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Abstract — Zusammenfassung

This thesis presents several contributions towards more stable and active catalyst
systems for photocatalytic carbon dioxide reduction. In the first part, the synthesis of
novel bimetallic iron complexes is presented, which represent potential catalytic
systems for the desired target reaction.

The second part of this thesis deals with the use of heterogenized copper-based
photosensitizers using a well-known semiconductor, such as titanium dioxide and their
application in photocatalytic CO2 reduction. Enhanced activities were found, and the
efficiency of the overall system is demonstrated by the possibility of using equimolar
amounts of photosensitizer and the applied iron catalyst.

The third part of this work focusses on the development of an aqueous phase
photocatalytic CO2 reduction as a step towards artificial photosynthesis. For this
purpose, natural as well as mutagenized enzymes were applied together with a Ru-
based photosensitizer. A new concept was developed identifying appropriate enzymes
for COz2 reduction based on structural requirements i.e. the presence of CO2-binding
sites and redox-active amino acids in close proximity. The applicability of the concept
is demonstrated utilizing a phenolic decarboxylase which activity is improved by
directed mutagenesis.

In dieser Arbeit werden verschiedene Beitrage zur Entwicklung von stabileren und
aktiveren Katalysatorsystemen fir die photokatalytische Kohlendioxidreduktion
vorgestellt. Im ersten Teil wird die Synthese neuartiger bimetallischer Fe-basierter
CO2-Reduktionskatalysatoren beschrieben, die eine hohere Stabilitat als
monometallische Katalysatoren aufweisen.

Der zweite Teil dieser Arbeit befasst sich mit der Verwendung von heterogenisierten
Photosensibilisatoren unter Verwendung eines bekannten Halbleiters, wie Titandioxid.
Das entwickelte System zeigte fir die photokatalytische Reduktion von Kohlendioxid
erhdhte Aktivitaten und die Effizienz des Gesamtsystems wurde durch die Mdglichkeit
der Verwendung aquimolarer Mengen von Photosensibilisator und Katalysator
nachgewiesen.

Der dritte Teil dieser Dissertation beschaftigt sich mit der photokatalytischen CO2-
Reduktion in Wasser als Teilschritt einer kiinstlichen Photosynthese. Die Entwicklung
artifizieller Metalloenzyme war der Ausgangspunkt fir die Entdeckung einer
promiskuitiven Aktivitat von CO2-bindenden Enzymen. Die an einer phenolischen
Decarboxylase beobachtete katalytische Aktivitat, konnte durch systematische
Analyse des aktiven Zentrums dieses Enzyms erklart werden.

Vi
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1. Introduction

1.1. The CO2 problem and circular economy

Since the beginning of the industrial era, the concentration of carbon dioxide in the
Earth's atmosphere has increased dramatically to more than 420 ppm, the highest
concentration in the last 800,000 years. Based on this abrupt transition,
"Anthropocene"! has been introduced as a new term to describe the sudden change
that has occurred in the last 200 years compared to the current geological era
(Holocene), which covers the last 800 thousand years. 2 Today, the increased carbon
dioxide content is known to be the main cause for global warming and increased ocean

acidification, as well as other negative developments.

As the world's population grows, so does the demand for energy and therewith the
climate change thrives. 3 A potential way to overcome this is the progressive application
of alternative energy sources instead of fossil fuels which is a prerequisite for a further
developing world. According to the Energy Institute, the world's primary energy
consumption in 2022 was 604.04 EJ (167,789 TWh), with oil (31.56%), coal (26.7%)
and natural gas (23.5%) being the largest contributors. 4 Nevertheless, new
alternatives are emerging from renewable resources, which could represent a feasible

way to replace fossil fuels.

In the spectrum of options for meeting the global demand for energy, there are several
noteworthy contributors. These include nuclear power, accounting for 3.99% of the
energy mix, hydroelectric power at 6.7%, and various renewable sources, collectively
constituting about 18.2% of the world's energy supply — an impressive 14% increase
compared to 2012 figures. Among these renewable sources, solar energy represents
a substantial share at 27.5%, while wind energy takes a prominent position with 43.7%.
Together, in 2022, they contributed significantly, producing a combined total of 32.2
exajoules (EJ) of energy. °

Records for 2021 show that carbon dioxide emissions into the atmosphere were about
37.12 billion tons. ® This is strongly related to the overall energy consumption, mainly

supplied by the abundant, yet inefficient, burning of carbon derivatives. Noteworthy,

1
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huge losses in energy are due to the intrinsic heat release from burning of fossil fuels.
5 Even though the energy efficiency derived from burning fossil fuels has increased to
around 40% during the last decades, alternatives should be used increasingly to
achieve a net carbon zero economy; 7 or as it has been called recently: Circular

economy.

An analysis of carbon emissions by sectors strongly demonstrates that basic human
needs such as electricity, heat and transport are the main contributors to increasing

atmospheric concentrations of greenhouse gases.

Cropland 1%
Forest Land 2%
Crop Burning 4%

Transport 16%
Agricultural Soils 4%

Rice Cultivation 1%

Livestock & Manure 6% Agriculture,
Forestry &lland,
Use

Wastewater 1%

Landfills 2%

Chemical & petrochemical
(industrial) 2%

Energy in buildings

Cement 3% (elec and heat) 18%

Fugitive emissions from
energy 6%

Unallocated fuel combustion 8%

Energy in Agri & Fishing 2%

Energy in industry 24%

Figure 1. Pie chart of greenhouse gas emissions by sector. The outer part shows the sub-sectors

involved and the percentage contribution. 8

Necessity of a circular economy arises from planetary boundaries,  which stablish a
limit of 350 ppm for carbon dioxide atmospheric concentration, indicating that
concentrations above this may be potentially life-threatening. Potentially resulting
scenarios have been proposed linked to climate change, ° involving global warming
mainly caused by increasing atmospheric CO2 concentrations. '® Even though current
values of CO2 in the atmosphere fall into an uncertain area concerning biological
systems, consequences are being noticeable nowadays, due to an overall increase of

earth average temperature. '’
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It is accepted nowadays that greenhouse gases in the atmosphere lead to an overall
global warming due to infrared absorption, being water vapor and carbon dioxide the
gases that contribute the most towards global warming. An unexpected increase in
global temperature has been a matter of concern, since this increase can lead to

potential catastrophic outcomes.
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Figure 2. Atmospheric CO2 concentration; a) over the last 800 thousand years; '2 b) over the last 60

years.

It has been proven in the past that immediate action could lead to a reverse process
or planetary self-reparation. However, exponential emission of CO2 over the last 60
years may not be quickly eased by nature and the pressure to act towards lowering

the atmospheric CO2 content has increased.

Mitigating the effects caused by burning of fossil fuels can be covered mainly by two
methodologies. Carbon capture and storage (CCS) and carbon capture and utilization
(CCU). Circular economy requires the utilization of carbon dioxide to generate fuels as

well as all kinds of chemicals with added value.

Carbon capture and storage (CCS) has been occasionally used in recent decades to
reduce atmospheric CO2 concentrations, based on physical or physicochemical
methods, and it is primarily associated with industrial processes. The main principle is
to inject the captured gas into mineral deposits. Enhanced oil recovery is one of the

main techniques, but the drawback of this used methodology is the potential risk of
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leakage of the original greenhouse gas into the atmosphere, mostly related to the

uncertainty of the Earth's geological activity.

Although there is a considerable amount of literature on carbon capture and utilization
(CCU), 1314 the following chapters will briefly mention the key points of each method
and focus on carbon dioxide reduction and possible pathways for direct capture and

use of this greenhouse gas.

1.2. Carbon capture and utilization (chemical methods)

Technically, some of the systems developed for carbon dioxide fixation involve a
simple chemical reaction, which relates to acid base behavior of this molecule in water.
The nature of this greenhouse gas is mostly acidic and several technologies involve
the use of organic bases to promote the formation of carbamate intermediates which

can be employed in further transformations. °

Many methodologies for CO2 reduction were developed during the last decades, 1617
which involve transformation of this gas into potential fuels or derivatization of this
molecule towards chemicals which are important in different areas (agriculture,

medicine, etc.). 18

For example, hydrogenation of CO2 towards formic acid'®?° and/or methanol?'-?? has
attracted a lot of attention recently, 23 due to the nature of the formed products, which

can be used as hydrogen carriers and could constitute a new alternative to fossil fuels.
24

More specifically, ten years ago, Prakash reported an efficient hydrogenation of CO2
to methanol under mild conditions. 2526 Being one of the first successful examples for
homogeneous catalytic systems, this work inspired several groups to develop other
homogeneous catalysts for this reaction including the use of noble metal-based and
rare earth metal catalysts which often employ pincer PNP ligands potentially acting as
non-innocent ligands?’” due to its acid-base properties. 2°

Electrochemical reduction of carbon dioxide is also interesting due to the intrinsic
possibility utilizing “green” electrons to produce a variety of products as well as

constituting a versatile and easily applicable method. Here, both homogeneous and
4
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heterogeneous electrocatalysts have been studied. 2 The same is true for

hydrogenation of carbon dioxide with green hydrogen.

Although carbon dioxide is often described as a non-reactive molecule, over the last
40 years, several organometallic coordination compounds were isolated and different

coordination modes from this molecule were reported.
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Figure 3. Typical coordination modes of carbon dioxide to metal centers

Although unusual coordination modes for carbon dioxide have been reported, Figure
3 only depicts the most common ways of interaction between a metal center and a CO2
molecule. Nevertheless, more complex structures of metal complexes containing

carbon dioxide in its structure have been reported over the last decades, too. 2°

The highest possible oxidation state for carbon, i.e. +4, is present in CO2, yet its
reduction remains challenging by conventional methods. In contrast, non-redox
transformations of carbon dioxide can be easily achieved, which are a prerequisite for
its capture and further utilization as a C1 building block with the help of organometallic
catalysts or stoichiometric reagents. 3° For instance, amines and several Lewis bases
have been extensively applied as nucleophiles for CO2 capture, leading to the

corresponding adducts of the addition to the electrophilic center of the CO2 molecule.
31,32

In general, carbon dioxide capture technologies cover chemical absorption and
polymeric membranes, with the former widely used in post-combustion capture
facilities at coal-fired power plants. Direct air capture (DAC) is nowadays commercially
applicable, but integrated gasification combined cycle (IGCC) with carbon capture and
storage (CCS) faces challenges. CO2 transport via pipelines and ships is well-
established worldwide, primarily used for enhanced oil recovery (EOR) operations,

constituting one of the few TRL (Technology Readiness Level) at the highest stage (9).
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CO2 storage relies on techniques like CO2-EOR and saline formations, both
commercially applied. Enhanced gas recovery (EGR) and storage in depleted oil and
gas fields are still in the demonstration phase, while ocean and mineral storage are in

early development. '

COg2 utilization technologies, including applications in food and beverage industries,
chemical production, and mineral carbonation, are mature and widely employed, often

sourcing CO2 from industrial processes or power plant flue gas. 33

1.3. Basics of photocatalysis

The term photocatalysis refers to the change in the rate of a chemical reaction or its
initiation under the action of ultraviolet, visible, or infrared radiation in the presence of
a photocatalyst. The excited state of the photocatalyst (upon absorption of light)
repeatedly interacts with the reaction partners forming reaction intermediates and

regenerates itself after each cycle of such interactions. 34

Regarding photocatalytic applications, several factors have to be considered. On the
one hand, we have a constant light irradiation from the sun. Using sunlight as an
inexhaustible energy source can be a plausible option for a circular economy. The
radiation coming from the sun follows the black body model, which allows us to
estimate the temperature of this star (around 5700 K). 3° However, the radiation
received by our planet is affected by several factors, such as the scattering or
absorption of certain wavelengths by molecules present in the Earth's atmosphere, a

general model depicting the total irradiance from the sun is shown in Figure 4. 36

Total solar irradiance averages 1360 W m-?, with a predominance of wavelengths in
the green range (500-550 nm). 3 However, it is noteworthy that not only visible light
reaches the Earth's atmosphere, but also more energetic photons such as UV and low
energy infrared photons, most of which are absorbed by water vapor and carbon
dioxide in the atmosphere. 38 Although not much attention has been paid to light
scattering in the Earth's atmosphere, it is an important factor in deflecting high energy
photons (mostly UV light), resulting in less harmful radiation. 36-3° A reference air mass



1.5 spectra (AM1.5) is often employed in photocatalysis for simulation of solar

irradiation, which considers a solar zenith angle of 48.19°.
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Figure 4. Total solar irradiation comparison. 4° Red line indicates the total irradiation that reaches earth’s
170  atmosphere. Black line refers to air mass coefficient of 1.5 (AM1.5) considering a zenith angle of 48.2°.

Blue line shows the total irradiation for AM1.5 considering the position relative to the center of the sun.

1.4. Photocatalytic CO2 reduction in organic solvents

Homogeneous photocatalytic reduction of carbon dioxide is typically based on three
component systems (TCS), which require a suitable CO2 reduction catalyst (CO2RC),
a photosensitizer (PS), and a sacrificial electron donor (SD). Compatibility of the

individual components of the TCS is essential for the overall efficiency.
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Figure 5. Photocatalytic three component system for carbon dioxide reduction towards C1 products. The

figure above displays a reductive quenching mechanism.

The first reports on photocatalytic transformations used semiconductors such as TiO2
as light harvesters due to their ability to absorb UV light and thus perform water
splitting. 4* Later on, such materials showed broad applicability for photodegradation of
organic molecules. 42 Although the first reports of photocatalytic transformations were
scarce and showed low efficiencies, further developments in photocatalysis have been
exponential and promising homogeneous*?® and heterogeneous**4> systems have

been reported.

From an electrochemical perspective, one electron reduction of carbon dioxide to CO2-
is not thermodynamically favored due to a very negative reduction potential (E° =-1.9
V vs SHE), while proton coupled reductions to products such as methanol or methane
are preferred as reduction products (E°coymeon = -0.38 V; E° co,icH, = -0.24 V; for pH
= 7). 46 Nevertheless, kinetics plays a significant role in these processes, and it is
relatively rare to observe multi-electron reduction products due to the inherent
challenge of stabilizing intermediate species toward the thermodynamically favored
end-products. This becomes apparent when examining various experimental studies,
where carbon monoxide and formate/formic acid consistently emerge as the most

prevalent products using homogeneous systems. 4’

Selectivity is also an important factor for photo- and electrocatalytic transformations of
carbon dioxide due to similar reduction potentials for several C1 products (Figure 6),
but also proton reduction is thermodynamically and kinetically favored even at pH =7
(E° =-0.41 V). To overcome this disadvantage, new COz2 reduction catalysts are still
being created and tested for this reaction. Regarding the new catalysts, both TON and

selectivity are the determining factors when compared to previous systems.
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CO, + ¢ — > CO, E® =-1.90 V
CO, + 2¢ + 2Ht —— HCOOH E® =-0.61V
CO, +2e + 2HY ——  CO + Hy0 E® =-0.52V

CO, + 4 + 4Ht ——— > HCHO + H,0 E® =-0.48V

2+ 2HY ——mMmm H, E® =-0.41V
CO, + e + pHt ——  CH30H + H,0 E® =-0.38V
CO, + 8e + 8H' ———— CH, + Hy0 E°=-0.24V

Figure 6. Standard redox potentials in aqueous solution at pH =748

The first successful examples of photocatalytic CO2 reduction were inspired by
previous reports for photocatalytic proton reduction, 4° and employed noble metal-
based photocatalysts to achieve the overall reduction to carbon monoxide®° or formate.
51 Crucial for the success of these systems is the long lifetime of the excited state of
the light harvesting complexes, %2 being this the first step towards continuous

improvement and understanding of the working mode of these photosensitizers.
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Figure 7. Common noble metal-based photosensitizers employed in photocatalysis. 505354

Experimentally, several reports focused on different parameters to achieve improved
stability and reproducibility. °>-°” While working on photocatalytic transformations, one
of the main concerns is photolabilization of a ligand, leading to unexpected reactivity
and selectivity, that can be detrimental to the desired activity. % A clear example of
photolabilization is shown in Figure 8, where a common ruthenium photosensitizer can
lose a bipyridine ligand, therewith losing its main function as light harvester, modifying
its activity becoming a CO2 reduction catalyst.
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Figure 8. Simplified illustration of the photodissociation of a bipyridine ligand. Photolabilization of one

electron reduced species was reported by Ishitani and coworkers. 5°

The most important property of a photosensitizer is its ability to stabilize an excited
state resulting from the absorption of a photon and to perform a charge transfer (e.g.
MLCT). An overview of the interaction between a photon and a photosensitizer is
shown in Figure 9a. Photon absorption is represented by a blue arrow and is capable
of exciting a singlet ground state into an excited singlet state. After this photon
absorption, two main pathways are possible to reach the ground state, the first involves
internal conversion from the excited singlet state to a lower vibrational energetic state
(represented by a wavy arrow) and further radiative decay to the ground state
(represented by the red arrow). In Figure 9a this process is represented as
fluorescence. However, a non-radiative process can also occur. The second process,
involves a change in spin state, known as Intersystem Crossing (ISC), reaching in this
way a triplet excited state that can return to a singlet ground state in a radiative decay
with the emission of a photon of different energy, in Figure 9a this process is labeled
as phosphorescence (represented by the pink arrow), similarly to the case before, this

decay to the ground state can be non-radiative.

10
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Figure 9. a) Simplified energy diagram for the interaction between a photosensitizer and light; b)

Oxidative and reductive quenching mechanisms for a typical photosensitizer in its excited state.

As mentioned before, one of the essential features of a photosensitizer for practical
application is a long lifetime of its excited state. Figure 9b shows two alternatives for
quenching the triplet excited state: The first is the interaction with an electron acceptor,
known as oxidative quenching, due to the loss of an electron from the photosensitizer,
which is later recovered by electron transfer from a sacrificial electron donor. The
second pathway is to first interact with a sacrificial electron donor, resulting in a net
reduction of the photosensitizer, and later the reduced PS transfers an electron to an
acceptor. Although the process seems simple, there are many factors to be considered
besides the relatively long lifetime from the excited state, such as the redox potentials
in both the ground and excited states of the photosensitizer, unwanted interactions of
the PS with other components or impurities of the reaction mixture leading to ligand
photodissociation, or multiple equilibria that can directly affect the emitting excited

state. 60

Over the last decades, significant progress has been made towards the synthesis of
non-noble metal-based photosensitizers with lifetimes comparable to those of iridium>®*
or ruthenium®' conventional PS and their application in photocatalysis has been
successful. Among other base metals, 62 several examples for copper-,5364 iron-,6566
manganese-,%” chromium-,%8 and even aluminum-%° based systems have been

disclosed in the literature.
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Sacrificial electron donors also play an important role in photocatalytic CO2 reduction,
since they possess adequate redox potentials to quench the excited state from a
suitable photosensitizer. The most common SDs are shown in Figure 10. It is worth
noting that these molecules sometimes have additional roles, not only as sacrificial
donors, ° but also as bases or promoters for the formation of different catalytic species

as well as proton donation. "

BIH BNAH AscH, TEOA TEA

OH
z H H
HO : O\/\N/\/O

N/ H % o /\N/\
@EN : 1 = © % K
\ K@ HO OH
OH

Eox= 0.33V Eox= 0.57 V Eox= 0.46 V Eox=057V  E,=0.69V

Figure 10. Common sacrificial electron donors used in photocatalysis. Standard oxidation potentials are

shown below each SD. 72

As already mentioned, the conventional three-component system requires
compatibility between PS, sacrificial donor, and catalyst, but special attention has been
paid to COz2 reduction catalysts, which in most cases determine the selectivity towards
different reduction products. Among the first reported examples of such catalysts is the
nickel(Il) cyclam system, ”® which in combination with [Ru(bpy)s]?* selectively reduces
CO2 to CO (later, the same catalyst was also applied as an electrocatalyst for CO:2
reduction.) Significant breakthroughs have been achieved over the last decades and
different ligands (as shown in Figure 11) coordinated to metal centers such as iron, 7#
7 cobalt, 7880 manganese, 81-82 or nickel®384 have been used as successful alternatives
to ruthenium, 858 rhenium?®”-88 or iridium®-°° catalysts using organic solvents such as
acetonitrile, DMA, DMF or NMP. °1
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Figure 11. Common complex structures of CO2-reduction catalysts. 43

1.5. Artificial photosynthesis and aqueous photocatalytic CO2

reduction

The way nature uses light involves several coupled processes, starting from a highly
challenging reaction to get the required electrons (water oxidation). Typically, the
electron pathway is represented as a Z scheme, % which shows in a graphical manner
the electron transfer between the oxygen-evolving complex (OEC) to P680 center,
which constitutes the photosystem II. ® Once P680 gets an electron, it reaches an
excited state (P680*) via a photon absorption, thus modifying the standard redox
potential of this molecule towards negative potentials. Afterwards, P680* employs
electron carriers as pheocytine and plastoquinones to transfer electrons to cytochrome
bsf, which is the enzyme that further connect the electron pathway from plastoquinones
to plastocyanins, resulting in a residual proton gradient inside of the thylakoid

membrane.

Following the electron chain, the plastocyanin mediates the electron flow towards
photosystem |, which employs the P700 center as the light harvester, increasing in this
way its reducing power towards a second cascade for the reduction of NADP* to
NADPH.

13
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Figure 12. Photosynthetic principle represented on a simplified Z scheme. Straight arrows represent

electron pathway from oxygen-evolving complex to ferredoxin and further reduction of NADP*.

While the process may appear simple, there are multiple equilibria coupled
simultaneously, from antenna molecules that help in light harvesting to proton
gradients that are involved in the biosynthesis to other molecules of interest such as
NADPH, which constitutes one of the most common reductive species for biochemical

processes.

The coupling of both CO2 reduction and water oxidation is still challenging, and these
photocatalytic transformations are usually analyzed individually. Thus, SD are still
required. However, research towards artificial photosynthesis is continuously
improving. One of the requirements for achieving this goal is to employ water-soluble
systems for CO2 reduction. Water-soluble homogeneous systems present a major
advantage towards sustainable processes, but these are limited by low amounts of
product (nmol to umol scale), short term stability and low selectivity. 7587:91.94.95 On the
other hand, enzymatic transformations have proven to be both active and selective in
water, yet their performance in pure organic solvents is restricted due to denaturation
of these natural catalysts and quite often their specificity limits their broad use for

different type of reactions.
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Combination of light harvesting units with wild-type carbon dioxide reduction enzymes
has been thoroughly investigated, being this a significant advance towards developing
mixed systems, from heterogeneous supports®® or electron relays to fully

homogeneous examples employing molecularly defined photosensitizers. %7

Between the potential enzymes that have proven to be active for CO2 reduction, two
of them are by far the most investigated: carbon monoxide dehydrogenase (CODH) %

and formic acid dehydrogenase (FDH), ®® providing CO and formate as main products.

Structure of CODH was first reported in 2001 by Meyer, Dobbek and coworkers,
demonstrating that the active site of this protein contains a nickel-iron-sulfur cluster of
the type [Ni-4Fe-5S], 1% which is one of the most common redox units found in nature.
Subsequently, Dobbek proposed a mechanism of CO:2 activation at the metal cluster
based on electrochemical studies and crystal structure analysis, '°" inspiring the design

of homogeneous catalysts for both CO2 and proton reduction.

a) b)
(C446)S\ S. S(Cape) (C446)S\ s ?(Csze)
| N 526 \ Ni O HN(Hg3)
\S/ \ ™~ —_ \C//
(C476)§4\ S (0476)87\ 0-H3N(Ksga)
/ \S/ mS(Cogs) / \S/ \‘”””‘””S(Cz%)
(C333)S NH(Hz61) (C333)S NH(H2¢1)

Figure 13. a) Simplified representation of the nickel-iron-sulfur cluster obtained by crystal structure

analysis'%2 (PDB: 1SU6); b) Activation mode for CO: at -600 mV proposed by Dobbek and coworkers.
101

Despite the high activity for CODH in water (turnover numbers of approximately
20,000), the application of this enzyme has several disadvantages, such as high
sensitivity to oxygen, and low expressability that limits the production of this enzyme.
Nonetheless, overcoming these disadvantages could provide future applications, as
shown recently by Kim and coworkers, developing an oxygen resistant CODH with the

help of rational mutation. 1°3

Some research groups have directed their efforts toward the targeted conversion of
CO:z2 into formate, employing FDH as the catalyst of choice. Similar to the approach
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taken with CODH, various light-harvesting components have been integrated with this

enzyme, 96104105 yie|ding encouraging results. 1

Artificial metalloenzymes can overcome all the drawbacks of native enzymes, and
enhanced activity can be pursued by incorporating metal complexes to drive desired

reactions either CO2 reduction or new transformations. 107

The most common approaches to obtain ArM's are shown in Figure 14. From this
perspective, route A allows for the modification of native proteins by removing metal
cofactors to obtain a protein scaffold that can be further loaded with a different metal
cofactor. The expected result of this substitution is to provide the new ArM with a

different reactivity compared to the original wild-type protein.

The route B shows the possibility of functionalizing a pre-existing protein that does not
possess a binding site for a metal cofactor. For this reason, protein engineering is
necessary to provide a suitable structure for the integration of a new cofactor. In some
cases, introducing non-natural amino acids was employed for this purpose. 108199 After
metal loading, by this modification of the original protein a reactivity like in route A is

expected.

a)

- Metal - Metal -
removal loading
— M —> — —_— — M
Native Protein Atrtificial
metalloenzyme scaffold metalloenzyme
b)
Protein Metal
engineering loading
—_— —_—
Native ) Modified Avrtificial
enzyme/protein enzyme/protein metalloenzyme

Figure 14. Synthetic approaches to artificial metalloenzymes; "0 a) by metal substitution of a native

metalloenzyme; b) by further modification of a native protein and further metal incorporation.
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Various methods are available for loading coordination compounds, metal atoms or
metal cofactors, ranging from direct metal binding, covalent anchoring, or
supramolecular interactions. It is important to note that knowledge of the three-
dimensional structure of the protein is necessary to propose suitable modifications. In
addition, the resulting ArMs can provide information about the protein backbone with

respect to weak interactions with other substrates, thus finding new reactivities.

ArMs have been widely exploited for organic reactions, """ so far not known to be
catalyzed by native enzymes. The incorporation of an active metal complex can lead
to a new type of reactivity for these natural catalysts, expanding the scope of known

organic transformations and paving the way towards new catalytic processes.
107,108,110,112

Recently, the application of ArMs in photocatalytic transformations has been
successfully implemented, yet this area remains almost unexplored. Regarding
photocatalytic carbon dioxide reduction, most of the developed artificial

metalloenzymes cover the binding of a photosensitizer to a protein scaffold.

Among the first reported examples of ArMs applied to the photoreduction of COz,
Shafaat and co-workers presented the incorporation of a molecularly defined
[Ni'(cyclam)] catalyst into a protein that has shown robustness to mutation and protein
engineering studies, known as Azurin. '"® The nickel complex loading was about 40%
for the artificial metalloenzyme, and comparable activity to the molecularly defined
complex was found towards CO:2 photoreduction in combination with [Ru(bpy)s]?>* as

phototrigger and sodium ascorbate as sacrificial electron donor in fully aqueous media.

Later, the same group took a different approach by attaching a ruthenium
photosensitizer to the active site of Azurin in a similar way to the previous case. '* The
complex was covalently attached by introducing an epoxide moiety in one of the
bipyridine ligands of the ruthenium complex, and the whole photocatalytic system
showed an improved selectivity for CO2 reduction over CO when a Ni(cyclam) complex
was used as catalyst. Despite the low amounts of carbon dioxide obtained as the main
product, the potential application of this approach is still relevant today due to its high
selectivity towards carbon monoxide in fully aqueous media, avoiding the undesired
proton reduction. However, it is important to point out that careful attention should be

paid to the speciation of the photosensitizer in solution, since not only a complete loss
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of photophysical activity can occur, but also the generation of new catalytically active

species could be favored, thus influencing the selectivity of the system.

Following a similar approach to the development of ArMs, Wang and coworkers
exploited the potential light-harvesting ability of the superfluorescent protein Y and
covalently bound a molecularly defined nickel-terpyridine complex as a COz2 reduction
catalyst. "5 A modification of the protein was performed to incorporate (E)-4-(4-
benzoylbenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one as the light-harvesting unit
within the protein, providing a more efficient system than the one using the unmodified
sfYFP as shown in Figure 15. Later, the same group applied the same concept of
rational design of artificial metalloenzymes to develop a CO2-reducing enzyme with

high selectivity towards formic acid. '"®

Recently, two related artificial metalloenzymes have been reported for the selective
photocatalytic reduction of CO2 to CO. Interestingly, in both cases the substitution of
iron by cobalt in the native enzyme was necessary to gain or enhance activity towards
the desired reaction. The use of a molecularly defined ruthenium photosensitizer in
combination with sodium ascorbate as sacrificial electron donor was necessary for
both cases, proposing a reductive quenching mechanism for the photocatalytic

transformation. 23

CO,

@E@OH , D~ co

Light harvesting unit

Figure 15. Photocatalytic CO2 reduction employing an ArM based on a fluorescent protein scaffold
developed by Wang and coworkers. 1'%
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Ghirlanda and collaborators presented the possibility of replacing the heme unit of
cytochrome b562 by the cobalt-containing protoporphyrin X, obtaining in this manner
moderate turnover numbers for the production of CO and formate with very low
selectivity, due to the more thermodynamically favored proton reduction. "7 Another
disadvantage found in this system is the necessity of a relatively high concentration of

the ruthenium photosensitizer (up to 1 mM).

Lu and coworkers introduced the possibility of generating an ArM by modifying
myoglobin, an oxygen-binding metalloprotein. The main modification was the
replacement of the heme group of the native metalloprotein with CoPPIX, resulting in
an ArM capable of reduction of carbon dioxide to CO (80% selectivity) in the presence
50 uM of [Ru(bpy)s]** and sodium ascorbate. °” The system achieved a TON of 2000 for
the best-performing engineered ArM with a selectivity of 13%, which is the highest
among this kind of biocatalysts to date, yet, selectivity still needs to be improved. One
of the key features from this work is the introduction of positively charged aminoacids
near to the CoPPIX group in the ArM, which led to an enhanced activity when either
lysine or arginine were inserted in positions 68 or 29 of the modified myoglobin, which
is consistent with previous studies regarding COg2-binding affinity from different

proteins. 118
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2. Objectives of this work

Despite the increasing number of publications over the last two decades, we can still
consider photocatalytic carbon dioxide reduction as an evolving field that needs
significant improvement to become a viable alternative method for valorization of

carbon dioxide.

Focusing on homogeneous photocatalytic reduction, one of the main goals of this
thesis is to develop both stable and active systems for selective carbon dioxide
reduction. In recent years, noble metal photosensitizers and catalysts have been
widely used with promising results, but the abundance of these noble metals in the
Earth's crust is limited, and the use of cheaper and available metals will be required

for further applications.

The design of new active and stable COz2 reduction catalysts based on earth-abundant
metals is also desirable from a sustainable perspective. However, the activity of such
catalysts should be comparable to or better than previously reported systems in order

to have a positive impact.

Transferring photocatalytic transformations to aqueous media is still a challenge for
modern photocatalysis. Nevertheless, several homogeneous systems have been
developed in recent years and serve as inspiration for developments in this thesis. In
general, several drawbacks limit the efficiency of aqueous photocatalysis. Hence,

significant attention has been paid to improve the efficiency of such systems.

Motivated by nature, artificial photosynthesis could be a feasible option to reduce
carbon dioxide from the atmosphere coupled with water oxidation to produce oxygen.
Few enzymes are known to catalyze CO2 reduction in a reversible manner with
significantly increased activity, but stability is still a drawback for their application. The
design of artificial metalloenzymes could allow for pure operation in water and
improved selectivity by providing a controlled microenvironment for a known metal

center.
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3. Summary of this work

3.1. Development of new catalysts for CO2 reduction

The first objective of this work was to synthesize a bimetallic iron complex with activity
towards COz2 reduction in both photo- and electrocatalysis. Inspired by the work of
Renaud and coworkers, '1° the synthesis of novel iron(0) complexes with a coordinated
cyclopentadienone-pyrrolidine fused moiety was achieved. The developed synthetic
methodology (Figure 16) can be further extended to multimetallic iron(0) complexes
with potential photocatalytic or electrocatalytic activity. The main advantage of this
approach is the use of inexpensive precursors, such as ethylenediamine, to generate

catalysts with multiple metal centers.
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Figure 16. Synthetic procedure towards bimetallic pyrrolidine Knélker complex

The nature of this type of catalyst for photo- and electrocatalytic CO2 reductions has
been explained in previous works, 74120.121 however, when used in photocatalysis, the
typical Kndlker complex decomposes after approximately 5 hours due to the loss of
CO molecules and further oxidation to catalytically inactive species. 22 Bimetallic
complexes could provide a more stable system compared to previous monometallic

systems, and therefore a thorough study of this kind of complexes is required.
21



The structure of the target compound was determined by X-ray diffraction, which
allowed to analyze an interesting geometry of this bimetallic complex, since the
orientation of both metal centers is a characteristic feature of this complex, since both
metal atoms are located on different sides of the plane formed by the
cyclopentadienone-pyrrolidine bridged ligand. No interaction between the two metal
centers was observed in this case. The connection between Fe1 and Fe2 rests only

on the ligand for this type of complex.

520

Figure 17. Molecular  structure of  p-2,2'-(Ethane-1,2-diyl)bis[4,6-bis(trimethylsilyl)-1,3-
dihydrocyclopenta[c]pyrrol-5-onel}bis[tricarbonyliron(0)] (side view) showing selected atom labels and

displacement ellipsoids drawn at 30% probability level. H atoms have been omitted for clarity. 123
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3.2. TiO2-PS composites for photocatalytic CO2 reduction

Development of stable systems for photocatalysis is a requirement towards future
potential applications. Hence, another important objective of this work was to combine

a homogeneous PS with a commonly known photoactive support, such as titania.

Inspired by the previous synthetic work of Sakai towards water-soluble
photosensitizers, 7® we were able to modify the previously known synthesis for a copper
photosensitizer containing a sulfonated bathocuproine ligand. The resulting PS
showed slightly decreased activity while being compared to the non-sulfonated
[Cu(bcp)(Xantphos)]PFe. Nevertheless, at low concentrations of catalyst, the activity is

comparable.

This study employed only molecularly defined complexes to avoid reproducibility
problems, as proposed by Beller and coworkers. %5 Nonetheless, in situ formation of
the photosensitizer has proven to work efficiently when combined with an iron Knolker-

type complex.

As mentioned above, one of the major drawbacks for photocatalytic CO2 reduction is
the need of sacrificial donors, "2 and in some cases, even mixtures of organic solvents
and amines such as TEA or TEOA"" are employed in ratios up to 5:1 (v/v), making this
an inefficient process, since most of the amine is not reacting directly as a sacrificial

donor, but as base to deprotonate a sacrificial electron donor.

Optimal and reproducible conditions for homogeneous photocatalytic CO2 reduction
were established following a similar methodology from our group, employing NMP as
solvent, an iron-based CO:2 reduction catalyst and BIH as the sacrificial donor. 7 Our
experimental approach showed that BIH, as a single sacrificial electron donor, can
drive the photocatalytic conversion without the addition of TEOA. It is also noteworthy
that the presence of TEOA in solution affected the overall selectivity of the reaction
due to the undesirable proton reduction derived from this sacrificial donor.
Furthermore, by removing the amine as a proton source, BIH can be considered as a
donor of one proton and two electrons. The overall photocatalytic transformation is

shown in Figure 18.
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Figure 18. Chemical equation for photocatalytic CO2 reduction using BIH as sacrificial donor.

Two new photosensitizers containing a sulfonated bathocuproine ligand were
synthesized and tested in photocatalytic CO2 reduction using NMP as solvent, BIH as
sacrificial donor and a Kndlker-type iron complex as catalyst. The first heteroleptic
photosensitizers showed decreased activity compared to the non-sulfonated
analogous complexes, while the homoleptic photosensitizer showed practically no
activity towards CO:2 reduction. The poor efficiency of the latter system can be
explained by a very short excited-state lifetime, which limits the electron transfer from
the sacrificial donor to produce the reduced form of the photosensitizer (PS:-),
although this homoleptic copper complex exhibited a similar redox potential as the rest

of the heteroleptic copper complexes.

Table 1. Photosensitizers synthesized in this work
P @
1) PP (1 eq.)
MeOH, 2h, R.T N., /
[Cu(MeCN),4]PFg /'Cu @
2) N~N (1 eq.) N . PFg
P
PS PAP NAN
1 Xantphos Sulfonated Bathocuproine
2 Xantphos Bathocuproine
3 dppe Sulfonated Bathocuproine
4 - Sulfonated Bathocuproine (2 eq.)

The TiO2 composite synthesis was performed as previously reported by Beller and
coworkers. 24 Wet impregnation of the sulfonated copper(l) photosensitizer (PS 1) was
performed at different complex loadings to ensure ideal loading for the system. Multiple
batches of the composites were synthesized aiming for different Cu loadings. The
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loading of the copper photosensitizer was determined by atomic absorption
spectrometry. After careful analysis, it was determined that the synthetic procedure
was not suitable for low loadings of photosensitizer in the support, and the preferred
loadings of copper were 0.20% and 0.66%; however, the low loading composite
(0.05%) was kept for further testing.

During the optimization of the wet impregnation, we focused our attention on the
loading time for each composite. We found that in addition to regular stirring at 40°C
for 5 hours, a minimum of 12 hours at room temperature is required for efficient
impregnation of the photosensitizer, which was verified by synthesizing several

batches with no significant variability.

In addition, the immobilization of PS 1 on titania was verified by diffuse reflectance
UV/Vis spectroscopy, the three composites with different loading showed an
absorption at 420 nm, which is a similar behavior between supported photosensitizer
and pure complex in solid state, in this case, the function of the semiconductor as an
electron relay could not be confirmed as it has been done for a similar composite, 124

or other noble metal photosensitizers. 25

The highest loading composite was analyzed by High-Angle Annular Dark Field
Scanning Transmission Electron Microscopy with Energy Dispersive X-ray
spectroscopy (EDX) to confirm the deposition of the sulfonated photosensitizer onto
the titania surface. After obtaining these results, we proceeded to verify the activity of

the different composites in photocatalytic COz2 reduction.

All the experiments were performed in a 85 mL double-wall vessel using a total volume
of 10 mL for the liquid phase, leaving the remaining content of the photocatalytic vessel
under a CO2 atmosphere (75 mL), only slight variation (2 to 8% of average) of the
results was found when different photocatalytic vessels were employed, which is one

of the key factors to achieve reproducibility in photocatalysis. %%

To prove this concept, two experiments were performed with a 100:1 ratio of
photosensitizer to catalyst, achieving turnover numbers of 866 and 711 for two
composite materials with different copper loadings. The highest loading composite
(0.66% Cu w/w) exhibited an increased activity compared to the medium loading

composite (0.20% Cu w/w).
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The efficiency of the system was demonstrated in 3 experiments measuring the
quantum yield. The highest QY was obtained by using equimolar amounts of catalyst
and supported photosensitizer, producing in this manner 222 ymol of carbon dioxide
which corresponds to a QY of 9.5% for 5 hours of irradiation for a wavelength of 415
nm with an intensity of 70 mW measured at the end of the optical fiber. Surprisingly, a
10-fold decrease in catalyst concentration gave quantum yields of 0.32 and 4.5% at
light performances of 1.0 and 0.07 W, respectively (producing 100 and 101 ymol of
CO), indicating that the limiting factor for higher CO generation is the electron transfer
from the excited photosensitizer to the catalyst, meaning that high turnover numbers
can be obtained at elevated PS/Cat ratios, as it is commonly applied in photocatalysis

nowadays.

Turnover numbers up to 866 were obtained for the highest loading composite (0.66%),
when the concentration of catalyst was decreased to 0.1 ymol and the amount of PS
was 1 umol (ratio PS/Cat = 10:1). Remarkably, the photocatalytic system can operate
under equimolar ratios of PS and catalyst, reaching turnover numbers up to 291 for the
best working composite, also avoiding the use of triethanolamine as base, using only

BIH as sacrificial electron donor.

In conclusion, a positive influence from titania was observed in combination with a
molecularly defined copper-based photosensitizer, even though the function of the
semiconductor as electron relay could not be confirmed. Interestingly, the cooperativity
between homogeneous and heterogeneous systems could be experimentally
compared, which can serve as starting point to explore other semiconductors to

enhance activity from previous homogeneous systems.
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3.3. (Photo)-Enzymatic CO:2 reduction

Aqueous photocatalytic CO2 reduction remains a challenging reaction, yet it is the
closest approach so far towards artificial photosynthesis and a so-called carbon neutral
economy. As mentioned before, the coupling of this process with water oxidation is
highly challenging; nevertheless motivating many research groups worldwide, which
often focus independently on either water oxidation and CO:2 reduction. To achieve the
overall goal of an artificial photosynthesis, several methodologies have been tested,
from mixed systems involving pure heterogeneous systems, or semiconductors
combined with molecularly defined homogeneous catalysts, or other light harvesting

units that can further improve the previously reported systems.

The original aim of this last part of this thesis was to develop artificial metalloenzymes
for efficient photocatalytic CO2 reduction, seizing in this manner the carbon dioxide
reduction activity from a metal complex and the water solubility and suitable
microenvironment from a protein scaffold. We selected an iron Kndlker-type complex
as it has shown activity and selectivity towards CO2 in both electrochemical'?' and

photochemical reduction.

As mentioned in the introduction, there are numerous options for selecting a suitable
protein scaffold for the synthesis of an ArM, however, we chose Bacillus subtilis
phenolic acid decarboxylase (BsPAD), a highly expressable and well-known
decarboxylase that possesses a hydrophobic pocket and efficiently catalyzes the
stereoselective decarboxylation of ferulic acid without the need for any additional

cofactor (Figure 19).

It has been suggested by Grogan and coworkers that tyrosine residues at positions 11
and 13 are essential for binding the carboxylic acid moiety from ferulic acid, and an
arginine residue at position 41 is responsible for deprotonation of the phenolic hydroxyl
group. 26 The proposed mode of action confirms a previously reported mechanism for

a similar PAD. 127
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Figure 19. General reaction for phenolic acid decarboxylase from Bacillus subtilis. The simplified
mechanism shows the interaction between ferulic acid and amino acid residues in the active site of the

enzyme as proposed by Tahara. 128

A few years later, Himo and co-workers proposed a different mechanism regarding the
binding mode of the phenolic acid, based on theoretical calculations from the crystal
structure of BsPAD and coumaric acid (PDB: 4ALB). '*® According to these
calculations, the binding mode of the ligand was opposite to that previously reported,
and the threonine at position 66 and glutamic acid at position 64 were strongly involved
in the decarboxylation of the phenolic acid. Following this hypothesis, further
promiscuity of phenolic acid decarboxylases was discovered towards stereoselective
carboxylation (reverse reaction towards the E isomer) or enantioselective hydration

(towards the S alcohol) of the corresponding styrenes. '3°

PAD PAD
X
HO COs 2 HO

Figure 20. Carboxylation and hydration of 4-hydroxystyrene as examples of promiscuous activity of PAD

reported by Himo et al. 130

As discussed above, BsPAD has unique properties in terms of its promiscuous activity,
making it an interesting protein scaffold for the design of new artificial metalloenzymes.
To this end, the covalent attachment of a catalyst was planned by modifying a carbon
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dioxide reduction catalyst by introducing a maleimide moiety that can be covalently
attached to BsPAD.

The first round of mutagenesis was planned for the wild-type BsPAD enzyme to
selectively introduce a cysteine residue within the active site of the protein (V124) and
remove another cysteine residue located on the outside of the enzyme (C100),

resulting in only one binding point for the modified reduction catalyst.

Based on predictions suggested by the online tool Fireprot'3! regarding the thermal
stability of the resulting mutant of BsPAD (PDB: 2P8G), the replacement of an alanine
residue (A147) by proline was proposed as an additional mutation. The resulting
enzyme was named BsPAD _WCP according to the three main mutations in its
structure: C100W, V124C and A147P. This basic mutant and other enzymes were
expressed in E. Coli and purified at the Department of Biochemistry, University of

Greifswald.

Preliminary docking studies were performed for CO2 and a pyrrolidine Knélker complex
in the active site of BsPAD_WCP. According to this analysis, it was possible to
covalently bind a COz2 reduction catalyst in order to develop an artificial metalloenzyme
(ArM) with potential activity towards CO:2 reduction. As shown in Figure 21, the iron
catalyst is located at a distance of approximately 4.7 A from C124, and a distance of
6.7 A between the iron center and carbon dioxide was also indicative of a possible

interaction within the active pocket of the enzyme.

Figure 21. Preliminary docking analysis of an iron-cyclopentadienone complex, carbon dioxide and the

basic mutant BsPAD_WCP; a) side view showing the possible interaction between the iron complex and
carbon dioxide; b) top view showing the potential connection between C143 and the amino residue of

the iron complex.
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The first step towards application of ArM’s in aqueous solution was to find the right
conditions for performing the reaction. As mentioned before, non-noble metal-based
photosensitizers are preferred due to the abundancy of the metals in the earth’s crust.
Consequently, such metals are inexpensive compared to the usual ruthenium- or

iridium-based photosensitizers.

A potential candidate for the development of an ArM was a pyrrolidine modified Kndlker
complex. As shown in previous reports, the introduction of heteroatoms such as
nitrogen or oxygen in the backbone of the ligand dramatically decreased the activity in
the photocatalytic process, "* however, there is no clear trend observed for Knolker

complexes regarding their activity for electrocatalytic CO2 reduction. 2!

Table 2. Evaluation of iron cyclopentadienone complexes as catalysts for CO;

photocatalytic reduction

/ Cat (100 pM), CuPS-1 (500 uM) /
N NMP N
o+ (LSO o - CIp0) - ot
N\ 1.5W (400-700nm), 5h N\®
#| cat Structure nHz | nCO | gelect. (%) | TONCO
(umol) | (umol)
SiMes
= O
11 Fe-1 . SiMes 1.2 410 >909 410
ocw/':e\CO
oC
o SiMes
2 Eﬁfw/.
Fe-2 J Sivtes 2.6 118 98 118
o) ocFe~co
ocC

Reaction conditions: 10 mL NMP were used for all cases (Volume of headspace = 75 mL). CuPS-
1 was employed as PS (5 ymol). Catalyst (1 umol) was added as a solution in NMP. BIH (0.1 M)
was employed in all cases. The reaction mixtures were bubbled with carbon dioxide for 30 minutes
prior to irradiation. Light output: 1.5W (400-700nm). Reaction time: 3 hours.

Maleimide moiety was covalently linked to the cysteine residue in position 143 of the
protein scaffold to obtain the corresponding ArM. Loading of the iron complex into the
protein was determined by a spectrophotometric method for quantifying free thiol
groups in the molecule (Ellman’s Test). The loading of the complex was quite poor for

the first attempts, not surpassing 60%.
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Figure 22. Synthetic methodology to obtain ArM’s using WCP and its variants from BsPAD as the

protein scaffold.

Based on previous reports, a water-soluble photosensitizer'?* was tested to optimize
the reaction conditions. The first drawback in transferring the reaction to aqueous
media is the low solubility of most of the components, especially the sacrificial electron
donor (BIH), which is often used at high concentrations. As a first step, mixtures of
water and NMP 9:1 (v/v) were tested resulting in almost no activity and quite poor
solubility of the BIH. This led us to test phase transfer catalysts such as TBAB and

TBAI, also without promising results.

Due to several drawbacks found from the first round of optimization, we used a
commonly known noble metal water-soluble photosensitizer ([Ru(bpy)s]Cl2) in
combination with sodium bicarbonate and an inexpensive sacrificial donor (sodium
ascorbate) to achieve moderate activities as previously reported by Sakai. 32 For this
case, we found activity towards CO2 reduction in aqueous media. It is important to

notice that also a blank experiment was performed using only the ruthenium complex
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as both, catalyst and photosensitizer, producing 0.33 umol of CO, with a TON of 0.3

based on the amount of ruthenium (Table 3, entry 6).

Table 3. Carbon dioxide photocatalytic reduction in water

Entry Catalyst PS Cat H, co Select. | TON
(M) | (M) | (umol) | (umol) | (%) | CO
1 Fe-1 100 5 0.44 0.63 59 12
2 Fe-2 100 5 0.85 0.9 51 18
3 BsPAD_WT 100 5 <0.32 | 1.47 82 29
4 BsPAD_WCP 100 5 <0.32 | 1.48 82 30
5 BsPAD_WCP@Fe-2 100 5 0.33 1.62 83 32
6 |- 100 - <0.32 | 0.33 51 0.3?

Reaction conditions: 10 mL H20 were used for all cases (Volume of headspace = 75 mL).
[Ru(bpy)sCl2] was employed as PS for all reactions. NaHCOs (0.1 M) and NaAscH (0.05 M) were
employed in all cases. The reaction mixtures were bubbled with carbon dioxide for 30 minutes prior
to irradiation. Light output: 1.5W (400-700nm). Reaction time: 3 hours. a) TON CO calculated by
nCO/nCat based on the amount of Ru-PS.

Using high concentrations of photosensitizer provided moderate turnover numbers for
both the metallic complexes and the artificial metalloenzymes. Lowering the
concentration of PS allowed us to distinguish the higher activity from the ArM towards

COz2 reduction.

At this point, further mutation of the protein backbone was planned to increase the
activity of the resulting metalloenzyme. In addition to the enzyme's intrinsic
hydrophobic active site, the first round of mutations involved replacing bulky amino
acids with alanine, which is considered the smallest chiral amino acid, thus providing

more space for the iron catalyst within the active pocket.

To analyze the thermal stability of the new protein family, a rational mutation was
performed using the online tool FireProt, similar to the previous case to obtain the base
mutant. This software suggested the appropriate changes in the protein structure
based on the previously analyzed BsPAD_WCP. The thermal stability of the resulting
alanine mutants was found to be similar to that of the WCP base mutant, but this

method could not predict the stability of the metal complex for the corresponding ArM’s.
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Table 4. Selected alanine mutations and Fe-2 loading towards ArMs
Cat Protein scaffold Fe-2 loading (%)* | W17 | 185 | F87

ArM-1 | BsPAD_WCP 55
ArM-2 | BsPAD_WCP_W17A 88
ArM-3 | BsPAD_WCP_I85A 75
ArM-4 | BsPAD_WCP_F87A 38
ArM-5 | BsPAD_WCP_W17A_185A 59
ArM-6 | BsPAD_WCP_W17A_F87A 80
ArM-7 | BsPAD_WCP_I85A_F87A

ArM-8 | BsPAD_WCP_W17A_185A_F87A 44

*The color code for the third column shows the loading efficiency (green to red)

After preliminary testing of the 8 possible combinatorial mutations at positions 17, 85
and 87 and their corresponding artificial metalloenzymes, we found that the
incorporation of a metal center into the active site of the enzyme had no beneficial

effect or even a negative effect on the activity (also at low loadings of the enzyme).

Through these control experiments, we were able to determine that the iron catalyst
did not provide any improvement in the selective reduction of carbon dioxide, but it is
a remarkable feature of this type of artificial metalloenzymes that can potentially be
applied to the production of synthesis gas under these conditions, either through

modification of the iron catalyst or even further mutations on the enzymatic scaffold.

However, the interesting outcome of the experiments is that BsPAD itself is active in
the desired reaction. Thus, in the following work we focused on the iron-free enzyme.
The single mutant variants W17A and I85A of BsPAD_ WCP showed an improved
activity and a similar selectivity compared to both the basic WCP mutant and the wild-
type BsPAD. This increased activity was not found for the double and triple mutants,
probably due to the low thermal stability of the proteins, as observed by precipitation
of some of them in solution, but a similar selectivity was obtained for all mutants (Figure
23).
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Figure 23. Comparison of BsPAD mutants and their respective ArM in photocatalytic CO2 reduction.
Loading of the different mutants is specified on the table above. Hydrogen is presented in green and

CO in purple. Selectivity is indicated by gray dots.

Further experiments were performed with the best working mutant WCP_W17A at low
concentration (0.2 uM), yielding turnover numbers of 978 and 1128 after 3 h and 5 h
irradiation, respectively, although the selectivity decreased to 56% for the latter case.
This productivity and selectivity are comparable to the best working ArM reported by

Lu and coworkers.

Enhanced activity from the single mutants can be explained by a change in in
molecular dynamics caused by the introduced mutations. Previous studies have shown
that mutation W25A lead to a change in the opening/closing mechanism of a similar

phenolic acid decarboxylase.

The verification of the enzymatic activity was necessary to carry out some subsequent
mutations on BsPAD in order to determine the mode of action of the protein scaffold.

Bovine serum albumin (BSA) was tested at a concentration similar to that used for
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BsPAD and showed very low activity; later, an esterase was tested under the same
conditions and showed almost no conversion to CO. In addition, we tested two amino
acids known for their ability to capture CO2 at high concentration, both in their pure
form or even as ionic liquids (arginine and lysine), obtaining negligible amounts of
either Hz or CO. This is a sign that there is no influence derived from the use of pure

amino acids and that the protein structure is strongly related to its activity.

The possibility of using the protein lysate (unpurified protein containing cell debris) was
investigated, however, the activity decreased by 60% compared to the purified
enzyme, highlighting the importance of purification of BsPAD for its application.
Similarly, when the basic mutant WCP was heat treated at 60°C for 30 minutes (to
promote mild denaturation) and then tested in the reaction, it showed approximately
40% of the original activity, demonstrating that proper folding of the protein is an

important factor related to its reactivity.

We also confirmed that potential impurities derived from protein purification also
showed no COz2 reduction activity under our working conditions. For these tests, we
tried nickel(ll) chloride at a high concentration (1 mM), which showed a very poor
performance. The possibility of imidazole as an impurity was also analyzed, but no

activity was found in the reaction when it was used at both high and low concentrations.

At this point, two different approaches were analyzed; the first one was to perform
further mutations in order to increase the activity of the resulting mutants, and the
second perspective was to rationalize in a logic manner the reason behind this
unexpected promiscuous activity. We opted for a more rational pathway, since
analyzing the intrinsic properties of the native enzyme was vital in order to perform
further mutations that can improve this new activity for further mutations towards new

artificial metalloenzymes or biocatalysts.

The next round of mutations focused on gaining deeper insights into the working
mechanism of the enzyme. Previous works have shown that electron transport in
proteins is mediated by redox-active amino acids such as tyrosine'33'3* and
tryptophan3® that can potentially stabilize neutral radical species and transfer
electrons through proteins. A plausible explanation for the unexpected activity of
BsPAD_WCP could be related to the presence of these electron-conducting amino
acids in the active site of the enzyme. To test this hypothesis, amino acids Y11, Y13,

Y19, Y31, W62 and Y122 were systematically modified by phenylalanine substitution
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and the activity towards COz2 reduction was analyzed. The results of this screening are

presented in Table 4.

Table 4. Influence of the replacement of redox-active amino acids in WCP mutants

applied in photocatalytic carbon dioxide reduction

# Enzyme nH; nCO Select. TON
(umol) (umol) (%)* co*
1 | BsPAD_WT <0.32 1.47 82 29
2 | BsPAD_WCP <0.32 1.48 82 30
3 | BsPAD_WCP_Y11F <0.32 0.52 62 10
4 | BsPAD _WCP_Y13F <0.32 0.82 72 16
5 | BsPAD_WCP_Y19F 0.45 1.28 75 26
6 | BsPAD_WCP_Y31F <0.32 1.14 78 23
7 | BsPAD_WCP_W62F <0.32 0.35 52 7
8 | BsPAD_WCP_Y122F <0.32 0.80 71 16

Reaction conditions: 10 mL H20 were used in all cases (volume of headspace = 75 mL). [Enzyme]
= 5 uM. [Ru(bpy)sClz] = 100 yM. NaHCOs (0.1 M) and NaAscH (0.05 M) were employed in all
cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light
output: 1.5 W (400-700 nm). Reaction time: 3 hours. *The color code for the last two columns

shows the relative values compared to BsPAD_WCP (green), and the worst working system (red).

Based on the activity and selectivity found in this screening, we were able to identify
the importance of tryptophan at position 62 and tyrosine residues at positions 11, 13
and 122 in the active site of the enzyme, supporting the hypothesis that electron-
conducting amino acids are necessary for carbon dioxide photoreduction, however,
not all redox amino acids are essential for this promiscuous activity, as it was shown

earlier, since the mutation W17A provided an enhanced activity compared to WCP.

The remaining step was to propose a binding mechanism for CO: in the hydrophobic
cavity of BsPAD. For this purpose, a docking simulation was performed employing the
YASARA Structure software, indicating that arginine in position 41 is strongly related
to the binding of carbon dioxide, as previously shown in a computational study on the

binding modes of proteins to CO2. '8

The final round of mutations involved the replacement of arginine at position 41 with

amino acids that do not possess CO:2-binding properties, such as leucine and
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isoleucine. To our delight, we found that arginine is one of the key amino acids for the
promiscuous activity of BSPAD in photocatalytic CO2 reduction, since both mutants
evaluated (WCP_R41l and WCP_R41L) did not provide significant amounts of carbon
monoxide, resulting in a reduced selectivity compared to both the basic mutant and the

native enzyme.
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Figure 24. Schematic representation of BsPAD active site based on Himo's proposal. 129130 The
hydrophobic pocket contains 4-vinylphenolate and bicarbonate, which are stabilized by interactions with
various amino acids. The importance of selected amino acids is indicated by color. Black = unspecified;

green = non-essential; pink = probably essential; orange = partially essential; red = essential.

The importance of selected amino acids responsible for promiscuous activity is shown
in Figure 24, based on the experimental results of all mutations performed. According
to our previous hypothesis, tyrosine at position 11 plays a role of redox mediator in the
active site of BsPAD and it's related to its promiscuous activity, as well as tryptophan
at position 62. A positively charged amino acid such as arginine in position 41 is most
likely responsible for the binding of carbon dioxide, thus facilitating its reduction in the
active site of the enzyme.

In order to verify the relationship between the native activity of BsPAD and the
promiscuous behavior derived from it, a competitive inhibition test was performed using

37



880

890

900

ferulic acid at a relatively high concentration (10 mM) as inhibitor under our standard
reaction conditions. To our surprise, we did not obtain a complete inhibition by ferulic
acid, but the photocatalytic activity towards carbon monoxide decreased by about 24%,
while the selectivity remained practically constant. After analyzing the liquid phase of
the reaction, we observed a complete conversion of ferulic acid to 4-vinylguaiacol,

which is a remarkable example of the activity of this enzyme.

A second inhibition experiment was performed by first carrying out the decarboxylation
of ferulic acid and then testing this mixture under our photocatalytic conditions to check
for inhibition due to the presence of 4-vinylguaiacol. For this reaction, we verified the
production of carbon dioxide from the decarboxylation by gas chromatography and the
vinyl product by NMR. Like the previous case, the decarboxylation of ferulic acid was
complete after 3 hours. Examination of the BsPAD-guaiacol mixture under our reaction
conditions showed no significant difference from the standard reaction in either

productivity or selectivity.

The possibility of performing the reaction in air was also investigated, but the presence
of oxygen was detrimental to the reaction, yielding only 25% of the original CO
generation activity and also reducing the selectivity. This is most likely due to
quenching of the excited ruthenium photosensitizer by oxygen and subsequent
decomposition (ligand dissociation). A follow-up of this reaction was performed under
CO:2 atmosphere, but no activity towards H2 or CO formation was detected, which is
consistent with the hypothesis of dissociation of a bipyridine ligand from the

photosensitizer, leading to a complete loss of its photophysical properties.

As mentioned above, a deep understanding of the key components of a catalyst is
essential for the development of new systems for CO2 reduction. To confirm our
hypothesis of promiscuous activity for photocatalytic carbon dioxide reduction, seven
other CO2-binding enzymes and one esterase were tested under our reaction
conditions. For this purpose, all enzymes were expressed and purified in E. coli, except
for carbonic anhydrase, which was obtained from a commercial supplier and used
without further treatment. The set of enzymes used and their function are shown in
Table 5.
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Table 5. CO2-binding enzymes used in this work
Enz. Name
BsPAD Phenolic acid decarboxylase (Bacillus subtilis)
EcPanD Aspartate 1-decarboxylase (Escherichia coli K12)
PFE Esterase | (Pseudomonas fluorescens)
SsTrpC Indole-3-glycerol phosphate synthase (Sulfolobus solfataricus)
MmPPP2 Protocatechuate decarboxylase (Madurella mycetomatis)
ScFDC1 Ferulic acid decarboxylase 1 (Saccharomyces cerevisiae)
TtALS Acetolactate synthase (Thermus thermophilus)
EcPPC Phosphoenolpyruvate carboxylase (Escherichia coli K12)
BtCA Carbonic anhydrase (Bos taurus)

To our delight, we found that all the CO2-binding enzymes exhibited activity towards

photocatalytic CO2 reduction, and it is noteworthy that in some cases the selectivity

surpassed that of BsPAD. This is a promising starting point for further developments

towards protein engineering for aqueous photocatalytic CO:2 reduction using

decarboxylases or related biocatalysts with some affinity for carbon dioxide.

After screening, we found that the best performing biocatalysts were ScFDC1, TtALS

and BtCA, with turnover numbers around 250 at 1 uM (Figure 25). Nevertheless, it is

worth noting that these three enzymes require a cofactor, which was already included

for the photocatalytic tests, however, further engineering of this class of enzymes could

lead to improved performance.
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Figure 25. Comparison of COq-
binding enzymes in photocatalytic
CO2z reduction. Hydrogen is
presented in orange and CO in
blue. Selectivity is indicated by
gray dots. All enzymes were
tested at 1 uM under our standard

conditions.
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4. Outlook and final remarks

Light is an abundant and renewable source of energy. Nevertheless, in today's
common perception, there is a prevailing belief that photocatalysis can't find
widespread applications in organic transformations or fuel production. However, it is
an undeniable fact that sunlight, as an unlimited resource, could hold the key to solve

pressing environmental challenges in the future.

Harvesting light to produce chemical energy remains a formidable challenge. However,
the potential solution may lie in the synergy of molecularly defined systems and
heterogeneous supports. Over the past decade, there has been interesting progress
in the development of photosensitizers with non-noble metal catalysts. These
innovations underscore that the major advances are often highly challenging. This is

also true for the development of new catalysts for carbon dioxide reduction.

The discovery of the promiscuous reactivity of an enzyme capable of catalyzing new
transformations can lead to the development of superior systems through protein
engineering, not only for photocatalysis, but also in various other reactions. Such work
can serve as a source of inspiration for the development of well-defined homogeneous
catalysts. However, unraveling the mechanisms underlying these transformations is

the key to unlocking new reactivity for catalysts across the spectrum.
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{u-2,2'-(Ethane-1,2-diyl)bis[4,6-bis(trimethylsilyl)-
1,3-dihydrocyclopenta[c]pyrrol-5-one]}bis[tri-
carbonyliron(0)]

Hilario D. Huerta-Zer6on, Anke Spannenberg, Matthias Beller and Henrik Junge*

Leibniz-Institut fiir Katalyse e. V., Albert-Einstein-Strasse 29a, 18059 Rostock, Germany. *Correspondence e-mail:
henrik.junge@catalysis.de

The binuclear title compound, [Fe,(CosHysN,0,Si4)(CO)¢], consists of two
central iron(0) atoms, each of them surrounded by a cyclopentadienone moiety
and three carbonyl ligands in a three-legged piano-stool shape. Furthermore, the
bis(cyclopentadienone) ligand acts as a bridge between the two metal atoms.

3D view Chemical scheme
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Structure description

The title compound is a binuclear complex where both iron(0) atoms exhibit a piano-
stool coordination environment. Each iron(0) atom is surrounded by a cyclopenta-
dienone moiety in a 7*-coordination mode [torsion angles C5—C4—C8—C7 = —0.7 (2)°
and C21—C20—C24—C23 = 0.0 (2)°] and three carbonyl ligands (Fig. 1). The distances
between Fel and atoms C4, C5, C7 and C8 range from 2.0698 (19) to 2.154 (2) A [for Fe2
and atoms C20, C21, C23 and C24, the corresponding range is 2.0702 (18)-2.1435 (19) A],
while the Fel—C6 distance is 2.3591 (15) A [Fe2—C22 = 2.3497 (18) A]. The pyrrolidine
N atoms are 0.49 A out of the planes defined by atoms C3/C4/C8/C9 and C19/C20/C24/
C25, respectively, resulting in an envelope conformation for both heterocycles. The
Fe(CO); units are located on opposite sides of the bis(cyclopentadienone) ligand, which
bridges both metal atoms (Fig. 2). The observed n*-coordination mode is in agreement
with several reported iron(0) cyclopentadienone tricarbonyl complexes [see, for example,
Knolker et al. (1992) and Hackl et al. (2022)].

Synthesis and crystallization

The iron precursor Fe,(CO)y (471 mg, 1.29 mmol) was weighted and transferred to a
50 ml Schlenk tube equipped with a stirring bar in a glove-box. Next, the tetrayne
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Figure 1

The molecular structure of the title compound, showing the atom
labelling and displacement ellipsoids drawn at 30% probability level. H
atoms have been omitted for clarity.

Figure 2
Side view of the title compound. H atoms have been omitted for clarity.
Displacement ellipsoids are drawn at the 30% probability level.

N',N' N? N*-tetrakis[3-(trimethylsilyl)prop-2-yn-1-yl]ethane-
1,2-diamine (321 mg, 0.64 mmol) was dissolved in 13 ml of dry
toluene in another flask. The tetrayne solution and the iron
precursor were then mixed in the Schlenk tube and heated to
383 K for 16 h. The resulting black mixture was filtered
through Celite. The filtrate was further purified via column
chromatography over silica gel with pentane/ethyl acetate
(90:10 v/v) as eluent to finally afford a brown solid (yield
0.497 g, 93%). Crystals suitable for X-ray analysis were
obtained by slow diffusion of pentane into a solution of the
complex in dichloromethane. '"H NMR (300 MHz, CDCl,): §
(ppm) 3.92 (d,J=12.9 Hz, 4H), 3.42 (d, J = 13.0 Hz, 4H), 3.06
(s, 4H), 0.27 (s, 36H). '*C NMR (100 MHz, CDCl;): § (ppm)
208.69 (C=0), 18239 (C=0), 113.06 (Ccp), 69.33 (Ccp),
54.36 (-CH,—CH,-), 53.72 (C,y,—N), —0.69 (SiMes). HR-
MS (ESI): theoretical mass for Cs4HgFe,N,OgSiy: 836.11811;
found: 836.11579.

Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 1.

Table 1

Experimental details.

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, b, c(A)

B ()

V(AY)

V4

Radiation type

p (mm™")

[Fe,(CasHasN,0,8i4) (CO)s]

836.80

Monoclinic, P2,/n

150

17.8815 (13), 12.5896 (10),
20.3917 (16)

112.0104 (16)

4256.0 (6)

4

Mo Ka

0.84

Crystal size (mm) 0.18 x 0.17 x 0.04
Data collection
Diffractometer
Absorption correction

Bruker APEXII CCD

Multi-scan (SADABS; Bruker,
2014)

0.86, 0.97

57670, 11074, 7588

Trniny Tinax
No. of measured, independent and
observed [/ > 20(I)] reflections

Rint . 0.048
(sin /) max (AT 0.677
Refinement

R[F? > 20(F%)], wR(F?), S 0.038, 0.096, 1.00
No. of reflections 11074

No. of parameters 463

H-atom treatment

H-atom parameters constrained
A3
Apmaxs A/Omin (e A )

0.47, —0.27

Computer programs: APEX2 (Bruker, 2014), SAINT (Bruker, 2013), SHELXS97
(Sheldrick, 2008), SHELXL2018 (Sheldrick, 2015), XP in SHELXTL (Sheldrick, 2008)
and pubICIF (Westrip, 2010).
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full crystallographic data

1UCrData (2023). 8, x230346  [https://doi.org/10.1107/S2414314623003462]

{u-2,2'-(Ethane-1,2-diyl)bis[4,6-bis(trimethylsilyl)-1,3-dihydrocyclo-
penta[clpyrrol-5-one]}bis[tricarbonyliron(0)]

Hilario D. Huerta-Zerén, Anke Spannenberg, Matthias Beller and Henrik Junge

{p-2,2'-(Ethane-1,2-diyl)bis[4,6-bis(trimethylsilyl)-1,3-dihydrocyclopenta[c]pyrrol-5-one]}bis[tricarbonyliron(0)]

Crystal data

[Fez(C28H48NonSi4)(CO)6]
M, =836.80

Monoclinic, P2/n
a=17.8815(13) A
b=12.5896 (10) A
¢=20.3917 (16) A
B=112.0104 (16)°
V'=14256.0 (6) A3

Z=4

Data collection

Bruker APEXII CCD
diffractometer
Radiation source: fine-focus sealed tube
Detector resolution: 8.3333 pixels mm'!
¢ and w scans
Absorption correction: multi-scan
(SADABS; Bruker, 2014)
Tnin = 0.86, Tax = 0.97

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?)]=0.038
wR(F?) = 0.096

S$=1.00

11074 reflections

463 parameters

0 restraints

0 constraints

Primary atom site location: structure-invariant

direct methods

F(000) = 1752

D,=1.306 Mg m

Mo Ko radiation, 2 =0.71073 A

Cell parameters from 9955 reflections
0=12.5-28.2°

4 =0.84 mm™!

T=150K

Plate, pale yellow

0.18 x 0.17 x 0.04 mm

57670 measured reflections
11074 independent reflections
7588 reflections with 7> 2a(1)
R = 0.048

Ormax = 28.8°, Opin = 1.3°
h=-24-24

k=-17—-16

[=-27-27

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[c*(F?) + (0.0438P)* + 1.078P]
where P = (F,2 +2F2)/3

(A/)max = 0.002

Apmax = 0.47 ¢ A7

Apmin=—027 ¢ A7

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4%)

X

z l]iso*/Ueq

C1 0.54321 (11)

0.63613 (14)

0.28191 (10) 0.0253 (4)
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HIA
HIB
C2
H2A
H2B
C3
H3A
H3B
C4

C5

Co6
C7

C8

C9
HO9A
H9B
C10
HI0A
H10B
H10C
Cl1
HITA
HI11B
H11C
C12
HI2A
HI12B
H12C
C13
HI3A
HI13B
H13C
Cl4
HI14A
H14B
H14C
C15
HI5A
HI15B
HI15C
Cl6
C17
C18
CI19
HI%A
H19B
C20
C21

0.542523
0.580562
0.45943 (11)
0.421846
0.459901
0.58418 (12)
0.533264
0.605961
0.64447 (11)
0.67853 (12)
0.75207 (12)
0.74542 (12)
0.68358 (12)
0.64977 (12)
0.685394
0.641462
0.75004 (15)
0.743478
0.756785
0.797757
0.64146 (15)
0.637865
0.686335
0.590981
0.56817 (14)
0.521104
0.577001
0.558696
0.80294 (17)
0.844560
0.802238
0.750160
0.92329 (15)
0.934169
0.920101
0.966896
0.82806 (18)
0.841907
0.868657
0.774979
0.65391 (16)
0.52601 (16)
0.59376 (14)
0.35354 (12)
0.360733
0.316187
0.32403 (11)
0.26507 (11)

0.627454
0.582548
0.61771 (14)
0.670743
0.626777
0.76032 (14)
0.781359
0.696022
0.84938 (14)
0.92754 (14)
0.96754 (15)
0.93201 (15)
0.85252 (14)
0.76639 (15)
0.703279
0.791611
0.9193 (2)
0.940491
0.842055
0.954243
1.10465 (17)
1.123095
1.143475
1.123916
0.88456 (17)
0.907238
0.808302
0.898826
0.89301 (18)
0.909761
0.816259
0.915638
0.9168 (2)
0.954216
0.840232
0.931015
1.10948 (18)
1.145488
1.126231
1.133635
1.13489 (17)
0.99906 (17)
1.00138 (17)
0.48435 (14)
0.460784
0.545683
0.39541 (13)
0.31285 (14)

0.329938
0.275743
0.22752 (10)
0.233925
0.179456
0.20761 (10)
0.169093
0.193141
0.22697 (10)
0.19534 (10)
0.25395 (10)
0.32135 (10)
0.30142 (10)
0.33303 (10)
0.345309
0.375784
0.08299 (13)
0.034901
0.087736
0.117079
0.08631 (13)
0.038534
0.121156
0.091725
0.04283 (12)
0.052845
0.052165
~0.006898
0.47992 (12)
0.526121
0.471681
0.479101
0.40640 (14)
0.368779
0.396958
0.451963
0.42381 (13)
0.387263
0.470517
0.421347
0.26192 (13)
0.20060 (13)
0.33755 (12)
0.17820 (10)
0.134617
0.166999
0.21124 (9)
0.19311 (10)

0.030*
0.030*
0.0253 (4)
0.030*
0.030*
0.0239 (4)
0.029*
0.029*
0.0229 (4)
0.0256 (4)
0.0282 (4)
0.0275 (4)
0.0242 (4)
0.0262 (4)
0.031*
0.031*
0.0489 (6)
0.073*
0.073*
0.073*
0.0458 (6)
0.069*
0.069*
0.069*
0.0408 (5)
0.061*
0.061*
0.061*
0.0478 (6)
0.072*
0.072*
0.072*
0.0595 (8)
0.089*
0.089*
0.089*
0.0529 (7)
0.079*
0.079%
0.079*
0.0435 (6)
0.0396 (5)
0.0378 (5)
0.0238 (4)
0.029*
0.029*
0.0212 (4)
0.0228 (4)

IUCrData (2023). 8, x230346

data-2



data reports

C22
C23
C24
C25
H25A
H25B
C26
H26A
H26B
H26C
C27
H27A
H27B
H27C
C28
H28A
H28B
H28C
C29
H29A
H29B
H29C
C30
H30A
H30B
H30C
C31
H31A
H31B
H31C
C32
C33
C34
Fel
Fe2
N1
N2
o1
02
03
04
05
06
o7
08
Sil
Si2
Si3

0.26143 (11)
0.33460 (11)
0.36530 (11)
0.42301 (12)
0.400448
0.475312
0.20472 (17)
0.165123
0.259212
0.199645
0.08705 (14)
0.077609
0.044058
0.087316
0.19327 (15)
0.188460
0.245440
0.149680
0.26805 (16)
0.221455
0.256378
0.279097
0.37827 (15)
0.425809
0.331540
0.388250
0.44746 (15)
0.458876
0.436422
0.494221
0.41297 (14)
0.36184 (14)
0.48747 (15)
0.62688 (2)
0.38508 (2)
0.57218 (10)
0.43155 (9)
0.80358 (9)
0.67270 (13)
0.46212 (12)
0.57245 (12)
0.21195 (8)
0.42889 (13)
0.34550 (12)
0.55219 (11)
0.65890 (4)
0.82551 (4)
0.18610 (4)

0.27612 (15)
0.31949 (14)
0.39952 (14)
0.49104 (14)
0.553799
0.471854
0.3520 (2)
0.330968
0.336653
0.428263
0.31461 (19)
0.273686
0.299651
0.390608
0.13189 (17)
0.091525
0.116581
0.111422
0.3313 (2)
0.288209
0.406449
0.320524
0.14624 (16)
0.126390
0.105284
0.131041
0.37099 (18)
0.359929
0.446385
0.348912
0.24965 (17)
0.11454 (16)
0.25614 (17)
0.99611 (2)
0.25415 (2)
0.74294 (12)
0.51043 (12)
1.02818 (12)
1.22071 (13)
0.99708 (15)
1.00074 (14)
0.21317 (11)
0.24959 (14)
0.02768 (12)
0.26059 (15)
0.95934 (4)
0.96410 (5)
0.27641 (4)

0.26133 (10)
0.31844 (10)
0.28545 (9)
0.30329 (10)
0.318663
0.340702
0.03474 (11)
~0.011509
0.036604
0.041826
0.10881 (13)
0.145860
0.063014
0.119287
0.08980 (12)
0.129123
0.086417
0.045567
0.43367 (13)
0.405390
0.421768
0.484041
0.43158 (12)
0.421394
0.401166
0.481289
0.46791 (12)
0.518313
0.456374
0.457217
0.17171 (13)
0.25217 (12)
0.30877 (14)
0.26491 (2)
0.24730 (2)
0.27495 (8)
0.23474 (8)
0.24807 (8)
0.25975 (11)
0.15841 (11)
0.38359 (10)
0.26877 (7)
0.12265 (10)
0.25565 (10)
0.34928 (11)
0.10059 (3)
0.40924 (3)
0.10551 (3)

0.0239 (4)
0.0236 (4)
0.0216 (4)
0.0240 (4)
0.029%*
0.029%*
0.0503 (7)
0.075*
0.075*
0.075*
0.0452 (6)
0.068%*
0.068*
0.068*
0.0401 (5)
0.060%*
0.060%*
0.060%*
0.0481 (6)
0.072%*
0.072%*
0.072%*
0.0438 (6)
0.066*
0.066*
0.066*
0.0459 (6)
0.069*
0.069*
0.069*
0.0397 (5)
0.0361 (5)
0.0403 (5)
0.02856 (8)
0.02577 (8)
0.0240 (3)
0.0236 (3)
0.0372 (4)
0.0636 (6)
0.0586 (5)
0.0546 (5)
0.0316 (3)
0.0624 (5)
0.0543 (5)
0.0619 (5)
0.03152 (13)
0.03588 (15)
0.02961 (13)
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Si4 0.35781 (4) 0.29061 (4) 0.41428 (3) 0.03062 (14)
Atomic displacement parameters (4°)

Ull (]22 l]33 UlZ U13 l/'Z}
Cl 0.0221 (10) 0.0188 (9) 0.0380 (11) —0.0034 (8) 0.0148 (9) 0.0011 (7)
C2 0.0235 (10) 0.0190 (9) 0.0367 (10) —0.0038 (8) 0.0150 (9) 0.0021 (7)
C3 0.0226 (10) 0.0187 (8) 0.0320 (10) —0.0043 (8) 0.0121 (8) —0.0009 (7)
C4 0.0196 (10) 0.0182 (8) 0.0341 (10) —0.0004 (7) 0.0137 (8) —0.0021 (7)
C5 0.0252 (11) 0.0209 (9) 0.0357 (10) —0.0030 (8) 0.0170 (9) —0.0015 (7)
C6 0.0290 (11) 0.0238 (10) 0.0386 (11) —0.0050 (8) 0.0205 (10) —0.0045 (8)
C7 0.0273 (11) 0.0245 (9) 0.0356 (10) —0.0066 (8) 0.0175 (9) —0.0058 (8)
C8 0.0245 (10) 0.0195 (8) 0.0335 (10) —0.0025 (8) 0.0166 (9) —0.0026 (7)
C9 0.0256 (11) 0.0240 (9) 0.0309 (10) —0.0060 (8) 0.0127 (9) —0.0004 (7)
C10 0.0511 (16) 0.0623 (16) 0.0440 (13) —0.0006 (13) 0.0303 (13) 0.0026 (12)
Cll 0.0479 (16) 0.0313 (12) 0.0519 (14) —0.0094 (11) 0.0113 (12) 0.0089 (10)
C12 0.0448 (15) 0.0298 (11) 0.0404 (12) 0.0012 (10) 0.0073 (11) 0.0016 (9)
Cl13 0.0707 (19) 0.0366 (12) 0.0381 (12) —0.0142 (12) 0.0229 (13) —0.0070 (10)
Cl4 0.0347 (15) 0.084 (2) 0.0537 (16) —0.0127 (14) 0.0096 (13) —0.0220 (15)
Cl15 0.084 (2) 0.0388 (13) 0.0467 (14) —0.0325 (13) 0.0372 (14) —0.0178 (10)
Cl6 0.0567 (16) 0.0245 (11) 0.0629 (16) —0.0025 (11) 0.0380 (14) —0.0038 (10)
C17 0.0430 (15) 0.0276 (11) 0.0574 (14) 0.0064 (10) 0.0294 (13) 0.0000 (10)
C18 0.0413 (14) 0.0277 (10) 0.0519 (13) —0.0031 (10) 0.0261 (12) —0.0062 (9)
C19 0.0256 (11) 0.0193 (8) 0.0284 (9) —0.0039 (8) 0.0123 (8) 0.0000 (7)
C20 0.0211 (10) 0.0177 (8) 0.0270 (9) 0.0001 (7) 0.0113 (8) 0.0005 (7)
C21 0.0219 (10) 0.0187 (8) 0.0285 (9) —0.0031 (7) 0.0102 (8) 0.0000 (7)
C22 0.0216 (10) 0.0218 (9) 0.0304 (10) —0.0020 (7) 0.0121 (9) 0.0007 (7)
C23 0.0214 (10) 0.0218 (9) 0.0285 (9) —0.0011 (8) 0.0105 (8) 0.0018 (7)
C24 0.0183 (10) 0.0188 (8) 0.0288 (9) —0.0008 (7) 0.0101 (8) 0.0013 (7)
C25 0.0227 (10) 0.0209 (9) 0.0283 (9) —0.0035 (8) 0.0096 (8) 0.0014 (7)
C26 0.0654 (18) 0.0487 (14) 0.0306 (12) —0.0167 (13) 0.0109 (12) 0.0034 (10)
C27 0.0317 (13) 0.0446 (13) 0.0478 (13) —0.0022 (11) 0.0018 (11) —0.0095 (11)
C28 0.0470 (15) 0.0324 (11) 0.0424 (12) —0.0122 (10) 0.0184 (11) —-0.0111 (9)
C29 0.0637 (18) 0.0480 (14) 0.0440 (13) —0.0034 (13) 0.0332 (13) 0.0041 (11)
C30 0.0545 (16) 0.0286 (11) 0.0400 (12) —0.0059 (11) 0.0080 (11) 0.0116 (9)
C31 0.0520 (16) 0.0346 (12) 0.0353 (12) —0.0099 (11) —0.0018 (11) 0.0037 (9)
C32 0.0446 (14) 0.0281 (11) 0.0566 (14) 0.0037 (10) 0.0306 (12) 0.0001 (10)
C33 0.0399 (13) 0.0261 (11) 0.0459 (12) 0.0016 (9) 0.0200 (11) 0.0038 (9)
C34 0.0336 (14) 0.0301 (11) 0.0593 (15) 0.0060 (10) 0.0200 (12) 0.0011 (10)
Fel 0.03200 (18) 0.01828 (13) 0.04369 (17) —0.00303 (12) 0.02367 (14) —0.00285 (11)
Fe2 0.02530 (16) 0.01803 (13) 0.03728 (16) —0.00013 (11) 0.01553 (13) 0.00141 (11)
N1 0.0226 (9) 0.0189 (7) 0.0337 (8) —0.0052 (7) 0.0144 (7) 0.0000 (6)
N2 0.0219 (9) 0.0198 (7) 0.0308 (8) —0.0045 (6) 0.0119 (7) 0.0008 (6)
0O1 0.0361 (9) 0.0380 (8) 0.0461 (9) —0.0187 (7) 0.0252 (7) —-0.0073 (7)
02 0.0911 (16) 0.0238 (9) 0.0954 (15) —0.0126 (9) 0.0573 (13) —0.0054 (8)
03 0.0398 (11) 0.0579 (12) 0.0734 (13) 0.0154 (9) 0.0158 (10) —0.0028 (10)
04 0.0680 (13) 0.0533 (11) 0.0628 (11) —0.0043 (9) 0.0477 (11) —0.0100 (9)
05 0.0271 (8) 0.0323 (7) 0.0370 (8) —0.0119 (6) 0.0138 (7) 0.0033 (6)
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06 0.0900 (16) 0.0528 (11) 0.0730 (13) 0.0060 (10) 0.0633 (12) 0.0004 (9)
07 0.0717 (14) 0.0236 (8) 0.0732 (12) —0.0039 (8) 0.0335 (11) 0.0048 (8)
08 0.0292 (10) 0.0589 (12) 0.0848 (14) 0.0089 (9) 0.0068 (10) —0.0031 (10)
Sil 0.0348 (3) 0.0280 (3) 0.0339 (3) —0.0022 (3) 0.0154 (3) 0.0038 (2)
Si2 0.0408 (4) 0.0352 (3) 0.0345 (3) —0.0163 (3) 0.0174 (3) —0.0126 (2)
Si3 0.0327 (3) 0.0258 (3) 0.0275 (3) —0.0085 (2) 0.0081 (2) —0.0032 (2)
Si4 0.0376 (4) 0.0256 (3) 0.0261 (3) —0.0057 (2) 0.0090 (3) 0.0049 (2)
Geometric parameters (4, )

CI1—NI1 1.467 (2) C17—Fel 1.789 (3)
Cl1—C2 1.511 (3) C18—04 1.138 (3)
Cl—HI1A 0.9900 C18—Fel 1.791 (2)
Cl—HI1B 0.9900 C19—N2 1.476 (2)
C2—N2 1.466 (2) C19—C20 1.501 (2)
C2—H2A 0.9900 C19—HI19A 0.9900
C2—H2B 0.9900 C19—HI19B 0.9900
C3—NI1 1.483 (2) C20—C24 1.414 (3)
C3—C4 1.502 (2) C20—C21 1.427 (2)
C3—H3A 0.9900 C20—Fe2 2.0721 (18)
C3—H3B 0.9900 C21—C22 1.490 (2)
C4—C8 1.414 (3) C21—Si3 1.8721 (19)
C4—C5 1.432 (2) C21—Fe2 2.1435 (19)
C4—Fel 2.0719 (17) C22—O05 1.239 (2)
C5—Ceo 1.494 (3) C22—C23 1.491 (3)
C5—Sil 1.873 (2) C22—Fe2 2.3497 (18)
C5—Fel 2.1431 (18) C23—C24 1.430 (2)
C6—oO01 1.236 (2) C23—Si4 1.8750 (19)
Cc6—C7 1.492 (3) C23—Fe2 2.1394 (18)
C6—Fel 2.3591 (19) C24—C25 1.498 (2)
C7—C8 1.433 (3) C24—Fe2 2.0702 (18)
C7—Si2 1.872 (2) C25—N2 1.482 (2)
C7—Fel 2.154 (2) C25—H25A 0.9900
Cc8—C9 1.500 (2) C25—H25B 0.9900
C8—Fel 2.0698 (19) C26—Si3 1.860 (2)
C9—NI1 1.478 (2) C26—H26A 0.9800
C9—HY9A 0.9900 C26—H26B 0.9800
C9—H9B 0.9900 C26—H26C 0.9800
C10—Sil 1.865 (2) C27—Si3 1.861 (2)
C10—H10A 0.9800 C27—H27A 0.9800
C10—H10B 0.9800 C27—H27B 0.9800
C10—H10C 0.9800 C27—H27C 0.9800
Cl11—Sil 1.860 (2) C28—Si3 1.860 (2)
CIl1—HI1A 0.9800 C28—H28A 0.9800
Cl11—HI11B 0.9800 C28—H28B 0.9800
Cl1—HI11C 0.9800 C28—H28C 0.9800
C12—Sil 1.864 (2) C29—Si4 1.863 (2)
CI2—HI12A 0.9800 C29—H29A 0.9800
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C12—HI12B
Cl12—H12C
C13—Si2
CI3—HI3A
C13—HI3B
C13—HI13C
Cl14—Si2
Cl4—HI14A
Cl14—H14B
Cl14—H14C
C15—Si2
CI15—HIS5A
C15—HI5B
C15—HI5C
Cl16—02
Cl6—Fel
C17—03

N1—C1—C2
N1—C1—HI1A
C2—Cl—HI1A
N1—C1—HI1B
C2—Cl1—HIB
HIA—C1—HI1B
N2—C2—C1
N2—C2—H2A
C1—C2—H2A
N2—C2—H2B
C1—C2—H2B
H2A—C2—H2B
N1—C3—C4
N1—C3—H3A
C4—C3—H3A
N1—C3—H3B
C4—C3—H3B
H3A—C3—H3B
C8—C4—C5
C8—C4—C3
C5—C4—C3
C8—C4—Fel
C5—C4—Fel
C3—C4—Fel
C4—C5—Co
C4—C5—sSil
C6—C5—sSil
C4—C5—Fel
C6—C5—Fel
Sil—C5—Fel

0.9800
0.9800
1.865 (2)
0.9800
0.9800
0.9800
1.869 (3)
0.9800
0.9800
0.9800
1.852 (2)
0.9800
0.9800
0.9800
1.137 (3)
1.820 (2)
1.144 (3)

111.02 (15)
109.4
109.4
109.4
109.4
108.0
110.40 (15)
109.6
109.6
109.6
109.6

108.1
101.86 (14)
111.4

111.4

111.4

111.4

109.3
109.99 (16)
108.69 (15)
141.19 (17)
69.96 (10)
72.85 (10)
124.69 (13)
105.47 (16)
131.67 (15)
121.43 (13)
67.48 (10)
78.65 (11)
129.51 (10)

C29—H29B
C29—H29C
C30—Si4
C30—H30A
C30—H30B
C30—H30C
C31—Si4
C31—H31A
C31—H31B
C31—H31C
C32—06
C32—Fe2
C33—07
C33—Fe2
C34—08
C34—Fe2

N2—C25—H25A
C24—C25—H25A
N2—C25—H25B
C24—C25—H25B
H25A—C25—H25B
Si3—C26—H26A
Si3—C26—H26B
H26A—C26—H26B
Si3—C26—H26C
H26A—C26—H26C
H26B—C26—H26C
Si3—C27—H27A
Si3—C27—H27B
H27A—C27—H27B
Si3—C27—H27C
H27A—C27—H27C
H27B—C27—H27C
Si3—C28—H28A
Si3—C28—H28B
H28A—C28—H28B
Si3—C28—H28C
H28A—C28—H28C
H28B—C28—H28C
Si4—C29—H29A
Si4—C29—H29B
H29A—C29—H29B
Si4—C29—H29C
H29A—C29—H29C
H29B—C29—H29C
Si4—C30—H30A

0.9800
0.9800
1.862 (2)
0.9800
0.9800
0.9800
1.864 (2)
0.9800
0.9800
0.9800
1.138 (3)
1.790 (2)
1.141 (2)
1.817 (2)
1.144 (3)
1.790 (3)

111.4
111.4
111.4
111.4
109.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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01—C6—C7
01—C6—C5
C7—C6—C5
O1—C6—Fel
C7—C6—Fel
C5—C6—Fel
C8—C7—Co6
C8—C7—Si2
C6—C7—Si2
C8—C7—Fel
C6—CT7—Fel
Si2—C7—Fel
C4—C8—C7
C4—C8—C9
C7—C8—C9
C4—C8—Fel
C7—C8—Fel
C9—C8—Fel
N1—C9—C8
N1—C9—H9A
C8—C9—H9A
N1—C9—H9B
C8—C9—H9B
H9A—C9—HI9B
Sil—C10—H10A
Sil—C10—H10B
HI0A—C10—H10B
Sil—C10—H10C
HI0A—C10—H10C
H10B—C10—H10C
Sil—C11—H11A
Sil—C11—H11B
HI1A—C11—HIIB
Sil—C11—H11C
HITA—CI11—HI1IC
H11B—CI11—H11C
Sil—C12—HI12A
Sil—C12—HI12B
HI2A—C12—HI12B
Sil—C12—H12C
HI2A—C12—H]12C
H12B—C12—HI12C
Si2—C13—HI13A
Si2—C13—H13B
HI3A—CI13—HI13B
Si2—C13—H]13C
HI3A—C13—HI13C
H13B—C13—HI13C

126.44 (18)
126.50 (18)
106.60 (15)
133.07 (15)
63.40 (10)
62.96 (10)
105.53 (16)
130.90 (15)
121.39 (14)
67.03 (11)
78.33 (12)
132.64 (10)
110.03 (16)
108.93 (16)
140.88 (18)
70.11 (10)
73.37 (11)
124.35 (13)
102.04 (15)
111.4

111.4

111.4

111.4

109.2

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

Si4—C30—H30B
H30A—C30—H30B
Si4—C30—H30C
H30A—C30—H30C
H30B—C30—H30C
Si4—C31—H31A
Si4—C31—H31B
H31A—C31—H31B
Si4—C31—H31C
H31A—C31—H31C
H31B—C31—H31C
06—C32—Fe2
O7—C33—Fe2
08—C34—Fe2
C17—Fel—CI18
C17—Fel—C16
C18—Fel—Cl16
C17—Fel—C8
C18—Fel—C8
Cl6—Fel—C8
C17—Fel—C4
C18—Fel—C4
Cl6—Fel—C4
C8—Fel—C4
C17—Fel—C5
C18—Fel—C5
Cl16—Fel—C5
C8—Fel—C5
C4—Fel—C5
C17—Fel—C7
C18—Fel—C7
Cl6—Fel—C7
C8—Fel—C7
C4—Fel—C7
C5—Fel—C7
C17—Fel—C6
C18—Fel—C6
Cl6—Fel—C6
C8—Fel—C6
C4—Fel—Co6
C5—Fel—C6
C7—Fel—C6
C34—Fe2—C32
C34—Fe2—C33
C32—Fe2—C33
C34—Fe2—C24
C32—Fe2—C24
C33—Fe2—C24

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
177.6 (2)
178.1 (2)
177.4 (2)
92.89 (11)
99.37 (11)
99.58 (10)
120.34 (9)
90.23 (9)
138.60 (10)
89.84 (9)
119.05 (8)
139.83 (9)
39.93 (7)
95.12 (9)
157.02 (9)
100.30 (9)
67.16 (7)
39.66 (7)
156.80 (8)
97.83 (9)
99.04 (10)
39.59 (7)
66.97 (7)
67.72 (7)
131.71 (9)
134.73 (9)
82.52 (9)
63.05 (7)
63.03 (7)
38.40 (7)
38.27 (7)
93.53 (11)
99.79 (10)
99.18 (10)
89.91 (9)
119.57 (8)
139.44 (9)
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Si2—C14—HI14A
Si2—C14—H14B
H14A—C14—H14B
Si2—C14—H14C
HI14A—C14—H14C
H14B—C14—H14C
Si2—C15—HI15A
Si2—C15—HI15B
HI5SA—CI15—H15B
Si2—C15—H15C
HI5SA—CI15—HI15C
HI15B—C15—HI15C
02—Cl16—Fel
03—C17—Fel
04—C18—Fel
N2—C19—C20
N2—C19—HI9%A
C20—C19—HI19%A
N2—C19—H19B
C20—C19—H19B
HI9A—C19—H19B
C24—C20—C21
C24—C20—C19
C21—C20—C19
C24—C20—Fe2
C21—C20—Fe2
C19—C20—Fe2
C20—C21—C22
C20—C21—Si3
C22—C21—Si3
C20—C21—Fe2
C22—C21—Fe2
Si3—C21—Fe2
05—C22—C21
05—C22—C23
C21—C22—C23
05—C22—Fe2
C21—C22—Fe2
C23—C22—Fe2
C24—C23—C22
C24—C23—Si4
C22—C23—Si4
C24—C23—Fe2
C22—C23—Fe2
Si4—C23—Fe2
C20—C24—C23
C20—C24—C25
C23—C24—C25

109.5
109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

178.1 (2)
177.2 (2)
177.5 (2)
101.75 (14)
111.4

111.4

111.4

111.4

109.3
110.02 (15)
108.84 (15)
140.99 (17)
69.96 (10)
72.94 (10)
124.93 (13)
105.71 (15)
130.20 (14)
122.23 (13)
67.54 (10)
78.31 (11)
131.21 (10)
126.57 (18)
126.62 (17)
106.43 (15)
133.44 (14)
63.29 (10)
63.13 (10)
105.65 (15)
130.75 (14)
121.98 (13)
67.55 (10)
78.43 (10)
130.34 (10)
109.83 (16)
108.88 (15)
141.13 (17)

C34—Fe2—C20
C32—Fe2—C20
C33—Fe2—C20
C24—Fe2—C20
C34—Fe2—C23
C32—Fe2—C23
C33—Fe2—C23
C24—Fe2—C23
C20—Fe2—C23
C34—Fe2—C21
C32—Fe2—C21
C33—Fe2—C21
C24—Fe2—C21
C20—Fe2—C21
C23—Fe2—C21
C34—Fe2—C22
C32—Fe2—C22
C33—Fe2—C22
C24—Fe2—C22
C20—Fe2—C22
C23—Fe2—C22
C21—Fe2—C22
C1—N1—C9
C1—N1—C3
C9—N1—C3
C2—N2—C19
C2—N2—C25
C19—N2—C25
Cl11—Sil—Cl12
C11—Sil—C10
C12—Si1—C10
C11—Sil—C5
C12—Sil1—C5
C10—Si1—C5
C15—Si2—C13
C15—Si2—C14
C13—Si2—C14
C15—Si2—C7
C13—Si2—C7
C14—Si2—C7
C26—Si3—C28
C26—Si3—C27
C28—Si3—C27
C26—Si3—C21
C28—Si3—C21
C27—Si3—C21
C30—Si4—C29
C30—Si4—C31

120.07 (9)
90.07 (9)
138.48 (9)
39.93 (7)
95.77 (9)
157.01 (8)
99.89 (9)
39.68 (7)
67.09 (7)
156.91 (8)
96.61 (9)
99.00 (9)
67.04 (7)
39.53 (7)
67.78 (7)
132.48 (9)
133.40 (9)
82.09 (8)
63.20 (7)
63.10 (7)
38.45 (7)
38.40 (6)
111.42 (14)
113.81 (14)
107.12 (14)
112.58 (14)
113.92 (14)
107.39 (14)
110.03 (11)
110.07 (12)
111.00 (12)
109.10 (10)
109.03 (10)
107.54 (10)
110.48 (10)
110.67 (13)
110.31 (13)
109.32 (11)
109.08 (10)
106.89 (10)
108.84 (11)
110.21 (12)
112.77 (11)
108.94 (10)
109.15 (9)
106.86 (9)
110.60 (11)
110.73 (11)
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C20—C24—Fe2 70.10 (10) C29—Si4—C31 110.26 (12)
C23—C24—Fe2 72.77 (10) C30—Si4—C23 109.75 (10)
C25—C24—Fe2 124.90 (13) C29—Si4—C23 107.23 (10)
N2—C25—C24 101.70 (14) C31—Si4—C23 108.17 (10)
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Photocatalytic CO, reduction with a TiO,-
supported copper photosensitizer and an iron-
based CO, reduction catalystf

H. D. Huerta-Zeron, @2 N. Rockstroh, @2 M. Lang,® A.-E. Surkus, @° V. Briser,®
S. Lochbrunner, ©° H. Junge ®* and M. Beller ©*2

The combination of the homogeneous iron catalyst (2,4-bis(trimethylsilyl)bicyclo[4.3.0]nona-1,4-dien-3-
one)iron tricarbonyl and the copper based photosensitizer [Cu(2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline-5,6-disulfonate-disodium)(xantphos)IPFg (PS 1) supported on TiO, (Hombikat) allows for
the reduction of carbon dioxide to carbon monoxide in the presence of 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzimidazole (BIH) as the sacrificial electron donor. The application of the titania supported
PS 1 resulted in a more than doubled productivity compared to the fully homogeneous system. Applying
the composite material with highest copper loading (C 4) improved the catalyst turnover numbers for the
iron catalyst up to 866 (TONco (Fe)). Quantum yields up to 9.5% at 415 nm and 0.07 W cm ™ were
achieved. The composite materials Cu-PS@TiO, were investigated by STEM, UV/vis and time-resolved

rsc.li/catalysis

1. Introduction

The reduction of carbon dioxide to C; and C, products
provides the basis for a circular carbon economy."* Over the
last decades, several routes like direct CO, hydrogenation,®™
electrochemical reductions,”” and photoelectrochemical and
photochemical reductions® have been intensively investigated
in the presence of both homogeneous and heterogeneous
catalyst systems.’

Specifically, in the field of photocatalytic CO, reduction
various molecularly defined systems have been developed. In
general, these reactions require both a photosensitizer (PS) and
a CO, reduction catalyst. Despite significant efforts in this field,
dye sensitized semiconductors have been scarcely used for such
transformations.'® ™ This is somewhat surprising, considering
the potential advantages such as improved stability and
increased efficiency of these materials.

Among the most active photocatalytic systems, noble
metal photosensitizers and reduction catalysts stand out
among the rest."*'* Here, the development of fully earth

“ Leibniz-Institut fiir Katalyse e.V., Albert-Einstein-StrafSe 29a, 18059 Rostock,
Germany. E-mail: henrik.junge@catalysis.de, matthias.beller@catalysis.de

b Institute for Physics and Department of Life, Light and Matter, University of
Rostock, 18051 Rostock, Germany

¢ Leibniz-Institut fiir Plasmaforschung und Technologie e.V, Felix-Hausdor{f-Str. 2,
17489 Greifswald, Germany

t Electronic supplementary information (ESI) available: Details regarding
calculations, pictures from experimental setup and further analytical details. See
DOI: https://doi.org/10.1039/d3cy00572k
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emission spectroscopy, and cyclic voltammetry as well as differential pulse voltammetry.

abundant catalysts and PS's is desired with respect to price
and availability."® In addition, for most known systems
stability problems arise over prolonged times, due to
numerous factors such as catalyst decomposition, reduced or

oxidized species accumulation (leading to  system
a) ® 5 O
Ph Loading
g Ph/zF' @) on Tio, S TS) 3
N /Cu\ [¢] C;)F ———> 2/
Rph (L PP ) e R =S0;Na Q OO

PS 1@TiO;
composite

PsS2 —I

Sulfonation of NAN ligand

R=H
b) . hv Fe(CO)pa Application of PS 1@TiO; instead
- >
2H PS 1@TiO, H2 of PS 2 resulted in twofold increase
WRC of productivity and improved
stability?®
C) This work: Transferring the concept from p ic proton ion to CO,
O
hi QR
Cco 3
2 ps1@Tio, O i,
Qo
S o)
Advantages over homogeneous
system'®:

+/ 80% less photosensitizer applied
+ works without TEOA
+ increased TON's up to 860

Fig. 1 Transferring the concept of titania supported sulfonated
copper PS (a) from photocatalytic proton reduction (b) to
photocatalytic carbon dioxide reduction (c) with iron-based catalysts
(Cat). WRC = water reduction catalyst.
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inactivation) or photodegradation of both, photosensitizer
and/or catalyst.'® For most photocatalytic systems, long term
stability towards light is a crucial factor that has been tried
to be solved by modifications on both, catalyst and PS.

In recent years, the number of non-noble metal catalysts
investigated for CO, reduction is increasing, and active
systems based on iron,"””?° cobalt,>** manganese,** or
nickel,>>?® were described. However, often an excess of
photosensitizer has to be used, which is often up to 100
times the amount of catalyst.>”

Previously, our group reported the use of copper based
photosensitizer-TiO, composites for photocatalytic water
reduction (Fig. 1a and b),*® which served as an inspiration
for the present work. Here, we report for the first time the
combination of both, 3d metal-based homogeneous
reduction catalyst (Cat) and titania supported photosensitizer
(PS 1@TiO,) (Fig. 1c), which showed improved performance
in photocatalytic CO, reduction compared to the completely
homogeneous system."®

2. Experimental
2.1. Photosensitizer synthesis

Copper(1) photosensitizer PS 1 was synthesized in two steps
following previously reported procedures with slight
modifications.”®* In a dried Schlenk tube, equimolar amounts
of [Cu(MeCN),]PFs and Xantphos were dissolved in anhydrous
methanol under an argon atmosphere and stirred for 1.5 hours
at room temperature. After this time, sulfonated bathocuproine
(1 eq.) was added as a solid and the reaction stirred for 2 more
hours. Product was obtained by precipitation using cold ether.
Detailed information about PS synthesis, UV/vis and CV
measurements, also for other applied PS, are provided in ESI-
2.1, ESI-7 and ESI-9,} respectively.

2.2. Composite synthesis

The PS-1/TiO, composite materials were synthesized
according to a slightly modified procedure from the
literature®® by impregnating TiO, (Hombikat UV 100) with
the sulfonated photosensitizer in ethanol (ESI-2.27). After
adjusting the optimal conditions (temperature, time) four
different composites C 1, C 2, C 3 and C 4 with copper
contents of 0.05, 0.11, 0.20 and 0.66 wt%, respectively, were
obtained. The reproducibility of the synthesis method was
checked preparing several batches of the respective
composite materials. Noteworthy, the significantly different
copper contents measured for the batches of C 2 demonstrate
the importance of choosing a sufficiently long reaction time
for efficient loading. While small standard deviations were
observed for medium (0.20 wt%) and high loadings (0.66
wt%) those for the low loadings were much higher. An
overview on the prepared composite materials is presented in
Table 1. Further details about the different batches as well as
preparation methods are presented in the ESI} (ESI-2.2). The
success of impregnation was verified measuring the copper
content by atomic absorption spectrometry (AAS). Further

This journal is © The Royal Society of Chemistry 2023
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Table 1 Overview of synthesized composite materials, their Cu loading
and reproducibility”

Number of Average  SD *100%/average
Entry PS 1@TiO, synthesized batches wt% Cu Cu content

1 C1 2 0.054 65
2 Cc2 2 0.11 79
3 C3 4 0.20 14
4 C4 2 0.66 1.1

% Detailed information about the different batches is provided in
Table S1 in ESI 2.2.F

evidence of immobilization of PS 1 on TiO, is provided by
UV/vis spectroscopy (ESI-8t and diffuse reflectance
absorption spectra in Fig. S11 of ESI-71) as the absorption of
C 1, C 3 and C 4 constitutes a combination of the absorption
spectra of TiO, and PS 1.

High-Angle Annular Dark Field Scanning Transmission
Electron Microscopy (HAADF-STEM) with Energy Dispersive
X-ray spectroscopy (EDX) was performed for the composite
possessing the highest copper content C 4 (ESI-67). While
by high-angle annular dark field (HAADF)-STEM Cu is not
visible due to the low Z contrast between Cu and Ti (Fig.
S8t), in bright field (BF)-STEM images some amorphous
material between the TiO, crystallites is visible, which can
be traced back to the deposition of PS 1 (Fig. S9%).
Additionally, EDX spectra reveal the presence of small
portions of C, Cu, P, and S besides TiO, in certain areas,
proving the presence of PS 1 in small quantities on the
support (Fig. S107).

2.3. Photocatalytic carbon dioxide reduction

The CuPS@TiO, materials C 1, C 3 and C 4 were tested in
the photocatalytic CO, reduction reaction (CO2RR). A
photocatalytic vessel (setup shown in ESI-3.1t1) was purged
first applying vacuum and argon, then vacuum and carbon
dioxide. The added respective solvent was saturated with
CO, by bubbling it for 30 minutes. Then, a solution of the
catalyst in NMP as well as the photosensitizer and the
sacrificial donor(s) as solids or dissolved in N-methyl-2-
pyrrolidone (NMP; for low amounts) were added. The
system was closed at atmospheric pressure and the reaction
started by light irradiation. The temperature was kept
constant with the help of a thermostat. After irradiation was
stopped, 5 mL of gas sample from the headspace were
taken and analyzed by gas chromatography. The reaction
solution was analyzed by 'H NMR using benzene or
mesitylene as internal standard to detect the potential by-
product formate. Additionally, the solution was diluted with
water and filtered (using a 0.2 um syringe filter) for the
detection of other by-products, i.e. oxalate, by capillary
electrophoresis  (ESI-3.3f). Both compounds were not
detectable in the experiments. Full details about the applied
Cat, PS, solvents, and sacrificial reagents are provided below
the Tables 2-4 as well as in ESI-1 to 4.}
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Table 2 Comparison of productivity of molecularly defined and supported photosensitizers in photocatalytic CO, reduction®

/ Cat (1umol), PS /
@EN>_© Solvent @EN>_© o
2C0O, + CO + /) + HCOj;
N\ 1.5W (400-700nm), 5h N\®
Entry PS PS (umol) PS:Cat Solvent pmol CO umol H, TONco (Fe) TONy, (Fe) Selectivity CO (%)
1¢ PS 2 5 5:1 NMP/TEOA 487 7.0 487 7 99
2P PS 2 5 5:1 NMP/TEOA 453 42 453 42 92
3P PS 2 1 1:1 NMP/TEOA 306 44 306 44 87
4? PS1 1 1:1 NMP/TEOA 214 22 214 22 91
5P C 3/B4 1 1:1 NMP/TEOA 142 25 142 25 85
6 PS 2 1 1:1 NMP 175 1.2 175 1.2 99
7¢ PS1 1 1:1 NMP 191 3.8 191 3.8 98
8¢ C 3/B4/ 1 1:1 NMP 211 0.9 211 0.9 99
9° C 4/B1¢ 1 1:1 NMP 231 2.6 231 3 99
10° C 4/B1" 5 5:1 NMP 341 3.1 341 3 99
11° C 3/B4 1 1:0 NMP <0.24 7.2 — —i —
12°¢ — — 0:1 NMP 6.1 <0.32 6.1 <0.3 95
134 PS 2 1 1:1 NMP <0.24 4.2 0.2 4.2 —
14°¢ PS 2 1 1:1 NMP 4.8 <0.32 4.8 <0.3 94

¢ Results taken from ref. 18; NMP/TEOA (5:1, v/v) 7.5 mL; PS 2 in situ generated from 5 pmol [Cu(MeCN),]PFg; 15 umol xantphos P-P ligand; 5
pmol N-N ligand; 1 umol Fe catalyst. ” Reaction conditions: molecularly defined PS or composite (composite number/batch number), 10 mL
NMP/TEOA (5:1, v/v), CO, saturated, irradiation was performed using a Hg-lamp equipped with a filter 400-700 nm 1.5 W. ¢ Reaction
conditions: 10 mL NMP, CO, saturated, irradiation was performed using a Hg-lamp equipped with a filter 400-700 nm 1.5 W. 4 Reaction
performed without CO,. ¢ Reaction performed without light./ 27 mg of the composite (copper content = 0.24% weight) were used. ¢ 10 mg of
the composite (copper content = 0.66 wt%) were used. ” 50 mg of the composite (copper content = 0.66 wt%) were used. ' TONy, (Cu) = 5.5.
Experiments in entries 2 and 4 to 10 were performed at least twice; average values are shown. Standard deviations are in between 1% and 8%
(except for entry 5: 20%) of the average for TON(CO) as well as 0.1% to 2% for selectivity.

Table 3 Influence of catalyst amount as well as light wavelength and power in photocatalytic CO, reduction”

/ Cat (x pmol) /
N PS 1@TiO, (27mg) N
oo+ L0 00 Ol + e
N\ NMP, BIH (0.1M) N\@
1.5W (400-700nm), 5h

Entry Cat (umol) PS (umol) PS:Cat umol CO umol H, TONo (Fe) TONy, (Fe) Selectivity CO (%)
1 1 1 1:1 211 1.0 211 1 >99
2 0.2 1 5:1 97 1.4 483 7 99
3P 0.2 1 5:1 100 2.2 498 11 96
4° 0.2 1 5:1 101 0.6 506 3 99
5 0.2 1(PS 1) 5:1 72 6.0 360 30 92
6 0.2 1(PS2) 5:1 80 1.3 400 6.5 98
7 0.1 1 10:1 71 2.4 711 24 97
8 0.05 1 20:1 35 0.7 706 14 98
9 0.2 0.2 1:1 45 5.2 224 26 90
104 1 — — 5.4 <0.32 5.4 <0.3 94

“ Reaction conditions: 10 mL of CO, saturated NMP, irradiation was performed using a Hg-lamp equipped with a 400-700 nm filter 1.5 W. 27
mg of composite C 3 batch 1 were used for all cases (containing 0.24 wt% Cu) except for entry 9: 6.1 mg of composite C 3 batch 3 were used
(containing 0.21 wt% Cu). ? Light output: 1.0 W (415 nm). ¢ Light output: 0.07 W (415 nm). ¢ 27 mg of TiO, Hombikat were used instead of PS
1@TiO,. Experiments in entries 1, 2, 5, 6, 7 and 9 were performed at least twice; average values are shown. Standard deviations are in between
1% and 12% of the average for TON(CO) as well as 0.1% to 2% for selectivity.

3. Results and discussion

For the first tests slightly modified conditions compared
to previously reported works utilizing iron based Cat were
applied: NMP/triethanolamine (TEOA; 5:1, v/v) 7.5 mL; PS
or composite; 1 umol Fe catalyst (Table 1).'"® As the use
of an in situ generated photosensitizer can lead to the

3942 | Catal. Sci. Technol,, 2023, 13, 3940-3945

presence of multiple equilibria in solution between ligands
that form the photosensitizer and the catalyst,’® we
employed solely molecularly defined PS to avoid
potentially undesired side reactions.

Under the conditions shown in Table 2, the molecularly
defined non-sulfonated PS 2 exhibited almost the same
productivity as the previously reported in situ generated

This journal is © The Royal Society of Chemistry 2023
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Table 4 Influence of copper loading on the performance in photocatalytic CO, reduction applying PS-TiO, composite materials”

Cat (0.2uymol), PS (0.2 ymol)

/
N NMP, BIH (0.1M) N/
o0 (L0 or (LG + vod

N\ 1.5W (400-700nm), 5h N\®
Entry  PS % Cu in support  mg of support ~ PS:Cat pmol CO  pmolH, TONco (Fe) TONy, (Fe)  Selectivity CO (%)
1 PS1 — — 1:1 4.2 128 21 86
2 PS 2 — — 1:1 3.8 115 19 86
3 C 1/B1 0.035 38 1:1 2.8 111 14 89
4 C 3/B1 0.16 8.3 1:1 5.8 263 29 90
5 C 3/B3 0.21 6.3 1:1 3.0 260 15 94
6 C 3/B4 0.24 6.3 1:1 5.2 224 26 90
7 C 4/B1 0.66 2.0 1:1 3.2 291 16 95
8 C 4/B2 0.67 2.0 1:1 4.0 272 20 93
9° C 4/B1 0.66 10 10:1 3.1 866 31 96
10° PS 1/TiO, — — 1:1 1.7 175 8.3 95
114 PS1 — — 1:1 1.0 <0.32 4.8 0 76

¢ Reaction conditions: 10 mL of CO, saturated NMP, irradiation was performed using a Hg-lamp equipped with a 400-700 nm filter 1.5 W.
0.1 umol Cat and 1 umol C 4/B4 (10 mg) were used. © PS 1 and 27 mg of TiO, (Hombikat) applied as PS system. ¢ Performed without light
irradiation in the dark. Experiments in entries 1 to 10 were performed at least twice; average values are shown. Standard deviations are in
between 2% and 14% of the average for TON(CO) as well as 0.1% to 5% for selectivity.

photosensitizer,'® thus demonstrating the reproducibility of
our protocol (Table 2, entries 1-2). Comparing the TONgo
(Fe)*" it becomes obvious that applying a catalyst to PS ratio
of 1:1 decreased the performance and the selectivity (Table 2,
entries 2 and 3). Nevertheless, we kept this ratio of catalyst
and PS for the following experiments. Next, we tested the
sulfonated PS 1, which allows for simpler immobilization
(Table 2, entry 4). Applying the respective Cu PS 1@TiO,
composite material C 3 as PS resulted in only half
productivity compared to the use of molecular defined PS 2
(Table 2, entry 5). Notably, the selectivity of all these systems
is affected by hydrogen generation, derived from TEOA which
plays a double role both as proton source and sacrificial
donor.** Thus, the avoidance of TEOA as additive under
otherwise same conditions was successfully proven (Table
S2,f entry 7). The TEOA free system not only resulted in
higher CO selectivities, but at the same time, the detrimental
effect of immobilization of the Cu PS could be erased
(Table 2, entries 6-11). More detailed, increased turnover
numbers were achieved applying C 3 (0.20 wt% Cu) and C 4
(0.66 Wt% Cu) compared to PS 1 and PS 2 (Table 2, entries 6-
9). Noteworthy, PS 1 showed a better performance than other
tested sulfonated PS (PS dppe, PS bep; Table S37), although
all possess comparable redox potentials (Tables S7 in ESI-87)
and absorb visible light (ESI-7f). Further experiments
demonstrated the importance of any of the components in
solution, i.e. Cat, PS 1, carbon dioxide and light for CO
generation (Table 2, entries 11-14).

Another set of experiments was performed applying C 3 as
PS (Table 3). Stepwise lowering the amount of catalyst from 1 to
0.2, 0.1, and further to 0.05 pmol provided higher TON values
but slightly lower selectivity towards CO formation (Table 3,
entries 1, 2, 7 and 8). Among those experiments, the highest
TON (Fe)co of 711 was obtained applying 0.1 umol catalyst and

This journal is © The Royal Society of Chemistry 2023

the optimal ratio of PS (in C 3):Cat of 10:1 (Table 3, entry 7).
Approximately the same turnover numbers were achieved for
irradiation intensities of 1.5 W (400-700 nm), 1.0 W and 0.07
W, respectively, and applying a single wavelength filter (415 nm;
Table 3, entries 2-4). Noteworthy, neither the molecularly
defined non-sulfonated (PS 2) nor the sulfonated PS (PS 1) can
compete under comparable conditions with the composite
material C 3 (Table 3, entries 2, 5 and 6). Reducing both, the
amount of catalyst and composite PS 1 to 0.2 umol resulted in
almost the same TON as applying 1 pmol of each (Table 3,
entries 1 and 9). Pure Hombikat UV 100 TiO, was tested without
addition of PS 1, showing almost no activity towards carbon
dioxide reduction in combination with Cat (Table 3, entry 10).
This can be explained due to inability of the semiconductor to
absorb visible light, which renders the use of a photosensitizer
evident.”> Applying UV light (320-400 nm) instead of visible
(400-700 nm) showed that electron transfer from TiO, to the
catalyst is not efficient, providing negligible amounts of CO (4.7
pumol) and H, (5.1 pmol) (Table S4;i entry 3). Quantum yield
determination resulted in values up to 9.5% under optimized
conditions applying a single wavelength filter (415 nm, 0.07 W;
ESI-51). This is almost the same order of magnitude as the
quantum yield obtained for the molecularly defined system
(13.3%).'®

Further efforts aimed to investigate the influence of
different copper loadings on titania. As mentioned, vide
supra, composite materials C 1 to C 4 with Cu loadings in
between 0.05 and 0.66 wt% copper, ie. 8 to 103 pmol Cu-PS
per g of TiO,, were synthesized. Within this range, an
increase of productivity with increasing Cu loading was
observed, although the same amount of copper was used in
all catalytic tests (Table 4 and Fig. 2). Applying the previously
obtained optimal PS:Cat ratio of 10:1 and composite C 4
the highest TON(Fe)co of 866 was achieved (Table 4, entry 9).

Catal. Sci. Technol., 2023, 13, 3940-3945 | 3943
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According to the results shown in Tables 2 to 4, application
of TEOA free conditions showed that the composites always
performed better than the non-supported photosensitizers,
independently on the PS:Cat ratio. To further evaluate
potential advantages of the heterogenized PS, recycling
experiments were performed comparing PS 1 and the
composite material C 4 (Tables S5 and S67). The activity of
the homogeneous system decreased to a major extent after 5
hours of irradiation (TONgo 5.2), and it was necessary to add
both catalyst and photosensitizer to restart the reaction. Also,
for the TiO,-supported PS, the productivity decreased to a
similar extent in the second run (Table S5t1) and even after
the addition of fresh catalyst, whose deactivation was
reported before,* to a used and separated composite did not
lead to a significant re-activation (Table S67).

Recently, the working mode of a comparable Cu-PS/TiO,
composite material, applied in photocatalytic proton
reduction, was investigated.*® While the excited unsupported
PS 1 showed emission at 585 nm, excitation of the respective
PS 1@TiO, composite resulted in no detectable emission,
which was valued as a clear hint for electron injection from
the sensitizer into the conduction band of titania. In case of
the composite material {Ir(ppy).[bpy-(COOH),]}'/TiO, (ppy =
singly deprotonated 2-phenylpyridine; bpy = 2,2"-bipyridine),
which was also applied in photocatalytic proton reduction,
time-resolved photophysical measurements were performed
resulting in three time constants associated with electron
injection. The fastest one (1.2 ps) was ascribed to a transfer
from the triplet state located at the 2,2-bipyridine (bpy)

ligand to the conduction band of TiO,*® By these
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Fig. 2 Influence of Cu loading in PS 1@TiO, composites C 1, C 3 and
C 4 on the performance (TON) in photocatalytic CO, reduction and
comparison to different mixtures of TiO, and PS 1 or C 4 as well as PS
1 and TiO, (blue columns). [Cu/TiO, x 100% (black dots)] is calculated
by m(Cu)/m(TiO,) x 100%. Reaction conditions: 10 mL of CO,
saturated NMP, equimolar amounts of Cat and PS (each 0.2 pumol)
were used in every case, irradiation was performed using a Hg-lamp
equipped with a 400-700 nm filter 1.5 W (detailed conditions provided
in Table S47).
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observations the role of titanium dioxide to be able to act as
both support and electron relay in the photocatalytic proton
reduction was confirmed. Additionally, these findings are in
good agreement with those reported by Huang et al*® To
proof whether this working mode is transferable to
photocatalytic CO, reduction respective photophysical
investigations were performed (ESI-8f). However, upon
excitation at 400 nm PS 1 dissolved in MeOH as well as the
pure solid, fixed in glass plates (MzGl), showed a clear
emission maximum at 560 nm. Time-resolved emission
recorded in solution as well as on the solid samples for both
supported and non-supported PS 1 revealed an emission at
630 nm with a lifetime of ca. 6 ps (Fig. S177). Also, in these
experiments no significant difference between the relaxation
properties of C 4 and PS 1 were observed (Fig. S17 rightt).

Therewith, in contrast to previous findings, a strong
interaction between the complex and the titania support
cannot be confirmed. Other potential reasons for the
observed increase in activity of the composite material might
include adsorption that could stabilize the Cu
photosensitizer or a change of the PS speciation.

Nevertheless, the positive influence of titania in the
composite materials is clearly demonstrated in Fig. 2 and
Table S4F While pure TiO, was almost inactive as light
harvesting unit PS 1 showed approximately half the activity of
the best composite C 4 (TON 272). Simply mixing PS 1 and
TiO, improved the TON(CO) compared to PS 1 or TiO, alone,
however, resulted in only 64% of productivity obtained for C
4. Adding further titania to the composite C 4 increases the
optical density of the reaction solution and resulted in a
detrimental effect. Thus, lower TON(CO) were observed (TON
94 and 179, for adding 20 or 4 mg TiO,, respectively).

Conclusions

Here we describe a novel combination of a homogeneous iron
catalyst and a semiconductor-supported sulfonated Cu
photosensitizer for the photocatalytic reduction of carbon
dioxide to carbon monoxide. In the presence of 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzimidazole (BIH) as electron donor,
improved catalyst turnover numbers >860 (TON¢, (Fe) were
achieved compared to the corresponding homogeneous catalyst
system, with quantum yields of up to 9.5%. In contrast to
previous findings, the function of the titania as electron relay
could not be confirmed. However, the positive influence of the
dye sensitized titania composite materials compared to
mechanically mixed PS and TiO, is clearly demonstrated. The
observed synergy between the homogeneous and heterogeneous
system can inspire the design for more stable systems with
enhanced activity in the future. Stability enhancement is an
important issue and might be either achieved applying other
oxide materials or by appropriate coverage of the composite by
polymeric layers while maintaining the activity. Respective
approaches are a matter of future studies. It should be also
noted that the described composites could be beneficial in other
photocatalytic transformations, too.

This journal is © The Royal Society of Chemistry 2023
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Abstract

The application of carbon dioxide and its derivatives e.g., carbonate, and bicarbonate, which are so far
widely seen as waste, is required to reach a circular carbon economy and minimize environmental
issues. Currently, many research efforts focus on new approaches for the utilization of such materials.
To achieve these goals, photo-, electro-, thermal-, and biocatalysis are key tools to realize the desired
transformations, especially in aqueous solutions. Nevertheless, catalytic systems that operate
efficiently in water are scarce. Here, we present a general strategy for the identification of suitable and
stable enzymes for CO; reduction based on structural analysis for potential carbon dioxide binding sites
and subsequent mutation. Following this idea, we discovered that the wild-type of phenolic acid
decarboxylase from Bacillus subtilis (BsPAD_WT) promotes the aqueous photocatalytic CO, reduction
selectively to carbon monoxide in the presence of a ruthenium photosensitizer and sodium ascorbate.
With engineered variants of BsPAD, TONs of up to 978 and selectivities of up to 91% were achieved
within 3h. Crucial for this ability is a CO,-binding pocket and nearby redox active amino acids, e.g.,
tyrosine or tryptophane. By mutating the active site of BsSPAD_WT, improved turnover numbers for CO
generation up to 196 were achieved (BsPAD_WCP_W17A). Further investigations of the influence of
mutations gained insights into the working mode and this suggests that electron transfer is rate-
limiting and occurs via multistep tunneling. The generality of this approach was then proven by using
eight other enzymes containing CO,-binding sites, which all showed the desired activity underlining
that a range of proteins is capable of photocatalytic CO; reduction.

Introduction

An efficient and economic carbon valorization is a prerequisite for a circular carbon economy that
includes reducing, reusing, and recycling®. This is substantial for sustaining and improving human
economic activity and life quality. In general, any carbon-containing materials are finally transformed
into carbonates, bicarbonates, and carbon dioxide, which were so far only seen as waste. To realize
the desired circular carbon economy, the application of the above-mentioned carbon sources is
essential and can contribute to minimizing the consumption of fossil resources and emission of
pollutants?.

In addition to the direct application of gaseous CO,, less research has focused on the utilization of
bicarbonates and carbonates®. Thermal hydrogenations*® as well as electro-® and photocatalytic
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reactions constitute the most viable options for the reduction of carbon dioxide’®. Valorization of the
resulting C1 products (CO, HCO,H, CH30H, CH,4) allows the production of carbon-neutral fuels and
chemicals and thereby enables an anthropogenic carbon cycle!®. Many research efforts were
undertaken to develop active photocatalytic systems containing either noble or base metal catalysts
and/or photosensitizers to generate carbon monoxide®!, formates!?'%, methanol, or methane!*, Most
of those transformations were performed in organic solvents like acetonitrile, dimethylformamide, or
N-methyl-2-pyrrolidone (NMP). However, from a sustainable and practical perspective, water-based
systems are highly desired and offer the possibility to couple CO; reduction with water oxidation as a
kind of artificial photosynthesis®®'’. The low solubility of catalysts and photosensitizers is the major
drawback for transferring known photocatalytic systems to aqueous media, although some progress
has been made 8. Among the few examples of successful photocatalytic carbon dioxide reduction in
water, Sakai et al. reported the application of a ruthenium photosensitizer!® and, more recently, a
copper photosensitizer?® in combination with a water-soluble cobalt porphyrin complex and sodium
ascorbate as the sacrificial electron donor. Catalyst turnover numbers TONco of 926 and 2680,
respectively, were obtained. Due to the comparable potentials of carbon dioxide reduction to CO (E =
-0.52 V, pH = 7) or formate (E = -0.61 V, pH = 7) compared to proton reduction (E =-0.41V, pH = 7),
hydrogen formation is expected to take place as a competing reaction, especially in agueous solution
(Figures 1a and b). Indeed, hydrogen generation was observed in the above-mentioned examples with
catalyst TONy, of 197 and 820. Obviously, high selectivity for CO, reduction over hydrogen generation
is an important parameter for any catalyst performance. To achieve a more chemoselective reaction
of carbon dioxide in aqueous media an appropriate microenvironment with CO; binding sites close to
a catalytic reduction center seems to be a promising approach®?!. Although such well-defined 3D-
structures can be found in enzymes, these have been studied only scarcely for photocatalytic carbon
dioxide reduction. Advantageously, enzymes are operating in an aqueous environment, therefore
avoiding organic solvents that are commonly used in artificial systems for photocatalytic CO; reduction.
Among the few known examples, mainly enzymes with natural carbon dioxide reducing activity, such
as carbon monoxide dehydrogenases (CODH) or formate dehydrogenases (FDH) %4, have been
proposed for this reaction (Figure 1c). FDH and CODH are both highly selective in their CO,-reducing
activity and yield formate and carbon monoxide, respectively®. In these systems, electrons from the
photocatalysts were used to regenerate redox cofactors such as NAD(P)H, which naturally provide
electrons for CO; reduction, or to directly supply electrons to the proteins. For the latter approach,
photosensitizer-semiconductor assemblies, such as metal oxide nanoparticles?®%, cadmium sulfide
nanocrystals®®, and titanium dioxide combined with silver nanoclusters?® were used for carbon
monoxide generation by CODH. Unfortunately, only anaerobic oxygen-sensitive Ni-Fe-CODHs are
capable of catalyzing CO, reduction to CO*, which substantially limits the potential applications of
these enzymes in waste gas treatment or direct air capture and makes purification of them costly and
their practical handling cumbersome33*, Although significant progress has recently been made in
reducing the oxygen sensitivity of CODH-II from Carboxydothermus hydrogenoformans®®, modifying
CODHs remains very limited, as even minor changes in CODH result in a complete loss of activity3®,
hampering further development of these enzymes.

As an alternative to natural CO;-reducing enzymes, proteins that originally do not have CO;-reducing
activity, such as azurin or the vyellow fluorescent superfolder protein, were modified with
photosensitizers (PS) such as [Ru'(bpy)s]** or (E)-4-(4-benzoylbenzylidene)-1,2-dimethyl-1H-imidazol-
5(4H)-one and used for CO, reduction with an attached Ni catalyst3°. These systems were typically
run on a nanomolar scale and TONs for CO formation did not exceed 120. The high selectivity for CO
formation was mainly attributed to the applied Ni catalysts*®*’. Recently, Alcala-Torano et al.
developed another artificial metalloprotein (ArM) for CO; reduction to CO by replacing the heme unit
of cytochrome bse, with an artificial cobalt protoporphyrin IX cofactor using free [Ru"(bpy)s]** as PS*2.
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Figure 1. Photocatalytic enzyme-based CO; reduction in aqueous media. a, General equation for photocatalytic CO2 reduction to CO. b,
Reduction potentials for competing reactions: Proton coupled carbon dioxide reduction to carbon monoxide and proton reduction. c,
Different approaches for photo-enzymatic CO; reduction to CO in agueous media: Selected examples from literature.26-2% 3738

Although the selectivity and TONs were comparably low, they proved that mutating amino acids in the
first coordination sphere of the metal complex can prevent the competitive formation of hydrogen.

Inspired by these works, we started our catalyst development with a common photosensitizer and an
enzyme that is not known for carbon dioxide reduction but has a well-defined CO; binding pocket and
protein cavity. For this purpose, we chose the phenolic acid decarboxylase from Bacillus subtilis
(BsPAD), a highly expressible, stable, and metal-free enzyme***>. The efficiency and selectivity of the
photocatalytic carbon dioxide reduction of BsPAD were further improved via site-directed
mutagenesis.
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Results and discussion

As BsPAD was not known to have CO; reduction activity, initially it was planned to use the CO,-binding
pocket for facilitating a selective CO, reduction activity donated by a Kndlker-type complex, a known
CO, reduction catalyst*® For site-selective covalent anchoring with a maleimide-functionalized
Kndlker-type catalyst®’, BsPAD was engineered with the mutations C100W, V124C, and A147P
(BsPAD_WCP). Thereby, C100W and V124C were introduced to have a unique cysteine at a desired
position, while A147P, suggested by the Fireprot online tool*® was created to increase the stability of
the protein. However, tests for photocatalytic carbon dioxide reduction applying BsPAD_WCP modified
with the Knélker-type catalyst (BsPAD_WCP@Fe-2) and, for comparison, the BsPAD_WT, BsPAD_WCP
as well as the free Fe catalysts Fe-1 and Fe-2 (Table S-2) revealed, that the Fe catalysts are not
necessary to drive the reaction. Although, BsPAD_WCP@Fe-2 resulted in significantly higher TONco
(Table S-2, entries 7, 8, 11; PS:Cat = 20:1) compared to the free complexes Fe-1 and Fe-2, surprisingly
a comparable high productivity as for BsSPAD_WCP@Fe-2 was obtained for the iron free BsPAD_WT
and BsPAD_WCP. Noteworthy, BsPAD_WT, BsPAD_WCP, and BsPAD_WCP@Fe-2 outperform the free
Fe catalysts concerning the selectivity of CO over H; (Table S-2, entries 9-11). No further CO, reduction
products besides CO were detected in our analysis. Controls with potential impurities such as Ni ions
and imidazole did not show comparable catalytic properties to BsPAD (Table S-4, entries 2-5).
Additionally, free amino acids, and bovine serum albumin (BSA) were studied as negative controls for
this reaction (Table SI-4, entries 6-8). These experiments revealed that CO formation is solely an
enzymatic activity originating from BsPAD. These interesting results encouraged us to focus on the
application of BsPAD mutants as the catalyst for photocatalytic CO, reduction, thus avoiding metal-
containing CO; reduction catalysts. Attempts to replace Ru PS with non-precious metal or metal-free
PS resulted in a major decline in activity and were not further pursued in this paper (Table S-9). To
improve the performance of this promiscuous enzyme, we next performed single, two- and three-fold
site-directed mutations at different positions (Table 1, Tables S-1, S-3, and Figure S-6). Those
experiments revealed interesting structure-activity relationships regarding CO productivity and
selectivity. The results of these photocatalytic experiments using the further mutated BsPAD_WCP are
summarized in Table 1.

Table 1. Photocatalytic carbon dioxide reduction by BsPAD variants

# Enzyme nHz (umol) nCO (pumol) Select. (%) TON CO

BsPAD_WT <0.32 1.52 82 30

22 BsPAD_WT <0.32 1.43 81 143

3 BsPAD_WCP <0.32 1.48 82 30

4 BsPAD_WCP_W17A 0.51 3.90 88 78

52 BsPAD_WCP_W17A 0.42 1.96 82 196

6 BsPAD_WCP_I85A <0.32 3.12 91 62

7% BsPAD_WCP_I85A 0.32 1.19 78 119

8 BsPAD_WCP_F87A <0.32 2.40 88 48

9 BsPAD_WCP_W17A_I85A <0.32 1.33 81 27

10 BsPAD_WCP_W17A_F87A <0.32 2.21 87 44

11 BsPAD_WCP_I85A_F87A <0.32 2.13 87 42

12 BsPAD_WCP_W17A_I85A F87A <0.32 2.32 88 46
Reaction conditions: 10 mL H20 were used in all cases (volume of headspace = 75 mL). [Enzyme] = 5 uM. [Ru(bpy)sClz] = 100 uM. NaHCOs
(0.1 M) and NaAscH (0.05 M) were employed in all cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes prior to
irradiation. Light output: 1.5W (400-700 nm). Reaction time: 3 hours;
2 Conditions: 10 mL H20 containing 1 umol [Ru(bpy)sCl2] [100 uM]; 0.01 umol enzyme [1 uM]; 1 mmol NaHCOs [0.1 M] and 500 pumol
NaAscH [0.05 M]. The experiments in entries 1 to 5 and 7 were performed at least twice. Standard deviations are 5 to 11 % (except for
entries 2 and 7: 26% and 20%, respectively) of the average for TON(CO) as well as 1% to 5% for selectivity, respectively. Single experiment
data can be found on Table SI-17.1.
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First, the amino acids tryptophan, isoleucine, and phenylalanine in positions 17, 85, and/or 87 of
BsPAD_WCP were replaced by alanine to increase the volume of the CO; binding pocket. Among the
obtained mutants especially the single mutated BsPAD_WCP_W17A, BsPAD_WCP_I85A, and
BsPAD_WCP_F87A, showed increased CO productivities and still high CO selectivity (Table 1, entries 4,
6, 8). For the double and triple mutants, lower TON values and comparable selectivities were obtained
(Table 1, entries 9-12). These results can be explained by a change in the opening/closing mechanism
of the enzyme caused by the introduced mutations, as previously described for the W25A mutation
(corresponding to W17A in BsPAD) in the phenolic acid decarboxylase from Enterobacter sp. Px6-4%°.
To demonstrate the effect on protein dynamics, molecular dynamics simulations were also performed.
These simulations showed that W17A, I85A, and F87A appear to stabilize the open enzyme
conformation, while BsPAD_WT undergoes closing of the entry site within the simulated 10 ns (Figure
S-2). Therefore, the W17A, I85A, and F87A mutations facilitate the access of CO; into the binding site
and the availability of protons®®; however, the combinatorial mutations did not result in synergistic
effects regarding the TONSs. In contrast to the photocatalytic CO, reduction activity, the physiological
decarboxylation activity was negatively affected by the W17A, 185A, and F87A mutations, which
resulted from the disruption of the opening/closing mechanism required for native decarboxylation
activity®®*. Interestingly, decreasing the enzyme concentration of the wild-type from 5 to 1 uM
resulted in a similar amount of CO formation and thus an approximately fivefold increase in TON (Table
1, entry 2). Lowering the enzyme concentration of BsPAD_WCP_W17A and BsPAD_WCP_I85A also
increased TONs (Table 1, entries 5 and 7). These findings will be further discussed in a later section,
vide infra. In addition, continued irradiation of the solution after the standard reaction time of 3 hours
showed residual activity of the biocatalysts, highlighting the high stability of the BsPAD variants.
Nevertheless, additional experiments were conducted to prove that BsPAD remained natively folded
under photocatalytic CO, reduction conditions. For this purpose, we investigated whether the native
decarboxylation activity of BsPAD_WT affected the photocatalytic CO; reduction. Indeed, carbon
dioxide reduction was decreased by 26% in the presence of ferulic acid (Table S-5). However, the
decarboxylase activity still resulted in complete conversion of the ferulic acid over the reaction time.
In contrast to ferulic acid, 4-vinyl guaiacol, the respective decarboxylation product did not inhibit the
photocatalytic CO; reduction (Table S-6). The inhibition of photocatalytic CO, reduction in the presence
of ferulic acid indicates that both reactions compete with each other and therefore occur in the same
binding pocket. The importance of the native folding of the protein was also demonstrated by heat
treatment of BsPAD_WCP at 60°C for 30 min (such mild heat treatment was used to prevent protein
aggregation and precipitation), which resulted in a 60% activity decrease. Although no melting point
could be determined by nano-differential scanning fluorimetry (NanoDSF) after the heat treatment,
the residual activity could be explained by refolding of the protein after mild denaturation at 60°C
(Table S-7).

Having demonstrated that CO, reduction is an enzymatic activity that occurs in the natively folded
active site of BsPAD, the question arises of how electrons are transferred from the PS to the CO; in the
binding pocket. In general, the electron transfer in the Ru-PS/BsPAD-based system might occur via
direct single-step electron tunneling from the PS to carbon dioxide in the active site or secondly via
multi-step tunneling through redox-active amino acid side chains. Typically, single-step electron
tunneling in proteins is only observed within 14 A, as the electron transfer rate decreases exponentially
with distance®?°3. If the electron is not transferred directly in the active site, electron-conducting amino
acids (Tyr or Trp) must be involved in electron transport®. Such multistep tunneling through redox-
active amino acid side chains, often referred to as electron hopping, allows for higher electron transfer
rates over long distances®>>3, Considering that the Ru-PS is too large to enter the protein cavity and
that the CO; in the CO,-binding pocket of BsPAD is located at least 8 A from the protein surface,
efficient one-step electron tunneling from the PS to the bound CO; is only possible if the PS is located
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close to a specific position on the protein surface. Since many Tyr and Trp amino acids are located in
the binding pocket closer than 14 A to the CO, (Figure 2A), multistep tunneling is more likely. To
determine if any of the five tyrosine residues (Y11, Y13, Y19, Y31, Y122) and the two tryptophans (W17,
W62) in the cavity of the BsPAD_WCP (Figure 2A) are involved in multistep tunneling, they were
stepwise replaced. Since BsPAD_WCP_W17A has already shown increased activity, tryptophan W17 is
not essential for electron transfer. All other residues were replaced by phenylalanine (Phe), which has
an aromatic character and a similar space requirement like Trp and Tyr but does not conduct electrons.
While substitution at positions Y13, Y19, Y31, and Y122 resulted in only a slight decrease in activity,
the substitution of Y11 and W62 almost completely deactivated the system. These results support our
hypothesis that Y11 and W62 mainly contribute to a multistep electron tunneling pathway within the
protein.

Table 2. Influence of the replacement of redox-active and CO, binding amino acids in WCP
mutants applied in photocatalytic carbon dioxide reduction
nH: nCO Select.

# Enzyme (umol) (umol) (%) TON CO

1 BsPAD_WT <0.32 1.52 82 30

2 BsPAD_WCP <0.32 1.48 82 30

3 BsPAD_WCP_Y11F <0.32 0.52 62 10

4 BsPAD_WCP_Y13F <0.32 0.82 72 16

5 BsPAD_WCP_Y19F 0.45 1.28 75 26

6 BsPAD_WCP_Y31F <0.32 1.14 78 23

7 BsPAD_WCP_WG62F <0.32 0.35 52 7.0

8 BsPAD_WCP_Y122F <0.32 0.80 71 16

9 BsPAD_WCP_RA41l <0.32 0.51 62 10

10 BsPAD_WCP_R41L <0.32 0.58 64 12
Reaction conditions: 10 mL H20 were used in all cases (volume of headspace = 75 mL). [Enzyme] = 5 pM. [Ru(bpy)sCl2] = 100 pM. NaHCOs
(0.1 M) and NaAscH (0.05 M) were employed in all cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes prior to
irradiation. Light output: 1.5 W (400-700 nm). Reaction time: 3 hours. The experiments in entries 1- 3, 5, 6, and 8 were performed at least
twice. Standard deviations are 2 to 14 % of the average for TON(CO) as well as 1% to 4% (except entry 5: 11%) for selectivity, respectively.
Single experiment data can be found on Table SI-17.2.
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Figure 2. Mutation studies on BsPAD. (A) Visualization of residues selected for mutagenesis (blue) in the protein cavity of
BsPAD (PDB-ID: 2P8G) and amino acids involved in CO; binding (orange). (B) Overview of results in photocatalytic carbon dioxide reduction
employing BsPAD derived mutants according to Tables 1 and 2. Reaction conditions: [Ru(bpy)sClz] = 100 uM; [Enz] =5 uM; [NaHCOs] = 0.1 M;
[NaAscH] = 0.05 M; total reaction volume = 10 mL. Carbon monoxide produced is shown in green color, and hydrogen production is shown
in orange color.

To obtain further information on the mechanism, the main reaction parameters such as light intensity,
PS concentration, enzyme concentration, electron donor concentration, and sodium bicarbonate
concentration were varied using the BsPAD_WT. Decreasing the enzyme concentration from 5 uM
resulted in practically the same amounts of CO formation until 0.5 uM (Table S-10), which increased
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the TON (Table S-10, Figure S-9), indicating that the enzymatic activity of BsPAD is not rate-limiting for
CO formation. Increasing the light output or PS concentration resulted in a moderate increase of
produced carbon monoxide, suggesting that the availability of excited PS affects the rate-limiting step
for carbon dioxide reduction. However, at elevated light output the system’s selectivity is completely
lost due to an enhanced proton reduction (Tables S-11 and S-12). Thus, the availability of sodium
ascorbate as an electron donor is not limiting in our setting because the consumption of sodium
ascorbate is negligible and a decrease from 50 to 5 mM reduces the activity by only one-third (Table
S-13, entry 2). Decreasing the pH or the sodium bicarbonate concentration resulted in similar TONs
but lower selectivity (Table S-13, entries 4 and 5). Therefore, the CO formation activity of BsPAD is not
limited by proton availability. Having demonstrated the importance of the electron-conducting amino
acid and the availability of excited PS for the TONs achieved, we therefore can conclude that electron
transfer from the PS to the enzyme may be the rate-limiting step of the catalysis. Therefore, a higher
ratio of PS to catalyst resulted in better activity (Table S-10, entries 2-5; Table S-11, entry 6). At 0.2 uM
BsPAD_WT, the lowest concentration studied, and an enzyme to PS ratio of 1:500, the highest TON of
429 was obtained. When using the optimized variant BsPAD_WCP_W17A at a concentration of 0.2 uM,
a TON of 978 was reached after 3 h (Table S-14, entry 1). With prolonged irradiation, even a TON of
1128 was achieved, although the selectivity decreased to 56% (Table S-14, entry 2).

Next, we investigated where in the active site the CO; reduction occurs. Based on a docking simulation
of CO, to the active site of BsPAD (PDB-ID: 2P8G) using YASARA Structure (YASARA Biosciences GmbH,
Vienna, Austria), CO; binding occurs in the same pocket as CO; release from the decarboxylation
reaction. The amino acid Arg4l (R41) which is also known to be essential for the phenolic acid
decarboxylation activity of BsPAD®, is thereby crucially involved in CO; binding®™™®’. Thus, a loss of
activity is expected by an exchange of Arg41 with leucine or isoleucine. Indeed, the BsPAD_WCP_R41l
and BsPAD_WCP_R41L variants showed significantly decreased productivity in CO formation (Table 2;
entries 9 and 10). Therefore, besides the redox active amino acids also the carbon dioxide binding site
of BsPAD is clearly essential for the obtained catalytic performance.

Table 3. Carbon dioxide binding enzymes (wild-types) studied for photocatalytic CO, reduction

#  Enzyme nHz (umol) nCO (umol) Select. (%) TON CO
1 BsPAD_WT <0.32 1.43 81 143
2%  EcPanD 0.42 1.62 80 162
32  PFE <0.32 0.80 71 80
42 SsTrpC 0.33 1.17 79 117
5 MmPPP2 <0.32 1.52 83 152
6 ScFDC1 <0.32 2.55 89 255
7 TtALS 0.36 2.62 88 262
8 EcPPC <0.32 1.49 83 149
9 BtCA 0.87 2.19 72 219

Reaction conditions: 10 mL H,O were used in all cases (volume of headspace = 75 mL). [Enzyme] = 1 uM. [Ru(bpy)sClz] = 100 uM. NaHCO3
(0.1 M) and NaAscH (0.05 M) were employed in all cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes prior to
irradiation. Light output: 1.5 W (400-700 nm). Reaction time: 3 hours. All experiments were performed twice, and average values are
shown. Standard deviations are in general 4% to 19% for TON(CO) except for entries 1 (26%), 3 (22%), 4 (32%), 6 (28%), and 9 (23%) as
well as 1% to 12% for selectivity except for entry 6 (20%). Details about the applied enzyme batches are provided in the Supplementary
Information (Table S-15). Single experiment data can be found on Table SI-17.3.

2 Enzymes from different expression batches were applied.

Obviously, the carbon dioxide reduction activity of BsPAD is favored by the proximity of electron-
conducting amino acids and the CO; binding pocket. Since a total of about 5% of amino acids in proteins
are Tyr and Trp®8, CO, reduction might occur also in other proteins capable of binding carbon dioxide®°.
To prove this, exemplarily eight other proteins that release or utilize CO, were selected and
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investigated for their carbon dioxide-reducing activity (Table 3). In addition, Pseudomonas fluorescens
esterase 1%° (PFE) was included in the selection, although it naturally releases carboxylic acids rather
than CO; during ester hydrolysis. As shown in a docking experiment, CO; binding occurs at the same
position between the oxyanion hole and the catalytic Ser, as expected for carboxylic acids (Figure S-3)
®1, Among the selected proteins, the carbon dioxide binding mechanism, protein size, and origin
differed. While e.g., acetolactate synthase from Thermus thermophilus (TtALS), carbonic anhydrase
from Bos taurus (BtCA), and ferulic acid decarboxylase 1 from Saccharomyces cerevisiae (ScFDC1)
require thiamine diphosphate, Zn%, and prenylated flavin mononucleotide cofactors, respectively, in
substrate or CO; binding, no cofactors are necessary for the other enzymes studied. Interestingly, all
enzymes with CO,-binding sites exhibited some activity regardless of the binding mechanism. CO,-
binding pockets in enzymes serve to stabilize transition states in CO;-releasing or -utilizing reactions,
therefore charged intermediates of CO, reduction could also be stabilized by interacting with the CO,-
binding site. Indeed, indole-3-glycerol phosphate synthase from Sulfolobus solfataricus (SsTrpC)
showed activity (TON 117) and selectivity (79%) for CO formation, albeit somewhat lower compared
to the BsPAD_WT (Table 3, entry 4). Protocatechuate decarboxylase from Madurella mycetomatis
(MmPPP2) showed comparable TON and selectivity to BsPAD_WT (Table 3, entry 5). Higher TON and
selectivity were obtained by applying TtALS, while PFE showed lower TON and selectivity (Table 3,
entries 7 and 3). The lower activity and selectivity of PFE compared with the other CO,-binding proteins
may be due to the fact that the CO,-binding pocket of the carboxyl esterase PFE was optimized for
binding of esters and carboxylates rather than CO,. Nevertheless, PFE shows higher activities than
enzymes that do not have a CO,-binding pocket, such as lysozyme and DNAse (Table S-4, entries 11
and 12). This result supports the hypothesis that the presence of a CO; binding pocket plays an
essential role in photocatalytic CO, reduction. BtCA and ScFDC1 showed high activity (TON 219 and
255, respectively; Table 3, entries 9 and 6) combined with low or high selectivity at 72% and 89%,
respectively. Phosphoenolpyruvate carboxylase (EcPPC) and aspartate-1-decarboxylase from
Escherichia coli K12 (EcPanD) showed TONs around 150 and selectivity for CO formation of 83% and
80%, respectively (Table 3, entries 8 and 2). Especially the wild-type enzymes ScFDC1, TtALS, and
EcPanD showed similar or even better performance in terms of activity and selectivity than the
engineered variant BsPAD_WCP_W17A and therewith constitute potential targets for further
engineering studies of the newly found enzymatic promiscuity. In particular, EcPanD and
BsPAD_WCP_W17A, which do not require external cofactors*®?, could overcome expression and
stability issues associated with enzymatic CO, reduction by CODH. Noteworthy, the expression level of
WT_BsPAD reaches more than 12.2 umolenzyme/Lmedium (Table S-15).

As mentioned above, it seems that Arg plays an important role in carbon dioxide activation in enzymes,
as also suggested for CO; activation catalyzed by Arg in the synthesis of quinazoline-2,4(1H,3H)-diones
in water®3, Therefore, analyses of the structures of all other tested enzymes regarding the influence of
this Arg residue were performed. However, both enzymes where Arg is involved, as well as those where
Arg is not involved in CO; binding, showed activity and selectivity for CO, reduction, e.g., in PFE or
BtCA. Therefore, a specific role of Arg in enzyme-based photocatalytic CO; reduction seems not to be
essential. The presence of Arg in many CO,-binding pockets might appear since Arg is the most
abundant amino acid in CO,-binding motifs® and is known to be efficient for carbon dioxide capture®.

Conclusions

We presented a strategy for identifying enzymes with promiscuous CO»-reducing activity by functional
and structural analysis and optimizing their activity via mutations. We believe this approach opens the
way for developing new and improved biocatalysts for this important transformation based on the
profound knowledge of enzyme structures and mechanisms. More specifically, it is demonstrated that
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the wild-type, as well as the mutants of the phenolic acid decarboxylase from Bacillus subtilis
(BsPAD_WT), constitute practical alternatives for difficult-to-handle, air-sensitive enzymes, such as the
so far applied CODH. BsPAD_WT, originally not expected to possess CO,-reducing activity, promotes
the aqueous photocatalytic CO; reduction to carbon monoxide in the presence of a ruthenium
photosensitizer and sodium ascorbate (TON up to 429) in good selectivity (up to 85%). By mutating the
active site of this enzyme, improved turnover numbers and higher selectivity for CO were achieved for
BsPAD_WCP_W17A. At a concentration of 0.2 uM BsPAD_WCP_W17A, a TON of 978 after 3 hours and
1128 after 5 hours, respectively, were obtained. Further investigations of the influence of mutations
substituting either the redox-active amino acids tyrosine and tryptophane or arginine gained insights
into the working mode of the enzyme. Electron transfer from the PS has been proposed as a rate-
limiting step, which most likely occurs via multistep electron tunneling. Therefore, optimization of the
electron transfer by mutagenesis or covalent linkage of a PS could further enhance the activity of
BsPAD. Based on determined structural and functional analyses, eight other enzymes with CO,-binding
pockets were chosen and successfully examined for their ability to perform photocatalytic CO;
reduction; thus, demonstrating the viability of our approach.
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