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[FeFe]-Hydrogenase - Enzymatic Topology

1 Introduction

Since the limitations of fossil energy sources and their polluting impact have become obvious, the
search for alternative energy sources is promoted by scientists and politicians. Besides the
common renewable energy sources (wind, sun, geothermal and water energy), dihydrogen can act
as energy storage and for the transportation of energy in very efficient ways.1 It has a high energy
density2 and produces a clean combustion product, namely water.® Many different ways to form
dihydrogen are known (e.g. steam methane reforming,4 electrolysis of water,® coal gasification,6
and biomass processing techniques’). However, a considerable amount of energy is needed to
produce one mole of dihydrogen. Especially the electrolysis of water is accompanied by a high
overpotential and therefore by an unfavourable need of energy for standard industrial applications.8
Not only the industry dissipates and generates dihydrogen, but also nature uses an enormous
amount of dihydrogen in different forms (e.g. NADH/H*) as energy source and transporter.9 The
generation and depletion is regulated by enzymes, the hydrogenase enzymes, either to avoid a
surplus of reducing power or to provide an energy source.'® Hydrogenases are very efficient
enzymes, catalyzing the one-electron reduction equilibrium of a proton (see Scheme 1).

Three different kinds of hydrogenase enzymes are currently discussed in literature. They are
differentiated according to the shape of their active site, occurrence, localization and function
(Table 1). (i) The cluster-free hydrogenase methylenetetrahydro-methanopterin (HMD) is found to
possess a co-factor with a low-spin Fe(ll).""'#"3' (ji) The [FeNi]-hydrogenase exhibits a [FeNiS,]
active site and catalyzes the depletion of dihydrogen. A subgroup of [FeNi]-hydrogenase provides a
[FeNiSe] centre, whereby one cysteine is replaced by a selenocysteine.15 (iii) The third type of

hydrogenase is called [FeFe]-hydrogenase and will be in the focus of this work.'®"’

2H* +2ee<—=H,

Scheme 1. Two-electron
reduction  equilibrium  of
protons/dihydrogen.

11



[FeFe]-Hydrogenase - Enzymatic Topology

Table 1. Classification of the different hydrogenases.'®

Classification Occurrence Structure Localization Function
[FeFe]-H.ase photosynthetic bacteria, monomeric, cytoplasmic, formation of
anaerobic fermentative bacteria  heteromeric membrane bound,  dihydrogen
cyanobacteria, periplasmic,
green algae, protozoan chloroplasts,
hydrogenosomes
[FeNi]-Hzase anaerobic, photosynthetic heterodimeric, cytoplasmic, uptake of
bacteria, cyanobacteria multimeric membrane bound,  dihydrogen
periplasmic
[FeNiSe]-Hz:ase  sulphate-reducing bacteria, oligomeric cytoplasmic, oxidation of
methanogenes membrane-bound dihydrogen
[Fe]-Hzase methanogenes monomeric cytoplasmic formation of
dihydrogen

1.1 [FeFe]-Hydrogenase

The [FeFe]-hydrogenase (previously known as [Fe-only]-hydrogenase) was found to efficiently
catalyze the generation of dihydrogen (6000-9000 molecules H,/s per site).'®? It is therefore an
interesting target for biomimetic modelling, as it offers the possibility for the electrolysis of water at

moderate potential (-0.4 V vs. SCE at pH = 7) and neutral pH value. *"*

1.1.1 Enzymatic Topology

Attributable to the sensitivity to air, the [FeFe]-hydrogenase is found in strictly anaerobic
organisms.19 It is suggested that this enzyme originates from ancestral monomeric cytoplasmic
enzymes as a result of gene splitting and insertion of new sequences.23 Nicolet et al. and
Peters et al. unveiled the topology of the [FeFe]-hydrogenase from Desulfovibrio desulfuricans
(DdHase)** and Clostridium pasteurianum (Cpl).% They found that the enzyme consists of a small

and a large subunit with molecular weights of 11 and 42 kDa, respectively, which are very similar to

12



[FeFe]-Hydrogenase - Enzymatic Topology

the ones in the well-investigated [FeFe]-hydrogenase from Desulfovibrio vulgaris (DvHase) (Figure
1).2

An unprecedented [2Fe2S] cluster is deeply imbedded in the peptide matrix and is jointly
connected to a [4Fe4S] cluster by a cysteine. Additionally, two more [4Fe4S] clusters are involved
and form a ferredoxin-like domain which can serve as electron transport unit.?’ The [2Fe2S] cluster
was proclaimed to be the reactive centre for dihydrogen formation.

Further on, it bears five nonprotein triple bonded diatomic molecules.”® The sixth coordination site
at the distal iron centre (Fey) (Figure 1) was assigned to be either a free coordination site as in DdH

26,30

or a water ligand as found in Cpl.29 In agreement with IR studies, magnetic circular dichroism

spectra (MCD)," electron spin-echo envelope modulation (ESEEM)®' and electron double

33,31a,32

resonance (ENDOR) measurements it was inferred that CN" and CO ligands are bound to

the [2Fe2S] cluster.

exchangeable
site

[4Fe4s], [2Fe],,
oC @0 oN oS eFe

Figure 1. Active site and overall fold of DdHase
representing the different [FeS] assemblies
imbedded into the small (blue) and large subunit
(green).®®
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[FeFe]-Hydrogenase - Enzymatic Topology

Two hydrogen bonds can be seen, established by alanine (A109) and isoleucine (1204) to the
nonprotein CN’ ligands (Figure 2). Furthermore, the cluster is closely positioned to a lysine (K237),
which is only 440 pm away from the distal iron centre (Feq or Fe2) (Figure 1 and Figure 2) and can

act as a possible proton distributor during the dihydrogen generation.

Figure 2. Enzymatic environment of the [2Fe2S]
cluster of DdHase {green... sulphur; gold...carbon;
brown... iron; red...oxygen; blue...nitrogen}.?*

Fel

Active site

K237

E246

Solvent

Figure 3. Possible proton channel
of the [FeFe]-hydrogenase.?*
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[FeFe]-hydrogenase - Biosynthesis

In analogy to the [FeNi]-hydrogenase,® the diatomic ligands are proposed to be CN ligands,
whereas the CO ligands are positioned in a hydrophobic environment.** The two iron centres are
bridged by a dithiolato ligand of the general form (SCH,).X, where the atom X could be assigned to
be either O, NH or CH,, and is alleged to play a key role during dihydrogen formation.?* Another
interesting property is displayed in Figure 1. The distal iron (Fey) exhibits a free coordination site
and a bridging or semi-bridging CO molecule.?*?*®

The conformation of this iron is called the “rotated” form and should allow the formation of a
terminal hydride. In nature the approximation of a proton may occur through a proton channel

formed by lysine (K237), serine (S202), water molecules as well as glutamine (E240 and E245)

(Figure 3).*

1.1.2 Biosynthesis of CO, CN and (-S-CH,-NH-CH,-S-)
Hitherto, the origin of the three different non-proteinogenic ligands is not fully clarified and only

assumptions can be made about the biological access to these molecules. These assumptions will

be provided in the following chapter.

The (-S-CH,-X-CH,-S-) Linker

As mentioned in chapter 1.1.1, the nature of the S-to-S linker has not yet been verified. Assuming
that the active site possesses an azadithiolato linker, Fontecave et al. suggested a plausible
mechanism for the formation of the azadithiolato ligand (Scheme 2).35

They found that HydG is responsible for the formation of the dithiomethylamine bridge and
supposed that the initial step is cleavage of tyrosine, induced by a degradation of
S-adenosylmethionine (AdoMet) to 5’-deoxyadenosine (AdoH) and methionine. As a result of the
tyrosine cleavage a reactive species, 2-iminioacetate (1), is formed and attacks a peptide bound
{FeS} cluster to form the intermediate 2. Subsequent elimination of CO, and NH; affords the iron-
bound dithiomethylamine assembly 3. By all means, no plausible mechanism for the formation of a

propanedithiolato (pdt) or an oxadithiolato (odt) bridge is known so far.

15



[FeFe]-hydrogenase - Biosynthesis

AN 0]

Fe3+ “Fedt HzNj)J\O
\©\/\n/ —L:H N/\ﬂ/ A.—» Fes+ Fe3*
AdoMet 1 4

cleavage 'S
OTKLNHZ
02

Scheme 2. Proposed mechanism for the formation of diiron(azadithiolato) clusters.*

CO and CN Ligands

In contrast to the vague assumptions on the nature and the formation of the S-to-S linker, the
bioavailability of the very toxic diatomic molecules CN and CO is considerably better
investigated.® First investigations proposed glycine®” or carbamoylphosphate,®® generated from
HCOj in nature,39 to be the precursor of both the CN™ and CO ligand (Scheme 3). However, it was
later shown that they have a dissimilar origin®® and only CN arises from
carbamoylphosphate.***'*

Using "*C-labeled L-[ureido-'3C]-citrulline, that is enzymatically degradable to carbamoylphosphate
and ornithine,* as well as NaH'®CO,, Friedrich et al. investigated the role of carbamoylphosphate
as source for CN” and CO.* During investigation of Ralstonia eutropha H16, overproduced in E.
coli, they noticed that in the presence of L-[ureido-'>C]-citrulline or NaH'*COs, exclusively the CN°
vibrations of the [FeNi]-hydrogenase reveal an isotope shift to lower frequencies. Only when
offering free '°CO, an isotope shift of the CO-band to lower frequencies is observable.

This implies that solely CN" originates from carbamoylphosphate and that CO, is not a source for
CO, as was proposed by Roseboom and co-workers.**

L,FeCO

0 o}
LFe+ R <
_PO
H,N™ S0 3 LnFe)J\NHQ L,FeCN

Scheme 3. Role of carbamoylphosphate for the bioavailability of CN" and CO.
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[FeFe]-hydrogenase - Biosynthesis

[FeFe]-Hydrogenase

5d

H-cluster insertion into
[FeFel-hydrogenase

€0, €N insertion (HydE ?)

e \F‘s-k 2\

s

Figure 4. Enzymatic pathway towards the formation of the active site of [FeFe]-hydrogenase.®

The source of the “free” CO as potential ligand is still unclear. However, a recent investigation by
Roach et al. suggested CN" and CO formation from tyrosine degradation.*® Besides all ambiguities
the overall process for the formation of the [FeFe]-hydrogenase can be described as depicted in
Figure 4: Formation of the dithiomethylamine via HypG and HypF bearing an [Fe2S] cluster and

transfer of CN” and CO via HypE.***°

1.1.3 States of the Active Site

Based on the structural properties of the active site the question evokes on the different catalytic

1947 and  Mossbauer

states of the [FeFe]-hydrogenase. Therefore, EPR measurements
experiments*® were carried out to uncover the different electronic states of the active centre. Based

on the EPR data, five different electronic states could be established (Scheme 4).49 In the presence
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Scheme 4. EPR states of the active site (b...bridging ligand).*®

of air, the active site is EPR silent (S =0) and called Hoxa". Reduction at E =-110 mV leads to
rhombic EPR signals (g = 2.06, 1.96 and 1.89) with a total electron spin of S = 2 and a change of
the charge in the [4Fe4S] cluster. Later on, this was found to be the only state with changed
electronic properties of the [4Fe4S] cluster within the potential area of the [2Fe2S] cluster.”®® This
species has a vacant (exchangeable) site at the distal iron atom and a bridging CO ligand. It can be
characterized by an axial EPR spectrum with g =2.065 and g+ =2.01. As it is known from
literature the [FeFe]-hydrogenase is sensitive to CO.?® Inhibition of the active site due to a
coordination of CO to the distal iron atom is a direct consequence and leads to HOXCO. However, the
coordination is reversible and the CO ligand can be cleaved by light irradiation.?®*°®4"%° Further
treatment of the Ho state with dihydrogen results in another EPR silent state. It is called H,q and
bears no bridging CO ligand.

Inspired by the different EPR states the question evokes about the oxidation states of the iron

centres in the [2Fe2S] cluster. Initial assumptions were based on a [Fe”Fe ] state for the Ho, and

[Fe'Fe'] state for Hyeq.*®°" But in contrast to these assumptions DFT calculations suggest different
oxidation states.” These DFT investigations assume that Ho," is an [Fe'Fe'] assembly. For Ho,
and H,q an [Fe"Fe'] and [Fe'Fe'] assembly, respectively, was proclaimed. To establish these
assumptions, Mdssbauer experiments on Desulfovibrio vulgaris5’ and ENDOR measurements on
Desulfovibrio desulfuricans® were carried out and showed a paramagnetic behaviour of the

proximal
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Scheme 5. Possible oxidation states of the active site (box) as well as the [4Fe4S]

cluster (cube) and catalytic mechanism for the Ho development in nature.**

iron in the Hy, and the HOXCO state. Since both iron centres exhibit a low-spin state caused by the
strong field CN” and CO ligands,*® an oxidation state of +1 or +3 for the proximal iron atom can be
assumed.”’ Based on ENDOR measurements the oxidation state +3 could be excluded.***® As a
result of these investigations the oxidation state +1 was assumed and the different catalytic states

were assigned. This led to a simple catalytic mechanism as shown in Scheme 5.%
1.2 Active Site Models

1.2.1 Early Research

Since the structure of the active site of the [FeFe]-hydrogenase was unveiled, numerous [2Fe2S]
compounds were synthesized and investigated regarding their electrochemical features.
Nevertheless, first model complexes were already known and well-investigated since the early 20"
century, but without a structural relationship to the [FeFe]-hydrogenase. Already in 1928,
Reihlen et al. described the formation of a [2Fe2S] cluster and alluded to a low-valent iron
species.” In 1937, Hieber et al. synthesized the first complex of the type [Fes(SR)2(CO)s] by the
reaction of Fe,(CO)s and propanethiol.”® In the following years, especially Hieber,*®*" Huttner,*®
and Seyferth59 promoted the systematic research on low valent [2Fe2S] species. This unit was
found to arise selectively from the reaction of a thiol and Fey(CO)g or Fes(CO)12.6° Magnetic
susceptibility measurements and infrared spectroscopy studies were performed to unveil the
properties of the diamagnetic [2Fe2S] units.®’ Scheme 6 displays a simplified depiction of the
historical development of the synthetic and natural approaches towards [FeFe]-hydrogenase
models.® The ancestor of the today-known hydrogenase might be FeS,, as discussed by

Wichtershauser®® and Weigand.® Structural evidence for a [2Fe2S] cluster compounds was first
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Scheme 6. Schematic depiction of the history of [2Fe2S] model complexes in contrast to the
natural enzyme (in analogy to Ref. 62, structures depicted are from Ref. 33).
provided by Dahl et al. for [C,HsSFe(CO)4)..%° In agreement to the proposed structure of King et
al.®® they disclosed the two isomers of [Fey(SC.Hs)o(CO)g]. At the end of the 20" century,
numerous publications dealing with [2Fe2S] complexes were known and the topic was found to be
emaciated.’*®"*"% However, with the enlightenment of the structure of the active site of the [FeFe]-
hydrogenase the chemistry of [2Fe2S] clusters revived and lead to a considerable number of
publications.
Scheme 7 displays key areas and ideas for the synthetic approach towards the active site, namely
electrocatalysis, solid state devices, terminal and bridging hydride species, mixed-valent systems,

as well as H-cluster systems.®
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Scheme 7. Recent key areas of [FeFe]-hydrogenase research.®®

1.2.2 Sub-Site Structures

With the reconnaissance of the active site structure, the [2Fe2S] complexes were seen from a
different angle. First experiments with propane dithiolato diiron hexacarbonyl 4 (Scheme 8)
demonstrated that an exchange of two CO by CN' is possible and gives water soluble dianions 8,
representing the structural key aspects of the active site.” In 2002 Rauchfuss et al. described the
synthesis of the nitrogen containing analogue 5, pointing out a possible influence of a pendant
base towards the catalytic mechanism (which will be discussed in chapter 1.2.3) and leading to a
parallel development of azadithiolato complexes.”®

In the following time, much effort was made to prepare disubstituted CN" complexes (8, 9).”%"'
Access to the oxygen analogue 6 was described by Rauchfuss,” followed by Song and co-
workers.”® The structural features of the three different complexes 4-6 are similar and no eminent
shift of the CO vibrations is visible in IR studies. In contrast to the hexacarbonyl complexes 4 and
6, the azadithiolato (adt) hexacarbonyl complexes 5 can easily be protonated at the spz-NH
function causing a significant change of the peak potential during cyclic voltammetry.” Still it has to
be mentioned that the hexacarbonyl system 6 can be protonated with strong acids (e.g. HBF,).”

Recently, the sulphur homologue 7 was described by Weigand et al.”® as well as Song et al.,”’
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Scheme 8. Sub-site structures of the [FeFe]-hydrogenase.”® 7677

leading to a shift of the peak potential (electrochemical properties will be discussed in detail in
chapter 1.3.3).
Modifications were carried out and afforded numerous model complexes for the [FeFe]-
hydrogenase.
Especially the modification of the S-to-S linker and substitution reactions, such as exchange of CO

7878 nitrosyl,”® N-heterocyclic carbene®® and cyanide™ ligands are the most common

by phosphine,
possibilities to modify the [2Fe2S] clusters. This leads to a wide range of possible derivatizations —
e.g. erection of photoactive systems®' or anchoring of the compounds to electrode surfaces or

(electro-)polymers.®

1.2.3 Proton Relay Models/ Models of the Enzymatic Environment

As stated in chapter 1.2.2, the azadithiolato compound 5 entrenched a new and parallel
development of the chemistry of [FeFe]-hydrogenase research, since it offers the possibility to
establish a proton relay between the amino function and the distal iron atom (Scheme 9).”5789%

Initially, protonation occurs at the amino function and the proton is subsequently transferred to the
distal iron centre. It has to be noted that the acidity of the distal iron and the amino function is
almost identical (pK, ~ 8 in acetonitrile for both moieties).789 However, the apposition of a proton to
the amine function is kinetically favoured, even if the basicity of the Fe centres is increased e.g. by
derivatization with trimethylphosphine.?* There are also indices that instead of the amine function,

the bridgehead sulphur atoms can be protonated.”®*®°
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Proton Relay Models

Since the first synthesis of the azadithiolato complex 5, numerous analogous complexes have been
synthesized. Especially in the last years, the investigation of pendant base effects became more
and more attractive and lead to a manageable amount of new compounds.”®’898892 gome
intriguing examples are depicted in Scheme 10.

Two interesting and outstanding complexes (10a and 10b) were obtained by derivatization of the

amino function, whereby thiophene and furane was bound to the basic Fe,(CO)g(adt) unit 5.%°
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Scheme 9. Hypothetic tautomerisation of the reduced and rotated [2Fe2S]

cluster.®®
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Scheme 10. Representative models for the structural proton relay
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Proton Relay Models

It was found that the formation of H, occurs at moderate potential (10a: -1.13 V, 10b: -1.2 V) when
using the strong acid HCIO,. Sun et al. assumed that a hyperconjugation of both the thiophene and
furane ring has influence not only on the amine function, but also on the [2Fe2S] assembly.86 Thus,
the Fe-Fe bond has a higher electron density and can be easily protonated. The formation of the
ammonium species is favoured as the proton is stabilized by the heteroatom of the furane and
thiophene substituents via a hydrogen bond. However, a double protonated species could not be
isolated and only the ammonium species were detected and isolated.

The twofold exchange of CO via phosphines in a mixed valent state leads to a “rotated state” and

to a stabilization of terminal hydrides.”®%%’

These investigations led to a new class of compounds,
implementing a chelating bisphosphine 11 or a monophosphine 12 with an internal base into the
[2Fe2S] cluster. An efficient way to introduce a pendant base into the second coordination sphere
of a metal was developed by DuBois et al. by using (RgPCHg)gNCHg.BE It combines the chelating
effect of a bisphosphine and a pendant base as described for the azadithiolato bridge in
compound 5. This concept was also used by Talarmin ef al. to develop a new [FeFe]-hydrogenase
model complex 11.2 They showed that the bisphosphine ligand occupies a chair conformation.
Protonation with HBF, in acetone yields the ammonium species and results in a fluxional exchange
of the basal and apical coordination site. No protonation of the iron site was observed.
Nevertheless, complex 11 exhibits a differing behaviour in dichloromethane, since the chair
configuration is alterable. In this solvent, a proton relay between the bisphosphine ligand and the
iron centre could be established, whereby a bridging hydride was formed.®® Similar properties were
observed for complex 12, where a trimethylphosphine and a pyridylphosphine are attached.*® The
latter can serve as a pendant base. The N(pyridine)---Fe distance is variable due to rotation around
the Fe-P and P-C bonds. Using HCIO,, the Fe-Fe bond is protonated, forming a bridging hydride. In
case of the absence of trimethylphosphine no protonation of the Fe-Fe bond is observed. It is
noteworthy that compound 12 is one of the rare examples, where the Fe-Fe bond is protonated
instead of the pendant base. In contrast to compound 12, compound 13a is able to form terminal
hydrides:75’789 Initially the amine is protonated and due to the spatial vicinity to the distal iron atom
and the steric demand of the cis-1,2-bis(diphenylphosphino)-ethylene (dppv) ligands, a terminal
hydride is favoured. However, this terminal hydride is instable above -78°C and rearranges,

forming a bridging hydride. The same features were observed for compound 13b. The heteroatom

24



Proton Relay Models

in the S-to-S linker has a strong influence on the protonation of the iron centres, whereby the
acidity of the iron centres of 13a-c is almost the same. Unlike 13a, the mere fact that 13¢c and 13b
form no hydrides with weaker acids is an indication that an initial protonation of the amine has to be
taken into account.”® In a second step, this proton is transferred to the iron centres. Interestingly, it
was found that the ammonium tautomer is stabilized in methanol, whereas the hydride is stabilized
in dichloromethane.” Using strong acids both the amine and the iron centre are protonated.”’ It is
notable that under these conditions even the ether derivative 13b is able to establish a proton relay
between iron and the oxygen atom (pK,(R;OH*) ~ 4.7 to 1.6 in dichloromethane).789 In contrast to
the previously described complexes, complex 14 bears a pendant base attached to a nickel ion.
However, it was not verifiable that the amine function is able to establish a proton relay as was
described before by taking up one proton.*

As already described in chapter 1.1.1, pendant base effects can also be caused by adjacent amino
acids. It is therefore surprising that only a handful of amino acid containing [2Fe2S] complexes (15-

93,94,95

17, Scheme 11) are described in literature and even less is reported on their electrocatalytic

properties.®
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Scheme 11. Amino acid containing [2Fe2S]

cluster.%%
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Bridging Carbonyls and [2Fe3S] Cluster Compounds

1.2.4 Bridging Carbonyls, [2Fe3S] Cluster Compounds and Mixed Valence Species

Besides the variation of the S to S linker, much effort was done to establish models with a bridging
carbonyl ligand and a mixed valent Fe'Fe" cluster to reflect the key features of the Ho, and Hoy°
states (see also Chapter 1.1.2 and literature cited therein). Razavet et al. synthesized the first
Fe'Fe" assembly containing a bridging carbonyl Iigand.96 Thereby chemical and electrochemical
oxidation affords an instable mixed valent [2Fe3S] dicyanide. Comparison of the infrared data with
the natural system reveals good conformity. It was noticed that by increasing the electron density

on the iron centres by coordination of nitriles or a combination of phosphines and cyanides, the

)78|,78S,97 It is

stability of these complexes could be increased (compounds 18-29, Scheme 12).
noteworthy that only one moderately stable dicyanide is known, containing a bridging carbonyl

ligand (30, Scheme 13).%® Up to now, this remains the only sub-site structure which possesses both

a bridging carbonyl and two cyanides and is not supported by “non-biological ligands” (e.g.
phosphines).
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Scheme 12. Model complexes 18-29 with bridging or semibridging

carbonyl ligands.
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coordinating solvents (e.g. dichloromethane).
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Scheme 14. Mixed valent [FeFe]-hydrogenase

model complexes exhibiting the “rotated state”.
78e,78h,80h,99

Recently, new syntheses and calculations showed that Fe'Fe" complexes can be stabilized by

combination of monophosphines and/or diphosphines and carbenes (31-34, Scheme 14) in non-

78e,78f,78h,80e,80n,99

It is fascinating that all these complexes exhibit a “rotated state” and are therefore in compliance
with the natural Hoy state. This means that a bridging or semibridging carbonyl and a vacant

coordination site on one iron atom with square pyramidal coordination geometry is present in the

Especially Darensbourg et al. emphasized the role of sterically bulky S-to-S linkers as a necessity
for the stabilization of the “rotated state” since the vacant site is shielded by the enzymatic

environment.*® Furthermore, the increased electron density caused by the introduction of
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Scheme 16. Supposed mechanism for the formation of

dihydrogen for compound 35.%°
carbenes (31) or phosphines (32-34) (Scheme 14) additionally engender stabilization, which is in
accordance with DFT calculations by Hall et al.'® In contrast to the previously discussed
complexes, compound 35 (Scheme 15) exhibits a mixed-valent state without bridging carbonyls or

a “rotated state”.""’

This compound was rather discussed as a Fe'Fe'--Fe'Fe' assembly. However, complex 35 is a
very efficient catalyst for the formation of dihydrogen. During the proposed catalytic cycle (Scheme
16), a switching between terminal and bridging carbonyls and the formation of a “rotated state” is
assumed. These assumptions are supported by DFT calculations and spectro-electrochemistry.102

Remarkably, the rate constant of the rate-determining step is estimated to be higher than 2000 s

in comparison to 5 s™', described for [Fe,(CO)s(u-pdt)] (4)'* and 6000 s for the natural enzyme.'®
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Hydride Formation

1.2.5 Protonation at the [2Fe2S] Sub-site

The [FeFe]-hydrogenase chemistry is closely related to the formation of hydrides, since terminal
hydrides are present in the rotated state during the catalytic cycle.'®'® However, in the model
systems terminal hydrides are thermodynamically unstable and further functional groups are
available for protonation.”>’®® Beside the protonation of pendant bases (see chapter 1.2.3) or the
protonation of cyanide ligands, the formation of bridging hydrides is most common. The formation
of bridging hydrides is well investigated and reveals bridging hydrides in “non-rotated states”.'®
While treatment of the pdt-complex 4 with strong acids affords no protonation, substitution of a
carbonyl by cyanide leads to the protonation of the cyanide.”® In contrast to these results the
introduction of a neutral thioether selectively gives bridging hydrides.'® Experiments with
symmetrically disubstituted phosphine complexes revealed an increased basicity of the Fe-Fe bond
and solely bridging hydrides.®"®"

Using asymmetrical bisphosphine complexes, Talarmin et al. pointed out that at low temperatures a
kinetically favoured hydride complex 36 is formed (Scheme 17).87 At higher temperatures, a
rearrangement to the thermodynamically stable bridging hydride is observable. Later on,
investigations by Rauchfuss et al. showed that the kinetically favoured product is a terminal hydride
(complex 37, Scheme 18).”% Interestingly, it was possible to stabilize the terminal hydride by using

two bis(diphenylphosphino)ethane ligands. The isomerisation reaction which generated the

bridging hydride was very slow.

oc\Fle\éFl,co |/| _Co OC\|/|/ oc\l/l/L) 0C<. |><|/CO

e e—
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Scheme 17. Protonation behaviour of compound 36 at various temperatures.87 The temperatures at which the

different hydridic species were found are given below the ascertained hydride.
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Electrocatalytic Dihydrogen Formation [Fe,(u-pdt)(CO)g]
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Scheme 19. Doubly protonated model complexes 38

and 39'89,90,107a
Several systems exist, revealing both a protonation on a pendant base and a bridging hydride
(complex 38-39, Scheme 19).78%89-90.107
As already described in chapter 1.2.3, it is assumed that these complexes are able to form
dihydrogen via an internal proton relay. However, the role of bridging hydrides is peripheral for the
formation of dihydrogen, since the release of dihydrogen is very slow and the reduction potential is

more negative than for the corresponding terminal hydrides.”®

1.2.6 Resin Bound Complexes

Up to date, minor attention was directed towards the immobilization of [FeFe]-hydrogenase model
complexes. However, this would be an attractive field of research if the model complexes could be
attached to the electrode material, providing a fast electron transfer between the complex and the
conducting regime.®® This would provide the opportunity for the preparation of inexpensive
electrodes for the development of dihydrogen, compared to the expensive and resource-limited

platinum electrodes currently used.'® These chemically modified electrodes would also enable the
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Scheme 20. Polypyrrole anchored [FeFe]-hydrogenase models

derived from compound 30.%%°

catalytic reduction of protons to dihydrogen in water, which is normally not possible due to the
insolubility of the model complexes in polar solvents (e.g. water).#?

Besides these plausible requirements, anchoring of the compounds to a resin is said to mimic the
enzymatic surrounding.®® An increased specifity towards the substrate, a hindered aggregation
and a specific H-bonding should be the result even though it has not been observed yet.

Anchoring on glassy carbon electrodes,®* TentalGel® resin beads® and polypyrroles®® afforded
electrochemically stable substances. However, only the latter one is stable in acidic conditions but
allows hydrogen development only at unsatisfactory low potentials (30pol, Scheme 20).
Nevertheless, due to a fast electron transfer through the electrode-bound polymer film and the

stability under acidic conditions this is a promising attempt to replace platinum electrodes by

anchored [FeFe]-hydrogenase models.

1.3 Electrocatalytic Mechanisms for the Dihydrogen Formation on Model
Complexes

Since the structure of the active site is known, enhanced progress is observable on investigating
the electrocatalytic properties of the enzyme and model complexes. However, up to now, model
complexes exhibit different electrochemical features than reported for the natural system. Where
the enzyme reduces protons at -0.4 V vs. SCE at pH = 7,?' the artificial systems require lower pH

values and strong acids (e.g. HBF,, HOTs, TFA) to initiate development of dihydrogen at more

31
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negative potentials.'®® Additionally, it is noteworthy that the natural systems are mainly based on
water as solvent and the enzyme is anchored within a peptide matrix. In contrast, the
electrocatalytic properties of model complexes are determined in less polar solvents (e.g.
acetonitrile, dichloromethane) and these molecules are not surrounded by a peptide matrix.
Another crucial point of the mechanistic properties has to be stated. As discussed in literature, the
enzyme is initially oxidized to form a [Fe'Fe'] state (Scheme 5, Chapter 1.1.4),°* whereas model
complexes exhibit irreversible oxidations and dihydrogen development is closely connected to the
[Fe'Fe°] or [Fe’Fe”] state.'®

Detailed electrochemical investigations of the [FeFe]-hydrogenase model complexes by Pickett et
al.,'®"° Talarmin et al.'®"" and Weigand et al.”® disclose important key features of [FeFe]-
hydrogenase model compounds. Therefore, the electrochemical properties of compounds 4, 5 and
7 (Scheme 8, chapter 1.2.2) will be explained in detail. These compounds unveil important aspects
of the electrochemistry of [FeFe]-hydrogenase model complexes and are therefore important for
the understanding of modifications presented in this thesis.

For the following part, electrochemical reactions will be assigned with E and chemical reactions

with C, in agreement with I[UPAC notation.""®

1.3.1 Electrochemistry of Fe,(u-pdt)(CO)s

One fundamental complex to describe the electrocatalytical processes of model complexes is
Feo(u-pdt)(CO)s (4) (Scheme 8). Electrochemical investigations in acetonitrile using cyclic
voltammetry reveal two irreversible processes at -1.3 V and -1.9 V.”® Both processes can be
addicted to two irreversible one-electron reduction processes, since controlled potential coulometry
exhibits 0.95 electrons per reduction step. Further confirmation was given by bulk electrolysis. The
first potential step can be assigned to the [Fe'Fe'] — [Fe'FeO] reduction process. The latter one was
ascribed to the [Fe'Fe’] — [Fe’Fe’] process. Using acetic acid (pK, = 22.6 in acetonitrile’®), the
catalytic properties concerning the development of dihydrogen were investigated and afford the
EECC mechanism (meaning that two electrochemical processes are followed by two chemical

conversions), as displayed in Scheme 21. Following the two one-electron reductions, one proton is
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Scheme 21. Proposed EECC
mechanism for dihydrogen
development of Fea(u-pdt)(CO)s (4).”%°

added to the iron centre, forming a [Fe’Fe"-H7] intermediate. Further addition of protons leads to
the cleavage of dihydrogen and regeneration of the initial [Fe'Fe'] species

Slow decomposition was notable during the electrochemical investigations. Further studies showed
that by using Fe,(u-pdt)(CO)sL (L = acetonitrile or PrNH,) a dimerization could be observed upon
reduction in the absence of acid (Scheme 22)."'%'"*

In contrast to the electrochemical properties in acetonitrile, investigations performed in THF
revealed a different voltammogram. This study facilitated the detection of the decomposition
products and an alternative process for the development of dihydrogen was observed in the
presence of toluoylsulfonic acid (HOTs) (Scheme 23).103 It was noticed that the one-electron
reduction product reacted very fast with additional protons. The accrued compound 4H was
reduced at equal or more positive potential than 4 and forms 4H". Typically, such potential inversion
is accompanied by structural rearrangement, making the transfer of a second electron

thermodynamically easier.''® Ongoing protonation can either result in direct cleavage of dihydrogen

(Process Il, Scheme 23) or in further protonation at higher concentrations of acid.
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Scheme 22. Reductive dimerization of Fex(u-pdt)(CO)sL (L = acetonitrile or
PrNH,).""°

The latter is leading to 4H, as reported for similar complexes.”®™ Tentatively, dihydrogen
development can occur from the 4H, or the 4H" state. However, the latter one was excluded due to
theoretical considerations. The following reduction of 4H, to 4H,” was arbitrarily defined as one-
electron reduction. The elimination of dihydrogen from the 4H, state finally leads to the
regeneration of the 4" state (process Il).

However, as already noticed by Darensbourg et al.,”® compound 4 decomposes during
electrochemical investigations. This process was further investigated and lead to an additional
mechanism, in which the decomposition of 4 can be best described by the formation of a dimer
4C* and the monomer 4B. The dimerization of 4H, would be an easy route towards this dimer.
However digital simulations reveal no such process. The key intermediates are displayed in
Scheme 24. In contrast, electrochemical reduction of 4 in the presence of CO exclusively gives rise
to 4B via 4. In this process, two electrons are acquired, which could be confirmed by conventional
and thin-layer coulometric techniques. Via one-electron reduction, 4 is conversed to 4" and 4C*.
Finally, 4CH' is converted to 4B by a subsequent one-electron step, accompanied by a significant

change of the molecule geometry which is detectable with IR spectroscopy.
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Scheme 23. Processes of Fey(u-pdt)(CO)s (4) for the electrocatalytic proton
reduction in THF/HOTSs.'®
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Scheme 24. Key intermediates of the electrocatalytic proton
reduction of Fex(u-pdt)(CO)s (4).
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1.3.2 Electrochemistry of Fe,(u-adt)(CO)e

In contrast to the previously discussed compound 4, compound 5 reveals different electrocatalytic
behaviour, since the pendant amino function can be protonated (Scheme 8 and Scheme 25).
However, this capability is influenced by the strength of the acid.”® In weak acids (e.g. TFA, pK, =
12.65 in acetonitrile'™®) no protonation occurs. In this case the amine has no influence and the
catalytic mechanism is an EECC mechanism as described in chapter 1.3.1 for compound 4.

In the case of stronger acids, such as HBF/Et,O (pK, = 0.1 in acetonitrile'®'"®) or HOTs (pK, = 8

'3), protonation of the pendant base was observed (Scheme 25).'* Thereby a cation

in acetonitrile
5H" is formed first and reduced at a more positive potential (AE = 0.4 V) than the starting material
5. In acetonitrile/BusNPFg a reduction peak was found at -1.19 V for HBF, and -1.24 V for HOTSs,
respectively.'® It was found that reduction of 5H* to 5H, follows an ECE mechanism. In the first

step 5H" is reduced to 5H, which affords a similar structure as 5.8

This reduction is the starting
point of two competing reactions. These chemical reactions can either be the release of hydrogen
or a fast protonation, forming 5H,*. Alternatively, a bimolecular reaction of two molecules 5H is
conceivable and accompanied by the release of dihydrogen. The following reduction of 5H," to 5H,
is characterized by potential inversion. In the presence of low concentrations of acid, gradual
release of dihydrogen was observed (Scheme 25, part A).

Thereby a bridging hydride is formed, which is slowly released from the [2Fe2S] cluster. The amino
function is assumed to have a spectator's role.""" However, in the presence of higher acid
concentrations the release of dihydrogen is diminished and different consecutive reactions
dependent on the acid strength appears. At even higher concentrations the current of this first
reduction is independent of the amount of acid. A new acid-dependent reduction signal is visible at
-1.4V for HBF, and -1.6 V for HOTs. This indicates that at higher acid concentrations the reaction
of 5H, to 5H; becomes preferred (Scheme 26). When using the strong acid HBF,/Et,O a further CE
mechanism is visible, whereupon protonation of 5H, to 5H;" and subsequent reduction to 5H; is
supposed. Opposed to the strong acid HBF,/Et,O, the weaker acid HOTs provokes an EC
mechanism leading to 5H;. At this level, dihydrogen development can be observed and was also

described for similar derivatives of 5.%'"""® Gas chromatographic analyses of the components

confirmed the formation
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formation of dihydrogen under electrochemical conditions."® "%

Due to the supposed spectators’ role of the amine function in the presence of HBF, it was assumed
that both compounds 4 and 5 reveal comparable structural intermediates.’”’ On the basis of DFT

calculations these possible intermediates were assigned as depicted in Scheme 26.""

1.3.3 Electrochemistry of Fe,(u-sdt)(CO)e

In contrast to the previously discussed electrochemical features, Weigand et al. used a weak acid,
namely pivalic acid, to investigate the electrochemistry of compound 7 in acetonitrile (Scheme 8
and Scheme 27).”% Thereby, well-separated initial reduction signals, without beginning dihydrogen
development was observed. In the absence of an acid an initial two-electron reduction process at
-1.51 V was observed (Scheme 27, blue part). A potential inversion for the second transferred
electron gives hint for structural reorganisation, which may occur due to a Fe-Fe bond cleavage.
Further reduction affords the hitherto unknown decomposition product Q. In the presence of pivalic
acid, the reduction process at -1.505 V reveals no influence of the acid towards the reduction
potential (Scheme 27). However, reoxidation takes place in four different steps, depending on the
concentration of pivalic acid. These oxidation signals appear due to a charge transfer reaction
caused by the dissociation of pivalic acid. Thereby, different FeFe(HP),, complexes according to
Scheme 27 are formed. As no dependency of the peak current on an increasing scan rate was
observed, an irreversible reaction was assigned to these processes. This means that the effect of
dissociation is negligible. The nature of the chemical interaction between the iron complexes and
the acid is not yet clarified. Both, a strong hydrogen bond or a direct protonation can be
considered. However, the latter one was excluded since pivalic acid is a rather weak acid in
acetonitrile. It is also unlikely that more protons than required are coordinated to compensate
negative charges. In contrast to these strongly bound dissociation complexes, a disparate
coordination of additional pivalic acid was observed and FeFe (HP),[HP], was formed. Via digital
simulation the labile coordination of three pivalic acid molecules was found to be a suitable
explanation. It was assumed that these interactions are caused by the sulphur atoms. As a

dominating species FeFe (HP), was assigned.
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An additional reduction peak was observed at -2.2 V attributed to the formation of dihydrogen. But
no reoxidation was visible in the potential area using different scan rates. Therefore, one reaction
step for the release of dihydrogen is necessarily slow and irreversible.

A possible explanation for this behaviour is a concerted proton-electron-transfer of "H-FeFe-H to
‘H-FeFe (Scheme 27, violet part). At this stage dihydrogen is cleaved and the remaining iron
species either decomposes or traces back to the catalytic dihydrogen development.

Compound 7 is one of the very rare examples which reveal an interaction of an acid with an iron-
bound sulphur atom in [FeFe]-hydrogenase models. In contrast to literature reports,’®'**'"" the

coordination of protons either via hydrogen bonds or as a direct bond was observed within cyclic

voltammetry.
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Scheme 27. Electrochemical reactions of compound 7. The blue path exhibits the basic reactions without acid
added. The complexation reactions with pivalic acid are shown in the black path as well as in the pink path,
reflecting the formation of dihydrogen. The red species is set to be a pivotal compound of the reaction

mechanism.”®?
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1.4 Analytical Methods

The biocinorganic relevance of these systems and the electrochemical behaviour of the [2Fe2S]
cluster need some additional comments about the analytical methods used to reveal the structural

and catalytical properties of the compounds as active site models.

1.4.1 General Analytical Methods

The [2Fe2S] centres exhibit a d’-configuration with anti-ferromagnetic coupling and therefore allow
the acquirement of NMR spectra. However, line broadening is observed in most cases due to small
paramagnetic impurities resulting from slow degradation of the complexes in solution. This led to a
difficult assignment of the signals.

In addition, mass spectrometry gives further proof of the complexes as the stepwise cleavage of
C=0 groups is visible in the most cases. The basic investigations are completed by single crystal
X-ray diffractometry and infrared (IR) spectroscopy. IR spectroscopy provides the unique C=O
vibrations between 1900 and 2150 cm™. These vibrations are very sensitive to changes of the
electronic environment and are therefore applicable to evaluate the basicity of the iron atoms.'?
The smaller the basicity of the iron atoms, the higher the wavenumbers and vice versa. This

behaviour allows an initial superficial estimation of the electrochemical behaviour.

1.4.2 Cyclic Voltammetry'®

To evaluate the properties of the complexes concerning the electrocatalytical development of
dihydrogen, cyclic voltammetry can be applied. The different electronic states as well as possible
chemical reactions can be assumed using digital simulations. However, no full catalytic cycle can
be established without further experiments (IR, spectro electrochemistry, isolation of the
intermediates).

Cyclic voltammetry is a potentiostatic method, i.e. I = f(U) (I = current, U = voltage). The common

experimental setup uses three electrodes, namely the working electrode, the counter or auxiliary
electrode and the reference electrode, all connected to a potentiostat (Figure 5). The potentiostat

induces a potential difference between the reference and the working electrode according to the
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ohmic law (U, # U;; U = I-R)."** This I-R drop is corrected by the counter electrode. The current

(1) is displayed as a function of the potential (U).

The reference electrode is commonly an Ag/AgCl or a calomel half cell.'”® If a conventional
reference electrode is not available (e.g. in the case of some organic solvents, salt leakage,
junction potentials) “pseudo” reference electrodes such as platinum or silver wires with an internal
standard (normally ferrocene) can be used.'® The counter electrode is an inert electrode with a
high surface area (platinum or titanium wire), whereas the working electrode is a disc electrode

(e.g. glassy carbon, dropping or hanging mercury hemisphere) with a well-defined area.

potentiostat

<> UO ¢U1

Uy

o \'\ “

reference electrode

e

working electrode counter electrode

Figure 5. Simplified experimental setup for cyclic voltammetry.
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1.5 Motivation

In the preceding sections the most important results of several years of research from different
working groups were illustrated. These investigations lacked of the improvement in efficiency of
hydrogenase model systems. Hitherto, electrocatalytic systems operate at potentials considerably
more negative compared to that of the reversible proton/dihydrogen pair in nature and exhibit no or
poor water solubility.

In this thesis, the improvement of the solubility of model complexes in water and the applicability of
water as proton source will be investigated. Since the negative potential of dihydrogen
development is dependent on various factors (solvent, acid strength, model complex), a
relationship of different conditions and compounds will be shown to gain a little insight into the
improvement of efficiency, which is partially an alchemistic proposition. Furthermore, especially the

I.”° put forth new questions about the possibility of sulphur

investigations of Windhager et a
protonation and therefore about mechanistic details of dihydrogen formation. The question of
sulphur protonation and protonation of pendant bases will therefore be in the focus of the
presented work. A third selected issue will be the synthesis of [FeFe] model complexes which can
be used for the anchoring of [FeFe] model complexes into membranes or vesicles. As a last topic
of this thesis, the enthralling question about the importance of sulphur as bridgehead atom will be
discussed.

To sum up, three main properties of the [2Fe2S] cluster will be altered (see Scheme 28):

i) the substitution pattern and the atom X in the S-to-S linker (green arrow)

i) selenium and tellurium will be used as bridgehead atom instead of sulphur (yellow arrow)

jii) the CO ligands will be exchanged by cyanide and phosphine ligands (blue arrow).

Scheme 28. Derivatizations planned in this thesis. The various

coloured arrows display the different ways to alter the [2Fe2S] cluster.
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2 Results and Discussions

2.1 Hydroxy Functionalized Model Compounds and Derivatives

2.1.1 Hydroxy and Ether Functionalized Complexes (publication number 1)

As shown in the introduction of this thesis, the electrochemistry of [2Fe2S] complexes is
dependent on the nature of the S-to-S linker. Since those ligands were easily accessible and
alterable, 1,3-dimercaptopropan-2-ol and D,L-1,4-dithiobutane-2,3-diol were reacted with
Fes3(CO),, to the respective iron complexes 40 and 41 (Figure 6), providing a modifiable group
(e.g. esterification).”®"'?'® This group should also be protonateable or reveal intermolecular
interactions with protons through hydrogen bonds. Therefore it should be able to establish
proton relays between the hydroxyl group and the iron centres.

Whereas in case of 1,3-dimercaptopropan-2-ol a [2Fe2S] cluster was formed (Figure 6),'*"'?®
complexation with D,L-1,4-dithiobutane-2,3-diol did not lead to the typical butterfly arrangement.
Instead, two molecules of D,L-1,4-dithiobutane-2,3-diol connected two [2Fe2S] clusters, which
is sparsely known in literature.'® In contrast to the electrochemical features of 40, compound 41
revealed two distinct redox potentials for the reduction [Fe'Fe']—>[Fe°Fe'] at -1.51 and -1.63 V

(Figure 7, Table 3). This splitting shows up the dissimilar electrochemical behaviour of both

[2Fe2S] sub-sites, either caused by the different geometry or interactions of both sites.

H1 @2
016
015
A c19
s4 c17 ©cis c20 ’02
Fe3C16 014 S1 } c2 ’03
‘ Fe1 c3

Cc3

H4 @ 08

Figure 6. Hydroxy functionalized iron complexes 40 (left) and 41 (right) as models for the [FeFe]-

hydrogenase.
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Figure 7. Cyclic voltammogram of compound 41 in the presence

of 0,1-10 molar equivalents of acetic acid.
A further reduction to the all-Fe° level was found at -2.33 V. Upon addition of acid two new
reduction processes were observed around -1.7 V and -2.2 V. These signals increased with
each equivalent of acid added and can therefore be assigned to the electrocatalytic formation of
dihydrogen. It is reasonable that the signal at -1.7 V insists dihydrogen development from the
[Fe'Fe°] state and not from the [Fe’Fe?] state (-2.2 V), which is scantily known for the formation
of dihydrogen from acetic acid. Furthermore, large bond S-CH,-CH(OH) angles were noticed for
compound 40. DFT calculations revealed that these angles are a result of an increased p-
character of the C-OH bond and a decreased p-character of the C-C bond in the S-to-S linker.
As a result of this influence the C-C bonds are slightly shortened and the bonding angles are
enlarged. Thus this structural property of compound 40 can be assigned to the rule of Bent.'®
However, it was assumed that the hydroxyl function has no influence on the electrocatalytic
mechanism — this means that no protonation of the hydroxyl group and no subsequent shift of
these protons to the iron centre occurs. Since hydrogen bonds are present in the solid state it is
arguable that the apical arrangement of the hydroxyl group is only found in the crystal structure.
A “flipping” of the S-to-S linker (exchange of basal and apical conformation of the hydroxyl
group) cannot be excluded during the catalytic mechanism even though no change of the

conformation was observed in NMR studies. To avoid these hydrogen bonds and to gain further
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insight into the chemistry and electrochemistry of oxygen functionalized complexes, the methyl
ether 44 (Scheme 29) was synthesized.
Initial attempts to react complex 40 with standard methylation reagents (e.g. methyliodide, ™’

%) failed or were not applicable due to interfering reactions with the

dimethylsulphate
hexacarbonyl diiron unit. The desired complex was readily accessible via the reaction of
Fes;(CO),2 and 1,3-dimercapto-2-methoxy-propan, which was synthesized according to Scheme
29. Initial oxymercuration of allyloromide with mercury(ll)-acetate, followed by treatment with
bromine and potassium bromide afforded 1,3-dibromo-2-methoxy-propane (42)."*® Reaction of
compound 42 with potassium thioacetate yielded 1,3-dithioacetyl-2-methoxy-propane (43),
which was deprotected with sodium hydroxide to give 1,3-dimercapto-2-methoxy-propane (44).
Finally, compound 44 was reacted with Fe3(CO),, whereby the hexacarbonyl diiron complex 45
was obtained in 76% yield.

Slow crystallization at 4°C from pentane afforded crystals suitable for structure determination
(Scheme 29). Compound 45 exhibits similar features as reported for 40 (e.g. coordination
sphere, bonding angles and distances). Bond angles and distances are given in Table 2.

The electrocatalytic behaviour was investigated using cyclic voltammetry (Figure 8) and it was

shown that the electrochemical properties are in good agreement to those found for

compound 40 (Table 3).

1) HgAc,/ MeOH O )

K\ 2) KBr, Br, H,0 KSAc &

Br

2) HCI, H,0
(0)
O/
Fe3(CO)y2

S._S

05 )Z4
(OC)FéZfe(cO), ~ HS SH
45 44

J1) NaOH, MeOH

Scheme 29. Reaction pathway towards 1,3-dimercapto-2-
methoxy-propane 44 and reaction with Fe3(CO)s2. The crystal
structure of compound 45 is depicted at 50% probability level

(Hydrogen atoms are omitted for clarity).
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Table 2. Selected bond angles [ and distances [pm] of
compound 45.

Fe(1)-Fe(2) 251.78(14) C(1)-C(2) 150.9(12)
Fe(1)-S(1) 225.0(2) C(2)-C(3) 151.3(11)
Fe(2)-S(2) 225.90(19) C(2)-0(1) 142.5(9)
S(1)-C(1) 182.4(8) O(1)-C(4) 139.3(10)
S(2)-C(3) 181.7(7)

S(1)-Fe(1)-S(2)  8567(8)  C(1)-C(2-C(3)  114.4(7)
S(1)-Fe(2)-S(2)  85.14(7)  C(1)-C(2)-0(1)  105.9(7)
S(1)-C(1)-C(2)  1158(6)  C(2)-0(1)-C(4)  113.8(7)
S(2)-C(3)-C(2)  117.6(5)

no acid
[[HA] ™07 ——1mM
—2mM
—4mM
——6mM

8mMm
—10mM

-115 4

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
E [V] vs. 0.01 M Ag/Ag" in CHsCN

Figure 8. Cyclic voltammogram of compound 45 in the

presence of 0,1-10 molar equivalents of acetic acid.

Table 3. Electrochemical data of compound 40 related complexes.

on [V] Ered [V] Ered [V]
Compound®
Fe'Fe'/Fe"Fe' Fe'Fe'/Fe’Fe' Fe’Fe'/Fe’Fe’
40™" +0.85" —1.53 (Epc), —1.42 (Epa) -2.15°
41 +0.83° -1.51° and -1.62° -2.33°
45 +0.87° —1.54° —2.09°
49 +0.78° —1.54° —2.18°

? Potentials in V + 0.01 vs. 0.01 M Ag/Ag® in CHsCN in 0.10 M
[n-BusN][BF4]/CH3CN; ® jrreversible wave
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Again an oxidation signal at +0.87 V and an one-electron reduction at -1.54 V was observed for
Fe'Fe' — Fe’Fe'. A second reduction appeared at -2.09 V (Fe'Fe® — FeFe®), which was
assigned to form the catalytically active species and became obvious by an increase of the
current with each equivalent of added acid.

Since the etherification of the hydroxy group causes no significant change of the
electrochemistry, the participation of the hydroxyl function of compound 40 in the catalytic cycle
can be entirely excluded. Further modification was done, establishing compound 48. According
to the investigations of Darensbourg et al., the implementation of an additional methyl group
should constrain the “flipping” of the S-to-S linker.*® Therefore, the synthesis of compound 49
was established (Scheme 30).

Via Finkelstein reaction, 2-methylallychloride was conversed to 2-methylallyloromide (46).134
The reaction of compound 46 with N-bromosuccinimide (NBS) and water gave compound 47 in
moderate yield (47%).”*® Further reaction with sodium hydrogensulphide afforded the
dimercapto compound 48, which after reaction with Fe3(CO)¢, yields the hexacarbonyl diiron
complex 49. However, electrochemical investigations on this system revealed no significant
differences compared to 40 and 45 (Table 3, Figure 9). Since no change of the electrochemical
properties was visible in the course of cyclic voltammetry, no proton relay between the hydroxyl
group and the iron centre can be assumed under these conditions. This “inactivity” can be best
explained by the low pK, of acetic acid, which is not strong enough to protonate the hydroxyl
group. But the use of stronger acids (e.g. HBF,;) would mislead this study since nature

successfully uses weak acids and the aim is to model complexes with natural behaviour.

OH
OH OH
LiBr NBS, H,0 NaHS Fe3(CO)qn
cl — Br —=E L d

Br Br 58 (OC)sFé<Fe(CO),s

46 47 48 49

Scheme 30. Synthesis of 4-methyl-4-hydroxy-dithiolane 48. Reaction of 48 with
Fe3(CO)+2 affords complex 49.
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Figure 9. Cyclic voltammetry of compound 49 in the presence

of 0,1-10 molar equivalents of acetic acid.

2.1.2 Aromatic Esters

Since all three complexes (40, 45 and 49) reveal similar properties, reactions on hydroxyl
functionalized complexes were exclusively studied on compound 40 due to its straight forward
accessibility. In course of this study, three different methods were used for the esterification of
the hydroxyl group in complex 40 (Scheme 31).

In continuation of the investigation of hydroxyl functionalized complexes, complex 40 was

reacted with 1,3,5-benzenetricarbonyl trichloride and terephtalic acid (Scheme 32).

0 0
Method 1: +40 ——
R)J\CI R)ko,4o
0 Dcc/OMAP O
Method 2: )J\ +40 )J\ 40
R” “OH R™ ~0O7
0 1 0
Method 3: +CDl—— N 40
A on RN AN 40

Scheme 31. Methods for esterification of complex 40 with i) a carbonyl
chloride (Method 1);'® ij) a carboxylic acid using the coupling reagents
dicyclohexyl carbodiimide (DCC) or 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) and 4-dimethylaminopyridine
(DMAP) or 1-hydroxybenzotriazol (HOBt)'®” (Method 2); i) an
activated carboxylic acid using carbonyl diimidazole (CDI)
(Method 3)."%
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The ability to shuffle electrons via the S-to-S linker was thereby in the focus. It was calculated
that the s-character of the C-C bond lengths would be increased."®’ This would suggest that an
electron transfer along the C-C single bond should be feasible. The reaction of 1,3,5-
benzenetricarbonyl trichloride with complex 40 according to method 1 exclusively affords
complex 50 (Scheme 32). In contrast to this reaction, terephtalic acid was reacted according to
method 2 and afforded complex 51 as well as 52. It is notable that even with excess of
compound 40, complex 52 was isolated as major product.

Complex 50 was investigated via cyclic voltammetry (Table 4). An interaction between the three
metal fragments should result in three different reduction potentials, since every metal core is
subject to the influence of the others: The reduction of one metal core leads to a change in the
reduction potential of the others.

However, this behaviour was not observed and electron transfer along the S-to-S linker has to
be excluded. On the contrary, two irreversible reduction processes and an irreversible oxidation
process were observed in the course of CV measurements. The addition of acetic acid once
again led to the formation of dihydrogen. This means that the electrochemical properties are
solely a result of the metal fragment and substitutes on the S-to-S linker have no influences on

the electrochemical properties.

(OC)sFesFe(CO)s
S’s

Y

00O

(OC)3Fe\/j/ \E\/Fe(CO)3

0
(CO)sFe” 50 “Fe(CO),
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Scheme 32. Polynuclear complexes 50 and 51 as well
as the mono-substituted “side product” 52.
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Table 4. Electrochemical data of compound 50.

on [V] Ered [V] Ered [V]
Compound?®
Fe'Fe'/Fe"Fe' Fe'Fe'/Fe’Fe' Fe’Fe'/Fe’Fe’
40™ +0.85° -1.53 (Epo), -1.42 (Epa) -2.15°
50 +0.92° —1.47° -2.18°

? Potentials in V + 0.01 vs. 0.01 M Ag/Ag® in CHsCN in 0.10 M
[n-BuaN][BF4)/CH3CN; ® irreversible wave

2.1.3 Sugar Derived Complexes (publication number 2)

Due to the isolatedness of the different metal cores, complex 40 is an ideal molecule to
investigate properties evoked by substitutes attached to the hydroxyl functionalized S-to-S
linker.

This enables the investigation of the [2Fe2E] core (E = S, Se) in an aqueous solution.
Therefore, the ligand systems 54 and 57 were established and reaction of Fe3(CO);, with 54
and 57, respectively, afforded the acetyl-protected complexes 55 and 58 (Scheme 33).139 As
shown in Table 5, modification of the S-to-S linker with acetyl-protected glucose did not lead to
significant changes of the electrochemical features. However, deprotection of 55 with sodium
methanolate lead to the water soluble complex 56. Since the purification of 55 was aggravated,
in further experiments 55 and 58 were deprotected in situ during cyclic voltammetry. Both
experiments exhibited similar changes of the electrochemical behaviour (e.g. shape of the CV).
It was assumed that the deprotection of the sugar also takes place in the case of complex 58.
Upon addition of acid or water an increase of the catalytic current was observed in both cases.
This shows that water can serve as both, solvent and proton distributor. Unexpectedly, the
deprotected selenium compound reveals higher stability in water, compared to its respective
sulphur compound 56. This effect can be explained by the more electropositive selenium which
increases the electron density on the iron atoms. This leads to a stronger -back bonding of the
iron centres to the CO ligands and to a stabilization of both the CO ligands (minimized
electrophilic character of the CO ligands) and the iron atoms. This was further confirmed by a

bathochromic shift of the CO ligand signals in the IR spectrum of 58.'%°
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Scheme 33. Synthesis of the sugar substituted iron carbonyl complexes; i) KSAc, acetone; i) NaHa2H20/

HOACc; iii) Fes(CO)12, toluene; iv) NasSez, ethanol/ THF, v) 1. NaOMe, 2. Fe3(CO)12, vi) NaOMe.

Se-Fe(CO),

Table 5. Electrochemical data of the glucose derivatives 55 and 58 as well as the related

hydroxyl functionalized [2Fe2E] (E = S, Se) complexes.

on [V] Ered [V] Ered [V]
Compound
Fe'Fe'/Fe'Fe' Fe'Fe'/Fe’Fe' Fe’Fe'/Fe’Fe’
40" +0.85° -1.53 (Epo); -1.42 (Epa) 2.15°
Fe2[Se2C3sHsOH)](CO)s'* +0.7° -1.63 (Epo); -1.53 (Epa) -2.30°
55° +1.09 - 1.50 (Epc); -1.39 (Epa) -1.89 (Epc)
58° +0.97 - 1.46 (Epc); - 1.36 (Epa) - 2.02 (Epe)

? Potentials in V + 0.01 vs. 0.01 M Ag/Ag* in CH3CN in 0.10 M [n-BusN][BF4J/CH3CN;

® irreversible wave

Due to the promising solubility properties of the complexes 55 and 58, the synthetic route
should be simplified. Thereby, the direct reaction of complex 40 and a reactive sugar derivative
was intended. However, attempts to generate the desired complexes via the trichloracetimidate
method'*  or the Konigs-Knorr method'®  (reaction of 2,3,4,6-tetra-O-acetyl-
a-D-glucopyranosylbromide, silver carbonate and compound 40) failed. No conversion of the

starting complex 40 was observed.
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2.1.4 Membrane Bound Complexes

Since it was shown that complex 56 and its selenium analogue 58 reveal solubility in water with
moderate stability towards water during the electrochemical reduction, the implementation of the
basic complex 40 into vesicles or membranes appears to be a new challenge. In contrast to the
sugar based derivatives of 55 and 58, this approach should offer a [2Fe2S] cluster which is
protected against environmental influences, as discussed in chapter 1.2.6. Furthermore, the
permeability of membranes can be modified by implementation of different membrane proteins,
peptides or polymers. Thereby, the exchange of reactants throughout the membrane should be
improved, affording a controllable conversion rate in the inner sphere of membranes or
vesicles.'®

Suitable membrane models would be accessible by dispersion of liposomes (derived from
phospholipids) in aqueous solutions. Uniform vesicles in defined sizes can be obtained by
extrusion.'** These vesicles afford semi-permeable membranes and can be best described as
synthetic models for natural occurring cell membranes. The combination of a membrane with a
[FeFe]-hydrogenase model would be a suitable system for a micro-reactor which allows the
formation of dihydrogen.

For this purpose, the [FeFe]-hydrogenase models have to be derivatized in such a way that the
resulting molecules are able to either form liposomes by themselves or to allow an insertion of
the model system into vesicles. In a further going step the outer hull of the vesicle has to be
modified to reveal a solely membrane standing hydrogenase situated inside the vesicle (Figure
10, right).

This approach is closely related to natural systems and similar “artificial” systems are already
known in literature (e.g. the formation of GFP - green fluorescent protein - in liposomes).'*
Furthermore, a primary metabolism was proceeded on the assumptions of Madigan et al.

throughout a primitive cell membrane (Figure 10, left) 46

and exhibits good coincidence with the
desired liposomal system (Figure 10, right). The liposomal bound [FeFe]-hydrogenase models
should be a suitable approach to display the properties of a primitive membrane standing and

dihydrogen developing enzyme.
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Figure 10. Primitive cell membrane metabolism according to

146

Madigan et al. (top) ™ and illustration of a desired membrane-

standing [FeFe]-hydrogenase model within the core of a vesicle
(bottom).

Also the behaviour of these molecules towards biological systems is interesting, since
researchers commenced the investigation of CO containing molecules as medicinal agents.'*’
CO is known as cytotoxin and messenger substance.'®® If it would be possible to detach CO
ligands from the metal core within the diseased cell this would cause cell death. However, the

lack of solubility and stability of 2Fe2S(CO)s fragments in aqueous systems make them

unamenable for the use as a medicinal agent. The encapsulation in liposomes should offer
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Scheme 34. Synthesized lipophilic systems (59, 61, 62 and 63) as well as the desired complex 60.

both, an increased solubility in physiological solutions and a notably improved stabilization with
coinstantaneous reduced toxicity. This concept is proven, encapsulated drugs are already in
daily use and reveal a prolonged bloodstream circulation, higher efficacy and lowered toxicity
(e.g. Caelyx®,"*? AmBisome®,'® Depocyte®'").

For these reasons, complex 40 was modified and linked to lipophilic molecules in collaboration
with the working groups of Prof. S. Férster (Hamburg) and Prof. D. Gabel (Bremen) (Scheme
34).

Four different chemical systems were chosen for this approach, all of them offering long
lipophilic chains.

i) Since oleic acid is known to form vesicles by itself,'® it was linked to complex 40 via the
chloride method 1 (Scheme 31). Reaction of complex 40 with excess of oleic acid chloride
(2.5 eq.) in dichloromethane afforded complex 59 in 75 % yield. The obtained compound was
verified via NMR spectroscopy and mass spectrometry. Incorporation of complex 59 into

palmityloleylphosphatidylcholine (POPC) liposomes was performed via film hydration method'*®

54



Membrane Bound Complexes

in the group of Prof. A. Fahr. Extrusion of these particles afforded vesicles with an average
diameter of 100 nm. The amount of incorporated complex varied between 15 and 31% and was
found to be dependent on the concentration of complex 59 and POPC in the stock solutions.
The maximum loading was obtained when an 8 mM POPC (80 mol%) stock solution was
combined with a 2 mM solution of complex 59 (20 mol%), dissolved in chloroform. In contrast to
oleic acid, complex 59 is not able to form micellar aggregations. However, the behaviour of this
complex in lipidic bilayers was comparable to pure oleic acid. These results concluded a heavily
diminished amphiphilic character of compound 59 and give an explanation for the small loading.
These initial results are far from satisfaction since the low “loading” would complicate further
investigations on this system.

ii) To increase the amphiphilic character of the complexes, cholesterin-hemisuccinat (dppe-suc)
was reacted with complex 40 to afford complex 60. However, reaction of these two species
according to method 2 did not result in the desired product. Neither the use of DCC/DMAP nor
the use of EDC/HOBL afforded complex 60. Only a DCC-dppe-suc or an EDC-dppe-suc adduct
was found via mass spectrometry and suggested therefore a reaction on the phosphorous part
and not on the carboxylic acid part. The starting complex could be re-isolated in almost
quantitative amount. Unfortunately, dppe-suc-chloride is not accessible. A suitable way for the
functionalization of dppe-suc would be method 3, where the carboxylic acid initially reacts with
an excess of CDI. The formed imidazole-compound affords similar reactivity as described for
acid chlorides and should react with complex 40 to give 60. However, during the preparation,
Fahr et al. noticed that the POPC liposomes are not stable in the presence of iron(ll) and
iron(lll) compounds. Further reactions with this expensive system were therefore aborted, since
an in situ formed Fe'Fe" or Fe''Fe' species is present during cyclic voltammetry.

ii) An alternative to liposomes are polymersomes. In contrast to liposomes, the formed
polymersomes provide increased stability towards temperature, pressure and different pH
values. A suitable system (PB-PEO2, Scheme 35) was provided by the group of Prof. Férster

(Hamburg) and co-workers.
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Scheme 35. PB-PEO2 (R = H) and
the carboxylic acid (R=
CH>COOH) derivative used for
synthesis of the polymer attached
complexes 61 and 62.

Formation of Carbonate 61:

PB-PEO2. oH -PL pe.PEO2.__~_O @Nﬂ. PB-PEO2. ~_O._0-40
Mo 0 hig 0

T

64 O 61 O
Formation of Ester 62:
0
PB-PEO2. _~_OH . cl I _THI/DPMK pppegy o M
0 OH 0 OH
s

_CD\, pg.pEO2. /\/0\)1\ 40, pB-PEO2. /\/o\)k‘w
A

)

66 62

Scheme 36. Synthesis of polymer attached complex 40 as a carbonate 61 and ester 62.

These systems are known to form polymersomes by themselves.” In collaboration with
N. Wolter (group of Prof. Fdrster), the complexes 61 and 62 were synthesized according to
method 3 (Scheme 36).

Initially, PB-PEO2 was reacted with CDI at room temperature and afforded compound 64 in
quantitative yield. The purity of 64 was analyzed by gel permeation chromatography (GPC) and
'H NMR spectroscopy. The consecutive reaction of 64 with complex 40 and following workup
resulted in a mixture of PB-PEO2 and complex 61. Since the polymersome matrix consists of
pure PB-PEO2, this mixture can be used for the incorporation into polymersomes. The
generation of polymersomes was realized by two different techniques: Injection of the modified
polymers, dissolved in THF or ethanol into Tris-HCI buffer at pH =7.4 and film-hydration-
extrusion (FHE), whereby the polymers were dissolved in chloroform and a thin film was

prepared by slow evaporation. Subsequent, Tris-HCI buffer was added to enable the formation
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of polymersomes. The obtained vesicles were extruded to 200 nm and then investigated with
photon correlation spectroscopy (PCS) as well as Cryo-transmission electron microscopy (Cryo-
TEM) to reveal the average size, stability and morphology of the obtained vesicles.

It is notable that the polymersomes obtained from the ethanol injection were unstable and show
significant size changes during an interval of seven days. In contrast, the polymersomes
obtained via THF injection or FHE remained stable and PCS show a monomodal particle size
distribution with an average vesicle diameter of 180 nm (THF injection) and 210 nm (FHE).
Unilamellar and multilamellar vesicles were found in the course of Cryo-TEM investigations
(Figure 11). Dark areas (red arrow) were noticed. In contrast to the polymeric elements, this
darkening gives hint towards the atoms with higher atom numbers - here iron. Furthermore, half
cells (blue arrow), which can be best described by a structural diversity of the polymer (e.g.
different chain length, different shape of the head group) and polymeric agglomerations (yellow
arrow) were found. The amount of iron within the samples was determined spectro-
photometrically with 1,10-phenantroline.®® Different values were obtained for the methods.
Whilst the THF injection afforded 24.9 mg/L iron, the vesicles generated via FHE contained 47.2
mg/L iron. The maximum amount of iron could be 165 mg/L for both methods. These values are
not fully comparable with the maximum amount since the modified polymers contained non-

modified polymer. Vesicles generated by the film method (FHE) revealed the highest iron

500 nm 200 nm

Figure 11. Modified polymersomes, generated via THF injection.
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content and therefore the highest implemented amount of [2Fe2S] cluster. It has to be
mentioned that within the vesicles formed by FHE and injection techniques, the [2Fe28S] clusters
are randomly allocated on the inner and outer hull of the vesicles. To get an analytical pure and
chemically more stable polymer-bound complex 40, chloroacetic acid was reacted with PB-
PEO2 and afforded the -COOH functionalized polymer 65. Activation of 65 with CDI and
consecutive treatment of the obtained polymer 66 with complex 40 yielded complex 62.
Complex 62 is currently under investigation in the group of Prof. Fahr to reveal its properties
according to the incorporation into vesicles.

iv) A different approach was commenced with the preparation of the pyridinium species 63.
Therefore, 4-picoline was reacted with lithium diisopropylamide and 1-bromo-tetradecane to
afford 67 within 12 hours stirring at room temperature in moderate yield (37 %).'*® The obtained
amine was reacted with bromoacetic acid and afforded compound 68."’

Subsequent activation with CDI (compound 69) and reaction with complex 40 to afford complex
63, as displayed in Scheme 37, failed. The activation of 68 with CDI led to cleavage of the
-CH,COOH linker and only partially to 69. Attempts to separate compound 69 from 68 were
unsuccessful and direct reaction of the crude material with complex 40 failed as well. The
reaction of an activated complex, obtained by reaction of complex 40 with bromoacetyl chloride,
and compound 67 to afford 63 are currently under investigation.

The advantage of this complex towards the incorporation into vesicles is obvious. An increased
amphiphilic character due to the positive charge on the amine should concede the unaffiliated
formation of vesicles. It was recently shown for similar compounds that this increased

amphiphilic character lead to further stabilization of the formed vesicles.'*®

o
- LDA H2oC14 OH HogCys — @}OH
4<\://\N+ 2 C14Hngr—> \ /NBr-

HagC 14 H2oC14
68
(@)
CDI H2901)4_<:/\ }N\} 40 HoCqy }40
— "~ N
H2gC14 Br HxoC14 Br
69 63

Scheme 37. Synthesis of the amphiphilic pyridinium complex 63
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2.2 Peptidic-, Amino- and Amino Acid Containing [2Fe2S]
Cluster Compounds

Since the hydroxyl functionalized [2Fe2S] complexes reveal no proton relay between the iron
atoms and the pendant base, a new class of complexes was established (Scheme 38). These
compounds should provide both, the possibility to establish a proton relay between an adjacent
amino- or amide-function and the iron cluster, as well as a possibility for further derivatizations.
As suitable precursors for the complexes amines, amino acids and peptides were chosen.
These molecules are known to allow protonation of the amine function under physiological
conditions (e.g. pH value, weak acids). They should therefore be able to act as a proton
distributor after initial protonation. Furthermore, especially for amino acid or peptide containing
complexes, the carboxylic acid function should either allow the incorporation into larger peptides
or the attachment on surfaces.'™ Additionally, these complexes would display in an

extraordinary way a possible miniature for a second coordination sphere of an enzyme.

R'HIXOOR ;;R' R
S8 S8 S8
(OC);F€=Fe(CO); (OC);Fe=Fe(CO); (OC);Fe—Fe(CO),

R =H, CH3, amino acids ...
R' = H, Boc, amino acids
R" = a— and B-peptides
Scheme 38. Desired amino- and amino acid containing

[2Fe2S] cluster complexes.
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2.2.1 Amino Functionalized and Amino Acid [FeS] Complexes
(publication number 4 and manuscript number 1)

Initial attempts were conducted with 4-amino-dithiolane 74 (Scheme 39). This compound is
known as didesmethyl-nereistoxin (dides-NTX) and is a biological active substance. It can be
used as an insecticide, blocking the nicotinic acetylcholine receptor.160 Beside these biological
properties, compound 74 offers a primary amine which can be easily protonated with weak
acids. It allows further derivatizations, whilst preserving the basic character. Compound 74 can
be obtained within a five step synthesis (Scheme 39). The reaction of 1,3-dichloroacteone and
two molar equivalents of benzylmercaptane afforded the thioether 70 in 93 % vyield."®' Further
treatment of 70 with hydroxylamine in refluxing ethanol gave 1,3-dithiobenzylacetoneoxime 71
(72 % yield), which could be reduced to the free amine 72 with lithium aluminium hydride (53 %
yield)."® The cleavage of the benzyl protection groups was realized under Birch conditions
(sodium/ammonia).163 The in situ generated dithiol was directly reacted with iodine to afford the
ring-closed disulphide and to avoid uncontrolled oxidation, eventually leading to polymeric
compounds.'®® Compound 74 was isolated as a pale yellow solid (54 %) in form of the

hydrochloride.

HO.
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Scheme 39. Synthesis of 4-aminodithiolane 74.
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Compound 74 was reacted with Fe3(CO);2 in boiling toluene. However, no desired product could
be isolated. Consequently, the reaction was tuned changing solvents (toluene, THF,
dichloromethane, acetonitrile, diethyl ether), reaction temperature as well as the iron precursors
(Fex(CO)¢ and Fes(CO)qp). In all cases only degradation products, like iron sulphides and
oxides, could be isolated. It was assumed that the degradation relies on the presence of the
free amine, which can also coordinate to the iron centre under these conditions.'®* Due to these
synthetical problems the amine 74 was reacted with di-tert-butyldicarbonat (Boc,O) to give the
tert-butoxylcarbonyl protected compound 75 in 42 % (Scheme 40).'®® This protection group is
especially known in peptide chemistry and offers an easy detachment using trifluoro acetic acid,
p-toluene sulphonic acid,'® or hydrogen chloride'®’. These conditions are feasible for the
deprotection of the corresponding complex, since the [FeFe] complexes are stable under these
conditions.'® Other protection groups require basic (e.g. Fmoc-group) or non-controllable

9 and are therefore an unsuitable access towards the free

oxidative or reductive methods
amine complexes.

The reaction of tert-butyl-1,2-dithiolan-4-ylcarbamate (75) and Fe3(CO);, in refluxing toluene
afforded the diiron complex 76 in moderate yield (55 %) (Scheme 40)."° Various attempts to
deprotect complex 76 in dichloromethane or THF under argon atmosphere failed. During the
experiments no conversion of compound 76 was observed, which was visible by TLC. Even
stirring of complex 76 for four weeks with TFA under argon atmosphere in dichloromethane or
THF revealed no conversion. By a fortunate coincidence, the reaction solutions were kept
without the exclusion of air and afforded red crystals. NMR experiments reveal no resonances.
In contrast, EPR experiments were conducted and revealed an axial signal set with two g-
values of 2.217 and 2.0063 indicating an iron(lll) low spin configuration. Single crystal X-ray
analysis revealed the molecular structure as depicted in Scheme 41 (77). It was obvious that
this complex was only formed in the presence of an oxidative atmosphere. However, the

question remains, if any low-valent iron species is able to generate compound 77. To answer

this question, Fe3(CO),, was reacted with TFA in THF.
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Scheme 40. Conversion of compound 74 with Fe3(CO)+2 and derivatization
with Boc2O to afford compound 75 and finally the complex 76 after reaction
with Fe3(CO)1e.
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Scheme 41. Reaction pathways to compound 77.

Reaction under the exclusion of air resulted in no visible conversion of Fe3(CO),. However,
treatment of the same mixture in the presence of air lead to a red crystalline product, which by
X-ray analysis was determined as compound 77. This means that the u3-oxygen atom must
originate from the scission of molecular oxygen and oxidation of a low-valent iron species
(Scheme 41).

A possible influence of the amine function towards the catalytic mechanism of the H,
development was investigated by cyclic voltammetry. Neither in the presence of weak acids like
acetic acid nor stronger acids like TFA, an influence of the amide group as a pendant base was
observed. The electrochemical data of compound 76 are displayed in Table 7.

In continuation of this study and to get further insight into biological active dithiolanes, 4-amino-
1,2-dithiolane-4-carboxylic acid (ADT) and derivatives were selected as target species (Scheme
42, compound 78).

ADT (78) can be regarded as the oxidized form of the proteinogen amino acid cysteine with two
side chains. It was known as pure synthetic building block for a long time."”" In 2003 it was

found that this conformational restricted dithiolane is a natural occurring molecule and
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Scheme 42. 4-Amino-1,2-dithiolane-4-carboxylic acid
(78) and Kottamide E (79), containing the ADT unit.

was found in the dibrominated indole enamide derivative Kottamide E (compound 79, Scheme
42) isolated from Pycnoclavella kottae.'"

Since reaction of iron carbonyls and dithiolanes afford stable double chair conformation, ADT is
an ideal precursor molecule for hydrogenase models, offering an internal base and further
capability for derivatizations. If compound 84 (Scheme 43) allows the establishment of a proton
relay it could be regarded as a miniature of the enzyme.

The reaction procedure followed the route displayed in Scheme 43. Starting from compound 70,
reaction of potassium cyanide and ammonium carbonate in a sealed tube afforded the
hydantoine 80 in 23 % yield within 24 hours at 120°C."”" Suspension of 80 in an aqueous
sodium hydroxide solution and reaction in a pressure bottle at 170°C for 20 hours gave
2,2-bis(benzylthiomethyl)glycine 81 in good vyield (65 %).'"”® To avoid polymerization of the
desired compound 78 (Scheme 42) during the course of deprotection via Birch reduction, the
amine and the carboxylic function was protected. Attempts to protect the amino- and the
carboxylic acid group with common protection methods failed due to the sterical hindrance at
the a-carbon atom. Lucente et al. described an elegant way to solve this problem. Thereby,
compound 81 was reacted with phosgene to give N-carboxy-2,2-bis(benzylthiomethyl)glycine
anhydride 82 in 88 % yield.'” This easily accessible compound was transformed into compound
83 via reaction with Boc,O and methanol/N-methylmorpholine.'”* Thereby, compound 82 in situ
reacts with Boc,O to give the N-Boc protected urethane. By further treatment with methanol and
N-methylmorpholine, this highly reactive species was converted to compound 83 in 83 % vyield.

The cleavage of the benzyl protection groups were committed under Birch reduction conditions
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Scheme 43. Synthesis of the cysteine analogue 84.

and the cleavage was followed by treatment with iodine to give 4-(N-tert-butyloxycarbonyl)-
amino-1,2-dithiolane-4-carboxylic acid methyl ester (84) in 84 % yield. The complexation of
compound 84 was carried out with Fe3(CO);, in boiling toluene and afforded complex 85 in
93 % vyield as a red solid (Scheme 44)."° Compared to compound 84, complex 85 shows a
heavily decreased torsion angle for C-S---S-C of 3.2° (85) related to 31.5° (84). This behaviour
can be explained by the “double” chair conformation of the six membered rings formed by the
former dithiolane unit and one iron atom. However, also in the case of compound 85 the
cleavage of the Boc protection group could not be realized.

Compound 84 was deprotected according to the same procedures used for the deprotection of
the complexes (TFA, thionyl chloride).'”® Unfortunately, also the reaction of the deprotected
species with Fe3(CO)4, did not result in the free amine complex.

Further efforts were committed with compound 86. The idea behind this molecule is the
formation of a [2Fe3S] cluster and would provide the first synthetic model complex with a pure
amino acidic backbone. Reaction of compound 84 and thionyl chloride generated the free
amine, which was in situ reacted with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide

hydrochloride (EDC), 1-hydroxy-1H-benzotriazol (HOBt) and N-Boc-Met-OH to give the
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dipeptide 86. Further reaction with Fe3(CO);, under reflux conditions brought forth complex 87
in moderate yield (52 %). NMR spectroscopy, mass spectrometry as well as elemental analysis
revealed the molecular structure of compound 87. No complexation of the thioether of
methionine could be verified under thermal conditions. In following attempts, compound 87 was
treated with trimethylamine-N-oxide. This reaction should force a detachment of one CO ligand
via the formation of CO,."® Even under these conditions no [2Fe3S] cluster could be
substantiated and the electrochemical properties remain closely the same as described for
compound 85 (Table 7). Thus the interesting properties of the disulphides could not be
converted to the complex molecules. Incited by these initial results, compound 86 was
conversed to compound 88. This kind of compound is known to enable the formation of
hydrogen bonds between the amide function and one sulphur atom of the disulphide.177 This
interaction should probably endeavour a fast protonation of the sulphur atoms in compound 89.
Compound 88 was accessible by the reaction of 86 with sodium hydroxide and the in situ
generated carboxylic acid was used without further purification. It was converted into 88 via
standard esterification procedure using EDC, HOBt and H,N-Phe-OMe. Reaction of 88 with
Fes3(CO),, afforded the respective complex 89. However, any N-H---S interaction is not retained
in the complex or is very weak in the complex, since no proton exchange could be established
and proofed with cyclic voltammetry and within IR experiments. Furthermore, compound 90 and
complex 91 were synthesized according the above described procedures, but revealed no
altered electrochemical data compared to 85, 87 and 89.

For all these complexes a deprotection with TFA was attempted but did not reveal the free
amine complexes.

As a result of the inert peptide backbone, another amino acid was implemented. The
incorporation of proline as side chain should allow a stabilization of the free amine, since stable
secondary and tertiary amine complexes are known in hydrogenase model complexes (see
chapter 1.2.2). Unfortunately, attempts to generate the free amine of 92 merely resulted in a

number of different oligopeptides, which were not isolable in a sufficient amount.
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Scheme 44. Amino acidic and peptidic [2Fe2S] compounds.
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Figure 12. Molecular structure of compound 92

(thermal ellipsoids at 50 % probability level).

Hydrogen atoms are omitted for clarity.
Therefore proline was protected with Boc,O and reacted with compound 84 to give 92 in
moderate yield. Single crystals for structure determination were obtained by slow evaporation of
a solution of chloroform (Figure 12).
Compound 92 was co-crystallized with chloroform and confirms the expected molecular
structure. Studying the bond lengths and angles in the ADT-part, some interesting features were
obtained. The dithiolane ring shows up two different bonding distances (S-C) of 178.8(5) and
182.3(6) pm and bonding angles (S-S-C) of 92.66(19) and 90.20(19)° (Table 6). In comparison
to Boc-ADT-OMe, the torsion angle C-S-S-C is increased from 31.5 to 44.97° and the sulphur-

sulphur distance is slightly reduced from 205.6(3) to 204.6(3) pm."'”

Table 6. Selected bond angles [] and distances [pm] of compound 92.

S(1)-5(2) 204.6(3) C(2)-C(14) 154.0(7)
S(1)-C(1) 178.8(5) C(2)-N(1) 147.0(5)
S(2)-C(3) 182.3(6) C(4)-N(1) 132.2(7)
C(1)-C(2) 1.54.5(7) C(4)-0(1) 123.7(6)
C(2)-C(3) 155.6(7) C(4)-C(5) 154.4(6)
N(2)-C(9) 132.1(6) C(5)-N(2) 145.2(6)

S(1)-S(2)-C(3)  92.66(19)  C(1)-C(2-N(1)  108.3(4)
S(2)-S(1)-C(1)  90.20(19)  C(1)-C(2)-C(14)  107.7(4)

S(1)-C(1)-C(2) 107.8(3)  N(1)-C(2)-C(14)  108.8(4)
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S(2)-C(3)-C(2) 109.7(4)  C(2-N(1)-C(4)  121.0(4)
C(1)-C(2)-C(3) 110.3(4)  N(1)-C(4)-C(5)  115.0(4)

C(4)-C(5)-N(2) 111.2(4)

These results are similar to Boc-ADT-ADT-NHMe, where the torsion angle (C-S-S-C) is
increased up to 42.6° and sterical reasons have been suggested for the distortion of the
dithiolane ring."”” Subsequently, compound 92 was reacted with Fes;(CO);, and resulted in
complex 93 in good yield (65 %). Once more, trials to deprotect the complex with standard
deprotection reagents (TFA, thionylchloride, HCI) failed and the peptide moiety revealed no
catalytic relevant influence. The same behaviour was found for compound 96, which was
obtained in 63% from the corresponding Boc-(S)-2-amino-3-(1,2-dithiolan-4-yl)propionic acid
tert-butyl ester.'® All these complexes were thought to display the adjacent amino acid lysine
(K237) of the enzyme, providing different Fe-:N distances and a proton relay between the
amine and the iron centre. However, this concept failed since no deprotection of the amide
could be achieved and acetic acid was too weak for protonation of the amide.

Since the complexes 76 - 93 and 96 exhibit no influence to the catalytic mechanism of the H,
generation and it was not possible to generate the free amine complexes within this work, the
compound class was changed from basic amides to acidic sulphonamides with preservation of
the ADT structure.

This class of compounds bears interesting properties. Sulphonamides have been known as the
largest class of antimicrobial agents for a long period and have shown to be irreversible
inhibitors of the cysteine proteases.'”® Beside the importance for medicinal chemistry,'® the
special properties of the S-N bond provide an incredible feature. Sulphonamides reveal a
non-neglegible acidity and can be deprotonated under mild conditions, forming a basic anion.'®’
This was confirmed by kinetic studies on the hydrolysis of p-nitrophenyl-
o-methansulfonamidobenzoate™  (pK, = 8.41 in  acetonitrile)  and  p-nitrophenyl-

p-methansulfonamidobenzoate'®

(pKq = 7.34 in acetonitrile). In contrast to amides, the high
acidity can be explained by the interaction of the sulphur d-orbitals with the lone pair electrons
of the surrounding oxygen atoms. Furthermore, a second p()-d(1T) interaction can be described

between the d-orbitals of the sulphur atom and the lone pair of nitrogen.'®*
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Inspired by these properties, compound 94" was reacted with Fes(CO),, and afforded compound
95 in very good yield (83%) as an air and moisture stable red solid.

A comparison of the electrochemical data of complexes 76 - 96 is shown in Table 7. The
complexes 76, 85 and 96 exhibit similar electrochemical properties which appear natural since
their structures are related. Furthermore, the di- and tripeptidic complexes 87, 89, 91 and 93
give comparable data for the reduction potentials of the one-electron reduction
{Fe'Fe' > FeFe' + e}. A possible explanation for the appearance of the two oxidation signals in
the CV’s of compound 91 and 93 is a slightly different geometry of the Fe'Fe' state. It is already
known that distortions can lead to significant shifts of the reduction potentials.ml But since the
oxidized states appear irreversible and are not integrated in the catalytic cycle, these processes
were not further investigated.

Since the electrochemical features of the dithiolanes are very similar, the electrochemistry and
the catalytic behaviour of these compounds will be described in detail for compound 93 and
compared to the sulphonamide 95.

The cyclic voltammogram of compound 93 is displayed in Figure 13. In the absence of acid, a
reduction signal can be seen at -1.48 V. This process seems to be rather irreversible, since the
signal proportion between the oxidation current and the reduction current is smaller than 1.

This further suggests an EC mechanism (means the initial reduction step is followed by a fast
chemical reaction).'® In this special case, the Fe'Fe' state is transferred into Fe’Fe' by an
one-electron reduction and is followed by a fast change of the bonding properties within the
molecule. This change of bonding properties can be best described by the break of the Fe-Fe

bond and/or the appearance of a bridging carbonyl and a rotated state (see also chapter 1.2.4).

" This compound was provided by Professor G. Lucente (“Sapienza” Universita di Roma). It was derived from
compound 84 and benzenesulfonyl chloride.
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Table 7. Electrochemical data of the amine complex 76 as well as
the amino acidic complexes 85-96.

Compound® Eox [V] Ereq,1[V] Ered2[V]
76" +0.92° -1.51° -2.04°
85'" +0.81° -1.47° -2.09°

87 +0.98° -1.52° -1.76°
89 +0.95° -1.57° -
91 +0.71°and +0.94°°  -1.51° -1.89°
93 +0.8° and +0.97"° -1.48° -
95 +0.8° and +1.0°° -1.48° 1.77°
96'" +0.91° -1.52° -2.15°

? Potentials in V + 0.01 vs. 0.01 M Ag/Ag* in CHsCN in 0.10 M
[n-BusN][BF4)/CH3CN; ® irreversible wave; ° the latter value reflects
a further oxidation to the Fe'Fe" state.

In the presence of acetic acid the initial reduction potential remains constant and only little
increase of the current is noticed. This raise, however, is caused by the increased basic current
due to the addition of acid. Since the process is a one-electron reduction and no shift appears in
positive direction, no pre-equilibrium is assumable.

This means, that preliminary to the reduction no protonation of compound 93 takes place, which
would be important for displaying the natural role of an adjacent base. In contrast to the first
reduction peak, the second, new reduction peak at ~2.2V increases with increasing
concentration of acid, indicating the electrocatalytic formation of dihydrogen. Thereby, the acid
is not strong enough to protonate the iron centre, which is in good agreement to literature (see
chapter 1.2.5). The second reduction is followed by a doubly protonation of the [FeOFeO]Z' state
and the generation of dihydrogen whilst simultaneous regeneration of the initial [Fe'Fe'] state
takes place (Scheme 45, see also Scheme 21, chapter 1.3.1). In contrast to Scheme 21 a

rearrangement of the complex due to the formation of a bridging CO ligand has to be supposed.
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Figure 13. Cyclic voltammogram of compound 93 in the

presence of acetic acid (0, 1 - 10 mM).
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Figure 14. Cyclic voltammogram of compound 93 in the

presence of trifluoroacetic acid (0, 1 - 10 mM).

In contrast to the electrochemical properties in acetonitrile and acetic acid, investigations
performed with trifluoroacetic acid in acetonitrile revealed a different voltammogram (Figure 14).
This facilitated an alternative process for the development of dihydrogen, which is in good
coincidence to literature reports (Scheme 45).103 It is known that the one-electron reduction
product reacts very fast with additional protons from strong acids to give a Fe-Fe-H (93H)
assembly.103 This state is reduced at -1.61 V and ongoing protonation either resulted in a direct

cleavage of dihydrogen or in further protonation at higher concentrations of acid, followed by
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Scheme 45. Catalytic mechanism of compound 93 in the

presence of acetic acid (blue) and trifluoro acetic acid (black).

dihydrogen development at -1.86 V. This ECEC mechanism (Scheme 45) is in good accordance
to the results found by Pickett et al.'®

The cyclic voltammogram of 95 reveals two oxidation steps at 0.8 and 1.0 V (Figure 15). An
irreversible one-electron reduction is visible at -1.48 V. To confirm the features to act as a
[FeFe]-hydrogenase model, acetic acid was subsequently added to compound 95 during CV
investigations (Figure 15). Inspired by the remarkable acidity of sulphonamides, IR and NMR
spectroscopic investigations were commenced to show the influence of the sulphonamide group
as a proton distributor. However, neither NMR spectroscopic studies in the presence of
CD3COOD nor IR spectroscopic studies in the presence of acetic acid could confirm any
protonation or a proton transfer according to a Sg2 mechanism as discussed by Mandell et al
(Scheme 46)."%

In contrast to this initial reduction signal, the second reduction signal at ca. -2.2 V increases with
each increment of acid added. This signal is not a reduction of pure acetic acid on the electrode,
since acetic acid was shown to be reduced at more negative potential.170 In comparison to the
electrochemistry of 93, this part might be an EC part and is assigned to the catalytic formation of
dihydrogen.

To get more information about complexes with a peptidic moiety, the literature-known

compound 99 as well as complex 101 was synthesized.
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Scheme 46. Assumed mechanistic pathway for
the first protonation reaction of the [FeFe] core of
compound 95.

Especially, complex 99 allows more insight into the electrochemistry of these complexes. It is
thereby interesting if the open chain form reveals different properties than described for the
closed ring systems. Initially, cystine was reacted with two equivalents thionylchloride in
methanol to give compound 97 in 98 % yield. To avoid side reactions during the complexation,
the amine 97 was protected with Boc,O in dioxane/water and afforded 98 in 59 % yield.
Complex 99 was obtained in 74 % yield via the reaction of compound 98 with Fe3(CO);,. In
contrast to the literature-known procedure, the use of the disulphide resulted in considerably
higher yield.® NMR spectroscopic investigations confirmed a similar composition. It is
reasonable to mention that the electrochemical properties of the “open” system 99 are the same

as reported for related amino acidic “closed” ring systems (Table 8).
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Table 8. Electrochemical data of the open chain complex 99 and the tripeptidic
complex 101 in comparison to complex 76.

Compound® Eox[V] Ereq,1 [V] Ereq,2[V]
76'"° (CHsCN) +0.92° -1.51° -2.04°
99 (CHsCN) +0.91° -1.53°
101 (DMF) - -1.54° -2.42°

? Potentials in V + 0.01 vs. 0.01 M Ag/Ag* in CH3CN in 0.10 M [n-BusN][BF,]/CHsCN
or DMF, ® irreversible wave.

NH, SOCl, H2N

MeOH
HO S-S OH S-S
BocHN NHBoc
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(OC)3Fe Fe(CO)3
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Scheme 47. Synthesis of the open chain compound 99 as well as the tripeptidic
complex 101.

To increase the number of amino acids incorporated into a [2Fe2S] cluster, the tripeptide 100
was synthesized.” The sequence, Cys-Lys-Cys, was carefully selected for two reasons: i) the
two cysteines allow the connection to the Fe,(CO)¢ subunit and therefore the establishment of a
hydrogenase-like molecule. i) Since a lysine (K237) in the enzyme is said to have eminent

24,25

influence concerning pendant base effects, one molecule lysine was implemented to offer a

flexible chain containing an amine, which should reveal similar features as discussed for

" This compound was provided by PD Dr. D. Imhof (Friedrich-Schiller-University Jena).
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Lys(K237). But neither IR investigations nor electrochemical measurements in the presence of
TFA revealed any influence of protons towards the catalytic mechanism via establishment of an
initial proton relay. It was rather noticed that the activity of 101 towards the catalytic dihydrogen

generation was distinctly diminished in dimethylformamide.

2.2.2 Macrocyclic Peptidic Complexes (publication number 6)

Following the continued interest to use biologically active substances for mimicking the
enzymatic environment of the [FeFe]-hydrogenase, the macrocyclic, peptidic disulphide
Sandostatin® (octreotide 102, Scheme 48) was reacted with three equivalents Fes(CO)» and
afforded complex 103 as an amorphous orange solid in 39% yield (Scheme 48).'®’

The structure of complex 103 was confirmed via NMR-, IR spectroscopy, mass spectrometry as
well as elemental analysis. Furthermore, differential scanning calorimetry and thermogravimetric
investigations were carried out and further confirmed compound 103.

Albeit 103 is not very stable in solution, it could be used for catalysis of electrochemical
hydrogen formation in dimethylformamide (DMF) and for affinity assays for the somatostatin

187.4(188) |t is notable that the affinities were surprisingly high in spite of the fact

receptors hsst;s.
that complexation must lead to major distortion of the macrocyclic backbone, which is important
for the affinities towards the hsst receptors.187 In contrast to these interesting affinity tests, cyclic
voltammetry provided insufficient low reduction potentials for the electrochemical dihydrogen
formation.

Since the low stability of compound 103 was thought to be a result of awkward coordination
geometry around the sulphur atoms, another approach towards the incorporation of a peptidic
moiety had to be found.

To increase the stability of the desired complex, the B-peptides 104 - 106 (Scheme 49) were

synthesized.

* Qctreotide 102 is known as a somatostatin (SRIFy4, somatotropin-releasing inhibiting factor)
analogue; it binds to the five human somatostatin receptors hssti.s (affinities ranging from 0.8 nM
(hsst2) to 1.7 uM (hssts)). It inhibits the release of the growth hormone somatotropin, with an activity
that is 70 times higher than that of the natural hormone somatostatin. Octreotide derivatives are used
in diagnosis and therapy of endocrine and gastro entero pancreatic tumours, breast and prostate
cancers.
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Scheme 48. Reaction of octreotide 102 with excess Fe3(CO)12 to form the product 103 of insertion into the
(S,S)-bond.

This class of compounds is well-known to reveal increased stability of the secondary structure
with respect to o:—peptides.189 The secondary structure of B-peptides is easily predictable, since
peptides formed by at least six amino acids of the same configuration prefer the erection of a
314-helix.189 This means that the amino acids in j and i+3 position are on top of each other with a
14-membered ring of hydrogen bonds. The prospect of further stabilization of the helix was
shown by Seebach et al.."® Using B-cysteine in i and i+3 positions they were able to establish
additional disulphide bridges, which further stabilised the backbone.

The peptides were prepared with solid phase peptide synthesis (SPPS) via the Fmoc-
strategy.'®" The reaction of the octapeptide 104 and Fe3(CO);» in acetonitrile resulted in the
desired [2Fe2S] complex, which precipitated from solution immediately after formation.
However, it has to be mentioned that the formation of the complex could exclusively be
confirmed via mass spectrometry. Unfortunately, the complex revealed less stability as the a-
peptidic complex 103 and worse solubility in any solvents.

These two problems (mindered stability, worse solubility) should be solved stepwise. Initially,
the nonapeptide 105 were synthesized and should provide a more rigid 344-helix backbone,
since the additional amino acid is able to further stabilize the helix by additional hydrogen
bonds. Additionally, the free functional groups were protected by generating an amide
(C-terminal) and acetyl-protection (N-terminal) to avoid unsolicited side reactions. However, no
reaction with Fe3(CO);», was possible, since 105 was not soluble in neither polar nor unpolar

solvents.
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A suitable alternative was found in compound 106, where phenylalanine was surrogated by
tyrosine and the acetyl protection group was abandoned. These little changes led to a
considerable improvement of the solubility properties. Reaction of the nonapeptide 106 with
Fe;(CO),. following the same procedure as described for 104 afforded no detectable iron

complex.
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Scheme 49. Synthesized B-peptides 104 - 106 used for the conversion with Fe3(CO)12.
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Scheme 50. Reaction of B-peptide and Fe3(CO)12 presumably lead to a distortion
of the backbone and finally to the decomposition of the complex.

A possible explanation can be found by the increase of the S-S distance and the C-S--:S-C
torsion angle which is accompanied by the complexation§ and in agreement to literature
deliberations.® In contrast to compound 103, a significant distortion of the peptide backbone
seems to be the case in B-peptidic iron bound compounds (Scheme 50). Thereby, the rigid
backbone of the B-peptide antagonises this trend and destabilizes the complex. Presumably,
this structural change leads to decomposition of the in situ formed complex, which was

confirmed by mass spectrometry.

¥ By analogy to compound 94: the S-S distance is increased from 205.6(3) to 302.5 pm and the
torsion angle C-S---S-C decreases from 31.5 to 3.2°.
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2.3 Complexes Containing Platinum and Iron

In continuation of the efforts to investigate the coordination chemistry of dithiolanes and thiols,
the tetrathiol 107 (Scheme 51) was reacted with bis(triphenyl-phosphine)-platinum(ll)-dichloride

and Fe3(CO);.. Only little is known about the metal uptake of 107.'%

It is therefore interesting to
reveal conditions for a targeted synthesis for complexes with either two free thiol groups or two
different metal centres. Within this investigation the desired complex 109 affords two different
active sites (Scheme 51). One site reveals the Pt-site, where the other reflects a [FeFe]-
hydrogenase sub-site.

In initial attempts compound 107 was reacted with different amounts of Fe;(CO)4, (0.3; 0.5; 1
and 2 equivalents). Nonetheless, exclusively compound 108 was obtained in varying yields,

which is in good agreement to a publication by Song et al.,'®®

published shortly after the
synthesis of compound 108. Single crystals were obtained by slow evaporation of a solution of
108 in chloroform at 4°C. The molecular structure of 108 is depicted in Figure 16 and shows the
typical butterfly arrangement of the [2Fe2S] clusters. Except of the S-C-C bonding angles, the
distances and angles are in good accordance to the previously described complexes and to
literature.'®® The high values of 123.12(15)° for S(1)-C(1)-C(2) and 119.97(13)° for S(2)-C(3)-
C(2) are somewhat surprising, since sp> hybridization would anticipate an angle of 109.5°. A

possible explanation for this widening can be seen in sterical reasons, since otherwise both iron

sites would come close together. Instead of Fe3(CO)p, bis(triphenyl-phosphine)

HS SH Fes(CO)q, (OC)SFtla;Si><:S;Ee(CO)3
HS SH (OC)sFe=s S—Fe(CO)3

Pt(PPh;),Cl, PhsP( S SH Fe3(CO)1p PhsP S S_Fe(CO)s
tPt\ /Pt\ xl
PhsP” S SH PhsP” S S—Fe(CO);
109 110

Scheme 51. Reaction of the tetrathiol 107 with Pt(PPh3)>Cl. and Fe3(CO). afforded
different substitution patterns. The reaction of 109 and Fe3(CO). afforded the
heterotrimetallic complex 110.

79



Complexes Containing Platinum and Iron

platinum(ll)-dichloride was reacted in a 1:1 molar ratio with 107 and potassium carbonate.
Unexpectedly, this reaction afforded exclusively 109 (Scheme 51) in 94% yield and the nature of
the complex was confirmed via elemental analysis, NMR ('H, °C), IR spectroscopy as well as
mass spectrometry. Subsequently, complex 109 was reacted with one equivalent of Fe;(CO)»
for 4.5 hours at room temperature in dichloromethane and afforded compound 110 in 21 %
yield. Similar procedures with THF or diethyl ether under refluxing conditions lead to

decomposition of the complexes and only marginal amounts of 110.

S
¢..
Figure 16. Molecular structure of 108 at 50% probability level. Hydrogen

atoms are omitted for clarity.

Table 9. Selected bond angles [9 and distances [pm] of
compound 108.

Fe(1)-Fe(2) 250.17(4) S(1)-C(1) 182.5(2)
Fe(1)-S(1) 224.01(5) S(2)-C(3) 184.2(2)
Fe(1)-S(2) 228.59(6) C(1)-C(2) 155.3(3)
Fe(2)-S(1) 225.37(6) C(2)-C(3) 152.5(3)

Fe(1)-Fe(2)-S(1)  55.913(15)  S(1)-C(1)-C(2)  123.12(15)
Fe(1)-Fe(2)-S(2) 57.125(16)  S(2)-C(3)-C(2) 119.97(13)
Fe(1)-S(1)-Fe(2) 67.655(18) C(1)-C(2)-C(3) 110.64(12)

Fe(1)-S(2)-Fe(2) 66.802(17)
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The 'H NMR spectrum of 110 showed the expected doublet at 2.85 ppm for the methylene
group neighboured to the Pt centre with Pt-H coupling constants (3th,H = 66.4 Hz). The
methylene groups at the iron subside did not reveal this splitting and were visible as a singlet at
2.33 ppm. Additional confirmation was obtained by the ¥P NMR spectrum, revealing a singlet at
27.5 ppm with platinum satellites ('Jpp = 2852 Hz). The structure of 110 was reaffirmed by '°C
NMR experiments, IR spectroscopy, as well as mass spectrometry and elemental analysis.
Single crystals suitable for structure determination were obtained by slow diffusion of hexane
into a concentrated solution of 110 dissolved in chloroform. The molecular structure is depicted
in Figure 16 and further confirms the structure of 110. It shows the two different active sites
within the molecule.

One side of the tetradentate ligand is square planar coordinated by the bis(triphenyl-
phosphine)-platinum(ll) moiety. The other active site bears a Fe,(CO)s fragment with a typical
butterfly arrangement. The bonding distances and angles at both metal centres are within the
expected range (Table 10). However, it is again notable that the bonding angles S(2)-C(4)-C(1)
(121.3(4)°) and S(4)-C(5)-C(1) (118.7(4)°) are quite large and significantly wider than the
corresponding angles at the platinum(ll) coordination site. The carbon atom C(1) reveals a

slightly distorted tetrahedral geometry.

Figure 17. Molecular structure of compound 110 at 50%
probability level. Hydrogen atoms are omitted for simplicity

reasons.

81



Complexes Containing Platinum and Iron

Table 10. Selected bond angles [?] and distances [pm] of
compound 110.
Fe(1)-Fe(2) 249.58(12) Pt(1)-P(1) 229.49(15)

Fe(1)-S(3) 225.82(18) Pt(1)-P(2)  229.49(13)
Fe(1)-S(4) 226.08(18) Pt(1)-S(1)  233.75(13)
Fe(2)-S(3) 225.57(18) Pi(1)-S(2)  235.21(15)
Fe(2)-S(4) 229.11(18) S(1)-C(2) 182.5(6)
S(3)-C(4) 181.9(6) S(2)-C(3) 182.8(6)
S(4)-C(5) 182.7(6) C(2)-C(1) 156.2(8)
C(4)-C(1) 152.7(8) C(3)-C(1) 154.7(7)
C(5)-C(1) 152.1(8)

Fe(1)-Fe(2)-S(3)  56.48(5)  P(1)-Pt(1)-P(2)  99.66(5)
Fe(1)-Fe(2)-S@4)  56.17(5)  P(1)-Pt(1)-S(1)  87.39(5)
Fe(1)-S(3)-Fe(2)  67.13(5)  P(1)-Pt(1)-S(2)  172.97(5)
Fe(1)-S(4)-Fe(2)  66.50(5)  P(2)-Pt(1)-S(1)  172.92(5)
S(3)-C(4)-C(1) 121.3(4)  P(2)-Pt(1)-S(2)  83.03(5)
S(4)-C(5)-C(1) 118.7(4)  S(1)-Pt(1)-S(2)  89.89(5)
C(4)-C(1)-C(5)  1106(5)  S(1)-C(2)-C(1)  114.4(4)

C(2)-C(1)-C(3) 109.74)  S(2)-C(3)-C(1)  117.2(4)
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2.4 Silicon Containing Model Complexes

It is well known that the presence of one or more silicon atoms influences the chemical, physical

as well as biological properties of drugs.'**

This exchange of carbon by silicon (sila-substitution)
affects the pharmacodynamics and kinetics in an extraordinary way. It was shown that these
properties can be exploited for drug design in medicinal chemistry and have already been used
for the development of new silicon-based pharmaceuticals. Likewise, sila-substitution of
odorants has also been demonstrated to affect their olfactory properties.195 However, not only
silicon containing biological active compounds reveal these interesting properties. A recent
study showed that the impact and friction sensitivity of explosives can be altered by sila
substitution.'®® Beside the polymeric silicones, especially polysilol polymers and oligomers are
known and reveal strong light emission and absorption in the longer wavelength region or
electroluminescent properties and electron or hole transport.'®” These properties are in principle
a result of a different covalent radius and electronegativity compared to carbon. A comparison of
the electronegativities, covalence radii, average bonding distances and energies can be seen in
Table 11.

In contradistinction to the C-C bond, the polarity of the C*-Si®* bond is changed due to the
smaller electronegativity of Si. Moreover, the covalent radius and bonding distance C-Si are
eminent larger than those for C-C bonds. Nevertheless, it is notable that the stability of the E-C
bonds are comparable, supporting the high stability of the Si-C bond.

Inspired by these unique features, silicon containing dithiols were used as ligands for [FeFe]-
hydrogenase models. The [2Fe2S(Si)] model complexes were investigated according to their

structural and electrochemical properties.

Table 11. Carbon/Silicon Comparison.'®®

covalent radius of bonding distance E-C bond energy E-C
E electronegativity of E
E [pm] [pm] [kd/mol]
(o 25 77 154 358
Si 1.9 117 188 311
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2.4.1 Synthesis and Characterization of Silicon-Containing Thiolato

Complexes with R,Si(CH,SH), and Si(CH,SH), Type Ligands (manuscript

number 2 and 3)

To reveal the principle features of [2Fe2S(Si)] complexes the alkylic silanes 111 - 113 were
reacted with Fe3(CO);2 in boiling toluene to give the [2Fe2S] complexes 114 - 116 in good yields
(Scheme 52). Compounds 114 - 116 were confirmed via spectroscopic techniques ('H, '°C, #Si
NMR, IR) as well as mass spectrometry and elemental analyses.'®*

It was possible to obtain single crystals suitable for structure determinations for compounds
114 - 116. It is important to say that the S-C-Si bond angle was found to be unexpectedly high.
In contrast to the expected angle of 109.5° for sp3 hybridized methylene groups, a value of
around 120° was obtained. It is notable that these wide bonding angles are ubiquitous for all
silane complexes.'*

To reveal the electrocatalytic features of these complexes, cyclic voltammetry was commenced
to figure out their potential as [FeFe]-hydrogenase model complexes. The redox potentials are
pictured in Table 12. When compared to related carbon-based complexes, these complexes are
both, easier to oxidize and to reduce by about 100 mV. This property is somewhat surprising,
since a less positive oxidation potential would suggest an increased electron density at the iron
centres; but if this would be the case, the reduction would be more difficult leading to reduced

redox potential.

./
i

N/ s

Si ( Y
Fe,;(CO

Hg S7H3(—)12> it

(OC);Fe=Fe(CO),

111 114

} .

)a
si” Fes(CO)p (SI7
S

HS SH (0C)sFeZFe(CO),s
112: n =1 115:n=1
113 n=2 116:n=2

Scheme 52. Reaction of Fe3(CO)12
and R2Si(CH2SH)» type ligands.
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Table 12. Electrochemical data of 114 - 116 and 118."%°

Compound® Eox[V] Ered,1 [V] Erea,2[V]
40™" +0.85° —1.53 (Epc); —1.42 (Epa) -2.15°
114 +0.79° —1.48 (Epo), —1.40 (Epa) -
115 +0.81° ~1.49 (Epc), —1.40 (Epa) -
116 +0.81° ~1.49 (Epc), —1.39 (Epa) -
118 +0.99° -1.05° -2.15 (Epc), -1.89(Epa)

? Potentials in V + 0.01 vs. 0.01 M Ag/Ag* in CH3CN in 0.10 M [n-BusN][BF4)/CH3sCN;
® irreversible wave.

The fact that this is not observed may suggest that the two redox processes involve different
orbitals. In contrast to literature known complexes, another difference observed during this study
is that, these complexes undergo a two-electron reduction, whereby the second reduction step
reveals a more positive reduction potential. This behaviour can be explained by a reduction
accompanied by structural change as described in earlier sections (chapter 1.3).

However, in the presence of acid a difficult behaviour was found. On the basis of digital
simulations, reaction equations (1) - (21) were assumed to play an important role during the
electrocatalytic formation of dihydrogen and were in good agreement with the experimental data
(Figure 18). An additional catalytic reduction signal at -2.2 V (Figure 19) could only be simulated

in a qualitative way for reactions on a mercury drop electrode.

-0,00004 -0,00004

-0,00002 -0,00002

0,00000 0,00000

0,00002

Current, | [A]
Current, | [A]
o
8
S
T

0,00004

0,00006 0,00006

Potential, E[V] Potential, E[V]

Figure 18. Cyclic voltammetric reduction of a 1.4 mM solution of 115 in acetonitrile on a mercury drop
electrode in the presence of varying concentrations of pivalic acid (left) and simulated CVs (right). The
scan rate is 1 V/s. The HP concentration was varied as follows: [HP)/[115] = 1/3, 2/3, 1, 4/3, 5/3, 2, 8/3,

10/3. The mechanism and simulation parameters are given by reaction (1) to (11), vide infra.
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-0,00005
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Current, | [A]

0,00010
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T 1 T ' T ' T * T * T * 1
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Potential, E[V]
Figure 19. Cyclic voltammetric reduction of compound

115 on a mercury drop electrode in the presence of
varying concentrations of pivalic acid. The scan rate is
1V/s. The HP concentration was varied as follows:
[HPY[115] = 1/3, 2/3, 1, 4/3, 5/3, 2, 8/3, 10/3.

Fe-Fe + e = Fe-Fe
Fe-Fe + e = Fe-Fe

‘Fe-Fe” + Fe-Fe = Fe-Fe + Fe-Fe

(E° =-1.538V, k° = 0.4 £ 0.1 cm/s)
(E% =-1.475V, k% =1 cm/s)

(kiz = 650 I/mol/s)

Fe-Fe' — Q (decomposition) (kiy=50s") (4)
Fe-Fe + HP = Fe-Fe-HP (Ks = 3504200, ks < 10° /mol/s) (5)
‘Fe-Fe + HP = Fe-Fe-HP" (Ks/Ks = 4, kg = 5x10° I/mol/s ) (6)
‘Fe-Fe-HP" + HP = H-Fe-Fe-HP + P (K7 < 1, diffusion controlled) (7)
P + HP = HP-P’ (Ks 2 5000,, kig > 2x10° /mol/s ) (8)
Fe-Fe-HP + e = Fe-Fe-HP" (E%=-1.48V, k%= 0.4cm/s) (9)
Fe-Fe-HP + e — -Fe-Fe-H + P’ (E%=-1.168V, k¢ =1.75x10° cm/s) (10)
Fe-Fe + HP + ¢ L ‘Fe-Fe-H (E%=-1.168 V, k%= 0.1 cm/s) (11)
H-Fe-Fe-HP + e = 'H-Fe-Fe-HP" (Es=-1.77V, k%= 0.2 cm/s) (12)
‘H-Fe-Fe-HP" — Fe-Fe + P" + H; (knz=75") (13)
‘H-Fe-Fe-HP™ + HP — Fe-Fe-HP'+ P + H, (Kr14 = 2300 I/mol/s) (14)
‘H-Fe-Fe-HP™ + HP — H-Fe-Fe-HP'+ P" + Hy  (ky5 = 13500 I/mol/s) (15)
H-Fe-Fe-HP" = H-Fe-Fe-H + P (16)
‘H-Fe-Fe-H — Fe-Fe + H, (17)
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‘H-Fe-Fe-H + HP — Fe-Fe-H + Hy + P’ (18)
‘H-Fe-Fe-H + HP — H-Fe-Fe-H + Vo Hy + P (19)
‘H-Fe-Fe-HP —— H-Fe-Fe-H + P’ (20)
H-Fe-Fe-HP" — H-Fe-Fe-H + P’ 21)

It should be mentioned that it might be better to formulate reaction equations (12) - (15) in terms
of H-Fe-Fe-H instead of H-Fe-Fe-HP". However, this question could not be answered, since it
was not possible to commit studies at high scan rates so that the effect of reaction (16) would
become visible. Unfortunately, adsorption phenomena on the electrode prevented quantitative
studies of the system at sufficiently high scan rates. A simplified mechanistic cycle can be seen
in Scheme 53.

The main catalytic species is 'H-Fe-Fe(HP) and H, formation follows equation (15) with access
of HP or (13) with small amounts of acid. A few more comments have to be given according to
the intermediates | and Il (Scheme 53) since their structure is eminent and important for the

understanding of the mechanism displayed.

i i
Si—R Si—R
(e [ H-P —& ~Fe-Fe(HP) —
S, $..8 0o
A oA _
OGFEFe D OG- FEFeEo e Hy, P
oc cO oc | €O P <
e P “Fe-Fe-H

HP

Fe-Fe" / ‘H-Fe-Fe(HPy

e Ha, P
HP
R —2- e
L < _
(rSi—R Ha, P
s & —HB - FeFe(HPy —HP_~ HFeFeHPy —1
OC.J N\ P
-Fe Fe
OC / \c:/ \\ O
oc ¢ )

Scheme 53. Tentative mechanism for the H> development of the silicon-containing [FeFe]-hydrogenase
models 114 - 116 with respect to reaction equations (1)-(15). The influence of equation (16) was neglected

in this scheme for simplicity.
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Structure of I It was noticed during electrochemical investigations that an “isosbestic” like point
appeared in the presence of acid (see Figure 18). Comparable anodic shifts were observed only
in the case of functionalized diiron azadithiolato complexes, thus this behaviour can be best
interpreted by a protonation of the complex 115 either on the Fe-Fe bond or on the sulphur
atoms.

No example of protonation of coordinated sulphur has been reported for [FeFe]-hydrogenase
model systems. However, using DFT calculations and photoelectron spectroscopy, Glass et al.
have shown that for related tin containing [2Fe2S(Sn)] systems the o(Sn—C) orbital interacts
with a 3p(S) orbital.**®® These inductive and hyperconjugative interactions increase the electron
density at the sulphur atom. As a direct result the basicity of the sulphur atom increases. Within
the course of digital simulations it was possible to reconstruct the “isosbestic” point by taking
into account reaction equation (5). Since pivalic acid is a rather weak acid  a direct protonation
was excluded. On the contrary, an undissociated HP molecule is coordinated to the complex
through hydrogen bonds and the splitting of the H-P bond is initiated by the reduction of 115
(either in form of a concerted process or as follow-up reaction).

This theory was further confirmed by IR spectroscopic investigations of the reaction of 115 with
the strong acid HBF,. In the course of these investigations it was observed that a strong shift to
higher wave numbers appeared after adding acid.'®® Since these initial tests reveal a reaction
with acid, '"H NMR spectroscopic investigations were committed to allow a distinction between a
protonation on the Fe-Fe bond or the sulphur atom. However, no signal at higher field was
obtained (> -1 ppm) which is a requisite evidence for an iron bound hydride.199 Thus a
protonation of the Fe-Fe bond can be excluded.

An additional supporting argument of the high electron density was obtained by quantum
chemical calculations. The computed molecule orbital (MO-103) (molecular orbital, energy
niveau 103) shown in Figure 20, can be understood as a o-bonding interaction between the
silicon atom Si(1) with its neighbouring carbon atom C(1), and also as a m-bonding interaction

between C(1) and the sulphur atom S(1). This type of interaction allows a shift of electron

™ The pKa-value of acetic acid is 22.6 [113] and that of pivalic acid should not be significantly different.
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Figure 20. Simplified model for the electronic
structure of the Si-C-S fragment. The bonding
interaction refers to MO-103 and the anti
bonding combination to the HOMO™.

density from the electropositive silicon atom (ENpaying = 1.9201) to the more electronegative
sulphur atom (ENpauing = 2.58°""). It is comparable to the S-silicon-effect, which describes the
stabilization of a carbocation in beta position to a silyl group by hyperconjugation. In analogy to
that, the interaction in 115 can thus be interpreted as an interaction between the o(Si-C)
fragment orbital and a p-orbital of sulphur.

In contrast to the beta-silicon-effect, the p-orbial of sulphur is occupied. The anti-bonding
combination of these fragment orbitals results in the HOMO™ (Figure 20, Figure 21) and
displays a four-electron interaction. The fragment orbital assigned to the o(C-Si) bond interacts
with the energetically higher p-orbital of sulphur resulting in a binding combination with higher
electron probability density located at the C-Si fragment (MO-103). The corresponding anti-
bonding interaction in return has a higher electron probability density located at the sulphur.
Due to the local C; symmetry of the molecule, all discussed interactions in the fragment

consisting of the atoms Si(1)-C(1)-S(1) also apply for the fragment Si(1)-C(2)-S(2).
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Figure 21. Kohn-Sham orbitals for compound 115 (HOMO - left; HOMO™ - middle; LUMO -
right).

Structure of II: Since a two-electron reduction of 115 was proclaimed according to an ECE
mechanism, whereby the chemical reaction was assigned to a structural reorganisation, it was
believed that a “rotated” state is also formed in the reduced species. It is well known from the
investigations of Darensbourg et al. that in the presence of electron donating phosphorous
ligands the oxidized iron cluster reveals a “rotated” state.®® However, up to now only little is
known about the shape of the reduced states. Since during CV investigations the reduction
processes appeared at -1.48 V, sodium amalgam (U° < -1.8 V depending on the concentration
of sodium in mercury®®) was used for the reduction of compound 115 (Scheme 54) and the
reaction was followed by IR spectroscopy.

During treatment of 115 with sodium amalgam a new adsorption band appeared at 1726 cm™in
the IR spectrum and gave hint for a bridging carbonyl. Comparison of the calculated and the
experimental IR spectra of Il reveal good accordance and confirmed the “rotated” state of Il. It is
therefore reasonable to deal with “rotated” states also in the course of reduction processes and

not solely for oxidation processes.
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T
|/(SD Na/Hg ﬁ’ SD

S5 o acetonitile OC‘$\§

Scheme 54. Reaction of compound 115 with sodium

amalgam in acetonitrile.

HS/\./\SHFeﬂCOMQ(OCBF$73/\S{\STEQCOB
HS—/"\_SH (OC)sFE=S—/"\_-S=Fe(CO),

117 118

Scheme 55. Reaction of Si(CH2SH)4 (117) and Fe3(CO)12.

Further reactions were committed with Si(CH,SH), (117). The reaction of 117 with Fe;(CO)4,
afforded compound 118 (Scheme 55). Attempts to obtain a [2Fe2S(Si)(SH),] cluster by varying
the amount of Fe3(CO);. exclusively afforded compound 118 in diverging yields.

Efforts to synthesize heteronuclear compounds as described for compound 110 in chapter 2.3
failed, since no platinum complex was accessible via the described method. Electrochemical
investigations of 118 were performed and reveal no interaction between the two active iron sites
(Table 12). It is however reasonable that the properties concerning the protonation and redox
behaviour were lost due to a possible electron allocation to four sulphur sites.'®®

To increase the basicity of the iron atoms in the [2Fe2S(Si)] sub-site and to facilitate the
formation of hydrides, one carbonyl ligand was selectively exchanged by either cyanide or
phosphine ligands. The [FeFe]-hydrogenase model complexes 114 - 116 were reacted with
triphenylphosphine and tetraethylammonium cyanide to afford the mono-substituted,
asymmetric [2Fe2S(Si)] cluster compounds 119 - 124 (Scheme 56).*°> A selective mono-
substituted product was obtained via oxidative cleavage of a CO group with trimethylamine-N-
oxide in acetonitrile and subsequent addition of the phosphine or the cyanide. Structure
determination discerned a basal position of the cyanide ligands. In contrast, an apical

coordination mode was found for the phosphines.*®
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A comparison of the IR frequencies of the CO stretching vibrations revealed an increasing
electron density on the iron atoms according to CO < PPhs < CN’ (Table 13), which is notable
by decreasing of CO frequencies. This trend was also observed during cyclic voltammetry
(Table 14). As already shown for compounds 114 - 116, the substitution pattern on silicon had
no influence on the electrochemistry of these complexes. The reduction potentials clearly
indicate that the mono-substituted complexes are easier to reduce than the corresponding
complexes 114 - 116. Thereby, it is noticed that the CN’ substituted complexes reveal the most
negative reduction potential. It is somehow surprising that by substitution, the reduction signal
becomes irreversible and in the same manner the oxidation signal becomes reversible. It is
notable that two closely spaced reduction steps are observed for these compounds. However,

unexpected trends arose from the evaluation of the redox potentials.
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Scheme 56. Synthesis of mono-substituted phosphine and cyanide
[2Fe2S(Si)] complexes. a) 1. MesNO, acetonitrile; 2. PPhs.
b) 1. MesNO, acetonitrile; 2. Et;N*CN .2
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Table 13. ¥CO and CN' shifts of complexes 114, 119, 120."%?%

Compound Vo shift Ven- shift
114 2074 (vs), 2031 (vs), 1989 (vs) -
119 2041 (vs), 1981 (vs, b) )
120 2027 (vs), 1973 (vs) 2088

Table 14. Electrochemical data of 115 and 119 - 124.199203

Compound Eox [V] Ered,1 [V]
115%™ +0.81° —1.49 (Epc), —1.40 (Epa)
119° +0.57 (Epa); +0.44 (Eyo) -1.83 (Epo)°
121° +0.62 (Epa); +0.49 (Epc) -1.80 (Epo)°
122° +0.61 (Epa); +0.46 (Epc) -1.85 (Epo)°
124% +0.86 (Epa)° -2.04 (Ep)°

? Potentials in V * 0.01 vs. 0.01 M Ag/Ag* in CHsCN in 0.10 M
[n-BusN][BF4]/CH3CN; ® Potentials in V +0.01 vs. 0.01 M Ag/Ag’ in CH2Cl»
in 0.10 M [n-BusN][BF4)/CH3CN; © irreversible wave.

Addition of the o-donor ligands such as CN or PPh; lead to an increase in electron density
around the metal centres which should result in an increase in basicity of the active site. This
hypothesis is not completely consistent with all oxidation potential values obtained. The mono-
substituted cyano complex 124 experiences an oxidation potential that is more positive than that
of the corresponding hexacarbonyl analogues. Therefore, the effect of these ligands on the
nature of the HOMO and LUMO must be considered. The addition of a negatively charged
ligand may change the location of these orbitals demanding a complicated interpretation of
results. Catalytic behaviour is observed for all complexes. However, direct comparison of all six
complexes is not possible as a result of the compounds’ solubility in different solvents (Table

14).
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2.4.2 Hydroxy Functionalized [2Fe2S(Si)] Complexes (manuscript
number 4)

Inspired by the properties of [2Fe2S(Si)] complexes, hydroxyl functionalized silicon containing
complexes were planned. The introduction of hydroxyl functions discloses the possibility of
further derivatizations and linking to surfaces. Likewise the type and the spatial arrangement of
hydrogen bonds are interesting as it may reflect the enzymatic surrounding and lead to a
stabilization of the complexes. In continuation of the investigations on this novel kind of
complexes, the hydroxyl functionalized complexes 126 and 128 were synthesized. Thereby, the
respective dithiols 125 and 127 were reacted with one equivalent Fe3(CO)4, in boiling toluene
and following purification via chromatography afforded the complexes 126 and 128 in good
yields. The structures of these complexes were confirmed via 'H, '*C NMR, IR spectroscopy as
well as mass spectrometry and elemental analysis. Crystal structure analyses revealed the
molecular structure of these complexes, whereby strong hydrogen bonds within the molecules
were noticed.?®* Cyclic voltammetry was performed to reveal the electrocatalytic properties of
the complexes (Table 15). It was noticed that the hydroxyl function had no influence on the
catalytic cycle which remained closely the same as reported for compound 115.

To confirm the ability to act as a building block for novel complexes containing the [2Fe2S(Si)]
unit, compound 126 was reacted with the PB-PEO2 compound 66 (Scheme 58). Thus, this
reaction afforded the polymer bound complexes 129, which is currently under investigation to

reveal its properties in vesicles.

OH
OH 4 7
4 P (SI7
Si Fe3(CO)12’ S S
HS SH (0C);FeZFe(CO),
125 126
HO™ g ~OH
HO™ 5" ~OH Fey(CO)y,
HS <H (OC)sFe<Fe(CO)s
127 128

Scheme 57. Hydroxy functionalized [2Fe2S(Si)]

complexes.
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Table 15 .Electrochemical data of 126 and 128.2%

Compound Eox[V] Ered,1 [V] Ereq,2 [V]
1157%2 +0.81° —1.49 (Epo), —1.40 (Epa) -
126° +1.02 —1.57 (Epc), —1.39 (Epa) -
128° +0.82 —1.43 (Epc), —1.36 (Epa) -

?Potentials in V + 0.01 vs. 0.01 M Ag/Ag* in CHsCN in 0.10 M [n-BusN][BF4]/CHsCN;

®Potentials in V + 0.01 vs. 0.01 M Ag/Ag" in CH3CN in 0.10 M [n-BusN][BF4]/CH3CN;
©irreversible wave.

0 0
] 126_ pg.
PB PEOZ\O/\/OJJ\N/%N 126, pe-pEO2. ~_O M,
66 \—/

129

Scheme 58. Synthesis of polymer-attached complex 129 as an ester.

95



Mixed Valent [FeFe(Si)] Systems

2.4.3 Mixed Valent [FeFe(Si)] Systems (manuscript number 2 and 4)

Inspired by the investigations of Pickett et al'®'®

concerning mixed-valent hydrogenase
models, compound 130 was reacted with Fe3(CO);» under various reaction conditions. Reaction
of the silicon compound 130 with one molar equivalent of Fe3(CO),, afforded the diiron
compound 131 and the tetrairon complex 132 (Scheme 59). The identity of the two compounds
was established by NMR studies ('H, '*C, HSQC, H,H-COSY), mass spectrometry, as well as
IR spectroscopy, powder diffractometry and Raman studies. Additionally, compound 132 was
structurally characterized by single crystal X-ray diffraction.'®® Interestingly, single crystals of
132 were obtained by slow evaporation from both, a solution of 131 and a solution of 132,
dissolved in chloroform. A transformation of 131 into 132 was observed and verified via powder
X-ray crystallography and thin layer chromatography. Furthermore it was noticed that 132
decomposes in solution within several hours and afford a mixture of iron oxides, iron sulphides
and silicates, as substantiated by powder X-ray crystallography.

In agreement to the literature-known complex [Fe4,{MeC(CH2S)3}>(CO)g], compound 132 affords
a Fe'Fe"-Fe'Fe' assembly with comparable bond angles and distances. The electrochemistry
of compound 132 was investigated in dichloromethane and acetonitrile and compared with the
literature-known complex as well as 115 (Table 16)."*® The redox processes of these complexes
are solvent-dependent, with an approximately 100 mV negative shift when changing from
dichloromethane to acetonitrile. The first reduction wave of [Fe,{MeC(CH,S)3}»(CO)g] compound
appears at a potential that is approximately 140 mV more positive than that of the
corresponding process in the related silicon compound 132. A difference of 100 mV is noted for

the second reduction potential. However, comparison of the silicon-based hydrogenase

S \’ co
-~ _/ Fe,;(CO HS™\_ /™~ AR
HS : 3(CO)12 s/ Sy Fe(CO);; 2 22, OC)Fe Ay :a-Fe(CO)3
HS\/ \/SH / \/S Fe(CO)3 'H2 Od \S !
£ 3
130 131 132 Si

Scheme 59. Reaction cascade towards tetra-nuclear, mixed-valent iron sulphur complex 132.
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Table 16. Electrochemical data for compound 132 and the related carbon compound

[Fes{MeC(CH2S)3}2(CO)s] in acetonitrile and dichloromethane. All values have been corrected against

Ag/Ag* reference electrode using the Fc/Fc* redox couple as an internal standard.'®®

Compound Eox[V] Ered,1 [V] Erea2 [V]
132 (CHsCN)? +0.91and +1.04  -1.35 (Epo), -1.52 (Epo) 216
132 (CHCl)? +1.44° 1.25 (Epo), -1.43 (Epo) -

[Fes{MeC(CH:S)3}2(CO)e]'*
-1.11 (Epc), -1.48 (EpC) -
(CH2Cly)

?Potentials in V £ 0.01 vs. 0.01 M Ag/Ag” in 0.10 M [n-Bu4N][BF4]/CHsCN; ° irreversible wave.

analogue with the related carbon-based species suggested that the presence of silicon does not
greatly affect the reduction potentials. Subsequent addition of acetic acid revealed hydrogen
development from the Fe'Fe' redox couple at moderate potential (~ —1.8 V).

Since compound 132 offered dihydrogen development at the Fe'Fe' level at moderate potential,
a functionalized complex was planned. Thus a derivatization and linking to surfaces would be
possible. For this purpose, compound 133 was reacted with Fe;(CO);» and afforded the
functionalized [4Fe6S] cluster 134 in 12% yield.*® Compound 134 was verified by
spectroscopic techniques (1H, 3c, IR) as well as mass spectrometry. However, investigation of

the electrochemical features was not possible due to the instability of 134 in solution.

OH
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Scheme 60. Synthesis of the functionalized mixed-valent
[4Fe6S] complex 134.2%
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2.4.4 Sterical Demanding [2Fe2S(Si)] Complexes (manuscript number 5)

Since Darensbourg et al. described the synthesis of model complexes, replicating the mixed-
valence Hoy state with a rotated iron site the modelling of this feature is in progress.®™%
Thereby, the Fe'Fe" system reveals a vacant coordination site and a semi-bridging CO ligand. It
is assumed that the sterical demand of the S-to-S linker and the establishment of asymmetrical
bisphosphine complexes stabilize the oxidized rotated form.'® Since investigations on
[2Fe2S(Si)] complexes exhibited different structural and electrochemical behaviour, % sterically
demanding silicon-containing ligands were synthesized to favour the oxidized or reduced
rotated species. In order to investigate the chemical and electrochemical features in the
presence of sterically demanding ligands, bis(mercaptomethyl)-diphenylsilane (135),%%
bis(benzylthio)-dimethylsilane (136)?°® and bis(benzylthio)diphenylsilane (137) were synthesized
(Scheme 61).

Initial attempts to synthesize compound 136 according to the Grignard-pathway depicted in
Scheme 62 failed since the respective dibromide was not isolable. In contrast to compound 136,
the dithiol 137 was obtained via this path. Thereby, diphenyldichlorosilane was reacted with two
equivalents of benzylmagnesium chloride to give 138 in good yield. Subsequent reaction with
NBS afforded meso-139. The following reaction with potassium thioacetate afforded compound
140, which was additionally reacted with lithium alanate leading to compound 137. However, the
overall yield was very low (~ 1 %) and the pathway was therefore inacceptable.

A more suitable procedure with an increased yield is displayed in Scheme 63.°%° The
dichlorosilane component was reacted with two equivalents of benzylmercaptane in the
presence of n-butyllithium, whereas compound A was generated. Consecutive double Wittig
rearrangement by in sifu treatment of A with fert-butyllithium and crystallization afforded
exclusively the meso-forms of 136 and 137. They were entirely analysed by NMR techniques,

mass spectrometry and elemental analysis.
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2 2
RGR 135: R'=H; R2=Ph

1. S 1
R™y=R' 136:R=Ph; RZ=Me
HS SH  137:R'=Ph;R?=Ph

Scheme 61. Sterical demanding dithiols.

Ph....Ph
Ph....Ph -2MgCl,  Ph._.Ph  NBS °Si
S - — B9, Ph Ph
o g *2PhT MgC Ph—""\_Ph YT
Br Br
138 139
S PPN Liam Phgi PP
KSAc iAIH,
250 Phas P\ aPh 4> Pha/”\<Ph
SAcSAc SH SH
140 137

Scheme 62. Synthesis of compound 137 via the Grignard way.

R R A~ BuLi RsiR fert-Buli_| Q58I -
Sii_+2HS” “ph =L “he\ = 58\
cl” ¢l BuH pr” S ST py P’ & S pp

-LiCl |
R...R
—= , Ph S'yPh
HCI HS SH
136: R = CHj
137:R = Ph

Scheme 63. Double Wittig rearrangement of in situ generated compound A

afforded exclusively the meso-136 and meso-137 after workup.

Subsequent reaction of 135, 136 and 137, respectively, with one molar equivalent Fe3(CO)»
afforded the complexes 141 - 143 (Scheme 64).2%” For these hexacarbonyl complexes already a
significant rotation of a Fe(CO); fragment was observed. This however is strongly dependent on
both the substituents R' and R (Table 17). Where compound 141 shows a slight increase of the
torsion angle OCgpica-Fe-Fe-COguica 10 4.13°, the less sterical demanding methyl groups in
compound 142 does not induce any rotation of an iron centre. In contrast to these rather
“unpretentious” molecules, compound 143 shows up the influence of combining sterical
demanding groups for R' and R®. A C_pca-Fe-Fe-Capica torsion angle of 18.03° is observed

within the molecule. This is the first example with a strong rotation for a hexacarbonyl complex.
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RZ2 R2

RZ\ ,R2 R1 Si R1

Rl _Si__Rt _Fes(CO), \(S 87‘
.X-

HS SH (OC)sFe=Fe(CO)5
135:R'=H: R2=Ph 141: R'=H: R2=Ph
136: R' = Ph; R2=Me 142: R'=Ph; R2 = Me
137: R'=Ph; RZ2=Ph 143: R'=Ph; R2=Ph

Scheme 64. Synthesis of sterical demanding
molecules 141 - 143.

Ra. T2 1. Me;NO, acetonitrile RF
Si - VIegNU, i 1. _Si 1
R R b R R
™ 2.PRYy ~ r
S, S,
(OC);Fe=Fe(CO), (OC);Fe=Fe(CO),PR';
141: R' =H; R2=Ph 144: R' = H; R2=Ph; R'=Ph
142: R' = Ph; R2 = Me 145: R'= Ph; R2 = Me; R' = Ph
143: R' = Ph; R2 = Ph 146: R' = Ph; R2=Ph; R' = Ph

147: R'=H; R2=Ph; R' = Me
148: R' = Ph; R = Me; R' = Me
149: R' = Ph; R2 = Ph; R' = Me

Scheme 65. Substitution via oxidative cleavage of CO and subsequent
addition of phosphines lead to the mono-substituted complexes 144 - 149.

Table 17. Torsion angles (OCapica)-Fe-Fe-(Lapica)-

compound Torsion angle a []

141 413

142 0

143 18.03

144 29.96

146 7.21

147 26.20

148 11.61
(u-pdt){Fe(CO):PMes},” 29

To further increase the sterical demand within the complexes, complexes 141 - 143 were
reacted with trimethylamine-N-oxide and an excess of triphenyl- or trimethylphosphine. Thereby,
exclusively the  mono-substituted triphenylphosphine  complexes 144-146 and
trimethylphosphine complexes 147 - 149 were obtained (Scheme 65).

It was possible to obtain crystal structures suitable for single crystal X-ray determination of 144,
146, 147 and 148. A tremendous increase of the OCgpica-Fe-Fe-Pgpica torsion angle was noticed

for the triphenylphosphine complex 144 (Table 17). It is notable that especially complex 144
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RZ2 R2 RZ R?
R'] Si R1 R'] Si R1
SO PMesa, ~Nr
o S,
(OC);Fe=Fe(CO), Me;P(OC),Fe=Fe(CO),PMe,
142: R' = Ph; R2 = Me 150: R' = Ph; RZ = Me
143: R'=Ph; RZ = Ph 151: R' = Ph; R2 = Ph

Scheme 66. Reaction of the hexacarbonyl complexes 142 and

143 with trimethylphosphine to reveal the disubstituted

complexes 150 and 151.
reveals an even higher torsion angle than noticed for the disubstituted complex,
(y-pdt){Fe(CO)_gPMes,}g.99 The latter complex is known for the possibility to form the “rotated”
structure upon oxidation and the size of the OC,pica-Fe-Fe-Pgpica torsion angle can be assumed
as a scale for the voluntariness to form a “rotated” state. It is somehow surprising that the
OCgpica-Fe-Fe-COgpical torsion angle decreases by about 11° to 7.21° for compound 146.
Furthermore, the crystal structure of 146 revealed decreased bonding angles (S-C-Si) of
114.8(2) and 118.0(2) °, which is about 4 ° smaller than for compound 143.
In addition, reactions of complexes 142 and 143 with trimethylphosphine in boiling toluene
afforded the disubstituted complexes 150 and 151 in moderate yields (50 and 34 %,
respectively) (Scheme 66). No single crystals suitable for structure determination were obtained
so far from complexes 150 and 151. It is therefore not possible to compare and discuss the
torsion angles of these molecules. However, one should expect an increase of the torsion
angles and a stabilization of a “rotated” state.
To reveal the formation of the “rotated” state during oxidation, complexes 141 - 151 were
reacted with ferrocenium hexafluorophosphate (FcPFg) and the process monitored via IR
spectroscopy. No band was observed which could be assigned to a bridging CO ligand and
merely a precipitate was formed during the reactions, suggesting a possible decomposition of
the complexes. In opposite, upon treatment with sodium/amalgam a bridging CO was verified.
Electrochemical investigations of these complexes are currently in progress and will show their

ability towards the dihydrogen formation.
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2.5 Influence of the Bridgehead Atoms (publication number 5 and

manuscript 6)

Since in the preceding investigations the nature of the S-to-S linker as well as the CO
replacement was shown to reveal tremendous influence on the electrochemical properties of the
dihydrogen formation, a further going study was focused on the importance of sulphur as a
bridgehead atom. It is surprising that in case of [FeNiSe]-hydrogenases, nature incorporates
selenium into the active site."® Furthermore, selenium is not very rare in organisms and other
metabolisms and selenium containing enzymes exist.*® Related to the [FeFe]-hydrogenase, the
incorporation of selenium or the higher homologous tellurium should result in an easier
formation of a terminal hydride and higher activity by increasing the electron density on the iron
atoms. However, no [FeFe(Se)]-hydrogenase is known up to now.

Inspired by the question of the “Why not?” the two homologous series displayed in Scheme 68
were synthesized and investigated according to their electrocatalytical differences.”**?"° The
electrochemical properties in the absence of acid are displayed in Table 18.

The electrochemical data revealed comparable potentials for the reduction behaviour. However,
in the presence of acid the catalytic activity for the reduction of protons was shown to be
substantially diminished with increasing atom number from sulphur to tellurium. Furthermore,

quantum chemical calculations revealed that the formation of a rotated state with a bridging

S_S Se Se TeTe
141 [P 1A
(OC);Fe—Fe(CO); (OC);Fe—Fe(CO); (OC)sFe—Fe(CO),
152 153 154
AN N_/ N_/
(Si7 (Si7 (Si7
S S Se Se TeTe
141 [P 1A
(OC)sFe“Fe(CO); (OC);Fe=Fe(CO); (OC)sFe~Fe(CO),
114 155 156

Scheme 67. Homologous series of hydrogenase models

containing E-to-E linkers (E = S, Se, Te).
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ligand is likewise restricted.?® Thus this homologous series brings forth a plausible reason for
the natural incorporation of sulphur instead of selenium or tellurium. Sulphur offers higher

activity towards the formation of dihydrogen due to the preferred formation of the rotated state.

Table 18. Electrochemical data of [2Fe2E] system (E = S, Se, Te).22"°

Compound®  Eox[V] Ered,1 [V]
114 +0.79°  —1.48 (Epc), —1.40 (Epa)
152 0.810° -1.602°
153 0.778° -1.551°
154 0.708° -1.535°
155 +0.70 -1.51
156 +0.62 -1.51

? Potentials in V + 0.01 vs. the ferrocenium/ferrocene couple in
CH3CN in 0.10 M [n-BusN][BF4])/CH3CN; ® jrreversible wave.
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3 Outlook

Since interesting properties arose during the preparation of this thesis, a small outlook should

be given for future possibilities based on this work.

i) Especially the silicon containing [2Fe2S] complexes offered extraordinary properties. In
contrast to [2Fe2S(Si)] complexes, no currently described model complex in literature
revealed dihydrogen development at three different potentials. Furthermore, the [2Fe2S(Si)]
complexes offered high activity towards dihydrogen development at moderate potential.
Inspired by these properties, it would be interesting to investigate the higher homologues of
silicon and to establish germanium and tin containing complexes (Scheme 68). The use of

these higher homologues should probably enhance these features.

R. R R. R

Ge Sn

¢ 7 7

3 3
(OC);Fe—Fe(CO); (OC);Fe—Fe(CO)4

Scheme 68. Desired germanium or tin

complexes.

i) [2Fe2S(Si)] complexes show up interesting properties (sulphur protonation, reduction of
protons with a low overpotential, formation of a “rotated state”) but the formation of
dihydrogen was only possible within electrocatalysis. Therefore, new silicon containing
complexes were planned, where the reduction of the [2Fe2S] cluster can be achieved by

irradiation (Scheme 69).%"
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3
>N O >N O
>3 93
(OC);Fe=Fe(CO);  (OC);Fe=Fe(CO),
157 158
Scheme 69. Desired photoactive [2Fe2S(Si)] complexes.
It is notable that silicon containing heteroles already exist and exhibit extraordinary good

212 1 contrast to

properties (low band gaps, non-linear optical properties and thermochroism).
their carbon analogues, the HOMO of the siloles is lowered by ~ 0.4 eV and the LUMO even
more by 1.2 eV.2" This behaviour can be best described by a good interaction between the
" of the butadiene orbital and the ™ of the silylene orbitals (Scheme 70). This interaction is
enforced by the tetrahedral geometry around the silicon atom, whereby the o* of the silylene

and the T* of the butadiene orbitals are parallel to each other.?'**'

In contrast to silicon, a
comparable interaction in cyclopentadiene systems is rather not possible due to the
energetically high o*(CH) orbitals.?'® The reduced energy distance (o*(b;)/m*(b;)) of the
siloles results in both, a shift of the absorption and the fluorescence to an intense blue
spectral region.?’>?"* Since it was shown that the silicon atom can communicate with the
[2Fe2S] cluster via hyperconjugation, fluorescence quenching can be expected, similar to
that found by Song and co-workers and should allow the establishment of a photocatalytic
dihydrogen formation mechanism, similar to that found during cyclic voltammetry.?'® The
short linker and the hyperconjugation between o(Si-C) and 3p(S) should make complexes
157 and 158 very attractive on the way to the photocatalytical formation of dihydrogen due to
the effect of fluorescence quenching.

To establish compound 157 the synthesis route shown in Scheme 71 was planned.
1,2-Dibromobenzene was reacted with n-BuLi and afforded 2,2"-dibromobipheny! (159).2""
Further reaction of compound 159 with tetrachlorosilane in the presence of n-BulLi afforded

1,1-dichloro-1-silafluorene (160).2'® Up to now, no reaction could be established which would

afford compound 161.
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AELUMO =-1.28¢eV

AEHOMO =-0.44¢eV

T

SIS

Scheme 70. Relative energy levels of the

HOMO and LUMO for cyclopentadiene and
213

silole based on calculations.

Neither the reaction as depicted with n-BuLi and XCH,CI (X = Br, 1)'*® nor reaction with
lithium benzylmercaptane207 gave the desired compound and exclusively 1,1-dibutyl-1-
silafluorene  was obtained. Further attempts were commenced by using
chloromethylmagnesium chloride, which can be obtained by in situ reaction of
iodochloromethane and isopropylmagnesium chloride.?’® However, also this treatment did

not yield the desired product and merely the starting material was recovered.

1. n-BuLi

1. n-BuLi
" Bl Q—’ 358 Q—, 2 )
Br Br Si
Cl CI
159 161
KSAc Q_, LiAIH, Q_, Fe;(CO)4, t j
i | S/S
AcS SAc HS SH (OC);Fe—Fe(CO);
157

Scheme 71. Initial planned synthesis pathway towards complex 157.
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/\
)

7

5,8

(OC);Fe=Fe(CO),

162 158

Scheme 72. Reaction pathway via the silacyclopentadiene 162 to compound 158 is still not

established.

Since the reaction of the dichlorosilanes according to Scheme 71 is not conclusively
predictable, the same reaction was tried with 1,1-dichloro-2,3,4,5-tetraphenyl-1-
silacyclopentadiene (162) (Scheme 71). Unfortunately the same results were obtained as
described for compound 161. Since compound 162 is accessible by the reaction of lithium,
diphenylacetylene and tetrachlorosilane in a one-pot procedure within a single step,?*
continuing efforts towards the generation of bischloromethylsilanes are focused on the
synthesis of compound 162.

Thereby two different approaches are currently under investigation: /) The formation of
1,1-disodio-2,3,4,5-tetraphenyl-1-silacyclopentadiene®®' and reaction with XCH,CI (X = Br, 1)

and i) the reaction with trimethylsilyldiazomethane or diazomethane.?*?
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5 Summary

This thesis provides a detailed investigation on the influences of the S-to-S linkers and the
exchange of CO by stronger - and m-donating ligands (CN’, phosphanes) on the chemical and
electrochemical properties of [FeFe]-hydrogenase model complexes. The overall topic was split

into four main parts:

1. ROCH(CH,S).Fe,(CO)s systems (interaction via the S-to-S linker, improvement
of water solubility, vesicle systems).

2. [FeFe]-hydrogenase models with amino acidic systems reflecting the natural
enzymatic backbone.

3. [2Fe2S(Si)] complexes.

4. The role of sulphur as bridgehead atom in [2Fe2S] systems towards

electrocatalytic dihydrogen development.
A short summary will be given for each sequence.

Part 1:

Initial attempts to synthesize [FeFe]-hydrogenase models were based on the fundamental
chemistry and electrochemistry of HOCH(CH,S).Fe,(CO)s. It was noticed that this molecule
reveals advantages towards the attachment of further groups onto the hydroxyl function. The
most important fact, however, is the electronic segregation of the [2Fe2S] cluster from any
attached group R in ROCH(CH,S).Fe,(CO)s complexes (R = alkyls, sugars, polymers, peptides)
in the presence and absence of acid. It was shown that linkage to a glucose molecule improves
the solubility in water and enables dihydrogen formation from water. This is very interesting
since recent model complexes only reveal dihydrogen development in acetonitrile and the
presence of acids as proton distributor. The use of water as solvent and proton distributor is
cheap and allows an easy handling. However, the stability of the sulphur derivative is deficient
and the selenium derivative should be preferred. To further diminish solubility and stability

problems, new systems were developed with a [2Fe2S] complex incorporated into a vesicle.
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This should result in both higher stability and solubility in water. Thereby the fundamental
complex, HOCH(CH,S).Fe,(CO)s, was attempted to be linked to amphiphilic compounds. The
attachment of lipids failed due to reactions at the lipidic phosphorous ester. In contrast to this
lipidic system, the polymer-attached complexes of HOCH(CH,S).Fe,(CO)s were easily
accessible via the carbonyl diimidazole method. These compounds could be implemented into
vesicles and further studies will be necessary to reveal the advantages and disadvantages of

hydrogenase models incorporated into vesicles.

OH
& E—Fe(CO),
\
S E—Fe(CO),
(OC)sFe—Fe(CO)5
E=S, Se
=
YOO,
(OOFels O
(CO);Fe” n=33;m=27

Scheme 73. Representative complexes for part 1.

Part 2:

A second part was focused on the mimic of the enzymatic environment by using amino
dithiolanes (e.g. 4-amino-4-carboxy-dithiolane). Due to irreconcilable problems during the
syntheses of the [2Fe2S] complexes containing a free amine function, the Boc-protected ligand
molecules and their respective complexes were established in good yields. Unfortunately, it was
impossible to deprotect these complexes with the standard reagents (TFA, thionyl chloride and
hydrogen chloride) and the desired complexes were not accessible. A comparable
sulphonamide pointed out to be an interesting molecule class due to the high acidity of the
sulphonamide group. However, also this molecule reveals an unexpected low reduction
potential compared to respective amide complexes and pointed out to be irrelevant as a [FeFe]-

hydrogenase model.
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Further going studies were focused on the complexation of a- and B-peptidic moieties with
Fe;3(CO),.. Interestingly, the more rigid S-peptides tended to be instable after coordination and it
was not possible to isolate these complexes in analytical pure form. In contrast, the a-peptides
were accessible in moderate yields. Compared to B-peptidic [2Fe2S] complexes the stability
was increased and the secondary structure was reserved. This was impressively shown for a
[Feo(CO)g(Sandostatin)] complex. Thereby the activity of the complex against the somatostatin
receptors (hsstys) remained closely the same as reported for pure sandostatin. Since the
secondary structure is responsible for the high affinity of sandostatin towards the hsst;s
receptors, the secondary structure of the [2Fe2S] complex molecule remains closely the same.
The investigations of the electrochemical properties via cyclic voltammetry exhibit a strong shift
to more negative potentials than compared to related [2Fe2S] systems. Contrary to the high
affinity for the somatostatin receptors, the use as a [FeFe]-hydrogenase mimics is dissatisfying.

NH,

e [ 0
0 O*é o HN "
~ NH (0]
0 5,5 O—
(OC)FeZFe(CO)s (OC)sF€=Fe(CO),

oy

: H
- N\)L 0
(OC)3Fe/S L
oc 3Fe S o

Scheme 74. Selected complexes for the mimic

of the enzymatic environment.

Part 3:
Inspired by recent publications in the field of medicinal chemistry as well as the chemistry of
odorants and explosives, silicon containing S-to-S linkers were reacted with Fe;(CO).. The

influence of silicon containing dithiols towards novel [FeFe]-hydrogenase models should be
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tested according to structural properties and the electro-catalytic development of dihydrogen.
Therefore, suitable synthesis procedures towards dimercaptomethyl silanes were established.
Two synthesis pathways figured out to give the highest yields. i) The reaction of the respective
dichlorosilanes with an in situ generated chloromethylene carbenoid (derived from
bromochloromethane and n-BulLi) afforded dichloromethyl silanes, which were converted to the
respective dimethylmercaptanes by reaction with potassium thioacetate and following
hydrolysis. i) The double Wittig rearrangement was used for the synthesis of sterically
demanding [2Fe2S] systems. A dichlorosilane was thereby reacted with benzylmercaptane,
whereby a silicon-sulphur bond was erected. Further reaction with fert-BuLi lead to
deprotonation of the two allylic methylene groups and initialized the rearrangement to afford the
bismercaptomethylsilanes after acidic workup. The oxidative addition of these compounds to
Fe;(CO)4, lead to the [2Fe2S(Si)] complexes in good yield.

A detailed investigation of the chemical, electrochemical and spectroscopic properties pointed
out interesting features arisen by the exchange of carbon by silicon. The possibility of an
electrophilic attack on the sulphur bridgehead atoms as well as the tendency to form a rotated
state after a two-electron reduction step are important features of these compounds and were
proofed by IR, NMR experiments and quantum chemical calculations. Furthermore, these
complexes reveal high catalytic activity towards the formation of dihydrogen. The generation of
dihydrogen was found to occur via three different pathways and a reduced overpotential of
about 800 mV was observed for the reduction of acetic acid on a glassy carbon electrode.
Further investigations were focused on the influence of CO exchange to increase of the electron
density on the iron centres. However, exchange of CO by CN" or phosphanes lead to more

negative potentials for the dihydrogen generation.
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Scheme 75. Representative silicon containing hydrogenase

model complexes.

Part 4:

In the last part, the importance of the bridgehead atoms (sulphur in nature) was in the focus of
this study. Homologous ligand series with sulphur, selenium and tellurium were synthesized to
obtain the respective [2Fe2E] complexes (E = S, Se, Te). Within electrochemical investigations,
a shift to more negative potentials for the reduction of protons to dihydrogen was observed
according to Es > Ege > E1.. Furthermore, the activity of the dihydrogen generation decreased,
visible by the lowered catalytic current.

An explanation for this unexpected behaviour was obtained by quantum chemical calculations
and photoelectron spectroscopy. It could be shown that the preference of the reduced species
to adopt a rotated structure was markedly diminished. Therefore no terminal hydride could be
formed which is important for a fast and effective formation of dihydrogen in [FeFe]-
hydrogenase models.

0)

N_7
?% )
E_E E_E
1 A1 1 A1
(OC)sFe—Fe(CO); (OC)sFe—Fe(CO)4
E=S, Se, Te
Scheme 76. Homologous

hydrogenase complexes containing

sulphur, selenium and tellurium
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Overall, it was possible to synthesize several novel [FeFe]-hydrogenase models. Thereby two
water soluble [FeFe]-hydrogenase model complex were synthesized. It was possible to
synthesize polymer bound [2Fe2S] complex and the formation of membrane standing
hydrogenase models was successfully confirmed. Interested in the features of amino acid and
peptide containing [2Fe2S] complexes a series of complexes were synthesized. Electrochemical
investigations pointed out that these systems were not able to establish a proton relay between
a pendant base and the iron centres. In addition, the peptidic systems tend to be instable in
solution and revealed dihydrogen development at very negative potentials.

In contrast, the [2Fe2S(Si)] complexes turned out to be an alternative path towards effective
[FeFe]-hydrogenase model complexes. It was shown that substitution of CO with CN’, or
phosphanes, as well as the exchange of sulphur by the higher homologues (Se, Te) lead to
unfavourable low reduction potentials and a mindered activity for [2Fe2E] complexes

(E = Se, Te).
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6 Zusammenfassung

In der vorgestellten Arbeit konnte eine detailierte Darstellung Gber die Einflisse und
Auswirkungen sowohl von Veradnderungen am Dithiolatoliganden als auch der CO Liganden
durch bessere ¢- und -Donoren gegeben werden. Dabei gliedert sich die Dissertation in vier
verschiedene Teile:
1. Hydroxy-funktionalisierte ~Systeme (Elektrochemische Eigenschaften von
[HOCH(CH,S).Feo(CO)g]-Systemen, Verbesserung der Wasserldslichkeit von
[2Fe2S] Komplexen, Einbindung in vesikulare Systeme)
2. [FeFe]-hydrogenase-Modelle mit aminosdurehaltigen Schwefellinkern
(“Nachempfinden der nattrlichen Enzym-Umgebung”)
3. Siliziumhaltige [2Fe2S] Komplexe

4. EinfluB und Notwendigkeit der Brickenkopfatome fiir die Wasserstoffgenerierung

Im Folgenden soll eine kurze Zusammenfassung zu den einzelnen Unterthemen gegeben

werden.

Teil 1: Der zentrale Bestandteil des ersten Teils dieser Arbeit war die Synthese und
Charakterisierung von HOCH(CH,S),Fe,(CO)e. Ich konnte dabei zeigen, dass trotz des deutlich
vergroBerten s-Anteils der C-C Bindung des [2Fe2S] Zentrums als isoliert betrachtet werden
kann. Demnach sind die katalytischen Eigenschaften ausschlieBlich vom [2Fe2S] Zentrum
abhangig und nicht von den an OH-Funktionalitdt angebundenen Gruppen. Derivatisierungen
haben demzufolge keinen EinfluB auf die elektrochemischen Eigenschaften. Zundchst erschien
dies als Nachteil, da eine elektronische Wechselwirkung Uber die Dithiolato-Briicke
angenommen wurde. Dies erwies sich jedoch als Vorteil, da die Eigenschaften der
Modellverbindung (z. B. Ldsungsverhalten) ohne Verlust der Katalyseaktivitdt unabhangig
verandert werden koénnen. Zur Verbesserung der Léslichkeit in Wasser wurde
HOCH(CH,S),Fe,(CO)s an der OH-Gruppe mit Glukose derivatisiert. Als interessantes Ergebnis

konnte dabei gefunden werden, dass in diesem Fall Wasser nicht nur als L&sungsmittel,
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sondern auch als Protonenquelle dient. Dies ist insofern von Bedeutung, da bisher
beschriebene Modellsysteme ausschlieBlich die Bildung von Wasserstoff in Acetonitril in
Gegenwart von Sauren (z. B. Essigsdure) katalysieren. Es muf3 dabei jedoch ausdriicklich
erwahnt werden, dass der Glukose-derivatisierte [2Fe2S] Komplex wahrend der katalytischen
Generierung von Wasserstoff nicht stabil ist. Im Gegensatz dazu zeigt der entsprechende
Selenkomplex eine erhdhte Stabilitdt und keinerlei Zersetzung in wéassrigem Milieu. Die
Wasserstoffgenerierung findet jedoch bei negativerem Elektrodenpotential statt als beim
vergleichbaren Schwefelsystem. Ein mdéglicher Ansatz zur Behebung des Stabilitatsproblems
bei den Schwefel-haltigen Verbindungen kénnte sich durch das Einbringen der Komplexe in
Vesikel ergeben. Daflir wurde HOCH(CH,S).Fe,(CO)s mit amphiphilen Verbindungen
umgesetzt. Besonders Polymer-basierende Verbindungen eréffneten einen guten Zugang zu
solchen vesikularen Systemen. Es konnte gezeigt werden, dass diese Verbindungen Vesikel

ausbildeten und so ein Modell fir membranstandige Hydrogenasen zugénglich war.

Teil 2: Ein weiterer Abschnitt beschaftigte sich mit der Modellierung der enzymatischen
Umgebung der [FeFe]-Hydrogenase. Dazu wurden besonders Komplexe des biologisch aktiven
Aminodithiolan, 4-Amino-4-carboxy-dithiolan, und dessen Derivate als Liganden fir
Hydrogenasemodelle untersucht. Jedoch waren trotz zahlreicher Versuche keine Verbindungen
mit einer freien Aminogruppe zugéanglich. Daraufhin wurden die Aminogruppen Boc-geschutzt.
In einer anschlieBenden oxidativen Addition dieser Aminosaurederivate an Fe3(CO);» konnten
die [2Fe2S] Komplexe in guten Ausbeuten erhalten werden. Allerdings lieBen sich diese
Komplexe bisher nicht mit den dblichen Reagenzien (Trifluoressigsaure, Thionylchlorid,
Salzsaure) entschutzen. Ein freier Aminkomplex war damit auch tber diesen Weg bisher nicht
zugéanglich.

Weiterfiihrende Untersuchungen waren auf die Komplexierung von a- und B-Peptiden gerichtet.
Interessanterweise tendierten B-Peptidkomplexe zum Zerfall, und es war nicht mdglich diese in
analytisch reiner Form zu erhalten. Im Vergleich dazu konnten die a-Peptidkomplexe in guten
Ausbeuten isoliert werden und zeigten eine héhere Stabilitat als ihre 8-Peptid-Homologen. Dies
ist erstaunlich, da B-Peptide normalerweise eine erhdhte Stabilitit gegeniber a-Peptiden

aufweisen.
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Anhand des Eisen-hexacarbonylkomplexes mit Sandostatin konnte nachgewiesen werden,
dass die Sekundérstruktur des Peptidriickgrades bei a-Peptiden nahezu intakt bleibt. Es wurde
dabei gezeigt, dass die Aktivitat gegeniliber den Somatostatinrezeptoren (hsst;.s) nur wenig von
der des reinen Sandostatins abweicht. Da die Sekundarstruktur des Sandostatin-Rlckgrades
groBen EinfluB auf die Affinitdt gegeniber den Somatostatinrezeptoren besitzt und kleinste
Abweichungen in der Struktur der Verbindung zu Affinitatsverlust dieser fihren, konnte gefolgert
werden, dass das entsprechende Peptidgerist im Komplex nahezu unverandert vorliegt. Im
Vergleich zu literaturbekannten Verbindungen wies die Untersuchung der elektrochemischen
Eigenschaften des Peptidkomplexes eine deutliche Verschiebung des Reduktionspotentials zu
negativeren werten auf. Damit ist dieses System fiir die Wasserstoffproduktion ungeeignet. Eine
solche “negative” Verschiebung des Reduktionspotentials von Protonen zu Wasserstoff konnte

bei allen peptidischen Verbindungen beobachtet werden.

Teil 3: Inspiriert durch Literaturbeitrdge aus den Bereichen der medizinischen Chemie, von
Geruchs- und Sprengstoffen, bei denen eine merkliche Veranderung der chemischen und
physikalischen Eigenschaften durch den Austausch von Kohlenstoff gegen Silizium zu
beobachten war, wurden Bismercaptomethylsilane synthetisiert und mit Fe;(CO)» umgesetzt.
Elektrochemische Untersuchungen ergaben ein Abweichen des katalytischen Mechanismus der
Wasserstoffentstehung gegeniiber bekannten Systemen. Im Gegensatz zu diesen Systemen
zeichnet sich die hier etablierte Verbindungsklasse durch eine initiale Zweielektronenreduktion
und der Ausbildung einer “rotated state - rotierten Struktur” aus. Weiterhin konnte in Gegenwart
von Séauren ein vorgelagertes Gleichgewicht beobachtet werden. Es wurde dabei gezeigt, dass
es in diesem Gleichgewicht nicht zu einer Ausbildung eines Eisenhydrids kommt, sondern
vielmehr zu einer Protonierung der Schwefelbriickenatome.

Im Gegensatz zu den Kohlenstoff- und Stickstoffderivaten zeichnen sich die siliziumhaltigen
Systeme durch erhdhte Aktivitdt und eine deutlich verringerte Uberspannung gegeniiber der
elektrochemischen Wasserstofferzeugung in Gegenwart von schwachen Sauren aus. Es war
erstmals madglich, zu zeigen, dass die Wasserstofferzeugung dabei Uber drei verschiedene

Wege geschehen kann.
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Auf Grundlage weiterer Substitutionsexperimente konnte beobachtet werden, dass ein
Austausch von CO gegen CN" oder Phosphine in Modellsystemen nicht ratsam ist. Dies flhrt
zur Verschiebung der Reduktionspotentiale zu negativeren Werten und somit wiederum zur

Erhdhung der Uberspannung.

Teil 4: Der letzte Teil dieser Arbeit beschaftigte sich mit der Frage, warum in den natrlich
vorkommenden Systemen Schwefel anstelle von Selen eingebaut ist. Insbesondere das héhere
Homologe des Schwefels, Selen, ist fir sein natlrliches Vorkommen in [FeNiSe]-Hydrogenasen
bekannt und wirde in [FeFe]-hydrogenasen zu einer Erhéhung der Basizitat der Eisenzentren
fihren. Durch Synthese homologer Schwefel-, Selen- und Tellurverbindungen war es erstmals
anhand von elektrochemischen Untersuchungen maéglich, zu zeigen, dass der Austausch von
Schwefel gegen die hdéheren Homologen kontinuierlich zum Aktivitdtsverlust der
Wasserstoffgenerierung fihrt. Dies ist insofern erstaunlich, da eine erhéhte Elektronendichte
durch gesteigerte Elektropositivitdt am Eisen erwartet wurde. Eine Erklarung hierfiir lieferten
DFT-Berechnungen und Untersuchungen mittels Photoelektronenspektroskopie. Es konnte
aufgezeigt werden, dass der Austausch gegen die héheren Homologen dazu fiihrte, dass die
reduzierte Spezies deutlich an der Ausbildung eines “rotated state” gehindert wurde.
Demzufolge kann in situ kein terminales Hydrid generiert werden, welches flir eine schnelle und

effektive Wasserstoffbildung von groBer Bedeutung ist.

Es war mdglich, eine Reihe neuartiger Verbindungen herzustellen, welche als [FeFe]-
Hydrogenasemodell fungieren kénnen und zur Wasserstoffgenerierung befahigt sind.
Besonders die siliziumhaltigen Spezies zeigten interessante neue und vielversprechende

Eigenschaften auf.
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7 Experimental Part

Note: Only syntheses which are not recorded in any manuscript or draft attached will be

described within this chapter.

General Procedures. All syntheses were carried out under dry nitrogen or argon atmosphere.
The organic solvents used were dried and purified according to standard procedures and stored
under dry nitrogen or argon. Chemicals were used as received from Fluka or Acros without
further purification. Thin layer chromatography (TLC): Merck silica gel 60 F,s4 plates; detection
under UV light at 254 nm. Flash chromatography (FC): Fluka silica gel 60. A Blchi GKR-51
apparatus was used for the bulb-to-bulb distillations. The 'H, "*C{'H} and **Si{'"H} NMR spectra
were recorded at 23 °C on a Bruker Avance 200 or Avance 400 NMR spectrometer. Analysis
and assignment of the "H NMR data were supported by 'H,'"H COSY, "*C,'"H HMQC, and °C,'H
HMBC experiments. Assignment of the "*C{'H} NMR data was supported by DEPT 135, *C,'H
HMQC, and "*C,'H HMBC experiments. Chemical shifts (ppm) were determined relative to
internal solvent (1H, 13C), or external TMS (ZQSi). IR spectra were recorded on a Perkin-Elmer
2000 FT-IR spectrometer. Mass-spectrometric studies (FAB/MS, DEI/MS, ESI/MS) were
performed on a SSQ710 Finnigan MAT spectrometer. Elemental analyses (C, H, N, S) were
carried out on a Leco CHNS-931 instrument. Halogen determination was performed by titration.
A fundamental problem for the elemental analysis of the complexes was remaining solvents
within the samples. Even 24 hours treatment in high vacuum did not lead to full removal of the
solvent molecules. The amount of solvent was calculated in agreement to 'H NMR
spectroscopy. Analytical HPLC was performed using a Merck Hitachi device (Interface: D7000;
UV detector (220 nm): L-7400; pump: L-7150 (flowrate 1 mL/min)) with water/ acetonitrile on a
Macherey-Nagel Cg-column. Preparative HPLC was performed under the same conditions with
a flow rate of 10 mL/min. CD spectroscopy was performed on a Jobin-Yvon-Mark-ll|

spectrometer. Lyophilization was carried out with a Hetosicc cooling condenser.
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Synthesis of 1,3-Dithioacetyl-2-methoxy-propane (43)

Allyloromide (20 g, 165.4 mmol) and mercury(ll) acetate (30 g, 57.7 mmol) were dissolved in
300 mL methanol and stirred for 10 days at room temperature whereupon a white precipitate
was formed. Filtration and removal of the solvent yielded an oily substance to which 400 mL
water were added. 20 g (168 mmol) Potassium bromide were added and after cooling to 0°C,
26.3 g (165 mmol) bromine were slowly dropped into the solution. After 3 hours stirring, the
mixture was extracted with 100 mL diethyl ether, followed by washing with water and saturated
sodium thiosulphate solution. Removing of the solvent under reduced pressure and bulb-to-bulb
distillation (0.06 mbar/ 50°C) yielded 10.2 g of crude 2-methoxy-1,3-dibrompropane (42);
MS (DEI): 230 [M]*. Attempts to remove excess of mercury salts failed. Therefore, the crude
product was used without further purification for the next step.

Crude 2-methoxy-1,3-dibrompropane (10 g, ~ 40.6 mmol) was dissolved in 120 mL acetone and
20 g (175 mmol) potassium thioacetate were added slowly. After 1 week, the reaction mixture
was filtrated and the precipitate was washed with acetone several times. The filtrate was
evaporated under reduced pressure. The residue was redissolved in diethyl ether, filtrated and
concentrated in vacuo. Bulb-to-bulb distillation (0.15 mbar, 110°C) afforded 3.3 g (37 %) of a
yellow oil. '"H NMR (200 MHz, CDCly): & = 3.45-3.33 (m, 4H, CH and OCH,), 3.06 (d, 4H,
SCH,CHCH,S, %Jyn = 5.8 Hz), 2.32 (s, 6H, SC(O)CH,). ®C NMR (50 MHz, CDCly): 6 = 195.1
(SC(0O)CHs), 78.6 (CH), 57.6 (OCHs), 31.7 (CHy); 30.5 (SC(O)CHs). MS (DEI): m/z = 222 [M]".
Anal. calcd. for CgH1403S,: C, 43.22 %; H, 6.35 %; S, 28.85 %. Found: C, 42.58 %; H, 5.85 %;

S, 29.18 %.

Synthesis of 1,3-Disulfanyl-2-methoxy-propane (44)

To an ice-cooled solution of 1 g (4.5 mmol) 1,3-dithioacetyl-2-methoxy-propane dissolved in
20 mL methanol, sodium hydroxide (1.44 g, 36 mmol) was added slowly and stirred for 4 days.
Afterwards the reaction mixture was neutralized with hydrogen chloride (pH ~ 3) and 100 mL
water were added. The solution was extracted three times with 50 mL diethyl ether and the
combined organic phases dried with sodium sulphate. Removal of the solvent under reduced
pressure followed by bulb-to-bulb distillation (0.34 mbar, 50°C) afforded 191 mg (31 %) of a

yellow oil. 'H NMR (400 MHz, CDCls): 6 = 3.39-3.31 (m, 4H, CH and OCHs), 2.78-2.71 (m, 4H,
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CH.), 1.43 (t, °J = 8.4 Hz, 2H, SH). *C NMR (50 MHz, CDCl,): & = 82.4 (CH), 57.4 (OCH,), 26.0
(CH,). MS (DEI): m/z = 138 [M]". Elemental analysis was not performed due to fugacity of the

compound.

Synthesis of Hexacarbonyl (u-2-methoxypropan-1,3-dithiolato-S,S’)diiron (45)

2—Methoxypropane—1,3-dithiol (50 mg, 0.362 mmol) and triiron dodecacarbonyl (182 mg,
0.362 mmol) were dissolved in 25 mL toluene and refluxed for 2 hours. After evaporation to
dryness, the crude product was purified via FC (diethyl ether:hexane = 1:10) yielding 115 mg
(76 %) of a red crystalline product. 'H NMR (400 MHz, CDCls): 6 = 3.26 (s, 3H, CHs), 2.76 (dd,
%Jun = 8.8Hz, 2Jyy = 13 Hz, 2H, CH,), 2.72-2.64 (m, 1H, CH), 1.55-1.49 (m, 2H,
SCH,CHCH,S). °C NMR (50 MHz, CDCl): & = 207.6/207.3 (CO), 81.5 (CH), 56.5 (CH;), 26.88
(CH,). MS (DEI): m/z = 388 [M-COJ". IR (KBr, cm™): 3437 (s), 2926 (s), 2854 (w), 2073(vs),
2030 (vs), 1982 (vs), 1947 (s), 1637 (m), 1384 (m), 1220 (w), 1183 (w), 1086 (s), 953 (w), 611
(m), 584 (s), 563 (s). Anal. calcd. for CigHgFe,0;S,°Et,O: C, 34.31 %; H, 3.70 %; S, 13.08 %.

Found: C, 34.20 %; H, 3.69 %; S, 13.52 %.

Synthesis of 2-Methyl-3-brom-propene (46)

A suspension of 10 g (0.11 mol) methylallylchloride and 15 g (0.17 mol) lithium bromide was
stirred for 12 hours in 50 mL boiling acetone. To the reaction mixture, 10 mL water were added
and the organic fraction was separated from the agueous phase and dried with magnesium
sulphate. Distillation (atm. pressure, 85-87°C) afforded 3 g (21 %) 2-methyl-3-brom-propene.
'HNMR (200 MHz, CDCly): 6 = 5.10 (m, 1H, cis-CH), 4.92 (m, 1H, trans-CH), 3.93 (s, 2H,
CH,Br), 1.86 (s, 3H, CHs). >C NMR (50 MHz, CDClg): 6 = 141.5 (C), 115.7 (CH,), 38.0 (CH,Br),

19.7 (CHs). MS (DEI): m/z = 134 [M]". The purity was verified via GC-MS.

Synthesis of 1,3-Dibrom-2-methyl-2-hydroxy-propane (47)

2-Methyl-3-brom-propene (2g, 0.015mol) was dissolved in a mixture of 90mL
dimethylsulfoxide and 0.5 mL water, and cooled to -10°C. Afterwards, 5.27 g (0.03 mol)
N-bromsuccinimide was added within 15 minutes in small portions and stirred for an additional
hour. The reaction was stopped by adding 50 mL water (visible by bleaching of the solution).

Extraction with diethyl ether, washing with a saturated sodium chloride solution afforded the
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crude product. Kugelrohr distillation (0.71 mbar, 55°C) afforded 1.62 g (47 %) 1,3-dibrom-2-

methyl-2-hydroxy-propane. '"H NMR (400 MHz, CDCly): & = 3.54 (dd, 2Juy = 13.8 Hz, *Juu

10.4 Hz, 4H, CH,), 2.38 (s, 1H, OH), 1.47 (s, 3H, CHy). *C NMR (100 MHz, CDCly): &

71.0 (C), 40.5 (CHy), 23.2 (CHs). MS (DEI): m/z = 137 [M-CH,Br]".

Synthesis of 4-Methyl-4-hydroxy-dithiolane (48)

Sodium hydrogensulphide monohydrate (2.05 g, 0.028 mol) was dissolved in 40 mL absolute
ethanol and 1,3-dibrom-2-methyl-2-hydroxy-propane (1.6 g, 6.9 mmol) was added. The resulting
solution was treated under reflux for 2 hours, whereupon a white precipitate appears. After
filtration, 5 mL glacial acetic acid (pH = 5) were added to the filtrate, whereupon a white
precipitate was formed. The solution was filtrated, degassed for 1 hour by bubbling argon
through the solution and evaporated to dryness. The residue was extracted with 300 mL
dichloromethane and after removal of the solvent the residue was purified by distillation
(21 mbar, 108-112°C) and afforded 230 mg (24 %) of 4-methyl-4-hydroxydithiolane as yellow
oil. '"H NMR (CDCls, 400 MHz): & = 3.04 (s, 3H, CH,), 1.58 (s, 4H, CH,). °C NMR (CDCl,,
100 MHz): & = 82.4 (C), 50.9 (CH,), 23.5 (CHs). MS (DEIl): m/z = 136 [M]*. Elemental analysis
was not performed due to impurities of 4-methyl-4-hydroxy-dithiol which could not been

separated.

Syntheses of Hexacarbonyl (u-2-methyl-2-hydroxypropane-1,3-dithiolato-S,S’)diiron (49)

In a 100 mL Schlenk-vessel, 100 mg (0.735 mmol) 4-methyl-4-hydroxy-dithiolane were
dissolved in 40 mL tetrahydrofurane and refluxed for 1.5 hours. After evaporation, the remaining
solid was purified via FC (THF:hexane = 1:3) and gave 48 mg (16 %) of the desired product. 'H
NMR (CDCls, 200 MHz): & = 2.50 (d, 2J = 14 Hz, 2H, SCHaHg), 1.83 (d, 2J = 14 Hz, 2H,
SCHaHs), 1.17 (s, 3H, CH,). *C NMR (CDCls, 50 MHz): & = 207.8 (CO), 69.6 (C), 33.0 (CH,),
30.3 (CHs). MS (DEl): m/z = 416 [M]", 388 [M-CO]’, 360 [M-2CO]’, 432 [M-3COJ,
304 [M-4COJ"*, 276 [M-5CO]* , 248 [M-6COJ". IR (Nujol, cm™): 2073 (vs), 2034 (vs), 1995 (vs).
Anal. calcd. for CioHgFe-0;S,20.25THF: C, 30.44 %; H, 2.63 %; S, 14.78 %. Found: C, 30.44 %;

H, 2.32 %; S, 14.48 %.
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Tris-(hexacabonyl(u-2-hydroxypropane-1,3-dithiolato-S,S’)diiron)-1,3,5-tricarboxylic acid
benzol ester (50)

In a round-bottom flask, 42.4 mg (0.16 mmol) 1,3,5-benzentricarboxylic acid were dissolved in
20 mL dichloromethane. After addition of 0.1 mL triethylamine, 200 mg (0.5 mmol)
hexacarbonyl (u-2-hydroxypropane-1,3-dithiolato-S,S’)diiron ~ (40), dissolved in  5mL
dichloromethane, were added within 5 minutes, whereupon a precipitate was formed. After
stirring for additional 2 hours, the solution was filtrated and purified via flash chromatography
(THF:hexane = 1:1). 256 mg (52 %) of an orange solid were isolated. 'H NMR (400MHz,
CDCly): & = 8.62 (s, 3H, CHaromaiic), 4.49 (m, 3H, CH), 2.88 (dd, 2y = 12.8 Hz, *Jup = 4.2 Hz,
6H, CHxHg), 1.71 (dd collapsing to triplett, 6H, CHaHg). 3C NMR (50MHz, CDClg): 6 = 207.0
(CO), 162.8 (C(0)0), 135.1 (Caromatic), 130.6 (CHaromatic), 75.6 (CH), 26.9 (CHp). MS (DCl-neg):
m/z = 1334 [M-COJ. IR(KBr, cm™): 2958 (m), 2919 (m), 2871 (w), 2083 (vs), 2038 (vs),
2006 (vs), 1977 (vs), 1725 (s), 1232 (s). Anal. calcd. for CsgHsFe024Sg* THF: C, 33.50 %; H,

1.83 %; S, 13.42 %. Found: C, 33.71 %; H, 1.82 %; S 13.94 %.

Synthesis of Bis-(hexacabonyl (u-2-hydroxypropane-1,3-dithiolato-S,S’)diiron)terephtalic
ester (51) and (Hexacabonyl (u-2-hydroxypropane-1,3-dithiolato-,S’)diiron)terephtalic
ester (52)

To a solution of 170 mg (0.42 mmol) hexacarbonyl (u-2-hydroxypropane-1,3-dithiolato-
S,S’)diiron (40) in 40 mL dichloromethane, 35.1 mg (0.21 mmol) terephtalic acid, 57.2 mg
(0.42 mmol) hydroxybenzotriazol, 262 mg (1.27 mmol) dicyclohexyl carbodiimide and 0.2 mL
triethylamine were added. The resulting mixture was stirred for 5 days at room temperature and
purified via flash chromatography using toluene. Two different fractions were isolated and
analyzed.

Bis-(hexacabonyl (u-2-hydroxypropane-1,3-dithiolato-S,S’)diiron)terephtalic ester (51) was
obtained in 24 % yield (48 mg) as a red solid. 'H NMR (400 MHz, CDCl3): 6 = 7.96 (s, 4H,
CHaromatic), 4.45 (m, 2H, CH), 2.90 (dd, 2y = 12.8 Hz, *Juy = 4.2 Hz, 4H, SCHxHs), 1.69 (dd
collapsing to a triplett, 4H, SCHaHg). °C NMR (100MHz, CDCls): & = 206.9 (CO), 163.7

(C(0)0), 133.4 (Caromatic), 128.8 (CHaromatic), 75.0 (CH), 26.8 (CH,). MS (DEI): m/z = 878 [M-
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2CQ], 850 [M-3CQ], 822 [M-4CQ], 794 [M-5CQ], 766 [M-6CQ], 738 [M-7CQ], 710 [M-8CQ], 682
[M-9CQO], 654 [M-10CO], 626 [M-11CO], 598 [M-12COQO]. Anal. calcd. for CysH14Fe4016S4:
C, 33.43 %, H, 1.51 %; S, 13.73 %. Found: C, 33.41 %; H, 1.60 %; S, 13.50 %. IR(KBr, cm™):
2077 (vs), 2036 (vs), 1998 (vs), 1721 (s).

(Hexacabonyl (u-2-hydroxypropane-1,3-dithiolato-,S’)diiron)terephtalic ester (52) was obtained
as red solid (43 mg, 37 %). 'H NMR (200 MHz, CDCls): 6 = 8.26-7.97 (m, 4H, CHaomatic)s
4.48-4.37 (m, 1H, CH), 2.92 (dd, 2Jyn = 13 Hz, ®Jyy s = 4.4 Hz, 2H, SCH,Hg), 1.70 (dd collapsing
to triplett, 2H, CHaHg). '°C NMR (100 MHz, CDCly): & = 207.1 (CO), 165.6 (C(O)OH), 164.0
(C(0)0), 134.8 (CC(0O)0O), 132.8 (CC(O)OH), 129.6 (CHaromatic), 74.9 (CH), 26.9 (CH,). MS
(DEIl): m/z = 522 [M-CQ], 494 [M-2CO], 466 [M-3CO], 438 [M-4CO], 410 [M-5CQ]. IR(KBr,
cm'1): 2985 (w), 2078 (vs), 2037 (vs), 1998 (vs), 1720 (vs), 1268 (s), 1100 (s). Anal. calcd. for
C47H10Fe2040S2+0.4hexane: C, 39.86 %, H, 2.69 %, S, 10.97 %. Found.: C, 39.80 %, H, 2.81 %,

S, 10.91 %.

Synthesis of (Hexacabonyl (u-2-hydroxypropane-1,3-dithiolato-,S’)diiron)oleic acid
ester (59)

Hexacarbonyl (u-2-hydroxypropane-1,3-dithiolato-S,S’)diiron (40) (76 mg, 0.189 mmol) was
dissolved in 10 mL dichloromethane. Subsequently, 53 uL (0.378 mmol) triethylamine and
165.3 uL (0.473 mmol) oleoyl chloride were added and the solution stirred 5 days at room
temperature. Evaporation of the solution afforded the crude product which was purified by FC
(THF:hexane = 1:6) to yield 95 mg (75 %) of a red oil. 'H NMR (200 MHz, CDCl5): 6 = 5.34 (m,
2H, CH=CH), 4.29 (m, 1H, SCH,CHCH,S), 4.12 (dd, 2Jun = 14.3 Hz, %y = 7.1 Hz, 2H,
SCHuHg), 2.28 (t, *Juy = 7.5 Hz, 2H, OC(O)CH.), 2.00 (m, 4H, CH,CH=CHCH,), 1.61 (m, 2H,
OC(O)CH,CHs), 1.27 (m, 22H, remaining CH, and SCHaHz), 0.88 (t, ®Jun = 6.6 Hz, 3H, CHs).
3C NMR (100 MHz, CDCly): & = 207.2 (CO), 173.9 (C(0)0), 129.9, 129.7 (CH=CH), 73.3
(SCH,CHCH,S), 60.1 (SCH,), 34.4 (OC(O)CH,), 31.9 (CH,CH,CH3), 29.8, 29.7, 29.5, 29.3,
29.1 (remaining CH,), 27.2, 27.1 (CH,CH=CHCH,), 24.9 (OC(O)CH,CH,), 22.7 (CH,CHj3), 14.1
(CHs). MS (FAB in nba): m/z = 582 [M-3COJ", 498 [M-6COJ". IR (pur, cm™"): 3003 (m), 2926 (s),
2854 (s), 2077 (vs), 2037 (vs), 1998 (vs), 1739 (s), 1465 (m). A correct elemental analysis was

not obtained.
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Generation of the [2Fe2S] Modified Polymer (61)

To a solution of compound 64 (1.12g,

0.33 mmol), 134 mg (0.33 mmol) of compound o.__0
OC);3F /S/jS \ﬂ/
40 were added and the solution stirred for (0C)s e7/;8 4 O
(OC)sFe n=233;m=27

24 hours at room temperature. Evaporation to dryness followed by dissolving in chloroform and
extraction with sodium bicarbonate, brine and water afforded 1.22 g of a red residue. Analyses
via GPC revealed a mixture of 61 and PB-PEO2. 'H NMR (400 MHz, CDCls): 6 = 5.38 (m, 33H,
H7), 4.86 (m, 66H, H8), 3.57 (m, 117H, H9, H10, H11, H12, H13, H14), 2.05 (m, 33H, H6), 1.13
(m, 69H, H2, H3, H5), 0.76 (m, 6H, H1, H4). IR(KBr, cm™): 3978 (s), 2973 (vs), 2932 (vs),

2077 (vs), 2040 (vs), 2006 (vs), 1767 (s), 1642 (m).

Synthesis of the [2Fe2S] Modified Polymer (62)

To a solution of compound 66 (1.42g, | (OC)sFe.
(=8
(OC)sFe ©
0.41mmol) in 50mL THF, 723mg S A )Jvo\/‘l[
15 0 13 12 0
(1.8 mmol) of compound 40 were added and n=33:mz27

the solution stirred for 24 hours at room temperature, evaporated to dryness, followed by
dissolving in chloroform and extraction with sodium bicarbonate, brine and water. Precipitation
in acetone at -95°C afforded 180 mg (11 %) of a red residue. 'H NMR (400 MHz, CDCly):
& =5.44 (m, 33H, H7), 4.94 (m, 66H, H8), 3.66 (m, 119H, H9, H10, H11, H12, H13, H14, H15),
2.11 (m, 33H, H6), 1.14 (m, 69H, H2, H3, H5), 0.84 (m, 6H, H1, H4). IR(KBr, cm™): 3068 (m),
2972 (m), 2923 (vs), 2889 (s), 2077 (s), 2038 (s), 2000 (s), 1751 (m), 1642 (m), 1124 (m), 996

(m), 910 (m).

Reaction of PB-PEOZ2 with Carbonyldiimidazole (64)

A solution of 2.21 g (0.675 mmol) PB-PEO2 and 3.07 g 1H3 2 y !
N 11 10 6 3
. . NN O
(18.9 mmol) CDI, dissolved in 60 mL chloroform was he \g/ =07 NS
stirred for 24 hours at room temperature. The solution was n=33;m=27

extracted with water (3 x 20 mL) and the aqueous fractions were extracted with chloroform
(3 x 20 mL). The combined organic phases were dried with sodium sulphate and evaporated to

dryness. 2.23 g (99%) of compound 64 were obtained as a yellowish resinous compound.
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'H NMR (400 MHz, CDCl3): & = 8.08 (s, 1H, H15), 7.39 (d, *Jun = 14.4 Hz, 1H, H13), 7.02 (d,
Jun = 14.4 Hz, 1H, H14), 5.40 (m, 33H, H7), 4.87 (m, 66H, H8), 3.59 (m, 112H, H9, H10, H11,

H12), 2.06 (m, 33H, H6), 1.14 (m, 69H, H2, H3, H5), 0.77 (m, 6H, H1,H4).

Synthesis of the Carboxylic Acid Modified Polymer (65)

PB-PEO2 (3 g, 0.92 mmol) and chloroacetic acid (0.43 g, 11
Ho)J\/Oﬁo

4.84 mmol) were dissolved in 70 mL THF. The solution was
nN=33;m=27

titrated with diphenylmethyl potassium and stirred over night.
Subsequently the reaction mixture was extracted with sodium bicarbonate, brine and water.
After drying with magnesium sulphate, the reaction mixture was evaporated to dryness to give
2.88 g (94 %) of compound 65. '"H NMR (400 MHz, CDCls): & = 5.45 (m, 33H, H7), 4.94 (m,
66H, H8), 3.99 (s, 2H, H13), 3.65 (m, 112H, H9, H10, H11, H12), 2.12 (m, 33H, H6), 1.14 (m,

69H, H2, H3, H5), 0.77 (m, 6H, H1,H4).

Synthesis of PB-PEO2-C(0)(CDI) (66)

A solution of 2.89 g (0.87 mmol) of compound 65 and

2.82g (17.35mmol) CDI, dissolved in 50 mL

chloroform was stirred for 24 hours at room

n=33;m=27

temperature. The solution was extracted with water (3 x 20 mL) and the aqueous fractions were
extracted with chloroform (3 x 20 mL). The combined organic phases were dried with
magnesium sulphate and evaporated to dryness. 2.88 g (97 %) of compound 66 were obtained
as a resinous compound. '"H NMR (400 MHz, CDCl5): 6 = 7.84 (s, 1H, H15), 7.48 (m, 1H, H13),
7.10 (m, 1H, H14), 5.46 (m, 33H, H7), 4.95 (m, 66H, H8), 3.99 (s, 2H, H13), 3.65 (m, 112H, H9,

H10, H11, H12), 2.12 (m, 33H, H6), 1.14 (m, 69H, H2, H3, H5), 0.77 (m, 6H, H1,H4).

Synthesis of 4-(Ditetradecylmethyl)pyridine (67)

A solution of n-butyllithium (1.6 mol/L in hexane) was slowly added to a solution of 15.2 mL
(0.11 mol) diisopropylamine in 100 mL diethyl ether at -15°C and stirred for 30 min.
Subsequently, 5 g (0.54mol) 4-methylpyridine were added and the obtained orange suspension
stirred for additional 3 hours. 30.5 g (0.1 mol) tetradecylbromide were added at once and the

solution stirred for 20 hours at room temperature. The reaction mixture was washed twice with a

133




Experimental Part

concentrated solution of ammonium chloride and water. Drying with sodium sulphate and
evaporation to dryness afforded the crude product. Crystallization from acetone afforded 19.1 g
(73%) of a white powder. 'H NMR (200 MHz, CDCly): & = 8.45 (d, ®Jupn = 5.4 Hz, 2H, CHN),
7.03 (d, *Jun = 5.4 Hz, 2H, CHCHN), 2.44 (m, 1H, CH), 1.53 (m, 4H, CH,CH), 1.22 (m, 48H,
CHs), 0.85 (t, *Juy = 6.4 Hz, 6H, CHs). ®C NMR (50 MHz, CDCl3): & = 155.7 (Caromati), 149.5
(CHN), 123.3 (CHCHN), 45.6 (CH), 36.2 (CHCH,), 31.9 (CH,CH,CHjs), 29.6, 29.5, 29.3 (CH,),
27.4 (CHCH,CH,), 22.7 (CH,CHs), 14.1 (CH3). MS (DEIl): m/z = 486 [M]". Anal. calcd. for

Ca4HgsN: C, 84.05 %; H, 13.07 %; N, 2.88%. Found: C, 83.74 %; H, 13.12 %; N, 2.52 %.

Synthesis of 4-(Ditetradecylmethyl)-N-(carboxymethyl)pyridinium bromide (68)

A solution of 5 g (0.01 mol) 4-(ditetradecylmethyl)pyridine (67) and 2.84 g (0.02 mol)
bromoacetic acid in 100 mL toluene was refluxed for 10 hours. Following evaporation to dryness
and two-times crystallization from ethylacetate afforded 2.36 g (38 %) of a white solid. '"H NMR
(400 MHz, CDCly): & = 16.08 (s, 1H, OH), 9.29 (d, °Ji = 6.4 Hz, 2H, CHN), 7.74 (d, ®Jy s = 6.4
Hz, 2H, CHC), 6.06 (s, 2H, NCH.), 2.73 (m, 1H, CH), 1.66 and 1.53 (2m, 4H, CH,CH), 1.19 (m,
48H, CH.), 0.82 (t, ®Jyn = 6.5 Hz, 6H, CHs). '°C NMR (100 MHz, CDCly): 6 = 166.6 (COOH),
145.8 (CHN), 126.6 (CHCHN), 60.4 (NCH,), 46.5 (CH), 35.4 (CH,CH), 31.8 (CH,CH,CH3), 29.6,
29.3, 27.3 (CH,), 22.6 (CH,CHg), 14.0 (CH3). MS (micro-ESI): m/z = 646 [M+Na]*. MS (FAB in
nba): m/z = 545 [M-Br]*. Anal. calcd. for C3gHgsBrNO,: C, 69.20 %; H, 10.65 %; N, 2.24 %; Br,

12.79 %. Found: C, 68.89 %; H, 10.72 %; N, 2.09 %; Br, 13.27 %.

Synthesis of 1,3-Dithiobenzylacetone (70)

Under strong cooling, 5.67 g (0.247 mol) sodium were dissolved in 370 mL dry ethanol under an
argon atmosphere. Next, the solution was cooled using ice/sodium chloride and 30.74 ¢
(0.247 mmol) benzylmercaptane were added. To this solution, 15 g (0.12 mol)
1,3-dichloroacetone, dissolved in 200 mL ethanol, were dropped in slowly and a white
precipitate became visible. After 10 hours stirring at room temperature the solvent was removed
and the residue was suspended in 200 mL water and extracted four times with 80 mL diethyl
ether. The combined organic phases were again washed with 70 mL water and dried over

sodium sulphate. Removal of the solvent afforded 33.31 g (93 %) of 1,3-dithiobenzylacetone as
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a yellow oil. '"H NMR (400 MHz, CDClg): 6 = 7.29-7.09 (m, 10H, Haomatic), 3-66 (s, 4H, SCH,Ph),
3.22 (s, 4H, CH,C(O)CH.). *C NMR (50MHz, CDCls): & = 199.9 (CO), 137.1 (C). 129.2 (0-CH),
128.5 (m-CH), 126.9 (p-CH), 37.5 (CH,C(O)CH,), 36.1 (SCH,Ph). MS (DEI): m/z = 302 [M]". IR
(KBr, cm™): 3084 (w), 3061 (m), 3028 (m), 2921 (m), 1951 (w), 1882 (w), 1808 (w), 1701 (vs),
1601 (m), 1583 (w), 1494 (s), 1453 (s), 1406 (m), 1287 (m), 1254 (s), 1186 (m), 1070 (s),
1028 (s). Anal. calcd. for C47H1g0S,: C, 67.51 %; H, 6.00 %; S, 21.20 %. Found: C, 67.49 %,;

H, 6.05 %; S, 21.12 %.

Synthesis of 1,3-Dithiobenzylacetonoxime (71)

Under an argon atmosphere 32.82 g (0.11 mol) 1,3—dithiobenzylacetone (70) and 35.8 g
(0.52 mol) hydroxylamine hydrochloride were dissolved in 270 mL ethanol. Subsequently,
55 mL aqueous sodium hydroxide (10 mol/L) were added and the reaction mixture warmed for
2 hours under reflux, followed by addition of 100 mL water. Extraction with 400 mL diethyl ether,
drying over sodium sulphate and crystallization from ethanol yielded 24.67 g (71.6%) of a white
solid. "H NMR (400 MHz, CDCl,): 6 = 8.81 (s, 1H, OH), 7.31-7.18 (m, 10H, CHaromaic), 3.71 (S,
2H, trans-SCH,Ph), 3.61 (s, 2H, cis-SCH,Ph), 3.50 (s, 2H, trans-CH,CN), 3.21 (s, 2H, cis-
CH,CN). *C NMR (50MHz, CDCly): & = 155.5 (CNOH), 137.9/ 137.8 (Caromatic), 129.1/128.9 (o-
CHy), 128.5 (m-CH,), 127.1/127.0 (p-CH), 37.0 (trans-SCH,Ph), 35.6 (cis-SCH.Ph), 32.6 (cis-
CH,CN), 24.8 (trans-CH,CN) [aromatic signals for the cis and trans groups are not exactly
assignable from HSQC and HMBC measurements due to the broadness of the cross peaks].
MS (DEI): m/z = 317 [M]". IR (KB, cm"): 3242 (vs), 3052 (m), 3028 (m), 2923 (m), 1945 (w),
1601 (m), 1493 (s), 1450 (s), 1407 (s), 1284 (s), 1250 (m), 1225 (m), 1154 (m), 1070 (m), 1029
(m), 975 (vs), 922 (w), 906 (w), 822 (s), 742 (s), 705 (vs), 618 (m), 562 (w), 477 (m), 456 (w).
Anal. calcd. for C47;H1gNOS,: C, 64.32 %; H, 6.03 %; N, 4.41 %; S, 20.20 %. Found: C, 64.28 %;

H, 6.08 %; N, 4.38 %; S, 20.33 %.

Synthesis of 1,3-Dithiobenzyl-2-aminopropane hydrochloride (72)

In 100 mL diethyl ether, 15 g (47.3 mmol) 1,3-dithiobenzylacetonoxime (71) were dissolved and
cooled to 10°C, whereupon lithium alanate (3.75 g, 99 mmol) was added and stirred for 2 hours

at 10°C. After 72 hours stirring at room temperature, the solution was cooled to 0°C and water
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was added dropwise until only a white precipitate remained. The suspension was filtered and
the filtration residue washed several times with diethyl ether. The combined organic phases
were dried over sodium sulphate and evaporated to dryness. To the remaining yellow oily
substance 150 mL hydrogen chloride (10 % in water) were added whereupon a slightly yellow
precipitate appeared which was separated, washed with little diethyl ether and crystallized from
ethanol. 8.53 g (53 %) 1,3-dithiobenzyl-2-aminopropane hydrochloride (72) were obtained as
white needles. '"H NMR (200MHz, CD,Cl): 6 = 8.63 (s, 2H, NH,), 7.32—7.19 (m, 10H, CHaromatic),
3.70 (s, 4H, SCH,Ph), 3.61 (m, 1H, CH), 3.00-2.78 (m, 4H, SCH,CHCH.S). *C NMR (50MHz,
CDCl3): & = 138.1 (Caomatic)s 129.5 (0-CH), 129.0 (m-CH), 127.6 (p-CH), 51.6 (CH),
37.1 (SCH,Ph). 33.7 (SCH,CHCH,S). MS (DEI): m/z = 304 [M-CI]*. IR (KBr, cm™): 3434 (s),
2907 (vs), 2679 (m), 2592 (m), 2478 (m), 2005 (w), 1957 (w), 1587 (s), 1495 (vs), 1453 (s),
1414 (m), 1377 (m), 1339 (w), 1250 (m), 1193 (m), 1116 (m), 1071 (m), 1031 (w), 985 (w),
926 (w), 801 (w), 774 (m), 705 (vs). Anal. calcd. for C47;H2NS,Cl: C, 60.06 %; H, 6.52 %;
N, 4.12 %; S, 18.86 %; Cl, 10.43 %. Found: C, 60.06 %; H, 6.49 %; N, 4.10 %; S, 18.87 %,

Cl, 10.29 %.

Synthesis of 3-Amino-1,2-dithiolane hydrochloride (74)

1,3-Dithiobenzyl-2-aminopropane hydrochloride (72) (2.23 g, 6.58 mmol) was dissolved in
20 mL THF and cooled to -78°C. Then, 600 mL ammonia was condensed in the same vessel
and sodium (676 mg, 29.4 mmol) was added in small portions until the blue colour persisted for
20 minutes. The excess of sodium was destroyed by adding ammonium chloride. By bubbling
argon through the solution, the ammonia was evaporated slowly (caution: danger of explosion).
The small amount of THF was flushed out with the ammonia. The residue was dissolved in
100 mL water and the solution was acidified (pH = 1) using hydrogen chloride (10% in water).
The solution was stored at 4°C whereas a precipitate was formed. After filtration, the filtrate was
used for the subsequent reaction. A 0.03 mol/L |o/KI solution and the filirate were dropped
simultaneously into 10 mL water, so that the colour of the solution became slightly yellow. The
end point for the oxidation of the dithiol (73) to the disulfane (74) was monitored using starch as
indicator. Afterwards the pH was increased to pH = 12 with 5 mol/L sodium hydroxide and

extracted 5 times with 75 mL chloroform. The combined organic fractions were washed twice
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with water and dried over sodium sulphate. Afterwards the organic fraction was extracted with
10% hydrogen chloride until the chloroform phase was colourless. Lyophilization of the aqueous
solution afforded 557 mg (54 %) yellow solid. 'H NMR (200 MHz, D,O): 6 = 4.52-4.40 (m, 1H,
CH), 3.39 (dd, 2J = 13.2 Hz, 3J = 5.3 Hz, 2H, CHaHg), 3.25 (dd, 2J = 2.6 Hz, 13.2 Hz,
%) =5.3Hz, 2H, CHaHg). °C NMR (50 MHz, D,0): & = 55.4 (CH), 41.8 (CH,). MS (DEI):
m/z=121 [M-HCI]*. IR (KBr, cm'1): 3435 (vs), 2921 (vs), 2560 (m), 2366 (w), 2340 (w),
1973 (m), 1625 (s), 1588 (m), 1489 (s), 1401 (s), 1384 (vs). Anal. calcd. for C3HgCIS,N:
C,22.85%; H, 5.11 %; N, 8.88 % S, 40.67 %; Cl, 22.48 %. Found: C, 22.49 %; H, 5.00 %;

N, 8.62 %; S, 38.47 %; Cl, 22.72 %.

Synthesis of 5,5-Bis[(benzylthio)methyl]hydantoine (80)

3.25 g (0.011 mol) 1,3-dithiobenzylacetone (70), 2.09 g (0.032 mol) potassium cyanide and
5.17 g (0.053 mol) ammonium carbonate were dissolved in 30 mL ethanol and 21 mL water.
Afterwards the mixture was heated to 120 °C for 24 hours and to 140°C for 22 hours in a sealed
tube. After cooling the solution to room temperature, 100 mL 2 N hydrochloric acid were added
(caution: development of dicyane) and stirred for 22 hours. The formed precipitate was
separated and washed twice with 10 mL water and 10 mL toluene. Crystallization from
ethylacetate afforded 2.71 g (23 %) of a golden solid. 'H NMR (200 MHz, DMSO-dg): 6 = 10.90
(s, 1TH, C(O)NHC(0)), 8.07 (s, 1H, CNHC(O)), 7.35-7.19 (m, 10H, CHaromatic), 3-76 (s, 4H,
SCH,Ph), 2.75 (d, 2y = 14 Hz, 2H, SCHAH5C), 2.65 (d, 2J = 14 Hz, 2H, SCHaHgC). '°C NMR
(50 MHz, DMSO-dg): 6 = 175.9 (CC(O)NH), 157.0 (NHC(O)NH), 138.1, 128.8, 128.4, 126.9
(Caromatic); 67.4 (CH>CHCHy,), 36.6 (SCH,Ph), 36.4 (CH,CHCH,). MS (FAB in nba): m/z = 373
[M+H]". IR (KB, cm'1): 3375 (s), 3220 (s), 3062(m), 2919 (m), 1762 (s), 1720 (vs), 1494 (m),
1453 (m), 1401 (s). Anal. calcd. for CygHoN2O,.S,: C, 61.26 %; H, 5.41 %; N, 7.52 %

S, 17.22 %. Found: C, 61.26 %; H, 5.36 %; N, 7.45 %; S, 17.25 %.

Synthesis of 2,2-Bis(benzylthiomethyl)glycine (81)
5,5-Bis[(benzylthio)methyllhydantoine (80) (2.01 g, 5.4 mmol) was suspended in an aqueous

solution of 40 mL 1 N sodium hydroxide and heated to 170°C for 20 hours in a pressure

apparatus at 100 psi. After cooling to 0°C, the solution was acidified (pH = 5-6) with
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6 N hydrochloric acid. The precipitate was separated and crystallized from methanol to give
1.22 g (65 %) brown powder. '"H NMR (200 MHz, DMSO-dg): 6 = 7.31-7.19 (m, 10H, CHaromatic)s
3.76 (s, 4H, SCH,Ph), 2.87 (d, 2Jun = 14 Hz, 2H, SCHAHgC), 2.75 (d, 2Jun = 14 Hz, 2H,
SCHAH:C). *C NMR (50 MHz, DMSO-dg): & = 169.6 (C(O)OH), 138.6, 128.9, 128.3, 126.7
(Caromatic); 62.4 (CH,CHCH,), 37.4 (SCHyPh), 36.2 (SCH,CHCH,S). MS (micro-ESI, positive
scan): m/z = 370.1 [M+Na]*. MS (micro-ESI, negative scan): m/z = 346.4 [M-HJ. IR (KBr, cm™):
3437 (s), 3028(s), 2922 (s), 1636 (s), 1494 (s), 1453 (m), 1368 (s). Anal. calcd. for
C1gH21NO,S,: C, 62.21 %; H, 6.09 %; N, 4.03 % S, 18.45 %. Found: C, 61.91 %; H, 5.96 %;

N, 3.94 %; S, 18.37 %.

Synthesis of N-Carboxy-2,2-bis(benzylthiomethyl)glycine anhydride (82)
Caution: Gas masks with suitable air filter should be within range and contaminated glassware

should be treated with concentrated sodium hydroxide. Likewise, the fumes should be

conducted through a concentrated sodium hydroxide solution to destroy gaseous phosgene.

5,5-Bis[(benzylthio)methyl]glycine (81) (8.97 g, 25.84 mmol) was dissolved in 300 mL
tetrahydrofurane and cooled to 0 °C. To this solution 76 mL phosgene (20 % in toluene) were
added slowly. After stirring the solution for 5 hours at room temperature, the solvent was
removed by room temperature distillation under reduced pressure using a cooling trap. The
residue was dissolved in diethyl ether and filtrated through silica gel. By evaporation to dryness
and washing with pentane 8.50 g (88 %) of compound 82 were obtained as white solid. 'H NMR
(200 MHz, CDClz): 6 = 7.39-7.26 (m, 10H, CHaomatic), 3-81 (s, 4H, SCH,Ph), 2.75 (s, 4H,
CH,CN). *C NMR (50 MHz, CDCly): & = 170.3 (C(0)0), 151.6 (NHC(0)O), 136.9, 129.0, 128.8,
127.6 (Caromatic)s 69.1 (CH2CHCHy), 37.6 (SCH,Ph), 36.6 (CH,CHCH,). MS (FAB in nba): m/z =
374 [M-H]*. IR (KBr, cm™): 3413 (s), 2923 (s), 2852 (m), 1843 (s), 1775 (vs), 1494 (m),
1453 (m), 1341 (m). Anal. calcd. for CygHigNO3S,¢0.5pentane: C, 63.05%; H, 6.15 %;

N, 3.42 %; S, 15.66 %. Found: C, 63.07 %; H, 6.26 %; N, 3.27 %; S, 15.48 %.
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Synthesis of N-Boc-2,2-bis(benzylthiomethyl)-Gly-OMe (83)

To a solution of 8.49 g (0.023 mol) N-carboxy-2,2-bis(benzylthiomethyl)glycine anhydride (82)
dissolved in 80 mL THF, a solution of 6 g (0.027 mol) di-tert-butyl dicarbonate and 4 mL
pyridine, dissolved in 80 mL THF, was added slowly at 0°C and stirred for 45 minutes. After
warming up to room temperature, the solution was stirred for another 10 minutes followed by
addition of 30 mL methanol and 5.4 mL N-methylmorpholine. The solution was stirred for
21 hours at room temperature and purified via FC (CH,Cl,:hexane = 3:2) to yield 8.76 g (83 %)
of the desired product. 'H NMR (200 MHz, CDCl3): 6 = 7.25-7.14 (m, 10H, CHaromatic), 5-86 (s,
1H, NH), 3.66 (s, 3H, OCH;), 3.64 (s, 4H, SCH,Ph), 3.46 (d, 2Jun = 13.5 Hz, 2H, CHxHgCN),
2.80 (d, 2Juy = 13.5 Hz, 2H, CHAHsCN), 1.42 (s, 9H, C(CHs)s). '°C NMR (50 MHz, CDCly): & =
171.6 (C(0)0), 154.1 (NHC(O)O), 138.1, 128.8, 128.5, 127.1 (Cgomaic), 79-9 (C(CHa)s),
65.4 (CH,CHCH,), 52.9 (OCHj), 37.2 (SCH,Ph), 36.5 (CH,CHCH,), 28.4 (C(CHs3)3). MS (DEI):
m/z = 462 [M+H]", 406 [M-tBu]*, 370 [M-C;H;]". IR (KBr, cm™): 3423 (s), 2925 (s), 2853 (m),
1744 (s), 1712 (vs), 1492 (s), 1454 (m), 1326 (m). Anal. calcd. for Cp4H31NO,S,: C, 62.44 %;

H, 6.77 %; N, 3.03 %; S, 13.89 %. Found: C, 62.61 %; H, 6.88 %; N, 3.09 %; S, 13.75 %.

Synthesis of 4-(N-tert-Butyloxycarbonyl)-amino-1,2-dithiolane-4-carboxylic acid methyl
ester/ Boc-Adit-OMe (84)

N-Boc-2,2-bis(benzylthiomethyl)-Gly-OMe (83) (3.29 g, 6.94 mmol) was dissolved in 40 mL
diethyl ether. Afterwards ammonia (600 mL) was condensed in the same vessel and sodium
(755 mg, 32.8 mmol) was added in small portions until the blue colour persisted for 30 minutes.
The excess of sodium was destroyed by ammonium chloride visible by decolouration and the
ammonia was slowly evaporated by bubbling argon through the solution. The residue was
dissolved in 100 mL methanol and neutralized with 2 N hydrochloric acid. To this solution a
0.05 mol/L 1,/KI solution was added until controlling reactions with starch, revealed a permanent
blue colour. Small excess of iodine was destroyed with sodium thiosulphate. The aqueous
solution was extracted with ethylacetate and dried over sodium sulphate. Removal of the
solvent and washing with pentane afforded 1.62 g (84 %) of the dithiolane as slightly yellow
solid. "H NMR (200 MHz, CDCly): & = 7.30-7.15 (m, 10H, CHaromatic), 5-26 (s, 1H, NH), 3.79 (s,

3H, OCH;), 3.62 (d, 2Ju = 12.2 Hz, 2H, CHaHECN), 3.36 (d, 2Juy = 12.2 Hz, 2H, CHAHSCN),
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1.43 (s, 9H, C(CHs)s). °C NMR (50 MHz, CDCl,): & = 170.9 (C(0)0), 154.1 (NHC(0)O), 133.4,
128.8, 128.5, 127.0 (Caromatic), 80.9 (C(CHs)s), 71.3 (CH,CHCHy), 53.6 (OCH3), 47.7 (CH,), 28.1
(C(CHg)s). MS (DEI): m/z = 279 [M]*, 223 [M-1Bu]. IR (KBr, cm™): 2977 (m), 2933 (w), 1737 (s),
1709 (s), 1490 (m), 1136 (s). Anal. calcd. for C4oH7NO4S2: C, 42.99 %; H, 6.13 %; N, 5.01 %;

S, 22.95 %. Found: C, 42.83 %; H, 5.96 %; N, 4.84 %; S, 22.18 %.

Synthesis of N-Boc-Met-Adt-OMe (86)

Boc-adt-OMe (84) (188 mg, 0.67 mmol) was dissolved in 5 mL methanol and cooled to 0°C,
after which 49 pL (0.67 mmol) thionyl chloride were added. The solution was warmed to 50°C
for 4 hours and evaporated to dryness. Afterwards the residue was dissolved in 2 mL
dimethylformamide and cooled to 0°C. Successive 115 mg (0.85 mmol) HOBt, 163 mg
(0.85 mmol) EDC and 186 mg (0.75 mmol) Boc-Met-OH were added and stirred for 20 minutes
at 0°C. After warming to room temperature 1 mL (7.2 mmol) triethylamine was added and stirred
for additional 2 days at room temperature. Water (10 mL) was added and the solution was
extracted twice with 20 mL ethylacetate. The organic fractions were extracted with water, 10 %
citric acid, saturated sodium bicarbonate solution and water and dried over sodium sulphate.
Removal of the solvent afforded 789 mg crude product, purified by FC (ethylacetate:hexane =
35:65) to yield 59 mg (22 %) white solid. '"H NMR (200 MHz, CDCls): 6 =7.06 (s, 1H, NH),
5.13 (d, ®Jun = 8 Hz, 1H, NHBoc), 4.30 (m, 1H, NCHC(Q)), 3.77 (s, 3H, OCHs), 3.64 (d, 2Jup =
11.2 Hz, 2H, SCHaHg), 3.43-3.34 (m, 2H, SCHaHg), 2.59 (t, *Jupn = 7.2 Hz, 2H, CH,SCHy),
2.12 (s, 3H, SCH,), 2.09-1.88 (m, 2H, CH.CH,SCHs) 1.45 (s, 9H, C(CHs)s). °C NMR (50 MHz,
CDCly): 6 = 171.4 (C(O)OCHj), 169.9 (C(O)NH), 155.6 (OC(O)NH), 80.5 (C(CHs)s),
70.8 (CH,CCH,), 53.3 (NCHC(O) and OCHz), 47.3, 47.2 (S CH,CCH,S), 30.8 (CH,CH,SCHj),

30.0 (CH,SCHs), 28.3 (C(CHa)s), 15.2 (SCHS).

Synthesis of N-Boc-Met-Adi-Phe-OMe (88)

To a solution of 182 mg (0.44 mmol) N-Boc-Met-Adt-OMe (86), dissolved in 2 mL methanol,
1.9mL NaOH, (1 mol/lL) was added and the solution was stirred for 6 hours at room
temperature. After evaporation to dryness, the remaining solid was acidified with 5 mL hydrogen

chloride (0.5 mol/L in water) and the organic material was extracted with ethyl acetate. The
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organic phase was washed with water, dried with sodium sulphate, evaporated to dryness and
dissolved in 4 mL dimethylformamide. Subsequently, 78 mg (0.58 mmol) HOBt, 95 mg
(0.50 mmol) EDC, 71 pL (0.51 mmol) triethylamine and 110 mg (0.51 mmol) phenylalanine
methylester hydrochloride were added at 0°C and stirred for 30 min, followed by 16 hours
stirring at room temperature. The reaction was stopped by addition of 5 mL water. The reaction
solution was extracted twice with 20 mL ethylacetate. The organic fraction was successive
washed with water, citric acid (10 % in water), sodium bicarbonate and water. Drying with
sodium sulphate and evaporation to dryness afforded the crude product, which was purified via
FC (chloroform:ethylacetate = 9:1). 79 mg (32 %) of compound 88 was obtained as white solid.
'H NMR (400 MHz, CDClg): & = 7.24 (m, 3H, m-, p-CHaromatic), 7-10 (M, 2H, 0-CHaromaic), 6-92 (s,
1H, NH-adt), 5.14 (d, *Jun = 6.4 Hz, 1H, NHBoc), 4.80 (m, 1H, CHC(O)OCHj), 4.19 (m, 1H,
CHC(O)NH), 3.68 (s, 3H, OCH;), 3.45 (m, 4H, SCH,CCH.S), 3.16 (dd, 2y = 13.9 Hz, ®Jyp =
5.8 Hz, 1H, CHxHgPh), 3.03 (dd, 2y = 13.9 Hz, *Jyy = 7.2 Hz, 1H, CHAHgPh), 2.56 (t, 2Juy =
7 Hz, 2H, CH,SCHj3), 2.08 (m, 4H, SCH; and CHAHgCH,S), 1.89 (m, 1H, CHAHsCH,S), 1.43 (s,
9H, C(CHa)s). °C NMR (50 MHz, CDCly): & = 171.8 (adt-C(O)NH), 171.6 (C(O)OCHj),
168.9 (CHC(O)NH), 155.8 (OC(O)NH), 135.9, 129.2, 128.5, 127.1 (Caomatic), 80.8 (C(CHs)s),
71.6 (SCH,CCH.S), 53.8 (CHC(O)OCH; and CHC(O)NH), 52.3 (OCHj), 46.7, 45.8

(SCH.CCH;,S), 37.7 (CH:Ph), 30.2 (CH,CH,S and CH,SCHj), 28.3 (C(CHa)s), 15.2 (SCHy).

Synthesis of N-Boc-Adt-Phe-OMe (90)

To a solution of 224 mg (0.8 mmol) N-Boc-Adt-OMe (84) dissolved in 3.5 mL methanol, 1.6 mL
sodium hydroxide (1 mol/L in water) were added and the mixture stirred for 6 hours at room
temperature. The solution was evaporated to dryness, acidified with 20 mL hydrogen chloride
(0.5 mol/L in water) and extracted with ethylacetate. The organic fractions were washed with
water and dried with sodium sulphate. Evaporation to dryness afforded 198 mg of N-Boc-Adt-
OH and was used without further purification. N-Boc-Adt-OH was dissolved in 4 mL
dimethylformamide and 182 mg (0.95 mmol) EDC, 137 mg (1.01 mmol) HOBt, 191 mg
(0.89 mmol) phenylalanine methylester hydrochloride and 0.15 mL (1.08 mmol) triethylamine
were added consecutively at 0°C. After 2 days of stirring at room temperature, 10 mL water

were added to the reaction mixture. The solution was extracted twice with ethylacetate and the
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obtained organic fraction was successive washed with water, citric acid (10 % in water), sodium
bicarbonate, water and dried over sodium sulphate. Evaporation to dryness and purification via
FC (chloroform:ethylacetate = 95:5) afforded 75 mg (22 %) of a white solid. 'H NMR (200 MHz,
CDCly): 6=7.27 (m, 3H, m-, p-CHaromaiic), 7-11 (M, 2H, 0-CHaromarc)s 5-19 (s, 1H, NHBoc),
4.88 (m, 1H, CHC(O)OCHj3), 3.72 (s, 3H, OCHs), 3.51 (m 4H, SCH,), 3.14 (m, 2H, CH,Ph),
1.43 (s, 9H, C(CHs)3). °C NMR (100 MHz, CDCly): & = 171.6 (C(O)OCHj), 169.4 (C(O)NH),
154.5 (OC(O)NH), 135.7, 129.2, 128.6, 127.2 (Caromaic), 81.3 (C(CH3)s), 71.7 (SCH,CCH,S),

53.6 (OCHj), 52.4 (CHC(O)OCHs), 46.3 (SCH;C), 37.9 (CH,Ph), 28.2 (C(CHa)s).

Synthesis of L-Cystine dimethylester dihydrochloride (97)

Thionyl chloride (1.9 mL, 13.7 mmol) was added slowly to 40 mL methanol. L-Cystine
(2.5 g, 0.01 mol) was added at once and the reaction mixture was refluxed for 16 hours. The
solution was evaporated to dryness and afforded 3.4 g (99%) of compound 97 as a white solid
without further purification. 'H NMR (200 MHz, D;0O): 6 = 4.48 (m, 2H, CH), 3.76 (s, 6H, OCHj,),
3.27 (m, 4H, CH,). *C NMR (50 MHz, D,O): & = 168.7 (C(0)0O), 53.5 (CH), 51.1 (CHj),
35.2 (CHy). MS (DEI): m/z = 269 [M-2HCI]". Anal. Calcd. for CgH;gN2Cl,0,S,: C, 28.15 %;
H, 5.32 %; N, 8.21 %; S, 18.79 %; Cl, 20.78 %. Found: C, 27.59 %; H, 5.96 %; N, 7.80 %;

S, 18.02 %; Cl, 20.33 %.

Synthesis of N,N‘-Bis[(tert-butyloxy)carbonyl]-L-cystine dimethyl ester (98)

L-cystine dimethylester dihydrochloride (97) (3.5 g, 0.01 mol) was dissolved in 20 mL sodium
hydroxide (1 mol/L in water) and 30 mL dioxane/water (2:1 ratio). The solution was cooled to
0°C and 5.2 g (0.024 mmol) di-tert-butyldicarbonate were added in one portion. After 24 hours
stirring at room temperature, the resinous residue was dried in high vacuum. The material was
dissolved in 30 mL ethylacetate and the pH was adjusted to 3 with sodium hydrogensulphate.
The aqueous layer was extracted twice with 30 mL ethylacetate and the combined organic
fractions were washed with brine and water, dried with sodium sulphate and evaporated to
dryness. Crystallization from ethylacetate/pentane yielded 3.6 g (77 %) of compound 98.
'H NMR (200 MHz, CDCl3): & = 5.37 (d, *Jy = 7.4 Hz, 2H, NH), 4.56 (m, 2H, CH), 3.75 (s, 6H,

OCHs), 3.14 (m, 4H, CH,), 1.43 (s, 9H, C(CHs)s). °C NMR (50 MHz, CDCly): & = 171.1 (C(0)O),
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155.0 (OC(O)NH), 80.3 (C(CHa)s), 52.8 (CH), 52.6 (OCHy), 41.3 (CH,), 28.3 (C(CHa)s).
MS (DEI): m/z = 468 [M]*. Anal. Calcd. for CigH3sN>OgS5: C, 46.14 %; H, 6.88 %; N, 5.98 %;

S, 13.69 %. Found: C, 46.18 %; H, 7.04 %; N, 5.89 %; S, 13.90 %.

Reaction of N,N’-Bis[(tert-butyloxy)carbonyl]-L-cystine dimethylester with Fe;(CO);, (99)

N,N-Bis[(tert-butyloxy)carbonyl]-L-cystine dimethyl ester (56 mg, 0.119 mmol) and Fe;(CO)4,
(60 mg, 0.1197 mmol) were dissolved in 40 mL THF and refluxed for 20 minutes. Evaporation,
followed by FC (THF:hexane = 1:1) yielded 64 mg (72 %) as red solid. 'H NMR (200 MHz,
CDCl,): 6 = 5.38 (m, 2H, NH), 4.59 (m, 2H, CH), 3.82, 3.81, 3.75 (3's, 6H, OCHs, a,e), 2.84,
3.15 (2'm, 4H, SCH.), 1.44 (s, 9H, CH,). *C NMR (50 MHz, CDCly): & = 208.3, 207.5, 207.3
(CO), 170.8, 169.9, 169.3 (C(0)0O), 154.4 (OC(O)NH), 80.2 (CH), 53.9, 52.4 (OCH,3), 41.0, 39.0

(SCH,), 28.9 (C(CHa)a). IR (KB, cm™): 2074 (vs), 2038 (vs), 1995 (vs), 1745 (s), 1719 (s).

Synthesis of [(CH3C(O)Cys-Lys-Cys-NH,)Fe,(CO)s] (101)

Acetyl-Cys-Lys-Cys-OCH3 (23 mg, 0.059 mmol) was dissolved in a mixture of 10 mL toluene
and 5 mL methanol. To this solution, Fe;(CO)» (30 mg, 0.059 mmol) was added and the
reaction mixture was stirred for 24 hours at room temperature, whereupon the solution turned
red and a black precipitate appeared. The solid was filtered off and methanol was removed
under reduced pressure. Subsequently, 10 mL hexane were added and the solution stored for
12 hours at -20°C whereby 13 mg (33 %) of an orange solid precipitated. NMR investigations
were not assignable due to strong line broadening. MS (Micro-ESI in methanol): m/z = 672.0
[M+H]*. IR (KBr, cm™): 3420 (m), 2985 (m), 2926 (m), 2851 (W), 2076 (vs), 2038 (vs), 1998 (vs),
1671 (s), 1542 (m), 1203 (m), 1137 (m). EA was not obtained due to the small quantity of

sample.

Peptide Synthesis. Anchoring of N-Fmoc-Protected B-Amino Acids on Rink Amide AM

General Procedure 1 (GP 1)

Esterification of the Fmoc-protected 8-amino acid was performed according to reference [223].
The resin was placed in a dried manual SPPS reactor and swelled in dichloromethane (20 mL/g
resin) for 1 h. To enable a linking of the amino acid to the resin, the swollen resin was treated

according to GP 2 (vide infra). The Fmoc-protected S-amino acid (2.2 eq.), HATU (2.9 eq.) and
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DIPEA (4 eq.), dissolved in dimethylformamide (20 mL/g resin) were added under nitrogen
atmosphere and mixed by bubbling nitrogen for 6 hours at room temperature. Subsequently, the
resin was filtered, washed with dimethylformamide (20 mL/g resin, 5x1 min) and
dichloromethane (20 mL/g, 5x1 min). The unreacted NH, functions were protected according to
GP 3 (vide infra), followed by filtration and washing with dimethylformamide (20 mL/g resin, 5x1
min) and dichloromethane (20 mL/g, 5x1 min). The resin was dried in high vacuum for 24 hours.
The resin substitution was determined by measuring the UV/Vis absorbance of the
dibenzofulvalene-piperidin adduct. Therefore, two aliquots of the loaded resin were weighed
(m4(resin) and my(resin)) and suspended in piperidine (20 % in DMF) in a volumetric flask (V¢ =
V, = 10 mL). After 45 min, the mixtures were transferred into a UV cell. A solution of piperidine
(20 % in DMF) served as blank sample. The absorbance was measured at 290 nm. The
concentrations (c; and cy) of the benzofulvalene-piperidine adduct in solution were determined

224

using a calibration curve.”" The loading was determined calculated according to:

Loading [mmol/g resin] = ¢,*V,, / {mp(resin)-[ ¢,'V,-(MW-18)/1000]}

(MW = molecular weight of the Fmoc-protected S-amino acid)

The yield for the attachment of Fmoc-protected B-amino acid to the resin was determined
according to:

Loading yield = [(Loading;+Loading,)/2]/Loadingneor

Fmoc-Deprotection. General Procedure 2 (GP2)

The Fmoc-deprotection was realized using 20 % piperidine in DMF (20 mL/g resin, 2x10 min),
DBU:piperidine:DMF (1:1:48) (20 mL/g resin, 3x10 min) and 20 % piperidine in DMF (20 mL/g
resin, 1x10 min). Afterwards the resin was washed with DMF (20 mL/g resin, 5x1 min) and

dichloromethane (20 mL/g, 5x1 min).

Capping. General Procedure 3 (GP3)

The resin was suspended in DMF (20 mL/g resin) and the unreacted NH, groups were reacted
with Ac,O (10 eq.) and DMAP (10 eq.) for 1 hour under nitrogen bubbling. Afterwards, the resin

was washed with DMF (20 mL/g resin, 5x1 min) and dichloromethane (20 mL/g, 5x1 min).
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Coupling of the 3-Amino Acids on Rink Amide AM. General Procedure 4 (GP4)

The Fmoc-deprotection was carried out according to GP2. For each additional coupling step,
the resin was treated with a solution of the Fmoc-protected B2-amino acid (3 eq.), HATU
(2.9 eq.) and DIPEA (6 eq.), dissolved in DMF (20 mL/g resin). The coupling reaction was
monitored by the TNBS test.?*® In case of incomplete coupling the reaction mixture was reacted
for another two hours with the Fmoc-protected ,33-amino acid (3 eq.), HATU (2.9 eq.) and DIPEA
(6 eq.), dissolved in DMF (20 mL/g resin) and the TNBS test was repeated. After the last
coupling, the resin was washed with DMF (20 mL/g resin, 5x1 min) and dichloromethane

(20 mL/g, 5x1 min) and dried for 2 h under high vacuum.

Cleavage from Rink Amide AM and Final Deprotection. General Procedure 5 (GP5)

The cleavage of the peptide from the resin and the final deprotection were performed according
to reference [223]. Therefore, the resin was treated with a solution of TFA:TIS:water
=95:2.5:2.5 und nitrogen bubbling for 4 hours. Subsequentially, the resin was filtered and
washed with TFA (5 mL, 3x1 min). The combined organic fractions were evaporated to dryness
and the oily residue was treated with diethyl ether, cooled to 0°C. The formed precipitate was
separated and dried under high vacuum for 2 h. The crude peptide was stored at -20°C before

purification.

HPLC Analysis and Purification of the 3-Peptides. General Procedure 6 (GP6)

RP-HPLC analysis was performed on a Macherey-Nagel C8 column (Nucleosil 100-5 Cg
(250x4 mm)) by using a linear gradient of A: 0.1 % TFA in water and B: acetonitrile at a flow rate
of 1 mL/min with UV detection at 220 nm (i, = retention time). The crude products were purified
by preparative RP-HPLC on a Macherey-Nagel C8 column (Nucleosil 100-7 Cg (250x21 mm))
by using a linear gradient of A and B at a flow rate of 10 mL/min with UV detection at 220 nm.

Subsequently, the solution was lyophilized to afford the purified peptide.

Formation of the Disulphides. General Procedure 7 (GP7)

In order to remove the acetamidomethyl protection group and to afford a cyclic disulphidic
peptide, the peptide was dissolved in methanol (200 mL/mmol) and iodine (33 eq.) was added

in once. The mixture was stirred for 9 h under argon atmosphere at room temperature and the
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reaction progress was determined by LC-MS. The access of iodine was destroyed using an
aqueous solution of ammonium thiosulphate (10 %) and methanol was removed under reduced

pressure. After lyophilisation, the crude product was stored at -20°C before purification.

Synthesis of H-(S)-B>-hPhe-(S)-B°-hVal-(R)-B>-hCys-(S)-B°-hLeu-(S)-B>-hVal-(R)-B>-hCys-
(S)-B>-hLeu-(S)-B>-hPhe-OH (104)

304 mg (0.334 mmol) Wang Resin was swelled in 5 mL dichloromethane for 1 h in a dried
manual SPPS reactor. Fmoc-(S)-8-hPhe-OH (671 mg, 1.67 mmol), 0.1 mL (1.26 mmol)
methylimidazole and 496 mg (1.67 mmol) MSNT were dissolved in 5 mL DMF and added under
nitrogen atmosphere to the resin and mixed by bubbling nitrogen for 4.5 hours. Subsequently,
the resin was worked up and analysed according to GP 1. The loading was estimated as 82 %.
The second amino acid (Fmoc-(S)-8°-hLeu-OH) was coupled according to GP4 and Fmoc-
deprotected according to GP2. The third amino acid (Fmoc-(R)-8°-(Acm)hCys-OH) was coupled
according to GP4 and Fmoc-deprotected according to GP2. The fourth amino acid (Fmoc-(S)-
B>-hVal-OH) was coupled according to GP4, capped according to GP3 and Fmoc-deprotected
according to GP2. The fifth amino acid (Fmoc-(S)-,Ba-hLeu-OH) was coupled according to GP4
and Fmoc-deprotected according to GP2. The sixth amino acid (Fmoc-(R)-,BS-(Acm)hCys-OH)
was coupled according to GP4 and Fmoc-deprotected according to GP2. The seventh amino
acid (Fmoc-(S)-,BS-hVaI-OH) was coupled according to GP4 and Fmoc-deprotected according to
GP2. The eighth amino acid (Fmoc-(S)-B8°>-hPhe-OH) was coupled according to GP4 and Fmoc-
deprotected according to GP2.

After drying in high vacuum for 24 hours, the peptide resin was treated according to GP5. RP-
HPLC purification of crude peptide according to GP6 (5 min 30 % B; 30-70 % B in 40 min;
70-95 % B in 5 min; 5 min 95 % B; t, = 28.7 min) afforded 98.8 mg (overall yield: 25 %) of the
ACM-protected peptide as a white solid in > 95% purity. MS (HiResMALDI): m/z = 1197.679
[M+H]*, CeoHg7N10011S,"; calcd. 1197.678.

The synthesis of the Acm-deprotected disulphide (98.8 mg, 0.08 mmol) was performed
according to GP7. The removal of the solvent was followed by purification on Sephadex G-25

(water:methanol = 1:1) and lyophilisation afforded 43.3 mg (overall yield: 13 % ) of disulphide
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(104) as white solid. MS (HiResMALDI): m/z = 1053.589 [M+H]*, Cs4HgsNgOgS:Na™; calcd.

1053.588.

Synthesis of CH;C(0)-(S)-B>-hAla-(S)-B°-hPhe-(S)-B>-hVal-(R)-B>-hCys-(S)-B>-hLeu-B*-(S)-
hVal-(R)-B%-hCys-(S)-B-hLeu-(S)-B*-hPhe-NH, (105)

The first B-amino acid Fmoc-(S)-,Bs-hPhe-OH (283.0 mg, 0.70 mmol) was loaded to
Rink Amide AM (213.7 mg) according to GP1. The loading was estimated as 73 % and free
amino functions were capped according to GP3, dried in high vacuum for 12 hours and the resin
was Fmoc-deprotected according to GP2. The second amino acid (Fmoc-(S)-,83-hLeu-OH) was
coupled according to GP4 and Fmoc-deprotected according to GP2. The third amino acid
(Fmoc-(R)-BS-(Acm)hCys-OH) was coupled according to GP4 and Fmoc-deprotected according
to GP2. The fourth amino acid (Fmoc-(S)-,Bs-hVaI-OH) was coupled according to GP4, capped
according to GP3 and Fmoc-deprotected according to GP2. The fifth amino acid (Fmoc-(S)-,Bs-
hLeu-OH) was coupled according to GP4 for 2 h and Fmoc-deprotected according to GP2. The
sixth amino acid (Fmoc-(R)-B°(Acm)hCys-OH) was coupled according to GP4 for 2 h and
Fmoc-deprotected according to GP2. The seventh amino acid (Fmoc—(S)—ﬁS-hVaI-OH) was
coupled according to GP4 for 1.5 h and Fmoc-deprotected according to GP2. The eighth amino
acid (Fmoc-(S)-,Ba-hPhe-OH) was coupled according to GP4 for 2 h and Fmoc-deprotected
according to GP2. The ninth amino acid (Fmoc-(S)-,Bs-hAIa-OH) was coupled according to GP4
for 3h and Fmoc-deprotected according to GP2.

After drying in high vacuum for 24 hours, the peptide resin was treated according to GP5. RP-
HPLC purification of the crude peptide according to GP6 was not possible due to the insolubility
in both acetonitrile and water. The peptide was soluble in TFA. MS (HiResMALDI): m/z =
1345.7374 [M+Na]", CgsH10sN12012S:Na’; calcd. 1345.7387.

Due to the solubility problems the crude material (205 mg) was directly treated according GP7.
Instead of methanol, the material was suspended in 10 mL TFA and 5 mL water and reacted for
5 days, whereupon the solution clarified. However, like for the Acm-protected peptide no
purification according to GP6 was possible for the disulphide. The peptide was extracted with

water to remove smaller peptides. Drying in high vacuum for 24 hours afforded 94 mg (overall
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yield: 25 %) of compound 105. MS (HiResMALDI): m/z = 1179.6680 [M+H]*, CgoHgsN10010S,";

calcd. 1179.6668.

Synthesis of H-(S)-B°-hAla-(S)-B3-hTyr-(S)-B>-hVal-(R)-B°-hCys-(S)-B>-hLeu-B>-hVal-(R)-B°-
hCys-B°-hLeu-(S)-B*-hTyr-NH, (106)

The first B-amino acid Fmoc-(S)-BS-hTyr(tert-butyI)-OH (244.2 mg, 0.52 mmol) was loaded to
Rink Amide AM (298.2 mg) according to GP1. The loading was estimated as 75 % and free
amino functions were capped according to GP3, dried in high vacuum for 12 hours and the resin
was Fmoc-deprotected according to GP2. The second amino acid (Fmoc-(S)-,83-hLeu-OH) was
coupled according to GP4 and Fmoc-deprotected according to GP2. The third amino acid
(Fmoc-(R)-BS-(Acm)hCys-OH) was coupled according to GP4 and Fmoc-deprotected according
to GP2. The fourth amino acid (Fmoc-(S)-,Bs-hVaI-OH) was coupled according to GP4, capped
according to GP3 and Fmoc-deprotected according to GP2. The fifth amino acid (Fmoc-(S)-,Bs-
hLeu-OH) was coupled according to GP4 and Fmoc-deprotected according to GP2. The sixth
amino acid (Fmoc-(R)-8%(Acm)hCys-OH) was coupled according to GP4 for 3 h. Unreacted
amino functions were capped according to GP3 for 1 hour and Fmoc-deprotected according to
GP2. The seventh amino acid (Fmoc-(S)-,Bs-hVaI-OH) was coupled according to GP4 and
Fmoc-deprotected according to GP2. The eighth amino acid (Fmoc-(S)-,Bs-hTyr-OH) was
coupled according to GP4 for 2.5 h and Fmoc-deprotected according to GP2. The ninth amino
acid (Fmoc-(S)-,BS-hAIa-OH) was coupled according to GP4 and Fmoc-deprotected according to
GP2.

After drying in high vacuum for 24 hours, the peptide resin was treated according to GP5. RP-
HPLC purification of 483.4 mg crude peptide according to GP6 (5 min 30 % B; 30-60 % B in 25
min; 60-95 % B in 5 min; 1 min 95 % B; t, = 28.7 min) afforded 66 mg (overall yield: 19.5 %) of
the ACM-protected peptide as a white solid in > 95% purity. MS (HiResMALDI): m/z =
1313.7371 [M+H]", Ce4H105N12043S,™; caled. 1313.7365.

The synthesis of the Acm-deprotected disulphide (66 mg, 0.05 mmol) was performed according
to GP7. Purification according to GP6 (5 min 30 % B; 30-60 % B in 25 min; 60-95 % B in 5 min;

1 min 95 % B; t, = 28.7 min) afforded 23 mg (overall yield: 7.7 % ) of disulphide (106) as white
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solid in > 98 % purity. MS (HiResMALDI): m/z = 1191.6260 [M+Na]", CsgHgoN10011S:Na’; calcd.

1191.6281. The normalized CD-spectrum of 106 is depicted in Figure 22.

200 210 220 230 240 250
A [nm]

Figure 22. Normalized CD-spectrum of 106 of a 0.2 mM solution in

methanol.

Synthesis of Dodecacarbonyl bis(u,u’-tetramethylthiolatocarbon)-S,S’,S”,S’”’)tetrairon

(108)

C(CH2SH),4 (107) (50 mg, 0.25 mmol) and Fe3(CO)s2 (251 mg, 0.5 mmol) were dissolved in
30 mL toluene and refluxed for 2 hours. Flash chromatography with THF:hexan = 1:6 afforded
23 mg (12% yield) of 108. '"H NMR (200 MHz, CDCly): & = 1.42 (s, 4H, CH.). *C NMR (50 MHz,
CDCls): 6 = 206.9 (CO), 38.4 (Cg), 32.8 (CH,). MS (DEI): m/z = 756 [M]",728 [M-CQJ", 700 [M—
2COJ", 672 [M-3COJ", 644 [M-4COJ*, 616 [M-5CQ]’, 588 [M-6COQ]", 560 [M-7CO]", 532 [M—
8COJ", 504 [M-9COQJ’, 476 [M-10CO]", 448 [M-11COJ", 420 [M-12CO]". IR (KBr): 2925 (m),
2854 (m), 2073 (vs), 2035 (vs), 1992 (vs,br), 1718 (m), 1629 (m), 1459 (m). Anal. Calcd. for

Ci7HgFes01284: C, 27.01 %; H, 1.07 %; S, 15.89 %. Found: C, 27.31 %, H, 1.15 %, S, 16.43 %.

Synthesis of Bis(triphenylphosphin)-2,2-dimercaptomethyl-1,3-propane-dithiolato-

platinum(ll) (109)

In 30 mL absolute ethanol, 79 mg (0.1 mmol) bis(triphenyl-phospino)-platinum(ll) chloride and
27.5mg (0.2 mmol) potassium carbonate were suspended. To this suspension 20 mg
(0.1 mmol) C(CH,SH), (107) were added and the resulting slightly yellow mixture was stirred for
15 hours at room temperature, whereupon a yellow precipitate appeared. Separation of the

precipitate and washing of the solid with ethanol, water and diethyl ether yielded, after drying in
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high vacuum for 1 day, 86 mg (94 %) of a yellow solid. 'H NMR (200 MHz, CDCl3): 6 = 7.36
(M, 12H, CHaromatic)s 7-22 (M, 6H, CHaromaic)s 7-14 (M, 12H, CHaromaic), 2.86 (d with Pt-satelites,
8Jpn = 57.6 Hz, “Jp.u= 7.20 Hz, 4H, P-Pt-S-CH,), 2.71 (d, 4H, CH,-SH), 1.15 (t, 2H, CH.-SH).
'C NMR (50 MHz, CDClg): & = 134.8/ 130.6/ 129.7/ 127.5 (Caromaiicy 45.8 (C), 34.0 (PtSCH,),
23.0 (CHp-SH). *'P{'H}-NMR (81 MHz, CDCly): & = 27.19 ('Jp.p; = 2834 Hz). MS (ESI): m/z =
916 [M-2H]*. Anal. Calcd. for C4H4P2PtSs: C, 53.60 %; H, 4.39 %; S, 13.96 %. Found:

C, 53.66 %, H, 4.65 %, S, 13.71 %.

Synthesis of [Bis(triphenylphosphino)platin(ll)-S,S’]-[diironhexacarbonyl-S”’,S’”’]-tetra-

mercaptomethyl-methane (110)

In a 100 mL Schlenk vessel 163mg (0.178 mmol) bis(triphenylphosphine)-2,2-
dimercaptomethyl-1,3-propane-dithiolato-platinum(ll) (109) and 90 mg (0.178 mmol) Fe3(CO);,
were dissolved in 40 mL dichloromethane. The solution was stirred at room temperature for
4.5 hours, whereupon the colour changed from dark green to red. After evaporation to dryness,
the crude material was purified via column chromatography (CH.Cl,) and washed with pentane
to give 44 mg (21 %) of a red solid. '"H NMR (200MHz, CDCl3): 6 = 7.41-7.06 (m, 10H, Caomatic);
2.86/2.83 (d with Pt satellites, Jy.p; = 66.4 Hz, “Ji.p = 6.4 Hz, 4H, CH,), 2.33 (s, 4H, CH,).
3C NMR (50 MHz, CDCly): & = 207.8 (CO), 134.8/ 130.1/ 127.4 (Caromatic), 43.5 (PtSCHs), 38.2
(CH,SFe). *'P NMR (81 MHz, CDCly): 27.5 (*Jpip = 2852 Hz). MS (FAB in nba): m/z = 1196
[M+H]*, 1028 [M—6CO]". IR (KBr): 3054 (w), 2959 (m), 2924 (s), 2853 (m), 2069 (vs), 2029 (vs),
1987 (vs), 1636 (m), 1436 (s), 1096 (s). Anal. Calcd. for C47H3sFesP-0sS4Pt+0.55pentane:

C, 48.10 %; H, 4.09 %; S, 10.25 %. Found: C, 48.37 %; H, 3.64 %; S, 10.38 %.

Synthesis of the [2Fe2S(Si)] Modified Polymer (123)

To a solution of compound 66 (1.46 g,
15 O
0.43mmol), 210mg (0.46 mmol) of /\sl'/m\oJ\/Ovl[o
(OC)sFe<> 7 ©oo
compound 120 were added and the (Oé)3|5é/s 16 n=33:m=27

solution stirred for 24 hours at room temperature. Evaporation to dryness, followed by dissolving
in chloroform and extraction with sodium bicarbonate, brine and water afforded 234 mg (14 %)

of compound 123 after precipitation in acetone at -95°C. 'H NMR (400 MHz, CDCly): & = 5.45
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(m, 33H, H7), 4.95 (m, 66H, H8), 3.67 (m, 114H, H9, H10, H11, H12, H13, H14), 2.11 (m, 33H,
H6), 1.20 (m, 73H, H2, H3, H5, H16), 0.84 (m, 6H, H1, H4), 0.00 (s, 3H, H15). IR(KBr, cm™):
3076 (m), 2972 (m), 2925 (vs), 2074 (vs), 2034 (vs), 2002 (vs), 1750 (m), 1642 (m), 1119 (m),

909 (m).

Synthesis of 2,2’-Dibromobiphenyl (153)

A solution of 15 g (0.064 mol) 1,2-dibromobenzene, dissolved in 100 mL THF, was cooled to
-78°C and 21 mL (0.033 mol) n-butyllithium (1.6 mol/L in hexane) were slowly added within
30 min. Within 24 hours the reaction mixture was allowed to warm up and the reaction mixture
was subsequently hydrolyzed at 5 °C with 60 mL hydrogen chloride (0.5 mol/L in water). The
solution was extracted three times with 50 mL diethyl ether and the organic fractions were dried
with sodium sulphate. Evaporation to dryness and crystallization from ethanol afforded 4.9 g
(25 %) white crystals. '"H NMR (200 MHz, CDCls): & = 7.65 (m, 2H, CHaromatc), 7-29 (m, 6H,
CHaromaiic). °C NMR (50 MHz, CDCly): 6 = 142.0 (C,C;), 132.5 (CHCBr), 130.9 (CHC,),
129.3 (CHCHCBY), 127.1 (CHCHC,), 123.5 (CBr). MS (DEIl): m/z = 310 [M]", 231 [M-Br]",

152 [M-2Br]".

Synthesis of 1,1-Dichlorosilafluorene (154)

2,2’-Dibromobiphenyl (146) (4.5 g, 0.0145 mol) was dissolved in 50 mL diethyl ether. At -78°C,
18.75 mL (0.03 mol) n-butyllithium (1.6 mol/L in hexane) were added slowly, whereupon a white
precipitate was formed. After stirring for 14 hours at room temperature, the reaction mixture was
cooled to -78°C. To this solution 7.5 mL (0.07 mol) tetrachlorosilane, dissolved in 40 mL diethyl
ether, were added and after 3 hours the reaction mixture was allowed to warm up to room
temperature. After 19 hours additional stirring at room temperature, the reaction mixture was
filtrated and the solvent evaporated off. Bulb-to-bulb distillation (0.08 mbar/ 130°C) afforded
1.8 g (50 %) of a white crystalline solid. 'H NMR (200 MHz, C¢Dg): & = 7.39 (d, 2Jun = 7.12 Hz,
2H, C,CH), 7.24 (d, ®Jun = 7.8 Hz, 2H, SIiCCH), 7.00 (m, 2H, C,CHCH), 6.86 (m, 2H,
SiICCHCH). *C NMR (50 MHz, CeDg): 6 = 145.8 (C,C,), 133.1 (SiCCH), 132.8 (C,CHCH),
130.8 (SiC), 129.1 (SICCHCH), 121.3 (C,CH). #Si NMR (79.5 MHz, C¢Dg): & = 8.28. MS (DEI):

m/z = 250 [M]*, 215 [M-CIJ*, 152 [M-SiCl,]".
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Synthesis of 1,1-Dichloro-2,3,4,5-tetraphenyl-1-silacyclopentadiene (156)

Precaution: Avoid humidity. Traces of water will change the reaction and will afford exclusively
1,2,3,4-tetraphenyl-cis,cis-butadiene. Lithium should be used as mineral oil suspension. Pieces
of lithium will be deactived very fast and no reaction can be observed.

Diphenylacetylene (15 g, 0.084 mol) and 2.35 g (~ 0.1 mol) lithium (~ 30 % in mineral oil) were
suspended in 150 mL thoroughly dried diethyl ether. The suspension was stirred for 4 hours,
whereupon most lithium disappeared and the mixture coloured deep red. Subsequently, the
reaction mixture was cooled to -78°C and tetrachlorosilane was added at once. The reaction
was allowed to warm up to room temperature within 3 hours and stirred for additional 4 weeks
(elongation of time leads to higher yields). The formed precipitate was filtered off and the
solution was concentrated to one third under high vacuum. The solution was stored at -20°C
whereupon 4.3 g (23 %) greenish crystals were formed. '"H NMR (200 MHz, CDCly): & =
7.55-6.80 (m, 20H, CH). *C NMR (50 MHz, CDCls): 6 = 154.8, 136.7 (C-Si), 135.4, 132.3,
129.5, 129.3, 128.2, 127.8, 127.4, 127.1 (CHaromatic)- °Si NMR (79.5 MHz, CDCly): & = 8.1.

MS (DEI): m/z = 454 [M]".

Electrochemistry: Instrumentation and Procedures

Cyclic voltammograms were recorded against a non-aqueous Ag/Ag” reference electrode (0.1
M [n-BuyN][PFe] and 0.01 M AgNOQO; in acetonitrile) and Ag/AgCl using 0.45 M [n-BusN][BF,] in
dichloromethane as supporting electrolyte. A glassy carbon (GC) macroelectrode and a
platinum wire were used as the working and auxiliary electrodes, respectively. A solution of
0.05 M [n-BusN][PF¢] (Fluka, electrochemical grade) in acetonitrile (Aldrich, anhydrous, 99.8%)
was used as the supporting electrolyte. Electrochemical experiments were carried out using a
CHI750C electrochemical bipotentiostat. Prior to each experiment, the electrochemical cell was
degassed for at least 10 minutes using argon, and a blanket of argon was maintained
throughout. The GC working electrode was prepared by successive polishing with 1.0 and 0.3
micron alumina pastes and sonicated in Millipore water for 5 minutes. All cyclic voltammograms
were recorded at a scan rate of 100 mVs™. In case of the studies of compound 115, cyclic
voltammetric measurements were conducted in 3-electrode technique using a Reference 600

potentiostat (Gamry Instruments, Warminster, USA) which was controlled by DigiElch 5.R?*°.
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This program provides not only routines for the digital simulation of electrochemical experiments
but also those for performing the measurements in a consistent way making use of the Gamry
Electrochemical Toolkit™ library. Unless otherwise stated the experiments were performed in
acetonitrile (containing 0.25 M tetra-N-ethyl-ammonium-perchlorate) under a blanket of solvent-
saturated argon. The ohmic resistance which had to be compensated was determined by
measuring the impedance of the system at potentials where the faradaic current was negligibly
small. Background correction was accomplished by subtracting the current curves of the blank
electrolyte (containing the same concentration of supporting electrolyte) from the experimental
CVs. The reference electrode was an Ag/AgCl electrode in acetonitrile containing 0.25 M tetra-
N-butylammonium chloride. All potentials reported in this thesis refer to the
ferrocenium/ferrocene couple which was measured at the end of a series of experiments. The
reduction processes for simulation experiments were studied on a hanging mercury drop (Mug.
darop = 4mg) produced by the CGME instrument (Bioanalytical Systems, Inc.,West Lafayette,

USA).

Quantum Chemical Calculations

227

The density functional programs provided by the TURBOMOLE 5.71 suite™" were used for all

calculations. The calculations were arranged with the density functional BP86°%%?%° in
combination with the resolution-of-the-identity (RI) technique®® as implemented in
TURBOMOLE. The BP86 functional is composed of the Becke exchange functional B88°*% and
the Perdew correlation functional P86.2*° The preoptimizations of the geometries were done
with the basis set SVP.2*" The final structures and frequency calculations were calculated by

applying the basis set TZVP?*?

The output IR line spectra were convoluted with a Gaussian
profile of 15 cm’ width to better match the experimental spectra.

Further quantum chemical calculations were carried out using the DFT (density functional
theory) hydride functional Becke3LYP?**, as implemented in the program package
Gaussian 03.** The used basis sets for the elements are all of 6-311+G(d,p)*** quality. As it is
assumed, that lattice effects to the molecule geometry are negligible, the calculation is carried

out as a single point gas phase calculation using the geometry determined from the crystal

structure.
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Crystal Structure Determination

Compounds were crystallized from solutions in chloroform or dichloromethane by slow
evaporation of the solvent at 4 °C. The intensity data were collected on a Nonius Kappa CCD
diffractometer using graphite-monochromated Mo-K,, radiation. Data were corrected for Lorentz
and polarization effects but not for absorption.?****” Crystallographic data as well as structure
solution and refinement details are summarized in Table 19 or the manuscripts attached.

The structures were solved by direct methods (SHELXS)?*®

and refined by full-matrix least squares
techniques against Fo? (SHELXL-97).238 All non-hydrogen atoms were refined anisotropically.238

The hydrogen atoms were included at calculated positions according to the riding model.
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Table 19. Crystal Data and Refinement Details for the Crystal Structure Analyses of Compounds 45, 108

and 110.
45 108 110
empirical formula C4oHsFex0,S, C17HgFe 04,8, C4gH39Cl3Fe,0OgP5PtS,
formula mass [g-mol™'] 415.98 755.87 1315.11
collection T[°C] -90(2) -90(2) -90(2)
A (Mo Ko) [A] 0.71073 0.71073 0.71073
crystal system monoclinic orthorhombic triclinic
space group (No.) Cc Iba2 (45) P (2)
alA] 9.1318(9) 17.2326(5) 9.4428(2)
bA] 20.914(2) 11.6371(2) 17.9737(6)
c[A] 8.6091(5) 12.4149(2) 18.0198(6)
alq 90 90 118.7760(10)
B9 111.213(5) 90 95.286(2)
y [ 90 90 100.883(2)
VIAY 1532.8(2) 2489.65(12) 2572.27(13)
4 4 4 2
Pealca [9:CM ™7 1.803 2.017 1.698
u[mm™] 2.19 2.68 3.696
F(000) 832 1496 1300
crystal dimensions [mm] 0.05x0.03x0.03 0.05x0.05x0.04 0.06 x 0.06 x 0.03
26range [deg] 2.95-27.47 3.90-27.45 2.25-27.48
-10<h< 11, —21<h<22, -12<h< 12,
index ranges —26 < k<27, —13< k<15, —22< k<23,
-11</<10 -16</<15 -23</<23
measured reflections 4863 8458 29241
unique reflections/ R 2891 2782 11756
reflections used 4863 8458 29241
data with /> 20() 2125 2640 8920
parameters 191 168 595
s 1.005 1.022 1.026
R1[I> 20()]° 0.0492 0.0190 0.0481
wR2 [all data, on F?° 0.0934 0.0427 0.1069
max./ rg'gr'];ﬁ;'?ﬁ\'_%'ec”o” 0.612/-0.551 0.272/-0.306 2.226/-2.172

28 = (Z[W(F.2 - F2)?/ (n— p)}*°; n = no. of reflections; p = no. of parameters; ° R1 = X||Fy| — | Fl
I EIF; © wR2 = {EW(FS* = F*)°]/ ZIW(FS ).
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The reactions of DL-1,4-disulfanylbutane-2,3-diol and 1,3-disulfanylpropan-2-ol with dodecacarbo-
nyltriiron have been investigated. As main products, the iron complexes 1 and 2 were isolated and
characterized by spectroscopic methods, as well as single crystal X-ray analysis. Additionally, the
unusually large bond angles in the dithiolato bridge was investigated via density-functional theory (DFT)
calculations. Moreover, the electrochemical features have been studied by cyclic voltammetry.

Introduction. — In a time of decreasing natural resources, finding alternative energy
sources has become eminently important. Nature uses an easy way to form energy by
forming molecular hydrogen. Since the structure of the active site of the Fe-only
hydrogenases is known [1], an increasing interest in this field is observed. Inspired by
this work, we are interested in the synthesis of new models for Fe-only hydrogenases,
which are not based on the typical azadithiolato structure [2]. Fe-Only hydrogenase
moieties can be obtained in several of ways (Scheme I).

Scheme 1. Pathways to Models for [Fe-only ]-Hydrogenases
X X=CRR,NR", O, S

Fex(CO)p+

S-S

J 25+

1. LIEtsBH
2. CF;COOH

S-S . (

A0 Br B
(OC)sFeSFe(CO); ——"

X

reflux
—

(OC)SFéKlI:e(CO)B

Fes(CO)jp+ HS SH

An efficient reaction under mild conditions to dithiolato-bridged complexes is the
oxidative addition of nonacarbonyldiirons to cyclic disulfides at room temperature [3].
Another pathway leading to these complexes is the reaction of dodecacarbonyltriirons
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with dithiols [4]. The reaction of hexacarbonyldiiron disulfide with LiEt;BH,
CF;COOH, and a dibromo compounds offers an elegant alternative for the synthesis
of these model complexes [5].

By using additional functional groups in the bridge that provide the possibility of
forming H-bonds, we intend to simulate the eventual influence of N-containing
neighbouring species to the active site of the Fe-only hydrogenase. By using 1,4-
disulfanylbutane-2,3-diol [6] and 1,3-disulfanylpropan-2-ol, we aimed at creating two
novel model complexes as shown in Scheme 2. The reactions of the disulfanyl
compounds with dodecacarbonyltriiron in refluxing THF or toluene are presented in
this contribution.

Scheme 2. Potential Model Complexes for [ Fe-only |-Hydrogenases

OH
OH
Fes(CO)p + . 1
3 12 s s
HS SH 4
(OC)sFe=Fe(CO)q
HO, OH
HO  OH
Feg(CO)pp + \/ </ %L» A
s S
HS SH

(OC)SFé>—<II=e(CO)3

AN ne
SFe(cO)s

(CO)Fe—" )
) <
(COFe g §Z—Fe(CO)s

HO OH

Results and Discussions. — Treatment of 1,3-disulfanlypropan-2-ol with dodeca-
carbonyltriiron in toluene (reflux) for 2 h gave only one compound, 1, in 63% yield.
The 'H-NMR spectrum of 1 shows a multiplet at 3.07 ppm, which is assigned to the H-
atom next to the OH function, a double doublet at 2.89-2.72 ppm and 1.54—1.42 ppm
for the CH, groups, and a doublet at 1.84/1.81 ppm for the OH group. Based on the 'H-
and BC-NMR spectra, the 2-hydroxypropane-1,3-dithiolato-bridged complex 1 was
established. MS Analysis shows a stepwise fragmentation of five CO groups, and the
[M —CO]* peak at m/z 373.83 further confirms the structure of compound 1. Single-
crystal X-ray-analysis revealed the proposed structure as depicted in Fig. 1. The two Fe-
centres are distorted octahedrally, and coordinated by CO ligands and a 2-hydroxy-
propane-1,3-dithiolato bridge. An unexpected observation was that the bond angles
S(2)—-C(3)—C(2),S(1)—-C(1)—C(2) and C(1)—C(2)—C(3) are ca. 115°. Assuming sp*-
hybridization, the angles would be expected to be 109.5°. Also the distances C(1)—C(2)
and C(2)—C(3) are slightly shortened (see Table 1). In contrast to the calculated
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o1 H1

C3

Fig. 1. Structure of compound 1 (ellipsoids at the 50% level)

structure, the OH function is arranged in axial position [7]. The molecules of 1,
crystallized in the space group P2,/n, are arranged in a helix (Fig. 2).

Table 1. Bond Lengths [pm] and Angles [°] for Compound 1

Bond lengths

Fe(1)—Fe(2) 250.39(6) Fe(2)-S(1) 225.05(8)
Fe(1)—S(1) 225.6(8) Fe(2)-S(2) 224.77(9)
Fe(1)—-S(2) 226.35(8) Fe(2)—C(7) 180.0(4)
Fe(1)-C(4) 178.8(3) Fe(2)—-C(8) 180.5(3)
Fe(1)-C(5) 180.5(3) Fe(2)—C(9) 179.8(3)
Fe(1)-C(6) 180.4(3) C(4)-0(2) 114.5(3)
S(1)-C(1) 182.3(3) C(5)-0(3) 114.0(4)
S(2)-C(3) 182.9(3) C(6)—0(4) 113.3(4)
C(1)-C(2) 150.1(4) C(7)-0(5) 113.9(4)
C(2)-C(3) 148.2(4) C(8)—0(6) 113.0(4)
C(2)-0(1) 144.4(4) C(9)-0(7) 114.1(4)
O(1)—H(1) 75.7(0)

Bond angles

S(1)—Fe(1)-S(2) 82.2 S(1)-C(1)-C(2) 116.4
S(1)—Fe(2)-S(2) 85.7 S(2)-C(3)-C(2) 1154
C(1)-C(2)-0(1) 109.4 C(1)-C(2)-C(3) 116.2
C(3)-C(2)-0(1) 106.2

Within one turn, four molecules are arranged via H-bridges, where the O-atoms of
the OH groups (O(1)) form the helical backbone. The distance between the O-atoms is
ca. 2.6 A, and the pitch is 6.8 A.

To study the influence of the size of the disulfanyl compound on the arrangement of
the resulting complex, we treated DL-1,4-disulfanylbutane-2,3-diol with dodecacarbo-
nyltriiron in boiling THF for 2 h. After workup, besides iron sulfides and oxides one
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Fig. 2. Helix backbone of compound 1. For a better view, the CO ligands directed to the centre of the
helix are omitted.

compound was isolated by column chromatography. After diffusion of hexane into
concentrated THF solution, red-brown crystals were obtained after 8 weeks at —20°.
The 'H-NMR spectrum of the isolated compound shows four doublets at 4.70, 4.61,
440, and 4.18 ppm, and a broad multiplet from 2.87 to 2.28 ppm, which is not
compatible with the expected structure A (Scheme 2). The DEI-MS of the isolated
compound displayed a peak at m/z 780, following stepwise fragmentation of nine CO
groups. Based on the 'TH-NMR spectrum as well as the DEI-MS the above described
reaction has not led to the presumed compound A. It is rather indicated that the
isolated compound contains more than two Fe(CO); moieties, a result that is further
confirmed by a single-crystal X-ray analysis. The structural motif is shown in Fig. 3.
Instead of the binuclear Fe unit in A with one dithiolato-1,4-dithiolato bridge, two
binuclear ironcarbonyl units are bridged via two DL-2,3-dihydroxybutane-1,4-dithiolato
bridges, leading to the macrocyclic compound 2. Such a coordination mode is rare, and
an example has recently been published [8].

Fig. 3. One of the two symmetrically independent crystal structures of compound 2 (ellipsoids at the 50%
level)
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Quantum-Chemical Calculations. To explain the unusual bonding situation in
compound 1, RT-DFT calculations have been performed (BP-functional def-SV(P)
base) using the Turbomole package [9]. The calculated and experimental structures are
in good agreement (7able 2), implying that the large bond angles S(2)—C(3)—C(2),
S(1)-C(1)—C(2), and C(1)—C(2)—C(3) are not a consequence of crystal packing.
HOMO and LUMO ( Fig. 4) are mostly located in the Fe,(CO),S, part of the molecule.
The HOMO ~! shows an anti-bonding interaction between C(1)—C(2) and C(3)—C(2)
bonds, and the lone pairs at the S-atom. Thus, an influence of the S-atoms to the
widening of angles can be excluded. NBO (Gaussian 03) Analysis [10] (7able 3) shows
that, due to the influence of the O-atom, the p-character of the O(1)—C(2) bond
increases, and the p-character of the C(1)—C(2) and C(3)—C(2) bonds is decreasing by
the same amount. As a result of this influence, the C(1)—C(2) and C(3)—C(2) bonds
are slightly shortened, and the bonding angles are enlarged. Thus, this structural
property of compound 1 can be assigned to the rule of Bent [11] as to be seen in Table 3.

Table 2. Bond Lengths [pm] and Angles [°] for 1 Resulting from RI-DFT Calculations

Bond lengths

Fe(1)—Fe(2) 252.4 Fe(2)-S(1) 229.1
Fe(1)—S(1) 2292 Fe(2)—-S(2) 230.1
Fe(1)—S(2) 229.0 S(1)—-C(1) 184.9
Fe—CO 178.0 (average) S(2)—-C(3) 184.9
C(1)-C(2) 152.9 O(1)—H(1) 98.4
C(2)-C(3) 152.9

C(2)-0(1) 142.5

Bond angles

S(1)—Fe(1)-S(2) 854 S(1)-C(1)—-C(2) 117.4
S(1)—Fe(2)—S(2) 85.8 S(2)-C(3)-C(2) 1177
C(1)-C(2)-0(1) 110.3 C(1)-C(2)-C(3) 113.5
C(3)-C(2)-0(1) 110.3

Electrochemistry. To investigate whether the presence of H-bonds influences the
catalytic process of the H, generation, cyclic voltammograms have been recorded.

The electrochemistry of 1 displays one oxidation and two reduction processes (1, 2,
and 3 in Fig. 5), the potentials of which are listed in Table 4. The irreversible anodic
wave at +0.85V is assigned to the [Fe'Fe'] —[Fe'Fe'] +e~ process, as has been
previously proposed for the pdt-bridged diiron complex [(u-pdt)Fe,(CO)q] (pdt=
S(CH,);S) by Darensbourg and co-workers [12][13].

Two cathodic redox processes have been observed, one of which is quasi-reversible
and the second is an irreversible reduction wave. In comparison to compounds B and C
(Table 4), as reported by Sun and co-workers [12], the redox potential of the cathodic
process is shifted to more negative potentials at —1.53 V. This is ascribed to a one-
electron process [Fe'Fe!]l+e~ —[FeFe!]. A second reduction peak for similar
compounds has been reported [12] for the following process: [Fe’Fe!] +e~ — [FeFe].
For this compound, the irreversible reduction wave at —2.15V is attributed to this
process.
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HOMO

9

Fig. 4. Kohn-Sham orbitals for 1

Table 3. s- And p-Bonding Portion at C(2) for Compound 1 as Calculated by NBO Analysis

Hybridization at C(2) C(1)-C(2) C(3)-C(2) O(1)-C(2)
s-Portion 28.15 28.16 20.72
p-Portion 71.85 71.84 79.28

The electrochemistry of compound 1 was studied in the presence of the weak acid
AcOH (0-10 mmol) in MeCN to evaluate the potential properties of this compound
for catalytic proton reduction (Fig. 6). Upon addition of the acid, no anodic shifts in the
reduction potential were observed; this remained so for each sequential increment of
the acid concentration, with the potential remaining at —1.53 V (Fig. 7). The current
intensity, however, increased with increasing concentration of the acid.

Unfortunately, the cyclic voltammograms provide no evidence for any influence of
the OH group on the H, generation. The proposed mechanism for H, generation for
compound 1 is likely to be the same as described by Darensbourg and co-workers [13].

Conclusions. — The present study shows that disulfanyl alkohols and diols react with
Fe;(CO),, by oxidative addition to provided complexes, which can be seen as models
for Fe-only hydrogenases. Whereas 1,3-disulfanylpropan-2-ol reacts with Fe;(CO),, in
the usual way to form a dinuclear complex 1, 1,4-disulfanylbutane-2,3-diol leads, under
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Fig. 5. Cyclic voltammogram of compound 1, in 0.05M Bu,NPF;in MeCN vs. Ag/Ag™ reference electrode

Table 4. Electrochemical Data of Compound 1 vs. Ag/Ag™ Reference Electrode

Compound Ey [V] Fe'Fe'/Fe"Fe'  E,, E,, [V] Fe'Fe'/Fe’Fe!  E,, E,, [V] Fe’Fe'/Fe’Fe’
(irreversible) (irreversible)

1 +0.85 ~1.53(E,), — 142 (E,) —2.15(Ey)

B [(u-N-(para- +0.78 134 (E,.), —128 (E,))  —171(E,), —1.63 (E,,)

Nitrobenzyl)-

adt)Fe,(CO )]*) [13]

C [(u-N-(para- +0.80 —148 (E,.), —1.23 (E,,)

Aminobenzyl)-

adt)Fe,(CO )q] [13]

[(u-pdt)Fe,(CO)]") [12]  +0.84 —157(E,), —123 (E,) —211(E,)

@) adt =S—CH,~N(R)—CH,—S. ®) pdt=S—CH,~CH,—CH,—S.

similar reaction conditions, to a tetranuclear complex 2. Here, the dithiolato ligands are

coordinated to two different Fe,(CO), moieties.

The DFT calculation for 1 showed that the unexpected bonding situation is not a
packing effect, but it is to be attributed to the influence of the O-atom, according to the
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Fig. 6. Cyclic voltammogram of compound 1 (1 mmol) with AcOH (0—10 mmol)

rule of Bent. The cyclic voltammogram in MeCN shows that complex 1 exhibits
catalytic properties for H, formation, but the OH function does not influence the
catalytic cycle.

Experimental Part

General Solvents for syntheses were first dried over KOH and distilled from Na/benzophenone.
Chemicals were used as received from Fluka and Acros. TLC: Merck silica gel 60 F,s, plates; detection
under UV light at 254 nm. FC: Fluka silica gel 60. IR Spectra: Perkin-Elmer 2000 FT-IR. NMR Spectra:
Mercury-vx (H: 300, ®C: 75 MHz) or Bruker AVANCE 200 (‘H: 200, 3C: 50 MHz) spectrometers.

Hexacarbonyl (u-2-hydroxypropane-1,3-dithiolato-S,S')diiron (1). In 20 ml of toluene, 200 mg
(1.63 mmol) of 1,3-disulfanylpropan-2-ol and 824 mg (1.63 mmol) of Fe;(CO),, were dissolved under
Ar. The soln. was heated under reflux for 2 h. The resulting red colored soln. was separated from the
insoluble precipitate. After removing the solvent, the crude product was purified by flash chromatog-
raphy (FC; THF/hexane 1:1), and the remaining red solid was dissolved in CH,Cl, and covered with
pentane, whereupon 415 mg (63%) of crystals were obtained. IR (KBr): 3258s, 2912w, 2070vs, 2025vs,
1986vs, 1961vs, 1414m, 1311m, 1218m, 1025s. 'H-NMR (200 MHz, CDCl,): 3.15-3.02 (m, CH(OH));
2.81-2.72 (dd, °J(H,,CH)=13.2, ?J(H,H,)=4.9, 2H, CH_H,); 1.83 (d, *J(OH,CH)=5.6, OH); 1.56-
1.42 (dd, 3J(H,,CH)=11.0, 2J(H,,H,) =4.9, 2H, CH,H,). *C-NMR (50 MHz, CDCl,): 207.4/207.3 (CO);
72.8 (CH);29.6 (CH,). DEI-MS: 374 ([M — CO]*), 346 ([M —2 CO]"),318 ([M -3 CO]*), 290 ([M —
4 CO]J*"),262 ([M—5CO]"), 234 ([M—6 CO]*). Anal calc. for CoH¢Fe,0-S, (402): C 26.89, H 1.50, S
15.95; found: C 26.82, H 1.70, S 15.91.
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Fig. 7. Cyclic voltammogram of compound 1 (1 mmol) with AcOH (0-10 mmol), with emphasis on the
catalytic proton reduction in the region of —1.0to —2.0V

Bis[hexacarbonyl(u-2,3-dihydroxybutane-1,4-dithiolato-S,S')diiron] (2). In a 100-ml Schilenk vessel,
76 mg (0.49 mmol) of pL-1,4-disulfanylbutane-2,3-diol and 248 mg (0.49 mmol) of Fe;(CO),, were
dissolved in 20 ml of THF, and the resulting soln. was heated at reflux under Ar for 2 h. Within 2 h, the
color of the soln. changed from green to red, and inorg. iron compounds (iron sulfides) precipitated.
After evaporation, the crude substance was purified by FC (AcOEt/hexane 1:2): 32 mg (7.6 %) of 2
(mixture of the two diastereoisomers). IR (KBr): 3364s, 2879m, 2068vs, 2026vs, 1963vs, 1384m, 1224m.
'H-NMR ((Dg)THF, 300 MHz): 4.70, 4.61, 4.40, 4.18 (4d, 3J(OH,CH)=6, 40OH); 2.88-2.55 (m,
CH,—(CH),—CH,). “C-NMR ((D,)THF, 300 MHz; mixture of two diastereoisomers): 212.2 (CO);
78.9/78.3 (CH); 44.9/33.7 (CH,). DEI-MS: 780 ([M — 3 CO]), 752 ([M —4 CO]), 724 (|[M — 5 CO]), 696
([M—-6CO]), 668 ([M—7CO]), 640 ([M -8 CO]), 612 ([M —9 CO]J), 584 ([M —10 CO]), 556 ([M —
11 COJ), 528 ([M —12 CO]). Anal. calc. for 4 C,H,sFe,0,S,-3 C,H;O-H,0 (864): C 29.94, H 2.46,
S 13.90; found: C 30.44, H 2.92, S 13.69.

Electrochemistry: Instrumentation and Procedures. Cyclic voltammograms were recorded against a
non-aqueous Ag/Ag™ reference electrode (0.1m Bu,NPF; and 0.0 AgNO; in MeCN). A glassy carbon
macro-electrode and a Pt wire were used as the working and auxiliary electrodes, resp. A soln. of 0.05M
Bu,NPF; (Fluka, electrochem. grade) in MeCN (Aldrich, anh., 99.8%) was used as the supporting
electrolyte. Electrochemical experiments were carried out using a CHI750C electrochemical bipotentio-
stat. Prior to each experiment, the electrochemical cell was degassed for at least 10 min with Ar, and a
blanket of Ar was maintained throughout. The glassy-carbon working electrode was prepared by
successive polishing with 1.0 and 0.3 p alumina pastes and sonicated in Millipore water for 5 min. All
cyclic voltammograms were recorded at a scan rate of 100 mVs~!.
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Crystal-Structure Determination for 1. The intensity data for the compound were collected on a
Nonius KappaCCD diffractometer, using graphite-monochromated MoK, radiation. Data were
corrected for Lorentz and polarization effects, but not for absorption effects [14][15].

The structures were solved by direct methods (SHELXS [16]) and refined by full-matrix least-
squares techniques against F2 (SHELXL-97 [17]). The asymmetric unit contains two molecules of the
complex, each having no different binding mode. The H-atom of the OH group of molecule 1B was
located by difference Fourier synthesis and refined isotropically. All other H-atoms of the structures were
included at calculated positions with fixed thermal parameters. XP (Siemens Analytical X-Ray
Instruments, Inc.) was used for structure representations.

Crystal Data for 1'). CoH¢Fe,05S,-0.5 CH,Cl,, M, 444.42 ¢ mol~!, red-brown prisms, size 0.06 x
0.06 x 0.05 mm?, monoclinic, space group P2,/n, a=14.8728(2), b=6.7702(1), ¢=32.0661(6) A, f=
101.693(1)°, V=3161.79(9) A3, T= —90°, Z=8, pey..=1.867 g cm~3, u(MoK,)=22.93 cm~, F(000)=
1768, 19082 reflections in h(—18,17), k(—8,8), I(—35,41), measured in the range 1.42° <@ <27.48°,
completeness O,,,, =95.3%, 6917 independent reflections, R;,, =0.0433, 5047 reflections with F, >40(F,),
393 parameters, 0 restraints, R;q,,=0.0364, wR,,,,=0.0833, R,,;=0.0647, wR,,;=0.0944, goodness-of-fit:
0.994, largest difference peak and hole: 0.900/ —0.953 e A3,

Crystal Data for 2'). C3iH,,Fes0,,Sq; C;HO; H,O, M, 1386.08 g mol~!, redbrown prism, size 0.28 x
0.2 x 0.1 mm, monoclinic, space group P21/c, a =13.9020(2), b = 25.5930(4), ¢ = 16.0320(3) A, =
98.31(1)°, V = 5644.2(6) A3, T = —40°, Z = 4, peye. =1.634 gem =3, u(MoK,)) =0.7107 A, F(000)=2800,
20787 reflections in A(—17,17), k(—31,31), I(—19,19), measured in the range 0.998°<® <26.022°,
completeness O,,,,=99%, 11055 independent reflections, R;,,=0.03, 9070 reflections with F,>40(F,),
structure solved with SIR97 [18], two independent molecules, one completed by crystallographic
symmetry centre, THF and H,O as solvent. Refined with SHELXL97 [19] for non-H-atoms, 619
parameters, 7 restraints, H-atom positions calculated and included in structure factor calculation. R ,,=
0.11, wR,,s=0.34, R,,;=0.13, wR,,;=0.34, goodness-of-fit: 2.4, largest difference peak and hole: 3.9,
—1.2 eA-? (around Fe-atoms).
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Functionalized Sugars as Ligands towards Water-Soluble [Fe-only]
Hydrogenase Models
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Only a small number of water-soluble iron carbonyl type
model compounds for the active centre in [Fe-only] hydro-
genase are known, and these models are mainly prepared by
substitution of one of the CO ligands. In this publication we
present new water-soluble models for [Fe-only] hydrogenase
that contain a peripherally bound sugar residue. Compounds
were prepared in which the 1,3-disulfanyl-2-propyltetra-O-

acetyl-B-D-glucopyranoside unit is coordinated to the iron
carbonyl core through either a sulfur or a selenium bridge-
head atom. Electrochemical results for both types of com-
pounds reveal hydrogen gas evolution from acetic acid and
water.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Since the elucidation of the structure of [Fe-only] hydro-
genase in Desulfovibrio desulfuricans and Clostridium paste-
urianum,1 much effort has been devoted to synthesize
structural and functional models of its catalytic centre.”!
Because the involvement of a bis(mercaptomethyl)amine
bridge at the coordination site of the iron centres is not yet
clarified, other dithiolates (SCH,XCH,S, X = CH,, O, S)
have been studied as bridging ligands in these model com-
plexes.’l It was shown that an amino functionality was not
essential for catalytic activity.! Up to now, all model sys-
tems exhibit similar problems: too negative potentials for
H, development from protons (ca. —1.6 V) during electroca-
talysis and insolubility in water. The use of sugar residues
should strongly increase the hydrophilicity and should al-
low hydrogen gas formation in aqueous systems, which is
sparsely known in the literature.l’! Water would provide the
advantage to serve as both the solvent and the proton

[a] Institut fir Anorganische und Analytische Chemie, Friedrich-
Schiller Universitat Jena,
August-Bebel-StraBle 2, 07743 Jena, Germany
Fax: +49-3641-948102
E-mail: wolfgang.weigand@uni-jena.de

[b] Solar Energy Conversion SRC, School of Chemical Sciences,
Dublin City University,
Dublin 9, Ireland
E-mail: han.vos@dcu.ie

[c] Institut fiir Organische und Makromolekulare Chemie, Fried-
rich-Schiller Universitit Jena,
HumboldtstraBe 10, 07743 Jena, Germany
E-mail: Michael.Gottschaldt@uni-jena.de

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

F e WILEY . .
sip g InterScience

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

source, as is the case under physiological conditions. The
advantages for the use of sugars, therefore, are self evident.
Bound to a metal centre, sugars are able to improve water
solubility, and additionally, they may create hydrogen
bonds, which may have an influence on the catalytic cycle
of hydrogen gas evolution. To form complexes with a
[2Fe2S] unit like in natural hydrogenase, it is necessary to
introduce sulfur into the ligand molecule. Another impor-
tant aspect of these studies is clarification of the role of the
sulfur bridgehead atoms observed in natural systems. In this
study, the more electropositive homologous selenium was
incorporated to produce compounds with [2Fe2Se] moie-
ties, and these compounds were compared with their
[2Fe2S] sulfur analogues. Only a very small number of
[2Fe2Se] complexes are known.[©]

Results and Discussion

The synthetic approach taken in the synthesis of both
the sulfur- and selenium-containing model compounds is
shown in Scheme 1. Starting from B,’-dibromoisopro-
pyltetra-O-acetyl-B-p-glucopyranoside (1), thioacetate 2
was synthesized in 49% yield by treatment with an excess
amount of potassium thioacetate at room temperature.®!
The usual way to deprotect the thioacetate groups with so-
dium hydroxide™ would result in deprotection of the sugar
hydroxy groups and is therefore not applicable to obtain
dithiol 3. Selective cleavage of the S-acetyl groups could be
realized by treatment of 2 with hydrazine and acetic acid in
dimethylformamide over a period of 4 d by stirring at room

Eur. J. Inorg. Chem. 2008, 5112-5118
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S—Fe(CO
N (CO)3

\
S—Fe(CO);
\

S—Fe(CO)3
X
S—Fe(CO)3

AcO
Se-Fe(CO);
s Acon-
Se-Fe(CO);

AcO

Scheme 1. Synthesis of the sugar-substituted iron carbonyl complexes by starting from dibromide 1. Reagents and conditions: (i) KSAc,
acetone; (ii)) NoH42H,O/HOAC; (iii) Fe;(CO);,, toluene; (iv) Na,Se,, ethanol/thf; (v) 1. NaOMe, 2. Fe3(CO);,; (vi) NaOMe.

temperature to yield dithiol 3 in 59%.11% After treatment of
1,3-disulfanyl-2-propyl-tetra-O-acetyl-B-D-glucopyranoside
(3) with Fe;(CO);, in toluene under reflux conditions!'!
only one compound could be isolated. The '"H NMR spec-
trum of 4 shows two doublets at 2.89-2.85 and 2.69-
2.65 ppm and a pseudo triplet (doublet of doublets) at
1.56-1.41 ppm. 'H,'H-COSY measurements suggest that
these signals can be assigned to the diastereotopic methyl-
ene protons adjacent to the thiolato groups. Two resonances
are visible for the methylene carbon atoms in the '*C NMR
spectrum at 6 = 28.5 and 27.2 ppm. Mass spectrometry
shows a stepwise fragmentation of three CO groups and
two iron atoms. The [M — 3CO]* peak at m/z = 648 further
confirms the structure of compound 4.

By diffusion of pentane into a dichloromethane solution
of complex 4 crystals suitable for X-ray single-crystal struc-
ture analysis could be obtained (Figure 1). Compound 4
crystallized in the noncentrosymmetric space group P2;.
The two Fe centres are distorted octahedrally and coordi-
nated by CO ligands and a 1,3-ditholato-2-propyltetra-O-
acetyl-p-D-glucopyranoside bridge. The angles C1-C2-C3,
S1-C1-C2 and S2-C3-C2 are around 115°, which is unex-
pectedly high in comparison to a regular sp® hybridized
atom (109.5°). An explanation for this is given in the litera-
ture and can be described by the Rule of Bent.['>!31 Also,
the distances C1-C2 and C2-C3 are slightly shortened
(Table 1). The sugar ring exhibits a chair conformation and
is arranged in the axial position to the [2Fe2S] centre.

Treatment of compound 4 with sodium methoxide in
methanol led to deprotected complex 5, which decomposes
within hours in protic solvents. Additionally, 3 was depro-
tected by treatment with sodium methoxide in methanol
and converted into 5 with Fe;(CO);, by heating at reflux in
thf for 2 h to give a red-coloured product that is soluble
in water and methanol. '"H NMR spectroscopy and mass
spectrometry indicate that compound 5 was formed. To pre-
pare selenium-containing sugar complex 7, dibromide 1 was

Eur. J. Inorg. Chem. 2008, 5112-5118
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Figure 1. ORTEP view (50% probability) of one of the molecules
in the structure of 4. Hydrogen atoms are omitted for clarity.

Table 1. Selected bond lengths [A] and angles [°] for compound 4.

Fel Fe2 2.5150(10) Cl1-C2 1.487(8)
Fel SI 2.2480(16) C2-C3 1.507(8)
Fel-S2 2.2554(17) S1-Cl 1.832(5)
Fe2-S1 2.2730(16) S2-C3 1.829(5)
Fe2-S2 2.2571(17) C2-01 1.435(6)
S1-Fel-S2 85.12(6) Cl-C2-C3 114.1(5)
S1-Fe2-S2 84.59(6) Cl-C2-0l1 110.2(4)
S1-C1-C2 114.4(4) C3-C2-01 105.4(4)
S2-C3-C2 115.8(4)

treated with sodium diselenide, freshly prepared from so-
dium borohydride and selenium in ethanol, to give 6 in 30%
yield."Y Reaction of 6 with Fe;(CO),, gave complex 7 as a
red solid. The structure as drawn in Scheme 1 was con-
firmed by 'H, *C and 77Se{'"H} NMR spectroscopic mea-
surements. Comparison of the proton resonances of com-
5113
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pound 4 and 7 reveal no important differences. The '3C
NMR spectra differ for the resonances of the methylene
carbon atoms. The carbon resonances of 7 are found at
higher field (Ad = 10 ppm) relative to those of 4 and are
shifted from 28.5/27.2 ppm in 4 to 17.9/16.4 ppm in 7,
caused by the higher shielding of the carbon nucleus by the
more electropositive selenium. Additionally, the [M]* peak
at m/z = 850.6 in the ESI-MS and the CO bands between
2069 and 1991 cm™! in the IR spectrum support the struc-
ture. Deprotection of 7 was carried out in situ as outlined
below. According to the 'H and '3C NMR spectra, no epi-
merization of a B- to a-glycoside was observed.

Electrochemistry

Sulfur-Containing Complexes

Cyclic voltammetry of compound 4 exhibits one irrevers-
ible anodic process and several cathodic processes (Fig-
ure S1). The iron centres undergo an irreversible oxidation,
E,, = +1.09 V, which is assigned to the [Fe'Fe'] — [Fe!'Fe']
+ e process, as described for the propylendithiolato (PDT)-
bridged diiron complex [(u-PDT)Fe,(CO)g).l'%15:161 The
first cathodic wave observed (£, = —1.50 V) is attributed to
the [Fe'Fe!] + e~ — [Fe®Fe!] process. The second cathodic
wave with a reduction potential of —1.89 V may be ascribed
to the [Fe’Fel] + e — [Fe®Fe?] process, as was reported for
similar compounds.!'®!

To investigate the catalytic proton reduction ability of 4,
cyclic voltammetry was studied in the presence of a weak
acid (HOAc, 1-10 mmol in acetonitrile; Figure 2). An in-
crease in the current intensities of the reduction potentials
upon addition of an acid is a characteristic feature for a
catalytic electrochemical process, and in these cases the for-
mation of hydrogen gas. As previously reported in the lit-
erature, other compounds that facilitate catalytic proton re-
duction exhibited a positive shift in their reduction poten-
tial upon addition of acetic acid.['3! No positive shift was
observed for 4. The peak current, however, experienced a
substantial increase with the first aliquot of acid (1 mmol),
whereas each increment thereafter led only to a slight in-
crease in current. An irreversible wave of low intensity was
observed (=—1.23 V) after the initial addition of acid and
experiences a slight increase in current with increments of
HOAC thereafter.

An equimolar amount of sodium methoxide (NaOCHs)
was added to deprotect the sugar hydroxy groups in com-
pound 4 by standard deacylation (Scheme 1, step vi) to
yield 5, and this enabled the in situ investigation of the free
sugar in the CV cell.l'l Sodium methoxide is a redox inac-
tive compound. It exhibits poor solubility in acetonitrile,
and as a result of this, it was previously dissolved in a mini-
mal amount of methanol and added to the solution prior
to HOAc addition. No shift in potential was observed and
the reversibility of the process remained the same (Fig-
ure S2). A broad cathodic wave is observed in the spectrum
at approximately —1.5 V with a current intensity that weak-
ens with every successive voltage cycle. A return wave is
5114
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- ——— No acid added
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Figure 2. Cyclic voltammograms of 4 (1 mmol) with HOAc (0—
10 mmol) in acetonitrile (vs. Ag/Ag* reference electrode).

observed for this process, which reached a stable state after
the third cycle. A decrease in the current intensity of the
first reduction was observed when 1 mmol of acid was
added. However, with each sequential increment of HOAc
the current intensity of the deprotected sugar reduction ex-
perienced a steady increase, which may suggest an electro-
chemical catalytic process (Figure 3). There was no anodic
shift in the reduction potential. The weak, broad cathodic
wave seen in Figure 3 disappears with the addition of the
acid.

-1.0x10°
004 [ amee e m—==x
1.0x10°
< —
== — Reduction 5 with NaOMe (4 eq)
o = = = 1 mmol HOAC
c  2.0x10° 2 mmol HOAG
o ——— 4 mmal HOAC
S —— & mmol HOAC
[&] =-=--8 mmol HOAc
3.0x10° === 10 mmol HOAc
4.0x10°
I

L T L T . T . 1 y T . T L T k. I = T T I L] T
20 -1.8 -16 -14 -12 -10 -08 -06 -04 -02 00
Potential, E [V]

Figure 3. Cyclic voltammograms of 5 (1 mmol) with HOAc (0—
10 mmol) in acetonitrile (vs. Ag/Ag™ reference electrode).

Following the addition of HOAc to the complex and in-
vestigation of the catalytic proton reduction, a 5:1 mixture
of water/acetonitrile (ACN) was added to the solution to
examine any changes in the voltage in the electrochemistry.
As a result of adding water the current intensity increased
and led to a shift in the reduction potential at —1.5 to
—1.6 V. Complex 5 was not stable in protic solvents such as
methanol and water. This can be seen in the CV (Figure 4).

Eur. J. Inorg. Chem. 2008, 5112-5118
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By adding 4.5 mL of H,O/ACN (5:1) the reduction poten-
tial at —1.5 'V, typical for the reduction of Fe!Fe! to Fe®Fel,
disappeared, which indicates the decomposition of 5.

-4.0x10°
-2.0x10°
0.0
o 2.0x10°
)
@ 4.0x10 ® Reductions on GC with NaOMe (4 eq.)
15 | = = = 10 mmol HOAc in ACN
Q 1mi H:OmCN {5:1) solution added
6.0x10° ———2.5 ml H,O/ACN (5:1) solution added
——4.5ml H,0/ACN (5:1) solution added
8.0x10°
1.0x10™*

T T T T T T T T L T L T L4 Ll
12 10 -08 -06 -04 -02 00
Potential, E [V]

Figure 4. Cyclic voltammograms of 5 detailing the effect of H,O
on the catalytic proton reduction.

Selenium-Containing Complexes

Selenium analogue compound 7 undergoes an irrevers-
ible oxidation at +0.97 V, exhibiting a cathodic shift of
120 mV relative to the oxidation potential of 4. A cathodic
wave was observed at —1.46 V, which is attributed to the
[Fe'Fel] + ¢~ — [Fe®Fel] process. A second reduction wave
is observed, E,. = —2.02'V, which can be ascribed to the
[Fe’Fe'] + e- — [FeFe] process (Figure S3).

The catalytic proton reduction of 7 was investigated
through the addition of HOAc (Figure 5). As observed for
4, the reduction potential of the selenium analogue does
not shift anodically. Following the addition of 1 mmol of
acid, an increase in the peak current at —1.5V was ob-

-4.0x10° 4

European Journal
of Inorganic Chemistry

served, which slightly increased with additional aliquots of
HOAc. This rise in the current (ca. —1.8 V) suggests cata-
lytic H, development.

Compound 7 was treated with sodium methoxide to yield
the deprotected sugar complex in analogy to 5 as a precur-
sor molecule of a potential water-soluble hydrogenase
model. The cyclic voltammetry of the deprotected sugar
complex showed behaviour similar to that of 5. Again no
positive or negative shift was observed, and the reversible
process remained the same (Figure S4). A broad anodic
wave appeared, but it disappeared after the addition of
HOACc. The influence of the added acetic acid was studied
and evidence for H, development at —1.8 V was found (Fig-
ure 6).

-1.0x10° 7
7
0.0 I
1.0x10°
< .
= 2.0x10°
1=
E i
5 30x10°4 —— Reduction after addition of NaOMe (4 eq.)
[&] f = = =1 mmol HOAc
§ 2 mmol HOAc
5 ——— 4 mmol HOA:
4.0x10™ Il ——6 mmol HOAc
| —+=-+§ mmol HOAc
fll' - = = 10 mmol HOAc
50x10°4 |
!
T

1 L v 1 T
-1 -16 -14 -12 10 -08 -06 -04 -02 0OC

Potential, E [V]

Figure 6. Cyclic voltammograms of the deprotected selenium com-
plex (1 mmol) with HOAc (0-10 mmol) in acetonitrile (vs. Ag/Ag*
reference electrode).

To investigate the electrochemical properties in water, a
mixture of H,O/ACN (5:1) was added to the deprotected
selenium complex. With this, a large increase in the signal

-3.0x10° s

7 rd ==
T ey ;
0.0 -2.0x10% - LT iy
- ; e ’_ g //
-1.0x10° - ' -
4.0x10° i =
1 0.0 e s———
8.0x10° ] e
—_ 5]
g_ g g 1.0x10 ]
= 1.2x10° I 2.0x10%
= | —— No acid added z |
] S @ :
E 16x10°+ il e E 30x10% / 10 mmol HOAC in ACN
3 ] 4 mmol HOAG 3 ] S 1 3 ml H,O/ACN (5:1) solution added
. — & mmol HOAS soxi0®o [/ [ ——— 6 mI H,O/ACN (5:1) solution added
2.0x10° B Mol HOAG o e ~ = ~ 7 ml H,Q/ACN (5:1) solution added
i - = = 10 mmol HOAC 5.0x10™ :-ﬂf_.\f‘r I.l’l
5 1 . /
2.4x10 6.0x10° (V X/
4 4 I
Al
2.8x10" - 7ox10°4 7

LN B s S s m S e e m e m e e m e |
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Potential, E [V]

Figure 5. Cyclic voltammograms of 7 (1 mmol) with HOAc (0—
10 mmol) in acetonitrile (vs. Ag/Ag™ reference electrode).

Eur. J. Inorg. Chem. 2008, 5112-5118

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

r r I~ Lt L rrL i1 .
-1 16 -14 412 10 08 06 -04 -02 o.c

Potential, E[V]

Figure 7. Cyclic voltammograms of the deprotected selenium com-
plex detailing the effect of H,O on the catalytic proton reduction.
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intensity at —1.4 V and an intensive negative shift of this
peak potential of approximately 250 mV (Figure 7) was ob-
served.

Comparison of the Electrocatalytic Results

The oxidation potential of 7 for the Fe'Fe! — Fe!lFe!
process experiences a cathodic shift of 120 mV relative to
that of 4. The iron centres in 7 are more easily reduced than
those in 4, as suggested by the positive shift of 40 mV for
the first reduction process, Fe'Fel—Fe’Fe!, in the selenium
analogue, whereas the second reduction occurs at a poten-
tial that is 130 mV more negative than the corresponding
process in the sulfur compound (Table 2).

Table 2. Electrochemical data for 4 and 7 in acetonitrile (vs. Ag/
Ag* reference electrode).

Ep(ox,in‘) [V] Epca Epa [V] Epc - Epa Egu Epd [V]
FelFel/Fe''Fe!  Fe'Fe'/Fe’Fe!  Separation [mV] Fe’Fe!/Fe’Fe’
4 +1.09 1,50 (Eyo) 110 189 (o)
139 (E,,)
7 +0.97 146 (E,) 100 2,02 (Ey)
136 ()

Deprotection of 4 and 7 with NaOMe leads to a new
broad anodic wave, which disappears when adding acid. All
complexes show a consequent increase in peak current for
the Fe'Fe’—Fe®Fe® process with each aliquot of acetic acid,
suggesting electrocatalytic hydrogen gas development.

In contrast to complex 5, the deprotected Se compound
was stable in solution even after adding 7 mL of a mixture
of water/acetonitrile (5:1) to the acidic complex solution; a
fact that must be ascribed by the influence of the selenium
atoms. As a result of the more electropositive selenium, the
iron atoms become more electron rich, leading to stronger
7 backbonding with the CO ligands. As a direct conse-
quence, IR wavenumbers for the CO ligand slightly de-
crease.

Conclusions

Two new ligands based on tetra-O-acetyl-B-D-glucopyr-
anosides 3 and 6 and the corresponding diiron complexes 4
and 7 were synthesized and characterized. No epimerization
was observed. Complexes 4 and 7 show similar behaviour
during electrochemical investigation and exhibit catalytic
properties for H, formation. Deprotection of complexes 4
and 7 with NaOMe leads to the water-soluble complexes. It
was thereby recognized that the deprotected selenium com-
plex is more stable in aqueous solution than the sulfur com-
pound. The presence of selenium offers higher activity
towards H, development, but it occurs at lower potentials
than the corresponding sulfur complexes. The sugar residue
was found to have no notable influence on the catalytic cy-
cle; instead, it changes the solubility properties of the com-
plexes.

Experimental Section
General Procedures: Solvents for the syntheses were first dried with

KOH and distilled from sodium/benzophenone. Chemicals were
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used as received from Fluka and Acros without further purifica-
tion. 1,3-dibromo-2-propyl-B-pD-glucopyranoside was synthesized
by following literature procedures.”” Thin-layer chromatography
(TLC) was performed on Merck silica gel 60 F,s4 plates (detection
under UV light at 254 nm); flash chromatography (FC) was per-
formed on Fluka silica gel 60. 'H, '3C and 7’Se{'H} NMR spectra
were recorded with a Bruker 400 MHz instrument. IR spectra were
recorded with a Perkin—-Elmer 2000 FTIR. Mass spectrometry was
performed with an SSQ710 Finnagen MAT. All reactions were car-
ried out under an argon atmosphere.

1,3-Dithioacetyl-2-propyltetra- O-acetyl-B-D-glucopyranoside (2): To
a 50-mL round-bottomed flask containing 1,3-dibromo-2-pro-
pyltetra-O-acetyl-B-pD-glucopyranoside (1; 500 mg, 0.836 mmol)
dissolved in acetone (20 mL) was added potassium thioacetate
(430 mg, 3.762 mmol). The solution was stirred for 1 week at room
temperature, and the resulting precipitate was filtered off. The fil-
trate was evaporated to dryness and purified by FC (ethyl acetate/
hexane, 1:1) to yield a white precipitate (220 mg, 49%). R; = 0.63
(ethyl acetate/hexane, 1:1). "TH NMR (400 MHz, CDCls): § = 5.19—
5.14 (m, 1 H, 3-H), 5.05-5.00 (m, 1 H, 4-H), 4.95-4.90 (m, | H, 2-
H), 4.63 (d, °J,, = 8 Hz, 1 H, 1-H), 4.23-4.12 (m, 2 H, 6-H, 6'-
H), 3.75-3.70 [m, 2 H, 5-H and SCH,-CH(0O)-CH,S], 3.15-2.87 [4
m, 4 H, SCH,-CH(0O)-CH-S], 2.31/2.30 (2 s, 6 H, CH3-S-acetyl),
2.05/2.03/1.99/1.97 (4 s, 12 H, CHj-acetyl) ppm. 3C NMR
(50 MHz, CDCl;3): 6 = 195.1/194.8 (CO-S-acetyl), 170.6/170.2/
169.4/169.2 (CO-acetyl), 101.0 (C-1), 79.3 (C-5), 72.8 (C-3), 71.9
[SCH,-CH(O)-CH,S], 71.2 (C-2), 68.4 (C-4), 61.9 (C-6), 32.9/32.3
[SCH,-CH(O)-CH,S], 30.5 (CHs-S-acetyl), 20.7 (CH;z-acetyl) ppm.
MS (Micro-ESI): m/z = 561.1 [M + Na]*. IR (KBr): ¥ = 2954 (m),
2877 (m), 1747 (vs), 1690 (vs), 1431 (m), 1378 (s), 1232 (vs) cm .
CxH;3,0(;S; (538.12): caled. C 46.83, H 5.61, S 11.91; found C
46.93, H 5.81, S 11.70.

1,3-Disulfanyl-2-propyltetra-O-acetyl--D-glucopyranoside (3): To a
solution of 2 (1 g, 1.878 mmol) dissolved in dimethylformamide
(40 mL) was added hydrazine dihydrate (0.329 g, 6.588 mmol). Af-
ter stirring for 10 min, acetic acid (380 pL, 6.588 mmol) was added,
and the resulting solution was stirred until TLC showed no remain-
ing starting material (usually 4 d). Water was added, and the re-
sulting precipitate was dissolved in ethyl acetate. The organic phase
was separated, washed with water and dried with sodium sulfate.
Evaporation of the solvent and recrystallization from ethyl acetate/
pentane gave compound 3 (508 mg, 60%) as a white powder. 'H
NMR (400 MHz, CDCl;): 6 = 5.24-5.16 (m, 1 H, 3-H), 5.07-5.00
(m, 1 H, 4-H), 4.98-4.92 (m, 1 H, 2-H), 4.78 (m, 2 H, SH), 4.61
(d,3J,, =8Hz, 1 H, 1-H), 4.21-4.16 (m, 2 H, 6-H), 3.69 (m, 1 H,
5-H), 3.26-3.08 [m, 5 H, SCH,-CH(O)-CH,S and SCH,-CH(O)-
CH,S], 2.07/2.02/2.01/1.98 (4 s, 12 H, CH3-acetyl) ppm. '*C NMR
(50 MHz, CDCl,): 6 = 170.6/170.3/169.3/169.2 (CO-acetyl), 101.9
(C-1), 83.5 (C-5), 72.5 (C-3), 72.1 [SCH,-CH(O)-CH,S], 71.0 (C-
2), 68.3 (C-4), 62.1 (C-6), 44.82/44.83 [SCH,-CH(O)-CH,S], 20.7
(CHjz-acetyl) ppm. MS (FAB): m/z (%) = 452 [M - 2H]*. IR (KBr):
¥ = 2925 (s), 2855 (m), 1755 (vs), 1654 (m), 1432 (m), 1369 (s),
1222 (vs), 1042 (vs) cm™!. Elemental analysis was not obtained.

Hexacarbonyl(1,3-disulfanyl-2-propyltetra- O-acetyl-p-D-glucopyr-
anoside)diiron (4): A solution of 3 (63 mg, 0.139 mmol) and
Fe3(CO)y5 (71 mg, 0.139 mmol) dissolved in thf (20 mL) was heated
at reflux for 30 min. After cooling to room temperature, the solvent
was evaporated, and crude complex 4 was purified by FC (ethyl
acetate/hexane, 1:1) to yield of red solid (25 mg, 25%). Single crys-
tals suitable for X-ray crystallography were obtained by diffusion
of pentane into a solution of 4 in dichloromethane. Ry = 0.72 (ethyl
acetate/hexane, 1:1). "H NMR (400 MHz, CDCl5): 6 = 5.15-5.10
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(m, 1 H, 3-H), 5.05-4.96 (m, 1 H, 4-H), 4.85-4.81 (m, 1 H, 2-H),
447 (d, 3J,, = 7.6 Hz, 1 H, 1-H), 4.21-4.09 (m, 2 H, 6-H), 3.65
(m, 1 H, 5-H), 3.04 [m, 1 H, SCH,-CH(O)-CH,S], 2.89/2.85, [d, 3J
= 8 Hz, 1 H, SCH,-CH(0)-CH,S] 2.69/2.65 [d, *J = 8 Hz, 1 H,
SCH,-CH(0)-CH,S], 1.56-1.41 [m, 2 H, SCH,-CH(O)-CH,S],
2.15/1.99/1.96 (3 s, 12 H, CH3-acetyl) ppm. '3C NMR (50 MHz,
CDCly): 6 = 207.4 (CO), 170.6/170.1/169.3/169.1 (CO-acetyl), 99.9
(C-1), 80.8 [SCH,-CH(0O)-CH,S], 72.5 (C-3), 72.2 (C-5), 68.2 (C-
4), 61.8 (C-6), 28.5/27.2 [SCH,-CH(O)-CH,S], 20.6 (CHs-acetyl)
ppm. MS (DEI): m/z = 648 [M - 3CO]*, 620 [M - 4COJ*, 592 [M —
5COJ*, 452 [M - 2Fe — 6COJ*. IR (KBr): ¥ = 2955 (m), 2925 (m),
2854 (m), 2077 (vs), 2036 (vs), 1995 (vs), 1757 (s), 1227 (s) cm™ .
Cy3H54Fe;014S5 (731.92): caled. C 37.73, H 3.30, S 8.76; found C
37.71, H 3.25, S 8.17.

Hexacarbonyl(1,3-dithiolato-2-propyl-p-D-glucopyranoside)diiron (5)

Method A: To a solution of compound 4 (5 mg, 8.867 mmol) dis-
solved in methanol (1 mL) was added a catalytic amount of sodium
methoxide, and the mixture was stirred for 2 h. The resulting solu-
tion was evaporated and used directly for NMR and MS analysis.

Method B: To a solution of 3 (41 mg, 0.091 mmol) dissolved in
methanol (5 mL) and dichloromethane (1 mL) was added sodium
methoxide (100 mg), and the mixture was stirred for 72 h. The sol-
vent was evaporated, and the remaining solid was dissolved in thf
(40 mL); Fe3(CO);, (46 mg, 0.091 mmol) was then added. After
30 min under reflux, the formed precipitate was filtered off, and
the solvent was evaporated to dryness. The remaining solid was
dissolved in methanol, and the solution was separated from solid
particles. After evaporation, 5 (22 mg, 53.2%) was obtained as a
red solid. "THNMR (200 MHz, D,0): § = 5.03 (m, 1 H, 1-H), 3.80—
3.25[m, 11 H, 2-H, 3-H, 4-H, 5-H, 6-H, SCH,-CH(O)-CH,S] ppm.
MS (FAB): m/z = 587 [M + Na]*.

1,3-Diselenolan-2-propyltetra- O-acetyl-p-D-glucopyranoside (6): To
sodium borohydride (88 mg, 2.3 mmol) and selenium (184 mg,
2.3 mmol) was added absolute ethanol (6 mL) whilst stirring. The
resulting suspension was heated at reflux for 1 h and a red solution
was obtained. The solution was then cooled to 0 °C and 1 (453 mg,
0.757 mmol) dissolved in absolute ethanol (20 mL) and thf (5 mL)
was slowly added. The suspension was stirred for an additional
24 h. Water (15 mL) are added, and a red solid precipitated. After
filtration, the separated solid was washed again with dichlorometh-
ane (2X). The solvent was evaporated, and crude product 6 was
purified by FC (ethyl acetate/hexane, 1:1) to yield 6 (123 mg, 30%)
as a slightly brown solid. Ry = 0.37 (ethyl acetate/hexane, 1:1). 'H
NMR (400 MHz, CDCly): 0 = 5.19-5.16 (m, 1 H, 3-H), 5.08-5.01
[m, 1 H, 4-H and SeCH,-CH(O)-CH,Se], 4.98-4.94 (m, 1 H, 2-H),
4.64 (d,3J,,=8Hz, 1 H, 1-H), 4.24-4.12 (m, 2 H, 6-H), 3.71-3.67
(m, 1 H, 5-H), 3.44-3.26 [m, 4 H, SeCH,-CH(O)-CH,Se], 2.07/
2.04/2.01/1.99 (4 s, 12 H, CH3-acetyl) ppm. '3C NMR (50 MHz,
CDCl3): 0 = 170.6/170.2/169.3/169.2 (CO-acetyl), 99.2 (C-1), 85.5
[SeCH,-CH(O)-CH,Se], 72.5 (C-3), 72.1 (C-5), 71.2 (C-2), 68.3 (C-
4), 61.9 (C-6), 35.3/33.2 [SeCH,-CH(O)-CH,Se], 20.7 (CH;-acetyl)
ppm. 7’Se{'H} NMR (76 MHz, CDCls): 6 = 261.7, 238.3 ppm. MS
(ESI): m/z = 571 [M + Na]*. IR (KBr): ¥ = 2940 (m), 1755 (vs),
1637 (m), 1431 (m), 1368 (s), 1230 (vs), 1041 (vs), 908 (m) cm'.
C7H»4010Se; (547.97): caled. C 37.38, H 4.43; found C 37.88, H
4.43.

Hexacarbonyl(1,3-diselenolanolato-2-propyltetra- O-acetyl-f-D-gluco-
pyranoside)diiron (7): Compound 6 (50 mg, 0.091 mmol) and
Fe3(CO),» (46 mg, 0.091 mmol) were dissolved in thf (20 mL) and
stirred in a 50-mL Schlenk vessel. After 2 h under reflux, the sol-
vent was evaporated, and the remaining solid was purified by FC
(ethyl acetate/hexane, 1:1) to afford 7 (55 mg, 73%) as a red solid.
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Ry = 0.55 (ethyl acetate/hexane, 1:1). '"H NMR (400 MHz, CDCls):
0 =5.15-5.11 (m, 1 H, 3-H), 5.01-4.96 (m, 1 H, 4-H), 4.86-4.81
(m, 1 H, 2-H), 4.48 (d, 3J;, = 7.6 Hz, 1 H, 1-H), 4.20-4.08 (m, 2
H, 6-H), 3.65 (m, 1 H, 5-H), 2.95-2.71/1.61-1.44 [2 m, 5 H, SeCH,-
CH(0)-CH,Se], 2.08/1.99/1.96 (3 s, 12 H, CHjs-acetyl) ppm. '3C
NMR (50 MHz, CDCl;): § = 208.6 (CO), 170.5/170.1/169.3/169.1
(CO-acetyl), 99.5 (C-1), 80.6 [SeCH,-CH(O)-CH,Se], 72.5 (C-3),
72.2 (C-5), 71.1 (C-2), 68.2 (C-4), 61.8 (C-6), 20.6 (CHj-acetyl),
17.9/16.4 [SeCH,-CH(O)-CH,Se] ppm. 7’Se{'H} NMR (76 MHz,
CDCl3): 0 = 209.3 (br.) ppm. MS (ESI): m/z = 850.6 [M + Na]".
IR (KBr): ¥ = 2926 (m), 2855 (m), 2069 (vs), 2029 (vs), 1991 (vs),
1757 (vs), 1637 (m), 1436 (m), 1370 (s) cm™'. Cy3Ho4Fe,O 4Se,
(827.81): caled. C 33.44, H 2.93; found C 32.96, H, 2.42.

Electrochemical Procedure: Cyclic voltammograms were recorded
against a nonaqueous Ag/Ag* reference electrode (0.1 M nBuyNPF
and 0.01 M AgNO; in CH;CN). A glassy carbon (GC) macroelec-
trode and a platinum wire were used as the working and auxiliary
electrodes, respectively. A solution of 0.05m nBuyNPF4 (Fluka,
electrochemical grade) in acetonitrile (Aldrich, anhydrous, 99.8 %)
was used as the supporting electrolyte. Electrochemical experiments
were carried out by using a CHI750C electrochemical bipotentios-
tat. Prior to each experiment, the electrochemical cell was degassed
for at least 10 min by using argon and a blanket of argon was
maintained throughout. The GC working electrode was prepared
by successive polishing with 1.0 and 0.3 micron alumina pastes and
sonicated in Millipore water for 5 min. All cyclic voltammograms
were recorded at a scan rate of 100 mVs'.

Crystal Structure Determination: The intensity data for the com-
pound were collected with a Nonius KappaCCD diffractometer by
using graphite-monochromated Mo-K, radiation. Data were not
corrected for Lorentz and polarization effects, but for absorption
effects.!®191 The structure was solved by direct methods
(SHELXSP%) and refined by full-matrix least-squares techniques
against F,> (SHELXL-971). All hydrogen atoms of the structures
were included at calculated positions with fixed thermal param-
eters. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used
for structure representations.

Crystal Data for 4: Cy3H,4Fe;04S,, M, = 732.24 gmol ™!, brown
prism, size 0.04 X 0.04 X 0.03 mm?, monoclinic, space group P2;, a
=9.4890(4) A, b = 6.8110(3) A, ¢ = 23.5479(9) A, f = 93.422(2)°,
V= 1519.18(11) A3, T = 90°C, Z = 2, peiea. = 1.601 gem3,
1(Mo-K,) = 11.64 cm™', F(000) = 748, 8761 reflections in 4(-9/12),
k(=8/7), I(~30/30), measured in the range 2.15° =6 =27.53°, com-
pleteness @, = 97.4%, 5943 independent reflections, R;,; =
0.0806, 4692 reflections with F, > 4c(F,), 392 parameters, 1 re-
straints, Rigps = 0.0598, WR,ops = 0.1323, Ry = 0.0825, wRy,y =
0.1440, GOOF = 1.037, Flack parameter: —0.02(3), largest differ-
ence peak and hole: 0.697/-0.485 ¢ A 3.

CCDC-683744 (for 4) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional cyclic voltammogram traces.
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Figure S1. Cyclic voltammogram of 4, on a glassy carbon electrode, in 0.05 M nBusNPF; in acetonitrile versus Ag/Ag" reference electrode.
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Figure S2. Cyclic voltammograms showing the effect of NaOCH; on the reduction potential of 4, on a glassy carbon electrode in 0.05 M nBusNPF; in acetonitrile versus Ag/Ag”

reference electrode. The different traces represent changes after each electrochemical cycle.
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Figure S3. Cyclic voltammogram of 7, on a glassy carbon electrode, in 0.05 M nBu,NPF; in acetonitrile versus Ag/Ag" reference electrode.
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The oxidation of the hexacarbonyl(1,3-dithiolato-S,S")diiron complexes 4a—4c with varying amounts
of dimethyldioxirane (DMD) was systematically studied. The chemoselectivity of the oxidation products
depended upon the substituent R (R=H, Me, 1/2 (CH,)s). For R=H, four oxidation products, 6a—6d,
have been obtained. In the case of R =Me, three products, 7a—7¢, were formed, and for R=1/2 (CH,)s,
only complex 8 was observed. These observations are due to steric and electronic effects caused by the
substituent R. Additionally, oxidation of the triiron complex 5 with DMD was performed to yield the
products 9a and 9b. X-Ray diffraction analyses were performed for 6a—6d, 7a, and 7¢, as well as for 9a
and 9b. The electronic properties were determined by density-functional theory (DFT) calculations.

Introduction. — The oxidative addition of Pt° complexes to cyclic disulfides received
significant attention during the last years [1]. Recently, we have investigated reactions
of 1,2,4-trithiolanes with Pt complexes leading to the insertion of the Pt® complex
fragment along the S—S bond [2]. We have also shown that the 1,2,4-trithiolane can
oxidatively be added to Fe,(CO), to give the sulfurdithiolato (sdt) diiron complex
[Fe,(CO)4(u-SCH,SCH,S-u)] as well as [Fe,(CO)q(u-SCH,S-u)] [3a][3b][4a]. Very
recently and independently, similar reactions of Fe;(CO),, and 1,2,4-trithiolane leading
to sulfurdithiolato (sdt) diiron complex have been reported [3c].

Since the first X-ray structure determination of the [FeFe]-hydrogenase has been
published [5], numerous model compounds [6] suitable as active site of the enzyme
such as propanedithiolato (pdt) diiron derivatives [6a—6d], azadithiolato (adt) diiron
derivatives [6e—6g], and the oxadithiolato (odt) diiron derivatives were described
(Fig. 1) [6f][61][61].

N

é§§ Fig. 1. Model complexes of the active site of the [FeFe[-hydrogenase with X =
(OC)sFe===Fe(CO); CH,, NH, O, and S

Lorenz and co-workers prepared ethane-1,2-sulfenatothiolato complex 1, which can
be considered as the first oxidized hydrogenase’s active-site analogue [3f]. Very
recently, we have also shown the preparation of sulfenatothiolato and disulfenato

© 2008 Verlag Helvetica Chimica Acta AG, Ziirich
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The present investigations deal with the modeling of the peptide surrounding of [FeFe] hydrogenase using
amine containing disulphides to simulate possible influences of the amino acid lysine (K237) on the electro-
chemical and electrocatalytic properties of biomimetic compounds based on [Fe2S2] moieties. Fe3(CO);,
was reacted with Boc-4-amino-1,2-dithiolane, Boc-Adt-OMe (Adt = 4-amino-1,2-dithiolane-4-carboxylic
acid, Boc = tert-butoxycarbonyl) and Boc-Adp tert-butyl ester (Adp =(S)-2-amino-3-(1,2-dithiolan-4-
yl)propionic acid) to elongate the Fe- - -N distance in comparison to the well known [Fe{(SCH;),NR}(CO)s]
model complexes. Efforts to deprotect the complexes containing Boc-4-amino-1,2-dithiolane with trifluo-
roacetic acid result in the formation of [Fes(u3-0)(p1-0,C,F3)s(0C4Hg )2(H,0)]. The novel [2Fe2S] complexes
are characterized using spectroscopic, electrochemical techniques and X-ray diffraction studies.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

For some decades, it has been known that [FeFe] hydrogenase
can efficiently form dihydrogen from protons. However, the
mechanism for H, development has not been established and
no model complex reported to date shows electrochemical prop-
erties like those observed in natural systems. Since the elucida-
tion of the [Fe2S2] cluster as the active site in [FeFe]
hydrogenase [1-3], the question has focused on the nature of
the S-S linker and on the catalytic pathway of this organometal-
lic active site and is under investigation of many research groups
[4-12]. Based on X-ray analyses of the protein, three different
kinds of linkers are possible: 1,3-propanethiolate [(SCH,),CH,],
azadithiolate [(SCH;);NR] and oxadithiolate [(SCH,),0] [13,14].
In particular the amino group containing azadithiolate linker is
interesting since DFT calculations and cyclic voltammetry mea-
surements of [FeFe] hydrogenase models have shown that the

* Corresponding authors. Tel.: +49 3641 948160; fax: +49 3641 948102 (W.
Weigand), tel.: +39 649913626 (G. Lucente).
E-mail addresses: gino.lucente@uniromal.it (G. Lucente), wolfgang.weigand@
uni-jena.de (W. Weigand).

0162-0134/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jinorgbio.2009.07.005

amino moiety may influence the catalytic mechanism by acting
as an initial protonation site [9,15-20].

Subsequently, this proton is directed to the iron centre where it
reacts with a hydride bound to the [Fe'Fe'] core. This species is
generated by reaction of a proton with a [Fe®Fe'] precursor. How-
ever, electrochemical investigations of [Fe,{(SCH;),NR}(CO)s]
model compounds do not show a significant positive shift of the re-
dox potential at which H, formation is observed. Apart from the
influence of the amino moiety in the S-S linker, the protein layer
surrounding of the active site of [FeFe] hydrogenase is also ex-
pected to impact on the catalytic mechanism and redox potential
of the natural enzyme, especially during the transfer of protons.
It is known that the alkylic amino function of the amino acid lysine
(K237) is only 440 pm away from the distal iron of the [Fe2S2]
cluster and can therefore serve as a possible proton source or relay
[2,15]. This raises the question of the existence of a possible proton
transfer from lysine or the S-S linker to the [Fe2S2] moiety during
the catalytic cycle of [FeFe] hydrogenase. So far only little attention
has been devoted towards mimicking the enzymatic environment
of the H-cluster. To our best knowledge, only two examples are
known in literature containing the naturally occurring amino acid
cysteine as ligand for [FeFe] hydrogenase model complexes
[21,22].
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Herein we report about novel [FeFe] hydrogenase model
complexes where the Fe.--N distance is increased with respect
to the value of 345 pm reported by Rauchfuss et al. [23] for
complexes of the type [Fe,{(SCH,),NR}(CO)s] to reflect the
structural and electrochemical features of lysine (K237). This
modification as aimed at investigating, whether the proton relay
is established by an assumed azadithiolato linker or a pendant
amino moiety of lysine. [Fe2S2] clusters are reported containing
4-amino-1,2-dithiolane and its Boc protected analogue (1 and 2)
[24], Boc-Adt-OMe (Adt =4-amino-1,2-dithiolane-4-carboxylic
acid) (3) [25] and Boc-Adp tert-butyl ester (Adp = (S)-2-amino-
3-(1,2-dithiolan-4-yl)propionic acid) (4) [26] (Scheme 1). The
structural and catalytic properties of the compounds were
investigated by spectroscopic, X-ray diffraction and electro-
chemical studies.

2. Experimental
2.1. Materials and methods

Toluene and THF were dried over KOH and distilled from so-
dium/benzophenone. Chemicals were received from Fluka or Ac-
ros and used without further purification. 4-Amino-1,2-
dithiolane hydrochloride (1-HCl) [24], Boc-Adt-OMe (3) [25]
and Boc-Adp tert-butyl ester (4) [26] were synthesized following
literature procedures. All reactions were carried out under an ar-
gon atmosphere. Thin layer chromatography (TLC) was per-
formed on Merck silica gel 60 F»s4 plates (detection under UV
light at 254 nm) and FC (flash chromatography) on Fluka silica
gel 60. 'TH NMR and '3C{'H} NMR spectra were recorded on a
Bruker AVANCE 200 MHz or 400 MHz spectrometer, whereby
the splitting of proton resonances are defined s (singlet), d (dou-
blet) and m (multiplet). Infrared spectra were obtained from KBr
pellets with a Perkin-Elmer 2000 FT-IR instrument. The intensity
of the signals is assigned as vs (very strong), s (strong), m (med-
ium) and w (weak). EPR spectra were recorded on a Bruker ESP
300E EPR-spectrometer. Electron impact mass spectrometry was
carried out at 70 eV with a Finnigan SSQ710 using desorption
electron ionisation (DEI) mode. Expected and experimental iso-
tope distributions were compared.

NH, NHBoc
S——S S—S
1 2
COOt-Bu
HsCOOC NHBoc
NHBoc
S—S
3
S—S
4

Scheme 1. Ligand molecules for mimicking of lysine (K237) in the [FeFe]
hydrogenase.

2.2. Synthesis of ligands and complexes

2.2.1. tert-Butyl 1,2-dithiolan-4-yl carbamate (2)

4-Amino-1,2-dithiolane hydrochloride (527 mg, 3.36 mmol)
was suspended in THF (10mL) and di-tert-butyl dicarbonate
(879 mg, 4.03 mmol), dissolved in THF (20mL) and pyridine
(20 mL), was slowly added at 0 °C. After 1 h at 0 °C the solution
was stirred at room temperature for additional 24 h, followed by
the addition of 10 mL water. The solution was extracted with
dichloromethane and the combined organic phases were sepa-
rated, dried with sodium sulphate, evaporated to dryness and
recrystallized from dichloromethane/pentane (1:10). Yield:
310 mg (42%) as a pale yellow solid. Anal. calcd. for CgH;50,S,N-0.3
THF: C, 45.48%; H, 7.22%; N, 5.76% S, 26.39%. Found: C, 45.7%; H,
7.1%; N, 5.8%; S, 26.8%. "H NMR (CDCls, 200 MHz): 6 4.94 (m, 2H,
NH and CH), 3.24-3.05 (m, 4H, CH,), 1.43 (s, 9H, CH3). >*C NMR
(CDCl3, 100 MHz): 6 56.4 (CH,CHCH;), 44.9 (CH,CHCH,), 28.3
(C(CH3)3). MS (DEI): m/z 221, [M]", 166 [M—tBu]". IR spectrum in
KBr, cm~! (selected bands): 3355 (s), 2925 (s), 2854 (m), 1679
(vs), 1523 (s), 1368 (s), 1168 (s).

2.2.2. [{(i-SCH-)>CHNHBoc}Fe5(CO)s] (5)

tert-Butyl 1,2-dithiolan-4-yl carbamate (2) (25 mg, 0.11 mmol)
and Fe3(CO);> (57 mg, 0.11 mmol) were dissolved in THF (30 mL)
and refluxed for 1 h. After removing the solvent under reduced
pressure, the crude product was purified by FC (diethylether/hex-
ane = 1:1). Yield: 31 mg (55%, Ry=0.3) as a red powder. Anal. calcd.
for C14H,5Fe;,05S,N-0.1THF: C, 34.03%; H, 3.13%; N, 2.76% S, 12.62%.
Found: C, 34.4%; H, 2.7%; N, 2.6%; S, 11.9%. 'H NMR (CDCls,
200 MHz): & 449 (m, 1H, NH), 3.09 (m, 1H, CH), 2.74 (d,
2J=11Hz, 2H, 2 x CHaHg), 1.39 (m, 11H, CH; and 2 x CHaHg). '3C
NMR (CDCl;, 50 MHz): & 207.3 (C=0), 153.7 (C(0)0), 80.4
(C(CH3)3), 53.0 (CH,CHCH,), 29.7 (CH,CHCH,), 28.2 (C(CH3)3). MS
(DEI): 445 [M-2COJ*, 417 [M-3COJ*, 389 [M-4COJ*, 361
[M—=5CO]J*, 333 [M—6CO]*. IR spectrum in KBr, cm~! (selected
bands): 3442 (s), 2982 (s), 2077 (m), 2077 (vs), 2000 (vs), 1687
(s), 1369 (s), 1166 (s).

2.2.3. [{(u-SCH3)>C(C(0)OCH3)(NHBoc)}Fex(CO)s] (6)

Boc-Adt-OMe (3) (16.3 mg, 0.06 mmol) and Fe3(CO);, (30 mg,
0.06 mmol) were dissolved in dry toluene (20 mL). The solution
was heated at reflux for 30 min followed by the removal of the sol-
vent under reduced pressure. The remaining material was purified
by FC (THF/hexane = 1:3). Yield: 30 mg (92%) as a red solid. Anal.
caled. for CygHy7Fe;010S.N-0.8THF: C, 37.39%; H, 3.82%; N, 2.27%
S, 10.40%. Found: C, 38.0%; H, 3.4%; N, 2.3%; S, 10.0%. '"H NMR
(CDCls, 200 MHz): 6 4.47 (s, 1H, NH), 3.67 (s, 3H, OCH3), 2.94 (d,
2]=13.6 Hz, 2H, 2 x CHaHp), 2.27 (d, %] = 14.4 Hz, 2H, 2 x CHpHjp),
1.40 (s, 9H, C(CHs)s). 3C NMR (CDCls, 50 MHz): 6 207.2/206.8
(C=0), 171.7 (C(0)OCH3), 154.4 (NHC(O)), 81.1 (C(CHs)3), 61.2
(CH,CCH,), 53.3 (OCH3), 28.1 (C(CHs)3), 27.1 (CH,CCH,). MS
(DEI): 503 [M-2COJ*, 475 [M—3COJ*, 447 [M-4COJ*, 419
[M—5CO]*, 391 [M—6CO]". IR spectrum in KBr, cm~' (selected
bands): 3442 (s), 2929 (m), 2076 (vs), 2038 (vs), 2000 (vs), 1709
(s).

2.2.4. [{(u-SCH,),CCH,C(C(0)0t-Bu)(NHBoc)}Fes(CO)s] (7)

Boc-Adp tert-butyl ester (4) (33 mg, 0.09 mmol) and Fe3(CO);,
(48 mg, 0.09 mmol) were dissolved in dry toluene (20 mL) and re-
fluxed for 2 h. After evaporation of the solvent under reduced pres-
sure the crude product was purified via FC (ethyl acetate/
hexane = 1:2). Yield: 35 mg (63%, Ry=0.7) as an orange powder.
Anal. calcd. for Cy1Hy7Fe;040S,N-THF: C, 42.81%; H, 5.03%; N,
2.00% S, 9.14%. Found: C, 43.0%; H, 5.2%; N, 2.1%; S, 9.9%. Although
the analyses data for “S” are somewhat unsatisfactory, the MS
(DEI) results and other spectroscopic analysis data are consistent
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with the formula. 'TH NMR (CDCls, 200 MHz): 6 4.92 (d, 3] = 7.4 Hz,
1H, NH), 4.09 (m, 1H, CHC(0)0), 2.83 (d, % =8.8Hz, 2H,
2 x SCHaHg), 2.55 (d, 3J=9.2 Hz, 2H, 2 x SCHaHg), 1.43 (m, 21H,
C(CHs)3, CHCH,CH and CH). '*C NMR (CDCls, 50 MHz): & 207.7/
207.5 (C=0), 1713 (C(0)OC(CHs);), 155.4 (NHC(0)), 82.6
(C(0)OC(CH3)3), 80.2 (NHC(0O)OC(CHs)s), 50.9 (CHC(0)0), 39.9
(CHCH,CH), 29.7/27.1 (CH,CHCH,), 28.2 (C(0)OC(CH3)3), 28.1
(NHC(0)OC(CH3)3). MS (DEI): 629 [M]*, 573 [M—tBu]*, 545
[M—tBu-CO]*, 517 [M—tBu-2CO]", 489 [M-tBu-3COJ", 461
[M—tBu—4COJ". IR spectrum in KBr, cm~! (selected bands): 3432
(s), 2980 (m), 2930 (m), 2074 (vs), 2034 (vs), 1995 (vs),
1715 (s, broad).

2.2.5. [Fes(*-0)(1-02C5F3)s(OC4Hg)o(H>0)] (8)

2.2.5.1. Method A. Under an argon atmosphere 5 (34 mg,
0.07 mmol) was dissolved in trifluoroacetic acid (0.1 mL) and
dichloromethane (10 mL). The solution was stirred at room tem-
perature for 24 h and the dichloromethane was removed under re-
duced pressure. The residue was redissolved in THF under
atmospheric conditions. After filtration, the solution was treated
with pentane, whereupon dark red crystals were obtained after
two days. Yield: 12 mg (17%).

2.2.5.2. Method B. Fe3(CO);, (50 mg, 0.10 mmol) was dissolved in
dichloromethane (20 mL) resulting in a dark green solution. Under
an argon atmosphere, trifluoroacetic acid (0.1 mL) was added and
the solution was refluxed at 40 °C for 4 h, followed by addition of
THF (5 mL). The solution was allowed to evaporate at atmospheric
conditions, whereby the colour turned into red and red crystals ap-
peared. The crystals were filtered off and washed with hexane.
Yield: 21 mg (20%). Anal. calcd. for CyoHgFe3046F15: C, 23.46%; H,
1.77%. Found: C, 23.74%; H, 2.55%. Despite the somewhat unsatis-
factory analysis data for “H”, the MS (DEI) results and other spec-
troscopic analysis data reasonably support the formula. MS (DEI):
1006 [M—H,0]*, 934 [M—H,0-THF]*, 862 [M—H,0-2THF]", 749

Table 1
Crystal data and refinement details for the X-ray structure determinations.
Compound 5 6 ]
Formula Ci4H 5Fe;NOgS, Ci6H17Fe;NO1 oS, CyoHqgF 1gFe3046
fw (g mol~') 501.11 559.15 1023.89
T (°C) -90(2) -90(2) -90(2)
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 P1
a(h) 10.9006(4) 8.4548(6) 9.1293(4)
b (A) 13.2284(4) 11.5208(9) 12.8614(5)
c(A) 15.2868(4) 12.9106(7) 16.4181(7)
o (°) 89.385(2) 116.146(4) 95.750(2)
B(°) 80.205(2) 90.334(4) 106.064(2)
v (°) 70.539(2) 99.919(3) 99.322(3)
V (A%) 2045.58(11) 1107.25(13) 1806.50(13)
V4 4 2 2
p (gcm™3) 1.627 1.677 1.882
w(cm™1) 16.61 15.5 13.46
Measured data 14626 8050 12998
Data with I> 2a(I) 7342 3191 5697
Unique data/Rine 9313/0.0254 5002/0.0531 8164/0.0295
WR; (all data, on F?)*  0.0717 0.1226 0.2222
Ry (I>2a())? 0.0307 0.0502 0.0792
s 0.926 0.999 1.007
Res. Dens./e A3 0.347/-0.321 0.456/-0.520 1.812/-0.882
Absorption method None None None
CCDC no. 720323 720324 720325

? Definition ~ of the R indices: Ry = (X ||Fo| —|Fcll)/ = [Fo|lWRy =

1/2

{z {W(Fg 43)2]/2 {W(Fg)z” * with w! = 62(F2) + (aP)>.

12

(el o)

[M—H,0—2THF—TFA]*. IR spectrum in KBr, cm~! (selected bands):
3417 (s, br), 2980 (m), 1696 (s), 1469 (m), 1204 (vs), 1161 (s), 855
(m), 795 (m), 728 (s).

2.3. Electrochemistry

Cyclic voltammograms were measured in a three-electrode cell
using a 2.0 mm-diameter glassy carbon disc working electrode, a
platinum auxiliary electrode, and a Ag|Ag” reference electrode con-
taining 0.01 M AgNO; and 0.1 M [n-BuyN][BF4]. Measurements
were performed at room temperature in 0.10 M [n-BugN][BF,]/
CH5CN solution using an EG & G PARC 273A potentiostat/galvano-
stat. Deaeration of solutions was accomplished by passing a stream
of argon through the solution for 5 min prior to the measurement
and then maintaining a blanket atmosphere of argon over the solu-
tion during the measurement. To control the stability of the refer-
ence electrode ferrocene was used as an internal standard
(Ey, =+0.087 vs. 0.01 M AgNO; and 0.1 M [n-BuyN][BF,] in CH5CN)
[27,28].

2.4. Structure determinations

The intensity data for the compounds were collected on a Non-
ius Kappa CCD diffractometer using graphite-monochromated Mo
Ky, radiation. Data were corrected for Lorentz and polarization ef-
fects but not for absorption effects [29,30]. Crystallographic data
as well as structure solution and refinement details are summa-
rized in Table 1.

The structures were solved by direct methods (SHELXS) [31]
and refined by full-matrix least squares techniques against F2
(SHELXL-97) [32]. All hydrogen atom positions were included at
calculated positions with fixed thermal parameters. All non-hydro-
gen atoms were refined anisotropically [32]. XP (SIEMENS Analyt-
ical X-ray Instruments, Inc.) was wused for structure
representations.

3. Results and discussion
3.1. Synthesis and characterization of the metal complexes

During the treatment of 4-amino-1,2-dithiolane hydrochloride
(1-HCI1) with Fe3(CO);5, in boiling toluene the colour of the solution
changed from dark green to deep red, but all attempts to isolate a
type [Fe2S2] complex were unsuccessful. In every case only a non-
soluble dark brown precipitate was obtained, suggesting decompo-
sition of the product. One possible explanation for the decomposi-
tion is the presence of the free amino group, as the amino-function
itself is able to coordinate to iron [33,34] and may form an instable
assembly under these conditions. Accordingly, the ligand was pro-
tected (2) using di-tert-butyl dicarbonate [(Boc),0] (Scheme 1)
[35]. This protection should provide a fast and clean cleavage using
trifluoroacetic acid, without reactions to the [Fe2S2] core [36].
Reaction of 2 with Fe3(CO);, in boiling THF afforded complex 5
as a red powder in 55% yield (Scheme 2).

The 'H NMR spectrum of 5 recorded in CDCl5 solution showed
one multiplet at 4.49 ppm for the NH proton and another one at
3.09 ppm for the CH proton. HSQC (heteronuclear single quantum
coherence) and 'H,'H-COSY (correlation spectroscopy) experi-
ments revealed two signals for the methylene protons at 2.74
and 1.39 ppm, whereas the latter is overlapped by a singlet of
the methyl group protons. The DEI mass spectrum of complex 5
showed a peak at m/z 445 due to [M—2CO]", followed by stepwise
fragmentation of further four C=0 groups. By diffusion of pentane
into a solution of 5 in chloroform, single crystals suitable for X-ray
diffraction studies were obtained (Fig. 1). Compound 5 comprises
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Scheme 2. Novel [FeFe] hydrogenase model complexes.

c12
066'3013

o7

Fig. 1. (Left) One of two independent molecules of 5 with thermal ellipsoids set at the 50% probability level. (Right) Hydrogen bonds between the independent molecules of 5.

two crystallographically independent molecules, differing in axial
and equatorial assembly of the tert-butyloxycarbonyl group. As ex-
pected each iron centre suggests octahedral geometry and is coor-
dinated by three carbonyl groups, two bridging sulphurs and one

Table 2
Selected bond distances and angles for compound 5.

Bond lengths (pm)

Fe(1)-Fe(2) 250.48(4) S(2)-C(3) 182.5(2)
Fe(1)-S(1) 225.18(7) C(1)-C(2) 152.0(3)
Fe(1)-S(2) 226.50(6) C(2)-C(3) 151.6(3)
S(1)-C(1) 182.9(2) C(2)-N(1) 146.5(3)
Bond angles (°)

S(1)-Fe(1)-S(2) 85.25(2) S(2)-C(3)-C(2) 114.97(15)
S(1)-Fe(2)-S(2) 85.47(2) C(1)-C(2)-C(3) 112.9(2)
S(1)-C(1)-C(2) 117.03(16) N(1)-C(2)-C(1) 108.17(19)

iron centre. The Fe-Fe distance is 250.48(4) pm (Table 2). The
Fe-.-N distance is 492 pm, whereas the amine function occupies
an Fe(2)-C(2)-N(1) angle of 172.14° and is therefore not directed
towards the iron core.

The two crystallographically independent molecules form inter-
molecular hydrogen bonds so that four molecules are arranged in a
ring shaped assembly (Fig. 1). The intermolecular hydrogen bonds
are of the type N(1)-H(1)---O(2) with two different distances
between N(1)---0(2) of 302 and 289 pm. Stirring complex 5 and
trifluoroacetic acid in 2-, 10- and 80-fold excess in dichlorometh-
ane should lead to deprotection of the tert-butyloxycarbonyl group
providing the amine complex, as described by Sun et al. [36] How-
ever, the expected complex was not obtained. Treatment with
hydrochloric acid or thionylchloride also did not result in deprotec-
tion. In every case no conversion of the starting complex was ob-
servable by TLC over a 5 day period. Using trifluoroacetic acid in
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F1

Fig. 2. Reaction product 8 of compound 5 and trifluoroacetic acid under air
(thermal ellipsoids set at 50% probability level).

THF under atmospheric conditions resulted in a large amount of
starting material and a small amount of a dark red solid. '"H NMR
and '3C NMR spectra of the dark red solid show no signals in CDCls,
but DEI mass spectrometry provides a signal at m/z 1006. Via single
crystal X-ray analysis the structure was determined to be a trinu-
clear iron complex (8, Fig. 2 and Scheme 3), with a (Fe"),Fe'! core in
analogy to Fe;(13-0)(Cl3CC(0)0)s(DMF)(THF), [37]. The three iron
atoms exhibit an octahedral coordination sphere and are con-
nected jointly by two bridging trifluoroacetates and one p’-
bridged 0%~ atom. In addition, a two iron(Ill) ions are coordinated
by a THF molecule, whereas the iron(Il) ion is coordinated by a
water molecule. The three iron atoms and the pu*-bridged 0%~ form
a trigonal planar coordination sphere, with a Fe-O distance of
186.4(4) and 186.2(4) pm for the two iron(Ill) atoms bearing the
THF ligands and an increased distance of 202.4(4) pm for the iro-
n(II) coordinated to the water molecule.

Further investigations with EPR spectroscopy showed an axial
signal with two g-values of 2.217 and 2.0063 indicating an iron(III)
low spin configuration. The origin of the p3-oxygen atom was
unexpected and therefore Fe3(CO);, was treated with trifluoroace-
tic acid in THF/dichloromethane under an argon atmosphere. No
reaction could be observed. Interestingly, compound 8 is obtained
only in the presence of air. We suggest that the p-oxygen atom
comes from atmospheric molecular oxygen, which is in agreement
with results found by Zacchini and co-workers for the compound

Fe;(113-0)(Cl3CC(0)0)s(DMF)(THF), [37]. In contrast to the litera-
ture reports the iron(Ill) or iron(Il) starting species was a low va-
lence iron species (Fe'Fe' or all-Fe®) [38,39].

Compound 6 was obtained as red solid in 92% yield by reaction
of Boc-Adt-OMe (3) and Fe3(CO);; in dry toluene. The 'H NMR
spectrum of compound 6 shows a singlet at 4.47 ppm for the amide
function and at 3.67 ppm for the methoxy group, two doublets in
the region of 2.97-2.23 ppm for the diastereotopic methylene pro-
tons and a singlet at 1.40 ppm for the methyl protons of the tert-
butyl group. The '3C NMR spectrum and the DEI mass spectrum
with a peak at m/z 503, attributed to [M—2CO]* and additional
peaks due to the stepwise loss of four C==0 groups further confirm
the proposed structure to complex 6. Single crystals suitable for
structure determination were obtained by slow evaporation of a
concentrated solution of compound 6 in toluene at 4 °C. The molec-
ular structure is shown in Fig. 3 and selected bond distances and
angles in Table 3.

As anticipated, the Boc-protected amino function of 6 reveals an
endo position (Fig. 3) to the [Fe2S2] core and not the ester group.
The distance N(1)---Fe(2) is 357.93 pm and should allow interac-
tion of an iron bonded hydride with the amide function during
electrocatalysis. The molecules are arranged as dimers caused by
two intermolecular hydrogen bonds of the type N(1)-H(1)---0(3)
with an N(1)---0(3) distance of 294.8 pm.

An additional methylene group between the dithiolane ring and
the a-carbon of the amino acid part (see Scheme 1, compound 4)
should lead to a more increased distance between the amine group
and the iron core. Therefore, Boc-Adp tert-butyl ester (4) was used
for reaction with Fe;(CO),, resulting in compound 7 in 63% yield.
The 'H NMR spectrum of compound 7 showed a doublet at
4.92 ppm assigned to the amide proton resonance and a multiplet
at 4.09 ppm for the a-carbon proton of the amino acid moiety. Two
doublets in the area 2.85-2.52 ppm display the resonances for the
diastereotopic methylene protons and a multiplet, overlapped by a
singlet, was observed at 1.42 ppm and was assigned to the tert-butyl
group, the B-CH, and the y-CH protons, which is in agreement with
the 'H,"H-COSY and HSQC spectra. Additionally, the mass spectrum
of 7 shows a peak at m/z 629, which can be assigned to the [M]"
molecular ion. Attempts to grow X-ray quality crystals always re-
sulted in an amorphous powder.

3.2. Electrochemistry

The electrochemical properties of complexes 5-7 were investi-
gated using cyclic voltammetry to determine their capacity to act
as a catalyst for dihydrogen development and to obtain evidence
for a possible proton relay between the amine based NH-function

FsC OHa CF
NHBoc FsC o o éF
= RS 3
~cO——Fe—o
A\ "
o) 0,
CF;COOH o) o 0 CF;COOH

THF, O,
N

5

o N\
\

S. S /\7 >Fle\
(@) O
(OC)aFlé\ll:e(CO)a C’ 00,0, P Q

// ~———— Fey(CO),

THF, O,

“X/-

Scheme 3. Reaction pathways to synthesize compound 8.
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Fig. 3. Molecular structure of compound 6 (left) and its intermolecular hydrogen bonding interactions (right) (thermal ellipsoids set at 50% probability level).

Table 3
Selected bond distances and angles for compound 6.

Bond lengths (pm)

Fe(1)-Fe(2) 249.86(8) S(2)-C(3) 182.4(4)
Fe(1)-S(1) 225.96(12) C(1)-C(2) 153.1(5)
Fe(1)-S(2) 225.63(11) C(2)-C(3) 153.0(5)
S(1)-C(1) 181.8(4) C(2)-N(1) 146.1(5)
Bond angles (°)

S(1)-Fe(1)-S(2) 84.12(4) S(2)-C(3)-C(2) 119.1(3)
S(1)-Fe(2)- S(2) 84.06(4) C(1)-C(2)-C(3) 113.0(3)
S(1)-C(1)-C(2) 120.4(3) N(1)-C(2)-C(1) 112.7(3)

and the distal iron. Following a cathodic scan of 5 (Fig. 4) starting
from +0.3 V vs. 0.01 M Ag/Ag" in acetonitrile, the cyclic voltammo-
gram showed an nearly irreversible one electron reduction peak at
Ex? = —1.51V, which can be assigned to the [Fe'Fe'] - [Fe'Fe°] re-
dox process and a further small irreversible reduction at
Ef? =-2.04V attributed to the [Fe'Fe®] — [Fe%Fe°] process [44].
Reversal of the scan displayed a small irreversible oxidation at
—0.53V and a one electron oxidation at E;* = +0.92 V. The latter
can be ascribed to the [Fe'Fe!] — [Fe'Fe!] redox process in accor-

dance with the literature (see Fig. 4) [44,40]. The second cycle
showed the same signals as the first one, except an additional
small irreversible reduction peak at —0.66 V (see Fig. 4). This signal
appeared only after the previous oxidation of [Fe'Fe'] — [Fe'Fe!].
Thus, this signal was assigned as the reduction of an unknown [Fe'"
Fe'] species.

To investigate the electrocatalytical dihydrogen formation
properties, cyclic voltammetry was recorded as function of the
acetic acid concentration (Fig. 5). In these experiments no shift
in the potential of the reduction of [Fe'Fe'] — [Fe'Fe®] was ob-
served. This indicates that no protonation occurs at this stage
and therefore no proton relay between the amino-function and
the distal iron was established, as described in literature
[41,42,43]. However, at more negative potentials the current in-
creased dramatically and was in proportion to the amount of ace-
tic acid added, indicating the electrocatalytical formation of
dihydrogen (Fig. 5). Thus, the electrochemical pathway can be
explained as an ECCE mechanism ([Fe'Fe'] + e~ — [Fe'Fe®]” + H* —
[Fe'"'Fe'H™] + H* — [Fe"Fe'(m?-H,)]" + e~ — [Fe'Fe']+ H,)  [40,44].
Since reduction of AcOH is observed at about —-2.5V in

[Fe'Fe'l—[Fe"Fe']
15
10
5 4
1
~ N
] 0 o
————— —
-5 4
_10 4
[Fe'Fe'|-[Fe’Fe']
'15 T T T T T T T 1
25 2.0 15 -1.0 -0.5 0.0 05 1.0 15

E/V vs.0.01 MAg/Ag " in CH;CN

Fig. 4. Cyclic voltammogram of complex 5 in CH5CN solution containing 0.10 M [n-Bu4N][BF,] at a scan rate of 0.10 V s~ ! using a glassy carbon working electrode.
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Fig. 5. Cyclic voltammograms (first cycle) of compound 5 (above) and 6 (below) with addition of AcOH (0-10 mmol) in acetonitrile (vs. 0.01 M Ag/Ag” in CH5CN).

20 1
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3 20 1 (1) 10 mM AcOH (no complex)
= 1 (2) 1 mM complex
(3) 1 mM complex + 6 mM AcOH
0 N 4) 1 mM complex + 10 mM AcOH
U 3
4
_60 T T T T T T 1
-3 -25 -2 -1.5 -1 -0.5 0 0.5

E/V ys.0.01 MAg/Ag’ in CH,CN

Fig. 6. Comparison of the reduction potential of HOAc alone (1, red) and in the presence of complex 5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 4
Electrochemical data® of complexes 5-7.

Compound Ep/[Fe'Fe']/[Fe°Fe'] E,/[FeFe']/[Fe®Fe’] Ep/[Fe'Fe']/[Fe"Fe']
5 -1.51° -2.04° +0.92°
6 -1.47° -2.09° +0.81°
7 -152° -2.15 +0.91°

@ Potentials in V+0.01 vs. 0.01 M Ag/Ag* in CH3CN in 0.10 M [n-BuyN][BF,]/
CH5CN.
b Irreversible waves.

acetonitrile, the electrocatalysed dihydrogen formation occurs at
a potential that is ~400 mV more positive (Fig. 6).

The cyclic voltammogram of complex 6 in CH3CN exhibits the
two irreversible [Fe'Fe'] — [Fe'Fe®] and [Fe'Fe®] — [Fe®Fe®] redox
processes at E{f’d = —-1.47V and —2.09 V vs. 0.01 M Ag/Ag*, respec-
tively. After reversal of the scan, an oxidation peak at —1.25V oc-
curred, 220 mV more positive than the original [Fe'Fe'] — [Fe'Fe?]
reduction potential, suggesting that this signal is not the simple
re-oxidation of [Fe'Fe®] but more than likely the result of a previous
chemical reaction. A possible explanation of this signal is the oxi-
dation of a rapidly generated thermodynamically stable [Fe'Fe°]
complex with either a bridging C=0 ligand [45] or the rotation
of an iron center [42,46,47]. The only other signal observed is the
oxidation [Fe'Fe!'] — [Fe'Fe!'l process, which takes place at
+0.81 V. Upon addition of AcOH, similar to complex 5, no shift in
the reduction signal of [Fe'Fe'], but the disappearance of the oxida-
tion signal at —1.25 V was observed. A continuous increase of the
peak current after addition of AcOH at —2.1 V suggests catalytical
dihydrogen development for complex 6 (Fig. 5).

The cyclic voltammogram of compound 7 exhibits similar redox
processes as compound 6 (Table 4), with the exception that the
first reduction of [Fe'Fe'] - [Fe'Fe?] is quasi-reversible with a
peak-to-peak separation of 100 mV and a E;fd potential of
—1.52V (Fig. S1). Upon addition of AcOH, compound 7 exhibits
the same properties as discussed above for compounds 5 and 6
(Fig. S2).

4. Conclusions

Starting from the disulphides 2-4 and Fe3(CO);,, three novel
[FeFe] hydrogenase model complexes were synthesized. The struc-
tural properties of complexes 5-7 reveal the basic [Fe252] subunit
and a variable NH-.-.Fe distance. In contrast to [Fey{(S-
CH,),NR}(CO)g], the NH- - -Fe distance is increased and therefore
the complexes 5-7 can serve as structural models for the adjacent
lysine (K237). Investigation of the electrochemical properties of
compounds 5-7 showed catalytic H, development. Although struc-
tural features of an adjacent lysine in [FeFe] hydrogenase are pres-
ent, the weak acid, HOAc, was not strong enough to protonate the
amide NH-function and to establish a proton relay. Attempts to in-
crease the basicity of the nitrogen atoms failed as the free amine
was not accessible. Trials to generate complexes with a free NH,
group, by treatment of the free amines with Fe3(CO);,, only lead
to decomposition products. Likewise the deprotection of the tert-
butyloxycarbonyl groups in complexes 5-7 via treatment with tri-
fluoroacetic acid, hydrogen chloride or thionylchloride treatment
failed. In case of compound 5, it was possible to isolate and charac-
terize the decomposition product. It was found that a trinuclear
Fe(Il)/(II) complex was formed with a p3-oxo ligand. Further
experiments with Fe3(CO);, and trifluoroacetic acid under atmo-
spheric conditions suggest an activation of dioxygen.

However, these experiments do not provide sufficient indices
towards an adjacent lysine mechanism, it is important to continue
the experiments to form a free amino group with an increased

Fe...N distance, as discussed above, and to compare these results
with those found for [Fe,{(SCH,),NR}(CO)s] complexes.

5. Abbreviations

Adt 4-amino-1,2-dithiolane-4-carboxylic acid

Adp (5)-2-amino-3-(1,2-dithiolan-4-yl)propionic acid
Boc tert-butoxycarbonyl

DEI desorption electron ionisation

DFT density functional theory

DMF dimethylformamide

TFA trifluoroacetic acid

THF tetrahydrofurane
TLC thin layer chromatography
FC flash chromatography
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In order to elucidate the influence of the bridging chalcogen atoms in hydrogenase model
complexes, diiron dithiolato, diselenolato, and ditellurolato complexes have been prepared and
characterized. Treatment of Fe3;(CO),, with 3,3-bis(thiocyanatomethyl)oxetane (1) or a mixture of
2-o0xa-6,7-dithiaspiro[3.4]octane (2a) and 2-oxa-6,7,8-trithiaspiro[3.5]nonane (2b) in toluene at reflux
afforded the model compound Fe,(u-S,CsHgO)(CO)g (3). The analogous diselenolato and ditellur-
olato complexes, Fe,(u-Se;CsHgO)(CO)e (4) and Fey(u-Te,CsHgO)(CO)g (5), were obtained from the
reaction of Fe3(CO);, with 2-oxa-6,7-diselenaspiro[3.4]Joctane (6) and 2-oxa-6,7-ditelluraspiro-
[3.4]octane (7), respectively. Compounds 3—5 were characterized by spectroscopic techniques
(NMR, IR, photoelectron spectroscopy), mass spectrometry, single-crystal X-ray analysis, and
computational modeling. The electrochemical properties for the new compounds have been studied
to assess their ability to catalyze electrochemical reduction of protons to give dihydrogen, and the
catalytic rate is found to decrease on going from the sulfur to selenium to tellurium compounds. In the
series 3—5 the reorganization energy on going to the corresponding cation decreased from 3to 4 to 5.
Spectroscopic and computational analysis suggests that the increasing size of the chalcogen atoms
from S to Se to Te increases the Fe—Fe distance and decreases the ability of the complex to form the
structure with a rotated Fe(CO); group that has a bridging carbonyl ligand and a vacant coordination
site for protonation. This effect is mirrored on reduction of 3—5 in that the rotated structure with a
bridging carbonyl, which creates a vacant coordination site for protonation, is disfavored on going

from the S to Se to Te complexes.

Introduction

The natural energy resources predominantly used today
are diminishing, and their continued use has become more
harmful for the environment. Therefore, efforts to develop
alternative energy resources and fuels have become major
goals for the scientific community. Dihydrogen is one of the
future fuels that causes no deleterious products for the
environment.' > Efficient production of dihydrogen in good
yield has become a challenge, and there has been much
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research aimed at overcoming this challenge.®”'* Biomi-
metic catalysts, shown in Scheme 1,37 are based on the
active site of [FeFe]-hydrogenases>3°~3* (the identity of X
in the enzyme is still unclear).>* *' Recently, diiron com-
plexes containing diselenolato ligands have been prepared and
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characterized (Scheme 1b), and their ability to catalyze H,
production from acids was evaluated.*>~*°

Photoelectron spectroscopy and theoretical calculations
revealed that the reorganization energy of Fe,(u-Se,-
C3H;sCH3)(CO)q is substantially lower than that for analo-
gous complexes with Fe,S, cores.** This effect, which may
lead to faster electron transfer with complexes containing
Fe,Se, rather than Fe,S, cores, has not yet been investigated
in detail. On the basis of these observations, we have now
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extended our studies also to the preparation of complexes
containing ditellurolato ligands. In the present publication,
the preparation of oxetane-containing dithiolato, dise-
lenolato, and ditellurolato diiron complexes is reported
(Scheme 2). The ability of these complexes to catalyze the
formation of molecular hydrogen from weak acids is pre-
sented and compared with related systems. To compare S,
Se, and Te analogues, it is important to have the same
substitution pattern except for the chalcogen in each com-
plex. This was achieved by synthesizing the homologous
series 3—5 shown in Scheme 2. The oxetane ring allows the
five-membered ring to which it is attached to be stable for all
three 1,2-dichalcogenolanes. These precursors to the desired
complexes do not polymerize, as is readily seen with the
unsubstituted compounds.

Experimental Section

General Comments. All reactions were carried out under an
argon atmosphere with standard Schlenk techniques. THF,
toluene, and hexane were dried and distilled prior to use
according to standard methods. The 'H, 13C{IH;, "TSe{'H},
and 2D NMR ('H,'H COSY, 'H,"*C HSQC, 'H,”’Se HMBC)
spectra were recorded on either a Bruker AVANCE 200 or 400
MHz spectrometer using the solvent residual peak or a concen-
trated solution of SeO- in D-O as reference. The 7’Se chemical
shifts are reported relative to neat Me,Se [0(Me,Se) = 6(SeO,)
+ 1302.6 ppm].*® The '**Te chemical shift was measured versus
external PhTeTePh and converted to that versus Me,Te.*” Mass
spectra were recorded on a Finnigan MAT SSQ 710 instrument.
IR spectra were measured as KBr disks on a Perkin-Elmer
System 2000 FT-IR spectrometer and in Nujol on a Thermo
Nicolet Avatar ESP 380 FT-IR spectrometer utilizing the
OMNIC version 6.1 software. Elemental analyses were per-
formed with a LECO CHNS-932 apparatus. Silica gel 60
(0.015—-0.040 mm) was used for column chromatography, and
TLC was done using Merck TLC alumlnum sheets (silica gel
60 F254). 3,3-Bis(thiocyanatomethyl)oxetane*® (1), a 2-oxa-6,7-
dithiaspiro[3.4]octane (gZa) and 2-oxa-6,7,8- tr1th1asp1ro[3.5)
nonane (2b) mixture,*® 2-oxa-6,7-disellenaspiro[3.4]Joctane®
(6), and 2-oxa-6,7- d1telluraspiro[3.4]octane50 (7) were prepared
according to literature protocols. Fe3(CO);, purchased from
Aldrich, solvents from Fisher Scientific, and other chemicals
from Acros were used without further purification. Yield calcu-
lations were based on substoichiometric utilized chemicals or on
Fe;3(CO);, for the diiron complexes.

Synthesis of Fe,(u-S,CsHgO)(CO)g (3). Method A. A solu-
tion of Fe3(CO);, (140 mg, 0.28 mmol) and 1 (56 mg, 0.28 mmol)
in toluene (25 mL) was heated under reflux for one hour. The
resulting dark red mixture was evaporated to dryness under
reduced pressure. The obtained solid was redissolved in a
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minimum amount of CH,Cl, and column chromatographed.
From the major red fraction, which was eluted with THF/
hexane (1:3), 3 was obtained as a red solid (56 mg, 47%).

Method B. Twenty-five milligrams of the 2-oxa-6,7-di-
thiaspiro[3.4Joctane and 2-oxa-6,7,8-trithiaspiro[3.5]nonane
mixture (2a and 2b) and Fe3(CO);, (85 mg, 0.169 mmol) were
dissolved in 20 mL of toluene and heated under reflux for 1.5 h.
Evaporation and column chromatography (THF/hexane, 1:3)
gave 36 mg (50%) of the red crystalline product 3. Anal. Calcd
for C; HgFe,0,S, - lhexane: C, 32.34; H, 2.29, S, 14.56. Found:
C,32.27;H,2.31, S, 14.16. IR vc—o cm ™ ': (KBr disk) 2076 (vs),
2033 (vs), 1997 gvs, sh), (Nujol) 2077 (s), 2036 (vs), 2008 (s), 1993
(s), 1982 (m). 'H NMR (200 MHz, CDCls): 6 4.28 (s, 4H,
(CH>),0), 2.48 (s, 4H, 2SCH,). 'H NMR (200 MHz, —50 °C,
CDCl3): 6 4.28 (s, 4H, (CH,),0), 3.07 (d, 2Jyy.q = 8.8 Hz, 2H,
SCHAHgand SCH-Hp), 1.81(d, >y = 8.8 Hz, 2H, SCHA Hy
and SCHcHp). '*C NMR (50 MHz, CDCl5): 6 207.1 (CO), 82.2
((CH»),0), 42.2 (Cy), 30.3 (2SCH,). DEI-MS (m/z): 428 (M™),
400 (M* — C0O),372(M* —2C0), 344 M* —3C0),316 M+ —
4C0), 288 (M™ — 5C0), 260 (M™ — 6CO).

Synthesis of Fe,(u-Se,CsHgO)(CO)q (4). A solution of Fes-
(CO)5 (101 mg, 0.2 mmol) and 5 (49 mg, 0.2 mmol) in THF
(50 mL) was heated at reflux for one hour. The resulting mixture
was evaporated to dryness in vacuo. The obtained solid was
suspended in a minimum amount of hexane and chromato-
graphed on silica gel, eluting with CH,Cl,/hexane (1:3). From
the major red fraction, 4 was obtained as a red solid (73 mg,
70%). Single crystals were obtained from hexane solution. Mp:
169—170 °C. Anal. Calcd for C;;HgFe,O4Se-: C, 25.32; H, 1.55.
Found: C, 25.14; H, 1.66. IR vc—o cm ™' (KBr disk) 2068 (vs),
2025 (vs), 1988 (vs) cm™ !, (Nujol) 2070 (s), 2029 (vs), 2000 (s),
1989 (s), 1977 (m). "H NMR (200 MHz, CDCls): 6 4.26 (s, 4H,
(CH,),0), 2.52 (s, 4H, 2SeCH2). "H NMR (200 MHz, —50 °C,
CDCls): 6 4.26 (s, 4H, (CH,),0), 3.15 (d, 2Jyy.q = 10.2 Hz, 2H,
SeCH Hp and SeCHcHp), 1.89 (d, 2Jyy = 10.2 Hz, 2H,
SeCH7Hp and SeCHcHp). *C NMR (50 MHz, CDCl;): ¢
208.2 (CO), 81.8 ((CH,),0), 42.2 (C,), 21.5 (2SeCH,). ""Se{'H}
NMR (76 MHz, CDCls): 8 107 ppm. DEI-MS (m/z): 524 (M),
496 (M™ — CO), 468 (MT —2C0), 440 (M — 3C0O), 411 (M+ —
4CO0), 384 M+ — 5C0), 356 (M — 6CO).

Synthesis of Fe,(u-Te,CsHgO)(CO)g (5). Complex 5 was
prepared, separated, and recrystallized by a procedure similar
to that of 4. The reaction of Fe3;(CO);, (101 mg, 0.2 mmol) with 6
(68 mg, 0.2 mmol) was carried out in THF. Yield: 82 mg (66%).
Mp: 175—176 °C. Anal. Calcd for C;HgFe,O,Te,-0.25hexane:
C,23.44;:H, 1.81. Found: C,23.24; H, 1.99. IR ve—o cm ™ ' (KBr
disk) 2055 (s), 2012 (vs), 1971 (vs) cm™ ', (Nujol) 2058 (s), 2020
(vs), 1990 (s), 1982 (s), 1969 (m). "H NMR (200 MHz, CDCls): &
4.23 (s, 4H, (CH,),0), 2.66 (s, 4H, 2TeCH,). '"H NMR (200
MHz, —50 °C, CDCl;): 6 4.48 (s, 2H, CH,,0), 4.04 (s, 2H,
CH,g0) 3.22 (s, 2H, TeCHAHp and TeCHcHp), 2.12 (s, 2H,
TeCHAHp and TeCH-Hp). *C NMR (50 MHz, CDCl;): 6 210
(CO), 80.2((CH»),0),42.3(Cy), 4.2(2TeCH,). 125Te NMR (158
MHz, CDCls): 6 197. DEI-MS (m/z): 620 (M "), 496, 564 (M ™+ —
2C0), 508 (M™ — 4C0), 452 (M — 6CO).

Crystal Structure Determination. The intensity data for the
compounds were collected on a Nonius KappaCCD diffract-
ometer, using graphite-monochromated Mo Ko radiation.
Data were corrected for Lorentz and polarization effects, but
not for absorption effects.’'*> The structures were solved by
direct methods (SHELXS)>® and refined by full-matrix least-
squares techniques against F,> (SHELXL-97).>* All hydrogen
atoms were included at calculated positions with fixed thermal
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parameters. All non-hydrogen atoms were refined anisotropi-
cally. XP (SIEMENS Analytical X-ray Instruments, Inc.) was
used for structure representations.

Electrochemical Measurements. Instrumentation and the
source and treatment of solvent and supporting electrolyte have
been reported earlier.>> All potentials are reported versus the
potential of the ferrocenium/ferrocene (Fc'/Fc) couple mea-
sured in acetonitrile. The voltammetric experiments were con-
ducted at 298 K, using ~1.0 mM of each compound in
acetonitrile containing 0.10 M BuyNPF¢ on a glassy carbon
working electrode (GCE), under an Ar atmosphere. The area of
the GCE was determined to be 0.0707 cm? from cyclic voltam-
metric studies of the oxidation of ferrocene in acetonitrile using
2.5 x 107> cm?/s as its diffusion coefficient.>

Photoelectron Spectroscopy. Photoelectron spectra were re-
corded using an instrument that features a 36 cm radius hemi-
spherical analyzer (McPherson),>® with custom-designed
photon source, sample cells, detection and control electronics,
calibration, and data analysis as described previously.®” In the
figures of the photoelectron spectra, the spectra obtained with
the He I source photons are represented by the solid black lines,
and the spectra obtained with the He II source photons are
represented with the red dashed lines. The He II spectra are
scaled to match the low ionization energy intensities in the He |
spectra for visual comparison of the change in relative intensity
at higher ionization energies. All samples sublimed cleanly, with
no visible changes in the spectra during data collection after
initial observation of ionizations from the diiron complex.
The sublimation temperatures for the compounds (in °C, at
1073 Torr) were as follows: complex 3, 90—110; 4, 100—110; 5,
110—120.

Density Functional Theory (DFT) Calculations. Computa-
tional methods have been developed previously for this class
of diiron hexacarbonyl systems with S and Se heteroatoms in the
bridging positions and validated by their ability to account for
structures, adiabatic ionization energies, carbonyl stretching
frequencies, pK, values, oxidation and reduction potentials,
and other electrochemical parameters, as well as metal —metal
and pertinent metal—ligand bond energies.** " Density func-
tional theory calculations were carried out with the Amsterdam
density functional (ADF2006.01d) package.®'°> Geometry op-
timizations and frequency calculations (with no imaginary
frequencies in the final geometries) were carried out using the
VWN functional with the Stoll correction implemented.®®
All electronic energies were obtained with the OPBE func-
tional.** Comparison of the OPBE functional to other common
functionals found it to be the best for the prediction of nuclear
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109, 14642.
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magnetic constants® and the only functional to correctly predict
the spin states of seven different iron complexes.®* All calcula-
tions utilized a triple- Slater-type orbital (STO) basis set with
one polarization function (TZP) for H, C, O, Fe, S, and Se and
two polarization functions (TZ2P) for Te. Relathlstlc effects by
the zero-order regular approximation (ZORA)**¢” were also
applied during all calculations. The frozen core approximation
was used for the inner core of all atoms. The theoretical
stretching frequencies and IR absorption intensities for all
species were calculated analytically with the same computing
method as described above and scaled by a factor of 1.002. For
the simulated IR spectra in the figure the linewidths are adjusted
by a constant factor to approximate the linewidths in the
experimental spectra. Figures of the optimized geometries and
molecular orbital plots were created with Molekel.®®

Results and Discussion

Treatment of Fe3(CO);, with bisthiocyanate 1 in toluene
under reflux for one hour afforded the diiron dithiolato
complex Fe,(u-S,CsHgO)(CO)s (3). Moreover, complex 3
also was prepared from the reaction of Fe3(CO);, with
an inseparable 1:1 mixture of 2a and 2b*® in toluene under
reflux conditions for one and a half hour in 50% yield
(Scheme 3).

The analogous diselenolato and ditellurolato complexes
Fe,(u-Se,CsHgO)(CO)g (4) and Fey(u-Te,CsHgO)(CO)g (5)
were synthesized from the reaction of Fe;(CO),, with 2-oxa-
6,7-diselenaspiro[3.4]octane (6) or 2-oxa-6,7-ditelluraspiro-
[3.4]octane (7), respectively. These reactions were carried out
in THF (Scheme 4).

Compounds 3—5 are air-stable in the solid state and for
several hours in solution. These products were characterized
by IR spectroscopy, multinuclear NMR spectroscopy, mass

(65) Zhang, Y.; Lin, H.; Truhlar, D. G. J. Chem. Theory Comput.
2007, 3, 1378.
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1993, 99, 4597.
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spectrometry, elemental analysis, X-ray crystallography,
and photoelectron spectroscopy.

The room-temperature 'H NMR spectra of 3—5 display
two singlets at 2.48 and 4.28 (3), 2.52 and 4.26 (4), and 2.66
and 4.23 (5) ppm for the two different methylene groups
YCH, (Y = S, Se, Te) and CH,O, respectively. Upon
cooling to —50 °C, the resonance signals of the more shielded
methylene groups in 3 and 4 split into AB spin systems, since
ring flipping of the three-carbon bridge is frozen out and the
hydrogen atoms of YCH, (Y = S, Se) are now nonequiva-
lent. The low-temperature (—50 °C) "H NMR spectrum of 5
displays two unresolved signals of an AB spin system corre-
sponding to the diastereotopic protons at TeCH,, as well as
two broad singlets for the CH,OCH, group. The *C{'H}
NMR spectra of 3—5 exhibit three resonances at 82.2, 42.2,
and 30.3 (3), 81.8,42.2, and 21.5 (4), and 80.2, 42.3, and 4.2
(5) for CH,0, Cg, and YCH, (Y = S, Se, Te). The "°C
resonance of TeCH, in 5 is significantly shifted to high field
(AO(S, Te) = 26.1, Ad(Se,Te) = 17.3), which could be
attributed to the “heavy atom” effect.®” One signal is ob-
served at 107 ppm in the 'H,”’Se HMBC NMR spectrum of
4, indicating equivalent Se atoms. This resonance is shifted to
higher field compared to that of the propanediselenolato
(PDS) model complex (145 ppm).**** The mass spectra of
3—5 showed the molecular ion peaks and the elimination of
six CO ligands sequentially.

The IR spectra of complexes 3—5 (KBr disk) exhibit three
strong absorption bands in the regions 1997—2076 for 3,
1988—2068 for 4, and 1971—2055cm ™! for 5. When compar-
ing the spectra, it can be seen that the CO absorption bands
are shifted to lower frequencies from 3 to 5, which can be
explained by the increasing back-donation to CO caused by
rising donor ability from S to Te. These data are within the
same ranges as those observed for propanedithiolato
(PDT),”° PDS,**** and propaneditellurolato (PDTe)’' com-
plexes.

The X-ray diffraction analyses reveal the proposed struc-
tures of 3—5 as shown in Figures 1—3 and Table 1. The
central 2Fe2Y (Y = S, Se, Te) moieties of 3—5 are in the
butterfly conformation and the geometry around the iron
atoms is similar to that reported for PDT, PDS, and PDTe
complexes.****+7%71 The Fe—Fe bond distances in 3—5 are
2.4923(3),2.5367(19), and 2.6322(11) A, respectively, a trend
attributed to the increase of atomic sizes from S to Te. The
Fe—S, Fe—Se, and Fe—Te bond lengths are comparable to
those reported for PDT, PDS, and PDTe complexes.
43447070 NMoreover an increase of the bonding angle
X—C1-C2 (X = 8, Se, Te) is visible (3: 117.76(12)°, 4
118.2(6)°, 5: 118.5(4)°). These values are unexpectedly high
in comparison to a regular sp>-hybridized atom (109.5°). An
explanation for this is given in the literature and can be
described by the rule of Bent.”>"?

It is noteworthy that the Fe—CO bond lengths {average
lengths: 1.800 A 3), 1.793 A (4), 1.785 A (5)} are slightly
decreasing from 3 to 5 due to the increasing electron density
at the Fe atoms caused by more back-donation ability from S
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Figure 1. ORTEP drawing of Fe,(u-S,CsHgO)(CO)4 (3) with
thermal ellipsoids set at the 50% probability level (hydrogen
atoms were omitted for clarity). Selected distances [A] and
angles [deg]: Fel—Fe2 2.4923(3), Fel—S1 2.2682(5), Fel—S2
2.2676(5), Fe2—S1 2.2578(5), Fe2—S2 2.2600(5), Fel—S1—Fe2
66.826(14), Fel —S2—Fe2 66.799(14), S1—Fel—S2 84.279(17),
S1—Fe2—S2 84.690(17).

Figure 2. ORTEP drawing of Fe,(u-Se,CsHgO)(CO)¢ (4) with
thermal ellipsoids set at the 50% probability level (hydro-
gen atoms were omitted for clarity). Selected distances [A]
and angles [deg]: Fel—Fe2 2.5367(19), Fel—Sel 2.3813-
(15), Fel—Se2 2.3824(14), Fe2—Sel 2.3753(16), Fe2—Se2
2.3823(17), Fel—Sel—Fe2 64.46(5), Fel—Se2—Fe2 64.34(5),
Sel—Fel—Se2 85.61(5), Sel—Fe2—Se2 85.74(6).

Figure 3. ORTEP drawing of Fe,(u-Te,CsHgO)(CO)g (5) with
thermal ellipsoids set at the 50% probability level (hydro-
gen atoms were omitted for clarity). Selected distances [A]
and angles [deg]: Fel—Fe2 2.6322(11), Fel—Tel 2.5435(8),
Fel—Te2 2.5344(8), Fe2—Tel 2.5317(8), Fe2—Te2 2.5384(7),
Fel—Tel—Fe2 62.48(3), Fel—Te2—Fe2 62.52(2), Tel—
Fel—Te2 86.92(3), Tel—Fe2—Te2 87.09(2).

Harb et al.

Table 1. Crystal Data and Refinement Details for the X-Ray
Structure Determinations of the Compounds 3, 4, and 5

3 4 5

formula C;HgFe,- C;1HgFe,- C;1HgFe,-

O7Sz O7S€2 O7T€2
fw 427.99 521.79 619.07
7/°C —90(2) —90(2) —90(2)
cryst syst triclinic triclinic triclinic
space group P1 P1 PT
alA 8.7511(3) 8.7942(7) 7.7877(4)
b/A 9.3583(4) 9.4877(11) 9.0734(4)
c/A 10.2267(3) 10.3124(13) 12.6096(6)
o/deg 100.509(2) 100.635(7) 101.493(2)
p/deg 91.881(2) 92.451(7) 95.493(2)
y/deg 110.795(2) 110.565(7) 110.171(3)
VIA? 765.48(5) 786.33(15) 806.39(7)
zZ 2 2 2
p/g-cm 3 1.857 2.204 2.550
ujem™! 21.95 65.01 53.72
measd data 5538 5339 5678
data with I > 20(1) 3198 1946 2893
unique data/Ri,, 3484/0.0231 3540/0.0868 3644/0.0364
WR, (all data, on FA)*  0.0636 0.1352 0.0860
Ry (I > 20(])) 0.0246 0.0655 0.0378
s’ . 1.021 1.004 1.046
res dens/e- A3 0.420/—0.414  0.989/—1.183  0.785/—1.366
absorpt method none none none
CCDC no. 723576 723577 723578

(C(F — F))/SIw-

“R, = (SUE,|—|FI)/SIF), wR
7 | < A Sy b = TSR - FR T

(Foz)l?];”2 with w™! = 6X(F,
N

©“
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Figure 4. Background-corrected voltammograms of 1.0l mM 3
(blue), 1.00 mM 4 (red), and 1.00 mM 5 (green) in acetonitrile
with 0.10 M tetrabutylammonium hexafluorophosphate at
glassy carbon (0.10 V/s; scan segments: —0.9 to —2.7 V; —2.7
to+1.1V; +1.1to —0.9 V; argon purged). The bars on the zero
current axis represent the oxidation and reduction potentials
obtained from DFT computations. The colored bars are the
calculated oxidation potentials for each respective molecule, the
black bar is the range of calculated first reduction potentials for
all three molecules, and the gray bar represents the range of
calculated second reduction potentials for a variety of final
geometries.

to Te. This observation is consistent with the CO band shifts
to lower frequencies from 3 to 5 in their IR spectra.

Electrochemical Investigations. Cyclic voltammograms
(CV) of 3—5 were recorded in order to observe the electro-
chemically induced reduction and oxidation properties of
this family of compounds and to assess their ability to
catalyze the reduction of weak acids to form dihydrogen.
Comparison of a wide potential range of CV data, Figure 4,
for all three compounds shows some broadly similar pro-
cesses.
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Figure 5. Background-corrected voltammograms of 1.01 mM 3
(blue), 1.00 mM 4 (red), and 1.00 mM 5 (green) in acetonitrile
with 0.10 M tetrabutylammonium hexafluorophosphate at
glassy carbon (0.10 V/s; scan segments: —0.9 to —1.8 V; —1.8
to —0.3V; —0.3 to —0.9 V; argon purged).

A primary one-electron reduction with a peak potential
around —1.55 Vis observed followed by a less distinct second
reduction feature at least a further 600 mV more negative.
The conclusion that the reduction peak corresponds to a one-
electron process is based on comparison of the peak height
with that of other known one-electron processes, such as the
oxidation of ferrocene, measured under the same conditions.
For information about the electronic structure of the one-
electron reduction product, see section “Electronic Structure
and Observed Properties” below. Strong irreversible oxida-
tion peaks are seen between 0.70 and 0.80 V. Small oxidation
peaks are observed for compounds 3 and 4 at —0.60 V but
only following an initial scan through the primary reduction
peak (see SI-1 and SI-4), suggesting that this feature is due to
the oxidation of a species formed upon reduction of the
initial compound (this feature is largest at slow scan rates,
suggesting that it is due to a species formed in a slow reaction
following the initial reduction, SI-2 and SI-5). All three
compounds have a degree of chemical reversibility to the
primary reduction feature at the larger scan rates (see SI-2,
SI-5, and SI-8). At 0.1 V/s, as in Figures 4 and 5, only the
Te compound, 5, shows distinct reversibility. There is a
small positive shift, ~70 mV, in the primary reduction
peak potential as S is changed to Se and to Te (from
Figure 5: £}, ;cq = —1.602 V (3), —1.551 V (4), and —1.535
V (5)). The second more negative reduction peak is chemi-
cally irreversible for all three compounds. The anodic
peak potentials span a range of ~100 mV, with the Te
compound being the most easily oxidized and S most
difficult (from Figure 4: £, ,x = 0.810 V (3), 0.778 V (4),
and 0.708 V (5)). The finding that the Te compound, 5, is
both the easiest to reduce and the easiest to oxidize is
surprising, although the magnitudes of the shifts are fairly
small. The oxidation peak is chemically irreversible for all
three compounds.

Catalysis of the reduction of weak acids by compounds
3—5 was tested with additions of acetic acid to acetonitrile
solutions (see Figures 6, 7, SI-3, SI-6, SI-9, and SI-10). The
response with a 5-fold excess of acid shows some catalysis,
indicated by enhanced current in a region where neither the
catalyst nor the acid alone are reduced.”® There is evidence of
modest catalysis in this region, most strongly for 3, with
enhanced current around —2.0 V. The feature is broad and
not well-defined, so that determination of the overpoten-
tial is imprecise but can be considered to be at least 0.5 V
(using the standard potential for reduction of acetic acid,
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Figure 6. Background-corrected voltammograms of 1.01 mM 3
+ 5 mM acetic acid (blue), 1.00 mM 4 4+ 5 mM acetic acid (red),
1.00 mM 5 + 5 mM acetic acid (green), and 5 mM acetic acid
only (black) in acetonitrile with 0.10 M tetrabutylammonium
hexafluorophosphate at glassy carbon (0.10 V/s, argon purged);
scan: —0.9 to —2.5 V and return to —0.9 V.
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Figure 7. Background-corrected voltammograms of 1.01 mM
3 + 50 mM acetic acid (blue), 1.00 mM 4 + 50 mM acetic acid
(red), 1.00 mM 5 + 50 mM acetic acid (green), and 50 mM acetic
acid only (black) in acetonitrile with 0.10 M tetrabutylammo-
nium hexafluorophosphate at glassy carbon (0.10 V/s, argon
purged); scan: —0.9 to —2.5 V and return to —0.9 V.

—1.46 V).” There is little enhancement for 5, where most of
the extra current with 5 mM acid is likely due to the direct
reduction of acetic acid on glassy carbon. Compound 4 (Se)
represents a case intermediate between compounds 3 (S) and
5 (Te). Figure 7 shows the response with a much larger acid
excess, 50:1, wherein any catalytic current is mostly swamped
by direct reduction. The addition of acetic acid to these
compounds does not lead to growth in the height of the
primary reduction peak; such growth was not expected, as
this would represent an extremely low overpotential of
~0.10 V. due to the direct reduction of acetic acid on glassy
carbon. Compound 4 (Se) represents a case intermediate
between compounds 3 (S) and 5 (Te). Figure 7 shows the
response with a much larger acid excess, 50:1, wherein any
catalytic current is mostly swamped by direct reduction.
Photoelectron Spectroscopy. The He I and He II gas-phase
ultraviolet photoelectron spectra of the molecules containing
chalcogens S through Te are shown in Figure 8. The general
assignment of the ionizations is based on previously re-
ported analogous compounds.** The displayed spectrum
contains ionizations from the Fe-based metal 3d-orbitals,

(74) Felton, G. A.N.;Glass, R. S.; Lichtenberger, D. L.; Evans, D. H.
Inorg. Chem. 2006, 45, 9181. Corrections: Felton, G. A. N.; Glass, R. S.;
Lichtenberger, D. L.; Evans, D. H. Inorg. Chem. 2007, 46, 5126. Felton, G.
A.N.; Glass, R. S.; Lichtenberger, D. L.; Evans, D. H. Inorg. Chem. 2007,
46, 8098.
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lonization Energy (eV)

Figure 8. He I (black solid line) and He II (red dashed line)
photoelectron spectra of oxetane molecules. The arrows around
7.5 eV indicate the DFT-calculated adiabatic ionization energy
for each molecule. The arrows around 8 eV indicate the DFT-
calculated vertical ionization energy for each molecule.

chalcogen-based valence p-orbitals, and O-based 2p-orbi-
tals. The metal d-based ionizations include a formal me-
tal—metal bond of the diiron center and the three occupied
d-orbitals of each Fe center that are involved in back-bonding
to the carbonyl ligands. The chalcogen-based and O-based
valence p-orbital ionizations are expected to be observed in
the high ionization energy side of this region based on pre-
viously reported photoelectron spectra of chalcogen-">~"" and
oxetane-">"’containing organometallic compounds.

The first broad ionization profile, shown in more detail in
Figure 9, contains the predominantly Fe d-based ionizations
and ranges up to about 9 eV for the S- and Se-containing
molecules and up to about 8.7 eV for the Te-containing
molecule. This band has a weak shoulder on the low ioniza-
tion energy side corresponding to ionization from the
HOMO of the molecule, calculated to be predominantly
the Fe—Fe o-bond (vide infra), with an adiabatic ionization
energy approximately in the region indicated by the onset of
ionization intensity around 7.5 eV. The estimated shift of the
adiabatic ionization energy from molecule 3 to molecule 5
based on these spectra is 0.1 eV, which is the same as the
observed shift in oxidation potentials reported above.

The second and third distinct ionization bands (shown in
Figure 8), ranging from about 9.0 to 9.5 eV, are chalcogen
based, and above 10.0 eV are O p-based ionizations. The
additional identifiable band in this region of the spectrum of
5 is most likely the consequence of spin—orbit effects for the
heavy tellurium atom. Compared to the ionizations observed
in the He I spectra, these chalcogen-based ionizations exhibit
substantially decreased intensity relative to the Fe d-based
ionizations when the higher-energy He II excitation was
used. The probability of ionization from a chalcogen
p-orbital falls by an average factor of 10 from He I to He
IT excitation, while the probability of O p-orbital and Fe

(75) Guillemin, J. C.; Bajor, G.; Riague, E.; Khater, B.; Veszpremi, T.
Organometallics 2007, 26, 2507.

(76) Cozzolino, A. F.; Gruhn, N. E.; Lichtenberger, D. L.; Vargas-Baca,
1. Inorg. Chem. 2008, 47, 6220.

(77) Cranswick, M. A.; Gruhn, N. E.; Oorhles-Steele, O.; Ruddick,
K. R.; Burzlaff, N.; Schenk, W. A.; Lichtenberger, D. L. Inorg. Chim.
Acta 2008, 361, 1122.

(78) Roszak, S.; Kaufman, J. J.; Koski, W. S.; Barreto, R. D.;
Fehlner, T. P.; Balasubramanian, K. J. Phys. Chem. 1992, 96, 7226.

(79) Mollere, P. D. Tetrahedron Lett. 1973, 14, 2791.
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Figure 9. First ionization bands of molecules 3—5 in the He |
photoelectron spectra. The brackets indicate the region of onset
of ionization intensity, which approximates the adiabatic ioni-
zation energy for the molecules.

d-orbital ionizations increases by almost a factor of 2 based
on theoretical partial photoionization cross-sections of the
atoms.®® However, the relative intensity changes observed in
the photoelectron spectra are much less in magnitude than
the theoretical values predicted for pure atomic orbital
ionizations. This suggests substantial mixing of chalcogen
character with iron d orbital and oxygen p orbital character.
The energies of these ionizations visibly decrease with sub-
stitution from S to Se to Te, as expected from the decreasing
electronegativity of the atoms and the decreasing inherent
stability of the atomic orbitals.

Electronic Structure and Observed Properties. Density
functional theory calculations of these oxetane compounds
have been carried out to provide further information on how
the electronic structure and properties of the molecules are
altered as the chalcogen is changed from S to Se to Te. A
computational methodology has been developed previously
for [FeFe]-hydrogenase mimics that shows good agreement
between calculated and experimental results.****~% This is
the first test of the computational model to account for the
properties of a mimic with tellurium atoms in the bridging
positions. Optimized geometries and comparisons with the
crystal structures are provided in the Supporting Informa-
tion. For the S- and Se-containing molecules 3 and 4 the
calculated Fe—Fe and Fe—chalcogen bond distances are
within 0.025 A of those obtained from crystal structures
(see SI). For the Te-containing molecule 5 the optimized
Fe—Fe distance is 0.05 A shorter than the crystal structure
distance, and the Fe—Te distance is about 0.07 A longer than
the crystal structure distance. There was some concern about
additional relativistic effects or other limitations of the basis
set or model for the heavy tellurium atoms, but this was not
found to be an issue for the electron distribution or the
spectroscopic and thermodynamic properties of the mole-
cule, as evidenced by agreement with the carbonyl stretching
frequencies, molecular ionization energies, and oxidation
and reduction potentials. It was noted that geometry opti-
mization was much more difficult for the Te-containing
molecule because of a fairly flat potential energy surface,
perhaps due to the larger and softer tellurium atoms,
leading to larger differences in the calculated distances from

(80) Yeh, J. J.; Lindau, 1. At. Data Nucl. Data Tables 1985, 32, 1.
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Figure 10. Comparison of the experimental IR spectra (in
Nujol) in the carbonyl stretching region (solid lines) with
calculated IR spectra (dashed lines) for each of the oxetane
molecules.

experiment, but not to significantly larger differences in the
calculated energy quantities.

The carbonyl stretching frequencies are an energy measure
sensitive to the electron distribution in the molecules, and the
intensities of the normal mode absorptions are sensitive to
the molecular geometry and carbonyl coupling. The calcu-
lated and observed spectra are compared in Figure 10. The
average difference in the calculated and experimental fre-
quencies is less that 0.2%, and the relative absorption
intensities are in good agreement. As mentioned previously,
the decrease in carbonyl stretching frequencies from 3 to 4 to
5 indicates an increase of electron richness at the diiron core
of the molecule from S to Se to Te. The trend is as expected
considering the changes in electronegativity from S to Se to
Te. The increasing donor ability from S to Se to Te is
evidenced by the increasing positive charge on these atoms.
Based on Voronoi deformation densities, which are less
sensitive to basis sets than Mulliken population analysis,®’
the electron density in the vicinity of the chalcogen decreases
by 0.06 ¢ from S to Se and another 0.09 ¢~ from Se to Te.
Much of the charge is transferred to the carbonyls, and the
corresponding increases in electron density in the vicinity of
the Fe atoms are 0.02 and 0.04 ¢™.

The agreement of the calculations with the experimental
ionization energies is also very good. The arrows in Figure 8
indicate the adiabatic and vertical ionization energies as
calculated by the ASCF energy between the neutral molecule

(81) Guerra, C. F.; Handgraaf, J. W.; Baerends, E. J.; Bickelhaupt,
F. M. J. Comput. Chem. 2004, 25, 189.
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cation
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Figure 11. Calculated neutral and cation structures of 3.

and the positive ion. The calculated first vertical ionization
energies, for which the structures of the positive ions are
constrained to the optimized structures of the neutral mole-
cules, are able to account for the shift of the primary
ionization band intensity to lower energy from S to Se to
Te substitution. Calculated adiabatic ionization energies, for
which the structures of the positive ions are optimized to
their global minima, are close to the experimental onset
energies of the first ionization bands, indicated by the arrows
near 7.5 eV in Figure 8. In each case the global minimum
structure of the cation in the gas phase has a semibridging
carbonyl ligand, as shown in Figure 11. This general arrange-
ment of the carbonyl ligands, which has been has been the
subject of much attention,”>**~®” has been termed the “ro-
tated” structure because it can be viewed as an approxi-
mate 60° rotation of one Fe(CO); group. This rotated struc-
ture creates a vacant axial coordination site on the Fe center
analogous to the active site of [FeFe]-hydrogenase.'%-2!:23:88.89

The cation reorganization energy for each molecule was
calculated as the energy difference of the optimized semi-
bridged rotated structure of the cation shown in Figure 11
(corresponding to the adiabatic ionization energy) from the
energy of the cation calculated with the nonbridged frozen
structure of the neutral molecule (corresponding to the
vertical ionization energy). Reorganization energies are cal-
culated to be 0.59 eV for 3, 0.53 eV for 4, and 0.42 eV for 5.
Substantial reduction of reorganization energy was calcu-
lated with increasing atomic radii of the chalcogen, favoring
increasing electron transfer rates from S- to Te-containing
molecule. The decrease in the reorganization energy was
not as great as observed from S to Se in [u-Se(CH,),-
CHCH;Se][Fe(CO)s],, where the energies decreased from
0.65 to 0.45 eV.* Interestingly, although the vertical ioniza-
tions shift significantly to lower energy with the heavier
chalcogens, reflecting their greater donor ability, the reorga-
nization energies also decrease down the series, and the

(82) van der Vlugt, J. I.; Rauchfuss, T. B.; Whaley, C. M.; Wilson, S.
R. J. Am. Chem. Soc. 2005, 127, 16012.

(83) Justice, A. K.; Zampella, G.; DeGioia, L.; Rauchfuss, T. B.;
vanderVlugt, J. I.; Wilson, S. R. Inorg. Chem. 2007, 46, 1655.

(84) Justice, A. K.; Zampella, G.; Gioia, L. D.; Rauchfuss, T. B.
Chem. Commun. 2007, 2019.

(85) Justice, A. K.; Rauchfuss, T. B.; Wilson, S. R. Angew. Chem., Int.
Ed. 2007, 46, 6152.

(86) Liu, T.; Darensbourg, M. Y. J. Am. Chem. Soc. 2007, 129, 7008.

(87) Thomas, C. M.; Darensbourg, M. Y.; Hall, M. B. J. Inorg.
Biochem. 2007, 101, 1752.

(88) Peters, J. W. Curr. Opin. Struct. Biol. 1999, 9, 670.

(89) Nicolet, Y.; Piras, C.; Legrand, P.; Hatchikian, C.; Fontecilla-
Camps, J. C. Struct. Fold Des. 1999, 7, 13.
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HOMO

LUMO

Figure 12. Highest occupied and lowest unoccupied orbitals of 3.

consequence of the combination of these effects is that
there is little shift, only about 0.1 eV overall, in the adiaba-
tic ionization energies, as also seen in the oxidation
potentials.

The trend in ionization energies and reorganization en-
ergies shows that as the bridging atoms change from S to Se
to Te, the cations gain less stabilization in forming the
“rotated” structures with the bridging carbonyls. This is
counter to the usual expectation that as electron richness at
the metal center increases, as shown by the carbonyl stretch-
ing frequencies for these molecules, the bridging carbonyl
should become more favored because of its greater ability to
withdraw and stabilize the electron density. The other im-
portant factor in these molecules is that as the chalcogen
atoms become larger down the series, there is a correspond-
ing increase in the Fe—Fe distance, such that the bridging
carbonyl becomes less effective at favoring the rotated
structure. The relative stability of the rotated structure is
important to the reduction chemistry and catalysis discussed
below.

From plots of the Kohn—Sham orbitals of the HOMO and
LUMO, shown in Figure 12, the HOMO is primarily the
metal—metal bonding interaction with delocalization of
electron density to the carbonyl ligands. The tilt of the
oxetane imparts some asymmetry to the HOMO. The
LUMO consists mainly of the metal—metal antibonding
interaction with some metal—chalcogen antibonding inter-
action of chalcogen p-orbitals.

The Kohn—Sham orbitals corresponding to the ioniza-
tions from 9.0 to 9.5 eV (see SI for orbital plots) were
found to contain substantial chalcogen p-orbital character
(HOMO—-8 to HOMO-—10). This is in agreement with the
relative intensity of the ionizations observed in He I/He II
photoelectron spectra. Also, the orbital (HOMO—11) above
9.5 eV is calculated to contain O 2p character. In addition to
the above, mixing of chalcogen orbital characters with Fe
and O orbital characters is consistent with the mixing
suggested by the He I/He II photoelectron data.

The calculated oxidation and reduction potentials are
displayed with the observed cyclic voltammograms in
Figure 4. The calculated oxidation potentials that are shown
correspond to cation structures without a bridging carbonyl
ligand, similar to the neutral molecule. The good agreement
between calculated and observed oxidation potentials and
their trends suggests that the structures without bridging
carbonyl ligands are favored in acetonitrile solution on the
time scale of these experiments. Calculated oxidation poten-
tials with a bridging carbonyl ligand in the cation structure

Harb et al.

gave oxidation potentials in the range 0.51—0.67 V, which
agreed less well with experiment, although such structures
cannot be ruled out with confidence on this basis.

Various structures also were explored for the anions of
these molecules obtained by reduction. For the sulfur-con-
taining molecule 3 the free energy of the structure with the
rotated iron center and semibridging carbonyl is calculated
to be the same (within 0.01 eV) as the free energy of the
structure with the unrotated iron center. For the selenium-
containing molecule 4 the free energy of the rotated structure
is calculated to be 0.1 eV higher than the unrotated structure,
and for the tellurium-containing molecule 5 the difference
in free energy between these structures increases again to
0.2 eV. The global minimum structure for the dianions of all
three molecules has a bridging carbonyl, along with one
broken Fe—chalcogen bond, as found in the study of the
corresponding benzenedithiolato™® and ethanedithiolato”
complexes. The decreasing favorability of the rotated
structures in the anions from S to Se to Te parallels the
observed increase in reversibility of the reduction of the Te
molecule and the decrease in the rate of reduction of
protons to hydrogen observed down this series. Previously,
the rate of rotation of the Fe(CO); unit has been correlated
with the rate of cyanide substitution for carbonyl by an
associative mechanism.?®°! Similarly, these observations
strongly indicate that the catalytic reduction of protons by
these molecules is promoted by transformation to the
rotated structure with the bridging carbonyl to open up
the site for protonation and subsequent production of
hydrogen.

Conclusion

Diiron dithiolato, diselenolato, and ditellurolato com-
pounds containing an oxetane ring have been prepared in
good yields as [FeFe]-hydrogenase models. The oxetane ring
remarkably stabilizes the cyclic diselenium and ditellurium
precursor compounds, which provides the opportunity to
synthesize the homologous S, Se, and Te series 3—5. The
objective of this paper was to determine the basis for the
difference in reorganization energy of 2Fe2Y (Y = S, Se, and
Te) cores. Overall the electronic effects of substitution from S
to Se to Te are small. The increasing donor ability of these
bridge atoms, as reflected in both the decreasing carbonyl
stretching frequencies and the decreasing vertical ionization
energies, is compensated by the decreasing reorganization
energies such that the adiabatic ionization energies and the
electrochemical oxidation potentials occur within narrow
energy ranges. The first reduction potentials occur in a
similarly small range. However, despite these small changes
in potentials, the rate of catalytic reduction of protons to
hydrogen is substantially diminished from S to Se to Te. Also
diminished is the calculated favorability of the anions to
adopt the rotated structures with a bridging carbonyl ligand,
which creates an open coordination site on an iron atom for
protonation. The increasing size of the chalcogen atoms and
the corresponding increasing distance between the iron
atoms are likely factors in disfavoring the bridging carbonyl
structures.

(90) Felton, G. A. N.; Petro, B. J.; Glass, R. S.; Lichtenberger, D. L.;
Evans, D. H. J. Am. Chem. Soc. 2009, 131, 11290.

(91) Darensbourg, M. Y.; Lyon, E. J.; Zhao, X.; Georgakaki, I. P.
Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 3683.
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In search for peptidic [FeFe] hydrogenase mimics, the cyclic disulfide Sandostatin® (octreotide) was
allowed to react with Fe;(CO),,. An octreotide-Fe,(CO), complex was isolated and characterized
spectroscopically as well as by elemental and thermochemical analysis. The complex catalyzes the
electrochemical reduction of H* to H,. It is suggested by radioligand binding assays that the complex
retains much of the binding affinity for the somatostatin hsst, s receptors of octreotide.

Introduction

Since the active site of [FeFe] hydrogenase from Clostridium
pasteurianum® and from Desulfovibrio desulfuricans* was charac-
terized (Scheme 1), vigorous activities commenced with the aim to
mimic the structural and electrochemical properties of the active
site [Fe2S2] cluster.?
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Scheme 1 Active site of [FeFe] hydrogenase with a semibridging CO
ligand and a vacant coordination site at the distal iron atom.

Specific features of the active site have been reproduced in model
complexes, namely 7) the “rotated” geometry of the active site,
i.e. formation of a bridging or semi-bridging C=0 ligand and a
vacant coordination site at the distal iron atom,* i) the formation
of terminal hydrides during catalysis,® iif) the applicability of
water as a solvent and proton source’ iv) establishment of
an eclectron cascade towards the [Fe2S2] subunit,” and v) the
establishment of a proton relay between the distal iron and an
adjacent base.® Less attention was directed towards the use of
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amino-acid derivatives for mimicking the enzymatic environment
until now; some examples (1-4) are shown in Scheme 2.°
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Scheme 2 [FeFe] hydrogenase models containing amino acids.’

Following our continued interest in somatostatin mimics'® we
have now investigated the reaction of Fe;(CO),, with the macro-
cyclic peptidic disulfide Sandostatin® (octreotide 5, Scheme 3) and
studied the chemical, electrochemical and biological properties of
the resulting product. In comparable conversions, Kolane et al.'!
and Sadler et al.'? were able to insert Tc and Pt into the (S,S)-
bond of octreotide under mild conditions. Octreotide 5 itself, is
well known as a somatostatin (SRIF,, somatotropin-releasing
inhibiting factor) analogue; it binds to the five human somatostatin
receptors hsst,s, with affinities ranging from 0.8 nM (hsst,) to
1.7 uM (hsst,).”* Tt inhibits the release of the growth hormone
somatotropin, with an activity that is 70 times higher than that
of the natural hormone somatostatin.'*'> Octreotide derivatives
are used in diagnosis and therapy of endocrinic and gastro entero
pancreatic tumours, breast and prostate cancers.'>'
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Scheme 3 Molecular formula of Sandostatin® (5) and one of its
X-ray structures? (the C-S-S—C torsion angles in the three independent
molecules of the unit cell are 94, 107 and 117°).

Beside the use of octreotide 5 as ligand for a [FeFe]-hydrogenase
model complex, it would be interesting to investigate the affinities
of the resulting complex towards the somatostatin receptors
to reveal its biological and chemical diversity. To the best of
our knowledge, a metal-carbonyl complex was first used as a
biologically active substance (for immunoassays) in the case of
the estrogen mimic 6 (Scheme 4),"” which binds selectively to
estrogen receptors in target tissue and can be detected via FT-IR
spectroscopy.'®"

OH

Z
~.
“Z.
Z

~

o
HO(H,C);0

,
%,
“,
Z
o

-Cr{CO);

Scheme 4 FT-IR Detectable organometallic hormone derivative.

This study brings forth a novel [2Fe2S] complex with a
peptidic moiety, which can serve as a [FeFe] hydrogenase model.
Additionally, the ability to bind to the somatostatin receptors
would eventually allow the establishment of a new class of CO-
releasing molecules (CORM) or molecules for immunoassays.

Results and discussion
Synthesis and characterization of the iron complex 7

Treatment of octreotide 5 (as an acetate salt) with four equivalents
of dodecacarbonyltriiron (Fe;(CO),,)ina 3 : 1 mixture of methanol

and toluene afforded the iron complex 7, which was isolated as an
amorphous orange solid in 39% yield (Scheme 5).
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Scheme5 Reaction of octreotide 5 with excess Fe;(CO),, to form complex
7 of insertion into the (S,S)-bond.

Compound 7 is air-sensitive in pure methanol and undergoes
rearrangement and decomposition, which become evident in the
course of NMR measurements and DTA/DSC experiments. The
identity of 7 was verified by elemental analysis, NMR, MS and IR
studies. Mass spectrometry (micro-ESI) afforded the [M]* peak
at m/z 1298.7, and elemental analysis was correct within ca.
0.3% for the composition [7-3AcOH-MeOH]. Additionally, the
iron content was determined spectrophotometrically with 1,10-
phenantroline (caled.: 7.4%; found: 8.3 £ 0.7%).?" IR spectroscopy
provides additional confirmation for the structure of compound
7: three V¢, bands are visible between 2075 and 1997 cm™ (Fig. 1),
which are in good accordance to the CO vibrations observed for
complexes 1-4 (Table 1).

To prevent decomposition and oxidation, a sample of 7 for
NMR in degassed CD;OH was dissolved and filtered inside a dry-
box (<5 ppm O,) into an NMR-tube fitted with a Young-valve.
Nevertheless, the "H NMR spectrum at both 5 °C and 15 °C
showed strongly broadened lines, presumably due to contamina-
tion with paramagnetic components. This made detailed signal
assignment via the measured 2D-correlation data impossible and
precluded the planned full 3D-solution structure determination
by NMR. Repeated measurements at 15 °C, with intervals of
several hours in between, showed only very minor changes of the
spectrum of 7 with time. A comparison of the '"H NMR spectra
at 15 °C of 5 and 7 is displayed in Fig. 2. The solvent OH signal
was suppressed by presaturation.

Further characterisation of compound 7 by simultaneous
thermal analysis (employing a Netzsch STA 429 equipment) was
carried out in the range of room temperature and 400 °C with
a heating rate of 5 K min™ in an argon atmosphere (Fig. 3).

Table 1 Comparison of the IR data of complex 7 with literature known
amino acid complexes 1-4

Compound Vo in cm™

1% 2073, 2036, 1994
2% 2076, 2038, 2000
3% 2077, 2040, 2000
4 2074, 2034, 1995
7 2074, 2037, 1997
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Fig.1 IR Spectra of octreotide (5) (blue) and compound 7 (red). The v, frequencies are highlighted in the black box.
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Fig.2 'H-NMR spectra (600 MHz) in CD;OH at 15 °C of octreotide (5)
(blue) and compound 7 (red).

An initial weight loss of 2.1% is completed at 62 °C and can be
assigned to the loss of one molecule of methanol per formula unit
(calcd. 2.1%). The succeeding weight losses of 3.3% and 8.4%
occurring up to 192 °C are compatible with the evolution of three
molecules of acetic acid per formula unit (calcd. 4.0% and 7.9%).
A further weight loss takes place between 192 and 273 °C when
CO is released, which has also been verified by IR spectroscopy
(caled. 11.1%, found 11.8%). The final weight loss is due to further
degradation of the molecule. This thermal degradation is an
exothermic reaction yielding a residue, which was investigated by
X-ray powder diffraction and is a mixture of various components,
including iron oxide and iron sulfide.

Electrochemistry

The electrochemistry of compound 7 was studied in DMF
by cyclic voltammetry and (cyclic) square wave voltammetry.

Unfortunately, the solubility of 7 is bad in DMF and even
worse in the other aprotic solvents normally used for conducting
electrochemical experiments. For this reason a saturated solution
of unknown concentration was used in all experiments and the
results will be described only in a qualitative way.

Fig. 4 shows the cyclic voltammetric reduction of compound 7
in DMF. The main process (accompanied by two irreversible pre-
waves which appear at about —1.5 V" and —1.75 V, respectively)
is observed in the potential range between —2.5 V' and -2.7 V.
The square wave voltammogram shown in Fig. 5 reveals that
the shape of the CV peak associated with this process results
from a superposition of two overlapped reduction steps. The
first one is a reversible reduction with a half-wave potential of
about —2.47 V and a half-peak width that points to a one-
electron process. It is followed by an irreversible step which is
not visible in the square wave experiment due to the better dis-
crimination between reversible and irreversible processes achieved
by this technique. However, because of the unknown saturation
concentration of compound 7 in DMF, it was neither possible
to determine the diffusion coefficient of the compound nor the
exact number of electrons involved in the reversible reduction
step.

With respect to the relative high negative potential where the
reversible reduction of compound 7 proceeds (compared to other
compounds such as Fe,(CO)q(pdt) (pdt = propandithiolato)® it is
not surprising that the current is increased when adding acetic acid
to the sample. However, the catalytic current (measured by square
wave voltammetry) starts already at about —2. 15 V and grows in an
unspecific way (i.e. almost linearly) when the electrode potential
becomes more negative. That means, the starting potential of
the catalytic hydrogen generation lies amid the plateau of the
second pre-wave (see Fig. 4) and is still far from the potential
were the reversible reduction process occurs. It is therefore hardly
possible to make any statement about the mechanism of the proton
reduction in the presence of 7 or the species involved in this process.
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Fig. 3 Differential Scanning Calorimetry (DSC, red) and Thermogravimetry (TG, black) curves of compound [7-3AcOH-MeOH].
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Fig. 4 Cyclic voltammetric reduction of compound 7 in DMF using a
scan rate of 1 V' /s.

Biological tests

Measurements of the affinities of compound 7 for the five human
somatostatin receptors hsst,; were carried out as previously
described by us.!® As can be seen from the data listed in Table 2
all affinities are equivalent or at most by one order of magnitude
lower in the measurements done with solutions of the complex 7
as compared to octreotide 5.

This is surprising for two reasons.

i) With most octreotide derivatives, analogs, or mimics the affinity
patterns differ from that of octreotide itself, while here all five
values differ at most a factor of 10. This would be compatible
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Fig.5 Square wave voltammograms for the reduction of 7 in DMF using
square wave frequencies of 25 (dashed line), 50, 100, 200, 428 and 750 Hz..

with partial decomposition of 7 to give ca. 10% octreotide 5 when
the stock solution is freshly prepared (see Experimental Section).
However, in this case a slow decomposition would have been
noticed, because the stock solution was used over a period of
time for preparing series of diluted solutions, and the assays were
repeated three to four times each (see Table 2).

i) The similarity of the affinities of the iron complex 7 and of
octreotide 5 would indicate that there is no significant structural
change by insertion of Fe,(CO), into the (S,S)-bond. As outlined
in Scheme 6, the torsion angle CH,—S-S-CH, is > 94° (¢f
Scheme 3), whereas the virtual C-S---S-C dihedral angles in
[Fe2S2] clusters* are either 0° or close to 180°, which would
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Table 2 Affinities measured with octreotide (5) and compound 7. Ra-
dioligand binding assay (competition of the specific binding of ['*1]-
LTT-SRIFy) with the five known human somatostatin receptors (hsst,.s)
expressed in Chinese Hamster Lung Fibroblasts. The numbers in paren-
theses are the independent determinations, from which the pK values
were calculated (pK, = —logM £ SEM). For details see [10] and references
cited therein

Affinity (pKp)

Octreotide receptor type octreotide Fe,(CO), derivative 7
6.46 £ 0.04(18) hSST-1 6.17£0.06(3)

9.21+0.04(16) hSST-2 8.34 £0.03(4)

7.69 +0.04(18) hSST-3 7.07+0.13(4)

6.08 £0.08 (12) hSST-4 6.00 £ 0.03(3)

7.79 £ 0.04(17) hSST-5 7.02+0.07(3)

be expected to lead to considerable backbone distortions of the
macrocyclic ring and thus to larger affinity differences as compared
to octreotide.

Conclusion

Insertion of diironhexacarbonyl into the (S,S)-bond of
sandostatin® (octreotide 5) leads to a peptidic iron-sulfur cluster
7, which can be fully characterized (IR, NMR, MS, elemental
analysis, thermoanalysis). Albeit compound 7 is not quite stable in
solution, it could be used for catalysis of electrochemical hydrogen
formation ([FeFe] hydrogenase model) in DMF and for affinity
assays for the somatostatin receptors hsst,s. The affinities were
surprisingly high in spite of the fact that the iron carbonyl insertion

S—C dihedral angles in [Fe2S2] carbonyl complexes and torsion angle CH,-S-S-CH, in octreotide (¢f. Scheme 3).

must lead to major distortions of the macrocylic backbone. With
the caveat that there may be (partial) decomposition of the iron-
carbonyl complex 7 in the experiments performed in solution we
have, for the first time, demonstrated catalytic hydrogen formation
with a peptidic [Fe2S2] cluster; furthermore it is indicated by
preliminary results that this sandostatin® derived cluster has
affinity for the somatostatin receptors. Further investigations
(of electrolysis and biological tests under different conditions,
crystallization, use of stabilizing Fe-ligands, CO release in solution
etc.) will provide additional information about the properties of
the unique complex 7.

Experimental section
General

Toluene and hexane were dried over KOH and distilled from
sodium/benzophenone. Methanol was dried over CaH, and
distilled. TLC: Merck silica gel 60 F254 plates were used to
monitor the reaction; detection under UV light at 254nm. 'H
NMR (of 5 and 7 at 15° C) as well as *C-NMR, DQF-COSY,
TOCSY [, = 80 ms], HSQC, HMBC, ROESY [z, = 300 ms]
spectra of 7 were measured at 5° and 15 °C in CD;OH on a Bruker
AVANCE III spectrometer (600MHz; 5 mm DCH cryoprobe) with
solvent OH suppression by presaturation. Fe;(CO),, was used
as received from Acros. IR spectra were recorded on a Perkin-
Elmer 2000 FT-IR. Mass spectrometry (micro-ESI in CHCl;—
methanol) was performed on a SSQ710 Finnigen MAT . Expected
and experimental isotopic distributions were compared.

This journal is © The Royal Society of Chemistry 2010
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Preparation of [(octreotide)Fe,(CO)4|

Fe;(CO);, (58 mg, 0.155 mmol) were dissolved in toluene (20 mL).
To this solution 39 mg (0.036 mmol) of the peptide, dissolved
in methanol (60 mL), was added. Within 4 h stirring at room
temperature and argon atmosphere the colour changed from green
to red, whereupon the solvent was removed. The oily substance
was washed with hexane and dichloromethane to remove excess
of Fe;(CO),,. To get rid of possible inorganic contaminations,
the residue was dissolved in methanol, the solution filtered off
and evaporated to dryness. A red powder (21 mg, 39%) was
obtained and identified as Fe,(CO)s-sandostatin complex. MS
(micro-ESI in CHCl;—methanol): 1298.7 [M]*, 1321.7 [M+Na]*.
IR (KBr, cm™): 3422 (vs), 2963 (m), 2929 (m), 2074 (vs), 2037
(vs), 1997 (vs), 1663 (vs), 1517 (s), 1457 (m), 1340 (m), 1230
(m), 1098 (m), 755 (m), 701 (m), 617 (m), 560 (m). Anal. calcd.
for CssHgoFe,0,4S,N,, + 3CH;COOH + CH;OH: C, 49.28%; H,
5.47%; N, 9.27%:; S, 4.24%; Fe, 7.4%. Found: C, 48.92%; H, 5.56%;
N, 9.63%; S, 4.71%; Fe, 8.3 £ 0.7%.

Electrochemistry: Instrumentation and procedures

Cyclic voltammetric measurements were conducted in 3-electrode
technique using a Reference 600 potentiostat (Gamry Instruments,
Warminster, USA). The instrument was controlled by a special
build of DigiElch 5.5 This program provides not only routines
for the digital simulation of electrochemical experiments but also
those for performing the measurements in a consistent way making
use of the Gamry Electrochemical Toolkit™ library.

The experiments were performed in DMF (containing 0.25M
tetra-N-butylammonium-perchlorate) under a blanket of solvent-
saturated argon. The ohmic resistance, which had to be compen-
sated for, was determined by measuring the impedance of the
system at potentials where the faradaic current was negligibly
small. Background correction was accomplished by subtracting
the current curves of the blank electrolyte (containing the same
concentration of supporting electrolyte) from the experimental
CVs. The reference electrode was an Ag/AgClelectrode in acetoni-
trile containing 0.25M tetra- N-butylammonium chloride. The po-
tentials reported in this paper refer to the ferrocenium/ferrocene
couple which was measured at the end of each experiment.

The reduction of complex 7 was investigated using a hanging
mercury drop (My,.q.p = 4 mg) produced by the CGME instrument
(Bioanalytical Systems, Inc.,West Lafayette, USA) as working
electrode. No oxidation of compound 7 was obtained in DMF
on a platinum disk working electrode.

Affinity measurements

A stock solution of compound 7 was prepared by dissolution of
2 mg in 104 uL H,0/50 uL “cocktail” [a mixture of N-methyl-
pyrrolidone (NMP), acetic acid and Tween20 (polyoxyethylene
sorbitane monolaurate) 5: 1 by volume]; no insoluble residue was
noticed, and the solution remained clear for the entire duration of
the measurements. The stock solution was kept in a refrigerator
and removed only temporarily for the preparation of dilution
series. Air was not excluded from the solutions before affinity
measurements. The binding assays were obtained as described
previously' and the results are collected in.

Briefly, 150 pL of membranes of CCL39 cells expressing
recombinant human somatostatin receptors were incubated with
50 uL of ['*T]-SRIF28, in binding assay buffer containing MgCl,
(5 mM) and the protease inhibitor bacitracin (5 pug mL™), and
either 50 uL binding assay buffer (total binding) or with 50 uL of
various concentrations of test compounds. Nonspecific binding
was determined in the presence of 50 uL SRIF28 (1 uM).
After 1 h at room temperature, the incubation was terminated
by vacuum filtration through glass fibre filters pre-soaked in
0.3% (w/v) polyethyleneimine. The filters were rinsed twice with
5 mL of ice cold 10 mM Tris/HCI buffer, pH 7.4, and dried.
Bound radioactivity was measured in a y-counter (80% counting
efficiency). Data were analyzed by non-linear regression curve
fitting. The data are expressed as mean pKy, (—log M) values of at
least 3 independent determinations performed in triplicates.
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Abstract: The reaction of Fe;(CO);,
(13) with 7,8-dithiabicyclo[4.2.1]nona-
2,4-diene 7-exo-oxide (12) yields the
sulfenato-thiolato complex 14, which is
used as starting material for further re-
actions. The disulfenato complex 17 is
obtained by using one equivalent of di-
methyldioxirane (DMD), and the
monoepoxide 18 is prepared by the ox-

trochemistry -
reduction

Introduction

The oxidative addition of cyclic disulfide compounds along
the sulfur-sulfur bond to platinum(0) complexes is of cur-
rent interest.''?! Recently, we reported the reaction of the
cyclic disulfide 7,8-dithiabicyclo[4.2.1]nona-2,4-diene (1)
with [(PhsP),Pt(n*-C,H,)] (2),!)] which afforded the corre-
sponding product 3. Interestingly, the isolated complex 3
showed a [1,5]-rearrangement to form the (dithiolato)plati-
num(IT) complex 4 in high yields (Scheme 1).['!
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idation of 14 with an excess of DMD.
Complex 14 can be converted to the
monophosphine complexes 19a and
19b by subsequent substitution of one
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CO ligand using trimethylaminoxide
Me;NO and triphenylphosphine PPhs.
Additional substitution reactions are
done with 17 by using acetonitrile as a
ligand to form 20a and 20b. In the
electrochemical part of the paper, the
reactions of the reduced iron species
14, 15, 17, and 19a are studied.
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Scheme 1. [1,5]-Rearrangement of 3 to form (dithiolato)platinum(II)
complex 4.

We have also reported the oxidative addition of cyclic thi-
osulfinates, for example, dithiane 1-oxide 5 with 2 leading to
(sulfenato-thiolato)platinum(IT) complex 6 (Scheme 2).27!

0
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K
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Scheme 2. Formation of (sulfenato-thiolato)platinum(II) complex 6.

The three-membered cyclic thiosulfinates, dithiirane 1-
oxides 7, showed a similar reactivity, forming the corre-
sponding four-membered (sulfenato-thiolato) platinum(II)
complexes 8 in high yields (Scheme 3).%% Alternatively, S-
oxides of (dithiolato)platinum(II) complexes can also be
prepared by photo-oxidation with molecular oxygen*"! or
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In search for novel [FeFe] hydrogenase model systems, several di-
and tripeptides containing a 4-amino-1,2-dithiolane-4-carboxylic
acid (Adt) moiety or N-benzenesulfonyl-Adt-OMe were reacted
with Fe;(CO),. The resulting [FeFe] complexes were characterized
by 'H and "“C NMR spectroscopy, mass spectrometry and
elemental analysis.

All complexes were investigated by cyclic voltammetry and the
ability to catalyze the reduction of protons to dihydrogen as a
function of acid concentration was studied in different solvents.
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Introduction

Since the active site of the [FeFe] hydrogenase was elucidated by
Peters er al.' and Fontecilla-Camps er al.® vigorous efforts were
undertaken to model the active site of this enzyme. Numerous
model complexes are known and recent progress could be observed
in the mimicry of specific features of the active site of [FeFe]
hydrogenase. Especially, the formation of the “rotated” state
(formation of a bridging CO ligand and a vacant coordination site
on one iron center),’ the formation of terminal hydrides during
catalysis,* the establishment of an electron cascade towards the
[2Fe2S] subunit,5 as well as the influence of a proton shuffle from
an adjacent base towards the iron centres during the electrocatalytic
dihydrogen formation® are in the focus of many research groups.
However, so far minor attention was directed towards the use of
amino acid containing derivatives mimicking the enzymatic
environment.” In continuation of our efforts on [2Fe2S] complexes
including an amino acid moiety, 4-amino-1,2-dithiolane-4-
carboxylic acid (Adt) derivatives were selected as coordinating
ligands. Adt exhibits a dithiolane ring in o-position and was
exclusively known as a synthetic building block for a long time.?
But in 2003 the carboxamide derivative of this conformationally
restricted dithiolane was found in a natural occurring dibrominated
indole enamide termed Kottamide E (Scheme 1) which was
isolated from the ascidian Pycnoclavella kottae.’

Since reaction of iron carbonyls and dithiolanes generates stable
double chair conformation complexes, Adt could be an ideal
precursor molecule for hydrogenase models, offering an internal
base, the capability to form non-covalent interactions via the
functional group of the side chain'® and a variety of possible
derivatisations.
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(Insert Scheme 1 here.)

Scheme 1. Kottamide E, containing the carboxamide of 4-amino-1,2-
dithiolane-4-carboxylic acid (Adt).

However, initial attempts with Adt containing [FeFe] model
complexes revealed no influences of the pendant base on the
catalytic.”” Thus, novel Adt derivatives with additional functional
groups were synthesized. A methionine and/or phenylalanine or
proline moiety was coupled to the Adt residue, thus building up di-
and tripeptidic ligands (Scheme 2). Furthermore a N-sulphonyl
derivative of Adt, offering an acidic NH proton, has been also
examined (Scheme 2). All dithiolane ligands were reacted with
Fe3(CO),, to afford the corresponding [2Fe2S] complexes, which
were investigated according their ability to act as [FeFe]
hydrogenase model complex via cyclic voltammetry. In addition
the electrocatalytical properties in different aprotic solvents were
compared.

Results and discussion

The reaction of Boc-Adt-OMe (1) with thionylchloride generates
the free amine, which was in situ reacted with 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC),
1-hydroxybenzotriazole (HOBt) and N-tert-butoxycarbonyl-L-
methionine to afford the dipeptide 2 (Scheme 2).'> This molecule
possesses a thioether group, which basically enables the formation
of [2Fe3S] clusters. The reaction of 2 with Fe;(CO);, under reflux
conditions results in complex 3 in moderate yield of 52 %. One-
and two-dimensional 'H and '*C NMR spectra, the m/z values and
isotopic distribution of mass spectrometry as well as elemental
analysis revealed the molecular structure of compound 3. However,
no coordination of the methionine sulphur to the iron centre could
be observed either by thermal treatment or by reaction of 3 with
trimethylamine-N-oxide which should force an oxidative cleavage
of a CO group'' and facilitate the coordination of the thioether

group.



(Insert Scheme 2 here.)

Scheme 2. Adt containing ligands and products of the reaction with
Fes(co)lz-

Thus compound 2 was treated with sodium hydroxide generating
the carboxylic acid, which was used without further purification for
the conversion into the tripeptide Boc-Met-Adt-Phe-OMe (4) via
standard esterification procedures using EDC, HOBt and
L-phenylalanine methyl ester.'” Subsequent reaction of 4 with
Fe;(CO),, afforded the respective complex 5. According to the
above procedures also the dipeptide Boc-Adt-Phe-OMe (6) and its
corresponding [FeFe] complex 7 were synthesized. Additionally
complexes 3, 5 and 7 were treated with trifluoroacetic acid (TFA)
to achieve N-Boc-deprotection, however no reaction was observed

and no complexes containing a free amino group could be obtained.

Thus, we decided to examine the properties of the ligand Boc-Pro-
Adt-OMe 8 (Scheme 2) in which, unlike models 2, 4 and 6, linear
side chains are not present. Dipeptide 8, due to the presence of two
consecutive cyclic aminoacids," should prefer a compact folded
backbone conformation with reduced side chain steric interference
and distinct interaction capability. N-Boc proline was reacted with
H-Adt-OMe to give 8 in moderate yield (47%). Single crystals for
X-ray diffraction analysis were obtained by slow evaporation of a
solution of 8 in chloroform (Figure 1).

(Insert Figure 1 here.)

Figure 1. Molecular structure of 8 with thermal ellipsoids at 50 %
probability level (hydrogen atoms are omitted for clarity).

Compound 8 is co-crystallized with chloroform and confirms the
expected molecular structure. Studying the bond lengths and angles
in the Adt-part, some interesting features become obvious. The
dithiolane ring exhibits two different C-S bond distances of
178.8(5) and 182.3(6) pm as well as two different C—S—S angles of
92.66(19) and 90.20(19)° (Table 1). Comparison of the torsion
angle C-S—-S—-C of 1 and 8 revealed an increase from 31.50 to
44.97°, whereas the S-S distance is unchanged at 205.6(3) and
204.6(3) pm, respectively.'” These data are very similar to Boc-
Adt-Adt-NHMe, where the torsion angle (C-S—S—C) is 42.6° and
sterical reasons have been suggested for the distortion of the
dithiolane ring."

Table 1. Selected bond angles [°] and distances [pm] of compound 8.

S(1)-S(2) 204.6(3)  C(2)-C(14) 154.0(7)
S(1)-C(1) 1788(5)  C()-N(1) 147.0(5)
S(2)-C(3) 1823(6)  C@4)-N(1) 132.2(7)
C(H)-C(2) 1545(7)  C@4)-0(1) 123.7(6)
C(2)-C3) 155.6(7)  C(#4)-C(5) 154.4(6)
N(2)-C(9) 132.1(6)  C(5)-NQ) 145.2(6)
S()-S(2)-C(3)  92.66(19)  C(1)-C(2)-N(1) 108.3(4)
S@)-S(H-C(1)  9020(19)  C(1)-C(2}-C(14)  107.7(4)
S()-C()-C2)  107.8(3)  N(1)-C(2)-C(14)  108.8(4)
S(2)-CR)-C(2)  1097(4)  CQ)-N(1)-C(4) 121.0(4)
C(D-CQ)-CBR)  1103@4)  N(1)-C@)-C(5) 115.0(4)
C#)-C()-N@2)  111.2(4)

Unfortunately, all attempts to get single crystals of any [FeFe]
model complex were unsuccessful. Reaction of 8 with Fe;(CO);,

resulted in complex 9 in good yields (65 %), but again the
deprotection of the peptide with standard reagents (TFA,
thionylchloride, hydrogen chloride) failed. Attempts to deprotect
the dipeptide 8 with TFA and subsequent reaction with Fe;(CO);,
resulted in a mixture of species which could not been separated.

A different approach was committed using a sulphonyl group
bound to the Adt-OMe residue. Sulphonamides have been known
as the largest class of antimicrobial agents for a long period and
have shown to be irreversible inhibitors of cysteine proteases.'*
Beside the importance for medicinal chemistry,'” the electron
withdrawing properties of the sulphonyl group results in an acidic
NH proton, which can be deprotonated under mild conditions.'®
This was impressively confirmed by kinetic studies of the
hydrolysis of p-nitrophenyl-o-methansulphonamidobenzoate'” (pK,
= 8.41 in acetonitrile) and p-nitrophenyl-p-
methansulphonamidobenzoate'® (pK, = 7.34 in acetonitrile). Thus a
proton shift from the sulphone NH to the iron centres becomes
rather possible. Inspired by these properties, the dipeptide 10 was
synthesized and reacted with Fe3(CO);, in toluene affording
complex 11 in good yield (83%) as an air and moisture stable red
solid. To validate a possible influence of the sulphonamide group
towards the catalytic mechanism, NMR investigations were
performed in the presence of CD3;COOD. A decrease of the NH
resonance at 5.71 ppm should be observed due to a proton
exchange by deuterium. This can either occur via a Sy2 mechanism
similar to that discussed by Mandell er al. (Scheme 3)Y or
dissociation of the N-H bond and subsequent deuteration. However,
no change in the NMR resonance could be observed, in agreement
with IR measurements with and without acetic acid.

(Insert Scheme 3 here.)

Scheme 3. Hypothetic mechanistic pathway for the desired protonation of
the [FeFe] core.

Electrochemistry

The cyclic voltammograms of the [FeFe] metal complexes 3, 5,
7,9 and 11 were recorded in order to observe the electrochemically
induced reduction and oxidation properties of these compounds
and to assess their ability to catalyze the formation of dihydrogen
from weak acids. A comparision of the electrochemical data is
shown in Table 2.

Table 2. Electrochemical data® of the iron complexes.

E/[Fe'Fe'l/  E,/[Fe'Fe'l/  Ey/[Fe’Fe'l/

Compound [Fe'Fe'] [FeFe'] [Fe'Fe']
i?t(%ohﬁ)]i"c' +0.81° _147° 2,09
3 +0.98° -1.52° -1.76"
5 +0.95° -1.57° n/a

b
7 iggihc and —_j 5p _1.89

b
9 1837“ and _1.48° _1.81°

b
1 :(1)(8)" and - 4gb _1.72b

* Potentials in V £ 0.01 vs. 0.01 M Ag/Ag* in CH;CN in 0.10 M [n-
BuyN][BF,J/CH;CN; " irreversible wave; ¢ further oxidation to the [Fe''Fe"]
state.



Complexes 3, 5, 7, 9 and 11 show quite similar electrochemical
properties (Table 1) and as representative a detailed description
will be given for compound 9. Following a cathodic scan of
complex 9 (Figure 2) starting at 0.00 V vs. 0.01 M Ag/Ag" in
CH;CN, the cyclic voltammogram reveals an irreversible reduction
peak at E, g = —1.48 V attributable to [Fe'Fe'l—[Fe'Fe"]". This
irreversible signal suggests an EC mechanism where the Fe'Fe'
state is transferred into [FeIFeO]' by a one electron reduction and is
followed by a fast change of the bonding properties within the
molecule, which is in good agreement with literature results.”® This
change of bonding properties can be best described by the cleavage
of the Fe-Fe bond and/or the appearance of a bridging carbonyl
molecule.®?! At —1.81 V a further small irreversible reduction
wave can be observed, attributed to the [FeIFeO]'—>[FeOFeO]2‘
process in accordance with Fe,(CO)¢(Boc-Adt-OMe)™®.  After
reversal of the scan, an oxidation peak at —1.23 V occurs, 250 mV
more positive than the [Fe'Fe'|—[Fe'Fe’]™ reduction potential,
suggesting that this signal is not the simple re-oxidation of
[Fe'Fe”]™ but the oxidation of the rapidly formed reaction product.
At ~ +0.8-1.0 V the oxidation of [FeIFeI] can be observed. In
addition, in the case of complex 7 and 9 a second well separated
oxidation wave occurs, which can be ascribed to the
[Fe'Fe"]*—[Fe"Fe™** processes.

(Insert Figure 2 here.)

Figure 2. Cyclic voltammograms of complex 9 (ImM) in the presence of
different concentrations of acetic acid.

In the presence of acetic acid (HOAc) the initial reduction
potential at —1.48 V remains constant (Figure 2). Thus prior to the
reduction no protonation of compound 9 takes place (equally for 3,
5,7 and 11), suggesting no involvement of the amide groups of the
ligand as a proton donor. However, with continuously addition of
acetic acid a steadily increasing current at around —2.2 V emerged,
indicating the electrocatalytic formation of dihydrogen.”> In
agreement to literature, the second reduction step to [Fe’Fe’]*” is
followed by two protonations leading to the generation of
dihydrogen and the simultaneous regeneration of the initial [Fe'Fe!]
state (Scheme 4).2%

(Insert Scheme 4 here.)

Scheme 4. Catalytic mechanisms in the presence of a weak (blue) and
strong acids (black). The E, values are taken from compound 9.

Using trifluoroacetic acid (TFA, pK, = 12.65 in CH;CN)*
instead of acetic acid (pK, = 22.6 in CH;CN)* again no shift of the
[FeIFeI]—>[FeIFeO]‘ reduction potential could be observed
(Figure 3), confirming the synthetic experience that TFA is not
able to remove the Boc protecting group from the proline nitrogen.
Nevertheless the cyclic voltammograms (Figure 3) are strongly
altered compared to that using HOAc. It is known that in contrast
to weak acids®® the one-electron reduction product [Fe’Fe!] can
react very fast with protons from strong acids like TFA to give a
[{H }FelFel] assembly  (Scheme 4)* For small TFA
concentrations (< 4 mM) the further reduction to [HFeIFeI] is
followed by a second protonation ([{H,}Fe'Fe'), resulting in the
release of dihydrogen at around —-1.6 V. Thus, in principle, an
ECEC mechanism is suggested in the presence of TFA (< 4 mM)
in accordance to the results found by Pickett et al.>* At higher
concentrations of TFA (>4 mM) a new catalytic reduction signal
can be observed, which continuously shifts to more negative
potentials, ending up at —1.86 V at 10 mM TFA. This behaviour

can be explained by a further reduction of [{H,}Fe'Fe'] resulting in
the formation of dihydrogen and regeneration of [Fe’Fe']” (Scheme
4

(Insert Figure 3 here.)

Figure 3. Cyclic voltammograms of complex 9 (1 mM) in the presence of
different concentrations of trifluoroacetic acid.

To get further information about the parameters affecting the
potential for the formation of dihydrogen and the redox properties
of the [FeFe] complexes, cyclic voltammetry measurements of
complex 9 were repeated in the aprotic solvents
dimethylformamide (DMF), dimethylsulfoxide (DMSO) and
dichlormethane (CH,Cl,) in the presence of 5 and 10 mmol HOAc.
To allow comparison with the data obtained in CH3CN, first the
reduction potentials of HOAc in the respective solvents were
investigated without presence of the complex (Table 3). In contrast
to the strong reduction signal of acetic acid at around -2.3 V in
CH;CN, the respective spectra in DMF and DMSO revealed almost
no dihydrogen development up to —2.7 and -2.9 V vs 0.01 M
Ag/Ag* in CH;CN, respectively, near to the solvent cut off
potentials. In the case of CH,Cl, a small reduction peak at around
—2.1 V can be observed (solvent cut off at around -2.2 V).

Table 3. Comparison of electrochemical reduction of HOAc in different
solvents in the absence and in the presence of complex 9

Solvent E, (H'/H,)/[V] E, (H*/H,) in the presence of 9/[V]
CH;CN -2.3 shoulder at —2.1

DMF <-2.7 no distinct reduction peak

DMSO <-29 no distinct reduction peak

CH,Cl, 2.1 shoulder at -2.1

* Potentials in V vs. 0.01 M Ag/Ag" in CH;CN containing 0.10 M [n-
BusN][BF,] as supporting electrolyte

Without addition of HOAc the redox potential of the
[Fe'Fe'|—>[Fe'Fe’]™ reduction of complex 9 remains closely the
same in all investigated solvents. Addition of 5 mmol HOAc in
DMF solution of 9 results in a continuous increase of the current
starting at ~—2.0 V, but not in a distinct reduction signal (Figure 4).
Furthermore, the intensity of the catalytic current only slightly
increases from 5 to 10 equivalents of acetic acid and nearly no
difference could be observed between 10 and 15 mmol HOAc.
Using DMSO as the solvent, a similar behaviour as in DMF was
observed, again with no correlation of the HOAc amount added
and the catalytic current. In CH,Cl, solution a shoulder at around
—2.1V for the catalytic transformation of protons to dihydrogen
can be observed (Figure 4) and a stepwise increase of the catalytic
current. Thus for the characterisation of the electrocatalytical
properties, only CH,Cl, is comparable to CH;CN, however with
the limitation that the cutoff potential is far more positive at around
-2.2V vs 0.01 M Ag/Ag* in CH;CN.

(Insert Figure 4 here.)

Figure 4. Cyclic voltammograms of complex 9 (1 mM) in the presence of
acetic acid in DMF (top) and CH,Cl, (bottom).

Conclusion



Diiron dithiolato compounds containing a 4-amino-1,2-
dithiolane-4-carboxylic acid (Adt) moiety have been prepared in
good yields as [FeFe]-hydrogenase model compounds. The novel
di- and tripeptidic complexes show no influence of the N-Boc
protected amino acid backbone towards the formation of
dihydrogen in the presence of acetic acid or trifluoro acetic acid.
This behaviour was also observed in the case of a sulphonamide
complex, containing an acidic NH proton. A comparative study of
the electrochemical properties of compound 9 in DMSO, DMF,
CH,Cl, and CH;CN revealed a very similar response of the
complex itself, but the activity of the dihydrogen formation
strongly depends on the solvent. Only in the case of CH,Cl, the
catalytical current of dihydrogen formation is comparable with that
of the standard solvent CH3CN, whereas DMF and DMSO appear
not suitable for the characterisation of the electrocatalytical
properties of [2Fe2S] complexes.

Experimental Section

All reactions were carried out under an argon atmosphere.
Toluene and THF were dried over KOH and distilled from
sodium/benzophenone. Chemicals were received from Fluka or
Acros and used without further purification. 1, 2, 4 and 6 as well as
Boc-Pro-OH were synthesized following literature procedures.'>*
Thin layer chromatography (TLC) was performed on Merck silica
gel 60 F254 plates (detection under UV light at 254 nm) and FC
(flash chromatography) on Fluka silica gel 60. 'H NMR and
Bc{'H} NMR spectra were recorded on a Bruker AVANCE 200
MHz or 400 MHz spectrometer, whereby the splitting of proton
resonances are defined with s (singlet), d (doublet), t (triplet) and m
(multiplet). Chemical shifts are given in parts per million with
reference to internal CHCl; or SiMe,. Infrared spectra were
obtained from KBr pellets with a Perkin-Elmer 2000 FT-IR
instrument or Perkin-Elmer 983 spectrophotometer. The intensity
of the signals is assigned as vs (very strong), s (strong), m
(medium) and w (weak). Electron impact mass spectrometry was
carried out at 70 eV with a Finnigan SSQ710 or Q-TOF Micro
instrument (Micromass, Waters) using desorption electron
ionisation (DEI), fast atom bombardment (FAB) or electron spray
ionisation (ESI) mode. Expected and experimental isotope
distributions were compared. Elemental analyses (C, H, N, S) were
carried out on a LECO CHNS-931 instrument or on a Fisons EA-
1108 apparatus. Prior to the determination of the elemental
analyses, all substances were dried in high vacuum for at least one
day and the remaining amounts of hexane are in accordance with
'H NMR spectroscopy.

Synthesis of [(Boc-Met-Adt-OMe)Fe,(CO)¢] (3): Boc-Met-Adt-
OMe (2) (25 mg, 0.061 mmol) and Fe;(CO);, (31 mg, 0.061 mmol)
were dissolved in dry toluene (20 mL) and refluxed for 30 min.
The solvent was evaporated under reduced pressure and the crude
product was purified via FC (THF : hexane = 1:3). Yield: 22 mg
(52%) as a red solid. '"H NMR (200 MHz, CDCl3): 6 = 6.82 (m, 1H,
NHBoc), 4.90 (d, 3JH’H = 8.2 Hz, 1H, NH-Adt), 4.30 (m, 1H, CH),
3.66 (s, 3H, OCH;), 3.06 and 2.77 (2 d, ZJH,H = 14.2 Hz, 2H,
CCHAHgS), 2.52 (t, 3JH,H = 7.1 Hz, 2H, CH,SCH3), 2.40 and 2.27
2 d, ZJH,H = 13.4 Hz, 2H, CCHpHRS), 2.11 (s, 3H, SCH;),
2.02-1.83 (m, 2H, CH,CH) 1.41 (s, 9H, C(CHj)3). °C NMR (50
MHz, CDCl3): ¢ = 207.2 (CO), 172.0 (C(O)OCHs), 170.7
(C(O)NH), 156.2 (+-BuOC(O)NH), 80.7 (C(CHj);), 61.5
(SCH,CCH,S), 53.4 (OCHj), 53.1 (CHNHBoc), 30.3 (CH,CH),
30.0 (SCH,CCH,S), 29.7 (CH,SCH3), 28.3 (C(CHj3)3), 15.2 (SCH;).
MS (FAB in meta-nitrobenzyl alcohol): 691 [M+H]*. IR (KBr,
em’): 3423m, 2960m, 2924m, 2853m, 2076vs, 2036vs, 1996vs,
1740s, 1686s. Anal. calcd. for C, HysFe,O;1S3N,-1.7hexane: C,

44.78%; H, 6.00%; N, 3.35% S, 11.50%. Found: C, 44.56%; H,
6.19%; N, 3.42%; S, 11.76%.

Synthesis of [(Boc-Met-Adt-Phe-OMe)Fe,(CO)g] (5): Boc-Met-
Adt-Phe-OMe (4) (44 mg, 0.081 mmol) and Fe;(CO);, (41 mg,
0.081 mmol) were dissolved in dry THF (40 mL) and refluxed for
45 min. The solvent was evaporated under reduced pressure and
the crude product was purified via FC (THF : hexane = 1:1). Yield:
29 mg (42%) as a red solid. 'H NMR (400 MHz, CDCl;): 6 =7.71—
7.14 (m, SH, Hyomaic), 098 (s, 1H, NH-Adt), 5.09 (m, 1H, NAHBoc),
4.84 (m, 1H, CHC(O)OCHs;), 4.71 (m, 1H, CHNHBoc), 4.22 (s,
3H, OCH;), 3.71 (m, 4H, SCH,C), 3.49 (m, 2H, CH,Ph), 3.12 (m,
2H, CH,SCHs;), 2.58 (m, 2H, CH,CH,S), 2.10 (s, 3H, SCH;), 1.49
(s, 9H, C(CH;);). "*C (100 MHz, CDCly): 6 = 207.3 (CO), 171.5
(C(O)OCH3), 167.7 (CHC(O)NH), 1559 (OC(O)NH), 132.3,
130.8, 129.9, 128.2 (Cyromatic) 80.8 (C(CHj3)3), 68.1 (SCH,CCH,S),
53.8 (CHCH,Ph), 53.6 (CHNHBoc), 52.3 (OCH3), 37.9 (CH,Ph),
30.3 (SCH,CH,CH), 30.2 (SCH,CCH,S), 29.3 (CH,SCHj;), 28.2
(C(CHs)3), 15.2 (SCH3). MS (Micro-ESI in CHCIl;/CH30H): 860
[M+Na]*. IR (KBr, cm"): 3418s, 2955m, 2924s, 2850m, 2074vs,
2035vs, 1989vs, 1931w, 1693vs, 1514m, 1504m. Anal. calcd. for
C3OH35F620IZS3N3-O.5hexane: C, 4501%, H, 4.81%; N, 4.77% S,
10.92%. Found: C, 45.11%; H, 4.98%; N, 4.62%; S, 11.05%.

Synthesis of [(Boc-Adt-Phe-OMe)Fe,(CO)¢] (7): Boc-Adt-Phe-
OMe (6) (25 mg, 0.059 mmol) and Fe3(CO);, (30 mg, 0.059 mmol)
were dissolved in dry toluene (20 mL) and the dark green solution
was stirred under reflux for 30 min. The solvent was evaporated
under reduced pressure and the crude product was purified via FC
(THF : hexane = 1:3). Yield: 28 mg (67%) as a red solid. '"H NMR
(200 MHz, CDCly): 6 = 7.24-6.96 (m, 5H, Hyomaic)> 6.64 (d, *Jyy
= 7.8 Hz, 1H, NHCH), 4.69 (m, 2H, NHBoc and NHCH), 3.66 (s,
3H, OCHj), 3.04 (d, *Jyyy = 4.4 Hz, 2H, CHCH,), 2.92 and 2.76 (2
d, %Jyn = 14 Hz, 2H, CH\HgS), 2.40 and 2.20 (2 d, 2Jyyy = 14.6 Hz,
2H, CHAH}S), 1.41 (s, 9H, C(CHj);. *C NMR (50 MHz, CDCl,):
0 =207.0/206.6 (CO), 171.5 (C(O)NH), 170.7 (C(O)OCHy;), 153.3
(+-BuOC(O)NH),  135.5/129.2/127.2/125.5  (Cuomatic)>  81.8
(C(CHy)3), 61.6 (SCH,CCH,S), 53.4 (NHCH), 52.4 (OCHj;), 37.9
(CHCH,), 30.3 (SCH,CCH,S), 28.1 (C(CH;)3). MS (Micro-ESI in
CHCl,): 729 [M+Na]*. IR (KBr, cm’l): 3371m, 3315m, 2955m,
2927m, 2855w, 2074vs, 2036vs, 2000vs, 1750s, 1690s, 1649s.
Anal. caled. for C,sH,sFe,0;1S,N,-0.6hexane: C, 45.32%; H,
4.57%; N, 3.70% S, 8.46%. Found: C, 45.46%; H, 4.56%; N,
3.42%; S, 8.10%.

Synthesis of Boc-Pro-Adt-OMe (8): To a solution of Boc-Adt-
OMe (1) (500 mg, 1.79 mmol) in methanol (10 mL) at 0 °C was
added thionylchloride (130 pL). The solution was heated up to
50 °C and stirred for 6 h, followed by removal of the solvent under
reduced pressure. The remaining residue (HCI-H-Adt-OMe) was
dissolved in dimethylformamide (10 mL) at 0°C and 1-
hydroxybenzotriazole (HOBt) (306 mg, 2.26 mmol), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
(380 mg (1.98 mmol) and Boc-Pro-OH (488 mg, 2.26 mmol) were
added. After 20 min at 0°C triethylamine (0.32 mL, 2.30 mmol)
was added and the solution was stirred for additional 17 h at room
temperature. Water (3 mL) was added and after 30 min the solution
was twice extracted with ethylacetate (20 mL). The combined
organic phases were extracted with 10% citric acid, saturated
NaHCOj; and water. After drying the solution with Na,SO, and
evaporation of the solvent under reduced pressure, the crude
product was purified via FC (ethylacetate : hexane = 35:65). Yield:
318 mg (47%) as a white solid. 'H NMR (400 MHz, CDCl,):
0=17.95 (s, 1H, NH), 4.29 (m, 1H, CH), 3.74 (s, 3H, OCH;), 3.52
(m, 2H, NCH,), 3.33 (m, 4H, SCH,CCH,S), 2.32-2.01 (m, 1H,
CHCH,CH,), 1.85 (m, 3H, CHCH,CH, and CHCH,CH,), 1.45 (s,
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9H, C(CH;);). “C NMR (100 MHz, CDCly): 6 = 172.1
(C(O)OCH;), 170.1 (CONH), 155.8 (+-BuOCONH), 80.8
(C(CH»)3), 70.7 (SCH,CCH,S), 60.1 (CH), 53.2 (OCHs), 47.6
(NCH,), 47.0 (SCH,CCH,S), 30.8 (CHCH,CH,), 28.3 (C(CHs),),
24.3 (CHCH,CH,). MS (DEI): 376 [M]*. IR (KBr, cm™): 3274s,
3219s, 3054m, 2975s, 2877m, 1748s, 1682s, 1543s, 1479m, 1424s,
1289s. Anal. calcd. for C;5sH,,05S,N,: C, 47.85%; H, 6.43%; N,
7.44% S, 17.03%. Found: C, 48.05%; H, 6.69%; N, 7.17%: S,
17.04%.

Synthesis of [(Boc-Pro-Adt-OMe)Fe,(CO)¢] (9): Boc-Pro-Adt-
OMe (8) (103 mg, 0.27 mmol) and Fe;(CO);, (138 mg, 0.27 mmol)
were dissolved in dry toluene (40 mL) and refluxed for 90 min.
The solvent was evaporated under reduced pressure and the crude
product was purified via FC (THF : hexane 1:1). Yield: 116 mg
(65%) as a red solid. 'H NMR (200 MHz; CDCl5): d = 7.89 (s, 1H,
NH), 4.38 (m, 1H, CH), 3.62 (s, 3H, OCH;), 3.28 (m, 2H, NCH,),
2.57 (m, 2H, SCH,Hg), 2.24 (m, 3H, SCH Hg and CHCH,CH,),
1.85 (m, 3H, CHCH,CH, and CHCH,CH,), 1.47 (s, 9H, C(CHz)5).
3C NMR (50 MHz, CDCl;): 6 = 207.3 (CO), 172.4 (C(O)OCHj,),
171.1 (C(O)NH), 156.6 (-BuOCONH), 80.7 (C(CHj3)3;), 61.6
(SCH,CCH,S), 59.2 (CH), 53.2 (OCHj;), 46.7 (NCH,), 29.4
(SCH,CCH,S), 26.3 (C(CHj3);), 24.6 (CHCH,CH,), 22.3
(CHCH,CH,). MS (Micro-ESI in CH,Cl,/CH;0H): 679 [M+Na]*.
IR (KBr, cm™): 2966w, 2930w, 2867w, 2076vs, 2036vs, 1999vs,
1742m, 1639m, 1410m. Anal. calcd. for
C21H24F6201ISQN2-0.3hexane: C, 4015%, H, 4.17%; N, 4.11% S,
9.40%. Found: C, 40.24%; H, 4.21%; N, 4.06%; S, 9.30%.

Synthesis of N-Benzenesulfonyl-Adt-OMe (10): To a solution of
Boc-Adt-OMe (1) (64 mg, 0.23 mmol) in dry MeOH (1.5 mL) at
0 °C, thionyl chloride (17 pL, 0.23 mmol) was added. The solution
was heated up to 50 °C and stirred for 3 h. Removal of the solvent
under reduced pressure afforded H-Adt-OMe-HCI (50 mg), which
was used in the next step without further purification. H-Adt-
OMe-HCl was suspended in dry CH,Cl, (2 mL) and
benzenesulfonylchloride (36 pL, 0.28 mmol) and triethylamine
(0.11 mL, 0.79 mmol) were added. The mixture was stirred at room
temperature for 24 h and subsequently 4 h at 40 °C. After
evaporation of the solvent under reduced pressure, the residue was
purified on silica gel (3 g) using CH,Cl, as eluent. Yield: 38 mg
(51%) as a white solid. '"H NMR (400 MHz, CDCl;) 6 = 7.52-7.94
(5H, m, Hyromaric)> 5-71 (1H, s, NH), 3.67 (3H, s, OCH3), 3.61 (2H,
d, Juu = 12.0 Hz, 2 x SCHHg), 342 (2H, d, Jyu = 12.0 Hz, 2 x
SCH,Hjg); °C NMR (100 MHz, CDCl3) &= 141.2, 133.1, 129.1,
1271 (Caomaiic)s 73.5 (SCH,CCH,S), 53.4 (OCH;), 473
(SCH,CCH,S). MS (ESI): 342 [M+Na]*. IR (KBr, cm™) 3250m,
3226s, 1747vs, 1453s, 1324m, 1295s, 1154s, 1087s. Anal. calcd.
for C;H3NO,S5: C, 41.36; H, 4.10; N, 4.39; S, 30.12. Found: C,
41.31; H, 4.11; N, 4.42; S 30.16.

Synthesis of [(N-Benzenesulfonyl-Adt-OMe)Fe,(CO)s] (11):
N-Benzenesulfonyl-Adt-OMe (10) (7 mg, 0.022 mmol) and
Fe3(CO)q; (12 mg, 0.022 mmol) were dissolved in dry toluene (20
mL) and refluxed for 1.5 h. The solvent was evaporated under
reduced pressure and the dark brown crude product was purified
using FC (THF : hexane = 1:3). Yield: 11 mg (83%) of a red solid.
'H NMR (200 MHz, CDCl3): ¢ = 7.79-7.58 (m, 5H, Hyomaic), 3.67
(s, 1H, NH), 3.52 (s, 3H, OCHj;), 2.71 (d, 2JH’H = 14.8 Hz, 2H,
SCHHp), 2.53 (d, Yy = 14.8 Hz, 2H, SCH,Hj). *C NMR (50
MHz, CDCly): 6 = 207.0/206.7 (CO), 169.3 (C(O)OCHj),
139.9/133.4/129.2/127.7 (Cyromatic)s 63-6 (SCH,CCH,S), 53.6 (CH3),
27.8 (SCH,CCH,S). MS (DEI): 543 [M-2CO]*, 515 [M-3COJ",
487 [M—4COJ*, 459 [M=5COJ*, 431 [M-6CO]*. IR (KBr, cm™):
3431s, 3066w, 2955m, 2922m, 2852m, 2077vs, 2036vs, 2002vs,
1743s.

Electrochemistry: Cyclic voltammograms were measured in a
three-electrode cell using a 2.0 mm-diameter glassy carbon disc
working electrode, a platinum auxiliary electrode, and a Ag\ Ag*
reference electrode containing 0.01 M AgNOs/CH;CN. The solvent
contains 0.1 M [n-BuN][BF,] as the supporting electrolyte.
Measurements were performed at room temperature using an EG &
G PARC 273A potentiostat/galvanostat. Deaeration of solutions
was accomplished by passing a stream of argon through the
solution for 5 min prior to the measurement and then maintaining a
blanket atmosphere of argon over the solution during the
measurement. To control the stability of the reference electrode
ferrocene was used as an internal standard (Ey, = +0.087 vs. 0.01 M
AgNO; in CH;CN).”

Structure Determinations: The intensity data for the compounds
were collected on a Nonius Kappa CCD diffractometer using
graphite-monochromated Mo-K,, radiation. Data were corrected for
Lorentz and polarization effects but not for absorption effects.?>*

Crystal Data for 8 : CisHyuN,058,,2CHCl;, M, = 615.22 gmol ™,
colourless prism, size 0.05 x 0.05 x 0.04 mm’, monoclinic, space
group P2;, a = 9.2374(4), b = 11.6975(7), ¢ = 13.6656(6) A, B =
106.68(3)°, V = 1414.47(22) A> , T= -90 °C, Z = 2, pgea = 1.444
gem®, p (Mo-Ky) = 7.84 cm’', F(000) = 632, 9433 reflections in
h(-11/11), k(-14/15), 1(~17/15), measured in the range 2.89° < ® <
27.48°, completeness Omax = 99.3%, 5786 independent reflections,
Riy = 0.0503, 3857 reflections with F, > 46(F,), 307 parameters, 1
restraints, Ry, = 0.0677, wR? = 0.1713, R1y, = 0.1076, wR?,; =
0.1970, GOF = 1.007, Flack-parameter -0.14(10), largest
difference peak and hole: 1.218 /-0.693 e A,

The structures were solved by direct methods (SHELXS)* and
refined by full-matrix least squares techniques against Fo” (SHELXL-
97)2" All hydrogen atom positions were included at calculated
positions with fixed thermal parameters. All non-hydrogen atoms
were refined anisotropically.’' XP (SIEMENS Analytical X-ray
Instruments, Inc.) was used for structure representations.

Supporting Information (see footnote on the first page of this article):
Crystallographic data (excluding structure factors) has been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
CCDC-775460 for 8. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [E- mail:

deposit@ccdc.cam.ac.uk].
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Abstract: A series of multifunctional (mercaptomethyl)silanes of the general formula type
R,Si(CH,SH);-, (n=0-2; R =organyl) was synthesized, starting from the corresponding
(chloromethyl)silanes. They were wused as multidentate ligands for the conversion of
dodecacarbonyltriiron, Fe3(CO)j,, into iron carbonyl complexes in which the deprotonated
(mercaptomethyl)silanes act as -bridging ligands. These complexes can be regarded as models for the
[FeFe] hydrogenase. They were characterized by elemental analyses (C, H, S), NMR spectroscopic
studies (‘H, "*C, #’Si), and single-crystal X-ray diffraction. Their electrochemical properties were
investigated by cyclic voltammetry to disclose a new mechanism for the formation of dihydrogen
catalyzed by these compounds, whereby one sulfur atom was protonated in the catalytic cycle. The
reaction of the tridentate ligand MeSi(CH,SH); with Fe;(CO),, yielded a tetranuclear cluster compound.
A detailed investigation by X-ray diffraction, electrochemical, Raman, Mossbauer, and susceptibility
techniques indicates that for this compound initially [Fe,{u-MeSi(CH,S),CH,SH}(CO)¢] is formed.
This dinuclear complex, however, is slowly transformed into the tetranuclear species [Fes{u-

MeSi(CHQS)3 }Z(CO)S]

Keywords: catalysis, hydrogenase, iron, silicon, sulfur

Introduction

Since Peters er al.! and Fontecilla-Camps et al’> have determined the structure of the [FeFe]-

hydrogenases’ active site, much effort was made to mimic the properties of the enzyme.’ Especially the



protonation features of model complexes - namely the formation of terminal and bridging hydrides as
well as a possible shift of protons to the diiron core via adjacent bases - were in the focus of many
investigations.* Whereas the propanedithiolato complex [Fe,(u-pdt)(CO)s] reveals addition of a proton
to the diiron center and formation of a hydride,5 the azadithiolato complex [Fe,(u-adt)(CO)g] shows first
protonation of the amino group and consecutive shift of this proton to an iron atom, forming a terminal
hydride.® Recently, alkylation’ as well as oxidation® of the thiolato sulfur atoms in [FeFe] hydrogenase
model complexes was reported and confirmed the high reactivity of the thiolato sulfur atoms. However,
Darensbourg ef al. calculated that protonation of the Fe—Fe bond pair should be favored.” Contrary to
that report, we investigated the chemical and electrochemical properties of [Fe,(u-SCH,SCH,S)(CO)¢]
and observed interaction of pivalic acid with at least one sulfur atom.” This might be an alternative
pathway for the formation of hydrides via an initial protonation of the thiolato sulfur atoms.

Inspired by these results and investigations of Glass et al. on [Fe,{ ,u-SCHQSn(CH3)2CHZS}(CO)6],10
which exhibits an increased electron density at the thiolato sulfur atoms by hyperconjugation of the
o(Sn—C) and 3p(S) orbitals, we have prepared a series of model compounds for the [FeFe] hydrogenase
with silicon-containing thiolato ligands bridging the diiron moiety. These complexes should offer the
possibility to investigate protonation processes at the coordinating thiolato sulfur atoms by
spectroscopic (IR, NMR) as well as electrochemical (cyclic voltammetry, difference pulse voltammetry)
techniques.

It is well known from silicon-containing drugs that the presence of one or more silicon atoms in these
molecules influences their chemical, physical, and biological properties.'' The pharmacodynamics and
pharmacokinetics of drugs can be affected significantly by replacement of a carbon by a silicon atom
(sila-substitution). This can be exploited in medicinal chemistry for drug design; and indeed, the
carbon/silicon switch strategy has been successfully used for the development of new silicon-based
drugs. Likewise, sila-substitution of odorants has also been demonstrated to affect their olfactory

properties, and the carbon/silicon switch strategy has been successfully used for the development of new



silicon-based odorants.'? Recently, we have also shown that the impact and friction sensitivity of
explosives can be affected by carbon/silicon exchange.'

The main focus of this work was the synthesis of iron complexes containing silicon-based thiolato
ligands derived from (mercaptomethyl)silanes of the formula type R,Si(CH,SH),, (n = 0-2; R =
organyl) and the determination of the electrochemical properties of these complexes (in comparison to
the corresponding carbon analogues) to investigate the influence of silicon on electrocatalysis and the
formation of dihydrogen. These studies were also performed as part of our systematic investigations on
functionalized tetraorganylsilanes of the formula type R,Si(CH,X)s—, (n = 0-3; R = organyl; X =

functional group).'*"

Results and Discussion

Synthesis and Characterization of the Silicon-Containing Thiolato Ligands. The di- and
trifunctional (mercaptomethyl)silanes 4a—d were synthesized according to Scheme 1, starting from the
respective chlorosilanes 1a—d. Thus, treatment of 1la—d with (chloromethyl)lithium, generated in situ
from bromochloromethane and n-butyllithium in tetrahydrofuran,15 afforded the (chloromethyl)silanes
2a—d (37-77% yield), which upon treatment with potassium thioacetate in tetrahydrofuran furnished the
corresponding (acetylthiomethyl)silanes 3a—d (77-97% yield). Reaction of 3a—d with lithium aluminum
hydride in diethyl ether, followed by workup with hydrochloric acid, finally afforded the respective
(mercaptomethyl)silanes 4a—d (67-92% yield). Compounds 2a—d, 3a—d, and 4a—d were isolated as
liquids. Their identities were established by elemental analyses (C, H, S) and lH, 13C, and °Si NMR

spectroscopic studies (solvent, CDCl3).



Scheme 1. Syntheses of the bis(mercaptomethyl)silanes 4a—c and the tris(mercaptomethyl)silane 4d
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Synthesis and Characterization of the Iron Complexes. Treatment of the

bis(mercaptomethyl)silanes 4a—c with two molar equivalents of dodecacarbonyltriiron, Fe;(CO);,, in



toluene afforded the diiron complexes Sa—c (Scheme 2). Compounds Sa—¢ were isolated in 57-89%
yield as red crystalline solids. Their identities were established by elemental analyses (C, H, S), NMR
spectroscopic  studies (lH, 13C, 29Si; solvent, CDCl;), mass-spectrometric investigations, IR
spectroscopic studies, and crystal structure analyses (Figure 1; Figures S1 and S2, Table S1, see

Supporting Information).

Scheme 2. Syntheses of the diiron complexes 5a—c
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As can be seen from Figure 1 as well as Figures S1 and S2, both iron coordination centers of Sa—¢ are
surrounded by two bridging sulfur atoms, one iron atom, and three carbonyl groups. The iron
coordination polyhedra can be best described as strongly distorted octahedra, with the three carbonyl
groups in facial positions. The bicyclic [2Fe2S] skeletons of Sa—c display a “butterfly” structure. The
silicon atoms of Sa—c are surrounded in a distorted tetrahedral fashion. It is interesting to note that all

Si—C-S angles (118.22(12)-122.05(13)°) differ significantly from the ideal tetrahedral angle.



C3 c5

Figure 1. Molecular structure of 5b in the crystal (probability level of displacement ellipsoids 50%)

To obtain a [4Fe6S] cluster with two tridentate threefold deprotonated MeSi(CH,SH)3 ligands, the
tris(mercaptomethyl)silane 4d was treated with Fe3;(CO)j;. Reaction of Fe;(CO);, with the
corresponding carbon-based trithiol, MeC(CH,SH);, has already been reported to form the tetrairon
complex [Fes{u-MeC(CH,S)3}2(CO)s] with an [Fe'Fe"'Fe''Fe'] assembly that catalyzes electrochemical
dihydrogen generation at moderate potential.'® Treatment of the silicon compound 4d with one molar
equivalent of Fe3(CO);, afforded the diiron complex 6a (7% yield) and the tetrairon complex 6b (9%
yield) (Scheme 3). The identities of 6a and 6b were established by NMR spectroscopic studies ('H, *C,
1H,13 C HSQC, 1H,lH COSY), mass-spectrometric investigations (FAB-MS), IR and Raman studies, as
well as powder X-ray diffractometry. In addition, compound 6b was structurally characterized by
single-crystal X-ray diffraction (Figure 2; Table S2, see Supporting Information). Single crystals of 6b
were obtained by slow evaporation of the solvent from a solution of 6a and 6b in trichloromethane. It
was noticed via powder X-ray diffractometry and thin layer chromatography that 6a in solution was

slowly transformed into 6b.



Scheme 3. Syntheses of the diiron complex 6a and the tetrairon complex 6b
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Figure 2. Molecular structure of Molecule A in the crystal of 6b (probability level of displacement ellipsoids 50%).
Hydrogen atoms are omitted for clarity.

To further prove the presence of a free thiol group and the [Fe'Fe'] assembly in 6a, Raman
spectroscopy, Mossbauer, and susceptibility techniques were used. The Raman spectrum of 6a
(Figure S3, see Supporting Information) is dominated by methyl and methylene group vibrations, e.g.,
the strong C—H stretching vibration at 2914 cm ™, the C—S and C-Si stretching vibrations at 701 cm™,
different CH; and CH, deformation modes at 1606 and 980 cm™', and the Fe-S stretching vibrations at

513 cm™'. The signal at 2593 cm™ is assigned to an S—H stretching mode. In this spectral region, no



other vibrational frequencies occur, making this signal a very strong indicator for the existence of an SH
group in 6a.

To obtain further information concerning the structure of 6a and the redox state of the two iron
centers, Mossbauer and susceptibility measurements were carried out for both compound 6a and the
reference compound 5a. The latter was taken as a well-established example of a [2Fe2S] cluster with an
[FeIFeI] arrangement.

The Mossbauer spectra were fitted by the standard least-squares minimization procedure. The
spectrum for 5a shows a quadrupole doublet with an isomer shift 5= —0.04 + 0.02 mm s relative to Of.
and a quadrupole splitting A4 = 0.78 + 0.02 mm s~ (Table 1, Figure 3). These values are in agreement

with those obtained for the structurally related diiron complex [Fez(ﬂ'SCHQOCHQS)(CO)6]17 (6=-0.02

mms ', A= 0.81 mm s ). The asymmetry of the spectrum of 5a indicates the presence of some of the

iron atoms (~ 16 %) in a second site giving a doublet with broadened lines and 8= 0.19 + 0.02 mm s~
and A = 0.52 + 0.02 mms ™. Susceptibility measurements on this compound in the liquid helium
temperature range showed that less than 1% of the iron atoms in the sample had an unpaired spin.
Hence, any unpaired electrons in the low-spin Fe' centers of 5a are paired to form covalent bonds. Since
the covalent bond length expected for a Fe'-Fe' bond is 233 pm, the experimentally established Fe—Fe
distance of 5a (252 pm) is in agreement with this interpretation.

The Mossbauer spectrum of compound 6a is similar to that of Sa (Table 1, Figure 3). The main
doublet again has a negative isomer shift §= —0.04 + 0.02 mm s~ and a quadrupole splitting A= 0.82 +
0.02 mm s, and the minority site (~ 7 % of the iron atoms) gives a doublet with broadened lines and
d=0.17 + 0.04 mm s and 4 = 0.51 + 0.04 mm s'. The Curie-law susceptibility data in this case is
consistent with 8% of the iron atoms possessing a spin of %2, or 1% of the iron atoms being present as
high-spin Fe" centers (Figure S4, see Supporting Information). The spins of the iron atoms are coupled

antiferromagnetically.
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Figure 3. Room-temperature Mossbauer spectra for compounds (a) Sa and (b) 6a. The fit parameters for the quadrupole
doublets are shown in the Table below.

Table 1. Room-Temperature Mossbauer Data for Compounds 5a and 6a

compound isomer shift quadrupole splitting linewidth  relative area
[mm s_l] [mm s_l] [mm s_l] [%]
Sa -0.04(2) 0.78(2) 0.11(1) 84
0.19(2) 0.52(2) 0.34(2) 16
6a —0.04(2) 0.82(2) 0.11(1) 93
0.17(4) 0.51(4) 0.42(4) 7

These investigations further confirmed the identity of compound 6a. Based on the Raman spectrum
and the Mossbauer spectra, the presence of a non-coordinated thiol group can be assumed. A

coordination of the thiol group to the iron center should lead to both a shift of vsg to lower
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wavenumbers and a significant difference in the quadrupole splitting due to the different coordination
sphere of the distal and the proximal iron site.

Compound 6b crystallizes in the space group P1, with two molecules (Molecules A and B) in the
asymmetric unit, which display very similar centrosymmetric structures. As shown for Molecule A in
Figure 2, the tetrairon complex 6b is a centrosymmetric [4Fe6S] cluster, with two [2Fe3S] cores that are
connected via two bridging thiolato groups; i.e., the two tripodal S,S,S ligands derived from 4d are
threefold deprotonated. The terminal iron coordination centers FelA and FelA' are surrounded each by
two bridging sulfur atoms (S1A/S2A, S1A'/S2A"), one of the two internal iron atoms (Fe2A, Fe2A'"), and
three carbonyl groups. The internal iron coordination centers Fe2A and Fe2A' are each surrounded by
four bridging sulfur atoms (S1A/S2A/S3A/S3A", S1IA'/S2A'/S3A'/S3A), one of the two terminal iron
atoms (FelA, FelA'), and one carbonyl group. All four iron coordination polyhedra are best described
as strongly distorted octahedra. The central Fe2A---Fe2A' distance (262.84(8) pm) is significantly
longer than the FelA-Fe2A and FelA'-Fe2A' distances (252.97(6) pm). As also observed for
compounds Sa—c, the two bicyclic [2Fe2S] skeletons of 6b display a “butterfly” structure. The silicon
atoms of 6b are surrounded in a distorted tetrahedral fashion; the Si—~C—S angles amount to 111.71(16)
(SilA-C1A-S1A, SilA'-C1A-S1A"), 11691(16) (SilA-C2A-S2A, SilA-C2A'-S2A"), and
116.10(16)° (SilA-C3A-S3A, SilA'-C3A'-S3A"), respectively. The structure of 6b is very similar to
that reported for the related compound [Fes{u-MeC(CH,S);}.(CO)s] with its [Fe'Fe"Fe''Fe']
arrangement.'®

To study the coordination mode of tetrakis(mercaptomethyl)silane (4e), this compound was also
treated with Fe3(CO);,. With this tetrafunctional ligand, a large number of different types of iron
complexes can be expected. However, in our studies, only one compound, namely the tetrairon complex
7, could be isolated, and no coordination polymers or charged complexes were found. In contrast to the
described synthesis of the carbon analogue of 7, [Feu{ ﬂ'C(CHZS)4}(CO)]2],3 ¢ the silicon compound 7
was obtained in the absence of triethylamine by direct conversion of Fe3(CO);, with 4e (molar ratio,

2:1) in refluxing toluene (40% yield) (Scheme 4). Variation of the molar ratio of Fe;(CO);,:4e to 1:1

12



should lead to the diiron complex [Fe,{#-SCH,Si(CH,SH),CH,S}(CO)s]; however, no such complex
could be isolated. In every case, exclusively 7 was obtained in varying yields. The identity of 7 was
established by elemental analysis (C, H, S), NMR spectroscopic studies (lH, 13 C, 29Si; solvent CDCl5),
mass-spectrometric investigations, IR spectroscopic studies, and crystal structure analysis (Figure 4;

Table S3, see Supporting Information).

Scheme 4. Synthesis of the tetrairon complex 7

i —>
AN / \
HsCH  CH,SH Fe/—S AN
4e 7

As can be seen from Figure 4, each of the four iron coordination centers of 7 is surrounded by two
bridging sulfur atoms, one iron atom, and three carbonyl groups. The four iron coordination polyhedra
can be best described as strongly distorted octahedra, with three carbonyl groups in facial positions. All
sulfur atoms of the tetradentate fourfold deprotonated Si(CH,SH)s ligand act as t5-bridging atoms,
leading to two bicyclic [2Fe2S] skeletons with a “butterfly” structure. The silicon atom is surrounded in
a slightly distorted tetrahedral fashion. As already observed for Sa-c and 6, the Si—-C-S angles

(120.03(16)—121.88(16)°) differ significantly from the ideal tetrahedral angle.

Figure 4. Molecular structure of 7 in the crystal (probability level of displacement ellipsoids 50%).
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Electrochemical and Electrocatalytic Properties. Cyclic voltammetry. The electrocatalytic
dihydrogen formation of [2Fe2S]-based model compounds for the [FeFe] hydrogenases has been well
established.”™'® Therefore, it was of great interest to study also the electrochemical and related
electrocatalytic properties of the model compounds Sa—c¢, 6b, and 7.

The electrochemical behavior of these compounds in terms of their cyclic voltammograms is
considered first. Analysis of Sa—c shows the presence of an reversible anodic wave at around —1.48 V as

expected for reduction of the diiron complexes.'®?’

The values obtained for the redox potentials
recorded for Sa—c are within the experimental error. This suggests that changes in the substituents on the
silicon atom of these diiron complexes result in a minimal change of the electron density around the
diiron centers and has negligible effect on the redox chemistry (Table 2). Since complexes Sa—¢ exhibit
similar electrochemical features, we focused our investigation on compound Sb and a detailed
discussion of the electrochemical properties will be given representatively. The cyclic voltammetric
reduction of Sb in acetonitrile on a mercury dropping electrode (using tetraecthylammonium perchlorate
as the supporting electrolyte) is shown in Figure 5. The experimental cyclovoltammograms (CVs) are in
good agreement with theoretical curves simulated on the basis of a two-electron reduction, where the
second charge-transfer step is thermodynamically favored (E°, > E°;) and kinetically faster (k°, > k°;).
CVs measured with slow scan rates (< 5 V s exhibit a distinct deviation from the ideal reversible
behavior. It can be readily explained in terms of a slow irreversible follow-up reaction that occurs after

the first reduction process, forming the decomposition product Q (reaction (4)). The best fit between

experimental and simulated CVs was obtained with the following parameter set:

Fe—Fe + e” == Fe-Fe~ (E°; =-1.538 V, 0,=0.22,k° =04 +0.1 cms™") (1)
Fe-Fe™ + " == "Fe-Fe~ (E% =—-1475V, 0,=0.5,k%>1cms™") (2)
“"Fe—Fe™ + Fe—-Fe =— Fe-Fe™ + Fe—Fe~ (k;s = 6501 mol™ s_l) 3)
Fe—-Fe  — Q (decomposition) (kgs = 50 s_l) )

14



It should be mentioned that the electrochemical reduction of Sb is strongly dependent on the applied
solvent-supporting electrolyte system. For instance, while k° > k° was found in acetonitrile/
tetracthylammonium perchlorate, the reverse order k°; > k° was observed when using tetra-n-
butylammonium perchlorate. A much bigger difference in the electrochemical behavior (affecting even
the qualitative appearance of the CVs) is observed when using N,N-dimethylformamide (DMF) instead
of acetonitrile. The strong effect of the solvent and the supporting electrolyte can be readily explained
via the stabilization of an in situ formed rotated state by the formation of a nitrile complex, which is not
possible when using DMF (see also Reduction of 5b with sodium amalgam and quantum chemical

calculations).
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Figure 5. Cyclic voltammetric reduction of compound Sb in acetonitrile (1.4 mM) on a mercury drop electrode using scan
rates of 1,3, 5, 10, 20, 40, 80, 120, 200, and 300 V s™".

When compared with [Fe,{u-SCH,C(CHj3),CH,S }(CO)6]21 and similar diiron complexes like [Fe,{u-
SCH,XCH,S}HCO)g] (X = CRo, NR),22 the [FeIFeI] state of the silicon-based analogues is easier to
oxidize (Eqx,1) by about 100 mV; somewhat surprisingly, the reduction waves show that Sa—c are also
easier to reduce to the [FeOFeO] level (Ereq,1) by a similar amount, which is difficult to understand. The
less positive oxidation potential would suggest that the electron density at the iron center has increased,
but if this was the case, the reduction would be more difficult. The fact that this is not observed may

suggest that the two redox processes involve different orbitals.

15



Table 2. Electrochemical Data for Compounds Sa—c¢ and 7 vs. an Ag/Ag* Reference Electrode on a Carbon/Glassy Electrode

Compound on,l [V] Ered,l [V] Ered,2 [V]
5a +0.79 _1.48 (E,), —1.40 (E,,) ]
5b +0.81 —1.49 (E,.), —1.40 (E,) -
5¢ +0.81 “1.49 (E,), 1.39 (Ey) ;
7 +0.99 _1.05 (E,) irr. 215 (Ey), —1.89 (Ey)

Where Sa—c have one active site for the binding and production of dihydrogen, complex 7 has four
iron centers bridged by an Si(CH,S-u)s moiety and therefore contains two redox active sites. For this
compound, one irreversible anodic wave is observed in the cyclic voltammetry representing the
oxidation of the Fe' center to Fe" (see Figure 6). Although there are two diiron active sites in this
complex, only one anodic wave is observed suggesting that the oxidation of each active site occurs
simultaneously, and therefore this wave represents two one-electron processes.”” This result also
indicates that there is little or no interaction across the Si(CH,S-x)4 bridge in the molecule.
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Figure 6. Cyclic voltammogram of compound 7 on a GC macro electrode, vs. Ag/Ag*, using 0.05 M [1n-BuyN][PFq] in
CH;CN as the supporting electrolyte.
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This is again reflected by the presence of one irreversible reduction representing two one-electron
processes corresponding to the [Fe'Fe'] + e~ — [Fe’Fe'] process for each diiron center (Eyeq; = —1.05 V).
This is a positive shift of approximately 440 mV when compared to compounds Sa—c.

The electrochemistry of the dinuclear complex 6b is very different from that observed for the other
species. The cyclic voltammogram and the differential pulse data in Figure 7 show reduction potentials
at —1.38 and —1.57 V in the potential area for the commonly discussed [FeIFeI] +e — [FeOFeI]

reduction step in [2Fe2S] complexes.’**

A third reversible reduction is noted at more negative
potentials (E,c = —2.16 V). Compound 6b shows two irreversible positive processes (see Figure 7),
which might indicate an oxidation process as observed for Sa—c. The presence of two separate anodic
peaks may be due to the different coordination environment of the two metal centers and may also
indicate electronic coupling across the dithiolato bridges between the two active sites as recently

described by Surawatanawong e al..**
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Figure 7. Cyclic voltammogram (left) and differential pulse voltammogram (right) of compound 6b on a GC macro
electrode, vs. Ag/Ag", using 0.05 M [n-BuyN][PFs] in CH;CN as the supporting electrolyte.

To allow comparison with the data reported by Pickett et al.,' the electrochemistry of compound 6b
has been carried out in dichloromethane, and the results obtained are shown in Table 3. The redox
processes of these iron hydrogenase models are clearly solvent dependent, with negative shifts of

approximately 100 mV observed when changing from dichloromethane to acetonitrile. An ill-defined
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oxidation is observed at a more positive potential than the corresponding process in acetonitrile. This
wave is not associated with oxidation of the solvent since in blank electrolyte no such process is
observed. The third reductive process detected in acetonitrile is not observed in dichloromethane due to

solvent cutoff.

Table 3. Electrochemical Data for Compound 6b and the Related Carbon Compound [Fe,{u-MeC(CH,S);},(CO)g] in
Acetonitrile and Dichloromethane. All Values Have Been Corrected against the Ag/Ag" Reference Electrode Using the
Fc/Fc™ Redox Couple as an Internal Standard.

compound Epa[V] Ey[V] Ey[V]
(solvent) Fe'Fe'/Fe"Fe"  Fe'Fe!/Fe'Fe' Fe'Fe!/Fe’Fe'
6b (CH;CN) +0.91 -1.35 -2.16
+1.04 -1.52 -
6b (CH.CL,) +1.44 -1.25 -
-1.43 -
[Fes{u-MeC(CH,S); }»(CO);]" - —-1.11 -
CH,CI
(CHCL) ~1.48

The first reduction wave of [Fe,{u-MeC(CH,S);},(CO);] occurs at a potential that is approximately 140
mV more positive than that of the corresponding process in the related silicon compound [Fes{u-
MeSi(CH,S)3}2(CO)s] (6b). A difference of 100 mV is noted for the second reduction potential.
However, comparison of the silicon-based hydrogenase analogue with the related carbon-based species
would suggest that the presence of silicon does not greatly affect the reduction potentials. Based on the
results obtained so far we are not in the position to assess the redox states of the iron centers in the
silicon compound 6b exactly and further studies are underway to clarify this issue. However, compared

to the carbon analogue described by Pickett e7 al., an [Fe'Fe"Fe"Fe'] system can be assumed.
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Electrocatalysis. To investigate the possible catalytic proton reduction of compounds Sa—¢, 6b, and 7,
the electrochemistry of each complex was analyzed in the presence of a weak acid, acetic acid (AcOH)
or pivalic acid (HP) in acetonitrile. In the case of compound Sb, both acids (AcOH and HP) gave very
similar results, and solely the results obtained with pivalic acid will be reported in the following.

The cyclic voltammetric reduction of Sb in the presence of varying HP concentrations is shown in

Figures 8 and S5 (see Supporting Information).
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Figure 8. Cyclic voltammetric reduction of a 1.4 mM solution of 5b in acetonitrile on a mercury drop electrode in the
presence of varying concentrations of pivalic acid (right) and simulated CVs (left). The scan rate is 1 V s™'. The HP
concentration was varied as follows: [HP]/[5b] = 0 (left-most CV), 1/3, 2/3, 1, 4/3, 5/3, 2, 8/3, 10/3, 4, 14/3, 16/3, and 20/3
(right-most CV). Mechanism and simulation parameters are given by reactions (1) to (11).

Independently of the applied scan rate (1, 3, 5, and 10 V s™), the CVs are shifted on the potential
scale in positive direction, while the peak current is slightly decreased upon HP addition. Interestingly, a
kind of “isosbestic point” is formed in the course of this. In analogy to UV-VIS spectroscopy, such a
behavior can be theoretically expected if there is an equilibrium between compound Sb and another
species formed upon HP addition, provided the CVs refer to the same scan rate and the kinetics of
adjusting the equilibrium does not disturb the linear relationship between the current and the
concentration within the time scale of the experiment. In view of the weakness of HP in acetonitrile”°
and the relatively low HP concentrations used in our experiments, it is unlikely that a direct protonation

of 5b resulting in Fe—Fe—H" is responsible for the “isosbestic point”. It is therefore more likely that an

undissociated HP molecule is coordinated to the complex through hydrogen bonds, and the
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deprotonation of this HP molecule is initiated by the reduction of Sb (either in form of a concerted
process or as a follow-up reaction). Indeed, a good agreement between experimental and simulated CVs

(Figures 8 and S5) was obtained by adding the following reactions to the equations (1)—(4).

Fe—Fe + HP = Fe—Fe—HP (Ks = 350 + 200, kes < 10* 1 mol™ s71)* (5)
“Fe-Fe™ + HP — "Fe—Fe—HP~ (Ke/Ks ~ 4, ks = 5 x 10° 1 mol™" s7") (6)
“Fe-Fe—-HP™ + HP =— H-Fe-Fe-HP™ + P~ (K5 <1, diffusion controlled) (7)
P~ + HP < HP-P~ (Kg > 5000, keg > 2 x 10° 1 mol ™" s7) 8)
Fe—Fe—HP + ¢~ < Fe—Fe—HP~ (E°3=-148V, a3 =0.55,k°~0.4 cms™) 9)
Fe—Fe-HP™ + ¢~ — “Fe—Fe-H + P~ (E°%=-1.168 V, 04 = 0.45, k%4 =1.75 x 107 cm s™)** (10)
Fe-Fe +HP+¢” . P "Fe-Fe-H (E°=-1.168 V, 05= 0.6, k°s = 0.1 cm s ")* (11)

This mechanism also correctly reflects the experimental observation that the shift of the CVs in
positive direction upon HP addition converges to a constant value when reaching a ratio [HP]/[Sb] of
about 4:1. Any larger excess affects only the reverse (re-oxidation) scan of the CVs. It has virtually no
effect on the forward (reduction) scan.®®

As expected, no catalytic dihydrogen generation is observed in the presence of weak acids as long as
two electrons are consumed by compound Sb. However, a catalytic current is observed in the presence
of pivalic (or acetic) acid if the electrode potential becomes more negative than about —1.8 V.

Experimental CVs measured with a scan rate of 1 V s™' are shown in Figure 9. They are in excellent

agreement with simulated ones (Figure 9).
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Figure 9. Cyclic voltammetric reduction of a 1.4 mM solution of 5b in acetonitrile on a mercury drop electrode in the
presence of varying concentrations of pivalic acid (left) and simulated CVs (right). The scan rate is 1 V s™'. The HP
concentration was varied as follows: [HP)/[Sb] = 1/3, 2/3, 1, 4/3, 5/3, 2, 8/3, 10/3. The mechanism and simulation parameters
are given by reactions (1)—(11).

The latter were obtained by adding the following reactions to the previous equations (1)—(11):

H-Fe-Fe-HP™ + ¢~ = "H-Fe—Fe-HP~ (E%=-1.77V, a6=0.5,k%~02cms™") (12
"H-Fe-Fe-HP™ — Fe—-Fe™ + P + H, (kpz=7s7) (13)
"H-Fe-Fe—HP™ + HP — Fe-Fe-HP + P" + H, (ks = 2300 1 mol ™' s7) (14)
"H-Fe-Fe-HP™ + HP — H-Fe-Fe-HP + P" +H,  (kps = 13500 1 mol™ s7") (15)

At least three catalytic reactions (reactions (13)—(15)) must be taken into consideration to render the
correct height and position of the cathodic current in the potential range at around —1.85 V as well as the
correct shape and position of the re-oxidation peak at around —1.5 V as a function of the HP

concentration. Figure 10 shows experimental CVs, which were measured on a mercury drop electrode.
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Figure 10. Cyclic voltammetric reduction of a mM solution of Sb in acetonitrile on a mercury drop electrode in the

presence of varying concentrations of pivalic acid. The scan rate is 1 V s™'. The HP concentration was varied as follows:

[HP]/[Sb] = 1/3, 2/3, 1, 4/3, 5/3, 2, 8/3, 10/3.

Unlike the direct reduction of HP (which is thermodynamically possible but kinetically inhibited at
the mercury drop electrode in the underlying potential range), the indirect reduction by homogeneous
electron (reaction (15)) becomes the dominating catalytic process for the three-fold reduced complex.

However, because of the second-order character of reaction (15), this statement holds true only for
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sufficiently high HP concentrations. At lower HP concentrations ([HP]/[Sb] < 4 : 3), only the effect of
reaction (13) is visible. Reaction (14) leads only to a marginal visible improvement but the standard
deviation between simulated and experimental CVs becomes distinctly worse when disregarding this
reaction. Finally, it must be mentioned that reactions (12)—(15) do not yet correctly describe some
details observed on the short-time scale. Most noteworthy is the fact that the cathodic current in the
potential range around —1.85 V is no longer peak shaped when using scan rates of several hundred volts
per second. It converges to a plateau current. It is therefore more likely that the species initiating the
catalytic cycle according to equation (12) is not the species H-Fe—Fe—HP~ itself but rather a species
formed in a preceding chemical reaction such as:

H-Fe-Fe-HP™ — H-Fe—Fe-H + P~ (16)

In other words, it might be necessary to formulate reactions (12)—(15) in terms of H—Fe—Fe-H
instead of H-Fe—Fe-HP".

Upon addition of acid to a 1 mM solution of complex 7 in acetonitrile, shifts are noted for each of the
reduction waves. The first of the cathodic peaks representing [FeIFeI] +e — [FeOFeI] exhibits a shift of
approximately 160 mV in the negative direction, and the wave appears to split into two waves (E,c = —
1.20 and —-1.36 V) when the concentration of acid in solution is 1 mM. These two waves appear to
merge again when the concentration of acid is 4 mM and above. The second reduction waves
corresponding to the [Fe’Fe'] + ¢ — [FeFe’] process are shifted initially by approximately 200 mV to
a more positive potential. This shift is decreasing with each increment of acid added. Both waves
experience an increase in current intensity upon addition of 1 mM acid with this rise continuing for the

second of these peaks as the concentration of acid increases (Figure 11).
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Figure 11. Cyclic voltammograms of compound 7 in acetonitrile (1 mM) in the presence of HOAc (0-10 mM), vs. Ag/Ag™.

The electrocatalytic properties towards dihydrogen formation of compound 6b were also

investigated. Upon addition of acid, the reduction potentials of the first two reduction peaks were shifted

to more positive potentials by 15 and 120 mV for the first and second reduction processes, respectively.

An increase in current intensity is observed with each sequential increment of acid added, suggesting

dihydrogen formation catalyzed by the [Fe'Fe'] redox couple. As observed for compounds 5a—c, large

currents are found in the region of ~ —1.8 V with increasing intensity for growing acid concentration

suggesting an electrochemical catalytic process from the [Fe'Fe'] state (Figure 12).
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Figure 12. Cyclic voltammograms of compound 6b in acetonitrile (1 mM) in the presence of HOAc (0-10 mM), vs. Ag/Ag*.

Tentative mechanism. The most striking results obtained in this study are the observation of an

“isosbestic point”, the formation of dihydrogen at three different potentials, and a shift in positive
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direction for the reduction potentials of compounds Sa—c in the presence of acid. Similar anodic shifts
have only been observed for functionalized diiron azadithiolates, interpreted in that case by protonation
of the amino function. In the absence of a basic group for the compounds under consideration here, no

. 5b,17,23
currently proposed mechanism™ "

can explain the results obtained in this study. A possible alternative
mechanism could be a “protonation” of the sulfur atom. However, to the best of our knowledge, no
electrochemical and spectroscopic evidence for the protonation of coordinating sulfur in [FeFe]
hydrogenase model systems has been reported. On the other hand, Glass et al. have shown on the basis
of DFT calculations and photoelectron spectroscopy that for related tin containing [2Fe2S] systems the
o(Sn—C) orbital interacts with a 3p(S) orbital.'’ These inductive and hyperconjugative interactions
increase the electron density at the sulfur atom. As a direct result, the basicity of the thiolato sulfur atom
increases. Taking into account the anodic shift observed for the compounds discussed in this
contribution and the investigations of Glass et al.,'’ a new possible mechanism is proposed on the basis
of equations (1)—(15) (see Scheme 5), whereby "Fe—Fe—H and "Fe—Fe—HP™ might be convertible under
consideration of equation 16 (see also Supporting Information). Beside the aforementioned kinetic and
thermodynamic characterization, four main aspects are visible from Scheme 5:

1)  The two electron reduction step in the absence of acid is accompanied by a structural rearrangement

forming a rotated state.
ii) In the presence of acid, an interaction between protons and the thiolato sulfur atoms is established.

iii) The catalytically active species is generated by reduction of compound 5b (Fe—Fe™ or "Fe—Fe—HP).

iv) Dihydrogen can be generated via three different pathways depending on the acid concentration.
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Scheme 5. Tentative simplified mechanism for the dihydrogen formation of the silicon-containing [FeFe] hydrogenase

models Sa—c according to reaction equations (1)—(15). For simplicity, the influence of equation (16) was neglected in this

scheme
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In order to verify this catalytic mechanism, further experiments were performed that confirmed the

presence of states I and II in the catalytic cycle shown in Scheme 5.

Protonation of 5b with HBF+Et,0. To further prove the catalytic cycle and sulfur “protonation”,
compound Sb was treated with tetrafluoroboric acid etherate (HBF, Et,O); the resulting product was
studied by IR spectroscopy. Figure 13 shows the difference between the IR spectra of Sb before and
after addition of HBF,-Et,0. Upon addition of HBF,Et,O, a new absorption band at 2099 cm™ in the
area of the C=0 vibrations is observed. This vibration suggests the existence of ligand protonated Sb, as
similar shifts were observed for [Fe,(u-SCH,NHCH,S)(CO)s] derivatives upon protonation.31 '"H NMR
spectroscopic studies provided no signal at higher field (> —3 ppm) as reported for analogous u- or

terminal-hydrides®* and hint at a protonation at the sulfur atoms as depicted in Scheme 5. This, however,
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is in contrast to the calculations done by Darensbourg ef al., who showed that protonation of the Fe—Fe

bond pair should be favored opposed to the thiolato sulfur atoms.”
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Figure 13. IR spectra of compound Sb before (red) and after (blue) addition of HBF,-Et,0.

Reduction of 5b with Na/Hg and quantum chemical calculations. In order to elucidate the nature of
the product formed in the two-electron reduction, compound Sb was reacted with the strong reducing
agent sodium amalgam in acetonitrile, whereupon the color of the solution changed to dark red. Figure
14 displays the experimental spectral properties of Sb and the reduced species as well as the calculated

IR bands.
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Figure 14. IR spectra (solid) and calculated IR spectra (dashed) of compound 5b before (left) and after (right) addition of

sodium amalgam.
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In contrast to 5b, the reduced species reveals an additional band at 1726 cm™! and hints at the
formation of a bridging carbonyl ligand. To prove this assumption, quantum chemical calculations were
performed. The experimental and calculated spectra of Sb match very well (Figure 14). On this basis,
the reduced species 5b*™ was also calculated. The best fit was obtained for the structure depicted in
Figure 14, which is characterized by a broken sulfur—iron bond and a bridging CO ligand. The shift of
the IR band (compared to the experimental IR band) of the bridging CO ligand to higher wavenumbers
can be explained by the fact that these quantum chemical calculations were performed in the gas phase,
and we have noticed that the solvent has a strong influence on the product formation: In contrast to the
reduction in acetonitrile, reaction of Sb with sodium amalgam in dichloromethane did not reveal any
bridging CO band. We therefore assume that the resulting reduced complex is stabilized via a weak
interaction with acetonitile. This assumption is further supported by calculations performed with an
iron-bound acetonitrile molecule. In this case, a better agreement between theory and experiment was
observed (Figure S9, see Supporting Information); however, at higher wavenumbers the shape and the

position of the CO bands strongly deviate.

Conclusions

This study aimed at the investigation of the influence of sila-substitution (C/Si exchange) of carbon-
based thiolato ligand systems of known [FeFe] hydrogenase models. For this purpose, the bis-, tris-, and
tetrakis(mercaptomethyl)silanes 4a—e were synthesized and used as ligands for the synthesis of the iron
complexes Sa—c, 6a, 6b, and 7. These compounds were characterized by elemental analyses (C, H, S),
'H, C, and ®Si NMR spectroscopy, mass spectrometry, and single-crystal X-ray diffraction. The
electrochemical behavior of the iron complexes was investigated via cyclic voltammetry, and the
electrocatalytic properties for dihydrogen formation were studied. Sila-substitution was found to
strongly affect the catalytic pathway. By introducing silicon, the basicity of the sulfur atoms increases,

and this allows proton interaction with the thiolato sulfur atoms as observed by cyclic voltammetry and

27



protonation experiments, coupled with IR studies. This finding is in contrast to the behavior of related
complexes with carbon-based thiolato ligands; as shown by computational methods, for these
compounds protonation of the Fe—Fe bond pair is favored.”” The redox features of 5a—c, 6b, and 7 are
not straightforward. Introduction of silicon (C/Si exchange) seems to lead to compounds that are both
easier to oxidize and to reduce. At this stage, this behavior is not fully understood. Compound 6b has
structural features similar to those reported by Pickett et al.' for the related carbon compound [Fe,{u-
MeC(CH»S)3}2(CO)sg]. Addition of protons to compound 5b does not result in the formation of hydride
complexes as observed by NMR spectroscopy but IR studies do suggest protonation of sulfur. This
observation is of great importance for the mechanism of the electrocatalytical dihydrogen formation
proposed on the basis of electrochemical studies of Sb. Furthermore, complex Sb is, to the best of our
knowledge, the only example leading to dihydrogen development at three different reduction potentials

with high activity towards dihydrogen formation.

Experimental Section

General Procedures. All syntheses were carried out under dry nitrogen or argon. The organic
solvents used were dried and purified according to standard procedures and stored under dry nitrogen or
argon. Chemicals were used as received from Fluka or Acros without further purification. Thin layer
chromatography (TLC): Merck silica gel 60 F,s4 plates; detection under UV light at 254 nm. Flash
chromatography (FC): Fluka silica gel 60. A Biichi GKR-51 apparatus was used for the bulb-to-bulb
distillations. The 'H, 13C{ 1H}, and 29Si{ 1H} NMR spectra were recorded at 23 °C on a Bruker DRX-300
NMR spectrometer (‘H, 300.1 MHz; °C, 75.5 MHz; *’Si, 59.6 MHz). CDCl; or CD,Cl, were used as
the solvent. Chemical shifts (ppm) were determined relative to internal CHCl3 (lH, 0 7.24; CDCl5),
internal CH,CL, ('H, 65.32; CD,Cly), internal CDCl; ("°C, §77.0; CDCly), internal CD,Cl, (°C, §53.8;
CD,Cly), or external TMS (*Si, § 0; CDCls, CD,CL,). Analysis and assignment of the "H NMR data

were supported by lH,lH COSY, 13C,IH HMQC, and 13 C,lH HMBC experiments. Assignment of the
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13C NMR data was supported by DEPT 135, 13 C,lH HMQC, and 13C,lH HMBC experiments. IR spectra
were recorded on a Perkin-Elmer 2000 FT-IR spectrometer. A Jobin Yvon LabRam HR inverse
spectrometer with a 632 nm HeNe-laser (Sacher Lasertechnik) was used for recording the Raman
spectra. Mass-spectrometric studies (FAB/MS, DEI/MS) were performed on a SSQ710 Finnigan MAT
spectrometer. Iron Mossbauer spectra were collected on a conventional constant acceleration
spectrometer, with a source of *’Co in Rh. The data were obtained at room temperature. Spectra were
fitted to Lorentzian doublets using a standard least-squares minimization routine. The susceptibility
measurements were made using a Quantum design SQUID magnetometer, in the range 4-300 K, with
samples of mass approximately 10 mg mounted in gel caps in a plastic straw.

Method A: Bis(chloromethyl)dimethylsilane (2a). A 2.5 M solution of n-butyllithium in hexane
(124 mL, 310 mmol of n-BuLi) was added dropwise at —70 °C (£3 °C, temperature measurement within
the flask) within 5h to a stirred mixture of dichlorodimethylsilane (1a) (20.0 g, 155 mmol),
bromochloromethane (60.2 g, 465 mmol), and tetrahydrofuran (190 mL) (the n-butyllithium solution
was added via a special horizontally elongated side neck of the three-necked flask, which itself was
immersed in the cooling bath to ensure precooling of the n-butyllithium solution before making contact
with the reaction mixture). After the addition was complete, the mixture was stirred at —78 °C for 5 h
and was then warmed to 20 °C within 17 h. The solvent was removed under reduced pressure
(formation of a precipitate), and the residue was extracted with water (800 mL) and diethyl ether
(800 mL). The organic extract was dried over anhydrous sodium sulfate, the solvent was removed under
reduced pressure, and the residue was purified by bulb-to-bulb distillation (oven temperature 46 °C,
12 mbar) to give 2a in 77% yield as a colorless liquid (18.8 g, 120 mmol). "H NMR (CDCl5): §0.23 (s,
6 H, SiCH3), 2.87 (s, 4 H, SiCH,Cl). *C NMR (CDCl3): §-5.9 (SiCH3), 28.1 (SiCH,CI). *Si NMR
(CDCl3): 63.9. Anal. Caled for C4H;(CLSi: C, 30.58; H, 6.42. Found: C, 30.5; H, 6.5.

Method B: Bis(acetylthiomethyl)dimethylsilane (3a). Compound 2a (5.00 g, 31.8 mmol) was added

in a single portion at 20 °C to a stirred suspension of potassium thioacetate (10.9 g, 95.4 mmol) in
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tetrahydrofuran (250 mL), and the resulting mixture was stirred at 20 °C for 21 h. The solvent was
removed under reduced pressure, diethyl ether (300 mL) and water (200 mL) were added, the organic
phase was separated, and the aqueous phase was extracted with diethyl ether (2 x 200 mL). All organic
extracts were combined and dried over anhydrous sodium sulfate, the solvent was removed under
reduced pressure, and the residue was purified by bulb-to-bulb distillation (oven temperature 95—
100 °C, 0.5 mbar) to give 3a in 86% yield as a yellowish liquid (6.44 g, 27.2 mmol). '"H NMR (CDCl5):
50.08 (s, 6 H, SiCHs), 2.09 (s, 4 H, SiCH,S), 2.28 (s, 6 H, C(O)CH;). >*C NMR (CDCl3): & -3.8
(SiCH3), 12.3 (SiCH,S), 30.0 (C(0)CHs), 196.0 (C(O)CH3). *Si NMR (CDCls): &3.4. Anal. Calcd for
CsH160,S,S1: C, 40.64; H, 6.82; S, 27.12. Found: C, 40.3; H, 6.6; S, 26.5.

Method C: Bis(mercaptomethyl)dimethylsilane (4a). A solution of 3a (6.04 g, 25.5 mmol) in
diethyl ether (90 mL) was added dropwise at 0 °C within 2h to a stirred suspension of lithium
aluminum hydride (4.91 g, 129 mmol) in diethyl ether (150 mL), and the resulting mixture was stirred at
0 °C for a 90 min and then at 20 °C for a further 19 h. Subsequently, hydrochloric acid (2 M, 50 mL)
was added dropwise with stirring at 0 °C within 30 min, and the resulting mixture was then warmed to
20 °C, followed by the addition of water (100 mL). The organic phase was separated, the aqueous phase
was extracted with diethyl ether (2 X 200 mL), the combined organic extracts were dried over anhydrous
sodium sulfate, the solvent was removed under reduced pressure, and the residue was purified by bulb-
to-bulb distillation (oven temperature 40—45 °C, 0.2 mbar) to give 4a in 80% yield as a colorless liquid
(3.13 g, 20.5 mmol). '"H NMR (CDCls): §0.15 (s, 6 H, SiCH3), 1.16 (t, *Juu = 7.2 Hz, 2 H, SH), 1.72 (d,
Juu = 7.2 Hz, 4 H, SiCH,S). °C NMR (CDCl3): §-4.9 (SiCH3), 5.9 (SiCH,S). *’Si NMR (CDCly): &
5.1. Anal. Calcd for C4H1,S,Si: C, 31.53; H, 7.94; S, 42.09. Found: C, 31.4; H, 7.6; S, 41.3.

1,1-Bis(chloromethyl)-1-silacyclopentane (2b). This compound was synthesized according to
Method A from 1,1-dichloro-1-silacyclopentane (1b) (25.0 g, 161 mmol), bromochloromethane (62.7 g,
485 mmol), a 2.5 M solution of n-butyllithium in hexanes (129 mL, 323 mmol of n-BuLi), and

tetrahydrofuran (170 mL) to give 2b in 61% yield as a colorless liquid (18.0 g, 98.3 mmol); bp 83—
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86 °C/8 mbar. '"H NMR (CDCl3): §0.76-0.81 (m, 4 H, SiCH,C), 1.63-1.68 (m, 4 H, SiCH,CH,C), 2.97
(s, 4 H, SiCH,Cl). *C NMR (CDCls): §8.69 (SiCH,C), 26.6 (SiCH,Cl), 26.9 (SiCH,CH,C). *Si NMR
(CDCl3): 620.9. Anal. Calcd for C¢H;>Cl,Si: C, 39.35; H, 6.60. Found: C, 39.3; H, 6.7.

1,1-Bis(acetylthiomethyl)-1-silacyclopentane (3b). This compound was synthesized according to
Method B from 2b (4.00 g, 21.8 mmol), potassium thioacetate (7.48 g, 65.5 mmol), and tetrahydrofuran
(150 mL) to give 3b in 77% yield as a yellowish liquid (4.40 g, 16.8 mmol); bp 130 °C/0.2 mbar. 'H
NMR (CDCl3): 60.60-0.65 (m, 4 H, SiCH,C), 1.54-1.59 (m, 4 H, SiCH,CH,C), 2.19 (s, 4 H, SiCH,S),
2.30 (s, 6 H, C(O)CH;). °C NMR (CDCls): §10.4 (SiCH,S), 11.1 (SiCH,C), 27.0 (SiCH,CH,C), 30.0
(C(O)CH3), 196.1 (C(O)CH3). ?Si NMR (CDCl3): 19.6. Anal. Calcd for CioH;30,S,Si: C, 45.76; H,
6.91; S, 24.43. Found: C, 46.2; H, 6.8; S, 23.9.

1,1-Bis(mercaptomethyl)-1-silacyclopentane (4b). This compound was synthesized according to
Method C from 3b (4.27 g, 16.3 mmol), lithium aluminum hydride (4.00 g, 105 mmol), and diethyl
ether (170 mL) to give 4b in 67% yield as a colorless liquid (1.95 g, 10.9 mmol); bp 80-90 °C/0.1 mbar.
'H NMR (CDCls): §0.67-0.72 (m, 4 H, SiCH,C), 1.20 (t, *Juu = 7.2 Hz, 2 H, SH), 1.58-1.63 (m, 4 H,
SiCH,CH,C), 1.81 (d, *Jun = 7.2 Hz, 4 H, SiCH>S). °C NMR (CDCls): §4.3 (SiCH.S), 9.4 (SiCH,C),
27.1 (SiCH,CH,C). *’Si NMR (CDCl3): §22.7. Anal. Calced for C¢Hy4S,Si: C, 40.40; H, 7.91; S, 35.95.
Found: C, 40.5; H, 7.7; S, 35.2.

1,1-Bis(chloromethyl)-1-silacyclohexane (2¢). This compound was synthesized according to Method
A from 1,1-dichloro-1-silacyclohexane (1¢) (27.0 g, 160 mmol), bromochloromethane (62.0 g,
479 mmol), a 2.5 M solution of n-butyllithium in hexanes (128 mL, 320 mmol of n-BuLi), and
tetrahydrofuran (185 mL) to give 2¢ in 37% yield as a colorless liquid (11.8 g, 59.8 mmol); bp 112—
114 °C/15 mbar. "H NMR (CDCl3): §0.82-0.86 (m, 4 H, SiCH,C), 1.39-1.46 (m, 2 H, Si(CH,),CH,C),
1.65-1.73 (m, 4 H, SiCH,CH,C), 2.95 (s, 4 H, SiCH,Cl). °C NMR (CDCls): & 8.5 (SiCH,C), 24.0
(SiCH,CH,C), 26.1 (SiCH,Cl), 29.3 (Si(CH,),CH,C). *Si NMR (CDCls): & —1.3. Anal. Calcd for

C7H14CLSi: C, 42.64; H, 7.16. Found: C, 42.6; H, 7.1.
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1,1-Bis(acetylthiomethyl)-1-silacyclohexane (3c¢). This compound was synthesized according to
Method B from 2c¢ (3.98 g, 20.2 mmol), potassium thioacetate (6.95 g, 60.9 mmol), and tetrahydrofuran
(150 mL) to give 3¢ in 91% yield as a yellowish liquid (5.09 g, 18.4 mmol); bp 130-140 °C/0.3 mbar.
'H NMR (CDCl3): 60.64-0.69 (m, 4 H, SiCH,C), 1.30-1.38 (m, 2 H, Si(CH,),CH,C), 1.58-1.66 (m,
4 H, SiCH,CH,C), 2.14 (s, 4 H, SiCH>S), 2.28 (s, 6 H, C(O)CH3). *C NMR (CDCls): §10.1 (SiCH,S),
10.6 (SiCH,C), 23.9 (SiCH,CH,C), 29.3 (Si(CH,),CH,C), 30.0 (C(O)CH3), 196.1 (C(O)CHs). *Si
NMR (CDCly): 6 —1.6. Anal. Calcd for C11H00,S,Si: C, 47.78; H, 7.29; S, 23.19. Found: C, 47.6; H,
7.1; S,23.1.

1,1-Bis(mercaptomethyl)-1-silacyclohexane (4¢). This compound was synthesized according to
Method C from 3¢ (2.47 g, 8.93 mmol), lithium aluminum hydride (2.19 g, 57.7 mmol), and diethyl
ether (85 mL) to give 4¢ in 69% yield as a colorless liquid (1.19 g, 6.18 mmol); bp 95 °C/0.2 mbar. 'H
NMR (CDCl3): 60.73-0.78 (m, 4 H, SiCH,C), 1.21 (t, *Juu = 7.1 Hz, 2 H, SH), 1.35-1.43 (m, 2 H,
Si(CH»),CH,C), 1.61-1.69 (m, 4 H, SiCH,CH,C), 1.80 (d, *Juu = 7.1 Hz, 4 H, SiCH,S). °C NMR
(CDCls): 63.3 (SiCH,S), 9.6 (SiCH,C), 24.2 (SiCH,CH,C), 29.5 (Si(CH,),CH,C). *Si NMR (CDCls):
00.2. Anal. Calcd for C;H;6S,Si: C, 43.69; H, 8.38; S, 33.33. Found: C, 43.7; H, 8.3; S, 33.0.

Tris(chloromethyl)methylsilane (2d). This compound was synthesized according to Method A from
trichloro(methyl)silane (1d) (13.5 g, 90.3 mmol), bromochloromethane (52.9 g, 409 mmol), a 2.5 M
solution of n-butyllithium in hexanes (110 mL, 275 mmol of n-BuLi), and tetrahydrofuran (150 mL) to
give 2d in 72% yield as a colorless liquid (12.5 g, 65.3 mmol); bp 65 °C/0.4 mbar. '"H NMR (CDCls): &
0.37 (s, 3 H, SiCH3), 3.01 (s, 6 H, SiCH,Cl). >C NMR (CDCl3): §-8.6 (SiCH3), 25.3 (SiCH,Cl). ’Si
NMR (CDCls): §2.5. Anal. Caled for C4HoCl3Si: C, 25.08; H, 4.74. Found: C, 25.3; H, 4.8.

Tris(acetylthiomethyl)methylsilane (3d). This compound was synthesized according to Method B
from 2d (5.76 g, 30.1 mmol), potassium thioacetate (15.5 g, 136 mmol), and tetrahydrofuran (400 mL)
to give 3d in 92% yield as a yellowish liquid (8.57 g, 27.6 mmol); bp 140—150 °C/0.1 mbar. '"H NMR

(CDCls): §0.16 (s, 3 H, SiCH3), 2.18 (s, 6 H, SiCH,S), 2.31 (s, 9 H, C(O)CH3). *C NMR (CDCly): &
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-5.4 (SiCH3), 10.8 (SiCH,S), 30.1 (C(O)CH3), 195.6 (C(O)CH3). °Si NMR (CDCly): & 3.4. Anal.
Calcd for C;9H150353S1: C, 38.68; H, 5.84; S, 30.98. Found: C, 38.7; H, 5.8; S, 30.9.

Tris(mercaptomethyl)methylsilane (4d). This compound was synthesized according to Method C
from 3d (8.57 g, 27.6 mmol), lithium aluminum hydride (7.80 g, 206 mmol), and diethyl ether (350 mL)
to give 4d in 92% yield as a colorless liquid (4.69 g, 25.4 mmol); bp 80-90 °C/0.1 mbar. '"H NMR
(CDCls): §0.25 (s, 3 H, SiCHs), 1.27 (t, *Jun = 7.4 Hz, 3 H, SH), 1.84 (d, *Jun = 7.4 Hz, 6 H, SiCH,S).
PC NMR (CDCLy): § 7.1 (SiCH3), 3.8 (SiCH»S). Si NMR (CDCl;): & 5.1. Anal. Caled for
C4H12S5Si: C, 26.05; H, 6.56; S, 52.16. Found: C, 26.0; H, 6.4; S, 51.5.

Tetrakis(mercaptomethyl)silane (4e). This compound was synthesized according to ref [14a].

Method D: General Procedure for the Synthesis of the Iron Complexes. The respective
(mercaptomethyl)silane (50 mg) and 0.5 molar equivalents of Fez(CO);, per SH group were dissolved in
toluene (30 mL). The resulting solution was heated under reflux for 2 h, the solvent was removed under
reduced pressure, and the residue was purified via FC (eluent, THF/n-hexane (1:6 (v/v)); detection of
the relevant fractions via TLC) to afford the respective iron complexes Sa—c, 6a, 6b, and 7 as red
crystalline solids.

Diiron Complex 5a. This compound was prepared according to Method D by treatment of 4a (50 mg,
328 umol) with Fe;(CO);, (166 mg, 330 xmol) to afford Sa (81 mg, 188 umol) in 57% yield. 'H NMR
(CDCls): 6 0.09 (s, 6 H, SiCH3), 1.44 (s, 4 H, SiCH,S). °C NMR (CDCls): & -0.3 (SiCH3), 5.9
(SiCH.S), 207.5 (CO). *’Si NMR (CDCl;): §0.3. MS (DEI): m/z, 430 [M]*, 402 [M — COJ*, 374 [M —
2COJ", 346 [M -3COJ", 318 [M —4CO]", 290 [M - 5CO]*, 262 [M - 6CO]". IR (KBr): 2074 (vs),
2031 (vs), 1987 (vs), 1949 (s), 1935 (s). Anal. Calcd for C;oH0Fe206S,Si: C, 27.93; H, 2.34; S, 14.91.
Found: C, 28.5; H, 2.6, S; 14.4.

Diiron Complex Sb. This compound was prepared according to Method D by treatment of 4b
(50 mg, 280 umol) with Fe3;(CO);, (142 mg, 282 pmol) to afford Sb (116 mg, 250 gmol) in 89% yield

(related to 5b-0.1THF). '"H NMR (CDCl3): §0.61-0.65 (m, 4 H, SiCH,C), 1.45-1.55 (m, 8 H, SiCH>S
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and SiCH,CH,C). C NMR (CDCl3): §5.9 (SiCH,S), 13.2 (SiCH,C), 26.5 (SiCH,CH,C), 207.3 (CO).
¥Si NMR (CDCls): & 19.3. MS (DEI): m/z, 456 [M]*, 428 [M — COJ*, 400 [M — 2CO]*, 372 [M -
3COJ", 344 [M - 4CO]", 316 [M — 5CO]*, 288 [M — 6CO]". IR (KBr): 2070 (vs), 2028 (vs), 2004 (vs),
1971 (vs), 1956 (vs). Anal. Calcd for Ci,H,Fe>O¢S,Si-0.1THF: C, 32.14; H, 2.78; S, 13.84. Found: C,
32.2;H,3.1; S, 14.2.

Diiron Complex S5c. This compound was synthesized according to Method D by treatment of 4c
(50 mg, 260 umol) with Fe3(CO);2 (131 mg, 260 umol) to afford Sc (84 mg, 173 umol) in 67% yield
(related to 5¢-0.2THF). '"H NMR (CDCl3): §0.63-0.68 (m, 4 H, SiCH,C), 1.28-1.60 (m, 10 H, SiCH,S,
SiCH,CH,C, and Si(CH,),CH,C). C NMR (CDCl;): & 3.9 (SiCH.S), 13.4 (SiCH,C), 23.8
(SiCH,CH,C), 29.2 (Si(CH,),CH,C), 207.5 (CO). ’Si NMR (CDCls): §—4.5. MS (DEI): m/z, 470 [M]",
442 [M - COJ*, 414 [M - 2COJ", 386 [M - 3CO]", 358 [M — 4CO]", 330 [M - 5COJ", 302 [M - 6CO]".
IR (KBr): 2914 (s), 2854 (m), 2070 (vs), 2017 (vs, b), 1637 (m), 1445 (m). Anal. Calcd for
Ci3H14Fe,06S,S1-0.2THF: C, 34.21; H, 3.24, S; 13.23. Found: C, 34.2; H, 3.2; S, 13.5.

Diiron Complex 6a and Tetrairon Complex 6b. These compounds were synthesized according to
Method D (except for the stoichiometric ratio) by treatment of 4d (300 mg, 1.63 mmol) with Fe;(CO);,
(819 mg, 1.63 mmol) to afford two products, the orange-colored compound 6a (isolated as
6a-0.2hexane; 58 mg, 121 umol) in 7% yield and the dark red compound 6b (isolated as 6b-1.3hexane;
132 mg, 143 umol) in 9% yield.

Compound 6a: "H NMR (CDCl3): 60.22 and 0.31 (2 s, 6 H, SiCHs), 0.98-1.14 (m, 1 H, SH), 1.37—
1.79 (m, 6 H, SiCH,S). >*C NMR (CDCls): §-2.54 (SiCH3), 4.1 and 9.0 (SiCH,S), 207.1 (CO). MS
(FAB, in nba): m/z, 464 [M + 2H]", 436 [M + 2H — CO]", 408 [M + 2H — 2CO]", 380 [M + 2H — 3COJ",
352 [M + 2H - 4CO]". IR (KBr): 2960 (m), 2925 (m), 2853 (m), 2073 (vs), 2032 (vs), 1995 (vs).
Raman: 2593 cm™! (vs_n). Anal. Calcd for C1gHoFe,06S5Si-0.2hexane: C, 28.1; H, 2.7, S; 20.1. Found:
C, 28.1; H, 2.7; S, 15.2. Although the analytical data for ‘‘S” are unsatisfactory, the results of the FAB-

MS studies and the NMR, IR, and Raman data are consistent with the formula C;oH;oFe,0gS5Si.
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Compound 6b: "H NMR (CD,Cl,): §0.05 (s, 6 H, SiCHs), 0.52 (d, *Juu = 14.8 Hz, 2 H, SiCH,S-a),
0.86 (d, *Jun = 14.8 Hz, 2 H, SiCH,S-a), 1.55 (d, *Juy = 14.4 Hz, 2 H, SiCH,S-b), 1.83 (d, *Jyuy = 14.4
Hz, 2 H, SiCH,S-c), 2.24 (d, *Jun = 14.4 Hz, 2 H, SiCH-S-b), 3.20 (d, “Jun = 14.4 Hz, 2 H, SiCH,S-c).
BC NMR (CD,Cl,): §-1.6 (SiCH3), 5.6 (SiCH,S-a), 9.9 (SiCH,S-b), 21.4 (SiCH,S-c), 208.0 and 208.8
(CO). MS (FAB, in nba): m/z, 810 [M]*, 782 [M — COJ*, 754 [M - 2COJ", 726 [M — 3COJ", 698 [M —
4COJ", 670 [M - 5CO]", 642 [M — 6CO]", 614 [M — 7COJ", 586 [M — 8COJ". IR (KBr): 2922 (m), 2854
(m), 2071 (m), 2038 (vs), 1982 (vs), 1943 (m). Anal. Calcd for C,cH;sFesOsS6Siy-1.3hexane: C, 31.0; H,
4.0, S; 20.9. Found: C, 30.9; H, 4.1; S, 20.6.

Tetrairon Complex 7. This compound was synthesized according to Method D by treatment of 4e
(50 mg, 231 umol) with Fe;(CO);, (233 mg, 463 umol) to afford 7 (72 mg, 93.3 umol) in 40% yield. 'H
NMR (CDCl3): & 1.51 (s, 8 H, SiCH,S). °C NMR (CDCLy): §5.3 (SiCH,S), 206.8 (CO). *’Si NMR
(CDCly): 6-6.4. MS (DED): m/z, 772 [M]", 744 [M — COJ*, 716 [M — 2CO]", 688 [M — 3CO]", 660 [M
—4COJ", 632 [M - 5CO]", 604 [M — 6CO]", 576 [M — 7CO]*, 548 [M — 8CO]*, 520 [M — 9CO]*, 492
[M — 10COJ*, 464 [M — 11CO]", 436 [M — 12CO]". IR (KBr): 2925 (s), 2854 (m), 2072 (vs), 2034 (vs),
2012 (vs), 1630 (m). Anal. Calcd for CigHgFe401,S451: C, 24.89; H, 1.04; S, 16.62. Found: C, 25.1; H,
1.0; S, 16.5.

Reaction of 5b with HBF4sEt;O. Compound S5b (86 mg, 189 gmol) was dissolved in
dichloromethane (3 mL), and the resulting solution was cooled to 0 °C. Subsequently, HBE; (51-57%
in Et,0) (26 ul, 189 umol) was added, the mixture was stirred for 45 min at 0 °C, pentane (2 mL) was
added, and the resulting solution was stored at —20 °C for 12 h. The formed precipitate was separated by
filtration and washed with hexane (50 mL) to afford a red solid. IR (KBr): 2099 (vs), 2065 (vs), 2032
(vs), 1990 (vs).

Reaction of 5b with Na/Hg. In a 10 mL Schlenk vessel, compound Sb (19 mg, 41.7 umol) was

dissolved in acetonitrile (5 mL), followed by the addition of sodium amalgam (0.2 % Na in Hg), and the
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resulting two-phase system was shaken for 30 min. Within this time, the solution colored to dark red.
Subsequently, this solution was investigated via IR spectroscopy under an argon atmosphere.
Electrochemistry: Instrumentation and Procedures. Cyclic voltammograms were recorded against
a non-aqueous Ag/Ag* reference electrode (0.1 M [n-BuyN][PFs] and 0.01 M AgNO;s in acetonitrile)
and Ag/AgCl using 0.45 M [n-BusN][BF,] in dichloromethane as the supporting electrolyte. A glassy
carbon (GC) macroelectrode and a platinum wire were used as the working and auxiliary electrodes,
respectively. A solution of 0.05 M [n-BusN][PFs] (Fluka, electrochemical grade) in acetonitrile
(Aldrich, anhydrous, 99.8%) was used as the supporting electrolyte. Electrochemical experiments were
carried out using a CHI750C electrochemical bipotentiostat. Prior to each experiment, the
electrochemical cell was degassed for at least 10 minutes using argon, and a blanket of argon was
maintained throughout. The GC working electrode was prepared by successive polishing with 1.0 and
0.3 micron alumina pastes and sonicated in Millipore water for 5 minutes. All cyclic voltammograms
were recorded at a scan rate of 100mVs™'. In case of the studies of 5b, cyclic voltammetric
measurements were conducted in 3-electrode technique using a Reference 600 potentiostat (Gamry
Instruments, Warminster, USA), which was controlled by DigiElch 5.R.* This program provides not
only routines for the digital simulation of electrochemical experiments but also those for performing the
measurements in a consistent way making use of the Gamry Electrochemical Toolkit™ library. Unless
otherwise stated, the experiments were performed in acetonitrile (containing 0.25 M [EtsN][ClO4])
under a blanket of solvent-saturated argon. The ohmic resistance, which had to be compensated for, was
determined by measuring the impedance of the system at potentials where the faradic current was
negligibly small. Background correction was accomplished by subtracting the current curves of the
blank electrolyte (containing the same concentration of supporting electrolyte) from the experimental
CVs. The reference electrode was an Ag/AgCl electrode in acetonitrile containing 0.25 M [r-BusN]Cl.
However, all potentials reported in this paper refer to the ferrocenium/ferrocene couple, which was

measured at the end of a series of experiments. The reduction processes were studied on a hanging
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mercury drop (mpyg.darop = 4 mg) produced by a CGME instrument (Bioanalytical Systems, Inc.,West
Lafayette, USA).

Quantum Chemical Calculations. The density functional programs provided by the TURBOMOLE
5.71 suite® were used for all calculations. The calculations were arranged with the density functional
BP86™ in combination with the resolution-of-the-identity (RI) technique®’ as implemented in
TURBOMOLE. The BP86 functional is composed of the Becke exchange functional B88> and the
Perdew correlation functional P86.%° The preoptimizations of the geometries were performed with the
basis set SVP.*® The final structures and frequency calculations were calculated by applying the basis
set TZVP.*” The output IR line spectra were convoluted with a Gaussian profile of 15 cm™ width to
better match the experimental spectra.

Crystal Structure Determinations. Compounds Sa—c, 6b, and 7 were crystallized from solutions in
trichloromethane by slow evaporation of the solvent at 4 °C. The intensity data were collected on a
Nonius Kappa CCD diffractometer using graphite-monochromated Mo-K, radiation. Data were
corrected for Lorentz and polarization effects but not for 21bs0rpti0n.40’41 Crystallographic data as well as
structure solution and refinement details are summarized in Table 4.

The structures were solved by direct methods (SHELXS)* and refined by full-matrix least squares
techniques against F,” (SHELXL-97).* All non-hydrogen atoms were refined anisotropically.42 The

hydrogen atoms were included at calculated positions according to the riding model.
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Table 4. Crystal Data and Refinement Details for the Crystal Structure Analyses of Compounds Sa—c¢, 6b, and 7

Sa

5b

Sc

6b

7

empirical formula

formula mass [g-mol’]]
collection T [°C]

A (Mo Ko) [A]

crystal system

space group (No.)

a [A]

b[A]

c[A]

al’]

Bl

7 [°]

VIAY

V4

Peatea [grem™]

 [mm™']

F(000)

crystal dimensions [mm]

20range [deg]
index ranges

measured reflections
unique reflections/Ry
reflections used

data with I > 20(/)
parameters

5

R [I>20(D)

WR, [all data, on F?]°

max./min. residual electron density [E'A’S]

CCDC No.

CioH;0Fe;06S,S1

430.09
-90(2)
0.71073
monoclinic
P2y/m (11)
8.9368(5)
10.6475(5)
9.5294(5)

90
115.403(3)
90

819.09(7)

2

1.744

2.117

432

0.04 % 0.04 x 0.02
6.08-54.94
-10<h <1,
-13<k<13,
-12<1<12
5815
1974/0.0438
1974

1540

111

1.010
0.0323
0.0780
0.536/-0.443
697007

C12H 2Fex06S,Si

456.13
-90(2)
0.71073
monoclinic
P2/c (14)
9.0756(3)
13.2900(4)
14.5302(4)
90

98.718(2)

90
1732.31(9)

4

1.749

2.008

920

0.04 % 0.04 x 0.04
4.18-54.96
-11<h<1l,
-16<k<17,
-18<1<18
11846
3949/0.0355
3949

3348

208

1.027
0.0280
0.0698
0.446/-0.564
697008

Ci3H14Fex06S,Si

470.15
-90(2)
0.71073
triclinic
P1(2)
7.4982(2)
11.7114(5)
12.0123(5)
65.435(2)
84.890(2)
75.842(2)
930.14(6)

2

1.679

1.872

476

0.04 % 0.04 x 0.04
6.42-54.96
-9<h<9,
-15<k<12,
-15<1<15
6712
4219/0.0229
4219

3512

217

1.012
0.0293
0.0698
0.355/-0.474
697009

C6H,sFe405S6Six

810.24
-90(2)
0.71073
triclinic
P1(2)
10.2124(5)
11.7804(5)
14.1788(6)
67.448(3)
75.255(3)
65.836(3)
1427.66(11)
2

1.885

2.553

812

0.04 % 0.04 x 0.03
4.80-54.94
-13<h<12,
-15<k<15,
-15<1<18
9688
6448/0.0325
6448

5280

327

1.005
0.0340
0.0899
0.545/-0.615
697011

“S = {Z[w(F> = FA* 1 (n—p)}**; n = no. of reflections; p = no. of parameters; * R, = Z||Fo| — |Fdl| / Z|Fo; € wRy = {Z[w(Fo> — FAX 1 Zw(F 7)1}

C16HgFe 0125451

771.95
-90(2)
0.71073
triclinic
P1(2)
9.1887(18)
11.601(2)
12.549(3)
99.58(3)
93.84(3)
94.50(3)
1310.6(4)

2

1.956

2.591

764

0.04 % 0.04 x 0.04
4.42-54.92
-11<h<11,
-15<k<13,
-16<1<15
9110
5901/0.0324
5901

5231

334

1.020
0.0331
0.0919
0.778/-0.578
697010
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Supporting Information Available: Selected crystallographic data for Sa—¢, 6b, and 7, Raman
spectrum of 6a, additional discussion of the electrochemical properties of Sa—c¢, and quantum chemical
calculation of 5b2_-CH3CN. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Figure S1. Molecular structure of Sa in the crystal (probability level of displacement ellipsoids 50%).

Figure S2. Molecular structure of 5c¢ in the crystal (probability level of displacement ellipsoids 50%).



Table S1. Selected Bond Distances (pm) and Angles (deg) for Compounds Sa ¢

Sa Sb Sc

Fel-Fe2 252.16 (6) 252.21(4) 251.23(4)
Fel-S1 225.68(6) 225.12(6) 225.40(6)
Fel-S2/Fel-S1A 225.67(6) 225.95(6) 225.41(6)
Fe2-S1 225.97(6) 226.27(6) 225.24(5)
Fe2-S2/Fe2-S1A 225.97(6) 226.04(6) 225.46(6)
S1-C1 182.3(3) 182.7(2) 182.5(2)
S2-C2/S1A-C1A 182.3(3) 182.5(2) 181.5(2)
C1-Sil 187.1(3) 187.1(2) 186.7(2)
C2-Sil/C1A-Sil 187.1(3) 187.1(2) 186.8(2)
Si1-C3 186.1(4) 188.3(2) 187.1(2)
Si1-C2/Si1-C6/Sil1-C7 186.7(4) 187.3(2) 186.0(3)
S1-Fel-S2/S1-Fel-S1A 87.97(3) 87.94(2) 87.29(2)
S1-Fe2-S2/S1-Fe2-S1A 87.83(3) 87.64(2) 87.31(2)
S1-Fel-Fe2 56.116(18) 56.247(15) 56.087(15)
S1-Fe2-Fel 56.006(17) 55.816(15) 56.149(16)
S2-Fel-Fe2/S1A-Fel-Fe2 56.117(17) 56.100(16) 56.147(16)
S2-Fe2-Fel/S1A-Fe2-Fel 56.004(17) 56.065(16) 56.128(16)
C1-S1-Fel 112.75(8) 113.40(8) 114.05(8)
C1-S1-Fe2 119.01(8) 118.80(7) 120.12(7)
C2-S2-Fel/C1A-S1A-Fel 112.75(8) 112.75(8) 113.37(9)
C2-S2-Fe2/C1A-S1A-Fe2 119.01(8) 117.95(8) 118.81(8)
S1-C1-Sil 121.52(13) 118.22(12) 120.34(11)
S2-C2-Si1/S1A-C1A-Sil 121.52(13) 119.24(12) 122.05(13)
C1-Si1-C2/C1-Si1-C1A 108.95(15) 107.79(10) 109.16(11)
C1-Si1-C3 108.28(10) 113.40(11) 110.51(11)
C3-Si1-C2/C3-Sil-C6/C3-Sil-C7 108.8(2) 96.10(11) 104.00(12)
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Table S2. Selected Bond Distances (pm) and Angles (deg) for Compound 6b (Data for Molecule A; the structure

of Molecule B is very similar)

Fel A-Fe2A

Fe2A Fe2A’
FelA-S1A
FelA-S2A
Fe2A-S1A

Fe2 A-S2A

Fe2 A-S3A

Fe2 A-S3A’
S1A-FelA-S2A
S1A-Fe2A-S2A
S1A-Fe2A-S3A
S1A-Fe2A-S3A°
S2A-Fe2A-S3A
S2A-Fe2 A-S3A°
S3A-Fe2A-S3A°
S1A-FelA-Fe2A
S2A-Fel A-Fe2A
S1A-Fe2A-FelA
S2A-Fe2A-FelA
S3A-Fe2A-FelA
S3A’-Fe2A-FelA
S1A-Fe2A-Fe2A’
S2A-Fe2A-Fe2 A’
S3A-Fe2A-Fe2A’
S3A’-Fe2 A-Fe2A’
ClA-S1A-FelA

252.97(6)
262.84(8)
226.32(8)
224.98(3)
229.99(8)
224.99(8)
223.72(8)
222.13(8)
88.89(3)
87.98(3)
105.02(3)
83.16(3)
95.92(3)
156.14(3)
107.75(3)
57.03(2)
55.79(2)
55.64(2)
55.79(2)
142.69(3)
101.43(3)
96.89(3)
149.40(3)
53.60(2)
54.16(2)
113.61(11)

STA-C1A
S2A-C2A
S3A-C3A
ClA-SilA
C2A-SilA
C3A-SilA
C4A-SilA

C1A-S1A-Fe2A
C2A-S2A-FelA
C2A-S2A-Fe2A
C3A-S3A-Fe2A
C3A-S3A-Fe2A’
FelA-S1A-Fe2A
Fel A-S2A-Fe2A
Fe2 A-S3A-Fe2A’
STA-C1A-SilA
S2A-C2A-SilA
S3A-C3A-SilA
Cl1A-SilA-C2A
C1A-Si1A-C3A
Cl1A-SilA-C4A
C2A-Si1A-C3A
C2A-SilA-C4A
C3A-Si1A-C4A

183.03)
182.5(3)
182.6(3)
186.6(3)
186.0(3)
187.6(3)
186.4(3)

116.76(11)
115.02(11)
112.38(10)
110.58(10)
116.12(11)
67.33(3)

68.42(3)

72.25(3)

111.71(16)
116.91(16)
116.10(16)
106.40(15)
109.42(14)
112.80(15)
111.32(14)
108.96(16)
107.98(15)



Table S3. Selected Bond Distances (pm) and Angles (deg) for Compound 7

Fel-Fe2
Fe3-Fed
Fel-S1
Fel-S2
Fe2-S1
Fe2-S2
Fe3-S3
Fe3-S4
Fe4-S3
S1-Fel-S2
S1-Fe2-S2
S3-Fe3-S4
S3-Fe4-S4
S1-Fel-Fe2
S2-Fel-Fe2
S1-Fe2-Fel
S2-Fe2-Fel
S3-Fe3-Fe4
S4-Fe3-Fe4
S3-Fe4—Fe3
S4-Fe4—Fe3
C1-S1-Fel
C1-S1-Fe2
C2-S2-Fel

250.67(8)
252.21(7)
225.98(10)
225.46(8)
260.01(10)
225.79(9)
224.70(9)
224.62(9)
224.67(10)
87.66(3)
87.58(3)
88.05(3)
87.87(4)
56.32(3)
56.32(3)
56.31(3)
56.19(2)
55.85(3)
56.06(3)
55.86(3)
55.77(3)
115.26(11)
118.60(10)
112.41(9)

Fe4-S4
S1-C1
S2-C2
S3-C3
S4-C4
C1-Sil
C2-Sil
C3-Sil
C4-Sil
C2-S2-Fe2
C3-S3-Fe3
C3-S3-Fe4
C4-S4-Fe3
C4-S4-Fe4
S1-C1-Sil
S2-C2-Sil
S3-C3-Sil
S4-C4-Sil
C1-Si1-C2
C1-Si1-C3
C1-Si1-C4
C2-Si1-C3
C2-Si1-C4
C3-Sil-C4

225.39(9)
183.5(3)
181.7(3)
182.6(3)
181.2(3)
187.3(3)
186.9(3)
186.9(3)
187.6(3)
119.39(9)
116.10(10)
117.10(10)
111.46(9)
120.24(9)
120.03(16)
120.82(14)
121.88(16)
121.28(14)
109.02(12)
112.71(16)
109.08(14)
110.14(13)
104.40(13)
111.13(12)
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Figure S3. Raman spectrum of 6a showing the S—H vibration at 2593 cm ™.
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Figure S4. Scan of the magnetization of compound 6a, measured in an applied field of 800 kA m™'. The data are
fitted to a law of the form ¥ = y + C/(T — ), where }; is a small temperature-independent term. The Curie
constant C is used to deduce the presence of unpaired spins, using the result C = 1.57 107 4S(S+1) per mol of

iron atoms.



Additional Discussion of the Electrochemical Properties

The estimated value of the diffusion coefficient is 1.18(-0.07) 10 = cm? s The
relatively large error for the diffusion coefficient and for k | results from the fact that Sb is
slightly adsorbed at the mercury drop electrode, visible by the formation of a broad shoulder.
Unfortunately, we were not able to find an adsorption isotherm that worked well enough to
completely eliminate the adsorption effect on the charge transfer parameters independently of
the applied scan rate. Finally, a Frumkin isotherm with I'y,;x =5 10 1 mol cm'z, =5 10 6
cm’® mol™ and a self-interaction parameter a = —0.5 was used in our simulations.

As in the absence of HP, the agreement between simulated and experimental CVs can be
slightly improved by taking adsorption reactions into consideration. The simulations shown in

Figure S5 were obtained by assuming that not only the starting complex, Fe—Fe, but also

Fe—Fe—HP is slightly adsorbed on the mercury drop electrode.
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Figure S5. Cyclic voltammetric reduction of a 1.4 mM solution of 5b in acetonitrile on a mercury drop electrode
in the presence of varying concentrations of pivalic acid (right) and simulated CVs (left). The scan rate is

7



Current, | [A]

-5.0x10° 7

35Vs! (top) and 10 V s”! (bottom). The HP concentration was varied as follows: [HP]/[5b] = 0 (left-most
CV), 1/3, 2/3, 1, 4/3, 5/3, 2, 8/3, 10/3, 4, 14/3, 16/3, and 20/3 (right-most CV). Mechanism and simulation
parameters are given by reaction (1) to (11).

The adsorption parameters are similar to those reported in the reaction equations (1)—(4).
Unfortunately, the current version of our simulation software! does not allow the simulation
of reactions which may occur between adsorbed species. The fact that diffusion control was
obtained for reaction (7) may therefore result from compensating contributions of surface
reactions (comprising adsorbed pivalic acid and adsorbed complex species) neglected in our
simulations.

The question which of the two species is the catalytically active one in the potential range
at around —1.85 V cannot be answered easily. It requires the inclusion of CVs into the fitting
process, which were measured with such high scan rates that the effect of reaction (16)
becomes visible. Unfortunately, the adsorption phenomena already described in this and the
previous section prevented quantitative studies of the system at sufficiently high scan rates. A
few tentative studies concerning the catalytic reactions accompanying the third electron
transfer step were also carried out using a glassy carbon working electrode. The changes in
the CVs after addition of a weak Brgnsted acid are analogous as reported above but the charge

transfer processes are distinctly slower (Figure S6).
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Figure S6. Cyclic voltammograms of compound 5b in acetonitrile (1 mM) in the presence of HOAc (0-10 mM), vs. Ag/Ag",

Potential, E [V]

as representative for compounds Sa—c on a glassy carbon electrode.

Potential, E [V]
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Unfortunately, the reproducibility of the experiments on glassy carbon was not good
enough for a quantitative analysis by data fitting. However, as can be seen from Figure S7,
there is at least a qualitative agreement in the development of the catalytic current (in the

potential range at around —1.85 V) upon HP addition.
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1.00-
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- ]
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0.75- /
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0.70 /
0654 ©

0.60 : : :
15 20 25 3.0 35

[HPY/[5b]

1 /1

Figure S7. Development of the catalytic current on a glassy carbon (A) and mercury drop (0) electrode as
function of the HP concentration. I, is the peak current observed after HP addition in the potential range of about
—-1.85 V, 1 is the diffusion controlled peak current referring to the two-reduction of 5b in the absence of pivalic
acid. The data refer to a scan rate of 1 V57",

This statement holds no longer true for the catalytic reactions accompanying the fourth
reduction step. Figure 10 shows experimental CVs, which were measured on a mercury drop
electrode. Similar CVs are also obtained on glassy carbon but Figure S8 reveals that the
development of the catalytic current (in the potential range at around —2.2 V) is quite different

on glassy carbon.
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Figure S8. Development of the catalytic current on a glassy carbon (A) and mercury drop (0) electrode as
function of the HP concentration. I, is the peak current observed after HP addition in the potential range of about

—2.2 V, 1, is the diffusion controlled peak current referring to the two-reduction of Sb in the absence of pivalic

acid. The data refer to a scan rate of 1 V s\,

It is therefore likely that the catalytic process is governed by homogeneous chemical
reactions as long as only the three-fold reduced species is involved in the catalytic cycle (or as
long as the electrode potential does not become more negative than about —2 V). On the
contrary, surface reactions (involving adsorbed protonated complex species and/or adsorbed
HP) seem to play a remarkable role in the catalytic reactions observed on the mercury drop
electrode in the potential range at around —2.2 V. Since surface reactions cannot be simulated
with the actual version of DigiElch, it is not surprising that we were not able to model the

underlying catalytic process exclusively on the basis of homogeneous chemical reactions such

as:

"H-Fe-Fe-H — "Fe-Fe + H; 17)
"H-Fe-Fe-H + HP — Fe-Fe-H+ H, + P~ (18)
"H-Fe-Fe-H + HP — H-Fe-Fe-H + %o H + P~ (19)

where "H-Fe—Fe—H™ comes either from the reduction of H-Fe—Fe—H produced by reaction

(16) or from reactions (12) and (15) according to:

"H-Fe-Fe-HP~ e_’) "H-Fe-Fe-H + P (20)

10



H-Fe-Fe-HP" — H-Fe-Fe-H + P~ 21

Even when using unrealistically large rate constants for the reactions (17)—(21) and no
matter whether the reduction in (20) was modelled as a concerted electron transfer step or as a
follow-up reaction, there was no way to simulate the shape and the HP concentration
dependence of the catalytic peak current observed in the experimental CVs on the mercury
drop electrode. The HP concentration in the surrounding of the electrode is simply too small
to establish the relatively high current observed for the second catalytic process in the
potential range at around —2.2 V. Looking at the simulated concentration profiles reveals that
most of the pivalic acid has already been consumed in the first catalytic process given by
reactions (13)—(16). Consequently, the catalytic current simulated for the mercury drop
electrode on the basis of reactions (17)—(21) is about 33% smaller than the experimental one
when [HP]/[Sb] is 10/3. Actually, it is in good agreement with that shown in Figure S8 for the

glassy carbon electrode.

-—  Absorption

L L
1700 1800 1900 2000 2100
Wavenumber [cm'w] ——

Figure S9. Quantum chemical calculation of the acetonitile coordinated species 5b”". The output IR line spectra
were convoluted with a Gaussian profile of 15 cm™ width to better match the experimental spectra.

(1) DigiElch 5.R developed by M. Rudolph available from http://www.gamry.com/Products/DigiElch5.htm.
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Cyanide and phosphine substituted [FeFe] hydrogenase models are known to show increased

10 basicity of the [Fe2S] cluster. Following our continued interest in [Fe2S2(Si)] compounds,
substitution reactions of such complexes with tetraethylammonium cyanide as well as
triphenylphosphine were investigated to yield the respective mono-substituted triphenylphosphine
complexes 2a-c and cyanide complexes 3a-c. Cyclic voltammetry was used to investigate the
electrocatalytic H,-formation with acetic acid.

reveals similar donor character and can serve as an abiological

Introduction surrogate.14 Inspired by the properties of [2Fe2S(Si)]
Since the structure of the active site of the [FeFe]
hydrogenase was determined,” much attention has been / \ O
payed to the synthesis of structural and functional model \Si/ S s

» complexes, containing different S-to-S linkers.>’ Recently, ( v ( v ( 7
[2Fe2S(Si)] complexes containing functionalized (mercapto- . L \
methyl)silanes were reported and the influence of the silicon DX X DX
moiety to the catalytic cycle during electrocatalysis as well as (©OFe 1:"‘(00)3 (©0)sFe " Fe(©0s  (OOKFe 1cFe(°°)3

their unique structural features were investigated.® Thereby a
25 sulphur-proton interaction was observed, which can be

explained by an increased nucleophilicity of the bridgehead
8

Scheme 2 [Fe2S2(Si)] model complexes (1a-c).}

s complexes and the natural abundance of the strong donor
ligand CN-," [FeFe] hydrogenase model complexes la-c
(Scheme 2) were reacted with triphenylphosphine and
tetraethylammonium cyanide to afford mono-substituted,
asymmetric [2Fe2S(Si)] cluster compounds. The resulting

45 products were investigated according to their chemical and
structural properties by cyclic voltammetry and crystal
structure analysis.

atom.
It has been reported that substitution of a carbonyl ligand with
either cyanide® or phosphine'® leads to increased basicity of
s the iron atoms in the [2Fe2S] subsite. This enables a
facilitated formation of terminal or bridging hydrides.!!
However since CN° ligands in model systems are not
protected by the peptide environment,' stable isocyanic acid
complexes can be formed which was pictured out in detail for

35 several M-CN complexes (Scheme l).'z’13 Results and Discussion
Synthesis and characterization of the PPh; substituted diiron
/N\(|3N/ o HNC\TN/ - @ so complexes (2a-c)
! |
Fe’ Fe’ Fe .. . . _
/| \CNH e | \CNH /| \CNH Ir.ntlal attc?mpts to obtain the PPh; substituted complexes 2::? c
N CN CN o ¢N via reaction of the hexacarbonyl complexes (la-c) with

l triphenylphosphine at room temperature'® or in refluxing
toluene'” require long reaction times and only partial
ss conversions. A fast and selective exchange of CO was
established via oxidative cleavage of CO using
In contrast to CN, triphenylphosphine is an abiological ligand trimethylamine-N-oxide,  followed by  addition  of
and can not be protonated. Nevertheless, trimethylphosphine triphenylphosphine.lx (Scheme 3).

Scheme 1 Isocyanic acid complexes.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00—00 | 1
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Figure 1 Molecular structures of compounds 2a—c (left to right) (ellipsoids at the 50% level). The molecular structure of 2¢ shows one of two independent
molecules.
Initial reaction of trimethylamine-N-oxide with complexes Fe(1)-S(1) 226.69(9) 227.71(7) 226.91(7)
la-c in acetonitrile yields the respective acetonitrile Fe(2)-S(2) 229.26(9) 226.21(8) 227.44(7)
complexes via oxidative cleavage of a CO ligand.19 Attempts S(1)-C(1) 183.0(3) 182.1(3) 181.21(3)
to isolate the instable nitrile complexes failed and the S(2)-C(2) 182.3(3) 182.9(3) 183.5(3)

s synthesis was therefore performed as a one-pot reaction. C(1)-Si(1) 188.1(4) 187.5(3) 186.0(3)
Further treatment of the in situ formed acetonitrile complexes C(2)-Si(1) 186.6(4) 186.3(3) 186.1(3)
with triphenylphosphine resulted in the mono-substituted Si(1)-C(3) 186.3(4) 188.5(3) 186.1(3)
compounds 2a-c. The identities of 2a-c were verified by Si(D)-C(AHIC6)/C(T) 186.2(4) 188.6(3) 186.7(3)
elemental analysis, NMR, MS and IR studies. Thus mass S(1)-Fe(1)-S(2) 86.18(3) 85.80(3) 86.66(2)

10 spectrometry afforded the [M]* peaks at m/z 664 (2a), 690 S(1)-Fe(2)-S(2) 86.30(3) 86.08(3) 86.45(2)
(2b) and 704 (2¢). Fe(1)-Fe(2)-P(1) 156.74(3) 156.66(3) 156.26(3)

S(DH-C(1)-Si(1) 122.05(19) 120.08(15) 121.76(15)
S(2)-C(2)-Si(1) 118.37(18) 117.65(15) 119.30(13)
\ / \ / \ / C(1)-Si(1)-C(2) 108.19(15)  108.29(13)  108.09(12)
( 7 MesNO-2H,0 ( 7 PPh; ( 7 C(l)—S%(l)—C(S) 112.85(18) 115.41(14) 113.82(13)
5 /S CHACN > % /S > 5 /S C(3)-Si(1)-C(4)/C(6)/C(7) 108.58(18) 95.22(15) 103.63(13)
(OC)3F| Fle(co>3 (OC)aFe—Fle\zz (OC)aFtle—lJe\c;Z Synthesis and characterization of the CN substituted diiron
NCMe PPh; complexes (3a-c)
a:R=CH;
1a-c b: R = 1/2 C4Hg 2a¢ The replacement of a CO ligand with CN" follows similar
o R =112 CsHio ss procedures’’  as  described for the tiphenylphosphine
Scheme 3 Reaction pathway towards PPh; mono-substituted compounds complexes 2a-c and leads to the negatively charged

2a-c.

is IR spectroscopy provides additional confirmation for the
structures of 2a-c: 1co bands are visible between 2041 and
1930 cm™'. Single-crystal X-ray analysis revealed the
proposed structures as depicted in Figure 1. The iron atoms in
2a-c are distorted octahedrally coordinated by the S-to-S
20 linker and by CO groups and triphenylphosphine in equatorial
position. The Fe(2)-P(1) distances and the bonding angles
(Fe(1)-Fe(2)-P(1)) of 2a-c are the same within the standard
deviation and are in good agreement to the recent reported
complex [Fe,(CO)s(PPh3){(SCH,),CHOH}].** Short Fe-Fe
25 bonds are detected within all three molecules and reveal bond
lengths of 250.81(6) (2a), 251.16(5) (2b) and 249.68(5) pm
(2¢) (cf. Table 1). The silicon atoms exhibit a tetrahedral
geometry. However, the angles S(1)-C(1)-Si(1) and S(2)-C(2)-
Si(1) are about 120° and therefore much larger than the
30 expected 109.5° for sp-hybridisation (cf. Table 1).

Table 1 Bond Lengths [pm] and Angles [°] for compounds 2a-c.

2a 2b 2¢
Fe(1)-Fe(2) 250.81(6) 251.16(5) 249.68(5)
Fe(2)-P(1) 224.3009) 225.60(8) 223.71(7)

complexes 3a-c. Again, the labile acetonitrile complex is

formed first easily substituted by addition of

tetracthylammonium cyanide. Following purification affords
40 compounds 3a-c (Scheme 2) as dark red oily substances.

and is

R R
\ / \S_/
1
1) MesNO-2H,0 / CH5CN
2) Et4NCN ®
s. 8 NEt,
] s
/7 /
(OC)4F€ Fe(CO)3 (OC);Fe——Fe(CO),CN
a R=CHj;
1a-c b: R=1/2 C4Hg 3a-c

¢ R=1/2 CsHqg

Scheme 2 Synthesis of CN” mono-substituted complexes 3a-c.

The identities of 3a-c were established by NMR, MS and IR
studies. Consequently, mass spectrometry reveals the [M]
45 peaks at m/z 428 (3a), 454 (3b) and 468 (3c¢). IR spectroscopy
shows the fico bands between 2030 and 1930 cm™ and the 7oy
band at around 2088 cm’!. Slow diffusion of hexane into a
solution of 3b, dissolved in THF, at 0°C affords single
crystals suitable for structure determination (Figure 3).

2 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



35 characteristic value to determine the basicity of the iron
centers is given by 1ico. The smaller 7ico the larger the basicity
of the iron centers.”® The infrared spectroscopic data for
complexes la, 2a and 3a are listed in Table 3 and are
representative for 1b-c¢, 2b-c¢ as well as 3b-c¢. Evaluating the

4 IR data, a decrease of 7icg can be observed from 1a to 2a and
3a, showing an enhancement of the electron density on the
iron atoms. Thus CN is the strongest donor ligand in this
series. Similar electronic effects have been previously
reported for cyanide and phosphine derivatives of

45 [Feo(CO)6(SR),] type complexes.zz’27

o Table 3 Vo shifts of complexes 1a-3a (KBr pellets).
Figure 3 Molecular structure of compound 3b (ellipsoids at the 50% =

level). Hydrogen atoms are omitted for clarity. Compound CO shift CNshift

1a® 2074 (vs), 2031 (vs), 1989 (vs) -

The molecular structure of 3b shows the complex anion 2a 2041 (vs), 1981 (vs, b) -
s [2Fe2S(Si)(CN)]°, where the counter ion is a tetraethyl- 3a 2027 (vs), 1973 (vs) 2088

ammonium cation. The iron atom Fe(l) is coordinated by a
cyanide group in basal position, two CO groups, the Fe(2)

atom, and the dithiolato-bridge. Both iron atoms are Electrochemistry
coordinated in a distorted octahedral way. In contrast to the

10 phosphine complex 2b the iron-iron distance is significantly Cyclic and differential pulse voltammetry was carried out to
longer (cf. Table 2). The silicon atom is tetrahedral * reveal the electrocatalytic properties of the
surrounded showing the unusual large bond angles S(1)-C(1)- triphenylphosphine complexes 2a-c¢ and cyanide complex 3¢

Sl(l) and S(z)_c(z)_sl(l) of 1184(2)0 and 1198(2)0 towards Hz development. The reduction and oxidation
respectively (see Table 2). The distances for Fe(1)-C(9) and potentials of the complexes are listed in Table 4. We were not

s C(9)-N(1) are in good agreement to literature reported able to investigate the electrochemical properties of
(Et,N)[Fey(S,C5Hg)(CN)(CO)s].22 ss compound 3a and 3b, since they were not soluble in any
solvent.

Table 2 Bond Lengths [pm] and Angles [°] for compound 3b.

Table 4 Electrochemical data of the hexa- and pentacarbonyl diiron

Fe(1)-Fe(2) 252.32(8) C'(Z)—Si(l) 186.9(4) hydrogenase analogues 1a-c, 2a-c and 3c. All potentials are corrected for
Fe(1)-S(1) 224.82(11) Si(1)-C(3) 187.5(4) the Ag/Ag" reference electrode.
Fe(2)-S(2) 227.36(10) Si(1)-C(6) 187.5(84)
S(1)-C(1) 182.8(4) Fe(1)-C(9) 193.5(4) Compound Fe'Fe'/Fe"Fe" [V]  Fe'Fe'/Fe'Fe’ [V]
S(2)-C(2) 183.0(4) C(9)-N(1) 115.4(5) 1a (Acetonitrile)® +0.79 (Epa) -1.40 (Ep)
C(1)-Si(1) 187.3(4) -1.48 (Ey)
S(1)-Fe(1)-S(2) 88.49(4) C(1)-Si(1)-C(2) 106.57(18) 1b (Acetonitrile)® +0.81 (Epa) -1.40 (Eya)
S(1)-Fe(2)-S(2) 87.22(4) C(1)-Si(1)-C(3) 112.32(19) -1.48 (Epe)
S(2)-C(2)-Si(1) 119.8(2) C(3)-Si(1)-C(6) 95.64(19) 1c (Acetonitrile)® +0.81 (Ep) -1.39 (B
S(1)-C(1)-Si(1) 118.4(2) Fe(2)-Fe(1)-C(9) 107.50(13) -1.49 (Eo)
Experiments using two or more equivalents of CN" or PPh; 2a (Dichloromethane) +0.57 (Ep) -1.83 (Eyo)
exclusively afforded mono-substituted complexes via this +0.44 (Epe)
20 route. This implies a decreased electrophilic character of the 2b (Dichloromethane) +0.62 (Ep) -1.80 (Ey)
CO ligand due to the CN” or PPh; ligands.?® Further reactions +0.49 (E;)
of la-c¢ with 1,10-phenantrolin were carried out. Using the 2¢ (Dichloromethane) +0.61 (Ep) -1.85 (Ep)
same reaction conditions as for 2a-3c, the desired +0.46 (Ej)
[2Fe2S(phenantrolin)] complex was not obtained,** instead 3¢ (Acetonitrile) +0.86 (E,y) 2.04 ()

»s decomposition  to [Fe(phenantrolin)3]2+ was observed,
analyzed using mass spectrometry, NMR spectroscopy, as
well as X-ray crystallography.

e The addition of a triphenylphosphine ligand to the diiron
centres of complexes 2a-c leads to an increase in electron
density around the diiron centre. This is clearly indicated in

IR spectroscopy the oxidation and reduction potentials of the three
As pointed out, the basicity of the iron centers can be hydrogenase. mode“ls (cf. Tabled). Comparing thfase
wincreased using the strong-field ligands CN™ and PPhs, © complexes with their hexacarbonyl analogues la-c, allowing
whereby CN is more relevant in the hydrogenase system.l‘z for effects of the different solvent (dichloromethane results in
The basicity (electron density) of the iron atoms depends positive shifts compared to the corresponding process in
mainly on two different aspects: i) the oxidation state'”% and acetonitrile) it is evident that the former are both easier to
ii) the of/n-bonding properties of the ligands.”'® A oxidise and harder to reduce. Upon inspection of the cathodic

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3



waves in each of the CVs a second reduction process is
observed occurring at potentials very close to the first (least
negative) reduction process although not at all clear in the
differential pulse. This type of two-electron reduction has
been observed for a similar mono-substituted complex,
[Fe,(bdt)(CO)s(P(OMe);)] (bdt = 1,2-benzenedithiolate)?® and
may be related to the coordination asymmetry of the two Fe
centres in the molecules. The two-electron reduction step is in
good coincidence with the hexacarbonyl complexes la-c,
where the first reduction signal has been assigned to an ECE

w

mechanism.® From the cyclic voltammogram in Figure 4 it is
noted that the reversibility of the oxidative process is greatly
improved with the substituted PPh; complexes. This is
because the o-donor character of this ligand stabilises the
is Fe'"Fe" redox state whereas the reduced state is destabilised
by this ligand as indicated by the irreversibility of the
cathodic waves in each cyclic voltammogram.?’ The PPh,
functionalised complexes are oxidised at potentials
approximately 200 — 250 mV less positive than the
hexacarbonyl analogues. However, it must be noted that this is
not a direct comparison as the electrochemical solvent used
for the PPh; complexes is dichloromethane (these complexes
were insoluble in acetonitrile) whereas acetonitrile was the

2

solvent for the hexacarbonyl derivatives.

0.0
1.0x10™* 4
< 2.0x10™
:. Reductions 2a
€ 3.0x10™ —— 1 mmol HOAc
g —— 2 mmol HOAc
=] —— 4 mmol HOAc
o 4.0x10™ —— 6 mmol HOAc
—— 8 mmol HOAc
—— 10 mmol HOAc
5.0x10" 1
6.0x10* T T T T 1
-25 -2.0 -1.5 -1.0 -0.5 0.0

Potential, E/ V vs. Ag/AgCl

25 Figure 4 Cyclic voltammetry and differential pulse voltammetry of
compound 2a (representative also for 2b and 2¢) on a glassy carbon
working electrode, in dichloromethane, using 0.05 M TBA PFg as the
supporting electrolyte.

Upon addition of 1 mmol HOAc, the separation of this first
30 cathodic wave into two peaks is observed with a minor
positive shift in potential as for the first wave. The second,
now more prominent peak experiences a shift of
approximately 200 mV towards more negative potentials. An
increase in the current of this second cathodic wave is
35 observed and the process shifts to more negative potentials
with these shifts continuing with each increment of acid added
thereafter. It is tentatively proposed that any hydrogen
evolved occurs from the Fe’Fe’ redox state. This type of
behaviour is observed for all three of the PPh; mono-
40 substituted complexes, Figure 5.

-3.0x10° 7
-2.0x10°
-1.0x10°

0.0

1.0x10°

2.0x10° 1

Current, 1/ A

3.0x10° 1
4.0x10°
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20 -15

T T T T T T T T T T T 1
-1.0 -05 0.0 0.5 1.0 1.5
Potential, E/ V vs. Ag/AgCl

Figure 5 Cyclic voltammetry of 2a with HOAc (0-10 mmol) in
dichloromethane, representative also for compound 2b and 2c.

The pentacarbonyl diiron complex 3¢ was electrochemically
investigated using acetonitrile as solvent. The oxidation wave
observed for this complex occurs at a potential (+0.86 V, vs.
Ag/Ag") that is approximately 50 mV more positive than the
corresponding process in the hexacarbonyl analogue 1c that is
oxidised at +0.81 V, vs. Ag/Ag". This is counterintuitive
considering the presence of the CN° ligand which should
increase the electron density around the diiron active site. The
complex appears to pacify the electrode with each successive
cycle as indicated by the gradual decrease in current.

The increased electron density on the metal is reflected in the
reduction potential recorded for 3¢ (Figure 6). The
(Fe'Fe' + 2¢” — FeFe?) is observed at a potential (-2.04 V, vs.
Ag/Ag") that is approximately 500 mV more negative than
that of the hexacarbonyl analogue 1c. A similar negative shift
of the reduction potential was already observed for the
negatively charged mono-cyanide {Fe,[u-
S,(CH,);1(CN)(CO)s}".2* However, the reduction potential
obtained for compound 3c is about 300 mV more negative
than for the respective propanedithiolato species.

4

o

5

5.

&

6

0.0 1
1.0x10 1
< 4
= 2.0x10 Reduction 3¢
- —— 1 mmol HOAc
S " 2 mmol HOAc
£ 3.0x10 1 —— 4 mmol HOAc
3 —— 6 mmol HOAc
8 mmol HOAc
4.0x10* 4 ~==- 10 mmol HOAc
5.0x10*+
T T T T T T T
-3.0 25 -2.0 -1.5 -1.0 -0.5 0.0

Potential, E/ V

Figure 6 Cyclic voltammetry of compound 3¢ [1 mM] with HOAc (0-10
6s mmol) in acetonitrile.

The expected basicity around the diiron metal bond or the
nitrile ligand itself in 3c is not reflected in its electrocatalytic
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behaviour in the presence of acetic acid. The presence of these
basic sites lead to an increased susceptibility to protonation
prior to reduction of the complex which is indicated by a
positive shift in the reduction potential of the least negative
cathodic process.”® Upon addition of 1 mmol HOAc the
reduction potential of this process is shifted by approximately
200 mV in the negative direction and an increase in the height
of the peak is observed. The intensity of the current continues
to increase with each increment of acid added thereafter -
indicative of an electrocatalytic current. These results suggest
that the evolution of hydrogen is mediated from the Fe’Fe’
redox state. However, the observed catalytic wave is within
the region of that observed when acetic acid itself is reduced
in the absence of a catalyst (~-2.4 V, vs. Ag/Ag"). Also
observed by Darensbourg et al.” and as such it is not possible
at this moment to clearly assign this process as hydrogen
evolution catalysed by the FeFe complex. In contrast to
literature known complex {Fe,[¢-S,(CH,);]J(CN)(CO)s}™ a
protonation at the N atom of the cyanide was not
observed.?!

Conclusions

In the course of this study a suitable synthesis to mono-
substituted asymmetric [Fe2S2(Si)] complexes,
containing triphenylphosphine (2a-c¢) and cyanide (3a-c) was
established. Single crystal X-ray determination revealed a
basal configuration mode of the introduced cyanides and and
an apical for the triphenylphosphines in solid state. As already
shown for la-c, the substitution pattern on the silicon atom
reveal no or negligible influence on the electrcocatalytic
wcycle” During the investigation of the electrochemical
properties, unexpected trends arose in the evaluation of the
redox potentials in certain complexes of this series. Addition
of the o-donor ligands such as CN” or PPh; lead to an increase
in electron density around the metal centres which should
result in an increase in basicity of the active site. This theory
is not completely consistent with all oxidation potential values
obtained. In contrast to results of Poilblanc er al.,’ who
showed that complexes of the Fe,(SR),(CO)4L (L = donor
ligand) are both easier to oxidise and harder to reduce, the
mono-substituted cyano complex 3¢ experiences an oxidation
potential that is more positive than that of the corresponding
hexacarbonyl analogues. Therefore the effect of these ligands
on the nature of the HOMO and LUMO must be considered.
The addition of a negatively charged ligand may change the
location of these orbitals resulting in a complicated
interpretation of results. Both the oxidation and reduction
potentials of complexes 2a-c experience shifts in the negative
direction. Two closely spaced reduction steps are observed for
these compounds. Catalytic behaviour is observed for all
complexes. However, direct comparison of all six complexes
is not possible as a result of solubility issues in different
solvents.

model

Experimental Section

General Procedures

S

a

o

&

G

The organic solvents used were dried and purified according
to standard procedures and stored under dry argon. Chemicals
were used as received from Fluka and Acros without further
purification. Compounds la-c were prepared according to
literature procedures.” Thin layer chromatography (TLC):
Merck silica gel 60 Fps, plates; detection under UV light at
254 nm. Flash chromatography (FC): Fluka silica gel 60. 'H
NMR, C{'H} and *'P{'H} NMR spectra were recorded on a
Bruker AVANCE 200 MHz or 400 MHz spectrometer,
whereby the splitting of proton resonances are defined with s
(singlet), d (doublet) and m (multiplet). CDCI; was used as
the solvent. Chemical shifts (ppm) were determined relative to
internal CHCl; ('H, & 7.24; CDCly), CDCl; (**C, & 77.0;
CDCly), or external TMS (‘H, & 0; CDCly). Analysis and
assignment of the '"H NMR data were supported by 'H,'H
COSY, Bc,'" HMQC, and 13C,'H HMBC experiments.
Assignment of the *C NMR data was supported by DEPT
135, *C,'H HSQC, and "C,'H HMBC experiments. IR-
spectra were recorded on a Perkin-Elmer 2000 FT-IR.
Electron impact and atom bombardment mass spectrometry
was carried out at 70 eV with a Finnigan SSQ710 using
desorption electron ionisation (DEI) or fast atom
bombardment (FAB) mode.

Synthetic Methods
Method A

Substitution of CO with PPh; was performed as followed: The
hexacarbonyl complex (la-c¢) was dissolved in 20 cm®
acetonitrile. leq. Me;NO*2H,0 was added to give the
respective nitrile complex withihin 30 min, visible by
darkening of the red solution. Subsequently leq. PPh; was
added and the reaction mixture stirred for 7 hours at room
temperature. Evaporation to dryness affords the crude product,
which was purified via FC (THF : hexane 1:3).

Method B

A solution of the complex (la-c), dissolved in 20 cm’®
acetonitrile, was reacted with leq. Me;NO*2H,O and stirred
for 30 min at room temperature. Following, 1.eq tetraethyl
ammonium cyanide was added and the solution stirred for
20 hours. Removal of the solvent under reduced pressure
afforded the crude product. The residue was dissolved in THF
and the remaining solid filtered off. Reiterated evaporation
and washing with hexane affords the respective cyanide
complexes.

Pentacarbonyl triphenylphosphine diiron complex 2a

w0 Method A, 148 mg (0.344 mmol) 1la was treated with 39 mg

(0.348 mmol) trimethylammonium-N-oxid dihydrate and
93 mg (0.48 mmol) triphenylphosphine to yield 66 mg (29%)
of 2a. '"H NMR (CDCl;, 200MHz): § 7.67 (m, 9H, H-c/d),
7.43 (m, 6H, H-b), 0.09 (s, 6H, SiCH;), -0.31 (s, 4H, SCH,Si).

s 13C NMR (CDCl;, 50MHz): § 213.8/209.4 (CO), 135.8 (C-a),

133.5 (C-b), 130.1 (C-d), 128.5 (C-c), 4.9 (SCH,Si), 0.5 / -0.2
(SiCH3). *'P NMR(CDCl;, 81MHz): & 68.5. MS(DEI): 664
[M]*, 608 [M-2COJ*, 580 [M-3COJ*, 524 [M-5COJ*, 262
[PPhs]*. IR (KBr): 3060 (w), 2041 (vs), 1981 (vs, b), 1628

ss All syntheses were carried out under dry nitrogen or argon. o (m), 1435 (m). Anal. caled. for Cy7H,sFe,05S,SiP: C, 48.81%;
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H, 3.79%, S, 9.65%. Found: C, 48.65%; H, 3.83%, S, 9.49%.
Pentacarbonyl triphenylphosphine diiron complex 2b

Method A, 147 mg (0.322 mmol) 1b was treated with 36 mg
(0.322 mmol) trimethylamine-N-oxide dihydrate and 84 mg
5 (0.322 mmol) triphenylphosphine to yield 48 mg (21.6%) of
the desired product as a brownish powder. 'H NMR (CDCl;,
200MHz): 8 7.69 (m, 9H, H-c/d), 7.41 (m, 6H, H-b), 1.55-
1.24 (m, 8H, SiCH,CH,C and SCH,Si), 0.65 (t, *J = 7 Hz, 4H,
SiCH,C). "C NMR (CDCl;, 50MHz): & 213.2/209.2 (CO),
10 136.1 (C-a), 133.4 (C-b), 130.1 (C-d), 128.6 (C-c), 26.9/26.2
(SiCH,CH,C), 13.8 (SiCH,C), 3.8 (SCH,Si). *'P NMR
(CDCl3, 81MHz): 8 68.7. MS(DEI): 690 [M]*, 634 [M-2COJ*,
606 [M-3COJ*, 550 [M-5CO]*, 262 [PPh;]*. IR (KBr): 3056
(W), 2925 (s), 2854 (m), 2041 (vs), 1982 (vs, b), 1630 (m),
15 1436 (m). Anal. calcd. for C,9H,,Fe,05S,SiP: C, 50.45%; H,
3.94%, S, 9.29%. Found: C, 50.56%; H, 3.69%, S, 8.99%.

Pentacarbonyl triphenylphosphine diiron complex 2¢

50 mg (0.106 mmol) 1c was reacted with 12 mg (0.106 mmol)
trimethylammonium-N-oxide dihydrate and 28 mg
20 (0.106 mmol) triphenylphosphine according to Method A.
After purification 19 mg (25%) 2¢ were obtained. '"H NMR
(CDCl;, 200MHz): § 7.63 (m, 9H, H-c/d), 7.38 (m, 6H, H-b),
1.53-1.26 (m, 10H, CH,SiCH,CH,CH,), 0.70 (m, 2H, SiCH,).
3C NMR (CDCl;, 50MHz): § 213.8/209.4 (CO), 135.8 (C-a),
25 133.5 (C-b), 130.1 (C-d), 128.4 (C-c), 29.3 (SiCH,CH,CH,C),
23. 8 (SiCH,CH,C), 13.5 (SiCH,C), 2.9 (SCH,Si). *'P NMR
(CDCl;, 81MHz): § 68.6. MS(DEI): 704 [M]*, 648 [M-2CO]",
620 [M-3COJ", 564 [M-5CO]", 262 [PPh;]*. IR (KBr): 3054
(W), 2919 (m), 2852 (m), 2041 (vs), 1981 (vs), 1930 (s), 1637
30 (m), 1435 (m). Anal. caled. for C3ygHy9Fe,05S,SiP: C, 51.15%;
H, 4.15%, S, 9.10%. Found: C, 51.49%; H, 4.10%, S, 9.11%.

Pentacarbonyl diiron cyanide complex 3a

Pentacarbonyl diiron cyanide complex 3a was prepared
according to Method B. Thereby, 55 mg (0.128 mmol) la

35 were reacted with 14 mg (0.128 mmol) trimethylammonium-
N-oxid and 20 mg (0.128 mmol) tetraethylammonium cyanide
to yield 41 mg (57%) of compound 3a. 'H NMR (CD;CN,
200MHz): $ 3.19 (m, 8H, NCH,C), 1.39 (s, 2H, SCH,Si), 1.21
(m, 14H, SCH,Si and CH,), 0.10/-0.05 (2s, 6H, SiCH;). ’C

40 NMR (CD;CN, 50MHz): § 216.9/213.3 (CO), 53.6 (NCH,C),
8.3 (CHj), 7.3 (SCH,Si), -1.0 (SiCH;). MS(FAB-neg.): 428
[M-Et;N]. IR (KBr): 2924 (m), 2088 (w), 2027 (vs), 1973
(vs), 1630 (m), 1484 (m). Elemental analysis was not
obtained.

ss Pentacarbonyl diiron cyanide complex 3b

Method B, 53 mg (0.116 mmol) 1b were reacted with 13 mg
(0.116mmol) trimethyalammonium-N-oxid dihydrate
18 mg (0.116 mmol) tetracthylammonium cyanide to afford
37 mg (54%) 3b as a red oily substance. 'H NMR (CD;CN,
so 400MHz): & 3.14 (m, 8H, NCH,C), 1.45-1.19 (m, 18H,
SCH,Si, SiCH,CH,C and CH;), 0.65/0.49 (2m, 4H, SiCH,C).
C NMR (CD;CN, 50MHz): § 216.8/212.9 (CO), 53.2
(NCH,C), 27.3 (SiCH,CH,C), 13.9 (SiCH,C), 7.8 (CH3;), 6.9
(SCH,Si). MS(FAB-neg.): 454 [M-Et;,N]". IR (KBr): 2982 (s),
55 2925 (s), 2853 (m), 2087 (w), 2027 (vs), 1974 (vs), 1630 (s),

and

1484 (m). Elemental analysis was not obtained.

Pentacarbonyl cyanide diiron complex 3c

Method B, 57 mg (0.12 mmol) 1c were reacted with 13 mg

(0.12 mmol)
0 19 mg (0.12 mmol)

trimethyalammonium-N-oxid dihydrate
tetraecthylammonium cyanide.

and
Yield:

32 mg (44%). '"H NMR (CD;CN, 400MHz): & 3.14 (m, 8H,
NCH,C), 1.57 (m, 4H, (SCH,Si), 1.19 (m, 16H, SiCH,CH,C,
SiCH,CH,CH,C and CH3;), 0.88 (m, 2H, SiCH,CH,C),
0.74/0.54 (2m, 4H, SiCH,C). 3C NMR (CD;CN, 50MHz): §
65 212.4 (CO), 54.1 (NCH,C), 30.3 (SiCH,CH,CH,C), 26.2
(SiCH,CH,C), 24.6 (SiCH,C), 8.7 (CHj), 5.0 (SCH,Si).
MS(FAB-neg.): 468 [M-Et;N]". IR (KBr): 2922 (s), 2089 (w),
2027 (vs), 1973 (vs), 1637 (m). Elemental analysis was not

obtained.

70 Structure Determinations.

The intensity data for the compounds were collected on a Nonius

KappaCCD (diffractometer using graphite-monochromated Mo-

K, radiation. Data were corrected for Lorentz and polarization

effects but not for absorption effects.™ *. Crystallographic data as

75 well as structure solution and refinement details are summarized

in Table 2. The structures were solved by direct methods

(SHELXS™) and refined by full-matrix least squares techniques
against Fo? (SHELXL-97%). All hydrogen atom positions were
included at calculated positions with fixed thermal parameters. All
so non-hydrogen atoms were refined anisotropically.’® XP (SIEMENS
Analytical X-ray Instruments, Inc.) was used for structure

representations.

Table 4 Crystal data and refinement details for the X-ray structure
determinations of the compounds 2a, 2b, 2¢, and 3b.

Compound 2a 2b 2¢ 3b
Cy7HpsFe 05 i i CpHppFeoN
formula PS,Si C”Hgl;efoJP C3°H§°1;?303P 0sS:Si
0.5 (C.H;0,) 2 2 CgHyN
fw (g'mol™) 696.39 690.39 704.41 584.39
T/°C 90(2) 90(2) 90(2) 90(2)
crystal system triclinic triclinic monoclinic monoclinic
space group P1 P1 P2i/n P2i/c
al - 10.0550(4) 10.4099(5) 16.6325(3) 17.1886(9)
bl- 12.8059(4) 12.6449(5) 20.7724(3) 12.5652(6)
- 13.8444(6) 12.8477(3) 18.3780(5) 12.2768(3)
al® 75.360(3) 105.563(2) 90 90
B 77.349(3) 94.001(3) 99.982(1) 100.704(3)
e 68.226(3) 110.728(2) 90 90
Vi3 1586.08(11)  1498.03(10) 6253.4(2) 2605.4(2)
z 2 2 8 4
p (gem?) 1.458 1.531 1.496 1.490
o (em™) 11.73 12.39 11.88 13.52
measured 11013 10386 43489 18053
data
data with I 5500 5132 8918 3858
>20(1)
unidue da@’ 513600003 6813/0.0327  14280/0.0627 5955/20'075
int
why(all data, 0.1312 0.0829 0.0832 0.1324
on F°)
Ry (I>
200 0.0465 0.0384 0.0382 0.0500
s 1.022 1.025 0.962 1.019
Res. 1.170/
dens fa 3 1.844/0.576  0.403/-0459  0.673/-0.362 0506
absorpt NONE NONE NONE NONE
method
CCDC No. 753495 753496 753497 753498

85  Definition of the R indices: Ry = (Z || FJ 4 F [ /X F, |
WR, = {Z[W(F,-FENEw(FA 1) with w' = 63(F,2) + (aP)™
P s = {ZIW(F-FE Y (Ne-Np) } 2.
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Electrochemical procedures

Cyclic voltammograms were recorded against a non-aqueous
Ag/Ag* or Ag/AgCl reference electrode (0.1 M nBuyNPF; and
0.01 M AgNOj; in CH;CN). The Ag/Ag* reference electrode
was used with acetonitrile and the Ag/AgCl reference was
used when the electrochemical solvent was dichloromethane.
Both reference electrodes were measured against the Fe/Fc*
redox couple and the potential values in Table 4 were all
corrected against the Ag/Ag™ reference. A glassy carbon (GC)
macro electrode and a platinum wire were used as the working
and auxiliary electrodes, respectively. A solution of 0.05 M
nBuyNPFg (Fluka, electrochemical grade) in either acetonitrile
(Aldrich, anhydrous, 99.8%) or dichloromethane (depending
on the solubility of the compound) was used as the supporting
electrolyte. Electrochemical experiments were carried out
using a CHI750C electrochemical bipotentiostat. Prior to each
experiment, the electrochemical cell was degassed for at least
10 minutes using argon and a blanket of argon was maintained
throughout. The GC working electrode was prepared by
successive polishing with 1.0 and 0.3 micron alumina pastes
and sonicated in Millipore water for 5 minutes. All cyclic
voltammograms were recorded at a scan rate of 100 mVs™.
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Abstract: The substitution of a carbon by a silicon atom leads to a serious change of
properties of [2Fe2S] cluster compounds. As an extension of this initial work the hydroxyl
functionalized (mercaptomethyl)silanes (HSCH,)3Si(CH,OH) ¢)) and
(HSCH;),Si(CH,OH); (9) as well as (HSCH,),Si(CH,OH)CH3 (11) will be synthesized and

reacted with Fe3;(CO)j, to the respective [2Fe2S(Si)] complexes 12-14. The [2Fe2S(Si)]
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complexes were investigated according to their spectroscopic, electrochemical and structural

properties.

Keywords: silicon, iron, sulfur, hydrogenase, electrochemistry.

Introduction

Recently the first silicon containing hydrogenase model compounds, [2Fe2S(S1)], were
established'? and the influence of the silicon atom to the electrocatalytic pathway was
investigated." As extension of these first studies, now we present hydroxyl functionalized
(mercapto-methyl)silanes as building blocks for the synthesis of [2Fe2S(S1)] clusters.

It is already known that the basicity of the sulfur atoms increases as a result of the silicon
atom and enables the possibility of sulfur—proton—interaction.1’3 Besides these properties the
introduction of hydoxyl functions to silicon enables the possibility of further derivatizations
and linking to surfaces.” The attachment of silicon containing thiols on silica via a Si-O-Si
linkage has recently been described (Scheme 2) and the metal uptake to the Si(CH,SH)y (x =

1,2) containing silica was shown.’

CH,SH

HO\ /CH28H
HO—Si——CH,SH Si
HO CH,SH

CH,SH

Scheme 1. Silicon containing thiols suitable for immobilization of the Si(CHSH) (x = 1,2) group on silica via a
Si-O-Si linkage.

Herein we report the synthesis of (hydroxyl-methyl)(mercapto-methyl)silanes as well as their
respective [Fe2S2(Si)] complexes. The spectroscopic (‘H NMR, *C NMR, IR), structural
(single-crystal X-ray analysis) and electrochemical (cyclic voltammetry) properties will be

presented.



Results and Discussion

Syntheses of the silicon-containing ligands. The hydroxyl functionalized thiols 8-10 were
prepared according to Scheme 2. Starting from tetra-chlorosilane 1,° treatment with sodium
acetate afforded compounds 2-4 within 24 hours as colourless liquid substances in the
presence of 18-crown-6. The reactions of sodium thioacetate with the halogenides 2-4 in
tetrahydrofurane resulted in the corresponding thioacetates 5-7. These were converted to the
respective thiols 8-10 via treatment with lithium aluminium hydride at 0°C and subsequent
workup with hydrogen chloride. Compounds 2-10 were characterized using 'H, Pc{'H}

NMR spectroscopic techniques, as well as elemental analysis.
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cicH,”  CHLCI

1
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CH,SH HSCH, . CH,OH CH,OH
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Scheme 1. Synthesis of the thiol compounds 8-10.

Crystallization of compound 10 from acetonitrile afforded crystals suitable for the single
crystal X-ray analysis. A tetrahedral geometry at the silicon atom, surrounded by three

hydroxymethyl groups and on mercaptomethyl group is visible as depicted in Figure 1.



Figure 1. Molecular structure of compound 10 (thermal ellipsoids at the 50% probability level). Hydrogen atoms
are omitted for clarity.

Furthermore, the dithiol 11 was synthesized following the procedures described by Troegel et

al. (Scheme 3).7

HOH,C CH,SH
11

Scheme 2. Dithiol 11.

Syntheses of the hexacarbonyl diiron complexes. According to procedures supported by
literature,® complexes 12-14 were synthesized via reaction of Fe3(CO);, with the

corresponding thiols 8, 9 and 11 in refluxing toluene (Scheme 3).

J
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Scheme 2. Syntheses of hexacarbonyl diiron complexes 12-14.



Reaction of (hydroxymethyl)bis(mercaptomethyl)methylsilane (11) and Fe;(CO);, in
refluxing toluene afforded a red crystalline product in 74 % yield, which was confirmed as
compound 12 via 'H, BC NMR spectroscopy, mass spectrometry and elemental analysis.
Slow diffusion of pentane into a solution of compound 12, dissolved in chloroform afforded
red crystals suitable for structure determination (Figure 2). The ordinary [2Fe2S] butterfly
arrangement9 and a short Fe-Fe distance of about 250.46(14) pm (Table 1) were observed. As
reported for other [2Fe2S(Si)] complexes, large bonding angles S(2)-C(2)-Si(1) and S(1)-
C(1)-Si(1) with 122.3(5) and 118.9(4)°, respectively are visible.!” In accordance to DFT
calculations® and electrochemical investigations on recently published complexes,' this
widening of the bonding angles lead to an increase of the electron density at the bridgehead
sulfur atoms and enables a possible SeeeH interacton. Four molecules form intermolecular
hydrogen bonds so that each four molecules are arranged together to form a ring shaped
system (Figure 2). The intermolecular interactions are of the type O(1A)-H(10A)*e*O(1B)

with two different distances between O(1A)ee*O(1B)of 273.5 and 272.2 pm.

H10

Figure 2. (Left) Molecular structure of compound 12 showing one of two independent molecules (thermal
ellipsoids at 50% probability level). (Right) Arrangement of complex 12 in the crystal structure showing the
hydrogen bonds.

Table 1. Selected distances and bonding angles of compound 12.

Bond lengths [pm]
Fe(1)-Fe(2) 250.46(14) C(2)-Si(1) 185.6(9)
Fe(1)-S(1) 225.0(2) Si(1)-C(3) 185.3(8)




Fe(1)-S(2) 227.0(2) Si(1)-C(4) 189.6(9)

S(1)-C(1) 181.3(9) C4)-0(1) 142.1(10)
S(2)-C(2) 183.7(9) O(1)-H(1) 109(10)

C(1)-Si(1) 186.9(8)

Bond angles [°]

Fe(1)-S(1)-Fe(2) 67.43(7) S(2)-C(2)-Si(1) 118.9(4)

Fe(1)-S(1)-C(1) 117.0(3) C(1)-Si(1)-C(2) 109.3(4)

Fe(2)-S(2)-C(2) 110.6(3) C(1)-Si(1)-C(3) 114.9(4)

S(1)-C(1)-Si(1) 122.3(5) C(1)-Si(1)-C4) 106.1(4)

Increasing the number of hydroxyl functions, bis(thydroxymethyl)bis(mercaptomethyl)silane
(9) was reacted with one molar equivalent of Fe;(CO);, in refluxing toluene. Isolation via
flash chromatography (FC) and crystallization by diffusion of pentane into a solution of
compound 13, dissolved in chloroform afforded red crystals. The molecular structure of
compound 13 is depicted in Figure 3 and reveals similar properties as described for compound
12. Due to the increased number of hydroxyl functions, compound 13 forms layers, where the

molecules are connected via hydrogen bonds with an average length of 278.5 pm (Figure 3).

C3 02
c4

01

Si1

Figure 3. (Left) Molecular structure of compound 13 with thermal ellipsoids at the 50% probability level. Hydrogen
atoms are omitted for clarity. (Right) Solid structure arrangement of compound 13.

Table 2. Selected bond distances and angles of compound 13.

Bond lengths [pm]

Fe(1)-Fe(2) 251.62(9) C(2)-Si(1) 186.0(5)
Fe(1)-S(1) 225.02(13) Si(1)-C(3) 188.4(6)
Fe(1)-S(2) 224.15(13) Si(1)-C(4) 189.5(6)

S(1)-C(1) 181.8(5) C(3)-0(1) 145.1(7)



S(2)-C(2) 182.0(5) C4)-0(2) 143.5(8)
C(1)-Si(1) 186.2(5)

Bond angles [°]

Fe(1)-S(1)-Fe(2) 68.11(4) S(2)-C(2)-Si(1) 121.3(3)
Fe(1)-S(1)-C(1) 116.12(17) C(1)-Si(1)-C(2) 112.6(2)
Fe(2)-S(2)-C(2) 111.63(18) C(1)-Si(1)-C(3) 106.3(3)
S(1)-C(1)-Si(1) 121.4(3) C(1)-Si(1)-C4) 111.3(3)

Inspired by mixed valent [4Fe6S] clusters'® and especially of [4Fe6S(S1)] clusters,1 a
similar cluster was synthesized containing an additional hydroxyl function. By reaction of
(hydroxymethyl)tris(mercaptomethyl)silane (8) and Fe3;(CO);, in boiling toluene a black
suspension occurs within 45 minutes, which afforded a small amount of compound 14 as a red
brown solid after following workup. It has to be noted that this compound is rather instable in
solution and decomposes very fast even at moderate temperatures (~ 30°C). "H NMR spectra
afforded a doublet at 3.46 ppm, representing the CH,OH groups, and the remaining methylene
protons as a multiplet in the area of 2.54 - 1.67 ppm. In comparison, the BC{'H} NMR
spectrum showed only one signal for the methylene protons at 22.3 ppm and two additional
signals at 31.9 ppm for the methylene carbons, next to the hydroxyl function. Furthermore the
typical signal for the CO ligands at 207.2 ppm was observed. Mass spectrometry (Micro-ESI)
afforded the mole peak at m/z 841.6 and therefore giving addition proof for compound 14.
Slow evaporation of a solution of compound 13, dissolved in chloroform at 4°C afforded
suitable crystals for structure analysis (Figure 4). This structure is very similar to that reported
by Picket and co-workers for the carbon analogue® and our recently published silicon
containing [4Fe6S(2S1)] cluster.! The X-ray determination reveals that compound 14 is a
centro-symmetric [4Fe6S] cluster, where two identical [2Fe3S] clusters are connected via two
bridging thiolato groups. The iron center Fe(2) wears three CO groups and is surrounded by
two sulfur atoms S(1) and S(2) and one iron atom Fe(1A). The “inner” iron atoms Fe(1A) and
Fe(1B), respectively are connected each to one CO ligand. The iron-iron distance Fe(1A)—

Fe(2) was determined as 250.66(10) pm, whereas the distance Fe(1A)-Fe(1B)



(261.21(14) pm) is significantly longer. To the best of our knowledge this is the first
compound, possessing an Fe'Fe'eesF¢'Fe' assembly with a functionalized backbone. The
present hydroxyl function enables the establishment of hydrogen bridges with an average
length of d(O-Hee*O) = 376 pm. Derivatizations of hese hydroxyl groups are currently under

investigation.

Figure 4. (Left) Molecular structure of compound 14 (Hydrogen atoms are omitted for clarity; Thermal
ellipsoids at 50% probability level). (Right) Spatial arrangement of four molecules of compound 14, picturing
out the hydrogen bonds.

Table 3. Selected bond lengths and angles of compound 14.

Bond lengths [pm]

FelA-Fe2 250.66(10) S3-C3 183.1(5)
FelA-FelB 261.21(14) C1-Sil 185.2(5)
FelA-S3 223.70(14) C2-Sil 186.7(6)
FelA-S2 224.97(15) C3-Sil 186.8(6)
FelA-S1 230.50(15) Sil-C4 189.0(6)
S1-Cl 182.9(5) C4-01 141.6(9)
S2-C2 181.9(6)

Bond angles [°]

S(1)-Fe(1A)-S(2) 88.14(5) S(1)-C(1)-Si(1) 112.3(3)
S(1)-Fe(2)-S(2) 89.23(5) S(3)-C(3)-Si(1) 116.1(3)
S(1)-Fe(1A)-S(3) 105.68(5) C(1)-Si(1)-C(2) 107.7(3)
S(2)-Fe(1A)-S(3) 95.38(6) C(1)-Si(1)-C(3) 110.3(2)

S(2)-C(2)-Si(1) 115.5(3) C(2)-Si(1)-C4) 108.8(3)




Electrochemistry. The cyclic and differential pulse voltammetry was carried out under an
argon atmosphere on a glassy carbon working electrode. Both reference electrodes were
measured against the Fc/Fc' redox couple and the potential values in Table 4 were all

corrected against the Ag/Ag" reference using this method.

Table 4. Electrochemical data of the hexacarbonyl diiron hydrogenase analogues. The potentials are corrected
for the Ag/Ag" reference electrode and are measured in ¥ dichloromethane or ” acetonitrile.

Compound Fe'Fe'/Fe"Fe" [V]  Fe'Fe'/Fe’Fe’[V]

12° +1.02 (Epa) -1.57 (Epe)
-1.39 (Epa)
13° +0.82 (Epy) -1.43 (Epe),
-1.36 (Epa)

An irreversible anodic wave is observed in the cyclic voltammogram of 12 and 13,
representing the Fe'Fe' — Fe""Fe' + 2¢” process (see also ref. [1]). The oxidation of the diiron
centre of compound 12 results in the formation of an intermediate that pacifies the electrode
surface. This can be seen by decrease in current intensity with each successive cycle (Figure
5). Direct comparison between the oxidation potentials of these two hydroxyl functionalized

models is not straightforward because of the different solvents used in the electrochemistry.
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Figure 5. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of compound 12 (top,

dichloromethane) and 13 (bottom, acetonitrile) on a glassy carbon working electrode using 0.05 M TBA PF; as
the supporting electrolyte.

The catalytic properties of both hydroxyl functionalized compounds were investigated using
the weak acid, acetic acid as proton source. The first (least negative) reduction process of

compound 12 experiences a 30 mV shift in the positive direction upon addition of acid.



However, the potential of this wave gradually shifts back in the negative direction with further
addition of acid. The appearance of a new wave (at approximately -2.1 V, vs. Ag/Ag")
suggests that the Fe'Fe” intermediate undergoes protonation followed by a second reduction.
From this state, evolution of hydrogen is observed as indicated by the increase in the current

of this second peak with each increment of acid added (Figure 6).
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Figure 6. Cyclic voltammetry of compound 12 [1 mM] with HOAc (0-10 mmol) in dichloromethane.

The catalytic activity of compound 13 is revealed in Figure 7. The redox potential of the first
cathodic wave (FeIFeI +2¢ — FeOFeO) is not altered in either direction upon addition of acid.
This suggests that the first step in the mechanism of proton reduction is electrochemical with
the complex being reduced followed by the addition of a proton as indicated by the positive
shift in the reduction potential of the second cathodic wave. It is from this state that the
electrocatalytic current is observed. It is notable that the catalytic increase of current already

starts after the first reduction, suggesting that H, development starts at moderate potential.
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Figure 7. Cyclic voltammetry of compound 13 [1 mM] with HOAc (0-10 mmol) in acetonitrile.

Due to the instability of compound 14 we were not able to determine the electrochemical

properties of this compound.

Conlcusion

This investigation was aimed on hydroxyl functionalized [2Fe2S(Si1)] complexes as models
for the [FeFe] hydrogenase, enabling further derivatizations of these complexes. For this
purpose the hydroxyl functionalized compounds 8-11 were synthesized and reacted to the
[2Fe2S(S1)] complexes 12-14. These compounds were characterized by elemental analyses
(C, H, S), 'H, "C NMR spectroscopy, mass spectrometry, and single-crystal X-ray
diffraction. The electrochemical behavior was investigated via cyclic voltammetry and the
electrocatalytic properties for dihydrogen development were studied using acetic acid,
revealing similar properties than reported for earlier described [2Fe2S(Si)] complexes.'
Therefore, these complexes are ideal precursors for new [2Fe2S(Si)] complexes, as the

hydroxy function offers the ability of further derivatization (e.g. immobilization on surfaces).



Experimental Section

General Procedures. All syntheses were carried out under dry nitrogen or argon. The
organic solvents used were dried and purified according to standard procedures and stored
under dry nitrogen or argon. Chemicals were used as received from Fluka or Acros without
further purification. Tetrakis(chloromethyl)silane (1) was prepared according to ref [11].
(Hydroxymethyl)bis(mercaptomethyl)methylsilane (11) was synthesized according to ref [7].
Thin layer chromatography (TLC): Merck silica gel 60 F;s4 plates; detection under UV light
at 254 nm. Flash chromatography (FC): Fluka silica gel 60. A Biichi GKR-51 apparatus was
used for the bulb-to-bulb distillations. The lH, 13C{IH}, and 29Si{lH} NMR spectra were
recorded at 23 °C on a Bruker DRX-300 NMR spectrometer (lH, 300.1 MHz; 13C, 75.5 MHz;
¥Si, 59.6 MHz). CDCl; was used as the solvent. Chemical shifts (ppm) were determined
relative to internal CHCl, (IH, J 7.24; CDCl5), internal CDCl3 (13C, d 77.0; CDCl5), or
external TMS (2981, 0 0; CDCl3). Analysis and assignment of the '"H NMR data were
supported by 1H,IH COSY, 13C,IH HMQC, and 13C,IH HMBC experiments. Assignment of
the '°C NMR data was supported by DEPT 135, 13C,IH HMQC, and 13C,IH HMBC
experiments. IR spectra were recorded on a Perkin-Elmer 2000 FT-IR spectrometer. Mass-
spectrometric studies (FAB/MS, DEI/MS) were performed on a SSQ710 Finnigan MAT

spectrometer.

(Acetoxymethyl)tris(chloromethyl)silane (2), Bis(acetoxymethyl)bis(chloromethyl)-
silane (3), and Tris(acetoxymethyl)(chloromethyl)silane (4). Silane 1 (10.4 g, 46.0 mmol)
was added in one single portion to a stirred suspension of sodium acetate (7.55 g, 92.0 mmol)
and 18-crown-6 (274 mg, 1.04 mmol) in dimethylformamide (140 mL), and the resulting
mixture was stirred at 20 °C for 24 h. The solvent was removed by distillation
(45 °C/10 mbar), diethyl ether (250 mL) and water (250 mL) were added, the organic phase

was separated, and the aqueous phase was extracted with diethyl ether (2 250 mL) and



discarded. The organic phases were combined, dried over anhydrous sodium sulfate, the
solvent was removed under reduced pressure, and the residue was purified by column
chromatography on silica gel (column dimensions, 340 45 mm; silica gel (32—63 um, ICN
02826); eluent, n-hexane/ethyl acetate (9:1 (v/v))). The relevant first fractions (GC control)
were combined, and the solvent was removed under reduced pressure to give 2 in 18% yield
as a colorless liquid (2.09 g, 8.37 mmol). '"H NMR (300.1 MHz, CDCl): 62.05 (s, 3 H, CH»),
3.09 (s, 6 H, SiCH,CI), 4.04 (s, 2 H, SiCH,0). *C NMR (75.5 MHz, CDCl3): §20.4 (CH3),
23.9 (SiCH,CI), 51.5 (SiCH,0), 172.0 (C=0). *Si NMR (59.6 MHz, CDCls): §—4.0. Anal.
caled for C¢H;CI30,Si1: C, 28.87; H, 4.44. Elemental analysis was not obtained due to the
high content of halogen (> 40%).

After further eluation with n-hexane/ethyl acetate (9:1 (v/v)), compound 3 was obtained.
The relevant fractions (GC control) were combined, and the solvent was removed under
reduced pressure to give 3 in 44% yield as a colorless liquid (5.54 g, 20.3 mmol). '"H NMR
(300.1 MHz, CDCl3): 62.03 (s, 6 H, CHz), 3.04 (s, 4 H, SiCH,CI), 3.98 (s, 4 H, SiCH,0). "°C
NMR (75.5 MHz, CDCls): §20.3 (CHs), 25.0 (SiCH,Cl), 52.3 (SiCH,0), 172.0 (C=0). *’Si
NMR (59.6 MHz, CDCl3): d-7.0. Anal. calcd for CgH14Cl,04Si: C, 35.17; H, 5.17. Found: C,
35.3; H, 5.1.

After further eluation with n-hexane/ethyl acetate (9:1 (v/v)), compound 4 was obtained.
The relevant fractions (GC control) were combined, and the solvent was removed under
reduced pressure to give 4 in 19% yield as a colorless liquid (2.65 g, 8.93 mmol). '"H NMR
(300.1 MHz, CDCls): §2.00 (s, 9 H, CH3), 2.96 (s, 2 H, SiCH,CI), 3.93 (s, 6 H, SiCH,0). "*C
NMR (75.5 MHz, CDCl3): §20.3 (CH3), 25.9 (SiCH,CI), 53.0 (SiCH,0), 172.0 (C=0). *’Si
NMR (59.6 MHz, CDCl3): 6-9.6. Anal. calcd for C10H;7C10¢Si: C, 40.47; H, 5.77. Found: C,

40.5; H, 5.8.



Method A:

(Acetoxymethyl)tris(acetylthiomethyl)silane (5). Compound 2 (1.03 g, 4.13 mmol) was
added in one single portion at 20 °C to a stirred suspension of potassium thioacetate (2.07 g,
18.1 mmol) in tetrahydrofuran (50 mL), and the resulting mixture was stirred at 20 °C for
40 h. The solvent was removed under reduced pressure, diethyl ether (50 mL) and water
(50 mL) were added, and the aqueous phase was extracted with diethyl ether (2 X 50 mL). The
organic extracts were combined, dried over anhydrous sodium sulfate, and the solvent was
removed under reduced pressure. The residue was purified by bulb-to-bulb distillation (oven
temperature 210 °C, 0.23 mbar) to give 5 in 91% yield as a yellowish liquid (1.39 g,
3.77 mmol). '"H-NMR (500.1 MHz, CDCls): § 2.01 (s, 3H, OC(O)CH3), 2.24 (s, 6 H,
SiCH,S), 2.30 (s, 9 H, SC(O)CH3), 3.84 (s, 2 H, SiCH,0). *C-NMR (125.8 MHz, CDCL3): §
8.7 (SiCH,S), 20.6 (OC(O)CHj3), 30.0 (SC(O)CH3), 53.0 (SiCH,0), 171.4 (OC(O)C), 195.3
(SC(0)C). ¥Si-NMR (99.4 MHz, CDCl3): §-0.5. Anal. Calc for C;,H05S3Si: C, 39.11; H,

5.47; S, 26.10. Found: C, 39.1; H, 5.3; S, 26.2.

Bis(acetoxymethyl)bis(acetylthiomethyl)silane (6). This compound was synthesized
according to Method A from compound 3 (2.70 g, 9.88 mmol), potassium thioacetate (3.39 g,
29.7 mmol), and tetrahydrofuran (60 mL) to give 6 in 90% yield as a yellowish liquid (3.12 g,
8.86 mmol); bp 140-160 °C/0.03 mbar. 1H-NMR (500.1 MHz, CDCI3): & 2.00 (s, 6 H,
OC(O)CH3), 2.25 (s, 4 H, SiCH2S), 2.29 (s, 6 H, SC(O)CH3), 3.87 (s, 4 H, SiCH20). 13C-
NMR (125.8 MHz, CDCI3): § 8.3 (SiCH2S), 20.5 (OC(O)CH3), 29.9 (SC(O)CH3), 52.9
(SiCH20), 171.5 (OC(O)C), 195.5 (SC(O)C). 29Si-NMR (99.4 MHz, CDCI3): § -3.5. Anal.

Calc for C12H2006S2Si: C, 40.89; H, 5.72; S, 18.19. Found: C, 40.5; H, 5.7; S, 18.2.



Tris(acetoxymethyl)(acetylthiomethyl)silane (7). This compound was synthesized
according to Method A from compound 4 (2.00 g, 6.74 mmol), potassium thioacetate (1.15 g,
10.1 mmol), and tetrahydrofuran (30 mL) to give 7 in 93% yield as a yellowish liquid (2.11 g,
6.27 mmol); bp 145-155 °C/0.05 mbar. 'H-NMR (500.1 MHz, CDCls): & 1.97 (s, 9 H,
OC(O)CHs), 2.22 (s, 2 H, SiCH,S), 2.26 (s, 3 H, SC(O)CH3), 3.86 (s, 6 H, SiCH,0). "C-
NMR (125.8 MHz, CDCl;): ¢ 8.0 (SiCH,S), 20.4 (OC(O)CH3), 29.8 (SC(O)CH3), 53.1
(SiCH,0), 171.6 (OC(0)C), 195.7 (SC(0)C). *Si-NMR (99.4 MHz, CDCls): §-7.3. Anal.

Calc for C,H004SSi: C, 42.84; H, 5.99; S, 9.53. Found: C, 42.5; H, 6.0; S, 9.8.

Method B:

(Hydroxymethyl)tris(mercaptomethyl)silane (8). A solution of 5§ (1.30 g, 3.53 mmol) in
diethyl ether (15 mL) was added dropwise at 0 °C within 30 min to a stirred suspension of
lithium aluminium hydride (803 mg, 21.2 mmol) in diethyl ether (25 mL), and the resulting
mixture was stirred at 0 °C for 90 min and then at 20 °C for 21 h. Hydrochloric acid (2 M,
20 mL) was added dropwise at 0 °C within 30 min, and the resulting mixture was then
warmed to 20 °C. Water (60 mL) and diethyl ether (60 mL) were added, the organic phase
was separated, and the aqueous phase was extracted with diethyl ether (2 X 60 mL). The
organic extracts were combined, dried over anhydrous sodium sulfate, and the solvent was
removed under reduced pressure. The residue was purified by bulb-to-bulb distillation (oven
temperature 160—175 °C, 0.04 mbar) to give 8 in 79% yield as a colorless liquid (559 mg,
2.79 mmol). 'H-NMR (500.1 MHz, CDCls): §1.46 (t, *Jun = 7.5 Hz, 3 H, SH), 1.90 (d, *Jun =
7.5Hz, 6 H, SiCH,S), 1.93 (s, 1 H, OH), 3.67 (s, 2 H, SiCH,0). PC-NMR (125.8 MHz,
CDCls): 8 1.4 (SiCH,S), 50.5 (SiCH,0). *’Si-NMR (99.4 MHz, CDCl3): §—-0.4. Anal. Calcd

for C4H,0S5S1: C, 23.97; H, 6.03; S, 48.00. Found: C, 24.2; H, 5.7; S, 48.0.



Bis(hydroxymethyl)bis(mercaptomethyl)silane (9). This compound was synthesized
according to Method B from compound 6 (3.00 g, 8.51 mmol), lithium aluminium hydride
(1.94 g, 51.1 mmol), and diethyl ether (95 mL) to give 9 in 58% yield as a colorless liquid
(905 mg, 4.91 mmol); bp 160-175 °C/0.03 mbar. '"H-.NMR (500.1 MHz, CDCls): 6 1.47 (t,
Tun = 7.4 Hz, 2 H, SH), 1.88 (d, *Jun = 7.4 Hz, 4 H, SiCH,S), 2.84 (s, 2 H, OH), 3.70 (s, 4 H,
SiCH,0). "C-NMR (125.8 MHz, CDCl3): § 1.0 (SiCH,S), 50.9 (SiCH,0). *Si-NMR
(99.4 MHz, CDCl3): 8 —4.7. Anal. Calcd for C4H,0,S,Si: C, 26.06; H, 6.56; S, 34.79. Found:

C,26.2; H,6.7; S, 34.7.

Tris(hydroxymethyl)(mercaptomethyl)silane (10). Acetyl chloride (63 mg, 803 umol)
was added dropwise at 20 °C within 1 min to a stirred solution of 7 (2.00 g, 5.94 mmol) in
methanol (90 mL), and the resulting solution was heated under reflux for 23 h. The solvent
was removed under reduced pressure, and the resulting oily residue was crystallized from
boiling acetonitrile (10 mL; crystallization at —20 °C over a period of 24 h). The product was
isolated by removal of the solvent via a syringe and then dried in vacuum (0.08 mbar, 20 °C,
2 h) to give 10 in 76% yield as a colorless crystalline solid (758 mg, 4.50 mmol). 'H NMR
(300.1 MHz, [Dg]DMSO): §1.72 (d, *Jun = 7.3 Hz, 2 H, SiCH>S), 2.07 (t, *Juu = 7.3 Hz, 1 H,
SH), 3.37 (s, 6 H, SiCH,0), 3.99 (br. s, 3 H, OH). ’C NMR (75.5 MHz, [D¢]DMSO): 6-0.1
(SiCH,S), 47.8 (SiCH,0). *Si NMR (59.6 MHz, [D¢]DMSO): & —6.0. Anal. calcd for

C4H205SSi: C, 28.55; H, 7.19; S, 19.05. Found: C, 28.2; H, 7.4; S, 18.5.

Hexacarbonyl diiron complex 12. (Hydroxymethyl)-bis(mercaptomethyl)methylsilan (11)
(50 mg, 0.297 mmol) and Fe3;(CO);, (150 mg, 0.297 mmol) were dissolved in 20 mL toluene
and refluxed for 2 hours. Filtration, evaporation to dryness and purification via FC

(THF/hexane 1:3) gave 98 mg (74%) of compound 12. "H-NMR (200 MHz, CDCl3): &



3.32/3.30 (2H, d, °J = 4Hz, CH,0), 1.54 (4H, s, CH>), 0.04 (3H, s, CH3). C-NMR (50 MHz,
CDCl3): § 207.3 (CO), 53.3 (CHO), 2.7 (CH,), -7.8 (CH3). MS(DEI): 390 [M-2CO]*, 362 [M-
3COJ", 334 [M-4CO]*, 306 [M-5CO]", 278 [M-6CO]. IR (KBr): 3422 (s), 2925 (m), 2072
(vs), 2022 (vs, b), 1636 (m). Anal. calcd for C oHsFe,0,S,Si*THF: C, 32.45; H, 3.50; S,

12.38. Found: C, 33.05; H, 3.56; S, 12.43.

Hexacarbonyl diiron complex 13. Bis(hydroxymethyl)-bis(mercaptomethyl)silan (9)
(50 mg, 0.27 mmol) and Fe;(CO);> (137 mg, 0.27 mmol) were dissolved in 30 mL toluene.
After 1 hour reflux, the solution was evaporated to dryness and purified via FC (THF/hexane
1:3). 76 mg (61%) of the hexacarbonyl diiron complex 13 were obtained as red solid. 'H
NMR (200 MHz, CDCl3): § 3.57 (4H, s, CH,0), 1.61 (4H, s, CH,). °C NMR (50 MHz,
CDCl3): 6 207.1 (CO), 53.1 (CHO), 0.3 (CHy). MS(DEI): 406 [M-2CO]", 378 [M-3CO]", 350
[M-4CO]", 322 [M-5CO]*, 294 [M-6CO]. IR (KBr): 3419 (s), 2953 (m), 2932 (m), 2860 (m),
2072 (vs), 2031 (vs), 1994 (vs), 1628 (m). Anal. Calcd for CoH;0Fe,0sS,Si*2THF: C, 35.66;

H, 4.32; S, 10.58. Found: C, 35.79; H, 4.14; S, 10.97.

Octacarbonyl tetrairon complex 14. (Hydroxymethyl)-tris(mercaptomethyl)silan (8)
(50 mg, 0.249 mmol) and Fe3(CO);; (126 mg, 0.249 mmol) were refluxed for 45 minutes in
toluene. Evaporation and FC (diethylether) yield 13 mg (12%) of a red brown solid, identified
as compound 14. '"H NMR (200 MHz, CDCl3): & 3.47/3.45 (4H, d, °J = 8 Hz, CH,0), 2.54-
1.67 (12H, m, CH,). °C NMR (50 MHz, CDCl;): § 207.2 (CO), 31.9 (CH,OH), 22.3 (CH»).
MS(Micro-ESI): 841.6 [M]*. IR (KBr): 3435 (s), 2959 (m), 2924 (m), 2855 (m), 2073 (vs),
2033 (vs), 1992 (vs, b), 1630 (m). Anal. Calcd for C;sH;sFes010S6Si2: no elemental analysis

was obtained.



Electrochemistry: Instrumentation and Procedures. Cyclic voltammograms were
recorded against a non-aqueous Ag/Ag® or Ag/AgCl reference electrode (0.1 M nBuyNPFg
and 0.01 M AgNO; in CH3CN). The Ag/Ag" reference electrode was used with acetonitrile
and the Ag/AgCl reference was used when the electrochemical solvent was dichloromethane.
Both reference electrodes were measured against the Fc/Fc™ redox couple and the potential
values in Table 44 were all corrected against the Ag/Ag" reference. A glassy carbon (GC)
macro electrode and a platinum wire were used as the working and auxiliary electrodes,
respectively. A solution of 0.05 M nBusNPF¢ (Fluka, electrochemical grade) in either
acetonitrile (Aldrich, anhydrous, 99.8%) or dichloromethane (depending on the solubility of
the compound) was used as the supporting electrolyte. Electrochemical experiments were
carried out using a CHI750C electrochemical bipotentiostat. Prior to each experiment, the
electrochemical cell was degassed for at least 10 minutes using argon and a blanket of argon
was maintained throughout. The GC working electrode was prepared by successive polishing
with 1.0 and 0.3 micron alumina pastes and sonicated in Millipore water for 5 minutes. All

cyclic voltammograms were recorded at a scan rate of 100 mVs™.

Crystal Structure Determination. Compounds 12, 13, and 14 were crystallized from
solutions in trichloromethane by either slow evaporation of the solvent at 4 °C or by diffusion
of pentane into the solution under the same conditions. The intensity data were collected on a
Nonius Kappa CCD diffractometer using graphite-monochromated Mo-K, radiation. Data
were corrected for Lorentz and polarization effects but not for absorption.'*'* Crystallographic
data as well as structure solution and refinement details are summarized in Table 5.

The structures were solved by direct methods (SHELXS)'®'* and refined by full-matrix least
squares techniques against F,”> (SHELXL-97)."* All non-hydrogen atoms were refined
anisotropically.’* The hydrogen atoms were included at calculated positions according to the

riding model.



Table 5. Crystal Data and Refinement Details for the Crystal Structure Analyses of

Compounds 12, 13 and 14.

12

13

14

empirical formula

formula mass [g-mol’l]
collection T [°C]
AMo Ky [7]
crystal system

space group (No.)

7 [°]
VI
VA
Peatca [grem™]
p [mm™']
F(000)
crystal dimensions [mm)]

20range [deg]

index ranges

measured reflections
unique reflections/R;y,
reflections used
data with 7 > 2a(1)
parameters
5
Rl [I>26(D]°
wR?2 [all data, on F*|°

max./min. residual electron density

[e” ]

C10H10F320782Si

446.09
-90(2)
0.71073
orthorhombic
Fdd2 (43)
27.0613(11)
37.3589(17)
13.4933(5)
90
90
90
13641.5(10)
32
1.738
2.041
7168
0.05x0.05 x 0.03
2.65-27.47
-10<h <11,
-13<k<13,
-12<1<12
22851
7777
22851
4781
405
0.998
0.0604
0.0999

0.450/-0.510

Cl()Hl()FezOgsti

462.59
-90(2)
0.71073
triclinic
Pfl (2)
7.4855(4)
13.4935(6)
17.5876(6)
78.071(2)
84.115(3)
85.530(2)
1725.98(13)
4
1.780
2.024
930
0.05x0.05 x0.02
3.08-27.49
-9<h<9,
-15<k<17,
-22<1L22
12278
7855
12278
5620
419
1.015
0.0569
0.1392

1.175/-0.711

Ci6H1gFe4010S6S1>

842.24
-90(2)
0.71073
triclinic
Pfl (2)
7.6222(5)
13.1482(9)
15.3004(11)
94.879(5)
101.311(4)
102.030(4)
1457.84(17)
2
1.919
2.509
844
0.05 x 0.05 x 0.05
2.74-27.46
-9<h<9,
-16<k< 17,
-18<1<19
9312
6392
9312
4609
345
1.022
0.0523
0.1207

1.292/-0.977

“S = (XIW(F, = FO /1 (n-p)}*; n=no.
= {Z[W(F,2 = F2 1 £[w(F,H™)%.

of reflections; p = no. of parameters; PRl = Y\Fo| = |Fl / ZIF,); € wR2
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In order to increase the sterical demand to the [Fe2S2] unit, which should favour a “rotated” state

in the Fe'Fe!! or the Fe'Fe’ level,

bis(benzylthio)dimethylsilane (2) and bis(benzylthio)diphenylsilane (6) was

bis(mercaptomethyl)diphenylsilane

1),

reacted with

10 Fe3(CO)12. The obtained COmpleXeS [(C]4H14SiSz)Fez(Co)6] (7), [(C]()H]gSiSz)Fez(Co)()] (8) and
[(Cy6H,5S1S;,)Fe,(CO)g] (9) were investigated according to their spectroscopic, structural and

catalytical properties. Furthermore substitution reactions of CO with PPh; (10-12) and PMe; (13-

17), were carried out with these complexes to increase the sterical demand of the [Fe2S2] subsite

further. The properties of these complexes will be displayed and compared to the unsubsituted

15 Fe,(CO)g complex fragments. Cyclic voltammetry of 7-17 exhibit electrocatalytic activity towards

development of dihydrogen.

Introduction

Since the discovery of the structure of the [FeFe] hydrogenase
active site,l tremendous effort can be seen towards mimicking
20 the properties of the enzyme and the so called “rotated state”
is an important feature of the enzyme.? This state provides a
vacant coordination site, a bridging or semibridging CO
ligand and is stabilized by the enzymatic environment.' It is
suggested that the enzym forms terminal hydrides, which
25 seems to play a crucial role during the catalytic development
of dihydrogen.®> Rauchfuss er al. pictured out the importance
of a terminal hydrid, since these complexes exhibit reduction
at more positive potentials compared to related p-H species.*
Recently, Darensbourg et al. described the synthesis of model
30 complexes I and II (Scheme 1), replicating the mixed-valence
H,, state with a rotated iron site.>® In contrast to the Fe'Fe!
state,Feme” Textmarke nicht definiert. the FeIFeH system reveals a

S
Mes | N | _co B FE
SR o el
N \CO  OCT/ ™\ /\'PMes oo~ T&
ocC [of / CO
Mes/ S PMes MesP co oC \CO
E=S, Se, Te

Scheme 1. Recent model complexes I - III revealing a rotated state in the
oxidized form.

vacant coordination site and a semi-bridging CO ligand. It is
assumed that especially in case of II the sterical demand of
35 the S-to-S linker and the establishement of assymetrical
bisphosphine complexes the 7
However, a recent study on [Fe2E2] complexes III (E = S, Se,
Te) (Scheme 1) revealed that reduction and/or oxidation also
lead to the “rotated state” in the absence of phosphines and a

stabilizes oxidized form.
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marginally larger S-to-S linker than compared to IL®
Likewise, the necessity of sulphur as bridgehead atom was
emphasized, as DFT calculations revealed a mindered ability
for selenium and tellurium complexes to form structures with
rotated Fe(CO); fragments.

Furthermore investigations on silicon containing [Fe2S2(Si)]
complexes exhibit different structural and electrochemical
behaviour’ compared to Fe,(CO)s(pdt) [pdt = S(CH,);S].1°
Following our continued interest on [Fe2S2(Si)] cluster
compounds, sterically high demanding ligands
bis(mercaptomethyl)-diphenylsilane (1), bis(benzylthio)-
dimethylsilane (2) and bis(benzylthio)diphenylsilane (6) were
synthesized (Scheme 2). These compounds were reacted with
Fe;(CO),, to afford the hexacarbonyl complexes 7-10.
Additionally, the synthesis of the triphenylphosphine
complexes 10-12 and trimethylphosphine complexes 13-17
will be described. Furthermore, the electrocatalytic properties
of 7-17 will be studied and displayed.

R2 R?
\Si/ 1:R'=H: R2=Ph
R! R' 2:R'=Ph; R2=Me
6:R' = Ph; R2 = Ph
SH HS

Scheme 2. Dithiol compounds 1,2 and 6.

Results and discussion
Synthesis and Characterization of the ligands

In order to force a distorted geometry and to avoid “flipping”
of the S-to-S linker in the [Fe2S2] clusters the sterical bulky
compounds, bis(mercaptomethyl)-diphenylsilane (1),'"" meso-
bis(benzylthio)-dimethylsilane )" meso-
bis(benzylthio)diphenylsilane (6) synthesized.
Compounds 1 is well described in literature.'" The first is
easily accessible from dichlorodiphenylsilan via standard
procedures."’ To obtain compounds 2 and 6, a comparable

and
were
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Scheme 3. Synthesm of me. vo-bls(benzylthlo)dlphenylmlane (6).

route was choosen (cf. Scheme 3). However,
prepare compound 2 according to Scheme 3 failed as the two
stereo centers entails problems of purifying the resulting
stereoisomers. In comparison, compound 6 was accesible via
s this route. Reaction of dichlordiphenylsilan and benzyl-
magnesiumchlorid afforded the coresponding
dibenzyldiphenylsilane 3 in 82% yield."> Amazingly, the
following conversion of 3 to 4 with N-bromsuccinimid (NBS)
afforded exclusively the meso-form in 25% yield.'" The
10 conversion of compound 4 to 5 was the crucial point and only
a small amount (18% yield) of 5 was obtained. Finally,
compound 5 was reacted with lithium aluminium hydride to
afford compound 6. The overall-yield for this four steps was
very low (~1%). Therefore compound 2 and 6 were
15 synthesized according to the procedure described by Zubieta
et al. (Scheme 4).'* Thereby, the dichlorsilane component was
reacted with benzylmercaptane in the presence of
n-butyllithium, whereas compound A was generated. In situ
treatment of A with fert.-butyllithium afforded 2 and 6 as
20 mixtures of the d,I- Crystalization from
hexane exclusively yield the meso-forms. Since compound 6
is not discribed in literature, the absolut configuration was
established by single crystal X-ray analyisis, as depicted in
Figure 2, and further confirms meso-6. All three compounds
entirely analysed by NMR techniques, mass
spectrometry and elemental analysis.

attempts to

and meso-forms.

25 WEre

Synthesis and characterization of the hexacarbonyl-diiron
complexes (7-9)

30

Reaction of  Fe3(CO), and bis(mercaptomethyl)-

diphenylsilane (1), meso-bis(benzylthio)-dimethylsilane (2)

and meso-bis(benzylthio)diphenylsilane (6) in refluxing

~o— ) ~q
i+ ., _n-BuLi Si
N T2hs Ph = N\
- S S
cl cl e y /\Ph
R gk
tert.-Buli /‘\ S' —’HC, Ph Ph
SH HS
A 2:R=CHs
6 R=Ph

Scheme 4. Synthesis of 2 and 6 via double Wittig-rearrangement.

26
His2i

Figure 2. Molecular structure of compound 6 (50% probability).
Aromatic and methine hydrogen atoms are omitted for clarity.

(7

(OC)3Fe—Fe(CO)3

*YeQ%%Y

(OC)3FeTFe(CO)3 (OC)sFeTFe(CO)s

Scheme 5. Synthesis of complexes 7-9.

toluene afforded the corresponding [Fe2S2] cluster complexes
35 7-9 within 2 hours in moderate yield (44-64%) (Scheme 5).
Compounds 7-9 were characterized via 'y, B¢, HSQC, lH,'H—
COSY spectra, as well as elemental analysis and mass
spectrometry. Crystals, suitable for the single crystal X-ray
analysis were obtained by slow evaporation of a solution of 7
40 and 8, dissolved in pentane, or by cooling of 9 dissolved in
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10

15

Figure 3. Molecular structures of 10 (left), 12 (middle) and 14 (right) (50% probability). Hydrogen atoms are omitted for clarity.

acetonitrile to -20°C. All three complexes exhibit the basic
[Fe2S2] core with a “butterfly arrangement”, whereas the iron
atoms suggest octahedral geometry and are coordinated by six
carbonyl groups and the silicon containing S-to-S linker
(Figure 1). Since the distance of the equatorial phenyl-ring to
the atom O(1) is only 339.9 pm in average, a m-interaction
between the carbonyl group and the phenyl-ring can be
assumed. However, IR studies exhibit no significant shift.
Similiar behaviour is found for compound 9. As reported for
similar [Fe2S2(Si)] complexes the bonding angles S-C-Si of
all three complexes differ rigorously from the expected angle
of 109.45° (Table 1).° Nevertheless compound 9 reveals
different geometry features as 7 and 8. In compound 7 and 8,
both S-C-Si bonds offer bonding angles which are the same
within the standard deviation. Compound 9 exhibits two totaly
different bonding angles (Table 1). As S(2)-C(2)-Si(1) reveals
the expected bonding angle of 120°, S(1)-C(1)-Si(1) is
strikingly decreased to 113°.

Bond length [pm]

7 8 9
Fe(1)-Fe(2) 249.99(6) 253.27(8) 251.23(6)
Fe(1)-S(1) 225.77(9) 225.27(8) 225.76(9)
Fe(1)-S(2) 226.10(8) - 226.14(8)
S(1)-C(1) 182.3(3) 184.0(3) 186.0(3)
S(2)-C(2) 181.8(3) - 184.3(3)
C(1)-Si(1) 187.3(3) 189.1(3) 188.2(3)
C(2)-Si(1) 186.5(3) 186.7(4) 190.93)
C(1)-C(4) - 151.1(4)
C(1)-C(3) - - 152.0(4)
C(2)-C(21) - - 152.7(4)

Bond angle [°]

S(1)-Fe(1)-S(2)/S(1) 88.02(3) 87.51(4) 87.10(3)
Fe(1)-Fe(2)-S(1) 56.56(2) 55.93(2) 56.94(2)
S(1)-C(1)-Si(1) 119.62(16) 118.48(15) 113.06(15)
S(2)-C(2)-Si(1) 119.13(15) - 120.21(14)
C(3)-C(1)-Si(1) - - 121.5(2)

20

Table 1. Selected bond lengths and angles of compound 7, 8 and 9.

Synthesis and characterization of the PR’; mono substituted
diiron complexes (10-15)

As Darensbourg et al. pictured out, the introduction of a

sterical bulky S-to-S linker and two phosphhines to the
25 [Fe2S2] subsite should favour a “rotated state” of the distal
iron centre.’ Therefore it is intimating to implement
phosphines (PMe; and PPhj;) into the rigid and bulky
complexes 7-9. The introduction of the phosphines followed
the standard procedures, described in literature.'> Thereby the
30 complex is treated with trimethylamine-N-oxide and the
particular phosphine to form the phosphine complexes.
However, even the treatment with 2, 3, 4 or more eqivalents
of trimethylamine-N-oxide and phosphine only lead to the

R? R? R2 R?
AN A4
R Si R R Si R
\( Y 1. Me3gNO, acetonitrile \( 7/
2. PR’

S S S S

| <] | <]
(OC)sF €——Fe(CO)s, (OC);Fe——Fe(CO),PR’3
7:R'=H;R?=Ph 10:R' = H; R2=Ph; R =Ph
8:R' = Ph; R2 = Me 11:R' = Ph; R2 =Me; R’ = Ph
9:R' = Ph;R2 = Ph 12:R' = Ph; R2 =Ph; R = Ph

13:R' = H; R2=Ph; R = Me
14:R' = Ph; R2=Me; R’ = Me
15:R" = Ph; R2 = Ph; R’ = Me

Scheme 6. Synthesis of the PRj substituted complexes 10-15.

formation of the monosubstituted phosphine complexes 10-15
35 in moderate yields (42 - 53 %) (Scheme 6). The complexes
were confirmed by 'H, C, *'P NMR, IR as well as mass
spectrometry and elemental analysis. Crystals of compounds
10, 12, 13 (see Figure S1) and 14, suitable for the single
crystal X-ray analysis were obtained by diffusion of pentane
s into a solution of the respective complex dissolved in
chloroform (Figure 3). Whereas complexes 10 and 12 exhibit
an apical coordiantion mode of the triphenylphosphine ligand,
complex 13 and 14 picture out a basal conifguration of the
trimethylphosphine ligand in the solid state. However, in
45 solution (chloroform) both, basal and apical configuration can
be observed, visible by two signal sets in the *'P NMR
spectra. In contrast to 7-9, the Fe-Fe distances for all
compounds are slightly decreased and the Fe-S distances of
10, 12 and 13 diverge vigorously. Yet, the bonding angles (S-
so C-Si) differ eminently, which was already observed for
compound 9 (Table 2). A similiar n-interaction as discussed
for complexes 7 and 9 can be assumed for complexes 10 and
12. The distance between the oxygen atom of the neighboured
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C=0 and the adjacent phenylring is only 373.6 pm for 10 and
334.8 pm for 12, respectively.

Bond length [pm]

10 12 13 14
Fe(1)-Fe(2) 252.0 250.47(8) 254.29(8) 255.18(8)
Fe(1)-S(1) 225.7 229.13(12) 227.20(12) 225.64(11)
Fe(1)-S(2) 228.9 225.87(11) 223.50(12) 224.82(11)
S(H-C(1) 182.8 184.3(4) 182.7(4) 185.1(4)
S(2)-C(2) 182.7 184.4(4) 182.0(4) 1850(4)
C(D)-Si(1) 187.1 184.3(4) 185.3(4) 189.2(4)
C(2)-Si(1) 185.9 190.4(4) 187.5(4) 188.3(4)

Fe(1)/Fe(2)-P(1) 225.1 224.76(12) 222.60(13) 223.55(11)

Bond angle [°]

S(1)-Fe(1)-S(2) 86.26(3) 85.54(4) 88.15(4) 87.96(5)
S(1)-Fe(2)-S(2) 85.89(3) 85.63(4) 87.54(4) 87.13(4)
Fe(1)-Fe(2)-S(1) 55.64(2) 57.07(3) 55.81(3) 55.78(3)
P(1)-Fe(2)/Fe(1)-S(1) 112.41(3) 110.03(4) 86.25(4) 86.65(4)
S(1)-C(1)-Si(1) 121.31(14) 114.8(2) 115.6(2) 116.0(2)
S(2)-C(2)-Si(1) 115.37(14) 118.0(2) 121.4(2) 117.77(18)

5

o

S

G

Table 2. Selected bond lengths and angles of compounds 10, 12, 13 and
14.

Synthesis and characterization of the disubstituted diiron
complex (16-17)

Since reactions with trimethyl-N-oxide afforded mono-
substituted products, compounds 8 and 9 were treated with a
distinct (7 - 28 molar equivalents) excess of trimethylposphine
under refluxing conditions for 48 hours (Scheme 7.6
Complexes 16 and 17 were obtained in 49 % and 34 %,
respecitvely as dark red substances and were confirmed by 'H,
”C, 3p NMR, IR as well as mass spectrometry. It is notable,

R2 R2 R2 R?
AN A4
1 Si 1 1 Si 1
R \( ?/R R \( YR
PMes, A
S $ — S $
‘ \‘ ‘ \‘

(OC)sFe——Fe(CO)3 Me3P(OC)oFe——Fe(CO)2PMe3

8:R' = Ph; R2=Me 16: R' = Ph; R2 = Me; R’ = Me
9:R' = Ph; R2=Ph 17: R' =Ph; R? = Ph; R’ = Me
Scheme 7. Synthesis of the disubstituted complexes 16 and 17.

that in both cases the CO vibrations appeared below
2000 cm™'. Furthermore, “flipping” of the S-to-S linker is
prevented, visible by two well seperated methyl-proton sets in
compound 16. For compound 16 and 17 *'P{'H} NMR
exhibits two doublets for an apical and a basal position of the
trimethylphosphine groups.

Sterical demand and rotated state

Since the S-to-S linker is partly flexible, the sterical demand
is characterizable by the torsion angle o between C-Fe-Fe-L
(Scheme 8). The different torsion angles of 7-10, 12, 13 and
14 are listed in Table 3. The torsion angle o increases from 8
to 7 and even more to compound 9. It is somehow fascinating

o

S

that even in absence of a phsophine ligand the tilt of the iron
center is already 18.03°.

o
-
oc b

Scheme 8. Torsion angle a in dependence on L (view along the Fe-Fe
bond).

7/8/9:  L=CO
10/11/12: L = PPhj
13/14/15: L = CO

Torsion angle a [°]

7 4.13
8 0
9 18.03
10 29.96
12 7.21
13 26.20
14 11.61

(u-pdt) { Fe(CO),PMe; },°* 29

Table 3. Torsion angles a(OC-Fe-Fe-L) of complexes 7-10, 12 and
14.

35 Yet, substitution of one C=0 ligand with trimethylphosphane

shows two different effects. In case of complex 10 the
introduction of one PPh; forces an unsymetrical distortion of
the S-to-S linker and leads to a 16° increased torsion angle a
of ~30°, which is comparable to (p—dpdt){Fe(CO)zPMe3}2.6 In
contrast complex 12 exhibit an ~11° reduced torsion angle o.
When introducing PMe; an increase of a is observed. In case
of complex 13 o was increased to ~26°. However, a smaller
tilt of the Fe-Fe bond in 14 was observed. Unlike the system
described by Darensbourg er al,'® crystal structure analysis of
compound 10 reveals a significant distortion of the S-to-S
linker.

Trials to oxidize complexes 7-17 with ferrocenoyl
hexafluorophosphate under argon atmosphere at -78°C reveal

no change of the IR spectra, which means that the rotated state

s0 i not stabilized for such complexes. In contrast, reduciton

with Na/Hg according to literature procedure’ afforded new
IR bands at 1790 cm™', which can be assigned to a bridging
C=0 ligand .

Electrochemistry
Conclusions

Experimental
General procedures

Solvents for the syntheses were first dried over KOH and
distilled from sodium/benzophenone. Chemicals were used as
received from Fluka and Acros without further purification.
Thin Liquid Chromatoraphie (TLC): Merck silica gel 60 Fjsy
plates; detection under UV light at 254 nm. FC (flash
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chromatographie): Fluka silica gel 60. 'H-, ">*C-NMR spectra
were recorded on a Bruker 200 MHz or 400 MHz. IR spectra
were recorded on a Perkin-Elmer 2000 FT-IR. All reactions
carried under argon atmosphere.
Bis(mercaptomethyl)diphenylsilane (1) prepared
according literature procedures.''

were out

was

Synthesis of Bis(benzylthio)dimethylsilane (2)

10 g (0.08 mol) Benzylmercaptane were dissolved in 100 mL
THF and cooled to 0°C. Subsequently, 32.2 ml (0.08 mol)
n-butyllithium (2.5 mol/L in hexane) were added dropwise,
whereby the solution recolors orange. To this solution 5.2 g
(0.04 mol) dimethyldichlorsilan were added slowly and the
stirred for additional 23 hours at room
temperature, whereupon a white precipitate was formed.
Afterwards the solution was cooled to -78°C and 50 mL (0.08
mol) fert-butyllithium (1.6 mol/L in pentane) were added.
After 24 hours the orange suspension was cooled to 0°C and
acidified with 2N HCI to pH = 4. The organic solvents were
removed under reduced pressure and the residue extracted 3x
100 mL dichloromethane. The combined organic fractions
were extracted with water, dried with sodium sulfate and
evaporated to dryness. Crystallization from hexane afforded
2.6 g (21%) bis(benzylthio)dimethylsilane (2) as white solid.

solution was

s Found: C, 63.2; H, 6.6; S, 21.2. CcH,¢S,Si requires C, 63.1;

H, 6.6; S, 21.1%; SH(200 MHz; CDCl;) 7.29-7.10 (10H, m,
CH,omaic), 3.35 (2 H, d, J 7.8, CH), 1.87 (2H, d, J 7.8, SH),
0.30 (3H, s, CHj-a), -0.15 (3H, s, CHs-b). 5C(50 MHz;
CDCly) 142.6, 128.3, 127.6, 125.9 (CHyromatic), 28.6 (CH), -6.5
(CH;-b), -7.1 (CHj-a). m/z (DEI) 304 (M*), 271 (M-SH), 237
(M-2SH).

Synthesis of Dibenzyldiphenylsilane (3)
In 50 mL dry diethylether, 3.84 g (0.16 mmol) fine grounded

s magnesium were suspended and under rigorous stirring 20g

(0.16 mmol) benzylchlorid were added. The suspension was
refluxed until no magnesium remained (usually 1.5 hours).
This solution was added to a solution of 20 g (0.08 mol)
diphenyldichlorsilane  dissolved 100 mL toluene,
whereupon a white precipitate was formed. The diethylether
was distilled off and the remaining suspension stirred under
refluxing toluene for additional 20 hours. Afterwards the
precipitate was filtered off and the solution was evaporated to
dryness and washed several times with ethanol, which affords

in

5239 g (82%) of a colourless oil (crystallizes at -20°C).

(Found: C, 85.2; H, 6.8;. CysH4Si requires C, 85.6; H, 6.6;
Br, 30.6%); J6H(200 MHz; CDCl;) 7.56-6.81 (20H, m,
CH,romaiic), 2.63 (4 H, s, CH,). 6C(50 MHz; CDCl;) 138.3,
135.4, 1349, 134.4, 129.5, 129.0, 127.9, 127.6, 1244
(CHromatic)» 22.3 (CH,). m/z (DEI) 364 (M*), 273 (M-toluene).

Synthesis of Bis(a-brombenzyl)diphenylsilane (4)

To a solution of 23.85 g (0.065 mmol) dibenzyldiphenylsilane
(3) in 150 mL tetrachlorocarbon, 23.3 g (0.13 mmol) N-

s bromsuccinimid and 100 mg (0.4 mmol) dibenzoylperoxide

85

100

105

110

were added. Within 5 hours stirring under reflux conditions,
the colour changed to pale yellow and a precipitate was
observed. Filtration and removing of the solvent under
reduced pressure revealed the crude product. Crystallization
from ethanol afforded 8.3 g (25%) of meso-bis(a-
brombenzyl)diphenylsilane (4) (Found: C, 59.7; H, 4.1; Br,
30.3. CysHpBr,Si requires C, 59.8; H, 4.2; Br, 30.6%);
0H(200 MHz; CDCl;) 7.75-7.04 (20H, m, CH_omatic), 4.95 (2
H, s, CH). 6C(50 MHz; CDCl;) 138.2, 137.6, 130.7, 129.5,
128.1, 127.5, 127.4, 127.3 (CHgromatic)» 39.9 (CH). m/z (DEI)
441 (M-Br), 361 (M-2Br).

Synthesis of Bis(a-acetylthiobenzyl)diphenylsilane (5)

Bis(a-brombenzyl)diphenylsilane (4) (4.5 g, 8.65 mmol) and
8.9 g (26 mmol) potassium thioacetate were suspended in
150 mL THF and refluxed for 6 hours, followed by filtration
and removal of the solvent under reduced pressure. The
remaining oil was dissolved in 100 mL dichloromethane and
extracted 2 times with 100 mL water. The aqueous fraction
was extracted with dichloromethane until the organic phase
appears colourless. After combining the organic phases and
drying with sodium sulfate, the solvent was removed under
reduced pressure. Purification via column chromatography
(dichloromethane: hexane = 2:1; Ry = 0.32) afforded 810 mg
(18%) of the desired product and was used without further
purification. JH(200 MHz; CDCl;) 7.54-6.87 (20H, m,
CH.romatic), 4.65 (2 H, s, CH), 2.23 (6H, s, CHj3). 6C(50 MHz;
CDCl;) 193.8 (C(O)S), 139.6, 136.8, 136.4, 130.6, 129.2,
127.9, 127.6, 126.3 (CH_omaric)> 31.6 (CH3), 30.2 (CH).

Synthesis of Bis(benzylthio)diphenylsilane (6)

Method A: To a solution of 8§10 mg (1.58 mmol) bis(a-
acetylthiobenzyl)diphenylsilane (5) dissolved in 40 mL
diethylether, 304 mg (8 mmol) LiAIH, was added in once at
0°C. The suspension was stirred for additional 1.5 hours at
0°C and 23 hours at room temperature. The mixture was
cooled to 0°C again and 20 mL of a 2 N solution HCI,, were
added dropwise, followed by addition of 50 mL water.
Extraction with 3x150 mL dichloromethane, drying with
sodium sulfate and removing of the solvent under reduced
pressure afforded the crude product. After crystallization from
hexane, 225 mg (33%) bis(benzylthio)diphenylsilane (6) were
obtained as white solid.

Method B: 10 g (0.08 mol) Benzylmercaptane were dissolved
in 100 mL THF and cooled to 0°C. Subsequently, 32.2 ml
(0.08 mol) n-butyllithium (2.5 mol/L in hexane) were added
dropwise, whereby the solution recolors orange. To this
solution 10.1 g (0.04 mol) diphenyldichlorsilan were added
slowly and the solution was stirred for additional 23 hours at
room temperature, whereupon a white precipitate was formed.
Afterwards the solution was cooled to -78°C and 50 mL (0.08
mol) tert-butyllithium (1.6 mol/L in pentane) was added.
After 24 hours the orange suspension was cooled to 0°C and
acidified with 2N HCI to pH = 4. The organic solvents were
removed under reduced pressure and the residue extracted
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3x 100 mL dichloromethane. The combined organic fractions
were extracted with water, dried with sodium sulfate and
evaporated to dryness. Crystallization from hexane afforded
10.5 g (61%) of 6 as white solid.Found: C, 72.4; H, 5.7; S,
14.6. C,4H4S,Si requires C, 72.9; H, 5.6; S, 14.9%; dH(400
MHz; CDCl;) 7.58-6.98 (20H, m, CHomaic)> 3-89 (2 H, d, J
9.6, CH), 1.87 (2H, d, J 9.6, SH). 6C(100 MHz; CDCl;)
141.7, 137.6, 130.6, 130.3, 128.7, 127.9, 127.7, 127.2, 126.1
(CHaromatic)> 26.4 (CH). m/z (DEI) 428 (M™).

Synthesis of [(C;4H4SiS,)Fex(CO)4] (7)

In 30 mL toluene, 100 mg (0.36 mmol)
bis(mercaptomethyl)diphenylsilane (1) and 183 mg (0.36
mmol) Fe;(CO);, were dissolved and stirred under reflux for
2 hours. After evaporation to dryness the crude product was
purified via flash chromatography (THF:hexane = 1:3) to
afford 125 mg (63%) of a red solid (Found: C, 43.5; H, 2.7; S,
11.2. C,yH4S,SiFe,0O4 requires C, 43.3; H, 2.6; S, 11.6%;
0H(200 MHz; CDCl;) 7.36 (10H, m, CH,omatic), 2.28 (4 H, s,
CH,). 6C(50 MHz; CDCl;) 206.9 (CO), 134.7, 132.7, 130.6,
128.6 (CHgomatic)s 3-9 (CH). m/z (DEI) 554 (M), 526 (M-
CO), 498 (M-2C0O), 470 (M-3CO), 442 (M-4CO), 414 (M-
5CO0), 386 (M-6CO); Viux(KBr)/cm™ 3069w, 3027w, 3001w,
2891w, 2073vs, 2033vs, 1996vs, 1979vs, 1486w, 1428m).

Synthesis of [(CmHmSiSz)Fez(CO)G] (8)

100mg (0.33 mmol) Bis(benzylthio)dimethylsilane (2) and
166 mg (0.33 mmol) Fe;(CO);, were dissolved in 80 mL
toluene and refluxed for 2 hours. After evaporation to dryness
and purification via flash chromatography (THF:hexane = 1:6)
85 mg (44%) of a red solid were obtained (Found: C, 45.9; H,
3.6; S, 11.5. CyHygS,SiFe,O¢ requires C, 45.4; H, 3.1; S,
11.0%; 0H(200 MHz; CDCl3) 7.26 (10H, m, CHomatic), 277
(2 H, s, CH), -0.10 (3H, s, CHs-a), -0.14 (3H, s, CHs-b).
35 0C(50 MHz; CDCl;) 207.3 (CO), 140.8, 128.6, 128.1, 126.6
(CHaromatic)s 32.9 (CH), -2.2 (CHj;), -7.3 (CH3). m/z (DEI) 582
(M"), 526 (M-2CO), 498 (M-3CO), 470 (M-4CO), 442 (M-
5C0), 414 (M-6CO). vy (KBr)/em™ 3082w, 3061w, 3022w,
2963w, 2930w, 2072vs, 2030vs, 2002vs/br, 1493w, 1449m).

Synthesis of [(C,6H,,SiS;)Fex(CO)4] (9)

Bis(benzylthio)diphenylsilane (6) (200mg, 0.47 mmol) and
239 mg (0.47 mmol) Fe;(CO);, were dissolved in 50 mL
toluene and stirred under reflux for 2 hours. Evaporation,
purification via column chromatography (THF:hexane = 1:6)
afforded 97 mg (64%) of a red powder (Found: C, 57.7; H,
4.0; S, 8.3. C3,H»,S,SiFe,04 0.9 hexane requires C, 57.3; H,
4.4; S, 8.2%; 6H(200 MHz; CDCls) 7.35 (20H, m, CH_omatic)»
3.59 (2 H, s, CH). 6C(50 MHz; CDCl3) 207.5, 206.7 (CO),
139.7, 139.0, 135.3, 133.7, 130.6, 130.2, 128.4, 128.1, 127.4,
126.4, 125.6 (CHyromaiic)> 34.4 (CH). m/z (DEI) 706 (M*), 650
(M-2CO), 622 (M-3CO), 594 (M-4CO), 566 (M-5CO), 538
(M-6CO). vy (KBr)/em™ 3069w, 3027w, 2927w, 2856w,
2073vs, 2033vs, 1999vs/br, 1596, 1491, 1428).

%
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Synthesis of [(C4H;4SiS,)Fe,(CO)sPPh;] (10)

To a solution of [(C;4H4SiS,)Fe;(CO)6] (9) (50 mg, 0.09
mmol) in 20 mL acteonitrile, 2 eq. trimethylamine-N-oxide
dihydrate (20 mg, 0.18 mmol) were added and stirred 10
minutes at room temperature, whereupon the solution coulors
dark red. Subsequently, 2 eq. triphenylphosphine (48 mg, 0.18
mmol) were added and stirred for 5 hours at room
temperature. Removal of the solvent under reduced pressure
and flash chromatography (THF:hexane = 1:3) yield in 37 mg
(52%) of compound 12 (Found: C, 55.7; H, 3.9; S, 8.3.
C3,H,9S,SiFe,05 requires C, 56.4; H, 3.9; S, 8.1%; dH(200
MHz; CDCl;) .64-7.03 (25H, m, CH,omatic), 2.04 (2 H, s, CH,-
a) , 1.98 (2 H, s, CH,-b). 6C(50 MHz; CDCl;) 213.3, 208.6
(CO), 135.6, 134.9, 134.8, 134.3, 133.7, 133.5, 130.1, 129.7,
128.5, 128.4, 128.3, 127.9 (CHuomaic)» 30.3 (CH). oP(81
MHz, CDCl3) 67.6 (Pypica), 47.1 (Ppysa); miz (FAB) 788 (M*),
760 (M-CO), 732 (M-2CO), 704 (M-3CO), 676 (M-4CO), 648
(M-5CO). vy (KBr)/em™ 3069w, 3027w, 2931w, 2893w,
2044vs, 1986vs/br, 1924s/br, 1482, 1434).

Synthesis of [(C;6H;5SiS;)Fe,(CO) sPPh;] (11)

To a solution of 102 mg (0.18 mmol) [(C;¢H3SiS,)Fe,(CO)g]
(8), dissolved in 10 mL acetonitrile, 39 mg (0.35 mmol)
trimethylamine-N-oxide were added and after 15 minutes
stirring at room temperature 92 mg (0.35 mmol)
triphenylphosphine were added in once. The solution was
stirred for additional 6 days at room temperature, followed by
evaporation to dryness and purification via FC (THF : hexane
= 1:3) to yield 69 mg (47%) of compound 11 as a red solid.
(Found: C, 60.9; H, 5.0; S, 7.4. C,,H3S,SiFe,O¢ hexane
requires C, 59.9; H, 5.3; S, 7.1%; 0H(400 MHz; CDCl;) 7.87-
7.12 (25H, m, CHyomatic), 3.94 (2 H, s, CH-basal), 2.78 (2 H,
s, CH-apikal), 0.39 (3H, s, CHj-basal), -0.17 (3 H, s, CH;-
apikal), -0.21 (3 H, s, CH3-a), -0.44 (3 H, s, CH;-b). 6C(100
MHz; CDCl,) 141.2, 134.0, 133.9, 132.3, 132.2, 131.5, 130.1,
128.5, 128.4, 128.2, 128.1, 128.0, 125.8 (CHyomatic), 34.2
(CH), -1.7 (CHs-b), -6.4 (CH;-a). 6P(81 MHz, CDCl;) 66.3
(Papican)> 47.1 (Ppyea); m/z (DEI) 816 (M™), 760 (M-2CO), 676
(M-5CO), 414 (M-5CO-PPh3). Vo (KBr)/cm™ 3061w, 3028w,
2962w, 2926w, 2850w, 2037vs, 1982vs, 1956vs, 1924s, 1482,
1436).

Synthesis of [(C,6H,,SiS,)Fe,(CO)sPPh;] (12)

[(Cy6H2,S1S,)Fey(CO)6] (9) (100 mg, 0.14 mmol) and 32 mg
(0.19 mmol) trimethylamine-N-oxide were dissolved in 20 mL
acetonitrile, wherupon the colour changed to dark red. After 5
minutes stirring at room temperature, 75 mg (0.29 mmol)
triphenylphosphine were added and the solution stirred for
additional 6 days. Removal of the solvent and purification via

10s FC (THF : hexane = 1:3) afforded 57 mg (42%) of compound

12. (Found: C, 63.9; H, 4.8; S, 6.6. C49H3,S,SiPFe,05 requires
C, 64.0; H, 4.9; S, 6.3%; 6H(400 MHz; CDCly) 7.67-6.37
(35H, m, CHyomatic)> 1.40 (2 H, s, CH). 6C(100 MHz; CDCl3)
208.7 (CO), 140.5, 138.9, 135.4, 133.6, 133.5, 132.3, 132.2,

o 131.5, 130.3, 128.9, 128.8, 128.5, 128.4, 127.5, 127.3, 127.1,

125.6 (CHyomaic)» 29.4 (CH). o6P(81 MHz, CDCl;) 67.4
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s solution was

(Papika)s  47.1  (Pousa);  m/z  (micro-ESI) 963.2 (M").
Vi KBr)/cm™  3056m, 3024m, 2958m, 2925m, 2855w,
2043vs, 1987vs, 1933vs, 1598, 1482, 1435).

Synthesis of [(C14H14SiSZ)Fe2(CO)5PMe3] (13)

In 10 mL  acetonitrile 90 mg (0.16 mmol)
[(C14H4SiS,)Fe,(CO)g] (7) were dissolved and 36 mg (0.32
mmol) trimethylamin-N-oxide added, whereupon the solution
became dark red. After 15 minutes
temperature 4 eq. trimethylphosphine (67 pL, 0.64 mmol)
were added to the solution and stirred for 4 days. Removal of
the solvent, purification via FC (THF : hexane =1 : 4) and
wahsing with a small amount of pentane yield 48 mg (50%)
red solid. (Found: C, 46.0; H, 4.7; S, 10.2. C,,H,5S,PSiFe,04
0.5 pentane requires C, 45.9; H, 4.9; S, 10.0%; dH(400 MHz;
CDCl;) 7.58-7.28 (10H, m, CHyomaic), 2.68 (2 H, s,), 2.15(2
H, m, CH,-a), 1.92 (2 H, m, CH,-b), 1.42 (9 H, s, P(CHj;););
0C(100 MHz; CDCl;) 210.2 (CO), 135.1, 134.6, 132.9, 130.3,
130.0, 129.9, 128.3, 128.2, 128.1 (CHomatic)» 22.5 (CH,-b),
19.3 (JJep = 30 Hz, P(CHy)3), 5.3 (CH,-a); 6P(81 MHz,
CDCl;) 30.1 (P(CH3)3); m/z (DEI) 602 (M¥), 574 (M-CO), 546
(M-2CO), 518 (M-3CO), 490 (M-4CO), 462 (M-5CO), 386
(M-5CO-P(CH3)3). vmux(KBr)/em™ 3070w, 3050w, 2963w,
2926w, 2864w, 2036vs, 1980vs, 1964vs, 1921s, 1428).

stirring at room

Synthesis of [(C;sH5SiS,)Fe,(CO) sPMe;] (14)

To a solution of [(C;¢H;3SiS,)Fe,(CO)s] (8) (50 mg, 0.09
mmol) in 20 mL acetonitrile, 2 eq. trimethylamine-N-oxide
dihydrate (19.1 mg, 0.18 mmol) were added and the accruing
dark solution was stirred for 45 min, followed by the addition
of 2 eq. trimethylphosphine (35.4 uL, 0.36 mmol). The
resulting solution was stirred at room temperature until TLC
(THF:hexane 1:3) reveal no remaining starting material
(usually 1h). The solvent was removed under reduced pressure

s and the residue was purified via FC (THF:hexane = 1:3) to

yield 26 mg (46%) red solid. (Found: C, 45.4; H, 4.3; S, 10.0.
C,4H,,S,SiPFe,05 requires C, 45.7; H, 4.3; S, 10.2%; dH(400
MHz; CDCl3) 7.26 (10H, m, CHyomaic)» 2.78 (2 H, s, CH),
1.54 (9H, 2Jcp = 8 Hz, d, P(CH3);), -0.09 (3H, s, CHs-a), -
0.21 (3H, s, CH;3-b). 6C(100 MHz; CDCls) 213.3, 211.1, 210.2
(CO), 142.4, 128.3, 124.2 (CH romaric), 33.8 (CH), 19.5 (Jcp =
80 Hz, P(CHj;)3), -1.9 (CHs-b), -7.1 (CHj3-a); oP(81 MHz,
CDCI3) 29.8 (Pypika)s 25.8 (Pousa); m/z (DEI) 630 (M¥), 602
(M-CO), 574 (M-2CO0), 546 (M-3CO), 518 (M-4CO), 490 (M-

5 5C0), 414 (M-5CO-P(CH3)3). Viax(KBr)/cm™ 3059w, 3030w,

2968w, 2926w, 2857w, 2036vs, 1977vs/br, 1918vs, 1597,
1492, 1449).

Synthesis of [(C,sH,,SiS,)Fe,(CO)sPMe;] (15)

To a solution of [(C,sH,,SiS,)Fe,(CO)g] (9) (100 mg, 0.14
mmol) in 20 mL acetonitrile, 2 eq. trimethylamine-N-oxide
dihydrate (32 mg, 0.28 mmol) were added and the accruing
dark solution was stirred for 15 min, followed by the addition
of 2 eq. trimethylphosphine (59 uL, 0.57 mmol). The resulting
stirred at room temperature until TLC

60
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(THF:hexane
(usually 4 days). The solvent was removed under reduced
pressure and the residue was purified via FC (THF:hexane =
1:3) to yield 56 mg (53%) red solid. (Found: C, 55.1; H, 4.9;
S, 7.4. C34H;,S,SiPFe,05 0.3hexane requires C, 55.2; H, 4.6;
S, 8.2%; 0H(400 MHz; CDCl;) 7.23-7.05 (20H, m, CH omatic)»
3.63 (2 H, s, CH), 1.47 (9H, s, P(CH3);). 6C(100 MHz;
CDCl) 210.5, (CO), 140.9, 139.2, 135.3, 130.0, 129.6, 128.8,
128.2, 127.9, 127.7, 127.6, 126.9 (CH_omaiic)s 33.9 (CH), 19.7
Clcp 30 Hz, P(CHj);). oP(81 MHz, CDCly) 25.8. m/z
(micro-ESI in CHCls/methanol) 776.8 (M+Na™). m/z (FAB in
nba) 754 (M*), 670 (M-3CO), 642 (M-4CO), 614 (M-5CO),
538 (M-5CO-PMe3); Vi (KBr)/em™ 3066w, 2962w, 2923w,
2854w, 2036vs, 1982vs/br, 1921vs, 1599, 1491, 1428).

1:3) reveal no remaining starting material

Synthesis of [(C16H1sSng)Fez(CO)4(PMe3)2] (16)

To 98 mg (0.17 mmol) [(C;sH;3SiS,)Fe,(CO)¢] (8), dissolved
in 100 mL toluene, 0.5 mL (4.85 mmol) trimethylphospine
were added and resulting solution stirred for 48 hours under
refluxing conditions. The solution was evaporated to dryness
and the crude product was purified by FC (CH,Cl,:hexane =
1:2) to afford 56 mg (49%) of a dark red solid. (Found: C,
47.8; H, 5.8; S, 8.4. CsH36S,S1P,Fe,04 0.4hexane requires C,
47.9; H, 5.9; S, 9.0%; 0H(200 MHz; CD,Cl,) 7.28-7.15 (10H,
m, CH,omaic)> 2.82 (2 H, s, CH), 1.53 (9H, d, “Jyp = 9 Hz,
P(CH;)s-a), 1.49 (9H, d, *Jy.p = 8.6 Hz, P(CH;)5-b), -0.12 (3H,
s, CH;-a), -0.24 (3H, s, CH;3-b). 6C(100 MHz; CD,Cl,) 216.6,
216.2 (CO), 128.8, 128.4, 125.8 (CHuromatic)> 33.1 (CH), 20.3
(}Jcp = 33 Hz, P(CH,)3), 19.7 ((Jcp = 34.9 Hz, P(CH;)3), -1.8
(CH;-b), -6.4 (CHjz-a). dP(81 MHz, CD,Cl,) 30.9 (d, *Jpp =
11.9 Hz, Ppicar), 24.9 (d, Jpp = 11.9 Hz, Py,,). m/z (DEI) 678
M ), 650 (M-CO), 622 (M-2CO), 566 (M-4CO), 490 (M-
4CO-PMe;), 414 (M-4CO-2PMes); Vg (KBr)/em™ 3060w,
3023w, 2954w, 2923m, 2852w, 1970m, 1940vs, 1899vs,
1597, 1492, 1421).

Synthesis of [(C,H2,SiS;)Fe,(CO)4(PMe;),] (17)

To 101 mg (0.13 mmol) [(CycH,,SiS;)Fe,(CO)4] (9), dissolved
in 40 mL toluene, 0.1 mL (0.97 mmol) trimethylphospane
were added and resulting solution stirred for 48 hours under
refluxing The filtrated
evaporated to dryness. Washing with pentane and a small
amount of dichloromethane yield 37 mg (34%) of a dark red
oily residue after drying under high vacuum. No elemental
analysis was obtained. NMR exhibit remaining solvent, which
could not been fully removed. dH(400 MHz; CD,Cl,) 7.80-
6.53 (20H, m, CH,romaiic)» 3.68 (2 H, s, CH), 1.61 (9H, d, “Jy.p
= 9.2 Hz, P(CHj);-a), 1.55 (9H, d, *Ji.p = 8.8 Hz, P(CH;);-b).
0C(100 MHz; CD,Cl,) 215.9 (CO), 142.4, 139.3, 135.8,
135.2, 134.2, 128.9, 127.5, 127.3, 126.5, 125.2 (CHgaromatic)»
35.6 (CH), 19.6 (}Jcp = 26 Hz, P(CHs);), 19.3 ((lcp = 27.5
Hz, P(CH3);). 6P(81 MHz, CD,Cl,) 34.1 (d, *Jpp = 11.6 Hz,
Papica)> 26.9 (d, 3Jpp = 11.6 Hz, Pyya). m/z (DED) 802 (M ),
746 (M-2CO), 718 (M-3CO), 690 (M-4CO), 614 (M-4CO-
PMe;), 538 (M-4CO-2PMe3); Viax(KBr)/cm™ 3068w, 3025w,
2963w, 2924m, 2854m, 1980vs, 1942vs, 1912vs, 1891m).

conditions. solution was and
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Reaction of complexes with Na/Hg. In a 10 mL Schlenk
vessel, 5 mg of the respective compound (7-17) were
dissolved in acetonitrile (5 mL), followed by the addition of

s sodium amalgam (0.2 % Na in Hg), and the resulting two-
phase system was shaken for 30 min. Within this time, the
solution colored to dark red. Subsequently, this solution was
investigated via IR spectroscopy under an argon atmosphere.

Crystal Structure Determinations. Compounds 6-10, and
10 12-14 were crystallized from solutions in trichloromethane by
slow evaporation of the solvent at 4 °C or from acetonitrile.
The intensity data were collected on a Nonius Kappa CCD
diffractometer  using  graphite-monochromated  Mo-K,
radiation. Data were corrected for Lorentz and polarization effects
is but not for absorption.'”'® Crystallographic data as well as
structure solution and refinement details are summarized in
supporting information. The structures were solved by direct
methods (SHELXS)" and refined by full-matrix least squares
techniques against F,” (SHELXL-97)." All non-hydrogen atoms
20 were refined anisotropically.'® The hydrogen atoms were included at
calculated positions according to the riding model.
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Table S1. Selected Bond Distances (pm) and Angles () for Com pound 6

Bond length [pm]

C(1)-Si(1) 189.9(2) C(1)-S(1) 184.0(2)
C(2)-Si(1) 191.0(2) C(1)-C(3) 151.4(3)
C(9)-Si(1) 186.7(2) C(2)-S(2) 183.7(2)
C(21)-Si(1) 187.0(2) C(2)-C(15) 151.0(3)
Bond angle [°]
C(1)-Si(1)-C(2) 105.85(9) S(1)-C(1)-Si(1) 108.55(11)
C(9)-Si(1)-C(21) 110.19(10) S(2)-C(2)-Si(1) 107.40(10)

Table S2. Selected Bond Distances (pm) and Angles () for Com pound 13

Bond length [pm]

Fe(1)-Fe(2) 254.29(8) S(1)-C(1) 183.7(4)
Fe(1)-P(1) 222.60(13) S(2)-C(2) 182.0(4)
Fe(1)-S(1) 227.20(12) C(1)-Si(1) 185.3(4)
Fe(1)-S(2) 224.50(12) C(2)-Si(1) 187.5(4)
Bond angle [°]
Fe(1)-Fe(2)-S(1) 55.81(3) S(2)-C(2)-Si(1) 121.4(2)
S(1)-Fe(1)-S(2) 88.15(4) C(1)-Si(1)-C(2) 108.30(19)

S(1)-C(1)-Si(1) 115.6(2) C(3)-Si(1)-C(9) 109.61(19)




Table S3. Crystal Data and Refinement Details for the Crystal Structure Analyses of Compounds 6-14.

6 7 8 9 10 12 13 14
empirical formula CaHa4S5Si CyoH14Fe;06S,S1 Cy,H5Fe;06S,S1 C3,HyFe;06S:S1 C37H,9Fe,05PS,Si Cs,sHuuCl3Fe,05PS,Si Cy,H,3Fe;05PS,Si C,4H,7Fe,05PS,Si
formula mass [g-mol '] 428.66 554.22 582.27 706.41 788.48 1096.11 602.28 630.34
collection 7'[ C] -90(2) -90(2) -90(2) -90(2) -90(2) -90(2) -90(2) -90(2)

A Mo Ky) [7] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic orthorhombic monoclinic triclinic triclinic monoclinic monoclinic
space group (No.) P2(1)/n (14) P2(1)/c (14) Pbem (57) P2(1) 4) Pl (2) Pfl (2) P2(1)/c (14) P2(1)/n (14)
al] 12.5725(7) 14.5006(7) 9.5019(4) 8.9705(2) 11.4625(6) 10.0697(4) 10.8815(7) 8.9842(2)
b[] 10.0053(3) 20.9505(9) 16.5154(9) 13.1314(5) 11.8508(4) 16.2898(7) 10.3618(7) 12.0158(7)
c[ 18.5969(9) 7.5734(3) 15.5956(8) 12.9610(5) 12.9583(8) 17.6155(7) 22.8942(10) 25.5785(12)
all 90 90 90 90 88.219(3) 73.258(2) 90 90
pl1 105.747(2) 92.626(3) 90 92.088(2) 88.582(2) 77.679(2) 98.062(4) 92.112(3)
yI[1] 90 90 90 90 84.306(3) 76.829(2) 90 90
V[ 2251.54(18) 2298.34(17) 2447.4(2) 1525.73 1750.31(15) 2660.22(19) 2555.9(3) 2759.4(3)
z 4 4 4 2 2 2 4 4
Peatea[gem?] 1.265 1.602 1.580 1.538 1.496 1.368 1.565 1.517
u [mm'] 0.3 1.529 1.44 1.171 1.071 0.871 1.439 1.336
F(000) 904 1120 1184 720 808 1126 1232 1296
crystal dimensions [mm] 0.06 x 0.06 x 0.05 0.05x 0.05 x0.04 0.05x 0.05 x 0.05 0.05x 0.05 x0.04 0.06 x 0.06 x 0.02 0.05 x 0.05 x 0.04 0.04 x 0.04 x 0.04 0.05 x 0.05 x 0.04
26range [deg] 3.05-27.48 2.98-27.43 2.89-27.46 2.27-27.46 2.35-27.49 2.68-27.52 2.79-27.48 2.83-27.47
13 <h <16, 17 £h <18, 12 <h <11, 11 £h <11, 12 <h< 14, 13 <h<12, 14 <h<12, 11 <h<7,
index ranges 11 <k<12, 23 <k<27, 21 <k<18, 16 <k<17, 15 k<14, 21 <k<21, 11 €k<13, 12 <k<15,
24 <I1<19 9<I<9 20 <I<19 16 <I<15 16 <1<14 21 <1<22 29 <1<26 32 <[1<32
measured reflections 14761 14977 14643 10977 12182 18282 15128 10006
unique reflections/Riy 5130 5202 2888 6369 7972 11995 5713 5410
reflections used 14761 14977 14643 10977 12182 18282 15128 10006
data with I > 20(I) 3153 3153 1899 5518 5596 7053 2653 3611
parameters 270 280 163 388 433 597 301 321
s 0.973 0.959 0.966 1.017 1.009 1.012 0.889 1.003
R, [I>20(D]’ 0.0455 0.0414 0.0416 0.0328 0.0417 0.0602 0.0485 0.0491
WR; [all data, on F*]° 0.0917 0.0737 0.0789 0.0669 0.0834 0.1432 0.0760 0.0907
max./min. residual electron density [e-™ *] 0.540/-0.252 0.336/-0.401 0.572/-0.464 0.296/-0.248 0.305/-0.453 1.196/-0.470 0.541/-0.475 0.476/-0.422

1S ={Z[wW(F2 FH*/(n p)}*; n=no. of reflections; p = no. of parameters; * R, = X||F,|

IFdl/ ZIFo); € wRy = {E[w(Fy*

FOMEwWE .
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ABSTRACT. Diselenolato and ditellurolato complexes [2Fe2E(Si)] have been prepared
and compared with the known diiron dithiolato complex A. Treatment of Fe;(CO);, with
4.,4-dimethyl-1,2,4-diselenasilolane (1) in boiling toluene affords hexacarbonyl [u-(2,2-
dimethyl-2-sila-1,3-propanselenolato(2—)-S,S )]diiron (2). The analog ditellurolato
complex hexacarbonyl [u-(2,2-dimethyl-2-sila-1,3-propantelurolato(2-)-S,S )]diiron (3)
was obtained by treatment of Fe;(CO);, and bis(tellurocyano)dimethylsilane, which was
prepared in situ. All compounds were characterized by NMR, IR spectroscopy, mass
spectrometry, elemental analysis and single crystal X-ray analysis. The electrochemical
properties for the [2Fe2S(Si)] model compounds towards dihydrogen formation will be

presented.

KEYWORDS: hydrogenase, iron, selenium, tellurium, electrocatalysis.
Introduction

Since the structure of the active site of the [FeFe] hydrogenase has been reported,1 finding a suitable
model with commensurable properties is still a challenge. Recent progress in this topic was done by
Darensbourg et al concerning the investigations of the “rotated” geometry on [2Fe2S] model
complexes2 and Rauchfuss et al figuring out the role of phosphane ligands towards the direction of
protons to a bridging or terminal site.” Beside the direct protonation of the Fe centers, experiments and
calculations pointed out a possible addition of a proton to the bridgehead sulfur atoms.* An experimental

proof of these calculations was displayed by silicon containing [Fe2S2] models A-D (Scheme 1).
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Scheme 1. [2Fe2S(Si)] model complexes showing the ability to protonate the sulfur atoms.

Investigations of us showed that in contrast to DFT calculations on the pdt complexes,® an increase of
the electron density on the sulfur atoms by hyperconjugation of ¢*(Si-C) into the 3p(S) orbital should be
assumed, as calculated for similar tin complexes.” During electrochemical investigations, protonation
occurs on the bridgehead sulfur atom and a proton relay towards the metal atoms could be established.
Lately investigations showed that by exchange of the sulfur bridgehead atoms by selenium the activity
towards hydrogen production was diminished and the reduction window was shifted to more negative

potentials.®

To gain a deeper insight into silicon containing [FeFe] hydrogenase model complexes
bis(chloromethyl)dimethylsilane was conversed to the respective selenium and tellurium complexes 2
and 3. The spectroscopic and structural features as well as the elctrocatalytic properties will be

presented and compared to the related sulfur containing complex A.
Results and Discussions

Since the access to the silicon containing bis(mercaptomethyl)dimethylsilane and its respective [Fe2S2]

complex is known,™ an analog way to the corresponding selenium and tellurium complexes has to be



found. Block et al established syntheses towards ditelluroloane and diselenolane compounds.” In
contrast to this work, we used bis(chloromethyl)dimethylsilane instead of
bis(iodomethyl)dimethylsilane as starting material. Using bis(mercaptomethyl)dimethylsilane, 4.,4-
dimethyl-1,2,4-diselenasilolane (1) was obtained by treatment with sodium diselenide, which was
prepared in situ from selenium and sodium borohydride in abs. ethanol to afford 1 in 28% yield

(Scheme 2).

.
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Scheme 2. Synthesis of model complexes 2 and 3.

c1

c3

Si1

Figure 1. Molecular structure of 2 (left) and 3 (right) in the crystal (probability level of displacement ellipsoids 50%).
The reaction of compound 1 with Fe;(CO);, provided hexacarbonyl [u-(2,2-dimethyl-2-sila-1,3-
propanselenolato(2-)-S,S )]diiron (2) in moderate yield (66%). 'H, 13C{IH}, 77Se{lH} NMR and the
[M'] peak at m/z= 526, followed by stepwise lose of six CO, revealed the proposed structure.

Evaporation of a solution of 2 dissolved in pentane, afforded crystals suitable for single crystal X-ray



structure determination, as depicted in Figure 1. In contrast to the selenium compound, the synthesis of
hexacarbonyl [u-(2,2-dimethyl-2-sila-1,3-propantelurolato(2—)-S,S )]diiron (3) followed a different
route, as the ditellurolato compound turns out to be elusive. Therefore bis(chloromethyl)dimethylsilane
was treated with a twofold access of potassium telluro cyanate, freshly prepared by heating tellurium
and potassium cyanide in refluxing dimethylsulfoxide.”® The in  situ  prepared
bis(tellurocyano)dimethylsilane was not isolated and therefore instantly added to a solution of Fe;(CO);,
dissolved in THF. Heating of this solution under reflux conditions, followed by extraction with hexane
and chromatographic purification afforded a small amount of compound 3 (9%) as orange powder.
NMR investigations (‘H, *C{'H}) alludes to compound 3, additionally confirmed by the [M*] peak at
m/z = 624. Single crystals suitable for the structure determination were obtained by slow evaporation of
a solution of compound 3 in pentane (Figure 1).

Since the CO group is very sensitive towards mutations of the electron density on the iron centers, the
BC{'H} NMR signals and the CO vibrations give important evidence for the influence of the heavy
atoms.'' Comparing compounds A, 2 and 3, the CO vibration shift from 2074 cm™ for the sulfur
compound A to 2065 cm™ (2) for the selenium compound and to 2054 cm™ (3) when implementing
tellurium. This shift to lower frequencies can be explained by the higher electron density, directed to the
iron centers and introduced by the heavier homologous selenium and tellurium.®® This tendency is also
apparent in the >C{"H} NMR. A continuous de-shielding of the CO groups and hence a shift to lower
field of this signal is observable within the homologous row S (207.5 ppm), Se (208.4 ppm) and Te
(210.5 ppm)."" Another dramatic influence of the exchange of sulfur by selenium or tellurium is
detectable for the E-CH,-Si (E = S, Se, Te) carbon shift. Whereas compound A exhibit a signal at
5.9 ppm, the selenium derivative 2 reveals this carbon signal at -5.1 ppm. However, the related tellurium
compound 3 shows up this signal at -26.6 ppm. This serious high field shift is only explainable by the
heavy atom effect.'

As the spectroscopic differences strongly deviates, one may assume that the structural properties should

differ. However, this could only be confirmed for the Fe-Fe bond distance. As compound A reveals a



distance of 252.16(6) pm, compound 2 shows a 254.99(6) pm long Fe-Fe bond. The Fe-Fe bond of
compound 3 reveals an increased value of 261.53(8) pm and exhibit the value found in the natural
systems.'” At all means, this phenomenon was expected as the atom radii of the higher homologues are
enlarged.'’ No other appreciable differences of the structures were observed. Collectively, all three
compounds exhibit the typical [Fe2S2] butterfly arrangement and bear six CO groups as seen in many
familiar [Fe2S2] complexes."” As already recorded for compound A, the wide bonding angles E-C-Si
are also observed for 2 and 3. This suggests that also for compounds 2 and 3, an increased basicity of

the bridgehead atom should be expected as a result of an effective overlap (C-Si) = n,(E).

Table 1. Selected Bond Distances [pm] and Angles [°] for Compounds 2 3 .

Bond lengths [pm]

Fe(1)-Fe(2) 254;9(6) 26123(8)
Fe(1)-Se(1)/Te(1) 238.03(4) 255.70(6)
Fe(2)-Se(1)/Te(2) 237.73(4) 254.14(5)
Te(1)-C(1) - 216.04)
Se(1)/Te(2)-C(2) 195.8(3) 216.9(4)
Si(1)-C(1) 186.9(4) 186.7(4)
Si(1)-C(2) 187.1(3) 185.8(4)
Si(1)-C(3) 185.8(5) 187.5(5)
Bond angles [°]

Fe(1)-Se(1)/Te(1)-Fe(2) 64.817(15) 61.777(18)
Te(1)-C(1)-Si ; 121.72)
Se(1)/Te(2)-C(2)-Si 121.55(15) 119.4(2)
C(1)-Si-C(2) 107.58(12) 106.70(19)
C(1)-Si-C(3) 109.8(2) 107.8(2)
C(1)-Si-C(4) - 113.8(2)




Electrochemistry
Conclusion

Experimental Section

General Procedures. All syntheses were carried out under dry nitrogen or argon. The organic
solvents used were dried and purified according to standard procedures and stored under dry nitrogen or
argon. Chemicals were used as received from Fluka and Acros without further purification. TLC: Merck
silica gel 60 Fs4 plates; detection under UV light at 254 nm. FC: Fluka silica gel 60. A Biichi GKR-51
apparatus was used for the bulb-to-bulb distillations. The 'H, 13C{ 1H} and 34Se{ 1H} NMR spectra were
recorded at 23 °C on a Bruker 200 MHz spectrometer (IH, 200 MHz; *C, 50 MHz; "'Se, 76 MHz).
CDCl; was used as the solvent. Chemical shifts (ppm) were determined relative to internal CHCl; (lH, o
7.24; CDCl3), CDCl; (°C, & 77.0; CDCl3) or SeO, in D,O. The ''Se chemical shifts are reported
relative to neat Me,Se [6(Me,Se) = 6(SeO,) +1302.6 ppm].14 IR-spectra were recorded on a Perkin-

Elmer 2000 FT-IR.

4,4-Dimethyl-1,2,4-diselenasilolane (1): 4,4-Dimethyl-1,2,4-diselenasilolane was prepared referring
to reference [9]. Instead of bis(iodomethyl)dimethylsilane, bis(chloromethyl)dimethylsilane was used
for the conversion. To 353 mg (4.47 mmol) selenium in 20 mL ethanol, 118mg (3.2 mmol) sodium
borohydride was added at 0°C. After lhour stirring under reflux bis(chloromethyl)dimethylsilane (500
mg, 3.2 mmol) was added and stirred one more hour at roomtemperature. Addition of 20 mL water,
extraction with dichloromethane and drying with sodium sulfate afforded a crude red oily product. The
crude product was purified via column chromatographie (dichloromethane/ hexane 1:5) to yield 220 mg
(28%) of a red oil. '"H NMR (CDCls): §0.21 (s, 6 H, CHs), 2.32 (s, 4 H, CH»). *C NMR (CDCl): §—

1.6 (CHs), 14.3 (CHy). "’Se{'H} NMR (CDCl5): 6319.8. MS(DEI): m/z, 246 [M]".



Hexacarbonyl [ux-(2,2-Dimethyl-2-sila-1,3-propanthiolato(2 )- S,S’)]diiron (A): was prepared

according to reference [5].

Hexacarbonyl [u-(2,2-dimethyl-2-sila-1,3-propanselenolato(2 )- S,S’)]diiron (2): In 40 mL
toluene, 92 mg (0.37 mmol) 4,4-Dimethyl-1,2,4-diselenasilolane and 190 mg (0.37 mmol) Fe;(CO);,
was dissolved and stirred under reflux for 1.5 hours. Evaporation to dryness and filtration through a
silica pad with dichloromethane/ hexane (1:5) afforded 128 mg (66 %) of the desired compound as red
crystalline product. '"H NMR (CDCls): & 0.09 (s, 6 H, CHs), 1.35 (s, 4 H, CH,). >C NMR (CDCl3): 5
5.6 (CHp), -1.0 (CH3), 208.4 (CO). ”’Se{'H} NMR (CDCls): §170.1. MS(DEI): m/z, 526 [M]*, 498 [M-
COJ", 470 [M-2COJ", 442 [M-3COJ", 414 [M-4CO]", 386 [M-5CO]", 358 [M-6CO]". IR (KBr): 2959
(m), 2922 (m), 2897 (m), 2065 (vs), 2021 (vs), 1986 (vs), 1405 (m), 1367 (m), 1253 (s), 1096 (s). Anal.

Calcd for C;cHgFe4012,54S1¢0.1 hexane: C, 23.91; H, 2.16. Found: C, 23.7; H, 2.4.

Hexacarbonyl [u-(2,2-dimethyl-2-sila-1,3-propantelurolato(2 )- S,S’)]diiron (3): 246 mg
(1.92mmol) tellurium and 125 mg (1.92 mmol) KCN were dissolved in 20 mL dimethylsulfoxid and
refluxed for 1 hour. After cooling to room temperature 150mg (0.96 mmol)
bis(chloromethyl)dimethylsilane was added and the solution was stirred over night and added to a
solution of 484 mg (0.96mmol) Fe3(CO);,, dissolved in 20 mL THF. The solution was stirred under
reflux for 1 hour and extracted with hexane (until the hexane fraction remains colorless). Evaporation to
dryness, followed by column chromatography with hexane yield 51mg (9%) of an orange solid. 'H
NMR (CDCls): §0.08 (s, 6 H, CHs), 1.34 (s, 4 H, CH>). *C NMR (CDCls): §-26.6 (CH,), —2.1 (CH3),
210.5 (CO). MS(DEI): m/z, 624 [M]", 596 [M-CO]", 568 [M-2CO]", 484 [M-5CO]*, 454 [M-6CO]". IR
(KBr): 2953 (m), 2922 (m), 2851 (m), 2051 (vs), 2012 (vs), 1987 (vs), 1958 (vs), 1949 (vs), 1463 (m),
1377 (m), 1260 (m). Anal. Calcd for C,oH oFe,O¢Te,Sichexane: C, 27.17; H, 3.42. Found: C, 27.53; H,

2.93.
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