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ABSTRACT

The tungsten-dependent enzyme acetylene hydratase catalyzes the non-redox reaction of
acetylene to acetaldehyde. Density functional theory (DFT) calculations were performed to
determine the influence of acetylene-activation by the W(IV)-center in first-shell mechanistic
proposals. The active site for this study was modeled based on the crystal structure of the
enzyme. According to the calculations, an activation energy of 49.6 kcal/mol is required to

hydrate r]z—bound acetylene by a water molecule in a concerted fashion.

In addition to the DFT calculations, the bio-inspired, heteroscorpionate ligand
(2-dimethylethanethiol)-bis(3,5-dimethylpyrazol)methane (L3SH) was used to mimic the
active site of acetylene hydratase. A synthetic approach toward a series of complexes of the
type [WO(C,R,)(L3S)Br] (R = Ph, Me, H) was investigated. The W(ll)-complexes
[W(CO)(C,R,)(L3S)Br] (R= Ph (1), Me (2), H (3)) were synthesized via the “ligand addition”
method starting from W bis(alkyne)-precursors [W(CO)(C;R;)2(CH3CN)Br;] (R = Ph, Me, H).
Oxidation attempts of complexes 1-3 with the oxygen atom transfer reagents pyridine
N-oxide, meta-chloro-perbenzoic acid and dimethyl dioxirane did not indicate the formation
of the desired W(IV)-complexes. Complexes 1 - 3 were characterized by NMR and IR
spectroscopy. Additionally, molecular structures of compounds 1 and 2 were obtained by

X-ray diffraction analysis.

In order to further elucidate the electronic structure of biomimetic model compounds of
acetylene hydratase, similar complexes of the type [W(CO)(C;R;)L,] and [WO(C,R;)L,] (4 - 15)
were probed by tungsten L-edge and sulfur K-edge X-ray absorption spectroscopy. Tungsten
L1-edge spectra displayed higher rising edge energies by approximately 2 eV for the
oxo-complexes compared to the carbonyl-analogs. Transitions of the sulfur 1s electron into
the W d(xy)- and W d(x*-y*/xz)-based orbitals for the CO-complexes and into the W d(xz)-
and W d(xz—yz/xz)—based orbitals for the oxo-complexes were assigned to the pre-edge
features of the S K-edge spectra. This indicates oxidation states +ll for W in the CO- and +IV
for W in the oxo-complexes. The collected S K-edge data furthermore suggests less

W-S-interaction in thiolate- compared to dithiolene-complexes.



KURZFASSUNG

Das von Wolfram abhangige Enzym Acetylen Hydratase katalysiert die Nicht-Redoxreaktion
von Acetylen zu Acetaldehyd. Dichtefunktionaltheorie (DFT) Rechnungen wurden
durchgefiihrt, um den Einfluss der Acetylenaktivierung durch das W(IV)-Zentrum in
Vorschldagen zu First-Shell-Mechanismen festzustellen. Flr diese Studie wurde das aktive
Zentrum basierend auf der Kristallstruktur des Enzyms modelliert. GemaR den Rechnungen,
wird eine Aktivierungsenergie von 49.6 kcal/mol bendétigt, um nz—gebundenes Acetylen mit

einem Wassermolekil konzertiert zu hydrieren.

Erganzend zu den DFT Rechnungen wurde der bio-inspirierte, heteroskorpionate Ligand
(2-Dimethylethanthiol)-bis(3,5-dimethylpyrazol)methan (L3SH) verwendet, um das aktive
Zentrum von Acetylen Hydratase nachzuahmen. Ein synthetischer Ansatz in Richtung einer
Reihe von Komplexen des Typs [WO(C,R,)(L3S)Br] (R = Ph, Me, H) wurde untersucht. Die
W(II)-Komplexe [W(CO)(C;R,)(L3S)Br] (R = Ph (1), Me (2), H (3)) wurden ausgehend von den
W  bis(alkin) Vorstufen [W(CO)(C,R,)2(CHsCN)Br;] (R= Ph, Me, H) via der
yLigandenadditions“-Methode synthetisiert. Oxidationsversuche der Komplexe 1 - 3 mit den
Sauerstoff (ibertragenden Reagenzien Pyridin N-oxid, meta-Chlorperbenzoesdure und
Dimethyldioxiran wiesen nicht auf die Bildung der erwiinschten W(IV)-Komplexe hin.
Komplexe 1 - 3 wurden mittels NMR und IR Spektroskopie charakterisiert. Zusatzlich wurden

Molekdilstrukturen der Komplexe 1 und 2 durch Réontgenstrukturanalyse erhalten.

Um die elektronische Struktur biomimetischer Modellverbindungen von Acetylen Hydratase
weiter zu erldutern, wurden die Wolfram L-Kanten und Schwefel K-Kanten von Komplexen
der Art [W(CO)(C3R,)L;] und [WO(C;3R;)L,] (4 - 15) mittels Rontgenabsorptionsspektroskopie
gemessen. Wolfram L1-Kanten-Spektren weisen um etwa 2 eV hohere Absorptions-
kantenenergien fiir die Oxo-Komplexe im Vergleich zu den Carbonyl-Komplexen auf.
Ubergange des Schwefel 1s Elektrons in W d(xy)- und W d(x*y?/xz)-basierte Orbitale fiir CO-
Komplexe und in W d(xz)- und W d(x*y?*/xz)-basierte Orbitale fir Oxo-Komplexe wurden den
Vorkantenmerkmalen der S K-Kantenspektren zugeordnet. Das weist auf Oxidationsstufen
von +lI fir W in CO- und +IV fir W in Oxo-Komplexen hin. Die aufgenommenen
S K-Kantendaten deuten auferdem auf weniger W-S-Wechselwirkung in Thiolat- verglichen

mit Dithiolen-Komplexen hin.
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BIOLOGICAL USE OF TUNGSTEN

INTRODUCTION

1. BIOLOGICAL USE OF TUNGSTEN

To date, various transitions metals, such as V, Mn, Fe, Co, Ni, Cu, Zn, Mo and W, were found
to play an important role in living systems.[l] Their individual biological functions vary from
universal to organism-specific and can be of metabolic as well as structural nature. On a
closer look, molybdenum and tungsten stand out against the other elements as they are the
only representatives of the second and third transition row next to Cd and Hg.m They
undertake similar biological tasks and are frequently referred to as twin elements. Despite
that, most life forms including humans depend exclusively on Mo and only a few species use
W instead. Methanobacterium thermoautotrophicum is a rare example, which is able to use

both, Mo and W, based on the availability of the metals in the environment.?*

Bioavailability and especially water solubility are critical for the universal biological use of an
element. For tungsten, scheelite (CaWQ,) and wolframite ((Mn, Fe)WQ,) are common ores,
which contribute largely to the average concentration of tungsten in the oceans (< 1 nM).¥
Tungstate (WO,*) as the dominant species in water is stable over a wide pH range and
generally redox indifferent.!” Nevertheless, redox processes, particularly between the
oxidation states +IV and +VI, are commonly observed when the metal is incorporated into

enzymes.!

Despite the similar biological functions of Mo and W, molybdoenzymes are present in all
domains of life whereas tungstoenzymes are mainly found in archaea. This sparked the
theory that Mo gradually replaced W over time.”*® It is believed that under the hot,
anaerobic conditions under which life arose, low-valent metal sulfides presented the main
metal source. Indeed, molybdenum sulfide is less soluble in water than tungsten sulfide,
increasing the bio-availability of the latter to early organisms.[G] Furthermore, tungsten-
sulfur-bonds in enzymes exhibit higher stability than their molybdenum analogs.m Under the
extreme conditions in the early stages of life, the third row transition metal was therefore
presumably favored. However, upon cooling of Earth’s crust and the rise of photosynthesis,

which led to an oxygen-rich environment, the O,-sensitive bio-active tungsten species were
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put at a disadvantage. Molybdenum, on the other hand, became readily available and

ubiquitous in nature due to the high solubility of molybdate in water.”!

Nevertheless, tungsten has not been completely substituted by molybdenum during
evolution and W-dependent archaea still exist.””! Yet, these species are mostly found in
extreme habitats, such as hydrothermal vents in the deep ocean or terrestrial geothermal
sites. Studies on the metal content in the hyperthermophiles Methanococcus jannaschii and
Pyrococcus furiosus versus the bacterium Escherichia coli showed that tungsten levels
surpass molybdenum concentrations in the tested archea while a reverse trend was found
for mesophilic E. coli.®! Despite these findings, there is no direct relationship between
W-usage and extremophilicity in biology and it is currently believed that the exclusion of

oxygen in these habitats is the crucial factor for W-dependent systems to occur.”

1.1. Tungstoenzymes

From a chemical point of view, the incorporation of metals into proteins is of particular
interest. It facilitates catalytic pathways for many reactions including photosynthesis,

dinitrogen fixation and the production of cellular energy.”_gl

Tungsten usually enters the cytoplasm of cells in the form of tungstate in the oxidation state
+V1.21 Within the cellular machinery it is then bound to two dithiolene moieties of pterin
co-factors forming the integral part of tungstoenzymes (Figure 1).[101 Up to now, no
tungsten- or molybdenum-containing enzyme except nitrogenase has been found without
this co-factor. Similar to Mo the biologically active oxidation states of tungsten range

between +IV and +VI. Hence, one- and two-electron processes can be performed.m

\/

a) b) W

O \\(OH O Se Cys ) ’ {
\“ III N S
H

Figure 1: Active site structures of a) the aldehyde-ferredoxin oxidoreductase family and
b) the formate dehydrogenase family; c) structure of the pterin co-factor of tungstoenzymes.
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Tungstoenzymes are divided into three families. The aldehyde-ferredoxin oxidoreductase
(AOR) family converts aldehydes to the corresponding carboxylic acids (Scheme 1). Members
of the formate dehydrogenase (FDH) family catalyze the reversible oxidation of formate

(HCOO") to CO,.B*

0] AOR o

a) + H,0 =——= +  3HY + 2
o}
FDH
b) 0=C=0 + H' + 2¢& =——— J o
H™ SO

Scheme 1: a) Catalytic oxidation of aldehydes to carboxylic acid by AOR; b) CO, conversion to
formate catalyzed by FDH.

The third family consists of class Il benzoyl-CoA reductase and acetylene hydratase.*'! The
latter catalyzes the exergonic hydration of acetylene to acetaldehyde. In contrast to the

other tungstoenzymes, it is therefore the only enzyme to catalyze a non-redox process.[3'1°]

1.2. Acetylene hydratase

Acetylene hydratase (AH) was first isolated from the anaerobic, mesophilic bacterium
Pelobacter acetylenicus by Schink in 1985." Unlike other organisms, this bacterium was
shown to be able to grow and live on acetylene as its only available carbon source.! |n
order to do so, acetaldehyde is subsequently converted into Acetyl-CoA and eventually

acetic acid releasing ATP as the actual energy source (Scheme 2).[12]

AH Q
a) H——H + H,0 _— )J\H AG'y = -26.7 kcal/mol

0] O

o)
) )J\H — )J\SCOA — )J\OH + ATP

Scheme 2: a) Acetylene hydration catalyzed by AH; b) metabolic conversion of acetaldehyde
in the bacterium.



BIOLOGICAL USE OF TUNGSTEN

1.2.1. Structure of acetylene hydratase

Structurally, acetylene hydratase is similar to the DMSO reductase family of

(121471 contrast to other members of this family, AH exhibits a prominent

molybdoenzymes.
rearrangement of two enzyme domains (residues 327-393) resulting in a subsequent shift of
the loop region (residues 327-335) toward the surface of the protein.™>*® This leads to the
creation of a new entrance pathway for the substrate to the active site. The 6 - 8 A wide and
17 A deep channel ends in a hydrophobic pocket consisting of three isoleucine (lle-14,
lle-113, lle-142) and three tryptophane (Trp-179, Trp-293, Trp-472) amino acid residues. It is
located directly above the tungsten coordination sphere and was found to form a perfectly

suitable cavitiy for acetylene in computational docking experiments.“sl

The active site of the enzyme is composed of a tungsten-center coordinated by two
dithiolene-moieties of the molybdopterin guanine dinucleotide co-factors (Qugp and Pmgp)
as well as a cysteine-residue (Cys-141).[15] In addition to this, a cubane-type iron-sulfur

cluster, which is typical for all tungstoenzymes, was detected close to Quep (Figure 2a).[15]

b)

' W

Figure 2: a) Crystal structure of the active site of AH;! b) schematic first coordination

sphere of W featuring the adjacent Asp-13 amino acid residue and acetylene in the

hydrophobic pocket.[ls]

According to the crystal structure published in 2007, a sixth ligand is bound to tungsten via

5] The W-O-distance of 2.04 A indicates tightly coordinated water.

an oxygen-atom.
However, crystal structures containing heavy scattering elements, such as tungsten, can be

distorted by Fourier series termination effects blurring the true nature of the ligand.
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Simulation of these effects resulted in a corrected metal-ligand-distance of 2.25 A, which
supports the idea of a coordinated water molecule (2.0-2.3 A) over a hydroxo ligand

(1.9-2,1 A)."%

The tungsten bound water molecule is also involved in a hydrogen-bond to Asp-13, whose
protonation state is still disputed (Figure Zb).[ls] The pK; value of aspartic acid in aqueous
solution is 3.83, which suggests a deprotonated aspartate-residue in the active site. On the
other hand, Asp-13 is buried deeply within the enzyme and is thus shielded from any protic
solvent that could assist in the stabilization of the negative charge.[15’16] In order to
determine the protonation state of Asp-13, Seiffert and co-workers derived titration curves
from atomic charge calculations using density functional theory (DFT) and subsequent
numerical solution of the Poisson-Boltzmann equation.lls] According to their results, the
amino acid residues Glu-494 and Asp-13 remained in a fully protonated state between pH 0
and 24.1%! According to the authors, the major increase in the pK; value of Asp-13 results
from desolvation effects inside the protein chain. Furthermore, it was postulated that proton
affinity is increased by a positive inductive effect of the nearby iron-sulfur cluster, which
increases the electron density at the Asp-13 through a connecting cysteine-residue.“sl
Nevertheless, deprotonated Asp-13 cannot be ruled out completely. Liao and co-workers
argue that two additional hydrogen-bonds to the peptide-bond of Cys-12 and Asp-13 as well
as to Trp-179 lower the pK; value of Asp-13 significantly.m] This idea was also supported by

pKa predictions using the PROPKA method, which estimated a pK, value of 6.3 for Asp-13.[17]

1.2.2. Reactivity of acetylene hydratase

The enzymatic transformation of acetylene to acetaldehyde was found to be very substrate
specific. Other molecules employing triple-bonds, such as cyanide, nitric oxide or carbon
monoxide act as inhibitors to the enzyme while dinitrogen, isonitriles, ethylene, propyne and

other derivatives of acetylene were not converted at all.13.1el

Acetylene itself is mainly generated from fossil resources and not a very common substrate

in biologic processes.[lg] Apart from nitrogenase, which reduces acetylene to ethylene,

acetylene hydratase is the only enzyme to accept acetylene as a substrate. 19721
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The cubane-type ferredoxin cluster close to the active site is usually used for electron-
transfer processes in other tungstoenzymes.[m] Acetylene hydratase purified under N,/H,, on
the other hand, is EPR silent.™ Thus, catalysis is believed not to involve a redox-step at the
metal-center or electron-transfer by the [4Fe-4S] cluster. Furthermore, when exposed to air,
enzyme activity was only observed in the presence of strong reductants, such as Ti(ll) citrate
or dithionite.*** This indicates O,-sensitivity of the W-center suggesting a W(IV) singlet
state of the active species. When oxidized with hexacyanoferrate(lll), an EPR signal assigned
to W(V) emerged in the spectrum and disappeared again after addition of oxidant in
excess.'! It is therefore assumed that +IV is the active oxidation state of W in acetylene

hydratase.

1.2.3. Mechanistic studies on acetylene hydratase

The reaction mechanism for the hydration of acetylene catalyzed by AH is still under
discussion. So far, characterization of potential intermediates of the catalytic cycle by X-ray
diffraction analysis failed. Single site-directed mutagenesis and biomimetic modeling of the
enzyme have therefore become essential in providing experimental evidence.?*%! Apart

from that, various computational studies were published over the last 10 years.[”’ZHG]

From single site-directed mutagenesis it is known that Asp-13, which forms a hydrogen-bond
to the coordinated water molecule, plays an essential role in the mechanism.?? When
replaced against glutamic acid, which only differs from aspartic acid by one CH, unit in the
amino acid side chain, acetylene conversion proceeded normally. However, when exchanged
against more hydrophobic alanine, enzyme activity dropped to almost zero, indicating the
necessity of a proton-donor/acceptor at this position of the active site.’? Similar to this,
lle-142, which is part of the hydrophobic pocket at the end of the substrate channel, caused
a significant decrease in catalytic activity when exchanged against alanine.’” Since the
hydrophobic pocket is handled as a potential substrate binding site, this result supports the
idea of second-shell mechanisms. Two such approaches, in which acetylene is located in the
hydrophobic pocket and has no bonding interaction with the metal, were proposed by

Seiffert and co-workers.!*”
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In their first mechanism, the oxygen-containing species coordinated to the tungsten-center
was assumed to be a nucleophilic hydroxo ligand. It attacks acetylene to give a vinyl anion
intermediate, which subsequently deprotonates the Asp-13-residue to form vinyl alcohol

(Scheme 3).[15]

H—
O /o’go OH CE ©
H H
N H&f\/
s Ay 5
7 R . = Qmep / Pmep
LW ] cys1a1-s | s s
Cys141—3<é\3 ve s
Asp13
o/go
/
H
Ho -
o
?“"'\Jv"\\\\sl H H (@]
Cys141—8<$|; s H OH )LH

Scheme 3: Second-shell mechanism for AH proposing a nucleophilic attack on acetylene.

In the second mechanism, a water molecule coordinates to the tungsten-center and

hydrogen-bonding towards Asp-13 results in a partially positive charge on the oxygen-atom

(Scheme 4).

Asp13
H/O e}
H -~
"l -
H H o)
S“,’. ,.\“\S _ o
Cys141-S \\é S H  OH

Scheme 4: Second-shell mechanism for AH proposing protonation of acetylene as the first
step of the catalytic cycle and formation of a vinyl carbocation intermediate.
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Protonation of acetylene to form a vinyl cation is supposed to proceed via a
Markovnikov-type addition and believed to be facilitated by the increased acidity of the
W-activated H,O ligand. Subsequently, the carbocation intermediate is attacked by a second

water molecule and neutralized by the hydroxo ligand formed in the previous step.“sl

For both mechanisms, tautomerization of the enol to acetaldehyde is assumed to occur

spontaneously.[lsl

Seiffert and co-workers did not provide any energetics for these mechanisms. However,
Vincent and co-workers calculated a concerted mechanism for a nucleophilic attack of water
on acetylene (Scheme 5).[25] In this model dithiolene units were used to describe the pterin
co-factors and Asp-13 and Cys-141 were represented by acetic acid and methyl thiolate,
respectively.lzs] Although the overall reaction was found to be exothermic, a high activation

barrier of 43.9 kcal/mol rules out this mechanism.?*

>H/0 0 ud H;o/&o H H O O
H 27 43.9 kcal/mol H >=< //H
-0 _— HO —— H HoO
?“'"W"‘\“S] ?, ‘”‘\\\s | ?'V‘V\S ‘
“W.
oW \ 0 \ il
HSC—S<S‘ s Hac-s%_ | s H3C'S<é\3

Scheme 5: Nucleophilic attack of tungsten bound water on acetylene forming a vinyl alcohol

intermediate.'*”’

For the second mechanism no computational data was presented to date. Yet, the formation
of a vinyl carbocation intermediate is generally associated with formation enthalpies higher
than 160 kcal/mol.””! Furthermore, it is not assured that the catalytic function of acetylene
hydratase is constricted to increased proton acidity since sulfuric acid is not a catalyst for

acetylene hydration.[24'28]

The d® electron configuration of W(IV) necessary for enzyme activity as well as the
discrimination of ethylene as a substrate cannot be explained by the proposed second shell
mechanisms.?* In case the substrate coordinates to the W-center, C,H4 would only possess
two electrons for ligand-donation. Acetylene, on the other hand, could donate up to four
electrons into the d-orbitals of tungsten weakening the bonding interaction of the acetylene

]

triple-bond considerably.[17 Further activation by the metal can be achieved by

8



BIOLOGICAL USE OF TUNGSTEN

n-backdonation of d-electrons into one of the two anti-bonding 1 -orbitals of acetylene

(Figure 3). W(IV)-complexes with side-on bound acetylene have furthermore been reported

on various accounts and support the idea of such an intermediate.!232%34
| > T m*(CC)
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Figure 3: Possible C-C triple-bond activating interactions between W(IV) and side-on bound

acetylene in the active site of acetylene hydratase.m]

For a first-shell mechanism, in which acetylene binds to W prior to hydration, the
coordinated water molecule is believed to be substituted. Calculations showed that this
ligand exchange is exergonic by about 20 kcal/mol 7241 principal, an associative or
dissociative mechanism is possible for this process. Due to sterical overload, a dissociative
mechanism is usually favored for complexes with a coordination number of six. On the other
hand, the formally 14-electron structure of the active site is not electronically saturated and
seven-coordinate tungsten species have been reported in literature.3>3¢! Hence, both
mechanisms have to be considered. Calculations showed that approximately 9 kcal/mol are
required for the water molecule to fully dissociate.”! Energy barriers for an associative

mechanism are yet to be determined.

Following the idea of a first-shell mechanism, Bayse and co-workers suggested a nucleophilic

attack of water on nz—bound acetylene coupled with a proton transfer to form vinyl alcohol

9
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(Scheme 6).[24] However, calculations for a concerted mechanism via a cyclic transition

structure showed a high activation barrier of 41.0 kcal/mol, making this mechanism very

25]
unllkely[
y i"s — -t i“s
N O.__CH
o\-9 o 2 0”0
fH o' 4
41.0 kcal/mol HO H
e i —
, S H | H
ST 52 A T
g% | s . :l
HaC- s(é\s HaC™S™g H30-8<é\s

Scheme 6: First-shell mechanism for AH, in which water performs a nucleophilic attack on

acetylene.[24’25]

An alternative route involving stable vinylidene and carbene intermediates was proposed in
2010 (Scheme 7).”°! The pterin co-factors were again modeled as dithiolene-units and

Cys-141 as well as Asp-13 described as methyl thiolate and acetic acid, respectively.

CHj; CHs CHj3
H.-H H. .H © H. _H
O (I)/go O (e o) o QAO
H
- i ( “
Ho__ _H
= N o2
?I“"—V‘\;”\\S] 28.1 kcal/mol S, &8 | 0.6 kcal/mol S, ﬁa\s |
; ~ LW :I W :I
H3C-S<g s H3C-S<é\3 H3C-S<é\5
Int1 Int2
X
H 2.6 kcal/mol 34.0 kcal/mol
H———H
H.0 CHj CHj3 CHj3
2
CI) O o/go Q/go
H H
0 H
H CH3 O CH3 -0.__CH,
?""'\W' :I 28.4 kcal/mol \\s -1.7 kcal/mol ?I%W@ \\sjl
-~ -
H c—s<é\s HaC- S/ l \S H,C-S |
Int5 Int4 Int3

Scheme 7: First-shell mechanism for AH involving a vinylidene (Int2) and carbene (Int4)

structure.[zsl

In the first step of this mechanism, nz—bound acetylene is protonated by Asp-13 leading to a
partial oxidation of the metal-center. The transition state for this step is 28.1 kcal/mol higher

in energy than the reactants and is rate-determining for the subsequent formation of the

10
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vinylidene complex (Int2). The nucleophilic attack of water on the tungsten bound carbon-
atom requires 34.0 kcal/mol and results in the high-energy intermediate Int3, which is
21.0 kcal/mol above the reactants. The following formation of the carbene complex (Int4)
occurs spontaneously and is downhill in energy by 18.5 kcal/mol. In order to obtain
acetaldehyde, it was suggested that Int4 isomerizes via a hydride intermediate (Int5). The
energy barrier for this step is 28.4 kcal/mol. Finally, the product is released by reductive
elimination in an overall exergonic reaction by 31.2 kcal/mol.?! Energy barriers for this
approach are significantly lower than for previous routes, but still too high to qualify as a

suitable mechanism for AH.

The most recent proposition of a catalytic cycle was postulated by Liao and co-workers
(Scheme 8).[17] Unlike in all other mechanisms, Asp-13 is assumed to be deprotonated in the
starting configuration of the enzyme. In DFT calculations, 116 atoms of the X-ray structure
including several amino acid residues surrounding the metal-center were used and partially

constrained during geometry optimizations.!*”!

Asp13 /Aipm
Ho.H © Asp13
ol o/go oo HO_ H @/&p
H )~ 070
A OH Hy H
HLEAH 16.9 kcal/mol LN 6.0 kcal/mol H\O/H
_— \
?“"'—VE' \\\\\ Sﬂ ?“’"‘;‘N"‘\\\S] ?““'V‘V' \\\\ S ‘
; ; ~ H,0 > ]
Cys141—8<é\5 Cystat-s_| 78 2 Cys141—8<g\8

Int1 Int2

Scheme 8: First-shell mechanism for AH featuring an ionized Asp-13 amino acid residue that

starts the catalytic cycle by deprotonation of the substituted water molecule.™”

In the first step of this mechanism acetylene is substituted by water at the tungsten outer
sphere. This was calculated to be an exothermic process by 5.4 kcal/mol.”! Donation of up
to four electrons from acetylene towards the metal and back-donation of two electrons into
the ¢ -orbital of acetylene results in a computed elongation of the C-C triple-bond from
1.21 A to 1.30 A. The released water is then deprotonated by Asp-13 and performs a
nucleophilic attack on acetylene. The activation barrier for this step is 16.9 kcal/mol and
therefore almost equal in energy to the vinyl anion intermediate Int2. According to the
transition structure, the nucleophilic attack occurs almost perpendicularly to the

W-acetylene plane and is believed to involve an empty 6-like orbital formed by the

11
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interaction of W d(xy) and the second Tt -orbital of acetylene. In the subsequent formation
of the vinyl alcohol intermediate a proton is delivered by Asp-13. This step adds to the
overall activation barrier of 23.0 kcal/mol and is rate-determining.™” In agreement with
previous mechanisms, tautomerization to acetaldehyde is suggested to occur either outside

the active site or Asp-13-facilitated in the first coordination sphere of tungsten.m]

In the following years, the mechanism was additionally studied at the quantum
mechanical/molecular mechanical (QM/MM) level featuring QM regions of up to 157
atoms. 2637 Surprisingly, the QM/MM system comprising the same 116 atoms, which were
used in the QM-only approach, resulted in an unrealistic one-step energy profile with a very
high energy barrier of 44.6 kcal/mol. This was attributed to the neglect of two adjacent
diphosphate groups, which are believed to have a strong electrostatic influence. By addition
of the diphosphate groups into the QM/MM model with 157 atoms the two-step mechanism
was recovered and displayed an activation barrier of 16.7 kcal/mol.?®! However, in contrast

to the QM-only approach, the nucleophilic attack is the rate-determining step for this model.

Despite reasonable energy barriers, the mechanism is not generally accepted by experts in
the field. In a review paper published in 2016, the author once again raises doubts about
deprotonated Asp-13 in the active site.’ In order to further understand the reactivity of
acetylene hydratase, the search for structural and functional biomimetic complexes is

therefore of major importance.

1.2.4. Biomimetic models of acetylene hydratase

Based on the EPR results of acetylene hydratase, compounds with a W(IV)-center and
biologically relevant S- and N-donating ligands qualify as biomimetic models of the enzyme.
The three structural models reported so far additionally employ a side-on bound acetylene
molecule to mimic potential intermediates of a first-shell mechanistic proposal
(Figure 4).[23'30’33] The complex [WO(C,H,)(S2CNR3),] (R = Me, Et) was reported by Templeton
and co-workers in 1981.5% The bonding in this complex is representative for all model
compounds of AH and was described as a combination of ligand donation and

n-backdonation from the W-center.%3*
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Figure 4: Structural model compounds of acetylene hydratase.

The oxygen lone-pairs of the terminal oxo-group interact with the W d(xz/yz)-orbitals via
n-donation (Figure 5). Acetylene is oriented perpendicular to the oxo-ligand and can
therefore donate two electrons into the W d(xz—yz)—orbital as well as two electrons into the
W d(yz)-orbital creating a 3-center-4-electron (3c-4e) bond with the O=W-moiety.*® At the
same time m-backdonation occurs from the filled W d(xy)-orbital into the planar
anti-bonding 1 -orbital of aceterne.BO] An alternative parallel ligand arrangement between
the oxo-group and acetylene is considered unfavorable since the metal electrons would be

located in the W d(yz)-orbital preventing the stabilizing formation of the 3c-4e-bond %

% s o0 88«/8% S al

Figure 5: Metal-ligand interactions in biomimetic W-complexes of acetylene hydratase.

The historically second biomimetic model of AH is the complex [WO(Csz)Tp*I], which
employs the tridentate, facially coordinating scorpionate ligand hydridotris-(3,5-
dimethylpyrazolyl)borate (Tp').*! The pyrazolyl N-donors of this ligand are usually used to
mimic His-residues.*®*¥ For the modeling of more diverse coordination spheres, such as the
sulfur-rich environment of acetylene hydratase, the N3-donor can be modified creating so
called heteroscorpionate Iigands.[4°'41] Although a biomimetic model complex of this type has
not been reported for AH yet, a ligand with a mixed NS-donor motif was beneficial for the
preparation of the third structural model complex [WO(C,H,)(S-Phoz),] (S-Phoz = 2-(4’,4’-
dimethyloxazolin—2'—y|)thiopheno|ate).[23] In contrast to the other two compounds, this
system showed reversible release and coordination of acetylene under light exposure
(Scheme 9). The 'H NMR study of this complex and its dimethylacetylene- and

diphenylacetylene-analogs furthermore revealed a correlation between the metal-alkyne
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interaction and the rate of the photoinduced alkyne release.’! According to the authors, the
electron-withdrawing nature of the phenyl groups in C,Ph, are believed to increase
ni-backdonation, binding the alkyne more strongly to the W-center. The C,H,- and C,Me,-
complexes, on the other hand, seem to have more nz—adduct character resulting in a faster

photochemical release of the aIkynes.B”

S//}VOV\;;\I\/ sunlight Q\< ]T
_N o) dark
: X @4 e

Scheme 9: Reversible photoinduced alkyne release of the complex [WO(C,H,)(S-Phoz),].*"

The only functional model of acetylene hydratase was reported by the Sarkar group in 1997
(Figure 6).[42'43] The complex [Et4N],[WO(mnt),] (mnt* = 1,2-dicycanoethylenedithiolate) was
originally designed as a biomimetic model of aldehyde ferredoxin oxidoreductase, but
performed approximately nine turnovers of acetylene hydration as well.****! However,
adduct formation with acetylene was not observed by spectroscopic techniques under

ambient conditions.

2-

NCi"' J"'S——CN

CN
Figure 6: Structure of the proposed functional model complex of acetylene hydratase.

In 2017, Schreyer and Hintermann reported that their attempt to reproduce the catalytic
activity of this complex failed.! They furthermore pointed out inadequacies in the
analytical techniques applied by Yadav and co-workers and concluded that acetone, which is
used as a stabilizer in acetylene pressure bottles, was possibly mistaken for acetaldehyde as
the reaction product.[M] The complex [Et4N],[WO(mnt),] is therefore no longer considered a
biomimetic model for AH and the search for structural and functional model compounds is

still of major interest.
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2. ELECTRONIC ABSORPTION SPECTROSCOPY

In electronic absorption spectroscopy, electromagnetic radiation is used to promote
electrons from the electronic ground state into partially or unoccupied orbitals of a molecule
(Figure 7).[45'46] The energy required for such a transition is characteristic for each compound

and provides information about the electronic structure of the probed environment.

Figure 7: Electronic transition between ground and excited state of a molecule with
n = principal quantum number describing the electron shell of the electron and
v = vibrational levels within each potential well.

In order to excite an electron, the energy of the absorbed photon has to match the energy
gap AE between the energy levels involved in the transition.'* This energy is directly related

to the frequency v and the wavelength A of the applied electromagnetic radiation via eq. 1,

hc
= = —_— 1
AE = hv 7 (1)

in which h represents Planck’s constant and c the speed of Iight.[45'46]

The absorption of electromagnetic radiation at specific wavelengths can therefore be used
to experimentally identify the nature of electronic transitions. Inherently, the least energy is
required for valence electron jumps from the highest occupied molecular orbitals (HOMOs)
to the lowest unoccupied molecular orbitals (LUMOSs). Such transitions are often observed in

optical spectroscopy using UV or visible Iight.[47’48] Larger energy gaps are also accessible
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experimentally, but require higher-energy radiation. In X-ray absorption spectroscopy, for
instance, X-rays are used to promote core electrons into high energy orbitals or the energy

continuum. 4%

While the wavelength, at which the transition occurs, is indicative of the energy gap
between the molecular orbitals (MOs), additional information about the type of transition
can be gained from the intensity of the absorption feature. Beer’s law shows the correlation
between the percentage of absorbed radiation and the extinction coefficient € of the tested

compound (eq. 2).14>!

I
A= logTo =€cd (2)

The concentration ¢ as well as the distance d, which describes the path length through the
sample, can be regulated by sample preparation and experimental setup. For constant
values of ¢ and d, the absorption A is therefore defined by the logartihmic ratio between
incident (I;) and transmitted (/) radiation while the extinction coefficient € determines
signal intensity. This is of interest since the magnitude of € can be connected to
spectroscopic selection rules, which classify transitions as quantum mechanically allowed or

forbidden.*”

2.1. Spectroscopic selection rules

From a quantum mechanical point of view, the “allowedness” of a transition and therefore
its signal intensity depends on the probability of a transition.”” This dimension is

proportional to the value of the transition moment integral (eq. 3),
M = fz/)* Ty dr (3)

where 1 is the wave function in the ground state, 1" represents the wave function in the
excited state and 7 describes the transition moment operator according to the applied

field.!**!
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The transition moment integral M can be divided into a vibrational, an orbital and a spin

component, which set the basis for the selection rules for transitions (eq. 4).1**

M= [wswodn [wervedn, [,

Franck— orbital spin (4)
Condon selection selection
factor integral integral

Each of the integrals describes the overlap of wave functions in electronic ground (y) and
excited (*) state. By definition the transition moment operator # acts on the orbital
component of the wave function (1.) only. While the orbital selection integral extends over
electron coordinates e, the vibrational and spin selection integrals rely on nuclear

coordinates n and spin s, respectively.[45]

For an allowed transition, M is non-zero. However, not all selection integrals contribute
equally to signal intensity. Some selection rules have a larger influence on M than others

with the spin selection rule leading to the lowest signal intensities if not followed.*!

For spin-allowed transitions, the spin-selection integral [ 3 ¥ dt, is non-zero. This is only
the case if the multiplicities (2S + 1) of the ground and the excited state are identical. Thus,
singlet — singlet or doublet = doublet transitions are allowed whereas transitions, such as

singlet — triplet, are spin-forbidden.!*”

In orbital-allowed transitions, the orbital-selection integral [ ¥; # ¥, dt, has to be non-zero.
Instead of calculating the exact value of the integral, it is sufficient to determine the
symmetries of its individual components and form the triple direct product I'(¥; ) X T'(#) X
['(1,). If the resulting term contains the totally symmetric irreducible representation of the

molecule’s point group, the transition is considered orbital-allowed.!*

The Franck-Condon factor [} 1, dt, represents the vibrational component of the
transition moment integral and is non-zero if the vibrational wave functions are not
orthogonal. In general, this integral is only taken into account if a transition is orbital-
forbidden. In this case, the wave function is described as a combination of electronic and
vibrational contributions. If the integral for such a vibronic interaction [ Y # Y, dTey,

is non-zero, the intensity of the orbital-forbidden transition is increased.”!
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Experimentally, the “allowedness” of electronic transitions correlates with the magnitude of
the extinction coefficient €. Since the spin selection rule has the largest influence on the
signal intensity, € values of spin-forbidden transitions are lowest (Table 1). Spin-allowed, but
orbital-forbidden transitions are slightly more likely. They show extinction coefficients in the
range of 10° and 10°M™ cm™, which can be further magnified by vibronic coupling. The
highest intensities are to be expected for spin- and orbital-allowed transitions with € values

between 10°- 10° M t¢m 2. 14551754

Table 1: Intensities of electronic transitions based on spin and orbital selection rules.!*!

Spin-allowed Orbital-allowed Vibronically-allowed Approximate € values M'em™]
x 10° - 10°
v x 10°-10°
v x v 10°-10°
v v 10°-10°

In electronic spectroscopy, such as UV-vis or X-ray absorption spectroscopy, absorption
features with high intensity usually result from electric dipole induced electron jumps.
Additionally, electrons can be promoted by other fields, such as electric quadrupoles.
Depending on the applied field, the symmetry of the transition moment operator can change
the orbital allowedness of the transition.”” In an octahedral environment, for instance, the
orbital integral is zero if the triple direct product I'(y); ) X T'(#) X T'(¥,) is anti-symmetric
(ungerade). Considering that the dipole moment operator transforms as x, y, z and the
guadrupole moment operator as the quadratic combinations of x, y and z, the orbital
allowedness in the octahedral point group Oy only depends on the parity of the electron-
donating and accepting orbitals (Table 2). In case the orbitals involved in the transition have
the same parity, the transition is dipole-forbidden, but quadrupole-allowed. Dipole-allowed
and quadrupole-forbidden transitions, on the other hand, occur between orbitals with unlike

parities.[SS]

Table 2: Orbital selection rules in an octahedral environment.

Transition An® AP Signal intensity
Dipole-allowed arbitrary +1 strong
Quadrupole-allowed arbitrary 0,2 weak

®n = principal quantum number describing the electron shell; ®| = azimuthal guantum number describing the
atomic orbital.
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Although quadrupole-induced transitions are quantum-mechanically allowed, signals for
such transitions are difficult to observe unless the intensities are enhanced through vibronic

coupling.®®

2.2. X-ray absorption spectroscopy (XAS)

In X-ray absorption spectroscopy (XAS), transitions between the electronic ground state and
excited states are observed. The radiation for such processes is usually derived from
synchrotron sources and is element specific.[SO] This is particularly useful in the study of large
biological systems, such as metalloenzymes. In contrast to other analytical methods, XAS
facilitates the investigation of the local first coordination sphere structure of the metal-site
without absorption interferences of the surrounding protein matrix, solvent molecules or
atmosphere.**%*"1 XAS is also not limited to specific sample states. Powders and solutions,
including frozen solutions, can be measured providing the opportunity to run kinetic studies

of enzymes and trap catalytic intermediates.*®~®"!

Nevertheless, the probing of simple metal compounds with known crystallographic structure
is still of importance, and is often used as a reference to understand the electronic

[62,63]

environment of enzymes. Furthermore, it provides data on many chemical

characteristics, such as complex bonding interactions and oxidation states, which can be

difficult to determine using other techniques.[SO]

2.2.1. XAS spectra

XAS spectra can be divided into two energy regions. The low energy region is called X-ray
absorption near-edge structure (XANES) whereas the high energy region is referred to as
extended X-ray absorption fine structure (EXAFS).[64] In both cases the energy of the
incoming X-ray photon is used to promote core electrons. In the XANES region of the
spectrum, core electrons are promoted into partially or unoccupied orbitals. In EXAFS, the
electron is ejected into the energy continuum (Figure 8).[5°] Metal K-edge and L-edge

spectroscopy are distinguished by the nature of the orbital from which the electron
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originated. K-edge XAS describes the excitation of 1s electrons and is common for many
elements, such as first and second row transition metals.®>%®! L-edge spectroscopy is less
common and usually applied to investigate elements with unattainable ionization energies
of the first shell electrons. Therefore, transitions from the 2s orbital are induced in L1-edge
XAS whereas in L2- and L3-edge XAS the electron is ejected from orbitals that produce 2p;/,

and 2ps; final states, respectively.'®”

K-edge L-edge
continuum continuum
o ® wE
” o S [ | [ |
T | & — =
g 4p 4p
3 3d #H= 3d
F/I0
XANES EXAFS 2p HHHE 2p HHH
2s —H— 2s —H
1s —H 1s —H
Energy (eV) Mn(ll) Mn(l1)

Figure 8: Display of a Mn K-edge XAS spectrum in consideration of possible X-ray induced
transitions (red: dipole-allowed transitions; blue: dipole-forbidden transitions).!*”!

2.2.2. XANES

In the XANES region, transitions of core electrons into partially occupied or unoccupied high
energy orbitals are investigated. The corresponding absorption increases are called
absorption edges. Among these, the most intense edge is also referred to as the rising edge
and usually results from a dipole-allowed transition, such as 1s — np for metal K-edge

XAS.150

eff

The rising edge also correlates to the effective nuclear charge Z°° of the absorbing

atom.®®%9 This is particularly interesting in regard to the determination of physical oxidation
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states. In oxidized species the ejected electron experiences less shielding by inner electrons
and more attraction towards the nucleus, which increases the transition energy. In a series
of compounds with different nuclear charge, the position of the rising edge therefore shifts

toward higher energies as the oxidation state of the probed atom increases.””

Apart from the rising edge, additional absorption features can be observed in the metal
K-edge or Ll-edge XANES if the probed compounds display a partially occupied or
unoccupied d-manifold.”®’ These absorption features occur at lower energy than the rising
edge and, for K-edge spectroscopy, result from 1s — (n-1)d transitions, which are
guadrupole-allowed, but dipole-forbidden. The intensity of these pre-edge features is about
two orders of magnitude lower than the absorption increase of the 1s = np transition.”"
However, in many compounds, especially transition metal complexes, the intensities of pre-
edge features are enhanced by vibrational or structural distortion of the complex symmetry.
Low symmetry distortions that remove inversion symmetry provide an intensity gaining
mechanism for 1s — np transitions, which gain their allowedness through metal d-p mixing.
In the XAS spectrum the intensity of the dipole-forbidden s — (n-1)d transitions is therefore

increased proportional to the amount of p-character present in the accepting orbital.[®”%8!

The more d-p mixing occurs in the complex, the higher the intensity of the pre-edge feature.

2.2.3. EXAFS

In the EXAFS region, core electrons are emitted into the energy continuum. For such an
event, the absorbed energy (E},) has to be higher than the ionization energy (E;,,) of the
probed atom. Excess energy is transformed into translational kinetic energy (Ey;,) of the

released core electron (eq. 5),[5"'72]

Eyxin = Eny — Eion (5)

The energy of the incoming X-ray radiation modulates the wavelength of the photoelectron,
which is backscattered by atoms within 4-5 A of the ionized center.® Photoelectron and
backscattered waves can either be in constructive or destructive interference. This changes

the absorption coefficients, which determine signal intensities in the EXAFS region. In case of
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constructive interference, the absorption coefficient is enhanced. A decrease in absorption,
on the other hand, is observed if the waves are out of phase (Figure 9).°” The resulting
EXAFS modulation can be generally described by the oscillatory contribution of the
absorption coefficient y(k), which is defined as the observed absorption coefficient (k)

minus the absorption coefficient of the free atom u(k), normalized by pq(k)(eg. 6).1°%

_ u(k) — po (k)

6
o () ©)

x (k)
A quantitative expression for y(k) contains information about the number and electron
density of backscattering atoms, as well as their distance to the absorbing atom. In
organometallic and bioinorganic chemistry, EXAFS used in combination with XANES can

determine coordination numbers, identity of ligands and precise bond lengths if single

70]

crystals are not available.!

Figure 9: Interference patterns of photoelectron (blue) and backscattered (red) waves at

different energies of the incoming x-ray radiation (E, > E1).[5°]

2.2.4. Ligand K-edge XAS

In coordination chemistry, not only core electrons of the metal-center, but also of ligand
atoms are often exited. The resulting spectra contain a XANES and EXAFS region analogous
to metal XAS. Common elements that are probed using this technique are Cl and S, which
can interact with the d-orbitals of transition metals via o- and m-bonding interactions.!”>”4
The metal-ligand MOs exhibit metal d- and ligand p-character that are dependent on the
relative energy levels of the respective atomic orbitals and their overlap (Figure 10). In

general, the smaller the energy difference between the metal (M) and ligand (L) orbitals, the

more mixing between the two components occurs. For donor ligands, this increases the
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M d-character in the bonding wave function as well as the L p-character in the anti-bonding

MO. Transitions into these M d- L p-mixed orbitals ¢* are observed in the XANES region of
ligand K-edge XAS.I74

¢* =1 —-a®)?M d) — a|L p) (7)

In eq. 7, a? describes the degree of L p-character in the predominantly metal-based acceptor
orbital. Since the transition from L 1s into L 3p is dipole-allowed, the intensity of the
absorption edge for L 1s = @™ is proportional to the L p-character in the orbital. The
intensity D, is therefore described as the intensity of the purely L-centered transition

I(L 1s — L 3p) weighted by the M-L covalency a?, which is consistent with the amount of L
p-character in ¢* (eq.8).””!

Dy (L 1s > ¢@*) = const. |{L 1s |#|p*)|> = a? x I(L 1s —> L 3p) (8)

In order to quantitate a?, the transition dipole integral (L 1s |#|¢@*) for L 1s — L 3p has to
be determined.”™ The experimental covalencies can also be correlated to the results of DFT
calculations. For a good fit, the oxidation and spin states of the metal have to be met.

Therefore, L K-edge XAS is often used to complement the information gained by metal

XAS.7677]

H— L1s o

Figure 10: Transition of the ligand 1s electron into a metal d- ligand p-mixed orbital. The size
of the orbital lobes represents the degree of M d- and L p-character.
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AIM OF THIS THESIS

The reaction mechanism of acetylene hydratase has been a topic of renewed interest ever
since the crystal structure of the enzyme was reported in 2007.™) In theoretical calculations
only one proposed mechanism displayed reasonable activation barriers, but was not
accepted consensually in the field.™®") Still disputed are the binding site of the substrate as

well as the protonation state of Asp—13.[16]

While the crystallographic data favors a second-
shell mechanism, in which acetylene is held in a hydrophobic cavity and attacked by a
W-bound water molecule, the d” electron configuration of W in the active site is suitable for
activation of acetylene by m-backdonation. The latter supports the idea of a first-shell
mechanism, in which the interaction between metal and substrate should facilitate the
reaction significantly. Thus, a computational study comparing the energetic profiles of the

uncatalyzed vs. the metal-assisted hydration of acetylene should provide insight into this

matter (Scheme 10).
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Scheme 10: Proposed reaction scheme for the computational study on the W-assisted
hydration of acetylene.

Although computational studies provide valuable information for the determination of
enzymatic reaction mechanisms, experimental data is often required to prove the suggested
reactivity. In case of acetylene hydratase various biomimetic complexes that count as
structural models exist.?33%%] The proposal of the only functional model, which was
reported by the Sarkar-group in 1997, comprised inadequacies in the applied analytical

techniques and was eventually revoked in 2017.127 The search for a structural and

functional model compound for acetylene hydratase is therefore still of major interest.
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The ligand (2-dimethylethanethiol)-bis(3,5-dimethylpyrazol)methane (L3SH), which s
isoelectronic to the well-established scorpionate ligand Tp*, but contains a N,S-donor motif,
was already used to prepare bio-inspired Zn- and Mo-complexes (Figure 11).75% A mixed
[23,31]

NS-donor set was furthermore suitable for the most recent biomimetic model of AH.

Therefore, a new model compound for acetylene hydrates employing the L3S-ligand should

/N‘
HS>§<N =
N-N
M

Figure 11: Structure of the heteroscorpionate, tridentate ligand L3SH.

be prepared.

The selected apporach towards such a model complex proceeds via the preparation of a
carbonyl-containing W(Il)-precursor of the type [W(CO)(C,R,)(L3S)Br] (R = Ph, Me, H). Since
dimethylacetylene (C,Me,) and diphenylacetylene (C,Ph,) are assumed to be easier to
handle than gaseous C,H,, these alkynes should be investigated in addition to the natural
substrate. In principal, two routes referred to as the ligand- and the alkyne-addition method

are applicable to obtain the desired compound (Scheme 11).

R R co co
CO oC

]L | \\\\[ [ligand addition] Br/, l N \ [alkyne addition] N N, \

R w R Ry JW N OC W N

Br” | “Br R]| | SX< Br/,\\l SX<
N - -
|‘| N</NK H N</NK H

— —

Scheme 11: Synthetic approach for the preparation of alkyne coordinated complexes of the
type [WO(C,R,)(L3S)Br] (R = H, Me, Ph).
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In order to obtain complexes in the physiologically relevant oxidation state +IV, subsequent
oxidation of the W(Il)-precursors to complexes of the type [WO(C;R;)(L3S)Br] (R = Ph, Me, H)
is required. Therefore, oxygen atom transfer (OAT) reagents, such as PyNO, mCPBA and
DMDO should be studied in regard to their oxidation abilities. The spectroscopic behavior as
well as the reactivity of the resulting complexes should then be determined and implications

regarding the mechanism of acetylene hydratase discussed.

Since alkynes can act as two- or four-electron-donors, the formal oxidation state of W in
complexes of the form [WO(C,R,)L,] is defined as either +IV or +VI.% |n order to better
mimic the active site of enzyme, it is therefore desirable to further elucidate the electronic
structure of such complexes. In contrast to other analytical techniques, X-ray absorption
spectroscopy (XAS) is able to provide experimental data to determine the oxidation state of
metal ions based on the effective nuclear charge 7% of the probed element.®™ Thus, a series
of similar complexes of the type [W(CO)(C;R;)L;] and [WO(C;R;)L,] should be probed by
W L-edge and S K-edge XAS. The collected data should then be compared and evaluated to
gain new insight into the electronic environment of the metal-center as well as unveil details

about metal-ligand covalent interactions.
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RESULTS AND DISCUSSION

3. REVISITING THE REACTION MECHANISM OF AH

In order to determine the effect of C-C-elongation for a potential nucleophilic attack on
acetylene, preliminary calculations, in which the C-C-distance of the alkyne was gradually
increased, were performed. To quantitate the effect of acetylene activation by the
W(IV)-center in a hypothetical first-shell mechanism, acetylene hydration was then
calculated as a concerted mechanism in the W inner-sphere at the DFT level. The ligand field
of the active site was modeled based on the crystal structure of AH including two but-2-ene-
2,3-bis(thiolate)-units for the pterin co-factors and a methyl thiolate for the Cys-141-residue
(Figure 12). Acetylene was bound to W in a side-on fashion and a water molecule was moved
towards the substrate in increments of 0.3 A. Structures were fully optimized at each step. In

total, the model comprised 37 atoms with an overall charge of -1.

a) /AQMB b)
0o
H //H
H-O &+ Q/-
S//,, ‘ ‘\\\S S
[/W\ ] ] = Qmep / Pmeb
Cys141—S \\é S s

Figure 12: a) Crystal structure of the active site of acetylene hydratase;“s] b) active site
model for the W-assisted hydration of acetylene.

3.1. C-C-elongation

In order to understand the effect of C-C-elongation on the HOMO-LUMO gap of acetylene,
C-C-distances were constrained between 1.00 A and 1.60 A for geometry optimization. The

corresponding HOMO-LUMO gaps are summarized in Table 3.
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Table 3: HOMO-LUMO gaps of acetylene dependent on the C-C-bond length d(C-C).

d(C-C) [A] Enomo [ev]® ELumo [eV]® Evomo — Ewumo [€V]
1.00 -8.68 3.26 11.94
1.10 -8.14 2.34 10.48
1.20 -7.84 1.47 9.31
1.30° -7.29 0.65 7.94
1.40° -6.99 0.00 6.99
1.50° -6.72 -0.63 6.09
1.60° -6.50 -1.14 5.36

? electronic energies; ° d(C-C) > d(C-Cree acetylene)-

The caluclated data shows that longer the C-C-distances, the higher the energy of the HOMO
and the lower the energy of the LUMO. Interestingly, the overall decrease in energy by the
LUMO from 3.26 eV to -1.14 eV is almost two times the energy increase calculated for the
HOMO from -8.68 eV to -6.50 eV. In the series of gradually decreasing HOMO-LUMO gaps,
particularly large differences of 1.40 eV and 1.37 eV were calculated for the C-C-elongation

from 1.00 A to 1.10 A and from 1.20 A to 1.30 A, respectively.

In many cases, activation of small molecules by transition metals includes mt-backdonation of
the metal-center into anti-bonding orbitals of the substrate.®”! Acetylene, the natural
substrate of the W-dependent enzyme AH, has two sets of 1 -orbitals available for metal to
ligand interaction. In the case that acetylene hydration proceeds via a first-shell mechanism,
the d*-configuration of W in the active site would therefore be able to activate the substrate
by m-backdonation into one of the anti-bonding m-orbitals. Simultaneously, electron-
donation of acetylene into the empty d-orbitals of the metal-center reduces the triple-bond
character of the alkyne further. Experimentally, the activation of acetylene by alkyne-

donation and m-backdonation is commonly observed as elongated C-C-distances.®%8

Decreasing HOMO-LUMO gaps in correlation with an increasing C-C-distance can be
explained by the interaction of the respective atomic orbitals. When pulling the carbon-
atoms of C,H, apart, the overlap between the bonding C-orbitals is reduced. Thus, the
increasing energy of the HOMO with increasing C-C-distance correlates to destabilization of
the bonding MOs due to reduced orbital overlap. On the other hand, an increased distance
between the carbon-atoms is beneficial for the anti-bonding orbitals in acetylene. In the
LUMO, the unlike p-orbitals experience less repulsion the further they are apart from each
other. Therefore, a reciprocal correlation between the energy of the LUMO and the C-C-

distances is in agreement with the calculated energy values. The largest changes in the
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HOMO-LUMO gap were calculated at a very short C-C-distance of 1.00 A and at the C-C-
distance of 1.30 A, which exceeds the C-C-distance of the energy minimum at 1.20 A. In the
first case, the large HOMO-LUMO gap can be attributed to increased repulsion of unlike
orbitals at small C-C-distances. In the second case, the stabilizing interaction of the bonding

orbitals is significantly reduced by the larger C-C-distance.

In regard to the reaction mechanism of acetylene hydratase, an energetically low 1 -orbital
of C,H, would be beneficial for a nucleophilic attack of water due to smaller energy
differences between the involved orbitals. Thus, metal-activation of the substrate should

facilitate such a reactivity significantly.

3.2 W-assisted hydration of acetylene

The calculated energy profile for the W-assisted vs. the uncatalyzed hydration of acetylene is

displayed in Figure 13.
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Figure 13: Energy profile of the W-assisted (blue) vs. the uncatalyzed (red) hydration of
acetylene.[89] Bond lengths of the optimized structures are given in A and energies are
displayed in [kcal/mol].
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In the fully optimized starting complex acetylene is coordinated towards tungsten in a side-
on fashion and the C-C-bond is elongated by 0.12 A compared to the calculated C-C-distance
of free C,H,. The reaction of both, the uncatalyzed as well as the metal-assisted route,
proceeds in a concerted manner. The transition structures are similar for both pathways and
feature a four-membered ring, consisting of the acetylenic carbon-atoms and the O-H-bond
of water. An energy barrier of 49.6 kcal/mol was calculated for the W-assisted mechanism,
which is 3.5 kcal/mol lower than the activation barrier of the uncatalyzed reaction. Since
tautomerization of vinyl alcohol to acetaldehyde is assumed to occur spontaneously, further

reaction steps were not investigated.

Liao and co-worker proposed a reaction mechanism, which included the nucleophilic attack
of a deprotonated water molecule on W-bound acetylene.m] Their results showed that the
n"*-orbital of C,H; is involved in a bonding interaction with the filled W d(xz)-orbital whereas
the nucleophilic attack of the water lone pair occurs at the 1. -orbital (Figure 14).[17] This is
in agreement with the orbitals generated for the W-assisted approach of acetylene
hydration. In order to determine the sole effect of acetylene activation by the metal-center,
Asp-13, which deprotonates water in the Liao-model, was intentionally not included in this

work.

a) Asp13 b) Asp13

[\
Cys141-8LP S Cys141-S

Figure 14: Orbital arrangement in the first transition structure of the mechanism by Liao and

co-workers for a) the m-backdonation from d(xz) into the Tt||*-orbital and b) the nucleophilic

attack of water at the 1, -orbital.*”

Although the computed C-C-bond length of 1.32 A is significantly larger in the starting
complex of the W-assisted pathway compared to the 1.20 A of the free substrate, the energy
barriers of 49.6 kcal/mol for the W-assisted and 53.1 kcal/mol for the uncatalzyed reaction

differ only slightly. This is surprising since a considerate reduction of the energy barrier
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through the energetically lowering of the 1, -orbital of acetylene by metal-activation was
anticipated. Nevertheless, it indicates that in the Liao-model the significantly lower

activation barrier of 23.0 kcal/mol™”

is not primarily connected with acetylene activation by
the W(IV)-center. Instead, the Asp-13-residue, which was not included in this work, seems to

have a larger influence on the calculated energy barrier.

However, when repeating the calculations for the W-assisted hydration using a split basis set
for tungsten (LANL2DZ) and the other elements (6-31G**) to receive more accurate energy
values, a different reactivity was observed. Instead of a concerted reaction pathway,
deprotonation of water by a dithiolate-ligand was observed as a first reaction step. Detailed
energetics for this new pathway are still under investigation. Nevertheless, a similar
mechanism for acetylene hydration, where water is deprotonated by the sulfur coordination
sphere, was previously reported by Liu and co-workers, but involved a high energy barrier of

38.4 kcal/mol.[®%!

3.3. Enforcing early transition states for acetylene hydration

In nature, enzymes often exhibit a constrained geometries to facilitate catalytic reactions.®”

These constrained structures are geometrically similar to the transition structure of the
reaction and lead to low energy barriers.’! According to this principal, small activation
barriers should be obtained if the geometry of the starting structure is adjusted to the
geometric parameters observed at the transition state. From an energetic point of view,
such an adjustment increases the energy of the starting complex relative to the transition

state, which leads to a reduced energy barrier.

In calculations investigating the reactivity of sulfite oxidase, it was shown that the rotation of
the thiolate-residue vs. the Mo-oxo-axis increased the total energy of the starting complex

by up to 17.4 kcal/mol (Figure 15).5%
(0]
~S G
Figure 15: Orbital interaction between Mo and S at a dihedral angle O=Mo-S-C of 0.0°.
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In order to obtain early transition states in the W-assisted hydration of acetylene, dihedral
angles (dh) between the SCHs-moiety and the W-acetylene-axis as well as between the

dithiolate-ligands were therefore constrained for geometry optimization (Figure 16).

a) H b) H
H /2 H 2
3, ks,
Q:/W/S\ /S/,2/3\4
A l\
2\ s\
/\( /\(

Figure 16: Constrained dihedral angles (dh) of a) the dithiolate-units and b) the thiolate-
residue.

The methyl thiolate-moiety was constrained at 0.0° and 90.0° relative to the W-acetylene-
axis to minimize and maximize the overlap with the d(xy)-orbital, respectively (Figure 17b

and c).

a) H b) H

CH
CHs ®

Figure 17: Orbital interaction between a) W and S at dh(methyl thiolate) = 0.0° and b) W and
S at dh(methyl thiolate) = 90.0°.

The dihedral angle of the dithiolate-units, on the other hand, was fixed at 102.7°, which

equals the angle found at the transition state of the fully optimized reaction (Table 4).

Table 4: Effect of constrained dihedral angles on the energy barrier of acetylene hydration.

Structure

dh(dithiolates)

dh(methyl thiolate)

Ers — Esc [kcal/mol]®

Starting complex (SC)b
. b
Transition structure

SC1
SC2
SC3

113.4°
102.7°

109.6°
70.3°
102.7°

-75.4°
28.0°

0.0°
90.0°
-76.1°

47.8

52.3
46.1
47.6

®Egc = Ecomplex * Ewaters ® values taken from the fully optimized reaction in section 3.2; red: constrained dh.

Aligning the methyl thiolate with the W-acetylene-axis in SC1 resulted in an energy

difference between starting complex and transition state of 52.3 kcal/mol.
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For SC2, where the methyl thiolate is oriented perpendicular to the W-actylene-axis, an
energy difference of 46.1 kcal/mol was calculated. In SC3, the dihedral angle between the

dithiolates was fixed at 102.7°, which resulted in an energy difference of 47.6 kcal/mol.

At dh(methyl thiolate) of 0.0°, the highest energy difference to the transition state was
obtained. This stuggests that SC1 is stabilized instead of energetically elevated, which is in
agreement with increased m-bonding between W and the thiolate-ligand at this angle. At a
dihedral angle of 90° the energy barrier decreases by 1.7 kcal/mol compared to the fully
optimized reaction. This correlates to the expected destabilizing interaction between the W
d(xy)- and the S p,-orbital, which increases the energy of SC2. When constraining the
dihedral angle between the two dithiolate-units, the energy difference between starting
complex and transition state is only 0.2 kcal/mol lower than in the original reaction. This

indicates that the applied constraint does not significantly raise the energy of SC1.

In conclusion, the high energy differences calculated for these starting complexes do not
indicate a first-shell mechanistic proposal through destabilization of the active site geometry

by constrained dihedral angles in the sulfur coordination sphere.
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4. SYNTHESIS OF W ALKYNE-COMPLEXES

For the preparation of a biomimetic model complex of acetylene hydratase,
(2-dimethylethanethiol)-bis(3,5-dimethylpyrazol)methane (L3SH) was synthesized according
to a literature procedure by Hammes and Carrano (Scheme 12).[79] The obtained *H NMR
data was in accordance with literature values and showed six singlets in the ratio 1:2:1:6:6:6
for the tertiary hydrogen, the equivalent pyrazolyl protons, the thiol-group and the triple set
of equivalent methyl-groups. The W(ll)-precursors of the type [W(CO)(C;R;)2(CH3CN)Br,]
(R=Ph, Me, H) were prepared according to procedures developed in the Mdsch-Zanetti-

group and provided by Carina Vidovic MSc for this work."®¥!

4.1. Synthesis of the W(Il)-complexes [W(CO)(C;R;)(L3S)Br] (R = Ph, Me, H)

For the synthesis of the complexes [W(CO)(C,R,)(L3S)Br] (R = Ph (1), Me (2), H (3)) the ligand
addition route was followed (Scheme 12). Prior to salt metathesis, L3SH was deprotonated
in THF using NaH dispersed in 60% mineral oil. The reaction was stirred for 30 min to 60 min
until gas evolution ceased. The THF phase, containing L3SNa, was immediately added to a
suspension of [W(CO)(C;R;),(CH3CN)Br;] (R = Ph, Me, H) in CH3CN. After stirring for 10 min to
15 min the solvent was evaporated in vacuo and the reaction mixture redissolved in CH,Cl,.
Undissolved NaBr was removed via filtration. Complexes 1 and 3 were further purified in air
via column chromatography on silica gel. For complex 2, flash chromatography was not
feasible due to decomposition of the product. After removal of NaBr, the solution was
therefore concentrated and layered with heptane for recrystallization. Within 2 h a dark
brown solid precipitated while the supernatant solution turned blue with fine particles
dispersed in it. The blue phase was then decanted and cooled to -18 °C for complete

precipitation of complex 2.

Complex 1 was obtained as a green powder in 20% yield. The complex was stable in air and
in solution in dry and wet solvents over several weeks. Pure complex 2 was isolated as a blue
powder in 24% yield. Under air, a brownish-black layer formed on the surface of the product
within 24 hours. The nature of this layer could not be characterized by 'H NMR
spectroscopy. In solution decomposition of the compound was observed in dry and wet
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solvents over night. Complex 3 was obtained in 15% vyield as a light blue powder. The

compound was stable in air and in dry and wet solvents over several days.

Single crystals of complexes 1 and 2 were grown from CH,Cl, layered with heptane at -18 °C.

All attempts to obtain single crystals of complex 3 failed.

NaH W(CO)CaR,)(CHACNBIz] B, | | h\
HS N 2 THF, 20°C_ Nas THF/CH,Cly, 20 °C ]/ \%
N\
N" °H

- H2 N—N - NaBr
- CoR; —
- MeCN
L3SH R=Ph (1) 20%
Me (2) 24%
H (3) 15%

Scheme 12: Synthetic route for the preparation of complexes 1 —3.

The 'H NMR spectra of the chiral complexes 1 — 3 each displayed six singlets assigned to the
L3S-based methyl-groups in the aliphatic region. Chemical shifts were similar in chlorinated
solvents and and ranged between 1.13 ppm and 2.81 ppm. In complex 2 and 3, the singlets
of the methyl-groups in proximity to the S-donor appeared upfield between 1.13 ppm and
1.45 ppm while the protons of the pyrazolyl methyl-groups resonated between 2.38 ppm
and 2.81 ppm. In complex 1, the ligand-based signals could not be differentiated. For
complexes 1 — 3, the singlets in the aromatic region of the spectra between 5.95 ppm and
6.29 ppm were assigned to the pyrazolyl hydrogen-atoms and the tertiary proton of the L3S-
ligand. Coordinated diphenylacetylene of [W(CO)(C,Ph;)(L3S)Br] (1) was observed as a
multiplet at 7.37 ppm in CD,Cl,. For [W(CO)(C,Me;)(L3S)Br] (2), the protons of the two
rotationally hindered methyl-residues of dimethylacetylene resonated at 3.02 ppm and
3.07 ppm in CDCl;3 whereas they could not be differentiated in CD,Cl,. The 'H NMR
resonances of the rotationally hindered acetylenic protons of [W(CO)(C,H,)(L3S)Br] (3) were

recorded as two distinct singlets at 12.83 ppm and 11.91 ppm in CD,Cl,.

In the *C NMR spectra of complexes 1 and 3, the signal of the carbonyl-group is displayed at
232 ppm and 231 ppm for complexes 1 and 3, respectively. The 13¢C resonances of the alkyne
carbon-atoms appeared at 204 ppm and 198 ppm for the diphenylacetylene- and at 185 ppm

13~ 183
C-

and 194 ppm for the dimethylacetylene-ligand. W coupling was not observed for
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complex 1 and 3 when recording overnight. A *>*C NMR spectrum of complex 2 could not be

obtained due to decomposition in solution.

In the IR spectrum, a prominent CO-band was observed at 1908 cm™ for the complex
[W(CO)(C,Ph;)(L3S)Br] (1). CO-frequencies of 1889 cm™and 1900 cm™ were recorded for the
complexes [W(CO)(C,Me;)(L3S)Br] (2) and [W(CO)(C,H,)(L3S)Br] (3), respectively. These

values are in range with other W(Il) CO-complexes.®*®!

When performing the salt metathesis with the isolated ligand salt (L3SNa), considerable side
product formation was observed. Although spectroscopic evidence indicating decomposition
or oxidation of L3S is lacking, better results were achieved when deprotonation was
executed in-situ for each experiment (Sec. 7.1). Increasing amounts of impurities were also
observed for reaction times over 15 min and led to significantly lower yields under 5%. Since
no fitting integral ratios could be found, the additional peaks in the 'H NMR spectra could
not be assigned to potential product isomers or a complex of the type [W(L3S),]. Performing
the reaction at low temperatures, such as -78 °C and 0 °C, did not improve reaction
selectivity. Furthermore, analysis of the different fractions collected by column
chromatography of complexes 1 and 3 did not give conclusive results regarding the nature of
the side products. In order to rule out decomposition of the complexes on SiO,, repetitive
recrystallization from CH,Cl,/heptane was tested as an alternative purification method for
the complexes [W(CO)(C,Ph,)(L3S)Br] and [W(CO)(C,H;)(L3S)Br], but did not increase
product yields. Considerable side product formation and low yields were also observed in
the preparation of molybdenum L3S—comp|exes.[82'83] This might indicate a generally limited

stability of the deprotonated L3S-ligand.

4.1.1. Comparison of complexes of the type [W(CO)(C,H)L,]

In W(ll)-complexes with a coordinated alkyne and a terminal CO-group, the d(xz)- and d(yz)-
orbitals of tungsten are stabilized by interaction with the anti-bonding alkyne- and
CO-orbitals (Figure 18).[94] Occupied by the W d-electrons, m-backdonation from these
orbitals into 1 -orbitals of the coordinated alkyne as well as the terminal CO-group reduces

the triple-bond character of both ligands. The acetylene derivatives can furthermore donate
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up to four electrons into the empty W d(x*-y?)- and d(xy)-orbitals of tungsten.
Electron-donation from the alkyne as well as m-backdonation from the metal-center

therefore contribute to experimentally observed elongated C-C-bond lengths and

R-C=C-angles similar to spz—hybridized carbon-atoms in C,R,.!¢88!

SIS

R % g é A R
d(Cy?) R d(xy) R dxz) R d(y2) R

Figure 18: Metal-ligand interactions in W(ll) CO-complexes with mono-coordinated alkynes.

In order to estimate the degree of acetylene activation in the complex [W(CO)(C,H,)(L3S)Br]
(3), structural and spectroscopic data was compared with other complexes of the form

[W(CO)(CzH2)L,].

Table 5: Spectroscopic data of complexes of the form [W(CO)(C,H,)L;].

8(=C-H)? [ppm] 8(Cc=C)° [ppm] v(CO) [cm™] ref.

[W(CO)(C,H,)(L3S)Br] (3) ﬁ:gi 1:3 1900 this work
[W(CO)(C,H,) Tm"Br]* EE 12; 1900 [93]
[W(CO)(C,H,)Tp*1] 13:5192) igg 1896° [95]
[W(CO)(C,H,)(S-Phoz),] ﬁés igg 1889 [23]

°'H NMR data in CD,Cl,;

b 13

C NMR data in CD,Cl,; “ KBr pellet; “ Tm

Me

= hydrotris(methimazolyl)borate.

According to Table 5, the frequency of the CO-vibration increases for the complexes in the
ligand order S-Phoz < Tp* < Tm™e, L3S. Since v(CO) is higher the smaller the rn-backdonation
into the m -orbitals of the CO-group, the heteroscorpionate ligands Tm™® and L3S seem to

exhibit the most electron-deficient character.

Due to electron-donation of coordinated acetylene into empty d-orbitals of tungsten, the
'H NMR resonances of acetylenic H-atoms shift downfield compared to free C,H,, which
displays a singlet at 1.91 ppm in CDCI5.% The magnitude of this shift depends on the

amount of ligand-donation as well as m-backdonation from the metal-center.
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For ternary Cu(l) ethylene-complexes of the type [Cu(C,H4)L] (L = phenantroline (phen),
2,2’-bipyridine (bpy), tetramethylethylenediamine (tmen)), an upfield shift of the 'H NMR
resonances of C,Hs was observed the higher the basicity of the opposing N-ligands.®”) This
indicates that m-backdonation from Cu into 1t -orbitals of ethylene is enhanced the more
electron-donating the ligand trans to C;Hs. In regard to the acetylene-complexes, the
increasing "H NMR chemical shifts of the C,H,-protons in the complex order S-Phoz < L3S <
TmMe < Tp* therefore classifies S-Phoz as the most electron-donating and Tp* as the most
electron-deficient ligand. The observed electron-donating effect of the S-Phoz-ligand should
increase m-backdonation in the complex, which is in accordance with the low CO stretching-
frequency in the IR spectrum of this complex. However, the upfield chemical shift of
acetylenic protons in the L3S- and TmMe—compIexes compared to the Tp*—system indicate a
higher degree of m-backdonation in these complexes than in [W(CO)(CZHZ)Tp*I]. This is

contradictory to the increasing CO-frequencies from Tp* to Tm™® and L3S.

The number of S-atoms in the first coordination sphere, which increases in the order Tp* <
L3S < S-Phoz < TmMe, could not be correlated to *H NMR and IR data, either. Considering that
the complex geometries are distorted, the spectroscopic and structural differences might

arise from varying degrees of interaction between the W-center and the ligand field.

The *C NMR resonances of C,H, are indicative of the electrophilicity of the coordinated
acetylenic carbon-atoms."*® Increasing positive charge is expected when electron density is
removed by donation from the C-C triple-bond into empty metal d-orbitals as well as
reduced m-backdonation from the W-center. An empirical correlation between 3¢ NMR
resonances of the alkyne and its formal number of donated electrons further shows that in
complexes with an average 3C NMR chemical shift above 185 ppm, four electrons are
donated by the aIkyne.[98] According to this study, the coordinated acetylene ligands of all
the complexes discussed in this section can be considered four-electron-donors. The small
variance between the >C NMR resonances among the complexes can be attributed to slight
differences in the degree of alkyne-donation and W m-backdonation. However, since their
effect is opposite to each other and both interactions can affect the magnitude of the
experimental §(C=C) value for each of the complexes individually, an overall trend is hard to

predict.
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4.1.2. Comparison of complexes of the type [W(CO)(C2R;)L;] (R = Ph, Me, H)

In order to further understand the influence of the acetylenic residues on alkyne activation,
complexes of the type [W(CO)(C;R;)L;] (R = Ph, Me, H) were compared with complexes 1 -3
(Table 6).

Table 6: Structural and spectroscopic data of complexes of the type W(CO)(C;R;)L..

C=C [A] A(C=C)’ [A] R-C=C [] v(CO) [cm™] ref.
[W(CO)(C,Ph,)(L3S)B] (1) |  1.318(3) 0.119(9) g:ig; 1908 this work
[W(CO)(C,Ph,)(S-Phoz),]° 1.309(3) 0.110(9) ﬂ;gg; 1927 [31]
[W(CO)(CZPhZ)TmMeBr] 1.332(8) 0.134(4) 1?2?23 1913 [93]
[W(CO)(C:Me)(L35)Br] (2) | 1.307(3) 0.096 ﬂggg; 1889 this work
[W(CO)(C:Mey)(5-Phoz),] | 1.314(3) 0.103 gggg 1880 31]
[W(CO)(C,Me,) Tm"Br] 1.314(7) 0.104 ﬂéég 1882 [93]
[W(CO)(C,H,)(L3S)Br] (3) - - - 1900 this work
W(CO)(C,H,)(S-Phoz), 1.327(3) 0.14(1) 1‘2‘238 1889 [20]
[W(CO)(C,H,) Tm" *Br] 1.252(7) 0.06(7) ﬂ;;;g; 1900 [93]
? c-C-difference between complex and free C,R,"° ; ® data of the S-S isomer found in single crystals.

The increase of the CO stretching-frequencies within the individual ligand-series of
complexes in the order C,Me; < C;H, < C,Ph, can be explained by different degrees of
n-backdonation into the m -orbitals of CO. In the complexes with coordinated C,Ph,, the
CO-group requires the most energy for vibration, which suggests the least degree of
n-backdonation towards CO in these complexes. Since the coordinated alkyne and the
CO-ligand compete for the d-electrons of the W-center, the negative inductive effect of the
phenyl-groups seems to increase m-backdonation into C,Ph,. Simultaneously the interaction
with the 10 -orbitals of CO should be reduced. Dimethylacetylene, on the other hand, has a
slightly positive inductive effect compared to a hydrogen-atom. Thus, the lower
CO-frequencies of the C,Me,-complexes indicate enhanced mn-backdonation into the
CO-ligand in the C,Me,- compared to the C;H,-compounds.

39



SYNTHESIS OF W ALKYNE-COMPLEXES

The observed CO-frequencies suggest reciprocal degrees of m-backdonation into the
CO-group and the coordinated alkyne in correlation with the alkyne-residues of the
complexes. Thus, C-C-bond elongation of the alkynes should be more pronounced the higher
the m-backdonation into the alkyne and the lower the metal to ligand interaction with
n -orbitals of CO. In order to determine alkyne-activation, C-C-distances of C;R, are
compared with the C-C-bond lengths of 1.18(6) A in free C,H,, 1.211 A in free C;Me, and
1.198(4) A in free C,Ph,."* ™ According to this concept, the average increase of the C-C-
bond length in the C,Ph,-complexes by 0.12 A is larger than the average C-C-elongation by
0.10 A in the C,Me,-complexes. This suggests increased m-backdonation in the
diphenylacetylene-compounds compared to the dimethylacetylene-complexes, which is in
agreement with the observed reciprocal degrees of n-backdonation into the corresponding
CO-ligands. Elongation of the C-C triple-bond in the C,H,-complexes is contradictory within
the two complexes [W(CO)(C,H;)(S-Phoz),] and [W(CO)(C,H,)(Tm"™®)Br]. A large increase of
the C-C-distance by 0.14(1) A in [W(CO)(C,H,)(S-Phoz),] and a small increase by 0.06(7) A in
[W(CO)(C,H,)(TmY)Br] compared to free acetylene is observed. This indicates a high degree
of m-backdonation into C;H, of the acetylene S-Phoz-complex, in which the CO-group is
activated considerably by the W-center as well. In the acetylene Tm“-complex, on the other
hand, the C-C-bond seems to experience the least amount of m-backdonation while

n-backdonation into the CO-ligand is similar to the other C,H,-complexes.

The R-C=C-angles, which are smaller the higher the sp’-character of the alkyne C-atom, are
in the same range for all complexes except [W(CO)(C,H,)(S-Phoz),]. In the latter, the two
angles differ significantly (122.7(2)° and 146.9(2)°) and suggest a particularly asymmetric
coordination of the acetylenic carbon-atoms. An overall trend in correlation with the

acetylene-residues is not found for the R-C=C-angles.

In summary, reciprocal degrees of m-backdonation into the alkyne- and the CO-ligand
directed by the negative inductive effect of the Ph-groups and the positive inductive effect
of the Me-groups was observed. In the C,H,-complexes, the collected structural and
spectroscopic data is more diverse compared to the other compounds and might be

attributed to more electronic flexibility of the H-residue.
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4.1.3. Molecular structures

Molecular structures of complexes [W(CO)(C,Ph;)(L3S)Br] (1) and [W(CO)(C,Me;)(L3S)Br] (2)
were determined by single crystal X-ray diffraction analysis. Selected bond lengths and
angles are given in Table 12 and Table 13 (Appendix). Both structures exhibit a distorted
octahedral geometry with S-W-Br angles of 159.23° and 160.30° for complexes 1 and 2,
respectively. The C-H-bond of the facially bound tridentate L3S-ligand is facing away from
the W-center and the coordinated alkyne is oriented parallel to the W-CO-bond (Figure 19).

The pyrazyoly N-donors of L3S are aligned trans to the CO group and the coordinated alkyne.

Figure 19: ORTEP plot of a) complex 1 and b) complex 2 showing the atomic numbering
scheme.’™ The probability ellipsoids are drawn at the 50% probability level. The H-atoms as
well as the solvent molecule were omitted for clarity.

The C-C=C-angles of the alkyne ligands are distorted from the ideal 180° angle of free C,Ph,
and C;Me,. In the coordinated dimethylacetylene both methyl-groups form an angle of
140.6° with the C-C-axis. In the diphenylacetylene-ligand, on the other hand, the
C-C=C-angles are asymmetric with 133.2° and 136.4°. In addition to this, the C-C-bonds of
the acetylene derivatives are elongated by 0.10 A in [W(CO)(C;Me,)(L3S)Br] (2) and 0.12 A in
[W(CO)(C,Ph,)(L3S)Br] (1) compared to the bond lengths of 1.211 A and 1.198(4) A in free

C,Me, and C,Ph,, respectively.®*%
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The W-alkyne-distances within each structure differ slightly, but display a shorter bond
length to the carbon facing the CO-ligand (Table 7). The carbonyl-groups are at a distance of
approximately 1.95 A from W-center and display almost equal bond lengths of 1.148(3) A
and 1.148(2) A in both complexes. The W-S- and W-Br-distances of the isostructural
compounds are also very similar. Despite such close similarity, considerate differences can
be observed in the W-N-bond lengths. While the W-N-distances in complex 1 range between
2.2748(18) A and 2.2897(19) A, complex 2 exhibits a W-N-distance of 2.3160(15) A trans to
dimethylacetylene and 2.2430(15) A trans to the CO-group.

Table 7: Selected bond lengths in [A].

(L3S)W(CO)(C,Ph;)Br (1) (L3S)W(CO)(C,Me,)Br (2)

c1-C2 1.318(3) 1.307(3)

W1-C1 2.034(2) 2.0205(19)

W1-C2 2.066(2) 2.0691(18)

W1-C3 1.956(2) 1.9513(19)

C3-03 1.148(3) 1.148(2)

W1-S1 2.3759(6) 2.3814(5)
W1-N12 2.2748(18) 2.2430(15)
W1-N22 2.2897(19) 2.3160(15)
W1-Brl 2.6152(4) 2.6009(3)

The stronger deviation from linear geometry in C,Ph, as well as the longer C-C-distance
compared to C,Me, indicates a stronger transformation from sp- to sp’-hybridized
carbon-atoms in complex 1. Thus, the electron-donating ability of the alkyne as well as
n-backdonation from the W-center seems to be influenced by the alkyne-substituents.
Methyl-groups are considered to have a slight positive inductive effect, which would
increase electron-donation towards the metal, but reduce m-backdonation. The negative
inductive effect of phenyl-residues, on the other hand, is believed to increase the charge on
the carbon-atoms and induce more n-backdonation from the W-center into the alkyne as
suggested in section 4.1.2. The larger increase of the C-C-bond in complex
[W(CO)(C,Ph,)(L3S)Br] (1) is therefore assumed to result from the increased m-backdonation
into T -orbitals of C,Ph,. A closer look at the W-N-distances trans to alkynes furthermore
reveals a longer W-N-bond in the complex [W(CO)(C,Me,)(L3S)Br] (2). Since
dimethylacetylene and pyrazolyl-N both donate into the empty W d(x*-y?)-orbital, the longer
W-N-distance might result from the increased electron-donation of the C;Me;-ligand. This
was also observed for the complexes [W(CO)(C,R,)(TmY)Br] (R = Ph, Me), where the W-S-

bond trans to C,;Me, (2.6330(13) A) was longer than trans to C,Ph; (2.611(2) A).%®!
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Enhanced m-backdonation of W into the it -orbitals of C,Ph, would suggest less activation of
the CO-ligand, which competes with the alkyne for the d-electrons of the metal-center.
Despite that, the CO-bond lengths are nearly identical in both complexes. This is in contrast
to the CO-frequencies of 1908 cm™ for complex 1 and 1889 cm™ for complex 2, which

indicate different degrees of n-backdonation into the CO-ligand.

4.2, Studies on W(IV)-complexes

W(IV)-complexes of the form [WO(C,H,)L;] can be prepared by oxidation of the
corresponding CO-complexes with a suitable oxygen atom transfer (OAT) reagent.[23'3°] The
preparation of previous biomimetic model compounds of acetylene hydratase involved
oxidizing agents, such as pyridine N-oxide (PyNO) and MOzog[Szp(OEt)2]4.[23'30'31] Other
examples of oxidants include meta-chloro-perbenzoic acid (mCPBA), which was feasible for
the synthesis of the mono-oxo-complex [WO(acac),(PhC,H)] (acac = acetylacetonate),[1°3]
and dimethyl dioxirane (DMDO), which was used for the preparation of a Pt

oxo-complex.*%¥

Screening reactions with the previously described complexes 1, 2 and 3 were performed
using the OAT reagents PyNO, mCPBA and DMDO (Scheme 13). The oxidants PyNO and
mMCPBA were purchased from commercial sources while DMDO was prepared according to

literature procedures.[105]

co >—~\)\ o )y
R Br//"w‘\\N\N [OAT reagent] Br’mv\l/\\\N\N
]|/\\Sj< R’\S(\\S%
— —
R=Ph (1)

Me (2)
H 3)

Scheme 13: Screening reaction for the oxidation of the W(Il)-precursors with the
OAT reagents PyNO, mCPBA and DMDO.
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4.2.1. OAT reactions

The reaction conditions for the synthesis of the desired W(IV) oxo-species of the type
[WO(C;,R;,)(L3S)Br] (R = Ph, Me, H) are summarized in Table 8. The CO-complexes 1 — 3 were
dissolved in CH,Cl, and respective OAT reagent added in a solution of CH,Cl, (PyNO, mCPBA)
or acetone (DMDO) at the corresponding temperature. Reaction mixtures were stirred for
5.5 h (PyNO), 4.0 h (DMDO) and 5 min to 30 min (mCPBA). The solvent was subsequently

evaporated in vacuo and the reaction progress monitored with "H NMR and IR spectroscopy.

Table 8: Reaction conditions for the oxidation of the complexes 1 — 3.

Starting complex (SC) OAT reagent Solvents Temperature Reaction time
PyNO CH,Cl, 20°C > 40 °C 55h
[W(CO)(C,Ph,)(L3S)Br] (1) DMDO CH,Cl,/acetone 30°C—>20°C 40h
mCPBA CH,Cl, 0°C 5 min
[W(CO)(C,Me,)(L3S)Br] (2) mCPBA CH,Cl, 0°C 30 min
[W(CO)(C,H,)(L3S)Br] (3) mCPBA CH,Cl, 0°C 5 min

At 20 °C no conversion was observed for the reaction of complex 1 with PyNO. After heating
the reaction mixture to reflux, a colorless solid, which was insoluble in H,0, acetone, CH3CN
and apolar solvents, precipitated. Characterization by IR analysis showed several bands
between 800 cm™ and 1000 cm™ identifying the precipitate as ponoxotungstate.[losl '"H NMR
and IR analysis of the CH,Cl,-soluble fraction displayed only starting material ruling out the
formation of a new species. Thus, PyNO is not considered a feasible oxidant for this

complex-system.

The reaction of complex 1 with DMDO showed color changes from green to light blue
at -30 °C and from light blue to yellow when warmed to 20 °C (Table 9). Chemical shifts in
'H NMR spectroscopy indicated the formation of a new species. In addition to this, the CO
band at 1908 cm™ of the starting material disappeared in the IR spectrum and new signals at

1149 cm™ and 948 cm ™ were observed.

The oxidation of complex 1 using mCPBA displayed a smiliar color change from green over
light blue (0 °C) to yellowish-green (20 °C) as observed in the reaction with DMDO. *H NMR
spectroscopy indicated the formation of two new species in a 2:1 ratio. Interestingly, the 'H
NMR signals of the minor product matched the chemical shifts of the DMDO reaction

product. IR analysis revealed several overlapping peaks between 1920 cm™ and 1990 cm™.
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Oxidation of complex 2 with mCPBA led to a color change from blue to pink. When
recrystallized from CH,Cl,/heptane at -18 °C, 'H NMR data indicated the formation of a new
C,Me;-containing species. The methyl protons of the coordinated alkyne resonated
downfield at 3.15 ppm and 3.36 ppm compared to signals at 3.07 ppm and 3.02 ppm of the
starting material. The IR spectrum furthermore displayed a shift of the CO band from
1889 cm™ to 1929 cm™. When performing the OAT reaction of mCPBA with complex 3, an
instant color change from light blue to yellow was observed. 'H NMR analysis displayed new
signals in the anticipated intensity-pattern, indicating the formation of a new W alkyne-
complex. Most characteristic were the singlets of the acetylenic protons, which shifted
downfield from 11.96 ppm and 12.93 ppm to 12.84 ppm and 13.73 ppm in CDCls. A shift to
higher energy from 1900 cm™ to 1923 cm™ was also observed for the CO-stretch in the IR
spectrum. A distinctive signal for the W=0-vibration between 900 cm™ and 1000 cm™ could

not be observed for any of the oxidation products with mCPBA.

Table 9: Optical and IR data for the OAT reactions.

Starting complex (SC) OAT agent Color(SC) Color(RM?) v(COsm) [em™] V(COgrwm) [em™]
PyNO green green 1908 1908
[W(CO)(C,Ph,)(L3S)Br] (1) DMDO green yellow 1908 -
mCPBA green yellowish-green 1908 1921°
[W(CO)(C,Me,)(L3S)Br] (2) mCPBA blue pink 1889 1929
[W(CO)(C,H,)(L3S)Br] (3) mCPBA light blue Yellow 1900 1923

. . b .
® RM = reaction mixture; ° most prominent among several peaks.

The absence of a CO-band after oxidation of complex 1 with DMDO and the IR signal at
948 cm* indicate the formation of the desired W(IV)-complex [WO(C,Ph,)(L3S)Br]. However,
the assumed oxo-signal occurs in an energy region where ligand vibrations are frequent.
Thus, a modification on the L3S-ligand by DMDO causing signal shifts or the appearance of
new peaks in this region should also be considered. One possibility of such an alteration is
the oxidation of the thiolate to a sulfoxide- or sulfonyl-moiety. Schenk and co-workers
reported the formation of sulfoxide-species by oxygen transfer of DMDO to Ru thioether-

(10711 analysis of sulfonyl-complexes furthermore showed vibration modes of the

complexes.
SO, group between 1040 cm™ and 1190 cm 1108 | agreement with this data, the signal at
1149 cm fits perfectly into the reported energy range supporting the idea of an oxidized

sulfur-ligand.

45



SYNTHESIS OF W ALKYNE-COMPLEXES

'H NMR spectra for the reactions with mCPBA also displayed plausible signal patterns in the
anticipated relative intensities of W oxo-complexes. While complexes 2 and 3 formed only
one reaction product, two new species were observed in the screening reaction with
complex 1. However, the increased acidity of the acetylenic protons of complex 3 contradicts
the upfield shift reported for coordinated acetylene in other W(IV)-complexes.”** The
coinciding chemical shifts of the minor product of the reaction with complex 1 with the
oxidation product using DMDO furthermore indicates similar reaction-centers for both OAT
reagents. Despite that, carbonyl signals were still present in the IR spectra of the oxidation
products with mCPBA, but shifted to higher wave numbers. This indicates less
n-backdonation from the W-center into the CO-ligand and therefore a potential alteration
on the L3S-ligand to a more electron-deficient species in these complexes. Yet, oxidation to a
sulfoxide- or sulfonyl-group is questionable since a prominent S-O vibration mode as
observed for the oxidation with DMDO did not appear in the IR spectra. The formation of an

oxo-species is also unlikely due to the absence of a W-0O band.

In summary, the preparation of complexes of the type [WO(C,R,)(L3S)Br] (R = Ph, Me, H) was
not successful when using PyNO and mCPBA as OAT reagents. The IR spectrum of the
oxidation product of the complex [W(CO)(C,Ph;)(L3S)Br] (1) with DMDO displays a potential
oxo-band at 948 cm™. Additional oxidation of the S-donor ligand to a sulfonyl- or sulfoxide-
moiety is suggested by the IR signal at 1149 cm™. In order to fully identify the reaction
product, analysis by >C NMR spectroscopy, which could detect significant shifts in the &-
values of the carbon-atoms adjacent to sulfoxide- or sulfonyl-groups, as well as X-ray crystal

diffraction analysis will be required.
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5. XAS-STUDY OF W ALKYNE-COMPLEXES

From the crystal structure and EPR studies of acetylene hydratase the active site of the
enzyme was shown to involve a tungsten-center in oxidation state +IV."****! Biomimetic
complexes of the type [WO(C,H,)L,] are believed to exhibit a W(IV) metal-center as well. Yet,
alkyne donation into empty metal d-orbitals and m-backdonation from the tungsten-center
into T -orbitals of the triple-bond make the actual bonding interaction and the oxidation
state of W hard to predict. In order to further understand the electronic structure of such
complexes, tungsten L-edge and sulfur K-edge data were collected for W carbonyl- and W
oxo-complexes of the type [W(CO)(C;R;)L;] and [WO(C;R,)L,] (R = H, Me, Ph).[93’109] All
investigated complexes exhibit C1 symmetry and possess two bidentate NS-donor ligands in

a distorted octahedral coordination environment (Figure 20).

s R2 s R2
l|l/w\©/ R'=H R*=H (4 ///W\Z@/ R'=H R?=H (7)
s | 1 R'=Me, R2=H (5) S ,L 1 R'=Me,R2=H (8)
\‘g RN R'=H,R2=Me (6) Qw R R'=H,R2=Me (9)
R? R?
R R

jkx COA/\ O A/\

R ',.V|V<\\N\ O R - H (10) R\///"\ll\l/<“N\ O R - H (13)
N/ \S S R=Me (11) N/ \S Sb R=Me (14)
O/KZ/ :Z R=Ph (12) o—L f R=Ph (15)

Figure 20: Schematic overview of CO- and oxo-complexes of the type [W(CO)(C,R;)L;] and
[WO(C;R;)L,] with modifications on the NS-ligand or differing residues on acetylene.

The CO- and oxo-complexes 4 — 15 were provided by Carina Vidovic Msc for this work. XAS
data was collected at the Stanford Synchrotron Radiation Lightsource (SSRL) and processed
by Dr. Jing Yang at the University of New Mexico using the Demeter software suite and
Athena. Sulfur K-edge pre-edge XAS computations were performed at the DFT level in the

software ORCA using complex geometries based on the respective crystal structures.
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5.1. XAS assessment of oxidation states

Overlays of the W Ll-edges of the CO-complexes 4 — 6 and 10 — 12 as well as their
oxo-analogs 7 — 9 and 13 — 15 are displayed in Figure 21a and b, respectively. Pre-edge and
rising edge energies of these compounds show little to no variance within each series of
complexes. A comparison of the W Ll-edges of complexes 5 and 8, representative of all
probed CO- and oxo-complexes, is given in Figure 21c. Both the pre-edge and the rising edge
are shifted to higher energy for the oxo-complex. From the first and second derivatives of
the XANES spectra in Figure 21d, a difference of approximately 2 eV can furthermore be

determined between the rising edge energies.
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Figure 21: a) W Ll-edge overlay of all CO-complexes; b) W Ll-edge overlay of all
oxo-complexes; c) W L1-edge overlay of complexes 5 (CO) and 8 (oxo); d) first and second
derivative of the XANES region of complexes 5 and 8.
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The consistent pre-edge and rising edge energies within each series of carbonyl- and
oxo-complexes indicates similar effective nuclear charges (z°") for W, as anticipated for
compounds with identical first coordination spheres. When comparing the spectra of
CO- and oxo-complexes, the higher pre-edge and rising edge energies for the

eff

oxo-compounds correlate with a higher Z~ for W in the oxo-complexes. This is in accordance

with the formally higher oxidation state of these compounds.

XAS-studies on metal-based redox-processes generally show an energy difference of
approximately 1 eV between consecutive oxidation states in the K-edge spectra of first row
transition metal elements.'®% A systematic study on a series of six-coordinate tungsten
complexes with formal oxidation states ranging from 0 to +VI resulted in an approximate
0.5 eV rising edge energy difference per redox-step.™Y According to this, the ~2 eV shift
between complexes 5 and 8 suggests a four d-electron count difference in the probed
compounds, indicating oxidation states 0 or +ll for the carbonyl- and +IV or +VI for the
oxo-complex. This is not consistent with the formal oxidation states of +Il and +IV for the
CO- and the oxo-species. Considering that CO is a strong m-acceptor that withdraws electron
density from the metal-center by nm-backdonation, the suggested low oxidation state of W in
the CO- compared to the oxo-complexes is surprising. In fact, spectral data of other CO-

*f of the metal-

complexes displayed comparably high rising edge energies due to higher Z
centers.'Y This was most noticeable in the spectra of the complexes [WO(PMeg)s] and
[WP(CO)¢], which share the same formal oxidation state.'*” The rising edge of [W°(PMes)¢],
which is coordinated by only o-donating PMes-ligands, was approximately 3 eV lower in

energy than the rising edge of [W°(CO)g], which bears T-accepting CO—groups.[m]

Extensive studies on dithiolene-complexes, which were probed due to their similarity to the
pterin co-factor found in Mo- and W-enzymes, showed that the presence of a CO-ligand can
lead to enhanced electron-donation of other m-donors in the ligand field.™**? This kind of
electron-donation can partially reverse or even exceed the electron withdrawing effect of
the CO-group.[111'112] In the case of m-donating dithiolene-ligands, the interaction with the
metal-center is not exclusively described by W-S based MOs, but can also involve a 3-center-
).[111,112]

2-electron interaction of W-S based MOs with the m-accepting CO orbital (Figure 22a

However, dithiolenes are known to be non-innocent ligands able to adopt redox states from
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(1131 yan and co-workers observed

negatively charged dithiolate to fully oxidized dithione.
dithiolate character in [W(CO)s(mdt)] (mdt* = 1,2-dimethyl-1,2-dithiolate) and dithioketone
character in [W(CO)4(Me,pipdt)] (Me,pipdt = 1,4-dimethylpiperazine-2,3-dithione) leading to
different electronic structures of W in the overall isoelectronic complexes.[m] The W L1
rising edge of [W"(CO)4(mdt)] furthermore shifted to higher energy by 1.5 eV compared to
[W°(CO)a(Me,pipdt)]. This is surprising since [W(CO)4(mdt)] exhibits an almost octahedral
geometry allowing considerable m-backdonation into CO, whereas Me,pipdt enforces a

trigonal prismatic structure disfavoring m-orbital overlap between metal-center and the

CO-ligands.

a)

E d5

Figure 22: a)Dithiolene-nm-donating-CO-nt-accepting interaction in the HOMO-2 of
[W'V(CO)Z(mdt)z];[113] b) m-backdonation into 1 -orbitals of and acetylene and CO;
c) repulsive interaction between the filled S p,- and W d(xz/yz)-orbitals in CO-complexes of
this work.

In regard to the complexes presented in this work, two sulfur-atoms as well as a side-on
bound acetylene could act as potential m-donors toward W. However, in contrast to the
dithiolene-CO interaction described above, acetylene is not involved in a m-donating-
m-accepting relationship with the CO-ligand, but competes with the carbonyl for the
d-electrons of the metal-center (Figure 22b). DFT-generated molecular orbitals of complex 5
furthermore show that m-backdonation from W(ll) into the anti-bonding m-orbitals of CO
(HOMO) and acetylene (H-4) seems to occur via separate d-orbitals instead of a 3-center-

2-electrons interaction (Figure 23).

In addition to this, H-1 is mostly composed of S p,-character and a multi-center-bond
between CO and S, as observed in dithiolene-complexes, is not generated. This is most likely
due to repulsive interaction between the filled S p,- and W d(xz/yz)-orbitals in the carbonyl-
complexes (Figure 22c). The other S p,-orbital of complex 5 is also not available for such an

interaction since it is engaged in bonding with the pyridine ring. A possible bonding
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interaction between the S p,-orbital and the unoccupied W d(xy)-orbital seems unlikely due

to the almost pure S p,-character generated for H-2.
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Figure 23: Molecular orbitals of complex 5.

In contrast to dithiolene-complexes, such as [W(CO),(mdt),], the S-donors in the complexes
of the type [W(CO)(C;R;)L;] (4 — 6; 10 — 12) are not able to tune m-backdonation of the
W-center into m-accepting orbitals. In the corresponding oxo-complexes 7 —9 and 13 — 15, a
repulsive interaction between the S p-orbitals and the W d(xy)-orbital is also assumed to
prevent increased m-backdonation into the alkyne. However, no functional model of
acetylene hydratase was prepared so far. Thus, only future research will tell whether
dithiolene- of thiolate-ligands are more beneficial for acetylene hydration in a first-shell

mechanistic proposal.
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5.2. Pre-edge analysis

Formally dipole-forbidden transitions of the 2s core electrons into partially occupied or
unoccupied d-orbitals are displayed at energies lower than the rising edge in the XANES
region. Such pre-edge features were observed for both the CO- and oxo-complexes 4 — 15.
Yet, absorption intensities are more pronounced for the oxo-complexes. Computed W L1-
edge XAS spectra based on TD-DFT calculations revealed that pre-edge intensities primarily
arise from transitions into d-p-mixed W-orbitals of d(z°)-character. Quadrupole-allowed

contributions to the transition intensities were found to be small (Figure 24).

Enhanced pre-edge intensities of formally forbidden s — nd transitions involving strong
n-donors have been discussed in the literature. 471! Molybdenum oxo-species even
showed a direct relationship between pre-edge peak intensities and the number of Mo=0-

bonds [116,117]
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Figure 24: a) Curve fitting of the W L1-edge XAS of complex 8 displaying quadrupole and
dipole allowed contributions to the peak intensity; b) accepting d(z%)-based orbitals of the
2s = 5d transition.

The higher intensity of the pre-edge feature for the oxo-complexes suggests a greater
d(zz)—pZ mixing in these compounds. Considerable d-p mixing with the energetically higher W
6p-orbitals is observed for the more destabilized the W d(z%)-orbital. Since destabilization of
the d(z%)-orbital by the O 2p - W 5d(z°) interaction resulting from the W=0-bond is stronger
than by o-interaction with the CO-ligand, the pre-edge feature in the oxo-complexes is more

pronounced.
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5.3. Sulfur K-edge XAS

In order to better evaluate the collected W L-edge data, the complexes 4 — 15 were also
probed by S K-edge XAS. Yet, the collected S K-edge data of complexes 10 — 15 was not
conclusive and is therefore not further discussed. Crystal structures determined by X-ray

diffraction analysis of the complexes 4 — 9 are depicted in Figure 25.

a)

[W(CO)(C2H,)(S-Py)-] [W(CO)(CzH:)(6-Me-S-Py);]  [W(CO)(CzH,)(4-MeS-Py),]
(4) (5) (6)
b)

[WO(C;H,)(S-Py),] [WO(C;H,)(6-Me-S-Py),] [WO(C;H,)(4-MeS-Py),]
(7) (8) (9)

Figure 25: Crystal structures of the a) W CO-complexes 4 — 6 and b) W oxo-complexes 7 — 9;

W displayed in cyan, S displayed in yellow, N displayed in blue, O displayed in red.

Overlays of the sulfur K-edge XAS spectra of the three W carbonyl-complexes 4 - 6 and the
three W oxo-complexes 7 — 9 are displayed in Figure 26a and b. Within the series of CO-
complexes, complexes 4 and 5 show very similar spectra whereas complex 6 displays a less
pronounced pre-edge feature and a slight shift by 0.2 eV of the rising edge to lower energies.
For the oxo-compounds, the spectra of the complexes 7 and 9 are similar while the spectrum
of 8 differs in pre-edge intensity as well as rising edge energy. Comparison between CO- and
oxo-complexes furthermore revealed that rising edge energies are of up to 0.4 eV higher in

the carbonyl complexes.
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Figure 26: a) S K-edge overlay of CO-complexes 4 — 6 ; b) S K-edge overlay of oxo-complexes
7-9.

Curve fitting supported by TD-DFT calculations was used to assign transitions to the
observed energy absorption edges. For the CO-complexes, transitions to W d(xy)-,
d(xz—yz/xz)— as well as other unoccupied, mostly ligand-based orbitals were identified. In the
series of oxo-complexes the lowest available orbitals occupied by the ejected S 1s electron
were W d(xz)- and d(x*-y*/xz)-based for complexes 7 as well as 9, and W d(xz/yz)-, d(x*-y?)-

and d(z%)-based for complex 8.

The energy, at which the rising edge appears in the spectrum, depends on the effective
nuclear charge of the sulfur-atoms and shifts towards higher energy with increasing

(112 The fact that the CO-complexes show rising edge energies of up to 0.4 eV

oxidation state.
higher than observed for the oxo-complexes therefore indicates less electron density
localized at the sulfur-atoms in this series of compounds. Different oxidation levels for sulfur
are not uncommon, especially if the ligands are redox non-innocent. W bis(dithiolene)-
complexes, for instance, exhibit a 0.8 eV difference between the dithiolate- and dithione-

redox state of the Iigands.[m] Thus, higher Z*" in the CO-complexes also indicates a more

covalent character of the repsective S-ligands.

Computationally determined transitions into W d(xy)- and d(x*y?/xz)-based orbitals of the
CO-complexes and W d(xz/yz)-, d(x*y%)- and d(z%)-orbitals of the oxo-complexes supports the
formal oxidation states of +ll and +IV for W in the CO- and oxo-compounds, respectively. The
different acceptor orbitals within the oxo-series of complexes can furthermore be explained

by the differing complex geometries. While the complexes [WO(C,H,)(S-Py),] (7) and
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[WO(C,H;)(4-MeS-Py),] (9) both exhibit sulfur-atoms trans to each other and cis to the oxo-
group, the complex [WO(C,H,)(6-Me-S-Py),] (8) has one sulfur-donor cis and one
sulfur-donor trans to the doubly-bonded oxygen-atom (Figure 25). In contrast to the former
two complexes, which are geometrically aligned for orbital overlap of the S p,- with the W
d(xz)-orbital and the S p,- with the W d(xz—yz)—orbital, the sulfur-atom trans to the oxo-ligand
in complex 8 is directed toward the W d(z%)-orbital. This is expected to cause the additional

interaction with the W d(yz)- and d(z°)-orbitals in this complex.

In summary, the collected S K-edge data is in agreement with the formal oxdiation states of
+ll and +IV for W in the CO- (4 — 6) and oxo-complexes (7 — 9), respectively. This is
particularly noteworthy since a +IV oxdiation state is necessary to model the active site of
AH. In contrast to these results, a four electron difference for the oxidation states of W was
suggested by the W L1-edge rising-edge energies of CO- and oxo-complexes when compared
to literature values. Yet, rising edge energies are sensitive to the ligand field, especially
n-donating and m-accepting ligands. Thus, the comparison of the probed complexes with
compounds featuring vastly different coordination spheres might explain the discrepancy

between the oxdiation states determined by S K-edge and W L-edge XAS.

5.4. Tungsten-sulfur covalencies

In order to further understand the interaction between the W-center and the coordinated
S-donor ligands, the amount of sulfur p-character (covalency, a?) in the acceptor orbitals of

the CO- and oxo-complexes 4 — 9 was quantified by the relationship shown in eq. 9.

hl
Dy = a?—> 9
0 =« 3n (9)

Here, Do describes the integrated absorption intensity, h represents the number of holes in
the LUMO, I; is the transition dipole integral (I = 11) and n accounts for the number of
absorbing sulfur-atoms. The calculated covalencies as well as selected bond lengths from

X-ray diffraction analysis of complexes 4 — 9 are summarized in Table 10.

All complexes show covalencies over 25% with the W d(xz—yz/xz)—based orbital. For the

CO-complexes, the S p-character in the unoccupied W d(xy)-S MO reaches up to 24%
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whereas in the oxo-compounds the covalency in the anti-bonding MO containing S p- and W
d(xz)-character is less than 20%. The listed crystallographic bond lengths show that S-atoms
trans to N-donors exhibit the shortest W-S-distances of up to 2.418 A. In the case of two
sulfur-atoms trans to each other, the W-S-bond length ranges from 2.441 A to 2.527 A.
W-S-distances, where S is trans to acetylene, are in the range of 2.584 A to 2.601 A. The

longest bond is observed for the S-W-interaction trans to the oxo-group at 2.637 A.

Table 10: Crystallographic and spectroscopic data on the S-W interaction

Ligand trans to bond Iengths[93’109] [A] S K-edge XAS
. edge’ covalency covalency
I -W -W
apical CO 51 > 51 > V] | Wdxy)S[%] | W d(x-y/xz)-S [%]
4 acetylene N 2.601 2.406 2473.5 17.5 25.6
5 acetylene N 2.584 2.407 2473.5 15.3 36.5
6 S, Sq 2.479 2.479 2473.3 24.0 25.9
. edge’ covalency covalency
apical oxo 51 > SrW SoW (V] | Wd(xz)S[%] | Wd(-y/xz)-S [%]
7 S, Sq 2.516 2.439 2473.1 15.8 43.0
8 oxo N 2.637 2.418 2473.3 14.7° 26.1° 15.8°
9 S, Sq 2.527 2.441 2473.1 19.1 70.4

® Defined as the rising edge inflection point determined by the second derivative of the XAS spectrum;
|°cova|ency W d(xz/yz)-S [%]; © covalency W d(xz-yz)-S [%]; ¢ covalency W d(zz)-S [%].

Higher S p-character in the W d(xz—yz/xz)—S MO is in good agreement with the idealized
orbital arrangement in an octahedron featuring a d(x*y?)-orbital directed toward the ligands
in the octahedral plane. The fact that the S-W-interaction does not purely consist of an
overlap of S p- and W d(x*-y?)-orbitals, but results in a molecular orbital with a considerable
amount of W d(xz)-character suggests orbital mixing due to symmetry reduction in these

complex geometries.

Little S p-character in the W d(xy)-S- and W d(xz)-S-acceptor orbitals is assumed to be a
result of a weak m-interaction between S p,- and W d(xy)-orbitals as well as S p,- and W
d(xz)-orbitals in CO- and oxo-complexes, respectively. This is in agreement with the almost
pure S p,-orbital generated by DFT calculations for the complex [W(CO)(C;H;)(6-Me-S-Py),]
(5) in section 5.1. In the dithiolene-complex [W(CO),(mdt),] (mdt* = 1,2-dimethyl-1,2-
dithiolate), on the other hand, the S p-character of the S-W-n-interacting LUMO is 67%.11%

This indicates increased electron density on the metal-center for m-backdonation in

dithiolene-complexes compared to the probed thiolate-based complexes 4 — 9.
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It is also noteworthy that total covalencies are higher in the oxo-complexes when compared
to the CO-complexes, which reflects a higher degree of S p- metal d-mixing in the former.
This is due to energetically lower W d-orbitals in the W(IV) oxo-complexes and the higher

oxidation state.

The W-S-bond lengths, which increase in the donor order N < S < acetylene < oxo trans to S,
correlate with the ability of m-donation of the trans-ligand. Nitrogen-atoms are considered
strict o-donors, sulfur is an intermediate o- and m-donor, acetylene can donate up to four
ni-electrons and the oxo-group has the strongest m-interaction with the W-center. The
investigated complexes exhibit either S-atoms trans to each other or one S-atom trans to an
N-donor and the other trans to a stronger m-donor, such as acetylene or an oxo-ligand.
Therefore, the trend observed for the W-S-bond lengths cannot be clearly translated to the S
p-character found in the W-S m-interacting W d(xy)-S- and W d(xz)-S-acceptor orbitals.
However, the covalency values for these orbitals are pretty similar and range between 14.7%
and 24.0%. This suggests that the total W-S m-interaction is roughly the same in complexes
with intermediate m-donors trans to each other (6, 7 and 9), and in complexes where the
two sulfur-atoms are arranged trans to a N-donor and the acetylene- or oxo-ligand (4, 5

and 8).

In conclusion, different degrees of W-S interaction can be observed when comparing the
S K-edge data and molecular orbitals of the probed CO- and oxo-compounds to dithiolene-
complexes, such as [W(CO),(mdt),]. While dithiolene-ligands display high covalencies of 67%,
leading to additional m-backdonation into m-accepting orbitals, the W-S covalency of
thiolate-ligands is reduced. Due to the lack of a functional model for AH, it is not yet clear,
whether a closely coordinated alkyne by increased m-backdonation from a dithiolene-ligand
or a W-C,R, adduct-character observed in thiolate-complexes is more beneficial for alkyne
reactivity in first-shell mechanistic proposals. Therefore, both ligand-types should be

considered in future biomimetic studies.
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CONCLUSION

Due to its unique reactivity among tungstoenzymes, determination of the still disputed
reaction mechanism of acetylene hydratase is of particular interest. Computational results of
second-shell mechanistic proposals inspired by the crystal structure of the enzyme displayed
high energy barriers over 40 kcaI/moI.[ZS] Thus, acetylene hydration in the W inner-sphere
has also been investigated.“ns] In order to determine the influence of acetylene activation
by the metal-center in such a first-shell mechanistic proposal, a computational study on the
W-assisted hydration of acetylene was conducted. The obtained energetic profile displayed
an energy barrier of 49.6 kcal/mol, which is similar to the activation barrier of 53.1 kcal/mol

B3] Fyrthermore, constrained dihedral angles

calculated for the uncatalyzed reaction.
between the two dithiolate-units as well as the SCHs-moiety and the W-acetylene-axis did
not increase the energy of the starting complex sufficiently to significantly lower the energy
barrier. Thus, acetylene activation by the metal-center seems not to be influential on the

activation barriers associated with first-shell mechanisms.

Beside computational work, biomimetic model compounds are often essential to understand
the reactivity of enzymes. For acetylene hydratase, three structural model compounds were
reported in literature. 233033 Catalytic activity of the only functional model was revoked by

7,1 which makes the preparation of new structural and

Schreyer and co-workers in 201
functional model complexes desirable. Starting from W(ll)-precursors of the form
[W(CO)(C,R,)(CHsCN)Br;] (R = Ph, Me, H), complexes employing the bio-inspired,
heteroscorpionate L3S-ligand were synthesized via the “ligand addition” route. Elongation of
the alkyne C-C-bond lengths in the complexes [W(CO)(C,Ph,)(L3S)Br] (1) and
[W(CO)(C,;Me;)(L3S)Br] (2) was determined by single crystal diffraction analysis. More
activation of the C-C-bond in complex 1 than in complex 2 when compared to the C-C-
distances in free alkynes indicated that m-backdonation in the diphenylacetylene-complex is
enhanced due to the negative inductive effect of the phenyl-groups. This is in agreement
with structural data collected for similar C;Me,- and C,Ph,-complexes. Comparison of the
CO-frequencies in the different diphenylacetylene-complexes suggested low m-backdonation

into the CO-ligand whereas the opposite was observed for the dimethylacetylene-

compounds. Thus, reciprocal degrees of m-backdonation into the C;R,- (R= Ph, Me) and

58



CONCLUSION

CO-ligand seem to occur in correlation with the inductive effects of the alkyne-residues.
Intermediate CO-frequencies in acetylene-complexes, on the other hand, did not result in
the expected intermediate amounts of m-backdonation into the alkyne. Instead C-C-
elongation compared to free C,H, indicated varying degrees of m-backdonation into the
coordinated acetylene depending on the remaining ligand-set. Comparison of the complex
[W(CO)(C,H,)(L3S)Br] (3) with other complexes of the type [W(CO)(C,H,)L,] (L = S-Phogz,
Tm™¢/Br, Tp*/l), showed contradictory trends in the 'H NMR and IR data revealing no overall

trend regarding the electron-donating ability of the ligands.

In order to obtain biomimetically relevant W(IV)-complexes of the type [WO(C;,R;,)(L3S)Br]
(R = Ph, Me, H), oxidation reactions with the OAT reagents PyNO, mCPBA and DMDO were
performed. Characterization of the reaction products by *H NMR and IR spectroscopy ruled
out PyNO as a suitable oxidant under the applied reaction conditions. The formation of new
species was observed for complexes 1 — 3 using mCPBA and DMDO. However, spectroscopic
data indicated oxidation of the L3S-based S-atom to a sulfoxide- or sulfonyl-moiety rather

than the formation of the desired oxo-complex.

Depending on the amount of alkyne-donation and m-backdonation, formal oxidation states
of W in biomimetic complexes of the form [WO(C;R;)L,] can be defined as either +IV or
+V1.B% In order to further understand the electronic structure of these complexes, W L-edge
and S K-edge XAS data of similar complexes of the type [W(CO)(C;R,)L;] and [WO(C3R,)L,]
(R=Ph, Me, H; L= bidentate N,S-donor ligands; 4 - 15) were compared. Overlays of W L1-
spectra revealed that the rising edge of the oxo-complexes is approximately 2 eV higher in
energy compared to the CO-analogs. When compared to literature, this suggests a four
electron difference in the oxidation states. However, fitting of the S K-edge data of the same
complexes was in agreement with the anticipated oxidation states of +Il for W in the CO- and

+IV for W in the oxo-complexes.

In contrast to dithiolene-complexes, which interact extensively with the W-center, W-S-
covalencies supported by DFT-calculations furthermore indicated only little
W-S-tt-interaction in the probed complexes 4 — 9. Additional m-backdonation into the alkyne

by S-donating ligands is therefore unlikely for W-complexes with thiolate-based ligand-sets.
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EXPERIMENTAL SECTION

6. GENERAL INFORMATION ON COMPUTATIONAL METHODS

All calculations were performed at the density functional theory (DFT) level. Molecular
geometries for the enzymatic model were based on the crystal structure of native acetylene
hydratase (PDB ID code 2E7Z)!*® and fully optimized using the LANL2DZ basis set for all
elements. Intermediates and transition states were identified as optimized geometries with

zero and one imaginary frequencies, respectively.

7. GENERAL INFORMATION ON SYNTHETIC METHODS

All experiments were performed using standard Schlenk and Glovebox techniques under
inert atmosphere of N, unless otherwise indicated. All reagents were purchased from
commercial sources and used without further purification if not stated otherwise. Dry MeCN
and CH,Cl, were prepared via a PureSolv solvent purification system. Heptane was dried
over MgS0, and purged with N, for 2 h prior to use. THF was dehydrated by distillation over
the Na/benzophenone ketyl system under N, atmosphere. Dry solvents were used in all

reactions unless otherwise indicated.

All nuclear magnetic resonance spectra were recorded on a Bruker Avance Il Solution
spectrometer at 20°C. The residual solvent peak was set as internal standard. Coupling
constants (J) are reported as absolute values in Hertz (Hz) and chemical shifts are quoted in
parts per million (ppm). Multiplicities of peaks are given as broad singlet (bs), singlet (s),
doublet (d), triplet (t) and multiplet (m). IR spectra were measured in the solid state using a
Bruker Alpha-P FTIR spectrometer. Measurements for the determination of crystal
structures were carried out using a graphite-monochromatized Mo K, radiation at 100K.

Structures were solved by direct methods (SHELXS-97)[118]

and refined by full-matrix least-
squares techniques against F (SHELXL—2014/6).[119] The non-hydrogen-atoms were refined

with anisotropic displacement parameters without any constraints.

The L3SH ligand was prepared according to literature procedures.[79] The complexes of the
type [W(CO)(C;R,)2(CH3CN)Br;] (R = Ph, Me, H) were provided by Carina Vidovic Msc. !
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7.1. Experimental procedures
7.1.1. [W(CO)(C,Ph;)(L3S)Br] (1)

In a 50 mL Schlenk flask 103 mg L3SH (0.37 mmol, 1.3 equiv) were dissolved in 4.0 mL THF
and 14.7 mg of a 60% dispersion of NaH in mineral oil (0.37 mmol, 1.3 equiv) were added.
The reaction was stirred at 20 °C for 60 min. The THF-soluble phase was subsequently
filtered into a suspension of 222 mg [W(CO)(C,Ph,),(CHsCN)Br;] (0.29 mmol, 1.0 equiv) in 3
mL CHsCN. After 10 min the solvent was removed in vacuo. The residue was redissolved in 3
mL dry CH,Cl, and precipitated NaBr removed via filtration after 10 min. Evaporation of the
solvent followed by flash chromatography (60 g silica gel, CH,Cl,/hexanes = 5/1, fraction size:

20 —100 mL, in air) gave 43.3 mg of a green powder (0.06 mmol) in 20% vyield.

'H NMR (300.13 MHz, CD,Cl,) § = 7.18 — 7.52 (m, 10H, C,Ph,), 6.33 (s, 1H, C-H), 6.14 (s, 1H, C-
H), 6.02 (s, 1H, C-H), 2.69 (s, 3H, CHs), 2.54 (s, 3H, CHs), 2.41 (s, 3H, CHs), 1.95 (s, 3H, CHs),
1.69 (s, 3H, CHs), 1.47 (s, 3H, CHa).

3C NMR (75.47 MHz, CD,Cl,) & = 232.3 (CO), 203.7 (Cq, C=C), 197.6 (Cq, C=C), 157.1 (Cq),
153.1 (Cq), 142.3 (Cq), 142.3 (Cq), 141.6 (Ph), 138.9 (Cq), 129.1 (Ph), 128.9 (Ph), 128.5 (Ph),
127.6 (Ph), 109.7 (C-H), 108.7 (C-H), 76.7 (C-H), 52.8 (Cq), 32.9 (CHs), 29.8 (CH3), 17.5 (CH3),
17.3 (CHs), 12.1 (CHs), 12.0 (CHs).

IR: v(CO) 1908 cm™.

7.1.2. [W(CO)(C,Me,)(L3S)Br] (2)

In a 50 mL Schlenk flask 85.0 mg L3SH (0.31 mmol, 1.5 equiv) were dissolved in 3.5 mL THF
and 13.5 mg of a 60% dispersion of NaH in mineral oil (0.33 mmol, 1.5 equiv) were added.
The reaction was stirred at 20 °C for 30 min. The THF-phase was subsequently added
dropwise to a suspension of 111 mg [W(CO)(C,Me;),(CHsCN)Br,] (0.21 mmol, 1.0 equiv) in 3
mL CHsCN. After stirring at 20°C for 15 min, the solvent was changed to CH,Cl, and
precipitating NaBr was removed via filtration. The solution was then concentrated to

approximately 1.0 mL and layered with 10.0 mL heptane. After 2 h the blue supernatant was
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decanted and cooled to -18°C. Repeated recrystallization from CH,Cl,/heptane led to 31.0

mg of light blue powder (0.05 mmol) in 24% vyield.

'H NMR (300.13 MHz, CDCl3) 6 = 6.26 (s, 1H, C-H), 6.17 (s, 1H, C-H), 5.95 (s, 1H, C-H), 3.07 (s,
3H, C;Me,), 3.02 (s, 3H, C;Me,), 2.70 (s, 3H, CHs), 2.55 (s, 3H, CHs), 2.48 (s, 3H, CHs), 2.36 (s,
3H, CHs), 1.43 (s, 3H, CHs), 1.21 (s, 3H, CHa).

13C NMR data not available due to decomposition of the complex in solution.

IR: v(CO) 1889 cm™.

7.1.3. [W(CO)(C,H,)(L3S)Br] (3)

In a 50 mL Schlenk flask 133 mg L3SH (0.48 mmol, 1.4 equiv) were dissolved in 4.0 mL THF
and 18.0 mg of a 60% dispersion of NaH in mineral oil (0.48 mmol, 1.4 equiv) were added.
The reaction mixture was stirred at 20 °C until gas evolution ceased completely. The THF-
soluble phase was subsequently filtered into a suspension of 160 mg
[W(CO)(C,H,)2(CH3CN)Br;] (0.34 mmol, 1.0 equiv) in 4 mL CH3CN. After 15 min of stirring the
solvent was removed in vacuo. The residue was dissolved in 3 mL CH,Cl, and stirred at 20°C
until a colorless precipitate was observed. Salt fractions were removed via filtration and the
crude product purified via flash chromatography in air (60 g silica gel, CH,Cl,, fraction size:
30 - 50 mL). Recrystallization from CH,Cl,/heptane gave 30.3 mg (0.05 mmol) of light blue
powder in 15% yield.

'H NMR (300.13 MHz, CD,Cl,) 6 = 12.83 (s, 1H, CoH,), 11.91 (s, 1H, CoH,), 6.32 (s, 1H, C-H),
6.18 (s, 1H, C-H), 6.02 (s, 1H, C-H), 2.76 (s, 3H, CHs), 2.57 (s, 3H, CHs), 2.50 (s, 3H, CHs), 2.39
(s, 3H, CHs), 1.41 (s, 3H, CHs), 1.11 (s, 3H, CH3).

13C NMR (75.47 MHz, CD,Cl,) & = 232.4 (CO), 195.0 (Cq, C=C), 186.0 (Cq, C=C), 159.2 (Cq),
151.2 (Cq), 141.6 (Cq), 141.3 (Cq), 109.6 (C-H), 108.5 (C-H), 76.2 (C-H), 51.9 (Cq), 32.4 (CH3),
26.8 (CH3), 17.5 (CH3), 17.0 (CHs), 12.0 (CHs), 11.8 (CH3).

IR: v(CO) 1900 cm™.
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8. X-RAY ABSORPTION SPECTROSCOPY

The complexes of the type [W(CO)(C,H,)L;] (L = S-Py (4), 6-Me-S-Py (5), 4-Me-S-Py (6)) and
[WO(C,H,)L,] (L = S-Py (7), 6-Me-S-Py (8), 4-Me-S-Py (9)) as well as [W(CO)(C;R;)(S-Phoz),]
(R=H (10), Me (11), Ph (12)) and [WO(C;R;,)(S-Phoz),] (R = H (13), Me (14), Ph (15)) were
provided by Carina Vidovic Msc.

8.1. W L-edge XAS

W L-edge X-ray absorption spectroscopic data were collected on beamline 7-3 at the
Stanford Synchrotron Radiation Lightsource (SSRL) with the SPEAR storage ring containing
200-300 mA at 3.0 GeV. Beamline 7-3 is equipped with rhodium-coated mirrors upstream
and downstream of the Si(220) double-crystal monochromator. The incident and
transmitted X-ray intensities (10, 11, and 12) were monitored with three nitrogen filled
ionization chambers. The sample temperature was maintained at 10 K using an Oxford
Instruments CF1208 continuous flow liquid helium cryostat. Samples were made using 4 mg
of compound that was finely ground with 36 mg of BN powder. The samples were
subsequently sealed in the sample holder using sulfur-free Kapton tape. Data were collected
in fluorescence mode using a Lytle detector. A Zn-3 filter and a Soller slit were used before
the detector to reject the scattered radiation. The internal energy was calibrated using a W
foil reference with the first inflection point set to 10,207 eV for the W L3 edge, 11,544 eV for
the L2 edge, and 12,100 eV for the L1 edge. The scan ranges were 9,885 — 11,326 eV for the
L3, 11,300 -12,000 for the L2, and 11,900 — 12,300 eV for the L1 edges. The spectra reported

here are averaged with two sweeps.

8.2. S K-edge XAS

Sulfur K-edge XAS spectra were collected on beamline 4-3 at SSRL. BL4-3 is equipped with a
liquid-nitrogen-cooled Si(111) double crystal monochromator. The samples were prepared
using a ground powder-on-tape protocol. The sample holder with powder-smeared tape was

placed in a helium-gas-purged sample chamber. All measurements were collected using the
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passivated implanted planar silicon (PIPS) fluorescence detector at room temperature. The
first pre-edge peak of Na,S,03-5H,0 was assigned as 2472.02 eV in order to calibrate the

beam energy. The spectra reported here are averaged with four sweeps.

8.3. XAS Data Processing

XAS data were processed using the Demeter software suite (version 0.9.25). The XANES
spectra were calibrated, background smoothed, and normalized in Athena with the
threshold energy assigned as 10,207 eV for the W L3-, 11,544 eV for L2-, 12,100 eV for L1-
and 2,472 eV for the S K-edge. The pre-edge features for all S K-edge data were fitted using
the Peakfitting Mode in Athena with one arctangent step line and several pseudo-Voigt
peaks. All the pseudo-Voigt peak energies were determined by plotting the data as the

second derivative and using the valley energies.

8.4. XAS TDDFT calculations

All S K-edge pre-edge XAS computations were performed at the density functional theory
(DFT) level in the software ORCA (version 4.0.0) with structures based on the crystal
structures without further optimization. The B3LYP/G functional, the zero-order regular
approximation (ZORA) were adopted, and the associated ZORA-def2-TZVP basis set was used
for light atoms, the ZORA-def2-TZVPP basis set for S-atoms, and the SARC-ZORA-TZVP basis

set was used for W.
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Table 11: Crystal data and structure refinement for [W(CO)(C;R,)(L3S)Br] (R = Ph (1), Me (2)).

Crystal data

[W(CO)(C,Ph,)(L3S)Br] (1)

[W(CO)(C;Me,)(L3S)Br] (2)

Empirical formula
Formula weight
Crystal description
Crystal size
Crystal system, space group
Unit cell dimensions:
a
b
c
B
Volume
z
Calculated density
F(000)
Linear absorption coefficient pu
Absorption correction
Max. and min. transmission
Unit cell determination

CyoH3,BrN,OSW
747.40

block, green
0.44x0.31x0.27 mm
monoclinic, P 2,/c

10.5126(15) A

17.533(3) A

15.746(2) A

107.049(3)°

2774.8(7) A°

4

1.789 Mg/m’

1464

5.708 mm™

semi-empirical from equivalents
0.746 and 0.540
2.34°<0©<31.97°

9778 reflections used at 100K

Ci9H57BrN,OSW - CH,Cl,
708.19

block, blue

0.58 x0.44 x 0.29 mm
monoclinic, P 2;/c

9.0023(12) A

23.229(3) A

11.9693(16) A

96.982(4)°

2484.4(6) A®

4

1.893 Mg/m’*

1376

6.577 mm™

semi-empirical from equivalents
1.000 and 0.628

2.28°< 0 <43.08°

9149 reflections used at 100K

Data Collection

Temperature

Diffractometer

Radiation source

Radiation and wavelength
Monochromator

Scan type

© range for data collection
Reflections collected / unique
Significant unique reflections
R(int), R(sigma)
Completeness to © = 36.0°

100K

Bruker APEX-II CCD
Incoatec microfocus sealed tube
MoK,, 0.71073 A
multilayer monochromator
¢ and w scans

1.78 to 32.00°

60013 / 9630

8050 with | > 20(l)

0.0434, 0.0295

100.0%

100K

Bruker APEX-II CCD
Incoatec microfocus sealed tube
MoK,, 0.71073 A
multilayer monochromator
¢ and w scans

1.92° to 36.00°

109342 / 11757

9802 with | > 20(l)

0.0597, 0.0312

100.0%

Refinement

Refinement method

Data / parameters / restraints
Goodness-of-fit on F°

Final R indices [l > 20(l)]

R indices (all data)

Extinction expression

Weighting scheme

Weighting scheme parameters
a,b

Largest A/ in last cycle
Largest difference peak and
hole

Structure Solution Program
Structure Refinement Program

Full-matrix least-squares on F’
9630/351/0

1.017

R1=0.0230, wR2 = 0.0469
R1=0.0351, wR2 = 0.0506
None

w = 1/[0%(F,>)+(aP)*+bP] where
P = (Fo"+2F.)/3

0.0235, 1.6293
0.001
1.623 and -1.300e/A’

SHELXS-97 (Sheldrick, 2008)
SHELXL-2014/6 (Sheldrick, 2015)

Full-matrix least-squares on F
11757/291/0

1.032

R1=0.0241, wR2 =0.0457
R1=0.0351, wR2 =0.0488
none

w = 1/[0°(F,2)+(aP)*+bP] where
P = (F,"+2F.")/3

0.0127, 2.6752
0.002
1.928 and -1.064e/A’

SHELXS-97 (Sheldrick, 2008)
SHELXL-2014/6 (Sheldrick, 2015)
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Table 12: Selected bond lengths [A] and angles [°] for [W(CO)(C,Ph,)(L3S)Br] (1).

W(1)-C(1) 2.034(2) S(1)-W(1)-Br(1) 159.232(15)
W(1)-C(2) 2.066(2) C(2)-C(1)-C(101) 133.2(2)
W(1)-C(3) 1.956(2) C(1)-C(2)-C(201) 136.4(2)
W(1)-N(12) 2.2748(18) 0(3)-C(3)-W(1) 177.0(2)
W(1)-N(22) 2.2897(19) C(5)-S(1)-W(1) 108.42(7)
W(1)-S(1) 2.3759(6) C(13)-N(12)-N(11) 105.15(17)
W(1)-Br(1) 2.6152(4) C(13)-N(12)-W(1) 134.19(14)
C(1)-C(2) 1.318(3) N(11)-N(12)-W(1) 120.45(13)
C(1)-C(101) 1.460(3) C(23)-N(22)-N(21) 105.42(17)
C(2)-C(201) 1.459(3) C(23)-N(22)-W(1) 134.00(15)
C(3)-0(3) 1.148(3) N(21)-N(22)-W(1) 119.25(14)
S(1)-C(5) 1.831(2) C(1)-C(2)-W(1)-C(3) -171.55(16)
C(3)-W(1)-N(12) 166.27(8) C(101)-C(1)-C(2)-C(201) 3.2(5)
C(1)-W(1)-N(22) 165.17(8) W(1)-S(1)-C(5)-C(4) 30.49(16)
C(2)-W(1)-N(22) 157.35(8)

Table 13: Selected bond lengths [A] and angles [°] for [W(CO)(C,Me,)(L3S)Br] (2).

W(1)-C(1) 2.0205(19) S(1)-W(1)-Br(1) 160.301(13)
W(1)-C(2) 2.0691(18) C(2)-C(1)-C(10) 140.6(2)
W(1)-C(3) 1.9513(19) C(1)-C(2)-C(20) 140.6(2)
W(1)-N(12) 2.2430(15) 0(3)-C(3)-W(1) 178.95(18)
W(1)-N(22) 2.3160(15) C(5)-S(1)-W(1) 107.60(6)
W(1)-S(1) 2.3814(5) C(13)-N(12)-N(11) 105.17(14)
W(1)-Br(1) 2.6009(3) C(13)-N(12)-W(1) 133.10(13)
C(1)-C(2) 1.307(3) N(11)-N(12)-W(1) 121.43(11)
C(1)-C(10) 1.479(3) C(23)-N(22)-N(21) 105.18(14)
C(2)-C(20) 1.480(3) C(23)-N(22)-W(1) 133.72(12)
C(3)-0(3) 1.148(2) N(21)-N(22)-W(1) 119.30(11)
S(1)-C(5) 1.8264(18) C(1)-C(2)-W(1)-C(3) -175.93(15)
C(3)-W(1)-N(12) 167.97(7) C(10)-C(1)-C(2)-C(20) -9.9(5)
C(1)-W(1)-N(22) 157.18(7) W(1)-S(1)-C(5)-C(4) 34.34(12)
C(2)-W(1)-N(22) 161.74(7)
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