance of the cage interior upon oxidation of ferrocenyl moieties,
by rearrangement of the electrolyte ions (right).
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In order to surpass this issue and allow charge accumulation inside the hollow cavity of the
sphere, we envisioned the application of an electrolyte that cannot cross the cage windows
due to its large size. In particular, because the redox process that will be investigated involves
the oxidation of ferrocene, thereby generating positive charges inside the hollow cavity of the
sphere, it is most important that the anion cannot access the cage interior via diffusion
through the cage windows. No particular requirements are posed to its cation. A more practical requirement regarding the design of the electrolyte concerns the scalability of the reactions involved for its preparation. In a voltammetric experiment the supporting electrolyte is
typically used in sub-molar concentration; a large amount is thus required for every single
experiment. Nanometer-sized salts have been previously reported in literature but the harsh
conditions needed for their synthesis render their scalability problematic.15 Nevertheless,
inspired by this work, we opted for an ethynyl-functionalized tetraphenylborate that may be
further extended in size via the CuAAC click reaction to obtain the desired size. A preliminary
Spartan model of the envisioned anion is depicted in Figure 3, together with a scaled representation of an empty M12L24 supramolecular cage, showing that the size of the electrolyte is
comparable to the size of the cage windows.

Figure 3. Left: Spartan model (MMF) of the anion 6-. Right: a scaled representation of an empty
M12L24 supramolecular cage showing that the size of the electrolyte is comparable to the size of the
cage windows.

A second approach is to use ferrocenyl sulfonate moieties enclosed in a guanidinium decorated sphere, in combination with the large size electrolyte. The ferrocenyl sulfonates are in
principle able to leave the cage if electrostatic repulsion upon the oxidation event becomes
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comparable or larger than the binding energy. Although these entities are strongly bound in
the interior of the cage by cooperative binding between the guanidinium and sulfonate moieties, among all the ferrocenyl derivatives encapsulated, at least some would be expected to
leave the interior of the cage, Figure 4.

Figure 4. Schematic representation of ferrocenyl sulfonate encapsulated by a guanidinium cage
and possible rearrangement of the redox-active moieties upon oxidation, when in the presence of
large size electrolyte TBA6.

5

~ 159 ~

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics

Results and discussion
Large size electrolyte synthesis
The synthesis route for the large electrolyte TBA6 is shown in Scheme 1. Its preparation
starts with a condensation reaction between tritylmethanol and anilinium chloride in refluxing acetic acid to afford 4-tritylaniline, isolated as its hydrochloride salt. Compound 1
was converted into the corresponding azide by a Sandmeyer reaction in acidic aqueous environment. This procedure has been reported before by Schalley and coworkers on about
half a gram scale.16 We performed the reaction on a 40 gram scale after having considered
possible risks associated with large scale azide reactions in acidic media. The reaction setup
and the precautions taken are described in the experimental section. The azide 2 was found
to be stable in the solid state at 4 °C for extended time. Parallel to this, intermediate 3 was
prepared according to a literature procedure from a palladium catalyzed coupling reaction
between 1-bromo-4-iodobenzene and (triisopropylsilyl)acetylene. Treatment of 3 with one
equivalent of n-butyl lithium and subsequent quenching with BF3∙Et2O affords the modified
protected tetraphenyl borate 4 as its lithium salt in moderately high yield. This salt is fairly
insoluble in organic solvents unless some THF or diethyl ether is present as co-solvent, in
which case, the salt is highly soluble. Removal of the triisopropylsilyl protecting groups is
achieved by tetrabutylammonium fluoride treatment of 4. To ensure complete deprotection,
8 equivalents of TBAF and around 60 hours are required, affording 5 in quantitative yield.
The excess TBAF can be easily removed by several washings with a 10% sodium chloride
solution. Finally, a copper catalyzed click reaction affords the electrolyte TBA6. The copper
ions can be removed by washing the crude THF/DCM reaction mixture with a 10% sodium
chloride solution containing concentrated ammonia. The electrolyte is recrystallized three
times from a THF/hexane mixture at -20 °C. TBA6 was found to be highly soluble in DCM and
only slightly soluble in THF or acetonitrile.

~ 160 ~

Building charges in M

L 24 nano-spheres.
Does the Faraday principle still hold for molecular objects?
12

5

Scheme 1. Reaction route for the preparation of the large size electrolyte TBA6.

Single crystals suitable for X-ray diffraction were obtained by slow evaporation of a concentrated DCM/MeCN solution of TBA6. The solid state structure of TBA6 is shown in Figure 5.
The unit cell was found to contain several solvent molecules (2.6 dichloromethane molecules
and 1.96 acetonitrile molecules) which are here omitted for clarity. The central boron atom
displays a tetrahedral geometry around which the four aromatic arms extend with an actual
length of roughly 1.7 nm, confirming the anion to be comparable in size to the cage windows
(largest cage square window about 1.8 x 1.8 nm).
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Figure 5. X-ray crystal structure of TBA6. Ellipsoids are set at 50% probability. Crystallization
solvent molecules are here omitted for clarity.
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Samples preparation
The general literature procedure for the preparation of M12L24 cages consist of mixing 24
equivalents of building blocks with 12 equivalents of metal precursor (Pd2+ or Pt2+). Typically, the metal precursors used are CF3SO3-, BF4- or PF6- salts (other small non-coordinating
ions are used as well). Therefore every cage has 24 small anions that are able to move across
the cage rim, potentially neutralizing charge accumulation inside the cavity of the cage. It is
therefore important to also replace these small anions.
The first approach that comes to mind is the preparation of a palladium or platinum salt of
the type M62 (M= Pd or Pt). Considerable efforts have been spent for the preparation of such
salts. Unfortunately salts of the type MX6 (X = coordinating or non-coordinationg anion: Cl-,
PF6- CF3SO3-) were obtained as a common end result. It was instead possible to prepare the
silver salt, Ag6, which proved to be poorly soluble in all solvents. Combination of this silver
salt with Pd(MeCN)2Cl2 in refluxing acetonitrile afforded a completely insoluble white material from which AgCl could be isolated by soxhlet extraction. The white solid proved to be
difficult to analyze and its use for the preparation of cages proved unsuccessful, likely due its
insolubility.
Since salt metathesis proved to be highly problematic, a different strategy employing dialysis
was developed. The literature method for cage preparation was used, affording the typical
samples of the desired cages with small counter-ions present in solution, e.g. PF6-. To the
cage solution thus prepared, excess TBA6 dissolved in DCM was added. This solution was
then dialyzed over the course of 24 hours using a regenerated cellulose membrane and a
mixture of DCM and acetonitrile dialysate. During the dialysis process, the small TBAPF6 salt
is removed from the sample while the larger molecules (cages and the large anions 6-) are
retained within the dialysis membrane. The dialysis was monitored by the disappearance of
the 31P and 19F NMR signals of the PF6- ions. The excess TBA6 might stay in the sample but
this is not considered a problem as it is also the electrolyte for the voltammetric experiment.

During the dialysis process it was noticed that large amount of precipitate was formed inside
the membrane tube, likely due to poor solubility of the cage samples in the presence of the
large counter-ions 6-. To avoid this issue the cage solutions were diluted to a concentration
of 0.04 mM in cage (0.96 mM in ferrocene for a cage containing 24 ferrocene functionalized building blocks and 0.48 mM for a cage containing 12 ferrocene functionalized building
blocks).
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Electrochemistry
Electrochemical experiments on a solution containing only the electrolyte TBA6 revealed an
undesired background oxidation event. The voltammograms show a broad oxidation with
peak potential at about 1 V vs. Ag/AgCl, Figure 6 (left). This redox event is attributed to the
oxidation of the triazole rings present on the anion 6-. Addition of ferrocene building block
revealed the appearance of a reversible wave just before the oxidation of the electrolyte, Figure 6 (right). Importantly, the redox event is fully reversible, as expected for a ferrocene moiety, indicating that the background reaction of the electrolyte does not pose any concern regarding possible additional reactivity of the ferrocene moiety with the oxidized triazoles.
Nevertheless the background electrolyte oxidation partly covers the electrochemical window
of interest. This issue is partially circumvented by application of semidifferential electroanalysis to the voltammograms recorded. The theory and advantages of this analysis have
been long demonstrated although its application is not often seen.17-19

Figure 6. Left: voltammograms for a solution of TBA6 in dichloromethane. Right: addition of ferrocene building block to a solution of TBA6, the cyclic voltammogram is shown in black and its
semidifferential convolution plot is shown in red.

Ferrocene cages
Voltammetric measurements of a ferrocene cage solution, containing 24 ferrocene building
blocks, with the large counter-ions, as obtained after dialysis, lead to rather interesting
voltammograms featuring a first non-reversible wave with a peak potential at 0.6 V vs. Ag/
AgCl. This potential is consistent with the forward oxidative wave of the ferrocene functionalized cage, as seen in the previous chapter. Immediately after this first event, a second sharp
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rise in current is observed, consistent with the background reaction of the electrolyte, Figure
7. Interestingly, at slow scan rates (20-750 mV/s) the peak assigned to the oxidation of ferrocene in the cage it is not reversible, however, at high scan rates of 1 V/s the redox event
becomes more reversible.

Figure 7. Left: cyclic voltammograms for a cage sample containing 24 ferrocene moieties measured using TBA6 as electrolyte. Right: semidifferential convolution plots showing limited reversibility of the ferrocene couple at slow scan rates.

As mentioned before, because of the electrolyte background, semidifferential convolution
analysis is applied to the cyclic voltammograms to obtain waves that are easier to interpret
and that can be analyzed quantitatively, Figure 7 (right). The forward and backward peak
current obtained from Figure 7 (right) are plotted against the scan speed, as shown in Figure
8 (left). The current of the forward oxidation is found to scale linearly with the scan rate
while the back reduction follows an exponential trend, indicating that subsequent to oxidation, a slow follow-up process occurs with the encapsulated ferrocenes. For comparison,
similar data are shown for the same cage measured in the presence of TBAPF6 electrolyte,
Figure 8 (right). For a species dissolved in homogeneous solution, the peak current of the
cyclic voltammogram scales linearly with the square root of the scan speed according to the
Randles–Sevcik equation, Equation 1. When semidifferential convolution analysis is applied
to the voltammograms, the peak current of the semidifferential plot scales linearly with the
scan rate, according to Equation 2.18
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Figure 8. Left: plot of the semidifferential peak currents against the scan speed for a cage sample
containing 24 equivalents of ferrocene measured in the presence of TBA6. Right: cage sample
containing 24 equivalents of ferrocene measured in the presence of TBAPF6.

Equation 1. Peak current of cyclic voltammograms as predicted by the Randles–Sevcik equation,
where ip is the peak current, n the number of electrons transferred, F the Faraday constant, A the
geometrical surface area of the electrode, C the bulk concentration of the species, ν the scan speed,
D the diffusion coefficient, R the gas constant and T the temperature.

Equation 2. Predicted peak current for semidifferential convolution plot (SDC), where each factor
has the usual meaning as described above for Equation 1.

The linear oxidative trend shown in Figure 8 (left) thus suggests no absorption of the cage,
ferrocene or electrolyte to the surface of the electrode.20 In line with this, the entire dataset
is collected without the need to polish the glassy carbon working electrode, which in case of
absorption processes to the electrode would have caused loss of electrochemical signal leading to a non-linear oxidative trend.
To further prove that the loss of reversibility is a result of charge build-up in the cage originating from the use of the large size electrolyte, TBAPF6 was added to the same solution un~ 166 ~
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der investigation. The small counter-ions introduced into the solution can enter the cavity of
the sphere to compensate the charge build-up. Indeed, cyclic voltammograms of this solution
show that the encapsulated ferrocene fragments, after the addition of small size electrolyte,
undergo reversible oxidation already at slow scan rates (25 mV/s), thus completely regaining
electrochemical reversibility, Figure 9.

Figure 9. Left: cyclic voltammograms for a cage sample containing 24 ferrocene moieties and
large size electrolite to which TBAPF6 was added in solution. Right: semidifferential convolution
plots, showing that reversibility of the ferrocene couple is re-established.

A plot of the semidifferential peak current confirms full reversibility of the system at all scan
rates measured, Figure 10. The linearity of the trend lines indicate that the cage is in homogenous solution during the electrochemical processes.

Figure 10. Plot of the semidifferential peak currents against the scan speed for a cage sample containing 24 equivalents of ferrocene after TBAPF6 has been added to the solution.
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The electrochemical data are in agreement with the hypothesis that the small ions can migrate to/from the cavity of the cage effectively, keeping its net charge constant throughout
the redox processes that occur with the redox-active moieties in its cavity. In stark contrast,
when only electrolyte with a large anion that cannot travel across the cage rim is used, the
redox reversibility of the encapsulated ferrocenes is lost. Interestingly, it is still possible to
oxidize the encapsulated redox-active moieties. It is proposed that after the electrochemical
oxidation of the redox-active moieties inside the cavity of the cage, electrostatic repulsion
causes the ferrocene moieties to physically redistribute at the rim of the cage, similar to what
happens to charges in a Faraday cage. Redistribution of the ferrocene units towards the rim
of the cage could possibly lead to disassembling of the supramolecular structure of the cage.
Nevertheless, loss of reversibility of the ferrocene moieties indicates that the cage does not
simply disassemble. In fact, if that would be the case, the back-reduction of the ferrocenium
moieties should be still detectable at a potential similar to that of the free ferrocene building
block.

As suggested by the partial loss of reversibility at fast scan rates, this redistribution process
is relatively slow, which would be consistent with the physical movement of the ferrocene
units, together with the entire aliphatic chain that holds them, towards the rim of the cage.
After this first reorganization which would be needed to lower the electrostatic field inside
the cavity of the sphere, we propose the existence of a second fast process involving either
reactivity of the ferrocenium moieties or a charge transfer from the cage outer-shell or from
the palladium ions, to the ferrocenium units, although the formation of palladium(III) or
palladium(IV) seems unlikely. Both would lead to non-reversible redox behavior of the ferrocene moieties. Clearly, this second process is caused by accumulation of positive charge.
To further study this effect, a second cage sample containing fewer equivalents of ferrocene
building blocks was prepared and measured under similar conditions, expecting gradual increasing redox reversibility when less ferrocene moieties are present within the cavity of the
cage. In particular, cage samples containing 12 and 1 equivalents of ferrocene building block
were prepared; the latter sample proved to be too diluted (ferrocene concentration 0.04 mM,
as result of cage dilution to avoid its precipitation from solution in the presence of TBA6 during dialysis), hampering detection of the ferrocene wave.
Cyclic voltammograms of the cage sample containing 12 ferrocene moieties display increased
reversibility compared to the more crowded previously described sample, Figure 11.

~ 168 ~

Building charges in M

L 24 nano-spheres.
Does the Faraday principle still hold for molecular objects?
12

Figure 11. Left: cyclic voltammograms for a cage sample containing 12 ferrocene moieties measured in the presence of TBA6. Right: semidifferential convolution plots showing reversibility of
the ferrocene couple even at slow scan rates.

More quantitative information can be obtained from the plot of the semidifferential peak current against the scan speed shown in Figure 12 (left). A reversibility factor can be defined as
the ratio of the forward anodic current and the backward cathodic one as (EpF/ EpB). The average reversibility factor obtained from the nine scan speeds recorded is about 0.79. When
TBAPF6 is added to this cage solution, the reversibility of the process is fully regained, as indicated by the reversibility factor of 1.08, Figure 12 (right).

Figure 12. Plot of the semidifferential peak currents against the scan speed. Left: cage sample
containing 12 equivalents of ferrocene measured in the presence of TBA6. Right: after addition of
TBAPF6 to its solution.
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These results are in line with the hypothesis that the additional reactivity of the ferrocenium
moieties is an effect of the electrostatic repulsion between the oxidized redox active moieties. When the number of ferrocene units is halved, this effect is drastically reduced likely
due a combination of different factors. Assuming a homogenous distribution of the 12 ferrocenes moieties within the cavity of the cage, their relative distance would be roughly doubled
compared to the more crowded cage containing 24 units. As a consequence the electrostatic
repulsion is lowered by a factor of 4. The lower electrostatic repulsion would provide less
driving force for the ferrocene to migrate at the rim of the cage. Nevertheless the effect of the
electrostatic repulsion is still evident at slow scan rates.
Guanidinium Cage
A sample of guanidinium cage containing PF6- counter-ions was loaded with 18 equivalents
of ferrocenyl sulfonate (as mentioned in chapter 4, addition of higher amounts of ferrocenyl
sulfonate causes precipitation of the supramolecular assembly from solution) which gave the
solution a distinct yellow color. Excess TBA6 was added after which this solution was dialyzed as described for the ferrocene containing cages. After 48 hours of dialysis, the yellow
color of the solution remained, indicating the presence of the ferrocene derivative within the
sample, confirming once more the strong binding of sulfonates to the guanidinium functionalized
cage.

After the dialysis, the sample was subjected to electrochemical measurements, revealing the presence of a reversible wave assigned to the oxidation of the ferrocenyl sulfonate. The voltammo-

grams and semidifferential convolution plots are shown in Figure 13. The plot of the semidifferential peak current against the scan speed indicated full reversibility of the event and no
deposition of the compounds at the electrode, Figure 14.
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Figure 13. Left: cyclic voltammograms for a guanidinium cage sample containing 18 equivalents
of ferrocenyl sulfonate measured in the presence of TBA6 after dialysis. Right: semidifferential
convolution plots showing reversibility of the ferrocene couple.

5

Figure 14. Plot of the semidifferential peak current against the scan speed for a guanidinium cage
sample containing 18 equivalents of ferrocenyl sulfonate measured in the presence of TBA6 after
dialysis.

The shape and position of the waves measured are compared to those of the free ferrocenyl
sulfonate and to those obtained for the encapsulated ferrocenyl sulfonate by the guanidinium
cage in the presence of the small size electrolyte TBAPF6. This comparison, shown in Figure
15, evidences the differences in the half-wave potential of the ferrocenyl moiety for the three
different situations (in a semidifferential plot, the half-wave potential corresponds to the
peak potential. Therefore, for a reversible system, anodic and cathodic waves should have
the same peak potential).
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Figure 15. Left: comparison of voltammograms for a sample of free ferrocenyl sulfonate (blue)
and guanidinium cage containing 18 equivalents of ferrocenyl sulfonate in the presence of TBA6
(back) and in the presence of TBAPF6 (red). Right: comparison of their respective semidifferential
convolution plots.

The difference in half-wave potential between the free and the encapsulated ferrocenyl sulfonate, measured in the presence of TBAPF6, is about 150 mV. In the previous chapter we
described a titration experiment of n-butyl-guanidinium into a solution of ferrocenyl sulfonate (Chapter 4, Figure 12) which shows that the half-wave potential of the ferrocenyl moiety is a reflection of the interaction between the sulfonate and guanidinium groups. This
interaction renders the ferrocene moiety less electron-rich and therefore more difficult to
oxidize. A sample of the caged ferrocenyl sulfonate measured in the exclusive presence of
TBA6 displays roughly half of the shift, about 60 mV in the same direction. This would suggest a weaker interaction of the two complementary functional groups. This could be due to
a loss of the cooperative binding of the guanidinium moieties that could be facing the large
cage windows when only the large size anions are present. The experiments suggest also that
the ferrocenyl sulfonates do not leave the cavity of the nano-sphere upon oxidation. This is
indicated by the single wave detected along the back-reduction trace; if some redox probes
would leave the cavity of the cage after the oxidation event, they would be back-reduced at
a potential similar to that of the free ferrocenyl sulfonate. Importantly, the full reversibility
observed for the redox couple indicates that the ferrocenes do not undergo further reactivity
upon the electron transfer.
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Conclusions
In this chapter we have explored the redox chemistry of M12L24 nanospheres functionalized
with 24 redox-active ferrocene units in various electrolyte solutions. In particular, we have
prepared electrolyte material with exceptional large anions that in principle cannot pass the
windows of the spheres. This implies that upon oxidation of the ferrocene at the inside of
the M12L24 sphere, an overall net charge is generated. At normal scan speeds, the oxidation
was indeed demonstrated to be irreversible, which is not observed in the electrochemical
experiment performed in the presence of traditional TBAPF6 electrolyte. Also the addition of
this electrolyte during the electrochemical experiment in the solution of the large electrolyte
restores the typical reversible oxidation behavior of the ferrocene. Interestingly, at high scan
speeds the redox event of ferrocene becomes more reversible, implying that after initial oxidation of the ferrocene units a follow-up reaction is enforced by the electrostatic repulsion
that can be slow on the electrochemical time scale. Also, if the number of ferrocene units is
reduced to 12, similar effects are observed but to a lesser extend; thus at low scan speed the
oxidation is still irreversible. These preliminary results indicate that M12L24 supramolecular
self-assembled cages have similarities to the macroscopic Faraday cage. The data suggest
that charging of the species encapsulated in the cavity of these cages causes electrostatic
repulsion among these redox-active fragments and redistribution of the positive charges toward the outer shell of the cage. Details on the follow-up reaction as a result of the repulsion
are currently lacking, and more insights by studying related systems are needed to fully elucidate how the processes parallel those found for macroscopic Faraday cages.
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Experimental
Materials and methods
General procedures: all synthetic procedures were carried out under an argon atmosphere using
standard Schlenk techniques. All commercially available chemicals were used as received without

further purification. Solvents used for synthesis were dried via the most suitable method, distilled
and degassed. Column chromatography was performed open to air using solvents as received.

Dialysis: Spectra/Por® 3 dialysis membrane, 3.5 kD, 18 mm flat width was cut into 10 cm
pieces, washed with Milli-Q water and let them in Milli-Q water for 30 minutes. The membranes were then rinsed with acetonitrile before they were immersed in acetonitrile for 30
minutes. After a last rinse with a 1:1 mixture of DCM and acetonitrile the membranes were
charged with a 5-10 mL of cage solution containing about 50 equivalents of TBA6. The samples were dialyzed with a 1:1 mixture of DCM and acetonitrile dialysate solution (1 L). The
first dialysate change was done about 2-3 hours, the second one after about 4-5 hours and
the last one prior to leaving the sample to dialyse overnight. Thereafter, the samples were removed from the membrane and filtered through a 200 µm syringe filter. TBA6 was added as
a solid to reach a concentration of 50 mM (excluding the already present TBA6 added before
dialysis), the solution degassed and used for electrochemical measurements.
Electrochemistry: cyclic voltammetry was performed on 1 mM solutions of analyte (unless
otherwise stated) containing 0.1 M tetrabutylammonium hexafluorophosphate or TBA6 as
supporting electrolyte. The voltammograms were recorded using a PG-STAT302 N potentiostat at glassy carbon disk electrode (2 mm diameter). A platinum coil was used as auxiliary
electrode and a leak-free silver electrode (inner compartment 3 M KCl/Ag).

Mass analysis: mass spectra for all compounds were collected on an AccuTOF GC v 4g, JMST100G-CV mass spectrometer (JEOL, Japan).

X-ray crystal structure determination: All reflection intensities were measured at 110(2)
K using a SuperNova diffractometer (equipped with Atlas detector) with Cu Kα radiation
(λ = 1.54178 Å� ) under the program CrysAlisPro (Version 1.171.36.32 Agilent Technologies,
2013). The same program was used to refine the cell dimensions and for data reduction. The
structure was solved with the program SHELXS-2013 or SHELXS-2014/721 and was refined
on F2 with SHELXL-2013 or SHELXL-2014/7. Analytical numeric absorption corrections
based on a multifaceted crystal model were applied using CrysAlisPro. The temperature of
the data collection was controlled using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed at calculated positions using the instructions AFIX 43 or
~ 174 ~

Building charges in M

L 24 nano-spheres.
Does the Faraday principle still hold for molecular objects?
12

AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the
attached C atoms.

X-ray intensities were also measured on a Bruker D8 Quest Eco diffractometer equipped with
a Triumph monochromator (λ = 0.71073 Å� ) and a CMOS Photon 50 detector at a temperature
of 150(2) K. Intensity data were integrated with the Bruker APEX2 software.22 Absorption
correction and scaling was performed with SADABS.23 The structures were solved using intrinsic phasing with the program SHELXT.24 Least-squares refinement was performed with
SHELXL-201344 against F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 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 Ueq of the attached C atoms.
Synthesis of compounds
Synthesis of cage building blocks and cages preparation is reported in Chapter 4 of this thesis.
Compounds 1 and 3 were prepared according to literature procedures.15,25

Compound 2 was prepared according to a literature procedure.16 Because of the large scale
employed in this work a description of the setup is given.

A 4 L beaker was equipped with a cylindrical stirring bar (10 cm diameter, 3 cm tall), a mechanical stirrer and a thermometer. The beaker was placed inside a 20 L plastic bucket filled
with ice and salt. A 1 L, 2 M solution of HCl was added to the beaker and 1 (40 g, 0.11 mol,
1 equiv) was added portionwise. The temperature was allowed to drop to -5 °C before 80
mL of a solution containing NaNO2 (17 g, 0.25 mol, 2.3 equiv) was added dropwise over the
course of 3 hours, being careful to keep the temperature around -5 °C. It is necessary to keep
the temperature of the solution around -5 °C. This requires the frequent addition of ice and
sodium chloride to the plastic bucket. After complete addition, the suspension was stirred
for an additional hour. Calcium carbonate (about 100 g) was then added portionwise to the
mixture,to neutralize the hydrochloric acid solution and the excess unreacted sodium nitrate.
CO2 effervescence and foaming of the suspension render this step time-consuming, nevertheless is it important to check completeness of the neutralization by both pH paper and potassium iodide starch paper to ensure quenching of nitrates. After neutralization a 50 mL solution of NaN3 (16 g, 0.25 mol, 2.3 equiv) is added dropwise. Again it is of primary importance
the temperature of the mixture is kept around -5 °C for the entire time. After the addition
was completed, the mixture was stirred for one hour. The suspension was filtered through
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a buckener funnel. The residue dissolved in ethyl acetate and filtered once more to remove
undissolved excess calcium carbonate. The organic layer was washed with water (2x100 mL),
dried over magnesium sulfate and the solvent removed under vacuum to afford a yellow solid. This solid was divided in three portions, each pre-adsorbed onto silica and plugged with
hexane:DCM 9:1 eluent to afford about 33 g of white solid, 85% yield. Spectroscopic data are
in agreement with the reported values.

Compound 4 was prepared according to a modified literature procedure.15 An oven-dried
round bottom Schlenk flask was charged with 3 (25 g, 74.10 mmol, 1 equiv.) and 300 mL of
dry diethylether. The solution was cooled to -78 °C before nBuLi (29.65 mL of 2.5 M solution
in hexane, 74.10 mmol, 1 equiv) was added dropwise over the course of 20 minutes. After
the addition, the solution was allowed to stir at the same temperature for one hour before
BF3∙Et2O (2.28 mL, 18.53 mmol, 0.25 equiv) was added. The solution was allowed to warm
to room temperature overnight. The solvent was reduced to about 50 mL before 100 mL of
dichloromethane were added. The suspension was filtered through a plug of Celite before
the volatiles removed under vacuum. The residue was dissolved in DCM containing 5% Et2O,
filtered through a plug of Celite before hexane was added to precipitate white solids. The
solids were filtered, washed with hexanes and dried under vacuum (15.9 g, yield 82%). Spectroscopic data are in accordance with the reported values.15
Compound 5: compound 4 (15 g, 14.32 mmol, 1 equiv) was dissolved in 200 mL of THF before a 1 M THF solution of TBAF (114.5 ml, 114.56 mmol, 8 equiv) was added. The solution
was allowed to stir in the dark, at room temperature for 60 hours before it was transferred to
a separatory funnel and washed 10 times with a 10% sodium chloride solution. The organics
were dried over MgSO4 and the volatiles removed under vacuum to afford a waxy solid. The
residue was dissolved in 300 mL of DCM and hexane was added to precipitate white solids.
The solids were filtered, washed with hexanes and dried under vacuum (9.4 g, quantitative
yield). Spectroscopic data are in accordance with the reported values.15

Compound TBA6: A round bottom Schlenk flask was charged with compound 5 (9 g, 13.68
mmol, 1 equiv) and compound 2 (20.76 g, 57.43 mmol, 4.2 equiv). The flask was flushed with
argon before 300 mL of a degassed 1:1 mixture of DCM and THF was added. To this solution
about 300 mg of Cu(OAc)(PPh3)2 catalyst, prepared according to literature procedure was
added.26 The solution was stirred in the dark at room temperature overnight before it was
transferred to a separatory funnel and washed 5 times with a 10% sodium chloride solution
containing concentrated ammonia. The organics were dried over MgSO4 and the volatiles
removed under vacuum to afford a white solid. The residue was dissolved in THF and hexane
was added (about 2/3 of the THF volume) and the flask placed in a -20 °C freezer. The solids
formed were collected and the process repeated two additional times. Eventually the solids
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were filtered, washed with hexanes and dried under vacuum (21.6 g, 75%). 1H NMR (d3MeCN) δ 8.48 (s, 4H), 7.79 (d, J = 8.8 Hz, 8H), 7.64 (d, J = 7.7 Hz, 8H), 7.60 – 7.42 (m, 16H),
7.34 (d, J = 4.3 Hz, 54H), 7.26 (m, 16H), 3.17 – 3.01 (m, 8H), 1.66 – 1.54 (m, 8H), 1.49 – 1.26
(m, 8H), 1.00 (t, J = 7.4 Hz, 12H). 11B NMR (d3-MeCN) δ 6.49. 13C NMR (d2-CD2Cl2) δ 149.9,
147.4, 146.4, 136.3, 135.0, 132.2, 131.2, 130.9, 128.0, 127.8, 126.2, 124.1, 123.7, 123.6, 119.3,
116.8, 64.8, 58.7, 23.7, 19.6, 13.4. HR ESI(neg.)-MS found: 1869.7967 expected: 1869.8016
for the anion C132H96BN12.
Crystallographic details

TBA6: C132H96BN11.89·C16H36N·2.607(CH2Cl2)·1.945(C2H3N), Fw = 2403.32, colorless block,
0.47 × 0.41 × 0.31 mm, Triclinic, P (No: 2), a = 13.89208 (19), b = 23.6892 (4), c = 24.1682
(3) Å� , α = 94.1708 (12), β = 102.7294 (12), γ = 103.9281 (13) o, V = 7463.24 (19) Å� 3, Z =
2, Dx = 1.069 g/cm3, µ = 1.32 mm-1. 94194 reflections were measured up to a resolution of
(sin θ/λ)max = 0.616 Å� -1. 40798 reflections were unique (Rint = 0.042), of which 30499 were
observed [I>2σ(I)]. 1756 parameters were refined with 469 restraints. R1/wR2 [I > 2σ(I)]:
0.0607/0.1686 R1/wR2 [all refl.]: 0.0775/0.1820. S = 1.09. Residual electron density between −0.80 and 1.36 e/Å� 3.
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Appendix

Figure 16. Left: voltammograms for a solution of ferrocene in the presence of TBA6 electrolyte.
Right: semidifferential convolution plots.

Figure 17. Left: voltammograms for a solution of cage containing 12 ferrocene moieties in the
presence of TBA6 electrolyte after addition of TBAPF6 electrolyte. Right: semidifferential convolution plots.

~ 178 ~

Building charges in M

L 24 nano-spheres.
Does the Faraday principle still hold for molecular objects?
12

References
(1)

Leenders, S. H. A. M.; Gramage-Doria, R.; de Bruin, B.; Reek, J. N. H. Chem. Soc. Rev.
2015, 44, 433.

(3)

Horiuchi, S.; Murase, T.; Fujita, M. Chem. Asian J. 2011, 6, 1839.

(2)
(4)
(5)
(6)
(7)
(8)
(9)

(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)

Cullen, W.; Misuraca, M. C.; Hunter, C. A.; Williams, N. H.; Ward, M. D. Nat. Chem.
2016, 8, 231.
Murase, T.; Horiuchi, S.; Fujita, M. J. Am. Chem. Soc. 2010, 132, 2866.
Inokuma, Y.; Arai, T.; Fujita, M. Nat. Chem. 2010, 2, 780.

Inokuma, Y.; Yoshioka, S.; Ariyoshi, J.; Arai, T.; Hitora, Y.; Takada, K.; Matsunaga, S.;
Rissanen, K.; Fujita, M. Nature 2013, 495, 461.
Pluth, M. D.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2008, 130, 11423.
Pluth, M. D.; Bergman, R. G.; Raymond, K. N. Science 2007, 316, 85.

Fujita, D.; Ueda, Y.; Sato, S.; Mizuno, N.; Kumasaka, T.; Fujita, M. Nature 2016, 540,
563.
Tominaga, M.; Suzuki, K.; Kawano, M.; Kusukawa, T.; Ozeki, T.; Sakamoto, S.;
Yamaguchi, K.; Fujita, M. Angew. Chem. Int. Ed. 2004, 43, 5621.

Yokoyama, H.; Ueda, Y.; Fujita, D.; Sato, S.; Fujita, M. Chem. Asian J. 2015, 10, 2292.

Tominaga, M.; Suzuki, K.; Murase, T.; Fujita, M. J. Am. Chem. Soc. 2005, 127, 11950.
Gramage-Doria, R.; Hessels, J.; Leenders, S. H. A. M.; Tröppner, O.; Dürr, M.;
Ivanović-Burmazović, I.; Reek, J. N. H. Angew. Chem. Int. Ed. 2014, 53, 13380.

Wang, Q.-Q.; Gonell, S.; Leenders, S. H. A. M.; Dürr, M.; Ivanović-Burmazović, I.;
Reek, J. N. H. Nat. Chem. 2016, 8, 225.

Türp, D.; Wagner, M.; Enkelmann, V.; Müllen, K. Angew. Chem. Int. Ed. 2011, 50,
4962.

Dzyuba, E. V.; Kaufmann, L.; Löw, N. L.; Meyer, A. K.; Winkler, H. D. F.; Rissanen, K.;
Schalley, C. A. Org. Lett. 2011, 13, 4838.
Toman, J. J.; Corn, R. M.; Brown, S. D. Anal. Chim. Acta 1981, 123, 187.

Dalrymple-Alford, P.; Goto, M.; Oldham, K. B. Anal. Chem. 1977, 49, 1390.
Goto, M.; Ishii, D. J. Electroanal. Chem. 1975, 61, 361.

Daschbach, J.; Blackwood, D.; Pons, J. W.; Pons, S. J. Electroanal. Chem. 1987, 237,
269.
G. M. Sheldrick, Acta Cryst. 2015, C71, 3-8

Bruker, APEX2 software, Madison WI, USA, 2014.

G. M. Sheldrick, S., Universität Göttingen, Germany, 2008.

G. M. Sheldrick, SHELXL2013, University of Göttingen, Germany, 2013.
Witten, B.; Reid, E. E. Org. Synth. 1950, 30, 5.
~ 179 ~

5

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics
(26)

Kalvet, I.; Tammiku-Taul, J.; Mäeorg, U.; Tämm, K.; Burk, P.; Sikk, L. ChemCatChem
2016, 8, 1804.

~ 180 ~

Building charges in M

L 24 nano-spheres.
Does the Faraday principle still hold for molecular objects?
12

5

~ 181 ~

P

roton preorganization
effect in M 12 L 24

nano-spheres containing
hydrogenase mimics

6

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics

Introduction
Hydrogenases are fascinating metalloenzymes, because they can reversibly convert protons into
molecular hydrogen with virtually no overpotential, yet their active site only contains abundant

metals such as iron and nickel.1 This reversible interconversion is of great interest in view of the
transition from our current fossil fuel-based society to one that is powered by renewable energy

sources.2 In particular, fuel cells need catalysts for hydrogen oxidation, while water-splitting de-

vices require proton reduction catalysts for the formation of dihydrogen in a sustainable fashion.
For both reactions the best synthetic catalysts are based on scarce metals such as platinum and
iridium, but the hydrogenase enzymes outperform even those synthetic catalysts.3 The natural

systems, but in particular the iron-iron hydrogenases, have thus been subject of intense studies

to discover the detailed operational mechanism and the key features that render these enzymes
superb catalysts. Mechanistic studies on hydrogenase enzymes revealed an important function

for the internal proton relay,4 i.e. the amine moiety in the azadithiolate bridge, and for the Fe4S4
cluster ligated to the proximal iron of the H-cluster, which functions as electron reservoir. In parallel, many groups around the world made synthetic analogues of the active site at which the actual

proton reduction takes place.5 Many different compounds have been prepared, based on readily
accessible di-iron di-sulfur hexacarbonyl complexes,6 and variations can be prepared by exchange

of one or more carbonyls for different ligands. Installment of proton relay moieties has been suc-

cessfully achieved and demonstrated to improve the catalytic function of the synthetic models.7
Less attention has been given to the redox-active Fe4S4 cluster, nevertheless recent work on syn-

thetic models with appended electron reservoirs demonstrated that also such function changes
the catalytic properties.8-10 Interestingly, despite all efforts, up to now there are no synthetic mim-

ics that can perform the proton reduction reaction at low overpotential. This suggests that the

protein environment, i.e. the second coordination sphere around the active site, may play a more
important role than initially anticipated.11 Recent experiments, in which synthetic mimics of the
active site are installed in the inactive apo-hydrogenase enzyme, show full competence enzymatic
activity, hinting at the importance of the protein matrix or second coordination sphere around

the H-cluster.12 In this work we investigated the influence of the second coordination sphere by

mimicking the protein matrix using a synthetic nano-sphere. A self-assembly strategy was used
to install mimics of the hydrogenase active site into a specific nano-environment by generating

M12L24 nano-spheres based on mixtures of different ditopic bis(pyridyl) building blocks.13-16 The

hydrogenase models are still electrocatalytically active for proton reduction, and importantly, we
demonstrate for the first time that by changing the second coordination sphere around the synthetic catalyst, proton reduction catalysis takes place at lower overpotential.
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Strategy
In order to mimic the protein matrix around the catalyst and create a nano-environment able to
effectively preorganize protons around di-iron hydrogenase models, modified M12L24 Fujita-type

cages are employed. Such cages provide sufficiently large space within their cavity that can be easily decorated with various customized functional groups.

Two main different approaches of introducing hydrogenase models into the nano-cages have been

explored, i) the catalyst is encapsulated into the pre-assembled cage through supramolecular in-

teraction of complementary functional groups and ii) the catalyst is covalently connected to the
cage building block prior to cage formation. Self-assembly of mixtures of catalyst functionalized
building block and unfunctionalized building block affords cages with encapsulated catalyst.

Common to both strategies is a building block functionalized with a group carrying acidic protons,
which are the substrate for the proton reduction reaction. Figure 1 schematically represents the
strategies envisioned.

6

Figure 1. Schematic representation of the two different strategies envisioned to introduce a second coordination sphere around synthetic models of the iron-iron hydrogenases.

The synthon for the acid functionalized building block features a short aliphatic chain terminated with a tertiary amine moiety. This base is about five orders of magnitude stronger
than the pyridyl moieties present on the building block,17 therefore its selective protonation
should be achieved rather easily. As the tertiary ammonium moiety is a weaker acid than the
pyridinium, the presence of the acidic proton should not interfere with the self-assembly
process. A sulfonated di-iron catalyst is then encapsulated by electrostatic interaction of the
two complementary functional groups; ammonium moieties and sulfonate group.
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Regarding the covalently encapsulated di-iron model, a short aliphatic linker connects the
building block to a monocarboxylic acid benzenedithiolate di-iron complex through an amide
bond coupling.
In both described approaches, the hydrogenase model would be effectively encapsulated into
a nano-confined space. Furthermore, protons are effectively preorganized around the catalyst within the nano-environment defined by the cage structure. Electrons, the other substrate the catalyst needs to evolve hydrogen, are provided by electrochemical means. Figure
2 provides a graphical representation of the two model systems.

Figure 2. Representation of the two systems that will be described. Top: encapsulation of a sulfonated di-iron model into a preassembled ammonium cage. Bottom: encapsulation of the di-iron
catalyst through covalent bonding into a cage containing acidic moieties.
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Results and discussion
Synthesis and characterization of building blocks
The acid functionalized building block, BBNH+ was prepared in three steps according to Scheme
1. A Williamson reaction between 2,6-bibromophenol and 3-chloro-N,N-dimethylpropan-1-amine
afforded 1 in quantitative yield. A palladium catalyzed Sonogashira reaction was carried out to

introduce the ethynylpyridine moieties. The resulting building block 2 was treated with sub-stoichiometric amounts of pyridinium hexafluorophosphate in acetonitrile. As pyridinium has a pKa

value about five times higher that ammonium, it selectively transfers the proton to the di-methyl

amine fragment. Precipitation of BBNH+ by addition of diethyl ether afforded the clean desired
building block in qualitative yield.

Scheme 1. Synthetic route for the preparation of the ammonium containing building block,
BBNH+.

Crystals suitable for X-ray diffraction were grown by slow diffusion of diethyl ether layered
over an acetonitrile solution of BBNH+. The
solid state structure confirms the selective
protonation of the tertiary amine, leaving the
pyridines free for coordination with metal
ions during cage self-assembly. The presence
of the acidic proton bound to the amine group
was established by the clear presence of residual electron density in the difference Fourier map around the amino nitrogen. Such
residual electron density was not observed in
the proximity of the pyridine nitrogen atoms.
Figure 3. X-ray crystal structure for BBNH+.
Ellipsoids are set at 50% probability.
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Preparation of the di-iron hydrogenase functionalized building block, Fe2BB was achieved in
two steps according to Scheme 2. The di-iron model featuring a mono-carboxylic acid benzenedithiolate bridge, 4 was prepared according to the synthesis route described in Chapter
2. Complex 4 was reacted with excess HATU in the presence of base and the resulting HATU
activated di-iron ester was isolated by chromatography. Although this time-consuming step
is typically avoided as the HATU intermediate is reacted in situ with a primary amine, for the
current reaction it is essential. When this step is carried out, cleaner crude reaction mixtures
and higher yields are obtained in the following step. The pure HATU-activated carboxylic acid
5 is thus reacted in DCM with the building block precursor 3, which was treated with excess
DIPEA prior to the reaction. Preparation of building block 3 has been described in Chapter 4.
The reaction affords the desired di-iron containing building block in moderate yield after
chromatography purification.

Scheme 2. Synthetic route for the preparation of the di-iron functionalized building block, Fe2BB.

A third building block, BBH, is also prepared featuring a non-acidic aromatic proton at the
endohedral position of the ditopic bis(pyridyl) building block. The preparation of BBH is
straightforward, involving a palladium catalyzed Sonogashira reaction between 1,3-dibromobenzene and 4-ethynylpyridine to afford the desired product, Scheme 3.

Scheme 3. Synthetic route for the preparation of the unfunctionalized building block BBH.
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The di-iron hydrogenase model compound featuring a sulfonate group was prepared by reaction of the dichlorobenzenedithiolate parent hexacarbonyl complex18 6 and 3-(diphenylphosphino)benzenesulfonate tetrabutylammonium salt,19 both prepared according to literature procedures. The reaction is performed in dichloromethane in the presence of the
decarbonylating agent Me3NO, dissolved in minimal amount of acetonitrile before the addition to the reaction mixture. Addition of hexanes to the crude mixture caused precipitation of
complex 7, which is obtained after filtration and washing with hexanes in 78% yield, according to Scheme 4.

Scheme 4. Synthetic route for the preparation of the sulfonate containing di-iron complex 7.
The building blocks prepared and the di-iron complex 7 have been characterized by 1H, 13C and
DOSY NMR spectroscopy. NMR data are in agreement with the expected signals and values of the

diffusion coefficients. High resolution mass data to confirm the molecular weight and the elemental composition were also obtained, in all cases within 5 ppm error range.

Preparation and characterization of M12L24 cages
Supramolecular catalyst encapsulation
The cage containing 24 endohedral acidic moieties (ammonium cage) was prepared similarly as

reported in literature for other M12L24 cages, 24 equivalents of BBNH+ were mixed with 12 equiva-

lents of a palladium source in MeCN-d3 and the mixture was stirred overnight at 45 °C.16 1H NMR
of the resulting solution suggests quantitative formation of the expected M12L24 supramolecular

assembly as indicated by the shift of the pyridyl protons by roughly 0.4 ppm to lower fields and
by the symmetry of the spectrum. 1H DOSY NMR, shown in Figure 4, confirms the formation of a

singular diffusing species with a logD value of -9.5 m2s-1, which corresponds to a structure that is
considerably larger (around 5 nm diameter) than the free diffusing building block BBNH+, which
displays a logD value of -8.8 m2s-1.
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Figure 4. 1H DOSY NMR overlap for BBNH+, showing a single diffusing species with a logD of -8.8
m2s-1 and a palladium cage [Pd12(BBNH+)24]48+, showing a single diffusing species with a logD of
-9.5 m2s-1, in MeCN-d3 at 25 °C.

After cage self-assembly, the sulfonated di-iron catalyst 7 is conveniently encapsulated into
the cavity of the cage by simply dissolving it in the same cage solution. The encapsulation is
driven by supramolecular interactions between the sulfonate groups and the ammonium
moieties present within the cavity of the cage, schematically represented in Figure 5.

Figure 5. Schematic representation of ammonium cage self-assembly and catalyst 7 encapsulation by supramolecular interactions between the sulfonate and ammonium groups.

Catalyst encapsulation can be monitored through 1H NMR titration experiments, shown in
Figure 6. Encapsulation is suggested by the broadening of the cage peaks with increasing
equivalents of catalyst in solution. Encapsulation is further indicated by the shifting of the
signals of the aliphatic chain that connects the ammonium moiety to the rest to the building
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block. In addition, very small shifts are observed for the pyridyl moieties (indicated by black
lines). In particular, the signal attributed to the acidic proton present on the quaternary nitrogen moiety shifts from about 7.6 to almost 9.5 ppm, which is in line with the expected interaction between the two complementary functional groups. Appearance of a new set of
signals is observed (red lines), consistent with the signals expected for complex 7. These
signals only shift to a small extend compared to the free compound. It is noted that after the
addition of about 20 equivalents of di-iron complex 7, some precipitate appears rendering
further analysis problematic.

Figure 6. H NMR titration of complex 7 into a solution of ammonium cage [Pd12(BBNH+)24] .
The black lines indicate shifting of signals belonging to the cage while the red lines indicate the
appearance of the encapsulated complex 7.
1

48+

A 1H DOSY experiment of an ammonium cage sample, [Pd12(BBNH+)24]48+, in the presence
of ten equivalents of complex 7 shows a single diffusing species with logD value of about
-9.4 m2s-1, as shown in Figure 7. The signals belonging to the catalyst, in particular the one
at 6.2 ppm, have the same diffusion coefficient as those that belong to the cage, confirming
encapsulation of the hydrogenase mimic. As this DOSY signal is not significantly broadened
over a large rage of D values, the encapsulation equilibrium is likely to be shifted towards the
encapsulated species. Exchange, if present, is slow on the NMR timescale. A second set of signals is present in the 1H DOSY spectrum with a lower diffusion coefficient, logD value about
-8.8 m2s-1. This species is consistent with tetrabutylammonium ions liberated after complex
7 is encapsulated.
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Figure 7. 1H DOSY NMR in MeCN-d3 at 25 °C for an ammonium cage [Pd12(BBNH+)24]48+ containing ten equivalents of complex 7, showing a single diffusing species with logD of -9.4 m2s-1. This
diffusing species contains the signals for both the ammonium cage and complex 7 (signal at 6.2
ppm while the other signal for this complex overlap to the cage signals). A second diffusing species is present with a logD of -8.8 m2s-1 consistent with tetrabutylammonium ions liberated upon
complex 7 encapsulation.

A first striking advantage of catalyst encapsulation is showcased by the gained stability of
the di-iron hydrogenase model. While the catalyst decomposes rather fast (within one hour)
when dissolved in aerobic acetonitrile solutions, its stability is drastically increased when
the ammonium cage is present in solution (several days without any apparent decomposition under daylight and atmospheric conditions), further confirming the successful encapsulation. Preventing oxygen intolerance is a major advantage for proton reduction catalysts,
especially for practical applications.20
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Covalent catalyst encapsulation
Preparation of the covalently encapsulated di-iron model complex, surrounded by acidic
moieties, is achieved by mixing BBNH+ with Fe2BB in the desired ratio, in the presence of a
palladium source, as shown schematically in Figure 8. After stirring the mixture in MeCN-d3
overnight at 45 °C a clear solution of the mixed cage is obtained.*

Figure 8. Schematic representation of the formation of [Pd12(Fe2BB)n(BBNH+)24-n](48-n)+ cages
containing both di-iron functionalized building blocks and ammonium functionalized building
blocks. The di-iron di-sulfur cores of the hydrogenase mimics are represented in orange and yellow CPK-style.

The formation of the large supramolecular assembly is again supported by the pyridyl shifts
in 1H NMR and by 1H DOSY NMR, shown in Figure 9. DOSY NMR displays a single diffusing
species which presents the signals belonging to both building blocks used. The logD value of
about -9.3 m2s-1 indicates the formation the desired species. Figure 9 shows a DOSY overlay
for mixed cage sample together with Fe2BB and BBNH+ DOSY experiments measured under
identical conditions.

* It is noted the when two different types of building blocks (generically L) are mixed together for
the self-assembly process, a statistical distribution of different cage assemblies is obtained; the
major cage species being the one resembling the ratio of building block chosen. In this chapter,
a maximum of five equivalents of Fe2BB are used for the cage self-assembly. This ratio affords
quantitatively cage samples. From here, the notation [Pd12(L1)n(L2)24-n]m+ will be used referring to
a solution that contains a mixture of different cage assemblies in which the major species in solution is the one that resembles the ratio of the building blocks chosen.
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Figure 9. Overlay of 1H DOSY NMR in MeCN-d3 at 25 °C for a mixed cage of the type
[Pd12(Fe2BB)5(BBNH+)19]43+ with logD of -9.3 m2s-1 (top). This diffusing species contains the signals for both the ammonium functionalized building block and for the di-iron functionalized building block. The Fe2BB shows a logD value of -8.9 m2s-1 (middle) and BBNH+ shows a logD value
of -8.8 m2s-1.

A different cage sample containing the iron-iron model complex was also prepared by mixing
Fe2BB and BBH building blocks to obtain the assembly [Pd12(Fe2BB)5(BBH)19]24+. Also in
this case both 1H NMR and DOSY NMR, shown in Figure 10, indicate the formation of the desired large assembly.

Figure 10. 1H DOSY NMR in MeCN-d3 at 25 °C for a mixed cage of the type [Pd12(Fe2BB)5(BBH)19]24+
with logD of -9.3 m2s-1.
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Electrochemistry
Ammonium cage
The di-iron complex 7 was subjected to electrochemical investigations in acetonitrile solution in

the presence of tetrabutylammonium hexafluorophosphate as electrolyte, to elucidate its redox

behavior and catalytic properties, the typical voltammograms are plotted in Figure 11. Complex 7

displays a non-reversible one-electron reduction event at -1.1 V as indicated by semi-integrative

convolution analysis in the presence of stoichiometric amounts of ferrocene. Following this first
wave, a second event is detected at -1.4 V, consistent with the reduction of the bis-phosphine sub-

stituted di-iron complex originating from a disproportionation reaction of the mono-reduced

complex. Similar behavior has been observed and described in Chapter 2 of this thesis for related
mono-phosphine substituted benzenedithiolate di-iron complexes. Semiderivative convolution

analysis of the voltammogram indicates the extent of disproportionation is minor, in the order of

about 20%, Figure 11. Spectroelectrochemistry coupled with IR confirms the disproportionation
event upon mono-reduction of 7, Figure 12 .

6

Figure 11. Cyclic voltammogram for complex 7 (black line) and its semiderivative convolution
plot (red line).
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Figure 12. Spectroelectrochemistry coupled with IR for complex 7 showing disproportionation.
Red circles signals are assigned to the bis-phosphine neutral di-iron complex while the blue
squares are assigned to the doubly reduced species [Fe2(Cl2bdt)(CO)6]2-

Sequential addition of an external acid (HNEt3PF6) causes the appearance of a new catalytic
peak around -1.65 V that is associated with hydrogen evolution, Figure 13. This set of experiments briefly shows that complex 7, although displaying minor side reactivity upon monoreduction, can perform proton reduction in the presence of external weak acids. The redox
and catalytic behavior are in agreement with similar complexes described in Chapter 2 of this
thesis, following an ECEC catalytic mechanism.

Figure 13. Voltammetric response for complex 7 in the absence (black line) and presence of increasing amounts of the weak acid with acid HNEt3PF6.
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Next, a solution of ammonium cage, [Pd12(BBNH+)24]48+ is subjected to electrochemical measurement in the presence of one equivalent of di-iron complex 7. The voltammogram features two sharp peaks at -1.6 and -1.7 V followed a third broad reduction around -2.0 V, Figure 14 (left). The first sharp peak at -1.6 V is not present when the ammonium cage alone is
subjected to reductive potentials. The shape of the waves would immediately suggest multielectron processes typically associated with electro-deposition of material at the surface of
the electrode. Nevertheless, consecutive voltammograms perfectly overlap to one another
suggesting that the surface of the electrode remains rather clean. Regardless of this observation, decomposition of this cage system at the surface of the electrode cannot be excluded.
Interestingly, a comparison of the voltammograms obtained for the free diffusing catalyst 7
in the presence of external acid and the voltammogram obtained for the encapsulated species at the cavity of the ammonium cage, shows that the first sharp peak at -1.6 V has a similar
redox potential to that of the proton reduction catalytic wave displayed by complex 7, Figure
14 (right). This peak, indicating a multi-electron event, is in principle compatible with a catalytic process where diffusion of substrates to the catalyst does not play any significant role,
with substrates being quickly and completely consumed. As for the system under study, the
di-iron catalyst is surrounded by 24 equivalents of substrates (acidic ammonium ions) that
can be promptly converted into hydrogen by the di-iron catalyst, thereby quickly consuming
24 electrons. Therefore the sharp peak is consistent with actual fast catalysis operated by the
encapsulated catalyst.

Figure 14. Left, voltammetric comparison for a solution of ammonium cage [Pd12(BBNH+)24]48+
and for the same sample where one equivalent of catalyst 7 is added in solution. Right: voltammetric comparison between the ammonium cage with one equivalent of complex 7 and the catalytic
response observed for complex 7 in the presence of external acid.

~ 197 ~

6

Second coordination sphere effects
in [FeFe]-Hydrogenase mimics
In a different experiment, a solution of the ammonium cage, in the presence of one equivalent
of catalyst 7 but with no additional external acid added, was subjected to electrolysis at constant potential (-1.75 V vs. Ag/AgCl) in a two-compartment cell equipped with a carbon
sponge working electrode and a platinum coil counter electrode separated from the main
solution by a glass frit. The electrochemical response was monitored in time, showing a typical logarithmic decay indicating no apparent deposition of material at the electrode. Hydrogen evolution was monitored by in-line GC analysis. After about 20 minutes, white precipitate
started to appear. At this point, integration of the gas chromatograms revealed that about
40% of the protons originally present within the cavity of the cage had been converted into
hydrogen. Furthermore integration of the amperometric plot indicates the consumption of
about 6.25 C (only 5.55 C were necessary to evolve the hydrogen detected) which accounts
for a faradaic efficiency of around 88%, indicating that most of the electrons are used for
hydrogen evolution, Figure 15.

Figure 15. Amperometric plot for the ammonium cage [Pd12(BBNH+)24]48+ in the presence of one
equivalent of catalyst 7 (black line) and its integral. No additional external acid was added. At time
1500 s, about 40% of the acidic protons present at the cavity of the cage were converted into hydrogen with a faradaic efficiency of about 88%.

The set of experiments described here suggests that the di-iron catalyst is still active for
proton reduction when encapsulated by the supramolecular assembly, as suggested by the
combination of voltammetry and electrolysis. The precipitate observed during the electrolysis experiment was not analyzed. Addition of external acid to the solution of ammonium cage
containing catalyst 7 afforded unclear voltammograms that were difficult to interpret.
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Covalent hydrogenase encapsulation
First, the electrochemical behavior of the di-iron functionalized building block Fe2BB was
investigated to gain insights into its redox properties. In acetonitrile solution, Fe2BB displays
a single reversible reduction event at -0.91 V, as shown in Figure 16 (left), which is consistent
with a two-electron process as suggested by semi-integral convolution plot in the presence of
stoichiometric amounts of ferrocene and by the iso-point method.21 A plot of the peak current
against the square root of the scan rate shows a linear trend, indicating that the complex does
not deposit onto the electrode during the voltammetric scan, Figure 16 (right). Nevertheless,
the oxidative scan displays a slight deviation from linearity that could be associated with a
small deviation of the electron transfer coefficient α. Importantly, the experiment suggests
no apparent decomposition nor irreversible modification of the di-iron core upon the reductive event. Furthermore, it shows that the ditopic bis(pyridine) building block does not feature any redox process in the electrochemical window measured which coincides to the window where proton reduction would be expected. Spectroelectrochemical measurements
coupled with IR, shown in Figure 17, confirm formation of the di-reduced di-iron complex,
suggesting that the pyridyl moieties do not interfere with the reduced metal ions.

6

Figure 16. Left: voltammetric response for a solution of Fe2BB at different scan speeds. Right:
plot of the peak current against the square root of the scan speed indicating no significant decomposition at the electrode surface.
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Figure 17. IR coupled spectroelectrochemical measurement for Fe2BB showing the bleaching of
carbonyl peaks of the neutral complex and the appearance of the doubly reduced species.

Sequential addition of the weak acid HNEt3PF6, which is not sufficiently strong to protonate
the pyridyl groups or the non-reduced iron-iron bond, causes the appearance of a new catalytic peak at potentials around -1.6 V vs. Ag/AgCl, Figure 18. The back-oxidation trace displays decreased reversibility for the peak around -0.9 V, indicating fast protonation of the
di-reduced Fe2BB, even when low equivalents of acid are present. The behavior displayed is
consistent with that observed for benzenedithiolate di-iron hexacarbonyl species. The experiment suggests that the di-iron functionalized building block is stable under reductive
conditions in the presence of weak acid within the electrochemical window of interest. The
di-iron fragment, although it is covalently connected to the building block scaffold, is still able
to perform the proton reduction reaction.

Figure 18. Voltammetric response for a solution of Fe2BB in the absence (black line) and presence of external weak acid.

~ 200 ~

P roton preorganization effect in
M12L 24 nano-spheres containing hydrogenase mimics
Next, Fe2BB is introduced in the large supramolecular cage assemblies. The first cage to be ana-

lyzed is of the type [Pd12(Fe2BB)5(BBH)19]24+, where BBH is the standard ditopic bis(pyridine)
cage building block featuring a non-acidic aromatic proton at the endo position. The voltammo-

gram for this cage sample shows a reduction event around -0.9 V consistent with the reduction of
the di-iron moiety, as shown in Figure 19 (left). Contrary to the free diffusing Fe2BB this peak is
not reversible, suggesting a follow-up decomposition of the encapsulated di-iron core. Neverthe-

less, spectroelectrochemical investigation coupled to IR, where the reductive sweep was stopped
around -1.0 V vs. Ag/AgCl - a potential just sufficient to reduce the di-iron core - revealed bleaching

of the neutral species together with the appearance of the doubly reduced di-iron core, Figure 19
(right). This suggests that the non-reversibility observed during the voltammetric scan is induced
by a later redox event, likely involving decomposition of the cage. Indeed, if the potential range
-1.3 to -1.8 V is entered, deposition of material at the surface of the electrode is observed and polishing of the latter is essential to restore the voltammetric response.

6
Figure 19. Left: voltammetric comparison for a solution of cage [Pd12(Fe2BB)5(BBH)19]24+ (black
line) and for the free diffusing Fe2BB (red line). Right: IR coupled spectroelectrochemical measurement for the cage sample [Pd12(Fe2BB)5(BBH)19]24+ showing the appearance of the doubly
reduced di-iron species.

Addition of external acid to this cage solution causes the appearance of a new peak at -1.35
V. This peak slightly increases in intensity when additional equivalents of acid are added,
suggesting a proton reduction event. The increase in the intensity of this peak would suggest
that the external acid can enter the cage void but this process appears to be rather slow as
indicated by the very modest peak current increase and by the diffusion limited shape of the
catalytic wave, Figure 20.
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Figure 20. Voltammetric response for the cage sample [Pd12(Fe2BB)5(BBH)19]24+ in the absence
(black line) and presence of external acid, HNEt3PF6.

Interestingly, comparison of this catalytic peak potential to the catalytic peak potential obtained for the free diffusing Fe2BB reveals a potential shift of about 200 mV towards anodic
values, The local environment around the catalyst apparently lowers the overpotential for
the catalytic proton reduction reaction. Nevertheless the encapsulated di-iron complex is
only capable of limited turnover frequency (estimated kcat roughly 1 s-1). This is attributed to
the slow diffusion of protons to the cavity of the cage. The unfavorable encapsulation of external acid could be due to electrostatic repulsive interactions as the cage is highly positively
charged.

The second di-iron containing cage analyzed features BBNH+ building blocks with acidic
quaternary ammonium moieties that should effectively preorganize proton substrates
around the di-iron catalysts, circumventing the slow diffusion of external acid to the encapsulated catalytic centers. The [Pd12(Fe2BB)5(BBNH+)19]43+ cage can be prepared in a 0.2 mM
concentration but it is noted that when electrolyte (TBAPF6) is added to this solution, copious
amount of precipitate appears. Therefore, to avoid such undesired event, the cage solution is
diluted about ten times, thereby yielding a concentration of the encapsulated di-iron moiety
of about 0.1 mM. When this cage solution is subjected to electrochemical analysis, the voltammogram displays a broad reduction event with a first peak at -1.28 V and a second peak at
-1.56 V vs. Ag/AgCl, as shown in Figure 21 (left). The expected peak current for the reduction
of the di-iron complex, predicted by Randles–Sevcik equation, is only roughly -1.6 µA, given
the di-iron concentration and cage diffusion coefficient obtained from 1H DOSY NMR. Such
small current cannot be clearly distinguished in the voltammogram obtained. As the di-iron
complex is present in such low concentration, the broad reduction event observed around
-1.28 V with a peak current of -25 µA would suggest a catalytic reduction event. Comparison
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of this peak to the catalytic wave obtained for the [Pd12(Fe2BB)5(BBH)19]24+ cage indicates
that the two reduction events are rather similar in terms of potential. Furthermore, addition
of increasing equivalents of external acid to this same cage solution reveals a current increase of the peak at -1.28 V, suggesting that the process involves proton reduction, Figure 21
(right).

Figure 21. Left: voltammetric response for the cage [Pd12(Fe2BB)5(BBNH+)19]43+ (black line) and
comparison to the free diffusion Fe2BB (red line) in the absence of external acid. Right: voltammetric response for the cage [Pd12(Fe2BB)5(BBNH+)19]43+ in the absence (black line) and presence
of increasing amounts of external acid, HNEt3PF6.

When about 30 equivalents of external acid are present in solution the voltammogram displays and S-shaped catalytic wave, indicating pure kinetic conditions with negligible substrate consumption. From such voltammogram, the apparent catalytic rate constant can be
obtained utilizing the DuBois method shown in Equation 1.22 The catalytic rate constant observed for the encapsulated di-iron catalyst is found to be in the order of 170 s-1, about ten
times slower than the free diffusing Fe2BB species, for which the rate constant was extrapolated from foot-of-the-wave analysis23 (FofW) in the presence of an equal acid concentration.
Most importantly, the rate constant for this system, which features preorganization of proton
substrates around the catalyst within the nano-confined space defined by the cage, is about
200 times higher than the cage system [Pd12(Fe2BB)5(BBH)19]24+ where the protons have to
diffuse to the catalyst. This underlines the importance of substrate preorganization and proton relays in general, for proton reduction catalysis.

Equation 1. DuBois method to determine kcat under pure kinetic conditions
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Comparing the voltammograms obtained for the free Fe2BB in the presence of acid with
those obtained for the cage sample [Pd12(Fe2BB)5(BBNH+)19]43+, either in the absence or
presence of external acid, reveals that the catalytic half wave potential (E½cat) is shifted from
about -1.43 V to roughly -1.22 V, Figure 22 (left). Encapsulation of the di-iron catalyst within
the larger cage assembly leads to a reduction of the overpotential required for proton reduction catalysis by about 200 mV. The catalyst in the supramolecular assembly has an overpotential for the proton reduction reaction of about 400 mV, clearly visualized in the Tafel plots,
shown in Figure 22 right.

Figure 22. Left: comparison for the cage [Pd12(Fe2BB)5(BBNH+)19]43+ in the absence (black line)
and presence of increasing amounts of external acid, HNEt3PF6, and free diffusing Fe2BB in the
presence of ten equivalents of external acid (red line). Right: comparative Tafel plot for the free
diffusing Fe2BB and for the cage sample [Pd12(Fe2BB)5(BBNH+)19]43+.

Interestingly, the encapsulation of the di-iron catalyst leads to a reduction of the overpotential, for both cages investigated, [Pd12(Fe2BB)5(BBNH+)19]43+ and [Pd12(Fe2BB)5(BBH)19]24+.
This suggests that the effect is unrelated to the presence of the acidic moieties within the
cage assembly or to the total charge of the cage assembly. Nevertheless, preorganization of
proton substrates within the cavity of the supramolecular assembly proved to have a beneficial effect as it allows for higher turnover frequencies, underling the importance of proton
relays around the di-iron moiety.
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Conclusions
In this work we have shown two general methods to encapsulate synthetic di-iron hydrogenase models into supramolecular self-assembled M12L24 cages, thereby controlling the second coordination sphere around such proton reduction catalysts. Encapsulation of the proton reduction catalysts into such confined environment can lead to interesting effects such
as higher catalytic rates due to proton preorganization. Most importantly, we have shown
for the first time that changing the local environment around the catalysts has a significant
impact on the catalytic overpotential, suggesting that the second coordination sphere around
hydrogenase mimics plays an important role in their catalytic function. The strategy presented in this work allows for closely mimicking the essential amino acid residues found around
the structure of the natural H-cluster. Introduction of synthetic mimics of such residues into
the nano-environment provided by the M12L24 cages could be a key factor to further lower the
operational overpotential of the synthetic models, finally approaching enzymatic rates and
efficiencies.
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Experimental
Materials and methods
General procedures: all synthetic procedures were carried out under an argon atmosphere
using standard Schlenk techniques. All commercially available chemicals were used as received without further purification. Solvents used for synthesis were dried via the most suitable method, distilled and degassed. Column chromatography was performed open to air
using solvents as received.
Electrochemistry: Cyclic voltammetry was performed on 1 mM solution of analyte (unless
otherwise stated) containing 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte. The voltammograms were recorded using a PG-STAT302 N potentiostat at
glassy carbon disk electrode (2 mm diameter). A platinum coil was used as auxiliary electrode and a leak free silver electrode (inner compartment 3 M KCl/Ag).

Electrolysis experiment were carried in a two compartment cell using Duocel® reticulated
vitreous carbon foam as working electrode (used as received from ERG Aerospace Corporation) and a leak free silver electrode (inner compartment 3 M KCl/Ag). Platinum auxiliary
electrode was separated from the main solution by a P4 glass frit. Both compartment contained 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte.
Spectroelectrochemistry was performed in an optically transparent thin layer Ottle cell with
platinum working electrode, platinum auxiliary electrode and silver wire as reference electrode, containing 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte.

Hydrogen detection: The bulk electrolysis setup was connected to an in-line GC (Interscience CompactGC equipped with molecular sieve column and TCD detector, argon gas was
used as carrier). The head-space of the cell was sampled every 2 minutes. The integrals for
hydrogen peaks were compared to a calibration curve obtained using the same setup and
buffer volume.
Mass analysis: mass spectra for all compounds were collected on an AccuTOF GC v 4g, JMST100G-CV mass spectrometer (JEOL, Japan).

X-ray crystal structure determination: X-ray intensities were measured on a Bruker D8
Quest Eco diffractometer equipped with a Triumph monochromator (λ = 0.71073 Å� ) and
a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity data were integrated
with the Bruker APEX2 software.24 Absorption correction and scaling was performed with
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SADABS.25 The structures were solved using intrinsic phasing with the program SHELXT.24
Least-squares refinement was performed with SHELXL-201326 against F2 of all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 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 Ueq of the attached C atoms.
Synthesis of compounds

Synthesis of compound 1: A round bottom Schlenk flask was charged with 4.03 g of 2,6-dibromophenol (1 equiv, 16 mmol) and 11 g of K2CO3 (5 equiv, 80 mmol). To this mixture was
added 100 mL of dry and degassed DMF, followed by slow addition of 2.53 g of 3-chloro-N,Ndimethylpropan-1-amine hydrochloride (1 equiv, 16 mmol). The mixture was stirred overnight at 90 °C before being cooled to room temperature and the volatiles removed under
reduced pressure. To the residue, 100 mL of water were added and the suspension extracted
with dichloromethane (4x50 mL) then dried over MgSO4 and the volatiles removed under
vacuum. The crude mixture, whether needed can be purified by silica column chromatography with ethylacetate:triethylamine 99:1 to afford 5.38 g of 1 in quantitative yield. 1H NMR
(CD2Cl2, ppm) δ 7.55 (d, J = 8.0 Hz, 2H), 6.91 (t, J = 8.0 Hz, 1H), 4.08 (t, J = 6.6 Hz, 2H), 2.53 (t,
J = 7.2 Hz, 2H), 2.26 (s, 6H), 2.05 (p, J = 6.8 Hz, 2H).

Synthesis of compound 2: A round bottom Schlenk flask was charged with 1, 1.85 g (1
equiv, 5.50 mmol), 1.9 g of 4-ethynylpyridine hydrochloride (2.6 equiv, 14.3 mmol) and 42
mg of CuI (0.22 mmol). The flask was flushed with argon before a degassed mixture of 40 mL
of dioxane and 10 mL of triethylamine was added. A separate Schlenk flask was charged with
126.6 mg of Pd(PhCN)2Cl2 (0.33 mmol) and 191.5 mg of P(tBu)3∙HBF4 (0.66 mmol). To this
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mixture, 5 mL of triethylamine and 10 mL of dioxane were added. This mixture was stirred
for five minutes before it was transferred to the first flask by syringe. The mixture was stirred
at 45 °C overnight then cooled to room temperature, quenched with water and extracted
with ethyl acetate (4x50 mL). The organics were washed with water (2x50 mL) and brine
(2x50 mL) then dried over MgSO4 and the volatiles removed under vacuum. The residue was
purified by silica column chromatography with ethyl acetate:trimethylamine 75:25. After the
first impurities came out of the column 10% methanol was added to the eluent to elute the
desired compound obtained as white solid, 2.1 g, 86% yield. 1H NMR (CD3CN, ppm) δ 8.77
– 8.54 (m, 4H), 7.64 (d, J = 7.7 Hz, 2H), 7.61 – 7.45 (m, 4H), 7.22 (t, J = 7.7 Hz, 1H), 4.43 (t, J =
6.3 Hz, 2H), 2.53 (t, J = 7.2 Hz, 2H), 2.14 (s, 6H), 2.03 (p, J = 6.6 Hz, 2H).

Synthesis of compound BBNH+: A round bottom flask was charged with 2, 1.0 g (1 equiv,
2.6 mmol) and 531 mg of pyridinium hexafluorophosphate (0.9 equiv, 2.34 mmol) The solids
were dissolved in 20 mL of acetonitrile and stirred for 10 minutes before diethyl 50 mL of
diethyl ether were added causing the precipitation of with solids. The solids were collected
by filtration washed with hexanes and dried under vacuum to afford BBNH+ in quantitative
yield, 1.38 g. 1H NMR (CD3CN, ppm) δ 8.80 – 8.60 (m, 4H), 7.69 (d, J = 7.7 Hz, 2H), 7.61 – 7.43
(m, 4H), 7.29 (t, J = 7.7 Hz, 1H), 7.00 (br s, 1H), 4.44 (t, J = 5.7 Hz, 2H), 3.41 (t, J = 7.6 Hz, 2H),
2.81 (s, 6H), 2.27 (q, J = 7.1, 5.8 Hz, 2H). 13C NMR (CD3CN, ppm) δ 163.6, 153.4, 153.4, 138.4,
133.8, 128.7, 128.7, 128.2, 120.0, 94.5, 92.1, 75.0, 59.7, 46.6, 28.5. HR ESI(pos.)-MS (m/z)
found: 382.1925 expected: 382.1919, C25H24N3O.

~ 208 ~

P roton preorganization effect in
M12L 24 nano-spheres containing hydrogenase mimics

Preparation of the building block synthon 3 is described in Chapter 4 while preparation of di-iron
precursor 4 is described in Chapter 2.

Synthesis of compound 5: A round bottom Schlenk flask was charged with 250 mg of 4 (1
equiv, 0.59 mmol) and 249 mg of HATU (1.1 equiv, 0.65 mmol). The flask was flushed with
argon before a degassed mixture of 20 mL of dry THF, 10 mL of dry acetonitrile and 0.5 mL
of DIPEA was added. This mixture was stirred at room temperature for 2 hours before the
volatiles were removed under vacuum. The residue was dissolved in dichloromethane and
chromatographed over a DCM silica plug to afford the HATU-activated di-iron complex 5, 295
mg, 85% yield, which was used immediately afterword.

Synthesis of Fe2BB: A Schlenk flask was charged with compound 5 295 mg (1 equiv, 0.51
mmol) and dissolved into 10 mL of DCM. A separate Schlenk flask was charged with building block 3 274 mg (0.85 equiv, 0.43 mmol) and dissolved in a degassed mixture of 10 mL
of DCM and 2 mL of DIPEA. The content of the first flask is added dropwise to the second
flask and the mixture stirred at room temperature for an additional hour. The volatiles were
removed under vacuum and the residue chromatographed over a silica column eluted with
ethyl acetate:methanol 94:6 to afford Fe2BB as mustard colored powder, 219 mg, 65% yield.
1
H NMR (CD3CN, ppm) δ 8.65 – 8.55 (m, 4H), 7.66 (d, J = 7.8 Hz, 2H), 7.57 – 7.40 (m, 4H), 7.25
(d, J = 7.7 Hz, 1H), 7.24 (t, J = 7.8 Hz, 1H) 7.05 (br t, J = 5.0 Hz, 1H), 6.75 (d, J = 7.7 Hz, 1H), 6.60
(t, J = 7.6 Hz, 1H), 4.56 (t, J = 5.7 Hz, 2H), 3.82 (m, 2H). 13C NMR (CD2Cl, ppm) δ 207.3, 149.9,
134.9, 130.4, 129.4, 126.7, 126.0, 125.1, 124.1, 116.4, 89.0, 73.2, 40.3. FT-IR (MeCN, ν) 2080,
2044, 2005 cm-1. HR ESI(pos.)-MS (m/z) found: 785.9419 expected (m +H+): 785.9392, (m
+H+) C35H20Fe2N3O8S2.
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Synthesis of BBH: A round bottom Schlenk flask was charged with 1.62 g of 1,3-dibromobenzene (1 equiv, 6.9 mmol), 2.5 g of 4-ethynylpyridine hydrochloride (2.6 equiv, 17.9 mmol)
and 52 mg of CuI (0.27 mmol). The flask was flushed with argon before a degassed mixture
of 40 mL of toluene and 10 mL of triethylamine was added. A separate Schlenk flask was
charged with 158 mg of Pd(PhCN)2Cl2 (0.41 mmol) and 240 mg of P(tBu)3∙HBF4 (0.82 mmol).
To this mixture, 5 mL of triethylamine and 10 mL of toluene were added. This mixture was
stirred for five minutes before it was transferred to the first flask by syringe. The mixture was
stirred at 75 °C overnight then cooled to room temperature and filtered through a Celite plug.
The organics were removed under vacuum and the residue dissolved in diethyl ether. The insoluble material was removed by filtration before diethyl ether was removed under vacuum.
The residue is filtered through a plug of silica with a mixture of chloroform:methanol 96:4 to
afford a mixture of mono-substituted derivative and BBH. The solid material was suspended
in 20 mL of ethyl acetate which solubilizes the mono-substituted compound along with some
BBH. Clean BBH was obtained by filtration, 1.05 g, 54% yield. Nevertheless the mother liquors still contain high amounts of BBH for which second crystallization could be attempted.
1
H NMR (CD2Cl2, ppm) δ 8.72 – 8.58 (m, 4H), 7.81 (s, 1H), 7.63 (dd, J = 7.8, 1.6 Hz, 2H), 7.48 (t,
J = 7.8 Hz, 1H), 7.48 – 7.37 (m, 4H). 13C NMR (CD2Cl, ppm) δ 151.8, 136.8, 134.3, 132.6, 130.8,
127.3, 124.6, 94.2, 89.3. HR FD-MS (m/z) found: 280.0996 expected: 280.1000, C20H12N2.
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Synthesis of compound 7: An oven-dried, argon-flushed round bottom Schlenk flask was
charged with 93 mg of hexacarbonyl complex 6 (1 equiv. 0.19 mmol) prepared according to
literature procedure,18 59 mg of 3-(diphenylphosphino)benzenesulfonate tetrabutylammonium salt (0.9 equiv. 0.17 mmol), prepared according to literature procedure19 and Me3NO
(1.2 equiv. 0.23 mmol). The solids were dissolved in a degassed mixture of 2 mL of acetonitrile 20 mL of DCM. After stirring the reaction mixture for 30 minutes at room temperature
the solvents were removed under reduced pressure. The residue was dissolved in minimal
amount of DCM hexanes added to cause the precipitation of a red/purple crystalline material
which was isolated by filtration and washed with hexanes before it was dried under reduced
pressure, 106 mg, 78% yield. 1H NMR (CD2Cl2, ppm) δ 8.12 – 7.24 (m, 14H), 6.27 (s, 2H), 3.22
(m, 8H), 1.64 (m, 8H), 1.45 (m, 8H), 1.01 (t, J = 7.5 Hz 12H). 31P NMR (CD2Cl2, ppm) δ 62.21.
13
C NMR (CD2Cl2, ppm) δ 213.4, 208.9, 149.0, 134.8, 134.5, 134.2, 133.5, 132.9, 132.9, 131.7,
130.1, 129.7, 128.6, 128.3, 58.9, 23.9, 19.7, 13.4. FT-IR (MeCN, ν) 2056, 1998, 1980 sh, 1942
cm-1. HR ESI(neg.)-MS (m/z) found: 800.7790 expected: 800.7823, C29H16Cl2Fe2O8PS3.
Crystallographic details
BBNH+: C27H27F6N4OP, Fw = 568.49, yellow plate, 0.37 × 0.26 × 0.16 mm, Monoclinic, P21/n
(No: 14), a = 13.6743 (7), b = 14.1034 (8), c = 14.7769 (8) Å� , β = 104.352 (3) o, V = 2760.8
(3) Å� 3, Z = 4, Dx = 1.368 g/cm3, µ = 0.17 mm-1. 24875 reflections were measured up to a
resolution of (sin θ/λ)max = 0.595 Å� -1. 4870 reflections were unique (Rint = 0.055), of which
3721 were observed [I>2σ(I)]. 355 parameters were refined with 0 restraints. R1/wR2 [I >
2σ(I)]: 0.0613/0.1492 R1/wR2 [all refl.]: 0.0845/0.1694. S = 1.03. Residual electron density
between −0.89 and 0.80 e/Å� 3.
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Large-scale use of fossil fuels allowed for impressive developments of our society, providing
a cheap and abundant energy supply. Nevertheless, it is now clear that the intense exploitation of these natural resources came with the high price of releasing huge amounts of carbon
dioxide in the atmosphere; a potent greenhouse gas responsible for the climate changes that
we are recently observing. Thus, the dependency of our current society on fossil fuels is not
sustainable, and the need of for a different energy source to sustain our massive energy demand is of prime importance. Ideally, the energy source of our future should be sustainable
and carbon-neutral. Looking at the resources available within our planet, the most abundant
energy source is by far solar radiation. Photovoltaics, the technology to convert sunlight into
usable electricity is already available and widely distributed. However, it solely provides electricity, which only accounts for 20% of our current energy demand. Furthermore it is intrinsically dependent on solar radiation intermittency i.e. photovoltaics are powerless in the dark
and as a consequence solutions for energy storage are required.
A complementary approach would be required to convert sunlight into compounds (chemical
bonds) that can be stored and used when needed at later stages. As it turns out, such a process has been operative on our planet for billions of years. Performed by plants and certain
microorganisms, it is known as photosynthesis, and it is able to utilize solar energy to extract
reducing equivalents from water that are then used to fix carbon dioxide into carbohydrates
(chemical bonds). Looking at the complex machinery evolved by Nature, clear blueprints can
be obtained to reproduce the light-induced water oxidation reaction, which is the core reaction of the process. Although fixation of carbon dioxide into carbohydrates might not be the
best approach to pursue for our current energy issue, Nature has also evolved dedicated machineries able to discard excess reducing equivalents in the form of hydrogen. This process
is operated by enzymes called hydrogenases, which are present in various types of bacteria.
This also provides us with detailed blueprints for the conversion of reducing equivalents,
gathered from the light-induced water oxidation reaction, into dihydrogen, which is considered as a promising energy carrier for the future.
The aim for mankind is therefore to develop ‘artificial photosynthesis’ devices that are able
to combine and perform both reactions as described: light-driven water oxidation and (lightdriven) proton reduction. Many different approaches are already present in literature, classified depending on the components employed for the construction of the device. Among them,
devices based on molecular components are of great interest, as they can benefit from the
rational design of the components. In this respect, great attention is devoted to the development of suitable catalysts to efficiently perform the two reactions of interest.

The focus of this thesis is the development of molecular catalysts for the proton reduction
reaction. As the hydrogenase enzymes excel at producing dihydrogen, outperforming even
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the best synthetic catalysts based on precious metals, yet are found to contain organometallic
clusters based exclusively on earth-abundant elements such as iron, nickel and sulfur, they
are of great interest also in view of possible applications. Not surprisingly, the molecular
architecture of many proton reduction catalysts is thus inspired by the design evolved by
Nature for the hydrogenase enzymes. In particular, the focus has been directed to synthetic
models of the iron-iron hydrogenase enzyme (H-cluster), as this is undoubtedly the fastest
hydrogen evolving catalyst. Several years of combined research efforts on the natural di-iron
system led to identification of the key features responsible for the high activity and efficiency
observed, namely:
•
•
•
•

a di-iron organometallic core
a proton-relay (azadithiolate bridge)
an electron reservoir (Fe4S4-cluster)
second coordination sphere around the H-cluster (protein matrix)

Synthetic models are readily available but most often the only feature is the di-iron core.
Several reports deal with the incorporation of a proton relay, which proved to be of great importance for the activity of the catalysts. Only a handful of complexes combine the first three
features described, but even then the activity and efficiency of such complexes are nowhere
near those of the natural enzyme. This suggests that the second coordination sphere around
synthetic models, typically an ignored feature, might also be of great importance to approach
the enzymatic rates and efficiency.

This thesis focuses on synthetic models of the iron-iron hydrogenases, specifically on benzenedithiolate bridged complexes. In chapter 2 we present synthetic di-iron model complexes where either one or two carbonyl ligands have been substituted for more electron-rich
ligands that carry proton-relay moieties. The presence of the proton-relays has been shown
to confer interesting advantages to the complexes. As such, protonation of the proton-relays
allows for dissolution of the complexes in acidic aqueous media where proton reduction
takes place at the first reduction event of the complexes. Furthermore, this protonation offers a useful handle to effectively counterbalance the increased electron density of the diiron core, originating from ligand substitution. We note that proton-coupled electron transfer
steps (PCET) are important to lower the first reduction potential of the complexes, thereby
effectively lowering the catalytic overpotential. This work demonstrates that the presence of
proton-relays alone allows for catalytic rates far beyond those of the natural system, although
the driving force required (overpotential) is still relatively high.
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[Fe-Fe]-Hydrogenase enzyme

Fe2(bdt)(CO)4(PPy3)2

Figure 1. Left molecular structure of the active site of the natural enzyme (H-cluster) and synthetic model Fe2(bdt)(CO)4(PPy3)2. Right: comparative Tafel plot for the two catalysts depicted,
showing that the synthetic model is a far more active catalyst than the natural one but it also
requires a higher driving force.

The first step towards the development of devices based on molecular components is typically the preparation of conductive electrodes decorated with molecular catalysts. In chapter
3 we describe the immobilization and study of a benzenedithiolate di-iron complex onto conductive (nano)FTO electrodes. The electrodes are shown to be competent for the hydrogen
evolution reaction from acidic aqueous media at relatively low driving force (overpotential).
Comparison of the immobilized catalyst to the freely diffusing species in organic solvents
shows that the same catalyst can operate at lower overpotentials, yet with similar rates,
when immobilized onto the electrode surface.

Figure 2. Schematic representation of the modified high surface area, catalyst decorated electrodes prepared. The electrodes display ~ 1.6 mAcm-2 current density at 500 mV overpotential in
0.05 M NaHSO4 buffer solution at pH 3.5.
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Part of this thesis is dedicated to mimicking the protein environment around the H-cluster.
We envisioned that supramolecular cage assemblies could be a suitable platform for such
a study. In particular, M12L24 cages have been the focus of this investigation, as they feature
a relatively large cavity, and synthetic modification of the cage building blocks provides a
straightforward way to tune and customize the nano-confined space defined by their structure. As literature provides little information regarding the electron transfer kinetics of redox-active species encapsulated into large supramolecular assemblies, chapter 4 revolves
around the preparation of M12L24 nano-spheres containing redox-active probes. Throughout
the chapter we have demonstrated the feasibility of electron transfer to the encapsulated
redox probes, paving the way for the encapsulation of electro-active systems and electrocatalytic applications of such supramolecular assemblies.

Chapter 5 extends on some of the findings described in chapter 4. In particular, in chapter
4 we have prepared M12L24 cages that co-encapsulate several redox-active probes. Electrochemical measurements indicate that those moieties are electronically independent as they
feature a single redox event, thereby generating cages featuring several charges at their cavity. Nevertheless we suspected that the electrolyte used during the measurements plays a
major role at neutralizing the net accumulation of charges within the cavity of the spheres as
it can freely diffuse across the cage rim. Furthermore, considering the Faraday principle, applicable to macroscopic conductive objects featuring a hollow cavity, extra charges added to
those objects redistributes to their outer shell as to minimize the repulsive forces created. As
the M12L24 cages are based on fully conjugated building blocks that are held together by metallic ions, thus extending the conjugation throughout the entire supramolecular structure,
such nanometer-sized objects would resemble macroscopic Faraday cages. We therefore prepared an exceptionally large size electrolyte to be used during the electrochemical measurement. As the electrolyte cannot enter the cage windows due to its steric hindrance charge
accumulation within the cavity of the spheres is thereby, in principle allowed. Our preliminary results indicate that the void of M12L24 does have some similarities with macroscopic
Faraday cages, as the data suggest that charging of the redox-active species encapsulated at
their cavity generates electrostatic repulsive interactions among the charged redox probes.
Physical redistribution of those charges toward the outer shell of the cage is suggested by a
loss in their electrochemical reversibility at slow scan rates, which also suggests a follow-up
reactivity of the redox probes.
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Figure 3. Schematic representation of the envisioned charge reorganization within the cavity of
the M12L24 sphere, upon electrochemical oxidation of the redox-active probes.

After having established the feasibility of electron transfer to redox-active probes encapsulated into M12L24 nano-cages, in chapter 6 we developed two general strategies to encapsulate di-iron complexes into specific nano-environments. Encapsulation provides the catalyst
with a second coordination sphere that is fine-tuned to provide preorganization of proton
substrates around the catalyst. Proton preorganization proved to be important, as it allows
for faster catalytic rates compared to cages that do not have proton preorganization but most
strikingly we showed for the first time that changing the local environment around the catalyst drastically decreases its catalytic overpotential, demonstrating the importance of the
second coordination sphere around synthetic hydrogenase models. In principle, our strategy
allows for closely mimicking the essential amino acid residues found around the natural Hcluster; we believe this is a key factor that will give access to synthetic catalysts that will
finally approach enzymatic rates and overpotentials.

Figure 4. Left: Spartan model of M12L24 cage featuring two encapsulated di-iron hydrogenase synthetic models (shown in orange and yellow CPK-style). Each of the remaining 22 building blocks
possesses an acidic ammonium functional group (shown in light blue and white CPK-style) effectively achieving proton preorganization around the hydrogenases models. Right: voltammograms
indicating that the caged catalyst shows 200 mV lower overpotential for the proton reduction
reaction (red line) as compared to the free diffusing catalyst functionalized building block (black
line).
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The research described in this thesis shows that the second coordination sphere plays a very
important role in proton reduction catalysis. Proton substrate preorganization around synthetic models drastically increases the activity of the catalysts while the overpotential can
be reduced by switching the working solvent to aqueous media or by installing electronwithdrawing groups on the synthetic models. Nevertheless, the design of more sophisticated
second-coordination sphere architectures is essential to achieve the enzymatic efficiency e.g.
catalysis at negligible overpotential and sufficient rates. In this work we have shown a valid
strategy for the encapsulation of model compounds into specific customized environments
by using large supramolecular cages. This approach can be further extended to develop smart
matrices that preorganize proton substrates, allow for PCET and force the di-iron model to
adopt the rotated structure, allowing for terminal hydrides catalytic pathways. We believe
that mimicking the protein environment is the way to decrease the catalytic overpotential of
hydrogenase model complexes.

S
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Het grootschalige gebruik van fossiele brandstoffen heeft, door het verschaffen van een goedkope en overvloedige energievoorraad, geleid tot indrukwekkende ontwikkelingen in onze
samenleving. Het is nu echter duidelijk dat het intensieve gebruik van deze natuurlijke bronnen zijn tol begint te eisen, omdat dit gepaard gaat met de uitstoot van koolstofdioxide, een
krachtig broeikasgas dat verantwoordelijk wordt gehouden voor de klaarblijkelijke klimaatverandering. Dit zorgt ervoor dat de afhankelijkheid van fossiele brandstoffen door onze
huidige samenleving niet duurzaam is. Om te kunnen blijven beantwoorden aan de enorme
en toenemende energiebehoefte is dus een alternatieve energiebron van primair belang.
Idealiter is onze toekomstige energiebron van duurzame aard en klimaatneutraal. Als we
kijken naar de bronnen die wij tot onze beschikking hebben, levert zonne-energie verreweg
de meeste energie. Fotovoltaï�sche technieken om zonlicht om te zetten in elektriciteit zijn
al mogelijk en worden op grote schaal toegepast. Dit levert echter enkel elektriciteit op, dat
slechts 20% van onze huidige totale energievraag omvat. Daarbij is deze techniek volledig afhankelijk van zonlicht, wat betekent dat fotovoltaï�sche technieken gevoelig zijn voor discontinuï�teit (wolken, nacht) met als gevolg dat er een oplossing moet komen voor energieopslag.

Dit vraagt om een complementaire aanpak waarbij de energie van zonlicht wordt omgezet in
chemische (ver)bindingen. De gevormde chemische verbindingen kunnen worden opgeslagen opdat ze later gebruikt kunnen worden. Een dusdanig proces vindt al miljoenen jaren
plaats op deze planeet in planten en micro-organismen, genaamd fotosynthese. In dit proces,
dat gebruik maakt van zonne-energie, worden reducerende equivalenten gevormd uit water,
die de energie leveren om vanuit koolstofdioxide koolhydraten te genereren. Door dit complexe natuurlijke proces onder de loep te nemen, kan een blauwdruk verkregen worden van
de licht-gedreven water-oxidatie reactie. Alhoewel het fixeren van koolstofdioxide in koolhydraten wellicht niet de beste aanpak lijkt te zijn om ons energieprobleem op te lossen,
heeft de natuur ook de beschikking tot de machinerie om de reducerende equivalenten om te
zetten in waterstofgas. Dit proces wordt uitgevoerd door een klasse van enzymen genaamd
de hydrogenases, die in verschillende soorten bacteriën voorkomen. Bovendien geeft dit ons
een gedetailleerde blauwdruk voor de omzetting van reducerende equivalenten, verkregen
uit de door zonlicht gedreven water-oxidatie reactie, in waterstofgas, dat gezien wordt als
een veelbelovende energiedrager voor de toekomst.
Een aantrekkelijk doel is daarom om een apparaat te ontwikkelen voor kunstmatige fotosynthese dat in staat is om beide beschreven reacties uit te voeren, namelijk: licht-gedreven
water-oxidatie en (licht-gedreven) vorming van waterstof (protonreductie). Momenteel zijn
er al verschillende manieren van aanpak bekend in de literatuur en een deel van de interesse
gaat uit naar apparaten die gebaseerd zijn op moleculaire componenten. Deze componenten
kunnen relatief eenvoudig worden gemodificeerd met behulp van synthese en hebben dus
het voordeel van de mogelijkheid tot een rationeel ontwerp en optimalisatie. Om deze reden
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is er een grote belangstelling voor de ontwikkeling van passende katalysatoren voor de twee
desbetreffende reacties.

In dit proefschrift wordt de focus gelegd op de ontwikkeling van moleculaire katalysatoren
voor de proton-reductie reactie. Tot nog toe zijn de hydrogenase-enzymen excellent en overtreffen deze zelfs de beste edelmetaalbevattende synthetische katalysatoren. Met het oog op
een mogelijke toepassing is er dus grote belangstelling voor deze systemen, mede omdat
deze enzymen bestaan uit organometaalclusters die alleen volop aanwezige elementen bevatten, zoals koolstof, ijzer, nikkel, zuurstof en zwavel. Het is daarom ook geen verrassing dat
de moleculaire constructie van vele proton-reductie katalysatoren geï�nspireerd is door de
structuur van de hydrogenase katalysatoren die ontstaan zijn in de natuur. Vooral de synthetische modellen van de ijzer-ijzer hydrogenase-enzymen (H-cluster) staan onder de aandacht, aangezien dit zonder twijfel de snelste waterstofproducerende katalysatoren zijn. Vele
jaren van onderzoek hebben geleid tot de identificatie van de belangrijkste kenmerken die
verantwoordelijk zijn voor de observatie van de hoge activiteit en efficiëntie van de ijzerijzersystemen, namelijk:
•
•
•
•

Een di-ijzer organometaalkern
Een proton-relais (azadithiolaatbrug)
Een elektronenreservoir (Fe4S4-cluster)
Tweede coördinatieschil rondom het H-cluster (eiwitmatrix)

Vele synthetische modellen zijn binnen handbereik, echter bevatten deze meestal slechts de
di-ijzerkern als kenmerk. Daarnaast zijn er verscheidene voorbeelden van een geï�ntegreerd
proton-relais, dat van groot belang blijkt te zijn voor de activiteit van de katalysator. Slechts
enkele complexen bevatten een combinatie van de bovenste drie kenmerken die hierboven
beschreven zijn, maar zelfs dan is de activiteit en efficiëntie van de complexen ver verwijderd
van die van het natuurlijke enzym. Dit suggereert dat de tweede coördinatieschil rondom de
synthetische modellen, die in het algemeen niet meegenomen wordt in de lijst met belangrijkste katalysatorkenmerken, van groot belang kan zijn om de enzymatische omzettingssnelheden te benaderen.
Vooral de synthetische modellen van de ijzer-ijzerhydrogenases en in het bijzonder de benzeendithiolaat-gebrugde complexen worden behandeld in dit proefschift. In hoofdstuk 2
worden di-ijzer modelcomplexen getoond waar een of twee carbonyl liganden zijn vervangen
door elektronenrijkere liganden die een proton-relais bevatten. Het is aangetoond dat de
aanwezigheid van een dergelijk proton-relais interessante voordelen met zich meebrengt. Zo
zorgt protonering van het proton-relais voor oplosbaarheid van deze complexen in zuur waterig milieu, waar protonreductie al plaatsvindt bij het eerste reductieproces van de com~ 225 ~
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plexen. Bovendien kan de toegenomen elektronendichtheid van de di-ijzercomplexen als
gevolg van het gebruik van andere liganden gecompenseerd worden door protonering. We
stellen vast dat protongekoppelde elektronenoverdracht (PCET) van belang is om de eerste
reductiepotentiaal te verlagen van de complexen om zo de katalytische overpotentiaal te verlagen. In dit hoofdstuk wordt aangetoond dat enkel de aanwezigheid van een proton-relais
zorgt voor katalytische snelheden die het natuurlijke systeem ruimschoots overstijgen. Helaas blijft voor deze systemen de nodige drijvende kracht (overpotentiaal) nog altijd relatief
hoog.

[Fe-Fe]-Hydrogenase enzyme

Fe2(bdt)(CO)4(PPy3)2

Figuur 1. Links: moleculaire structuren van het actieve centrum van het natuurlijke enzym (Hcluster) en synthetisch model Fe2(bdt)(CO)4(PPy3)2. Rechts: Tafel-plot voor de twee genoemde
katalysatoren, waaruit blijkt dat het synthetische model vele malen actiever is dan het natuurlijke
enzym, daarentegen is er wel een hogere overpotentiaal nodig.

De eerste stap om apparaten te ontwikkelen die gebaseerd zijn op moleculaire componenten
is het vastzetten van katalysatoren op het geleidende oppervlak van een electrode. In hoofdstuk 3 wordt de immobilizering van een benzeendithiolaat di-ijzerkatalysatorcomplex op
geleidende (nano)FTO oppervlakken bestudeerd. Hierbij wordt aangetoond dat deze elektrodes in staat zijn om waterstof te genereren bij een relatief lage overpotentiaal. In vergelijking met de vrij-diffunderende complexen in organische oplosmiddelen blijkt dat identieke
geï�mmobiliseerde katalysatoren werken bij een lagere overpotentiaal, maar met vergelijkbare snelheden.
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Figuur 2. Schematische weergave van het gemodificeerde, vergrote oppervlakte waaraan de katalysator is gebonden. De elektrodes laten een stroomdichtheid zien van ongeveer 1.6 mAcm-2 bij een
overpotentiaal van 500 mV in 0.05 M NaHSO4 bufferoplossing bij pH 3.5.

Een onderdeel van dit proefschrift is gewijd aan het nabootsen van de eiwitomgeving rondom het H-cluster. Hierbij wordt voorgesteld dat supramoleculaire kooistructuren passende
structuren zijn om dit te kunnen bestuderen. In het bijzonder staan de M12L24-kooistructuren centraal in dit onderzoek, omdat deze structuren bekend staan om hun grote lege
nanoruimte die door middel van synthetische modificatie van de kooibouwstenen op een
eenvoudige manier afgesteld kan worden, omdat de beperkte nanoruimtes van de kooistructuren gedefinieerd worden door de structuur van deze bouwstenen. Omdat de kinetiek van
elektronenoverdracht van redox-actieve deeltjes die ingevangen zijn in grote supramoleculaire structuren een tamelijk onbekend gebied is, richt hoofdstuk 4 zich op het maken van
de M12L24-nanobollen die redox-actieve verbindingen bevatten. In dit hoofdstuk wordt aangetoond dat elektronenoverdracht naar de ingevangen redox-actieve verbindingen mogelijk
is. Het is dus realiseerbaar om elektrokatalytische toepassingen uit te werken met in dit soort
supramoleculaire systemen ingevangen elektro-actieve systemen.
Hoofdstuk 5 gaat verder in op de bevindingen die beschreven zijn in hoofdstuk 4, waarbij in
het bijzonder gekeken wordt naar het maken van de M12L24-nanobollen die verschillende redox-actieve verbindingen bevatten. Uit de elektrochemische metingen blijkt dat deze ingevangen verbindingen elektronisch gezien onafhankelijk zijn omdat er een enkel redoxproces wordt gefaciliteerd, waardoor iedere kooistructuur binnenin meerdere ladingen bevat.
Desalniettemin bleek dat het elektrolyt dat gebruikt is tijdens deze metingen een grote rol
speelt in het neutraliseren van de ophoping van de ladingen aan de binnenkant van de nanokooien, omdat het elektrolyt gemakkelijk kan diffunderen door de openingen van de kooi.
Bovendien kan worden gesteld vanuit Faraday’s principe, toegepast op macroscopisch geleidende objecten die een lege ruimte bevatten, dat extra ladingen die worden toegevoegd aan
deze objecten zich naar de buitenste randen toe herschikken om de repulsieve krachten te
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minimaliseren. Aangezien de M12L24-kooistructuren bestaan uit volledig geconjugeerde bouwstenen die bij elkaar gehouden worden door metaalionen, waardoor de conjugatie zich uitstrekt over de gehele supramoleculaire structuur, doen de nano-structuren aan als macroscopische Faradaykooien. Daarom is er een exceptioneel groot elektrolyt molecuul gemaakt dat
gebruikt is gedurende de elektrochemische metingen. Omdat dit elektrolyt molecuul niet
door de openingen in de kooistructuren past als gevolg van sterische hindering, is het in
principe mogelijk om ladingophoping binnenin de nanokooien te bewerkstelligen. De voorlopige uitkomsten wijzen uit dat de holte in de M12L24-kooistructuren overeenkomsten vertoond met macroscopische Faradaykooien. De experimenten tonen aan dat tijdens het ladingsproces van de redox-actieve deeltjes binnenin de nanokooien waarschijnlijk een
elektrostatische repulsie teweeg wordt gebracht tussen de geladen redox-actieve verbindingen. Het verlies van elektrochemische reversibiliteit bij lage scansnelheden suggereert
namelijk dat er een fysische herverdeling van de ladingen naar de buitenste randen van de
nanokooi plaatsvindt, hoewel het ook een vervolgreactie kan aanduiden van de geladen redox-actieve verbindingen.

Figuur 3. Schematische weergave van de voorgestelde ladingreorganisatie binnenin de holte van
de M12L24-kooistructuur tijdens elektrochemische oxidatie van de redox-actieve verbindingen.

Nadat is vastgesteld dat elektronenoverdracht naar de redox-actieve verbindingen die ingevangen zijn in M12L24-kooistructuren mogelijk is, worden er in hoofdstuk 6 twee verschillende algemene aanpakken beschreven om di-ijzercomplexen in te vangen in specifieke
nano-omgevingen. Het invangen zorgt voor een tweede coördinatieschil rondom de katalysator die de mogelijkheid biedt om de protonen rondom de katalysator te pre-organiseren.
Deze pre-organisatie van protonen is belangrijk gebleken voor het bepalen van hogere katalytische snelheden in vergelijking met snelheid van kooien zonder proton pre-organisatie.
Bovenal is er voor de eerste keer aangetoond dat het veranderen van de lokale omgeving
rondom de katalysator de katalytische overpotentiaal drastisch verlaagt. Dit laat het belang
zien van de tweede coördinatieschil in de synthetische hydrogenasemodellen. Onze strategie
geeft de mogelijkheid tot een precieze nabootsing van de essentiële aminozuurresiduen die
aanwezig zijn in het natuurlijke H-cluster en wij geloven dat dit een noodzakelijke factor is
die ons toegang biedt tot synthetische katalysatoren die uiteindelijk de enzymatische snelheden en overpotentialen kunnen benaderen.
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Figuur 4. Links: Spartanmodel van de M12L24-kooistructuur met twee ingevangen synthetische diijzer hydrogenase modellen (gekenmerkt door oranje en geel in CPK-stijl). Elk van de 22 overige
bouwstenen bevat een geprotoneerde ammonium functionaliteit (gekenmerkt in blauw en wit
in CPK-stijl) die de proton pre-organisatie bewerkstelligen rondom de hydrogenasemodellen.
Rechts: voltammogrammen die wijzen op een 200 mV lagere overpotentiaal voor de protonreductiereactie als de katalysator zich in een kooistructuur bevindt in vergelijking met de vrij-diffunderende katalysator die zich niet in een kooi bevindt maar wel gebonden is aan een bouwsteen
(zwarte lijn).

Het onderzoek dat is beschreven in dit proefschrift toont aan dat de tweede coördinatieschil
een heel belangrijke rol speelt in protonreductiekatalyse. Protonen pre-organiseren rondom
een synthetisch model verhoogt de activiteit van de katalysator op drastische wijze. Daarnaast kan de overpotentiaal verlaagd worden door water als oplosmiddel te gebruiken of
door elektronenzuigende groepen in te bouwen in synthetische modellen. Desondanks is het
ontwerpen van een geavanceerdere tweede coördinatieschil essentieel om enzymatische efficiëntie te behalen, wat zeggen wil: katalyse bij verwaarloosbare overpotentiaal en toereikende snelheden. In dit werk hebben we een valide strategie laten zien om modelverbindingen
in te vangen in specifiek afgestemde omgevingen gebruikmakend van grote supramoleculaire kooien. Deze aanpak kan verder worden uitgebreid door het ontwikkelen van matrices
die protonen kunnen pre-organiseren en daarmee protongekoppelde elektronenoverdracht
kunnen faciliteren en het di-ijzermodel dwingen om de geroteerde structuur aan te nemen,
waarmee het eindstandige hydride reactiepad mogelijk is zoals dat in de natuurlijke enzymen plaatsvindt. Wij geloven dat het nabootsen van de eiwitomgeving de manier is om de
katalytische overpotentiaal van de synthetische hydrogenasemodellen terug te dringen.
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The work was one of pure science.

“

“W

e must not forget that when radium was discovered
no one knew that it would prove useful in hospitals.

And this is a proof that scientific work
must not be considered from the point of view of the direct usefulness of it.
It must be done for itself, for the beauty of science, and then there is always the chance that
a scientific discovery may become, like the radium, a benefit for humanity.
Marie Curie
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