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ABSTRACT

A novel biomimetic structural model for the enzyme Acetylene Hydratase is
presented. In order to mimic the sulfur-rich active site, the literature known ligands 4-
methylpyridine-2-thiolate (L1, 4-Me-SPy) and 4,6-dimethylpyrimidine-2-thiolate (L2,
Me-SPym) were employed. Both ligands were chosen to stabilize tungsten-acetylene
adducts similar to the literature-known 2-(4-dimethyloxazolin-2’-yl)thiophenolate
ligand. Especially the electron-poor ligand 4,6-dimethylpyrimidine-2-thiolate was
applied to provoke a nucleophilic attack on a coordinated acetylene.

Starting from the well-known tungsten(ll) precursors [W2Brs(CO)7] (P1) and
[WBr2(CO)3(NCMe)2] (P2) the tungsten tris-carbonyl complexes [W(CO)s(Me-
SPym)z] (C2) and [W(CO)s(4-Me-SPy)z2] (C1) were synthesized. The tris-carbonyl
complexes were further reacted with acetylene to give [W(CO)(H-=-H)(Me-
SPym)z] (C4) when employing C2. In the case of C1 the complex underwent
acetylene insertion into the W-N bond to obtain [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-
SPy)] (C3). Furthermore compound C3 was found to eliminate acetylene with time in
solution to give [W(CO)(H-=-H)(4-Me-SPy)2] (C5). The complex C5 was additionally
also synthesized via the ligand addition method from a precursor mixture of
[WBr2(CO)(H-=-H)(NCMe)2] with [WBr2(CO)(H-=-H)2(NCMe)] (P3). The tungsten(lV)
complexes [WO(H-=-H)(Me-SPym)z] (C6) and [WO(H-=-H)(4-Me-SPy)2] (C7) were
obtained by controlled oxidation with the oxygen-atom-transfer reagent pyridine-N-
oxide.

The investigation of C3 towards oxidation and of C6 and C7 towards methyl lithium,
piperidine, sodium methanolate, water, methyl iodide and pyridine-N-oxide did not
result in the desired reactivity.

All compounds were fully characterized by 'H and 'SC NMR spectroscopy, IR
spectroscopy and single crystal X-ray diffraction analysis. Compared to free
acetylene, the coordination towards the tungsten center in C3-C7 results in a
significant elongation of the acetylenic C=C bond, as well as in a drastic downfield
shift of acetylenic 'H and '3C NMR signals. These results point towards an enhanced
electrophilicity on acetylenic carbons.



ZUSAMMENFASSUNG

Ein neues strukturelles Modell fir das Enzym Acetylen Hydratase wird vorgestellt.
Um die schwefelreiche Umgebung des aktiven Zentrums nachzubilden, wurden die
literaturbekannten Liganden 4-Methylpyridin-2-thiolat (L1, 4-Me-SPy) und 4,6-
Dimethylpyrimidin-2-thiolat (L2, Me-SPym) eingesetzt. Beide Liganden wurden
ausgewahlt, um Wolfram-Acetylen Addukte, &hnlich zum literaturbekannten Liganden
2-(4-Dimethyloxazolin-2’-yl)thiophenolat, zu  stabilisieren.  Besonders  der
elektronenarme Ligand 4,6-Dimethylpyrimidin-2-thiolat wurde ausgewahlt, um die
Reaktivitdt des koordinierten Acetylens gegenlber einem nukeophilen Angriff zu

steigern.

Beginnend mit den bekannten Wolfram(ll) Vorstufen [W2Br4(CO)7] (P1) und
[WBr2(CO)3(NCMe)2] (P2) wurden die Wolfram-triscarbonyl Komplexe [W(CQO)s(Me-
SPym)z] (C2) und [W(CO)s(4-Me-SPy)2] (C1) synthetisiert. Die Triscarbonyl-
Komplexe wurden mit Acetylen umgesetzt, um, im Falle von C2, den Komplex
[W(CO)(H-=-H)(Me-SPym)2] (C4) zu erhalten. Im Falle des Komplexes C1 erfolgt
zusatzlich eine Acetylen Insertion in die W-N Bindung zu [W(CO)(H-=-H)(=4-Me-
SPy)(4-Me-SPy)] (C3). Verbindung C3 eliminiert Acetylen mit der Zeit in Lésung und
bildet [W(CO)(H-=-H)(4-Me-SPy)2] (C5). Der Komplex C5 wurde zusatzlich
ausgehend von einer Mischung aus den Vorstufen [WBrz(CO)(H-=-H)(NCMe)2] und
[WBr2(CO)(H-=-H)2(NCMe)] (P3) uUber die Methode der ,Ligand-Addition“ hergestellt.
Die Wolfram(IV) Komplexe [WO(H-=-H)(Me-SPym)2] (C6) und [WO(H-=-H)(4-Me-
SPy)z2] (C7) wurden Uber kontrollierte Oxidation mit dem Sauerstofftransferreagenz
Pyridin-N-oxid erhalten.

Die Untersuchung von C3 gegenlber der Oxidation und von C6 und C7 gegenlber
Methyllithium, Piperidin, Natriummethanolat, Wasser, Methyliodid und Pyridine-N-

oxid lieferte nicht die gewlinschte Reaktivitat.

Alle Verbindungen wurden umfanglich mittels 'H- und '3C-NMR-Spektroskopie, IR-
Spektroskopie  und  Einkristall-Réntgenstrukturanalyse  charakterisiert.  Die
Koordination von Acetylen zum Wolfram-Zentrum in C3-C7 fuhrt, im Vergleich zum
freien Acetylen, zu einer signifikant verlangerten C=C Bindung sowie zu tieferem Feld
verschobenen 'H- und ®C-NMR Acetylen-Signalen. Diese Ergebnisse sprechen fir
eine gesteigerte Elektrophilie an den Acetylen-Kohlenstoffatomen.
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1. INTRODUCTION

1.1 SYNTHESIS OF ACETALDEHYDE IN NATURE AND INDUSTRY

Acetaldehyde is one of the industrially most important aldehydes with a worldwide
consumption of 766-108 t/year.l' It is a low-boiling liquid (bp = 20.16 °C) and readily
undergoes all organic reactions known for aldehydes, like acetalization with alkohols,

schiff-base formation with amines, oxidation to carbonic acids and aldol reactions.!

As shown in Scheme 1 acetaldehyde is mainly used as precursor for the production
of basic chemicals. For example it reacts with urea via a condensation reaction to
give a widely used resin.”l With amines acetaldehyde reacts to alkylamines.
Additionally croton aldehyde, a prochiral Michael acceptor, and vinyl acetate, a
polymer building block, are accessible from acetaldehyde.®l Derivatives of
pentaerythritol, also obtained starting from acetaldehyde, have found huge chemical
application in transformer oil, paints and also cosmetics.!* Acetaldehyde can also be
oxidized using oxygen to give, depending on the catalyst, acetic acid or acetic acid
anhydride directly.[']

0}
)'LO/\ HZO \/
\ NH3
(0]
0 A,
HZNXNHZ X
o Ho0 Q 0
HoN HTH NH, i AOH ’ )kok
o o H H
n

Scheme 1. Utilization of acetaldehyde in the synthesis of basic chemicals.[']



1.1.1 INDUSTRIAL SYNTHESIS OF ACETALDEHYDE: THE WACKER PROCESS

In the early 20" century the commercial production of acetaldehyde started.['l An
overview of possible routes for the industrial synthesis of acetaldehyde is given in
Scheme 2. Traditionally acetaldehyde is obtained from ethanol via dehydrogenation
and oxidation using high-temperature processes.l'! Additionally it was also
synthesized via hydration of acetylene using toxic Hg(ll) salts as catalysts and either
HNO3 (Chisso process) or Fez(SO4)s (wet oxidation process from Hoechst) for the
regeneration of Hg(ll).[' This reaction initially gives the enol, which then tautomerizes
to acetaldehyde. Rarely acetaldehyde was also synthesized in two step processes
via a vinyl ether (BASF) or via ethylidene diacetate (societé chimique des usines du

rhone).l']

B Production via ethylidene diacetate (societé chimique des usines du rhéne): developed 1914
o}
Q Hg(ll) 0 0 o
[e] ZnCl, +
% +2 4< [ )J\
OH 130-145°C <o H )J\OJ\
o:<

B Dehydrogenation of ethanol: 1918 - 1939

260 °C 0
< SOH

— J
Cu-cat. H
B Oxidation of ethanol (Verba Chemie process): until 1940s
O
500 - 650 °C
/\ + 02 — = + Hzo
oH A

Cu-cat.

B Production via vinyl ether (Reppe process, BASF): 1939 - 1945

KOH H,0
% + (0] o E 2 0 OH
HsC” o~ * H.C”
: 150-160°c  ~ % H* )J\H s

1600 kPa

B Hydration of acetylene (wet oxidation process (Hoechst), Chisso process): 1912 - 1962

P Hg(ll) 0
~Z + HO ——>
H,S0, )J\H

B Wacker process: since 1959

Scheme 2. Overview of processes for the industrial synthesis of acetaldehyde.!!



Since the discovery of the Wacker process, using a homogeneous PdClz2 / CuClz2
catalyst system for the net-oxidation of ethylene to acetaldehyde, in 1959 by the
“Consortium der chemischen Industrie GmbH?”, all other routes for the production of

acetaldehyde were diminished.!'-6l

1.1.2 ENZYMATIC SYNTHESIS OF ACETALDEHYDE

In nature, acetaldehyde is mainly synthesized by four enzymes (Scheme 3).I"l Three
of those enzymes generate it by oxidation of ethanol: The enzyme alcohol
dehydrogenase, found in the liver, generates acetaldehyde by metabolising
ethanol.”8l To a minor extend acetaldehyde is also generated by cytochrome P450

and catalase.l” 8!

H
H,O
“SOH  h,0, 2 X
H
catalase acetylene
2H0 hydratase
(0}
2 NADP* )J\H
+ H,O 2 NADH
2 NADPH
+0, cytochrome  alcohol 2 NAD*
P 450 dehydrogenase
P
~"SOH OH

Scheme 3. Synthesis of acetaldehyde in nature.l’-*

Compared to the other enzymes in Scheme 3 Acetylene Hydratase is very unique, as
it synthesizes acetaldehyde not through the oxidation of ethanol and, apart from
nitrogenase, is the only enzyme that accepts acetylene as substrate.[®'% Acetylene
Hydratase was isolated from the strictly anaerobic fermenting bacterium Pelobacter
acetylenicus by the group of B. Schink.l®! It performs a net-hydration reaction of
acetylene to acetaldehyde (Scheme 3). This reaction was found to be highly
exergonic (AG° = -111.9 kJ/mol).l'"l Nevertheless a catalyst, such as the enzyme

Acetylene Hydratase, is required for this reaction because of kinetic inhibition.



Acetylene Hydratase belongs to the quite limited family of tungsten-dependent

enzymes, which covers roughly about 18 enzymes.!'?

1.2 TUNGSTEN IN ENZYMES

Tungsten is a group 6 element, relatively abundant on earth (average concentration
of 10* ppm) and predominantly found as oxides of the type M(+11)WQ4 (e.g. scheelite
CaWOQs4, wolframite (Mn, Fe)WQu, stolzite PoWQa).['213 |t is also the only element of
the third transition row which is found in enzymes, typically in the oxidation states of
+IV to +VI.I'214 Tungsten and to a larger extend its lighter homologue molybdenum
are often involved in catalysis.l'® In nature both elements are typically regarded as
chemically similar elements, albeit tungsten is predominantly used by extremophilic

bacteria.['2:16.17]

_Cys ,H
\\ QS H-g g-Cvs
S \S | S/,W.\S | S/,\':.\S
s’ ‘s s” ' ~g ’S,W\S |

Aldehyde-ferrodoxin Formate dehydrogenase family Acetylene Hydratase
oxidoreducdase family

0 s
H
- N SH
- oPOy
s HNTN N0 3

Molybdopterin cofactor

Figure 1. The three classes of tungstoenzymes (top), all of them utilizing the
molybdopterin cofactor (bottom).l"8l

Tungstoenzymes are most commonly divided into three classes, all of them uitilizing
the molybdopterin cofactor (Figure 1, bottom).['216.18] Members of the first class,
aldehyde-ferrodoxin oxidoreductase family, catalyze the oxidation of aldehydes to
their corresponding carbonic acids.['® The second class is the formate
dehydrogenase family and comprises enzymes that catalyze the reduction of CO2 or
the reverse reaction, the oxidation of formate to CO2.['>"8 The third group only
comprises Acetylene Hydratase, which was first isolated from the strictly anaerobic
fermenting bacterium Pelobacter acetylenicus.l® Pelobacter acetylenicus is found in

marine freshwater sediments and lives on acetylene as its sole source of energy.['°]
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As mentioned in Scheme 3 Pelobacter acetylenicus uses Acetylene Hydratase for the
initial step of the fermentation of acetylene to acetaldehyde.®! In contrast to the active
sites of the aldehyde-ferrodoxin oxidoreductase family as well as of the formate
dehydrogenase family, Acetylene Hydratase contains a tungsten(lV) center, instead
of tungsten(VI).[8l

1.3 ACETYLENE HYDRATASE

1.3.1 MOLECULAR STRUCTURE OF ACETYLENE HYDRATASE

The crystal structure of Acetylene Hydratase was solved at 1.26 A resolution in 2007
by the group of O. Einsle.l?%2l As depicted in Figure 2 Acetylene Hydratase has a
monomeric structure.?'l Similar to all tungstoenzymes, the active site of Acetylene

Hydratase contains two molybdopterin cofactors (Figure 2).121]

\¢A %
s

F R

Figure 2. Overall structure of Acetylene Hydratase (right) and its active site (left).
Picture taken from Ref.l?"!

Furthermore, a cysteine residue from the protein backbone and a water molecule are
coordinated towards the tungsten center.l?'l Interestingly under ambient atmosphere
Acetylene Hydratase is only active in the presence of strong reducing agents like
titanium(lll) citrate and dithionite.l® Although it was reported to be air stable, no
enzyme activity was detected in assays under atmospheric oxygen or without the
reducing agents.[°l
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1.3.2 MECHANISTIC CONSIDERATIONS

The mechanism of Acetylene Hydratase is still under discussion.!'®! Four different
reaction mechanisms have been proposed in literature, they are differentiated
between first shell and second shell mechanisms. In the first shell mechanism
acetylene and all reaction intermediates are coordinated towards the tungsten center,
whereas in the second shell mechanism they are not.["9

p
13 oS
Asp 13
H\‘\ Cl) Asp'3 ﬁksp
(O_H\_/ S 0 0
3 H™= <Q 7
Cyss N Cys-S ( CysS N0 ) c s
s- \ s-
\/ \I»OH ’ v ’ 0)

\\\\\\\\\\\\\\\\\\\\\\\\\\

H
(0] gz
A W H,0

Scheme 4. First shell mechanism proposed by Himo and coworkers.[??

Three first shell mechanisms have been suggested by the groups of Himo, Hillier and
Bayse, including a multistep mechanism via a vinylidene and a carbine.[?2-24 |n all
these mechanisms acetylene is activated towards a nucleophilic attack of a water
molecule by coordination to the tungsten center (Scheme 4).['"91 An enol is
subsequently formed, which finally tautomerizes to give acetaldehyde.

The only second shell mechanism for Acetylene Hydratase was proposed in 2007 by
the Einsle group together with the enzyme’s crystal structure (Scheme 5).[2'1 The
authors suggest that the water molecule, which is coordinated to the tungsten center,
forms a hydrogen bond to the nearby Asp'® residue. Hence the water becomes very
acidic and the acetylene is protonated. The formed vinyl cation reacts with an
additional water molecule to form an enol like in the first shell mechanism, which then

tautomerizes to acetaldehyde.
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(0] O (0]
H O)J\ ,H‘(I))J\ H\O)J\
“HTN H, H\I':;LH H
Cys-S O \\ Cys-S\ /O & H Cys s\ /O /\(3:/
"""" S ‘\ _H w W |l|

Scheme 5. Second shell mechanism proposed by O. Einsle and co-workers.[?']

Table 1 gives a summary of all proposed mechanisms for Acetylene Hydratase. All
four mechanisms were investigated using DFT calculations.[?>24l The first shell
mechanism of the Bayse group and the second shell mechanism of the Einsle group
seem to be implausible, as the calculated activation energies were evaluated as too
high.[2324 Considering the calculated activation energies, the first shell mechanism
suggested by Himo and coworkers seems to be most likely.[?225-28] This is also
supported by the fact that the initial step of first shell mechanisms, the acetylene

coordination, was calculated to be exergonic (-5.4 kcal/mol).[??]
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Table 1. Summary of proposed mechanisms and calculated energy barriers.

Key step Activation energy Reference
Ny Asp'3 16.9 kcal/mol?? Himo group.?%2%l
p o}
H(OH._ _© Thiel group.[26-28]
Cys-S \&H
Y
\§s/ \s?
0 34.0 kcal/mol?4 Hillier group.24
H o
Cys-S\/\\H H,0
wWe,

H s 41.0 kcal/mol24
H(O‘H |Sp

43.9 kcal/mol24

Bayse group.?®!

Einsle group.[?]

1.4 ALKYNE ACTIVATION ON METAL CENTERS

Alkyne activation on metal centers and subsequent attack of a nucleophile, as the
proposed key step in enzymatic acetylene hydration,?>24 have been numerously
reported in literature, including also their application in natural product synthesis. ]
Especially for the synthesis of heterocycles alkyne activation is an alternative strategy
to traditional ring closing reactions.[?2:3%:31 |ntramolecular ring closures, similar to the

one depicted in Scheme 6, have been reported using complexes of Til®2l, Znl32, Y32],
Lni32 Ryl3233.34 RAl3235] Pqi3236.37] Cyld2l Ayl32:38-411 Mol32:344243] (yl32] \\[32:34,42—
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44]  ptl32.34.37,4546]  |((3547.48]  Rel34, There also exist a handful examples of an
intermolecular attack of an activated alkyne using Pt,[4>4°1 [ 148 Aul® and Rh-
catalysts.®'l To the best of our knowledge a nucleophilic attack of an unsubstituted
acetylene, as in the mechanistic proposal of acetylene hydration of the Einsle
group,i2'l has never been reported.

'TI transition
Nu metal Nu H Nu = N, S, (6]

H catalysis R
(EQ/ - RG

Scheme 6. Application of n-acid catalysis in heterocyclic chemistry.[]

The reported examples of alkyne activation using group 6 metals are of high
relevance,32:3443.44.52] a5 Acetylene Hydratase also has a group 6 metal in its active
site.l?'l However, this chemistry is limited to catalysts of the type [LM(CO)s] (M = Mo,
W; L = EtsN, THF, DABCO), which are in situ generated from M(CO)s (M = Mo, W)
and the respective ligand under UV-irradiation.[3244 Moreover only examples of an

intramolecular nucleophilic attack are reported.[32.34.42-44]

W(CO)s

hv Et3N Et,0 /\(()H

H

Et;N-W(COj)
EtsN
Et3NH D*

H——
(0C) 5W >—Ph
HO

Scheme 7. Proposed mechanism for Mo- and W-dependent intramolecular alkyne
activation.[53:54

The mechanism of this ring closure using Mo- and W-carbonyl complexes as mn-acid
catalysts has already been studied.l535% A proposed catalytic cycle is depicted in

14



Scheme 7. It involves activation of the alkyne by coordination to the metal center,
followed by formation of a vinylidene, intramolecular nucleophilic attack on the
vinylidene and decoordination of the product as key steps. (5]

1.5 THE BONDING SITUATION IN METAL-ALKYNE AND METAL-CARBONYL COMPLEXES
1.5.1 METAL-ALKYNE COMPLEXES

The Chatt-Dewar-Duncanson model, originally introduced to describe the bonding
situation in Pt-alkene complexes and extensively used for the description of olefin
complexes, 5561 can also be applied for the description of the metal-alkyne bond.[57:58
In Figure 3 the well-known molecular orbital diagram of acetylene as well as the
interactions of the relevant orbitals with a metal center are depicted. It shows that

acetylene has two filled n-orbitals, oriented perpendicular to each other.[%
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Figure 3. Molecular orbital diagram of acetylene and possible bonding interactions
with a metal center.[60]

The electrons in one of these n-orbitals perform a c-electron transfer to the metal
center (Figure 3, A). The other n-orbital overlaps with a metal orbital to perform a n-
electron donation (Figure 3, B). The lowest unoccupied molecular orbitals of acetylene
are its two r*-orbitals, also standing perpendicular to each other.%*] These orbitals are

prone to n-backdonation (Figure 3, C) and to a 8-overlap (Figure 3, D).[61
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Acetylene as ligand can either be considered as a neutral 2-electron donor (pure c-
electron transfer, Figure 3, A) or as a neutral 4-electron donor (n-overlap and o-

electron transfer, Figure 3, A and B).[5961.62]

increasing m-electron H

H backdonation
M—|H M /
H

H

Scheme 8. Schematic representation of the Chatt-Dewar-Duncanson model on
metal-alkyne complexes. Increasing n-electron backdonation leads to the formation
of a metallacyclopropane.

As illustrated in Scheme 8, the metallacyclopropane is formed with increasing n-
electron backdonation. This leads to a distortion of the originally 180 ° angle of the
C=C-H bond in uncoordinated acetylene because of the reduced triple bond
character. Additionally the C=C bond is weakened upon coordination, because
electron density is on the one hand donated from the binding m-orbital to the metal
center and on the other hand electron density is pushed into the antibonding =*-orbital
(Figure 3).

1.5.2 METAL-ALKYNE-CARBONYL COMPLEXES

The principle of o-donation and n-backbonding of the Dewar-Chatt-Duncanson model
can also be applied to carbonyl complexes.[®56364 Figure 4 shows a schematic
drawing of the molecular orbital diagram of CO (left) as well as the possible

interactions of the CO ligand with a transition metal center (right).

The CO ligand can also form o- and n-interactions with the metal center, similar to the
alkyne ligand (see section 1.5.1). The occupied c*s-orbital overlaps with a metal
orbital to perform a c-electron transfer (Figure 4, A).[8% Additionally, the electrons in
the mp-orbitals can also form weak n-interactions with the metal center (Figure 4,
B).[60.63] Finally, a n-electron backdonation can occur into the n*p-orbital of CO (Figure
4, C). Hence, oc-electron transfer strengthens the CO bond, while r-electron

backdonation weakens the CO bond, as it fills an antibonding orbital. Additionally, the
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formed m-bond using electrons of the mp-orbital weakens the CO bond, as the

electrons come from a bonding orbital.

As all these interactions affect the CO stretching frequency in the IR spectrum, a

summary of their impact is given in Table 2.
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Figure 4. Molecular orbital diagram of CO (left) and possible bonding interactions with
a transition metal center (right).[60.63.64.65]

Table 2. Summary of bonding interactions between metal and CO ligand and their
influence on M-C and C-O bond.

Interaction M-C bond length C-0 bond length IR vc-0

o: L(os) 2 M(o) decreases decreases increases
n: L(mp) 2 M(dm) decreases increases decreases
n: M(dn) 2 L(mp) decreases increases decreases

The bonding situation in metal-alkyne-carbonyl complexes has been previously
described.58 [W(CO)(H-=-H)(S2CNEt2)2] and [W(CO)(H-=-H)(SPhoz)2] have both CO
and alkyne ligand in an approximately parallel arrangement.l66.671 Templeton and
coworkers attribute this to the fact that a 3-center-2-electron bond with dz of the metal
as the donor orbital and ©*, of CO and r*i of acetylene as acceptor orbitals is formed
(Figure 5).181 Therefore, this leads to a net-energy gain compared to a 90 °
arrangement. Thus, the below shown parallel arrangement of CO and alkyne is
usually adopted.
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Figure 5. Schematic drawing of the possible 3-center-2-electron bond between metal,
alkyne- and CO-ligand in a parallel arrangement of CO and alkyne. 58]

1.5.3 METAL-OXO-ALKYNE COMPLEXES

Similarly to metal-alkyne-carbonyl complexes, the bonding in metal-oxo-alkyne
complexes has been studied t00.571 The possible interactions of metal orbitals with
ligand orbitals are shown in Figure 6. Two 2-center-2-electron bonds of the transition
metal d-orbital with the oxo ligand and the alkyne ligand respectively can be formed
(Figure 6, A and B).] In addition to that a 3-center-4-electron bond between a n-
orbital of the W-O bond, the bonding orbital of the alkyne and the metal orbital is
possible (Figure 6, C).51 In contrast to transition metal carbonyl alkyne complexes
(section 1.5.2),158 this leads to a stabilization of the alkyne ligand in an approximately
90° angle to the W-O bond.

Z 00@ Q) I
X y OWB % V\p ///

2c - 2¢e” 2c - 2e” 3c-4e”
A B (o3

Figure 6. Bonding interactions in metal-oxo-alkyne complexes.’]
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1.6 BIOMIMETIC MODELS FOR ACETYLENE HYDRATASE

Bioinorganic chemistry seeks for a deeper understanding of mechanisms and
properties of transition metal-containing enzymes. Therefore so-called biomimetic
complexes, which are transition metal complexes with a ligand system as similar as
possible to the coordination environment in the active site of the enzymes, are
synthesized. These biomimetic complexes are simplified models of enzymes, which
allow mechanistic studies, studies on oxidation states and studies concerning the
ligand system.

In enzyme modeling chemistry one has to differentiate between structural and
functional models. A structural model usually does not show enzyme activity, but
mimics the coordination sphere of the active site. Therefore structural models are
used to study the chemical behavior of the enzyme’s active site. In contrast to that a
functional model can use a totally different coordination sphere of the active site as
long as it performs the catalytic reaction of the enzyme. Functional models are
important to get knowledge about the mechanism and the role of the metal. The
combination of the two modeling approaches is a structural-functional model. Such a
combined model shows catalytic activity as well as characteristic structural features
of the enzyme. A complex which fulfills both can therefore be regarded as a simplified

template of the enzyme.

In the following sections literature-known examples of tungsten-acetylene complexes,
which are highly relevant for biomimetic modelling of Acetylene Hydratase, will be

presented.

1.6.1 TUNGSTEN(II)-ALKYNE COMPLEXES

Tungsten(ll)-acetylene chemistry started in the late 70’s, where Alt and co-workers
reported the chemistry of tungsten(ll)-carbonyl-acetylene complexes stabilized by a
cyclopentadieny! ligand.[®8-731 The author synthesized [W(CO)2(Cp)(H-=-H)(CHs3)], the
first tungsten(ll)-acetylene complex, by a photochemical reaction of the seven-
coordinate [W(CO)s(H-=-H)(CHs)] with acetylene. The chemistry of [W(CO)2(Cp)(H-
=-H)(CHas)] and its derivatives was intensively investigated until the 90s.68-74] Later
on, also tungsten-acetylene complexes using sulfur-rich dithiocarbamate-ligands
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were reported in 1978, where the group of McDonald succeded in isolating [W(CO)(H-
=-H)(S2CNEtz)2] starting from the phosphine-precursor [W(CO)2(PPhz)(S2CNEt2)].16¢!
Additionally the authors also reported the first crystal structure of a tungsten(ll)
acetylene complex, revealing a parallel arrangement of CO and acetylene (section
1.5.2).[68]

In 1997 the group of Templeton entered into tungsten-acetylene chemistry with the
first report of a tungsten-acetylene complex stabilized by the scorpionate ligand
hydrido-tris(pyrazolyl)borate (Tp’).[”®! Subsequently the reactivity of [Tp’'W(CO)(H-=-
H)I] and its derivatives has been intensively studied by the Templeton group.[”5-80]
Lately Peschel et al. succeeded in synthesizing a novel tungsten-acetylene system
using 2-(4’,4’-dimethyloxazoline-2’-yl)thiophenolate (SPhoz) as ligand.[®”] [W(CO)(H-
=-H)(SPhoz)2] was synthesized from [W(CO)2(SPhoz)z2], which reacts readily under
acetylene atmosphere.[®] Although the SPhoz ligand system is different in terms of
reactivity compared to dithiocarbamates, a parallel arrangement of CO and acetylene
similar to [W(CO)(H-=-H)(S2CNEt2)2] was observed.®”]

A complete summary of literature-known tungsten(ll)-acetylene complexes, sorted by
the year of publication, is given in Table 3.
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Table 3. Summary of literature-known monomeric tungsten(ll)-acetylene complexes.

Compound Crystal
Year Reference
structure
R/V|V\CO
= R = Me, Et, n-Pr, n-Bu
1977 [68,70,71]
P
}//V|V\co
0 = R = Me, Et, n-Pr, n-Bu
[W(CO)(H-=-H)(S2CNEt2)2] 1978 X [66.81]
[W(CO)2(H-=-H)l2L] (L = PMes, AsMes) 1982 [82]
<
= eo 1983 [70,72]
O _— o
r T BF, R = Me, Et, n-Pr, n-Bu
[W(MA)(H-E—H)(S2CN R2)2] 1985 183]
(R = Me, Et)
1991 [69]
1993 [73]
[TP'W(CO)2(H-=-H)][OTH], [TP'W(CO)(H-=-H)I] 1997 [75]
[Tp’'W(CO)(H-=-H)(R)]
(R = CN, CNBF3) 1998 [79]
[TpP’'W(CO)(H-=-H)(R)][O3SCF3]
(R = CN-Me, CN-H, CO)
[W(CO)(H-E-H)(SPhOZ)z] 2015 X [67]
[Tp’'W(CO)(H-=-H)(R)J[OTH] X
(R = NC-Me, N(CH3)=CHCHjg, N(CH,CHz)=CHCHs)
[TpP’'W(CO)(H-=-H)(N=CHCH3s)] 2016 [76]
[Tp’'W(CO)(H-=-H)(R)][BF4] X

(R = NHCHCHj;, N-CH(CHjz)(CPhs), N-CH(CH3)C(CsH4OCHs)-Phy)
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1.6.2 TUNGSTEN(IV) COMPLEXES AS MODELS FOR ACETYLENE HYDRATASE

As Acetylene Hydratase is a tungsten(lV) dependent enzyme with the sulfur-rich
molybdopterin cofactor in its active site,?'l tungsten(IV)-acetylene complexes ideally
with a sulfur-rich coordination sphere qualify as structural models. Furthermore
tungsten(lV) complexes that catalyze acetylene hydration can be regarded as
functional models for the enzyme.
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Figure 7. Complexes which qualify as biomimetic models for Acetylene
Hydratase.[57:67.78.84,85]

Figure 7 summarizes the known structural and functional models for Acetylene
Hydratase.l88 Only one functional model for Acetylene Hydratase is known in
literature. Complex 1 was synthesized in 1996 and reported to be a functional model
of Acetylene Hydratase in 1997,18485 10 years prior to the crystallization of Acetylene
Hydratase in 2007.21 In 2017 the catalytic activity of 1 was reinvestigated by
Hintermann and coworkers.[8”l However, the results of Sarkar could not be

reproduced.[®’]

Additionally to the functional model of the Sarkar group three structural models
(Figure 7: Compounds 2, 3 and 4) are reported in literature.[®”:67.78 Model 2, reported
in 2015 by the group of Mdsch-Zanetti, shows reversible acetylene decoordination
upon light exposure to form the five-coordinate species [WO(SPhoz)2].”1 This
behavior has not yet been reported for Acetylene Hydratase, but gives important
information about chemical behavior of tungsten(lV)-acetylene complexes with a
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sulfur-rich coordination sphere and is highly relevant as product decoordination is also
a key step in the catalytic cycle of acetylene hydration.[®19-21]

Model 3 has already been reported in 1981 by the group of Templeton. It uses a
dithiocarbamate ligand to stabilize the acetylene adduct.l>"1 Although 3 does not show
catalytic activity it is the closest structural analog of the active site of Acetylene
Hydratase, as it also has four sulfur atoms in the first coordination sphere of
tungsten(IV).157]

Model 4, synthesized in 2000 also by Templeton and co-workers, does not have a
sulfur rich ligand system similar to Acetylene Hydratase, but has a water molecule as
well as acetylene coordinated to the tungsten center.[”® Therefore this model is of
high structural importance, as both reactants necessary for acetylene hydration are
coordinated towards the tungsten center. Until now no crystal structures of 3 and 4
have been reported, which makes propositions concerning the degree of acetylene
activation (C-C bond length and C-C-H bond angle) and comparisons to other model

compounds impossible.

Furthermore few tungsten(lV)-acetylene complexes, which do not qualify as models
for Acetylene Hydratase, are known. A complete list of all known tungsten(IV)-

acetylene complexes is given in Table 4.
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Table 4. Summary of literature-known monomeric tungsten(lV) acetylene complexes.

Compound Year Crystal structure Reference
[WO(H-=-H)(S2CNRz2)] 1981 [57]
(R = Me, Et)

<L 1986 [74]
H;,C/V"’Qo
He <L 1986 [74]

i
1986 [74]

ON/V|V<0
[WCls(H-=-H)(Et20)] 1989 [88]
[W(PMe2Ph)2(H-=-H)(NAr)2 1993 [89]
(Ar = diisopropylphenyle)
[TP'WOI(H-=-H)] 1999 7]
[Tp’'WO(H20)(H-=-H)][OTH]
[Tp'WO(H-=-H)J[OTf] 2000 78]
[TP’'WO(OH)(H-=-H)]
[WO(H-=-H)(SPhoz)2] 2015 X [67]

1.6.3 OXOTUNGSTEN(IV)-ALKYNE CHEMISTRY

Possible synthetic routes for the synthesis of biomimetic oxotungsten(lV)-acetylene
complexes are summarized in Scheme 9. A distinction has to be made between ligand
addition method, alkyne addition method and the reduction method. The ligand
addition method and the alkyne addition method are well established in literature and
within the group, whereas no examples for the synthesis of oxotungsten(IV)-alkyne
complexes via the reduction method are reported.

The synthesis of the tungsten(ll) precursor [W2Br4(CO)7], as well as the 7-coordinate
acetonitrile adduct [WBr2(CO)3(NCMe)2] for the alkyne and ligand addition method
are well known in literature.[®-%3] Additionally the alkyne addition method has already
been successfully employed for the synthesis of [WO(H-=-H)(SPhoz)2],[67:9 [WO(H-
=-H)(S2CNR2)] (R = Me, Et)37:66.94 and [Tp’'WO(OH)(H-=-H)].["577.78]
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Scheme 9. Possible synthetic routes towards tungsten-oxo-alkyne complexes.[67:88-
90,92,93,95]

The bis-alkyne precursors [WBrz2(CO)(R-=-R)2(NCMe)] (R = Me, Ph) have been
isolated by Baker et al. in 1994.°5%1 Furthermore, preliminary results of the Mésch-
Zanetti group show that the bis-acetylene precursor [WBr2(CO)(H-=-H)2(NCMe)] is
also accessible in a mixture with [WBr2(CO)(H-=-H)(NCMe)2].l*2

One example for the reduction route for the synthesis of tungsten(lV) complexes
exists in literature, although no tungsten(IV)-oxo-acetylene complexes have been
synthesized via this approach. [WCls(H-=-H)]2 was synthesized from WCls via
reduction in acetylene atmosphere to form C2Cl2H2 as side product.[c8]

The oxidation of tungsten-carbonyl complexes to their corresponding oxo-complexes
has already been conducted. The groups of Young and Mdsch-Zanetti used pyridine-
N-oxide for the synthesis of the complexes [Tp’'W(CO)O{S2P(OPr')2-S}] and [WO(H-
=-H)(SPhoz)2] respectively.[7:97] Additionally Young reported the oxidation of
[Tp'W(CO)2l] to [Tp’'W(CO)OI] using molecular oxygen.”l Finally the group of
Templeton used the peracid mCPBA for oxidation of carbonyl complexes. (€]
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2. OBJECTIVES

The mechanism of the tungstoenzyme Acetylene Hydratase is still unresolved.
Nevertheless three different first shell mechanisms and one second shell mechanism
have been proposed.?'-24 A strategy to gain further insight into the mechanism of
Acetylene Hydratase is the synthesis of model compounds with a sulfur-rich
coordination sphere similar to the molybdopterin cofactor in the active site of
Acetylene Hydratase.?'l Three oxo-tungsten(IV)-acetylene complexes which serve as
a structural model for Acetylene Hydratase have been published.l*”67.78 However, no
acetylene hydration reactivity of these complexes is reported.[57:67.78]
[EtaN]2[WVO(mnt)2] is the only tungsten(lV)-complex with a sulfur-rich coordination
sphere which was found to perform catalytic acetylene hydration, although no
tungsten-alkyne intermediate was observed.[®+8 However, the results could not be
reproduced.’®”] Without a reliable functional model the synthesis of structural-
functional models for Acetylene Hydratase is crucial to gain further insights into the
mechanism of its acetylene hydration. Bidentate S,N-ligands on an oxo-tungsten(IV)-
acetylene center seem to be beneficial for acetylene activation, because reversible
acetylene coordination with the S,N-ligand SPhoz has already been observed in the
compound [WO(H-=-H)(SPhoz)z] (section 1.5.3).[67]

The aim of this master thesis is to synthesize new structural-functional models for
Acetylene Hydratase based on the S, N-ligands 4-methylpyridine-2-thiolate (L1) and
4,6-dimethylpyrimidine-2-thiolate (L2). Both ligands were chosen as they are less
prone to disulfide formation than SPhoz, because of the present tautomeric
equilibrium between thiole and thione.l°8! Therefore they are expected to be more
stable in an aqueous environment which is necessary for enzyme-like acetylene
hydration. Furthermore, both ligands create a sulfur-rich coordination sphere
comparable to the native enzyme. The route used for the synthesis of the desired
tungsten-oxo-alkyne complexes is presented in Scheme 10. Starting from the
precursors [Wz2Br4(CO)7] (P1), [WBrz(CO)3(NCMe)2] (P2) and [WBrz(CO)(H-=-
H)2(NCMe)] (P3) tungsten-oxo-acetylene complexes of 4-methylpyridine-2-thiolate
(L1) and 4,6-dimethylpyrimidine-2-thiolate (L2) should be synthesized via [W(CO)sLz2]
and [W(CO)3(H-=-H)L2].[899293] P3 is only known within the Mdsch-Zanetti group and
was isolated in a mixture with [WBr2(CO)(H-=-H)(NCMe)2].?2l The reactivity of the
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target complexes of the type [WO(H-=-H)L2] towards acetylene hydration as well as

nucleophiles (methyl lithium, piperidine, sodium methanolate) will be investigated.

Ligand addition method
(o]6)

OoC CO
OoC.,, | wBr eS/\N S\ /\CO \\
STAN —_— /W\
OC”/\'Br _5pr- N7 | W -2CO
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<N/V|V\N S
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oC,. \Br 2\ H \R 2° s
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/// \\ Il
P2 .
R = NCMe, —
P3

Scheme 10. Synthesis of tungsten-oxo-alkyne complexes.

Moreover preliminary results show that if complex [W(CO)3(SPy)2] is treated with

excess acetylene, insertion of another acetylene moiety into the W-N bond to
[W(CO)(H-=-H)(=SPy)(SPy)] is observed, whereas [W(CO)s(6-Me-SPy)2] reacts to
[W(CO)(H-=-H)(6-Me-SPy)2] under acetylene atmosphere (Scheme 11). Additionally
L. M. Peschel et al. showed that [W(CO)(H-=-H)(SPy)2] is accessible via the ligand
addition method starting from precursor P3 (Scheme 10).°? Using [W(CO)(H-=-H)(4-
Me-SPy)2] as model compound, the influence of the methyl group (electronic vs.

steric) on the acetylene insertion into the W-N bond is to be studied.

co CcO
S’//,.\W/.\\CO excess\\\\ ""W-“‘\\\\ \ / ‘CO excess\\
VS ' /l e
= L :{3 -2co = g \ ﬂ -2C0 =
= N
L

Scheme 11. Acetylene insertion into the W-N bond.
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3. RESULTS AND DISCUSSION

3.1 LIGAND SYNTHESIS

3.1.1 SYNTHESIS OF SODIUM 4-METHYLPYRIDINE-2-THIOLATE

The synthetic route used for the preparation of sodium 4-methylpyridine-2-thiolate is
presented in Scheme 12. Commercially available 2-amino-4-methylpyridine was
converted, according to literature, into 4-methylpyridine-2-on via diazonisation at 0 —
5°C and subsequent reaction of the formed diazonium salt with water.[®d 4-

Methylpyridine-2-on was obtained in high purity after 15 min. at 95 °C as a colorless

~ N
H202 Q\S,S 74 \
M2 Nano, S N=
N H2304 yy 0.7 Lawesson’s reagent NH “2Hy0 68%
NaHSO4 - 0= P Ph-OMe | = NaH S
o ®
98% 84% -Hy [ N7 Na
=

“'® @ s L1 (62%)

N82CO3 until
NaN02 /C pH=7 /@H
HCI, -5°C 2. Na,S Z

-H,0 - Ny NaCl

powder in 98% yield.

Scheme 12. Synthesis of sodium 4-methylpyridine-2-thiolate (L1) and its
corresponding disulfide.

Treatment of 4-methylpyridine-2-on with Lawesson’s reagent to introduce the
thioketone moiety is also well known in literature.['® According to the literature
protocol a reaction time of 14 h at reflux (toluene) using 0.6 equiv. Lawesson’s
reagent should lead to full conversion.['® |n our hands, however, 0.6 equiv.
Lawesson’s reagent and 15 h reflux (toluene) lead to approximately 90% conversion,
according to GC-MS measurements. In order to get full conversion, additional
0.2 equiv. Lawesson’s reagent were added and the suspension was refluxed again
overnight. After extraction according to the literature procedure,!'% 4-methylpyridine-
2-thione was obtained as a yellow powder in a purity sufficient for further use in 84%
yield. Deprotonation of 4-methylpyridine-2-thione with sodium hydride in
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tetrahydrofuran gave the ligand salt sodium 4-methylpyridine-2-thiolate (L1). After
precipitation with heptane and washing with tetrahydrofuran the ligand salt L1 was
obtained as a white powder in 62% yield. The incomplete conversion observed using
the literature procedure for the synthesis of 4-methylpyridine-2-thione is also reflected
by the published yields, which are approximately 30% lower than for the 3-methyl and
6-methyl derivatives.!'%0

Additionally the corresponding disulfide was synthesized as reference material
(Scheme 12), as thioles are prone to disulfide formation under oxidizing conditions.
4-Methylpyridine-2-thione was treated with 5.9 equiv. hydrogen peroxide to obtain
1,2-bis(4-methylpyridine-2-yl)disulfide after extraction with dichloromethane as a
colorless powder in 67% vyield.

In principle, a second reaction pathway for the synthesis of 4-methylpyridine-2-thione
should be feasible: The electrophilic diazonium salt could be directly converted into
the thione using a sulfur-nucleophile like sodium sulfide (Scheme 12). Careful
neutralization of the reaction solution before reacting with sodium sulfide is
nescessary to avoid the formation of H2S. However, synthesis of 4-methylpyridine-2-

thione was not succesfull via this reaction pathway.

3.1.2 SYNTHESIS OF SODIUM 4,6-DIMETHYLPYRIMIDINE-2-THIOLATE

The synthesis of sodium 4,6-dimethylpyrimidine-2-thiolate (L2) is summarized in
Scheme 13. Thiourea and acetylacetone are reacted in an HCI-mediated
condensation reaction to 4,6-dimethylpyrimidine-2-thione according to a modified

N N N\
/ A\ S\ |
H,0 ?ﬁl\?/ S/<N/i

literature procedure.['01]

s
S o O EtOH, HCI 61%
JJ\ + M NJJ\NH -2H,0
HaN" NH, ashrefx I _I_ W\ s
"2 M0 -He NJLﬁ Na®
82% |
=

L2 (75%)

Scheme 13. Synthesis of sodium 4,6-dimethylpyrimidine-2-thiolate (L2) and its
corresponding disulfide.

29



In contrast to the literature procedure, the corresponding pyrimidinium salt
precipitates due to the strongly acidic reaction conditions as yellow needles after 2.5
hours of reflux in ethanol.['®"] Therefore, the pH of the suspension was adjusted to 7-
8 before work-up. After extraction with dichloromethane 4,6-dimethylpyrimidine-2-
thione was obtained as a yellow powder in 82% yield. It was further deprotonated
using sodium hydride in tetrahydrofuran. The obtained sodium 4.,6-
dimethylpyrimidine-2-thiolate (L2) was precipitated with heptane and the isolated
precipitate was washed with diethyl ether and tetrahydrofuran to obtain the ligand salt

L2 as an off-white powder in 75% yield.

Again, the corresponding disulfide was synthesized as reference material (Scheme
13). 4,6-Dimethylpyrimidine-2-thione was treated with 6.3 equiv. hydrogen peroxide
to obtain 1,2-bis(4,6-dimethylpyrimidine-2-yl)disulfide after extraction with
dichloromethane as a colorless powder in 61% yield.

3.2 TUNGSTEN(II) PRECURSOR SYNTHESIS

The syntheses of the tungsten(ll) precursors P1-P3 are summarized in Scheme 14.
The precursor [W2Brs(CO)7] (P1) was synthesized according to a literature procedure.

Literature-known precursor [WBr2(CO)3(NCMe)z2] (P2) could be obtained by a
different approach.l®"! Instead of synthesis via [W(CO)3(NCMe)s],[®1-92] precursor P1
was reacted to compound P2 by stirring it in acetonitrile. P2 was isolated as a dark

red powder in 83% yield.
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Scheme 14. Synthesis of tungsten(ll) precursors P1-P3.
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Similarly to the literature-known bis-alkyne precursors [WBr2(CO)(R-=-R)2(NCMe)] (R
= CHs, Ph, CH2Cl) unpublished results of the Mésch-Zanetti group show that also the
bis-acetylene precursor [WBr2(CO)(H-=-H)2(NCMe)] (P3) is accessible.[®2%I] For the
synthesis of P3, P2 was dissolved in dichloromethane. The solution was subsequently
purged with acetylene for 30 min and stirred under an acetylene atmosphere for
another hour. The product precipitated as a blue-grey powder and was isolated in
92% yield.

All precursors P1-P3 are instable towards air and moisture. P1 and P2 are soluble in
chlorinated solvents, P2 is also soluble in acetonitrile. The bis-acetylene precursor P3
has a very poor solubility in all solvents and is soluble in chlorinated solvents and

acetonitrile in minor amounts.

The obtained IR data of P1-P3 is in good agreement to the literature values.?0°1 As
shown by results of Peschel et al. P3 is obtained in a mixture of [WBr2(CO)(H-=-
H)2(NCMe)] and [WBrz2(CO)(H-=-H)(NCMe)z].°?! As separation of the two products is
not possible because of the poor solubility, the TH NMR spectrum in CD2Cl2 reveals
three acetylenic protons approximately in the ratio1:0.9:1 at 10.87, 11.00 and 11.30
ppm, respectively. Due to poor solubility the product could only be partly dissolved for
NMR measurements. The C=O and N=C stretching frequencies of the two products
are in the range expected from literature values for the published bis-alkyne
precursors of the type [WBr2(CO)(R-=-R)2(NCMe)] (R = CHs, Ph, CH2Cl).[%]

3.3 COMPLEX SYNTHESIS

3.3.1 SYNTHESIS OF [W(CO)sL:]

Salt metathesis reaction of L1 and L2 with P1 or P2 in dichloromethane was
performed to afford [W(CO)s(4-Me-SPy)2] (C1) and [W(CO)s(Me-SPym)2] (C2)
(Scheme 15). In both reactions a precipitate of NaBr was formed, which was removed
via filter cannulation. Both complexes were obtained in moderate yields: C1 in 49 %
as analytically pure orange-red crystals, which were obtained from a saturated
solution in dichloromethane/heptane at -20 °C, and C2 in 72% yield as an orange
powder. However, except of one bath, C2 was always obtained in a mixture with
presumably bridged side products. Nevertheless, the product mixture could be used

31



for further steps without any problems. Both C1 and C2 are highly soluble in
chlorinated solvents, acetonitrile and ethyl acetate. Moderate solubility is observed in
tetrahydrofuran and benzene, whereas in diethyl ether and aliphatic hydrocarbons
both complexes are poorly soluble.

oC CQ
N N
S:<N§ OCI/,,Vlv_\\\Br SQ
NOAN
C2 (72%) oc”/ \'Br

Scheme 15. Synthesis of [W(CO)sLz2] (L = Me-SPym, 4-Me-SPy).

Complexes C1 and C2 were characterized by NMR and IR spectroscopy (Table 5).
As compounds C1 and C2 do not display a mirror plane, two sets of ligand signals
would be expected in the corresponding 'H NMR spectra. However, only one set of
ligand signals is revealed for both compounds, which Baker and co-workers attributed
to fluxionality in solution.['%d The IR bands of both complexes are summarized in
Table 5 and compared to the IR bands of the published complexes [W(CO)2(S-
Phoz)z2], [W(CO)3(SPy)2] and [W(CO)3(SPym)2].167:102.103] Gompound C1 reveals only
two out of three expected CO stretching frequencies, which can be attributed to two

electronically equivalent CO ligands, as shown by its crystal structure.

Table 5. Measured C=0 stretching frequencies and comparison to literature IR data.

Complex IR v, [cm™] Reference
[W(CO)3(4-Me-SPy)] (C1) 2011 1881 This work
[W(CO)s(Me-SPym)2] (C2) 2014 1903 1822 This work
[W(CO)s(SPym)] 2029 1941 [102]
[W(CO)2(S-Phoz)z] 1919 1811 167]
[W(CO)3(SPy)2] 2022 1928 [103]

Attempted cyclovoltammetry measurements were found to be inconclusive.
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The crystal structure of C1 is depicted in Figure 8 and the crystal data is given in
Table 12.

Figure 8. Molecular structure of [W(CO)s(4-Me-SPy)z2] (C1) showing the atomic
numbering scheme. Probability ellipsoids are drawn at 50% probability level.
Hydrogen atoms are omitted for clarity reasons.

The structure of C1 is approximately a capped trigonal prism with two ligands L1 in
S-S-trans orientation [S1-W1-S2 bond angle is 141.931(19)°].

Table 6. Selected bond lengths [A] and bond angles [°] of C1.

W1-CH 1.985(2) W1-N11 2.204(2)
W1-C2 1.983(2) W1-N21 2.2109(18)
W1-C4 2.013(2) C1-O1 1.145(3)
W1-S1 2.5081(6) C2-02 1.160(3)
W1-S2 2.5389(6) C4-03 1.145(3)
W1-C1-O1 175.9(2) W1-C2-02 179.0(2)
W1-C4-03 177.6(2) S1-W1-S2 141.931(19)
S1-W1-N11 64.90(5) N21-W1-S2 65.07(5)
N11-W1-N21 81.91(7)
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Table 6 summarizes selected bond lengths and bond angles of compound Ci.
Comparison with the literature-known tungsten-triscarbonyl complex [W(CQO)3(SPy)z]
revealed similar bond lengths and angles.l'®1 Thus, one CO ligand is different in terms
of bond lengths (C2-02: 1.160(3) A) compared to the two other CO ligands (C4-
03/C1-01: 1.145(3) A).['1%3 This result is also in accordance with the measured IR
spectrum (see Table 5), where two CO bands were observed at 2011 and

1881 cm™'.

The number of nitrogens in an aromatic ring system leads to less electron density in
these systems and the methyl groups enhance the electron density because of the +l
effect. This effect is apparent upon comparing pKa values of pyrrole (pKa = 23.0),
pyrazole (pKa = 19.8) and imidazole (pKa = 18.6),['%4 as well as of the CO stretching
frequencies of C1, [W(CO)3(SPy)2], C2 and [W(CO)3(SPym)2] (Table 5). Hence, L1
donates more electron density to the tungsten center, so that a stronger m —
backbonding of the metal center to the CO ligand is expected. As m — backbonding
leads to population of the m;, - orbital of the CO, the stretching frequency in C1 should
be at lower wavenumbers than in C2. The observed wavenumbers of C1 and C2
(Table 5) both follow this rule.

3.3.2 SYNTHESIS OF [W(CO)(H-=-H)L:]

As depicted in Scheme 16, both complexes C1 and C2 coordinate acetylene under
substitution of two CO molecules. Complete conversion of C1 to [W(CO)(H-=-H)(=4-
Me-SPy)(4-Me-SPy)] (C3) at rt was observed after 12 h, where insertion of one
molecule of acetylene into the W-N bond and coordination of one acetylene occurred.
Highly interestingly, C2 completely reacted to [W(CO)(H-=-H)(Me-SPym)2] (C4)
without insertion within 2.5 h stirring under acetylene atmosphere.

Cc1 C2 C4 (84%)
Scheme 16. Reactivity of C1 and C2 under acetylene atmosphere.
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After work-up and recrystallization from dichloromethane overlayed with heptane both
products were obtained in high purity as determined by elemental analysis. C4 was
obtained in 84% yield as violet crystalline needles, whereas C3 was isolated in 63%
yield as a maroon powder.

Additionally, the complex [W(CO)(H-=-H)(4-Me-SPy)2] (C5) was synthesized via the
ligand addition method starting from the acetylene precursor mixture P3 (Scheme 17).
In the reaction of P3 to C5 nitrogen was purged through the solution to remove the
formed acetylene. Analytically pure C5 was obtained after work-up and
recrystallization from dichloromethane overlayed with heptane as dark green crystals
in 19% vyield. The relatively low yield of C5 can be explained by the partial formation
of C3 with formed acetylene.

S —
H/ % Na NN T \\\\ NCMe,50°C _ — | 0 |
LU NN L1 L 9h —Q [EPPN SR
Br/V|V\Br - = S /V|V\ s S/W

| - 2&& \ - \\ ' \

AN s,
H N \_/ N
\_/

R = NCMe, =—
P3 C5 (19%) c3

Scheme 17. Synthetic routes towards [W(CO)(H-=-H)(4-Me-SPy)2] (C5).

Alternatively, C5 can be synthesized via acetylene elimination from C3 (Scheme 17).
Complete conversion of C3 into C5 was observed after 9 hours of stirring in
acetonitrile at 50 °C. Because of the elevated temperature necessary for acetylene
elimination this route is more prone to the formation of side products. An attempt to
prepare C5 by preventing acetylene insertion using a shorter reaction time and a

lower temperature was unsuccessful.

Compounds C3 - C5 are well soluble in chlorinated solvents, ethyl acetate and
acetonitrile, partly soluble in benzene and insoluble in n-pentane and n-heptane. They
can be well separated from each other by crystallization from
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dichloromethane/heptane. The solubility of C3 in dichloromethane is lower than the
solubility of C5.

As shown in Table 7 two acetylenic NMR signals were observed for C4 - C5, which
points towards a non-rotating acetylene. In the case of [W(CO)(H-=-H)(4-Me-SPy)2]
(C5) the presence of at least two dynamic isomers was observed, a summary of all
theoretically possible isomers is given in Figure 9.

(N,,V?V?m (s,,,?‘i\\ (N,,‘F?\\ (s,,,jfv?m|||
s” Q N7 Y s” ,lL‘/s N" '1;/8
N, N - trans S, N - trans N, S - trans S, S - trans
S
N-
Figure 9. Possible isomers of compound C5.
Table 7. Summary of 'H, '3C and IR — data for C4-C5.
TH NMR 3C NMR IR Lit.
[ppm] [ppm] [cm™]
6(H-=-H) &(3) 6(CO) Uc=o
C3 12.91 198.43 232.62 1907 This work
11.99 193.07
C4 13.79 206.03 234.26 1916 This work
12.47 203.72
C5 13.61(a) 177.88(a) 241.39(a) 1907  This work
13.62 (b) 170.96 (a) 239.71 (b)
12.30(a)  177.91 (b)
12.31(b)  170.07 (b)
[W(H-=-H)(CO)(SPhoz)2]  12.22 200.0 235.28 2069  167]

11.57 193.1

NMR data was measured in CD2Clz. The isomers formed in C5 are assigned with
indices (a) and (b).
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The existence of these isomers could be proven via 'H NMR spectroscopy:
Analytically pure complex C5 dissolved in different solvents gave different ratios of
aromatic proton signals of the two ligand sets in the respective spectra (CDClsz 1 : 0.4,
CeDe 1 : 0.2, CD2Cl2 1 : 0.5 and 0.06 equiv. of a 3" acetylene and ligand-containing

species).

As described in section 3.3.1, 4-Me-SPy (L1) is a stronger donor than Me-SPym (L2),
hence L1 leads to weaker CO bonds and to acetylenes with less electron density.[104]
In comparison to C5 the CO stretching frequencies of C4 are therefore found at higher
wavenumbers and the acetylenic signals in 'H and '3C NMR spectra are shifted to
lower field. Additionally the *C NMR signal of CO in C4 is shifted to lower field
compared to C5, because of the lower electron density at the CO (Table 7).

Unexpectedly, the m — backbonding to the CO and the acetylene seems to be stronger
in C5 than in C3 according to the *C NMR shifts of acetylene and CO (Table 7). This
might be attributed to the extended n-system in C3 formed by acetylene insertion.
Nevertheless, the acetylenic '"H NMR shifts point towards the opposite direction,
meaning a lower electron density at the acetylene of C5 compared to C3 (Table 7).
Therefore, acetylenic 'H NMR shifts might be affected by various electronic
influences, whereas '*C NMR and IR data both point in the same direction.

However, lower electron density on the acetylene, meaning a shift of 'H and '3C NMR
signals to lower field, is in principle desirable, because this would favor a nucleophilic
attack of a water molecule towards an activated acetylene to form acetaldehyde

according to the mechanistic proposals of the Hillier, Bayse and Himo group.[?2-24]

In contrast to [W(CO)3(Me-SPym)z2] (C2), [W(CO)s(4-Me-SPy)2] (C1) undergoes
acetylene insertion into the W-N bond, presumably to minimize ring strain, additionally
to acetylene coordination to form [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3). It is
assumed that acetylene insertion into the W-N bond of C2 is mainly prevented by the
steric bulk created by the methyl groups ortho to the ring-nitrogen coordinated to the
tungsten center. This is shown by the fact that C1 undergoes acetylene insertion,
whereas insertion is not observed in [W(CO)3(6-Me-SPy)2] (Scheme 18).1%1 Electronic
effects can be assumed to play a minor role in this reactivity, as methyl groups ortho
and para to the pyridine-N are known to be electronically similar.[19%!

37



B 2 el o G

N/V|V\ N>\:\/7 -2C0 S/V|V o S/V|v " S /V|V\ s

K= N N \_/
\_/ \

Insertion Insertion No insertion

C3

Scheme 18. Distinct reactivity of tungsten(ll) — triscarbonyl — thiopyridine complexes
under acetylene atmosphere.[%?

This finding of acetylene insertion into W-N bonds is crucial for biomimetic model
compounds for Acetylene Hydratase, as insertion can be regarded as an
intramolecular nucleophilic attack. Therefore these studies are important steps
towards successful functional modelling of Acetylene Hydratase.

Acetylene insertion into M-X bonds is also rarely reported in literature and until yet an
acetylene insertion into W-N bonds has not been observed. For mononuclear
transition metal complexes acetylene insertion into Re-P, Pt-X (X = Br, I) and Co-X (X
= Cl, Br, 1) bonds have been reported, as summarized in Figure 10.[106-109]

X
% i i

=~ 7 H.C, \Cl R, \Cl
=~ N/, 3 1, wh ., w

N Fft_||| H C/R(,;v/\@/CHy, R/Rgv/\(g/CHs
= 3 1 ~CH '\ “CH

_— X & CH; CH% 3
X=Br R = Me, Ph R = Me, Ph

Figure 10. Summary of literature-known examples of acetylene insertion into an M-X
bond.[106-109]

A solution of [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3) and [W(CO)(H-=-H)(Me-
SPym)2] (C4) in dichloromethane was overlayed with heptane to obtain dark maroon
and dark violet single crystals, respectively, suitable for X-ray diffraction analysis.
Dark green needles suitable for diffraction measurements of [W(CO)(H-=-H)(4-Me-
SPy)z2] (C5) were obtained from a saturated solution in acetonitrile at -35 °C. The

molecular structures showing the atomic numbering schemes of C3 and C5 are
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depicted in Figure 11 and of C4 in Figure 12. The crystal data for C3-C5 is given in
the appendix (Table 12 for C3, Table 13 for C4 and C5).

Figure 11. Molecular structures of [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3) (left)
and [W(CO)(H-=-H)(4-Me-SPy)2] (C5) (right) showing the atomic numbering scheme.
Probability ellipsoids are drawn at 50% probability level. Except on the acetylene
ligands, hydrogen atoms as well as the second orientation of the carbonyl and the
acetylene ligand in C5 were omitted for clarity reasons.
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Figure 12. Molecular structure of [W(CO)(H-=-H)(Me-SPym)2] (C4) showing the
atomic numbering scheme. Probability ellipsoids are drawn at 50% probability level.
Except on the acetylene ligand, hydrogen atoms are omitted for clarity reasons.
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All three structures show a distorted octahedral coordination sphere, in which the
center of C2 and C1 bond occupies one of the six coordination sites. Interestingly
[W(CO)(H-=-H)(4-Me-SPy)2] (C5) crystallized in an approximately S-S-trans motif,
whereas [W(CO)(H-=-H)(Me-SPym)2] (C4) and [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-
SPy)] (C3) crystallized as the S-S-cis isomers. In C5 the carbonyl ligand and the
acetylene ligand are disordered over two orientations and were therefore refined with
site occupation factors of 0.5, as the complex has a two-fold rotation axis.

In Table 8 selected bond lengths and angles of C3-C5 are given. Noticeable is the
larger C1-C2-H2 bond angle of the inserted product C3 compared to C4 and C5. This
points towards a lower metallacyclic character of the acetylene ligand in C3 and might
be explained with the inserted acetylene, as the extended n-system in C3 can donate
additional electron density to the tungsten center. The complex bearing the electron-
poor Me-SPym ligand C4 has a shorter C3-O3 bond length compared to C5, which is
an indicator for a higher electron density at the tungsten center in the case of C5
(stronger m — backbonding into 7, - orbital). However, these findings are not reflected
by 'H and '3C NMR data (Table 7). Therefore it might also be attributed to a different
stereoelectronic situation in the inserted complex C3 compared to C4 and C5.

Table 8 also shows a comparison of C=C and C=0 bond lengths and C=C-H angles
of C3-C5 with other tungsten(ll)-carbonyl-acetylene complexes. The found bond
lengths and angles in C3-C5 are comparable to n? bound acetylene in the complex
[W(CO)(H-=-H)(S2CNEt2)2].1661 The recently published compound [W(CO)(H-=-
H)(SPhoz)2] reveals a larger C=C bond length as well as a lower C=C-H bond angle
than C3-C5. This finding correlates with the higher electron density of the SPhoz
ligand compared to SPym and 4-Me-SPy.
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Table 8. Comparison of C=C and C=0 bond lengths and C=C-H angles of C4-C5 with

literature values.

C=C-H [] C=0 [A] C=C[A] Reference

C3 147.6(5) C1-C2-H2 1.157(3) 1.308(3) This work
139.5(14) C2-C1-H1

c4 141.9(6) C1-C2-H2  1.153(5)  1.309(4) This work
147.5(9) C2-C1-H1

C5 143.8 C1-C2-H2 1.142(16) 1.302(1 This work
144 .4 C2-C1-H1 2)

[W(CO)(H-=-H)  136.1 H-C1-C2 1.16 1.29 [66]

(S2CNEt2)z] 130.2 H-C2-C1

[W(CO)(H-=-H)  122.7(15) 1.160(2)  1.327  [67

(SPhoz)2] 146.9(16)

Free acetylene 180 1.196 [110]

Free ethylene 120 1.324 [110]

The synthesized complexes all show a significantly reduced triple bond character of
the C=C bond in the range of free ethylene (1.324 A).[''% This finding is also reflected
by the significant downfield shift of acetylenic NMR signals compared to free
acetylene (Table 7) and supports the consideration of activating acetylene towards a
nucleophilic attack, as a significant amount of the electron density of the C=C triple

bond is donated to the tungsten center.

Furthermore, acetylene insertion into the W-N bond has a slight influence on the C=S

bond length: a shortened C12-S1 bond length is observed in C3 (1.720(2) A)
compared to C5 (1.749(3) A). The shortened C12-S1 bond in C3 compared to C5 is
attributed to an enhanced electron delocalization by the inserted acetylene. Because
of the coordination to the tungsten center, all C-S bond lengths are significantly

enlarged compared to free thiopyridine (C-S: 1.68 A).I11]
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3.3.3 OXIDATION OF [W(CO)(H-=-H)L,] To [WO(H-=-H)L:]

The synthesis of tungsten-oxo-acetylene complexes is relevant for modeling
Acetylene Hydratase, as its crystal structure shows an oxygen-donor ligand bound to
the tungsten center.?'l Tungsten-carbonyl complexes can be oxidized to the
corresponding oxo-complexes using Mo203[S2P(OEt)2]4, molecular oxygen, peracids
or N-oxides like pyridine-N-oxide (PyN-O) or trimethylamine-N-oxide (TMAO) as
oxygen-atom transfer agents.l57.67.77.80.97.1121 Therefore, the oxidation of C3, C4 and
C5 was examined according to Scheme 19.

i ﬁ o o
PyNO, NCMe ST R RS PyNO, NCM [\ H‘ N H
E\QS \\\ y E W. \\\ y € N\ W \ W
% PyNO
\N/ \\ N Y e 7Y e d
_< -CO, Py S \ -CO S !
R N—( -CO, -Py R N =
\ /F R /E = N N
\ \_
R=Me, E=N C4 R=Me, E=N C6 (68%) c3
R=H,E=CH C5 R=H,E=CH C7 (68%)

Scheme 19. Oxidation of C4, C3 and C5.

For the oxidation of C4 to C6 as well as for the oxidation of C5 to C7 pyridine-N-oxide
(1.1 and 1.05 equiv. respectively) was used. Both oxidations were conducted
overnight in acetonitrile and were accompanied by a color change from violet (C4)
and green (C5) to maroon (C6) and bright brown (C7), respectively. After evaporation
of acetonitrile excess pyridine-N-oxide and side products were removed by washing
the residue with diethyl ether. Both compounds C6 and C7 were isolated in 68% yield
as maroon (C6) and bright brown (C7) powders. Complexes C6 and C7 are
moderately soluble in chlorinated solvents, acetonitrile and ethyl acetate and
insoluble in diethyl ether, pentane and heptane.

For the oxidation of C4 to [WO(H-=-H)(Me-SPym)z] (C6) PyN-O, TMAQO and molecular
oxygen as oxidants were investigated. It was found that molecular oxygen did not
react with C4 at atmospheric pressure, even at 55°C. PyN-O and TMAO were both
capable of oxidizing C4 to C6, albeit the oxidation using TMAQO as oxidant is more
prone to side-reactions.

Complex C3 did not react to the corresponding oxo-complex using PyN-O, TMAO and
molecular oxygen at atmospheric pressure as oxidant, rather than to [WO(H-=-H)(4-
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Me-SPy)2] (C7) (Scheme 19). As described in section 3.3.2, compound C3 undergoes
acetylene elimination to complex C5. Formed C5 can then be oxidized in situ to C7.
The optimal reaction conditions for the oxidation of C3 to C7 were determined via a
screening experiment and were found using pyridine-N-oxide in acetonitrile at 50 °C.
Using these conditions complete conversion was obtained after 9 hours reaction time.
However, the direct oxidation of C5 to C7 is more selective as with elevated

temperature necessary to promote acetylene elimination.

Table 9 summarizes 'H and *C NMR data of C6 and C7 together with related
literature known compounds. As for compound C5, the formation of isomers was
observed and proven by the '"H NMR measurement of a single crystal of C6 and C7
respectively. For both compounds a major isomer and approx. 10% of a minor isomer
(in dichloromethane) were observed. Additionally approximately 5% of a third ligand
containing tungsten species were detected in the 'TH NMR in CD2Cl2 of compound C7.
The acetylenic NMR shifts of C6 and C7 are in the same range as literature-known
oxo-tungsten complexes. The dithiocarbamate complexes [WO(H-=-H)(S2CNRz2)2] (R
= Et, Me) cannot be compared to C6 and C7 as the published NMRs were not
measured in CD2Cl2.[57]
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Table 9. 'H and 3C NMR data of C6, C7 and comparison to literature known
tungsten(lV)-oxo-acetylene compounds.

TH NMR [ppm] '3C NMR [ppm] Lit.

5(H-=-H) 5(2)
[WO(H-=-H)(Me-SPym)2] (C6) 11.25 (a) 158.15 This work
10.95 (a) 157.02
10.70 (b)
11.03 (b)
[WO(H-=-H)(4-Me-SPy)q] (C7) 10.94 (a) 158.08 This work
10.95 (a) 154.65
11.03 (b)
11.06 (b)
[Tp’WO(H20)(H-=-H)](OTf) 12.01 156.8 78]
10.63 148.2
[WO(H-=-H)(S-Phoz)2] 10.60 - 10.47  152.90 [67]
151.85
[W(CO)(H-=-H)(Me-SPym)2] (C3) 13.79 206.03 This work
12.47 203.72
[W(CO)(H-=-H)(4-Me-SPy)2] (C5) 13.61 (a) 177.91 (b) This work
13.62 (b) 177.88 (a)
12.30 (a) 170.96(a)
12.31 (b) 170.07 (b)

NMR data was measured in CD2Clz2 at 25 °C. Isomers are assigned with indices (a)
and (b).

All oxidations were monitored using IR spectroscopy: the carbonyl stretchings of C3,
C4 and C5 decreased during the course of the reaction and characteristic W=0
stretchings at 933 cm™ (C6) and 945 cm™ (C7), respectively, appeared.

Cyclovoltammetry measurements of C6 and C7 were found to be inconclusive.

[WO(H-=-H)(Me-SPym)2] (C6) and [WO(H-=-H)(4-Me-SPy)2] (C7) were crystallized
from a solution in ethyl acetate overlayed with heptane at -35 °C as bright yellow
crystals and as light brown crystals respectively. The crystallographic data for C6 and
C7 can be found in the appendix in Table 14. The crystal structures of complexes C6
and C7, showing the atomic numbering scheme, are depicted in Figure 13. Both
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complexes crystallized in a distorted octahedral structure. Like their corresponding
carbonyl complexes C4 and C5, C6 crystallized as the S-N-trans isomer, whereas in

C7 an S-S-trans arrangement was found.

Figure 13. Molecular structures of [WO(H-=-H)(Me-SPym)2] (C6) (top) and [WO(H-=-
H)(4-Me-SPy)2] (C7) (bottom) showing the atomic numbering scheme. Probability
ellipsoids are drawn at 50% probability level. Except on the acetylene ligand,
hydrogen atoms are omitted for clarity reasons.

Table 10 shows a comparison of selected bond lengths and angles of C6 and C7 with
their corresponding carbonyl complexes. As expected, the acetylenic C=C bond
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length of [WO(H-=-H)(Me-SPym)2] (C6) is significantly shorter than the C=C bond
length of [WO(H-=-H)(4-Me-SPy)2] (C7), which can be explained by lower n-electron

backdonation into ©* of acetylene because of the electron-poorer pyrimidine system
C7.

Table 10. Selected bond lengths [A] and bond angles [°] of C6-C7 and comparison to
their carbonyl complexes C4-C5.

Carbonyl complexes Oxo complexes
C3 C4 C5 C6 C7

C1-C2 1.308(3) 1.309(4) 1.302(12) 1.276(3) 1.280(3)
C1-W1 2.031(2) 2.020(3) 2.090(13) 2.0911(17) 2.095(2)
C2-W1 2.0505(19) 2.040(3) 2.078(7) 2.0810(16) 2.093(2)
W1-03 - - - 1.7178(14) 1.7204(17)
C1-C2-H2 147.6(5) 141.9(6) 143.8 149.3(16) 142.7(7)
C2-C1-H1 139.5(14) 147.5(9) 144.4 141.2(9) 143.9(5)

According to measured bond lengths and angles (Table 10), a slightly lower
metallacyclic character of [WO(H-=-H)(SPhoz)2] is observed, which is reflected by a
larger C=C bond and smaller C=C-H angles of C6, C7 compared to [WO(H-=-
H)(SPhoz)2]. Compared to free acetylene (C=C: 1.196 A), the acetylene bonds in C6
and C7 are significantly enlarged and are in the range between free acetylene and
free ethylene (1.324 A). Together with the drastic downfield shift of acetylenic 'H and
13C NMR signals compared to free acetylene (1.91 ppm in the '"H NMR and 71.8 ppm
in the 3C NMR in CDCIs) these results point towards a drastic increase in acidity of
the protons and nucleophilicity of the acetylenic carbons (Table 9).[''3 These findings
are important, as nucleophilic attack and protonation on the coordinated acetylene

are discussed as keys steps in mechanistic proposals.?1.23.24]

In comparison to the '"H NMR spectra of the corresponding carbonyl-complexes C4
and C5 the acetylenic protons of C6 and C7 are significantly shifted towards higher
field (Table 9). Similarly to the "H NMR shifts, also the signals of the acetylene in the
13C NMR are significantly shifted upfield compared to acetylenic shifts of the
corresponding carbonyl derivatives (Table 9). These results indicate an increased
electron density as well as an increased n-backbonding on acetylenic carbons of
compounds C6 and C7 compared to their carbonyl derivatives. In contrast to that, the

46



C1-C2 bond lengths of C6 and C7 are shortened compared to C4-C5 (Table 10),
which is to be expected as oxidation of the metal center lowers the degree of =n-
backbonding. These contrary findings are attributed to the different coordination of
acetylene in tungsten(ll)-carbonyl-complexes C4-C5 (parallel coordination of
acetylene to CO) compared to their tungsten(lV)-oxo-complexes C6-C7 (orthogonal
coordination of oxo and acetylene), which leads to a totally different electronic
situation in terms of orbital overlappings (Introduction, section 1.5).57:611 Additionally
to that a very detailed study of the Chatt-Dewar Duncanson model for Au(l) alkyne
complexes revealed that acetylenic bond lengths and angles cannot always be taken
as an indicator for n-backbonding.[''¥ This is demonstrated by the fact that,
depending on the ligand system, a degree of n-backbonding of up to 50% has been
calculated for Au(l) complexes, albeit alkyne bond lengths and angles as well as
alkyne NMR signals are shifted only very slightly upon coordination to the metal
center.?9114-1171 As these results demonstrated for Au(l) alkyne complexes might also
hold for C3-C4, a discussion of the degree of activation on the basis of NMR shifts

and bond lengths and angles towards a nucleophilic attack is even more complex.

3.4 REACTIVITY OF [WO(H-=-H)L;]

3.4.1 CATALYTIC ACETYLENE HYDRATION

Catalytic acetylene hydration experiments were performed with the tungsten(lV)
complexes [WO(H-=-H)(Me-SPym)z] (C6) and [WO(H-=-H)(4-Me-SPy)2] (C7) as well
as with the tungsten(ll) complexes [W(CO)(H-=-H)(4-Me-SPy)2] (C5), [W(CO)(H-=-
H)(=4-Me-SPy)(4-Me-SPy)] (C3) and [W(CO)(H-=-H)(Me-SPym)2] (C4). The
experimental setup used for the study of catalytic acetylene hydration is similar to a
published procedure from the Hintermann and Sarkar groups.48] Both used a
stream of acetylene to transfer formed acetaldehyde (bp = 20 — 22 °C)['*8 from a
catalyst-containing acetonitrile solution into a flask of 2,4-dinitrophenylhydrazine
dissolved in aqueous HCI media.lt48"] 2 4-Dinitrophenylhydrazine (Brady’s reagent,
DNP) is known to be a common detection reagent for aldehydes and ketones, as it
forms the corresponding hydrazone (Scheme 20), which precipitates immediately

from the solution.
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Scheme 20. Precipitation of acetaldehyde using Brady’s reagent.

The procedures used by the Hintermann and Sarkar groups were not reproducible,
as the authors only stated the use of HCI media for the preparation of the Brady’s
reagent solution.’4+871 We were not able to dissolve DNP in a 1:1 mixture of conc. HCI
and water, nor precipitated acetaldehyde 2,4-dinitrophenylhydrazone from a solution
of DNP in concentrated HCI. A procedure from “Organikum” using 2 mL H2SO4, 3 mL
H20 and 10 mL ethanol to dissolve 0.4 g 2,4-dinitrophenylhydrazine was found to
dissolve the reagent completely and immediately precipitates the analyte.['"9]
Nevertheless, this procedure had a major drawback, as commercially available
ethanol contains the competing 2-butanone, which also reacts with DNP in the same
way as acetaldehyde (Scheme 21). This could be easily overcome by the change to

n-propanol.

A blank experiment using the setup described in Figure 14 with 0.1 mL acetaldehyde
in 10 mL chloroform in a Schlenk flask proved the procedure to be suitable for
acetaldehyde detection, as it led to immediate precipitation of acetaldehyde 2,4-
dinitrophenylhydrazone.

i
HoNL
ZNH N-NH
NO2 n_propanol/H,S04/H,0 NO,
(0]
N02 \)J\ N02

-H,0

Scheme 21. Schiff-base formation of 2-butanone and DNP.

For testing potential catalytic acetylene hydration activity, the complexes C3-C7 were
dissolved in 10 mL CDCls, instead of the NCMe used by Sarkar and Hintermann, 84871
with 20 equiv. water in a 25 mL Schlenk flask which was then purged with acetylene.
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The gas phase of the complex containing flask was then bubbled through a solution
of 2,4-dinitrophenylhydrazine (Figure 14). Additionally, NMR samples were taken
after 5, 10, 15, 30 and 45 min directly from the complex containing solution into a
NMR tube equipped with a Young valve.

Complex in deuterated
‘| solvent (sample taken
§/ every 5 minutes in a
_. Young NMR tube)

Figure 14. Experimental setup for the study of catalytic acetylene hydration.

Using complexes C3-C7 with H20 or H2O/NaHCOs as nucleophiles and the setup
described above no acetylene hydration to acetaldehyde could be observed. The
NMR samples taken directly from the solution revealed unreacted tungsten complex,

acetylene (1.91 ppm in CDCI3) as well as water.[120]

However, it seems that the synthesized complexes C3-C7 show the desired stability
towards oxygen and water compared to [WO(H-=-H)(SPhoz)z] and therefore do not
degrade completely after one day with water and/or oxygen,®”l but seem to be too
stable for the desired reactivity towards water. The high stability of C3-C7 can be
attributed to a very tight coordination of the acetylene towards the tungsten center
(stronge o-bonding as well as n-backbonding), which, however, makes a nucleophilic
attack on the coordinated acetylene elusive. This strong interaction of the alkyne with
the metal center is also demonstrated by a comparison of alkyne NMR shifts and bond
lengths to cationic Au-alkyne complexes, which successfully catalyze a nucleophilic
attack on alkynes.[?23839.411 Whereas alkyne NMR shifts and bond lengths of C3-C7
are dramatically different compared to the free alkyne, the cationic Au derivatives only
show a very slight deviation,[2%115-117] which has been attributed to an equal amount
of o-bonding and n-backbonding in Au(l) alkyne complexes.[''*] To conclude C3-C7

show a desirable high stability towards water and oxygen and are therefore highly
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suitable for structural studies on tungsten-alkyne complexes with a coordination
sphere similar to Acetylene Hydratase.

3.4.2 ReAcTIVITY OF [WO(H-=-H)L,] WITH VARIOUS NUCLEOPHILES / ELECTROPHILES

The reactivity of [WO(H-=-H)(Me-SPym)2] (C6) and [WO(H-=-H)(4-Me-SPy)2] (C7)
towards nucleophiles was investigated. The different nucleophiles and the performed

experiments are summarized in Scheme 22.

no reaction
oxo-complex, H,O and free acetylene

Hzo or Hzo / NaHCO3

=

no reaction ‘w ﬁ o MeLi
o ol |
N PR S///,,' oY
\Cé,\,/ "N
— | N

0 ~ )| G
N — \
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no reaction no reaction

degradation

Mel

no reaction

Scheme 22. Investigated reactivity of C6 and C7 towards nucleophiles and
electrophiles.

As already discussed in section 3.4.1, no reactivity of C6 and C7 with water under
acetylene atmosphere was observed. Moreover, nucleophilic attack of sodium
methanolate, piperidine and methyl lithium on complexes C6 and C7 as well as further
oxidation with PyN-O were investigated. Therefore, the respective complex was
dissolved in tetrahydrofuran and 1.0 equiv. of nucleophile was added. The addition of
methyl lithium as a 1.6 M solution in diethyl ether led to an immediate change of color
from bright brown to dark brown. No change of color was observed by the addition of
1.0 equiv. PyN-O to a solution of C6 and C7 in acetonitrile. To test the behavior of C6
and C7 towards electrophiles as well, an NMR experiment using 1.0 equiv. of a 5

vol% stock solution of methyl iodide in CeDs was performed.
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Further oxidation of C6 and C7 with 1 equiv. PyN-O showed no conversion, which
reveals the high stability compared to [WO(H-=-H)(SPhoz)2].6”l Together with the
obtained NMR and crystallographic data (section 3.3.3) this points towards a
metallacyclic character of the 2 acetylene bound to the tungsten center and therefore
also towards a tungsten(VI) center in C6 and C7.

Table 11. Summary of pKa values and nucleophilicity parameters of the nucleophiles
used for the reactivity studies.

pKa (DMSO) Nucleophilicity parameter
H20 31.40121
H20/NaHCOs3 10.25013 10.47(H20)["22]
Me-Li 56(104]
Piperidine 11.220123] 15.6 (MeOH/NCMe)!24
NaOMe 29.00121] 15.78 (MeQH)12d]

Methy! lithium together with C6 or C7 lead to the formation of a brown insoluble
precipitate, which was identified as a variety of degradation products according to
measured '"H NMR spectra. This can be explained with the high basicity (pKa = 56)
of methyl lithium.['%4 Reaction of C6 or C7 with piperidine or sodium methanolate
revealed no reaction according to 'H NMR spectroscopy. Similarly to the acetylene-
hydration experiments in section 3.4.1 these results indicate that C6 and C7 display
the desired enhanced stability, but seem too stable for any reactivity with the tested
nucleophiles. This is surprising as [WO(H-=-H)(Me-SPym)z] (C6) as well as [WO(H-
=-H)(4-Me-SPy)2] (C7) can be considered as 16-electron-complexes. Therefore a
coordination of a nucleophile at the tungsten center in order to get the more stable
18-electron-complex seems favorable. Complexes [WO(H-=-H)(Me-SPym)2] (C6) and
[WO(H-=-H)(4-Me-SPy)2] (C7) are presumably stabilized by steric bulk created by the
coordinated ligands as well as by additional electron donation of the sulfur lone pair
(section 3.3.3). A partial double bond character of the W-S bond was already
proposed for [W(CO)3(SPy)z].l'%]

As no reactivity with nucleophiles could be observed, the complexes were tested for
potential electrophilic reactivity. Therefore methyl iodide was added to C6 as well as
C7. According to '"H NMR measurements the addition of methyl iodide to both
complexes did not lead to a reaction, as both complexes with their electron-poor
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pyridine and piperidine ligand systems were developed for a nucleophilic attack on
the coordinated acetylene.
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4. CONCLUSION

Novel models for Acetylene Hydratase based on 4-methylpyridine-2-thiolate (L1, 4-
Me-SPy) and 4,6-dimethylpyrimidine-2-thiolate (L2, Me-SPym) were developed. First,
the two triscarbonyl complexes [W(CO)s(Me-SPym)z] (C2) and [W(CO)s(4-Me-SPy)2]
(C1) were isolated starting from the literature-known precursors [W2zBr4(CO)7] (P1) or
[WBr2(CO)3(NCMe)2] (P2).

While [W(CO)s(6-Me-SPy)z] reacted under acetylene atmosphere to [W(CO)(H-=-
H)(6-Me-SPy)2], [W(CO)3(SPy)2] underwent acetylene insertion into the W-N bond to
form [W(CO)(H-=-H)(=SPy)(SPy)].[®? Using the ligand L1 with the methyl group para
to the pyridine-nitrogen we could demonstrate that acetylene insertion is mainly
prevented by sterical hindrance as compound C1 also showed acetylene insertion to
the corresponding complex [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3). However
[W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3) was found to be in equilibrium with
[W(CO)(H-=-H)(4-Me-SPy)2] (C5) and therefore undergoes complete acetylene
elimination over time in solution. Additionally, complex C2 also reacted readily with
acetylene to form the novel and electron-poor compound [W(CO)(H-=-H)(Me-SPym)2]

(C4), but did not undergo acetylene insertion into the W-N bond.

As Acetylene Hydratase is a tungsten(lV) dependent enzyme, the biologically relevant
complexes [WO(H-=-H)(Me-SPym)2] (C6) and [WO(H-=-H)(4-Me-SPy)2] (C7) were
synthesized from C4 and C5 respectively using pyridine-N-oxide as oxidant. Complex
C3 was found to be unreactive towards the oxidants pyridine-N-oxide, trimethylamine-
N-oxide or molecular oxygen at atmospheric pressure, but underwent acetylene
elimination to C5, which was subsequently oxidized to C7.

All compounds C3-C7 show significantly downfield shifted acetylenic 'H and '3C NMR
signals, which points towards a drastic increase in acidity and nucleophilicity on
acetylenic carbons. Similar to that also the C=C bond lengths are considerably
enlarged upon acetylene coordination and are between the bond lengths of free
ethylene and free acetylene. Together with the C=C-H angles of C3-C7, which are
between 141.2(9)° and 149.3(16)°, this points towards a high metallacyclic character
of the acetylene. Additionally oxidation of C4 and C5 to C6 and C7 increases the C=C
bond length, as o-bonding of the acetylene towards the metal center is strengthened.

C5 as well as its corresponding oxo-complex C7 were crystallized as the S-S-trans
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isomers, whereas C3 was crystallized as the S-S-cis isomer. Therefore it might be the
case that C3 underwent isomerization to the S-S-trans isomer upon acetylene
elimination. This finding might be crucial for further mechanistic studies as reactivity
in acetylene hydration could be limited to one isomer. C4 and C6 were both

crystallized as the S-S-cis isomers.

Furthermore the reactivity of C6 and C7 was intensively investigated. However, no
reactivity was observed with sodium methanolate, piperide, water and water/NaHCOs3
as nucleophiles and with methyl iodide as electrophile. Also no reactivity of the
carbonyl complexes C4-C5 with water was observed. Degradation of C6 and C7 was
observed with the strongly basic nucleophile methyl lithium. These findings might be
attributed to the fact that C6 and C7 also did not react with a second equivalent of
pyridine-N-oxide, which points towards a tungsten(VI) center with a high metallacyclic
character of the strongly bound acetylene. This is also shown by the crystal structure
of C6 and C7, as the C=C bond length is in the range of free ethylene and the C-C-H

bond angle is significantly distorted.

To sum up, [WO(H-=-H)(Me-SPym)2] (C6) and [WO(H-=-H)(4-Me-SPy)2] (C7) show
the desired stability towards oxygen and water but can both only serve as structural
models for Acetylene Hydratase, as no reactivity in acetylene hydration experiments
was observed. This can be attributed to the fact that the acetylene is too strongly
coordinated in a metallacyclic manner to the tungsten center as Au-alkyne complexes,
which successfully catalyze nucleophilic attacks on coordinated alkynes, only show
very slight deviations of alkyne NMR shifts and bond lengths upon alkyne

coordination.
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5. EXPERIMENTAL SECTION

5.1 GENERAL

If not stated otherwise all manipulations were performed under an atmosphere of N2
employing standard Schlenk and glovebox techniques. With the following exceptions,
chemicals were purchased from commercial sources and were used without further
purification. Acetylene 2.6 was purified by passing it through water and conc. H2SO4
and then dried with KOH and CaClz. Solvents were purified via a Pure Solv Solvent
Purification system. Acidic residues were removed from silica gel by washing it with
NEts.

All NMR spectra were measured on a Bruker Avance Ill 300 MHz spectrometer at
25°C. 'H and ¥C NMR spectroscopy chemical shifts are given in ppm and are
referenced to residual protons in the solvent. IR spectra were measured with a Bruker
ALPHA-P Diamant ATR-FTIR spectrometer at a resolution of 2 cm-'. Signal intensities
are assigned according to their relative intensities as strong (s), medium (m) and weak
(w). Most of the medium and weak intensities were omitted. All IR bands are listed in
cm™? and were assigned according to literature values. Electron impact mass
spectroscopy measurements have been performed using an Agilent Technologies
5975C inert XL MSD instrument equipped with a direct insertion probe. Elemental
analysis were performed at the Graz University of Technology, Institute for Inorganic
Chemistry using a Heraeus Vario Elementar automatic analyzer.

Electro-chemical measurements were performed under an inert atmosphere in a
glovebox in dry solvents with a Gamry Instruments Reference 600 potentiostat using
a three-electrode setup. Glassy carbon was used as the working electrode, platinum
wire (99.99%) as the supporting electrode and silver wire immersed in a 0.01 M
AgNOs/0.1 M NBu4(PFs) CHsCN solution, separated by a Vycor tip, as the reference
electrode. NBus(PFs) (0.1 M) was used as the supporting electrolyte.

[W2Brs(CO)7] (P1) and 4-methylpyridine-2-on were synthesized according to
previously published protocols in comparable yields.[%:99 4-Methylpyridine-2-thione
and 4,6-dimethylpyrimidine-2-thione were synthesized according to modified

literature procedures.[100.101]
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Crystal structure determination — General

All measurements were performed on a Bruker AXS SMART APEX 2 CCD
diffractometer using monochromatized Mo K. radiation at 100 K. Structures were
solved by direct methods (SHELXS-97) and refined by full-matrix least-squares
techniques against F2 (SHELXL-2014/6).['261 The non-hydrogen atoms were refined
with anisotropic displacement parameters without any constraints. The H atoms of the
pyridine or pyrimidine rings were put at the external bisectors of the C—C-C angles at
C-H distances of 0.95 A and common isotropic displacement parameters were
refined for the H atoms of the same ring. The H atoms of the methyl groups were
refined with common isotropic displacement parameters for the H atoms of the same
group and idealized geometries with tetrahedral angles, enabling rotation around the
C—C bond, and C-H distances of 0.98 A.

Crystal structure determination of C3-C7

The H atoms of the ethenidyl group and of the acetylene ligand were identified in a
difference Fourier map, their C—H distances were fixed to 0.95A and refined with
common isotropic displacement parameters for the H atoms of the same C1 unit

without any constraints to the bond angles.

Crystal structure determination of C5

The carbonyl ligand and the ethyne ligand are disordered over two orientations and
were refined with site occupation factors of 0.5 because the complex lies on a two-
fold rotation axis.

Assay for the catalytic formation of acetaldehyde

The complexes C3-C7 (0.20 mmol, 1.0 equiv.) were placed in a 100 mL Schlenk flask,
dissolved in 10 mL dry CDCls and water (4.30 mmol, 20.0 equiv.) was added. The
mixture was stirred vigorously under a constant acetylene stream. The gas phase of
the reaction mixture was passed through a solution of 2,4-dinitrophenylhydrazine
(0.430 g, 2.17 mmol, 10.3 equiv.) in 2 mL conc. sulfuric acid, 3 mL water and 10 mL
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n-propanol (see Figure 15). Additionally, NMR samples were taken directly from the
CDCls solution after 5, 10, 15, 30 and 45 min into a NMR tube equipped with a Young

valve.

As a blank experiment 0.1 mL acetaldehyde were dissolved in 10 mL chloroform. The
gas phase was constantly bubbled through a solution of the same mixture as in the
reactivity study. A bright orange precipitate was immediately formed in the 2,4-
dinitrophenylhydrazine solution, which was identified to be 1-(2,4-dinitrophenyl)-2-

ethylidenehydrazone via 'TH NMR measurements.

H NMR (1-(2,4-dinitrophenyl)-2-ethylidenehydrazone, 300 MHz, CDCls, E : Zisomer
=1:0.5) 6 11.18 (s, 1H, NH, Zisomer), 11.04 (s, 1H, NH, E isomer), 9.14 (dd, J =
7.7,2.6 Hz, O=C-H, both isomers), 8.37 — 8.27 (m, 1H, arom. CH, both isomers), 7.96
(t, J = 9.3 Hz, 1H, arom. CH, both isomers), 7.57 (p, J = 5.6 Hz, 1H, arom. CH, E
isomer), 7.11 (q, J = 5.6 Hz, 1H, arom. CH, Zisomer), 2.14 (d, J = 5.4 Hz, 3H, CHjs,
E isomer), 2.08 (d, J = 5.6 Hz, 3H, CHs, Zisomer).

When preparing the detection solution with commercially available ethanol, a bright
orange precipitate was immadiately formed, which was identified to be 1-(butan-2-
ylidene)-2-(2,4-dinitrophenyl)hydrazone via '"H NMR measurements.

H NMR (1-(butan-2-ylidene)-2-(2,4-dinitrophenyl)hydrazone, 300 MHz, CDCls, E : Z
isomer=1:0.1) 8 11.20 (s, 1H, NH, Zisomer), 11.07 (s, 1H, NH, E isomer), 9.16 (d,
J =2.5Hz, 1H, arom. CH, both isomers), 8.32 (m, 1H, arom. CH, both isomers), 7.99
(m, 1H, arom. CH, both isomers), 2.48 (q, J = 5.7 Hz, 2H, CH2, both isomers), 2.17
(s, 3H, CHs, Zisomer), 2.09 (s, 3H, Eisomer), 1.32 —1.18 (m, 3H, CHs, both isomers).

acetylene

solution of
Brady's reagent

Solution of complex in CDClj
with 20 equiv. water

Figure 15. Setup for the catalytic formation and precipitation of acetaldehyde
dinitrophenylhydrazone.
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5.2 PRECURSOR SYNTHESIS

Synthesis of [WBr2(CO)3(NCMe)2] (P2)

[W2Brs(CO)7] (P1) (10.003 g, 11.40 mmol, 1.0 equiv.) was dissolved in 150 mL ice-
cooled acetonitrile in a 250 mL Schlenk flask and cooled with an ice bath. A bubbler
was placed onto the Schlenk flask and the solution was stirred for 2 h, whereby the
orange-brown solution changed its color to dark yellow. The ice bath was removed
and the mixture was stirred for additional 30 min. Approximately % of the acetonitrile
were evaporated and a red precipitate was formed. The supernatant solution was
filtered off via cannula-filtration and after drying in vacuo 8.763 g (83%) of the product

as a red powder were obtained.

IR v = 2971 (w, C-H), 2918 (w, C-H), 2319 (m, N=C), 2290 (m, N=C), 2024 (s, C=0),
2070 (s, C=0), 1963 (s, C=0).

Synthesis of a mixture of [WBr2(CO)(H-=-H)2(NCMe)] with [WBr2(CO)(H-=-
H)(NCMe)2] (P3)

[WBr2(CO)3(NCMe)2] (P2) (1.026 g, 2.01 mmol, 1.0 equiv.) was dissolved in 60 mL
dichloromethane in a 100 mL Schlenk flask. The solution was purged with acetylene
for 1 h. After 30 min. a color change from dark red to grey-blue was observed. Approx.
2 of the solvent were removed in vacuo. The product mixture was isolated via
cannula-filtration as a blue-grey powder in 0.865 g (approx. 93%,) yield. The ratio
between [WBrz2(CO)(H-=-H)2(NCMe)] and [WBr2(CO)(H-=-H)(NCMe)2] was estimated
from 'TH NMR measurements in CD2Clz2 to be 1 : 0.9. Due to poor solubility the product
was only partly dissolved in CD2Cl>.

IR v = 3097 (m, C-H), 3057 (m, C-H), 2969 (m, C-H), 2910 (m, C-H), 2325 (w, N=C),
2306 (w, N=C), 2095 (s, C=0), 2080 (s, C=0).

'H NMR (300 MHz, CD2Cl2) 5 11.30 (s, 2H, =-H), 11.00 (s, 2H, =-H), 10.87 (s, 2H, =-
H), 1.99 (s, 3H, CHa).
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5.3 LIGAND SYNTHESIS

Synthesis of 4-methylpyridine-2-thione
4-Methylpyridine-2-thione was synthesized using a modified literature procedure. 0]

4-Methylpyridine-2-one (1.500 g, 13.75 mmol, 1.0 equiv.) and Lawesson’s reagent
(3.363 g, 8.25 mmol, 0.6 equiv.) were placed in a 250 mL Schlenk flask under
ambient conditions. The flask was flushed with nitrogen and 80 mL of toluene were
added. The suspension was stirred overnight under reflux. The next day additional
1.040 g (2.57 mmol, 0.2 equiv.) of Lawessons reagent were added and the
suspension was refluxed overnight. The suspension was extracted with 50 mL of a
1 M NaOH solution. The aqueous phase was acidified with acetic acid to pH 6-7 and
was then extracted with 4x40 mL dichloromethane. The organic phases were
combined and dried over MgSOs4. The solvent was removed in vacuo to give the

product as a pale yellow powder in 1.437 g (84%) yield.

'H NMR (300 MHz, CDCls) & 13.59 (bs, 1H, S-H), 7.49 (s, 1H, arom. H), 7.41 (dd,
J=1.8,0.9 Hz, 1H, arom. H), 6.63 (d, J = 6.4 Hz, 1H, arom. H), 2.26 (s, 3H, CHa).

Synthesis of sodium 4-methylpyridine-2-thiolate (L1)

4-Methylpyridine-2-thione (2.864 g, 22.91 mmol, 1.0 equiv.) was suspended in 100
mL tetrahydrofuran in a 150 mL Schlenk tube. Sodium hydride (60% in mineral oil,
0.551 g, 22.90 mmol, 1.0 equiv.) was added spatula wise. A bubbler was placed on
the Schlenk tube and the suspension was stirred at rt. After 1 h approx. 50 mL
tetrahydrofuran were removed in vacuo and 20 mL heptane were added to precipitate
the product. The precipitate was isolated via cannula-filtration. A second fraction
precipitated in the filtrate and was also obtained via cannula-filtration. Both fractions
were washed with 3x5 mL diethyl ether and were dried in vacuo. The fractions of
colorless powder were combined to give 2.084 g (62%).

"H NMR (300 MHz, DMSO-de) 5 7.66 (d, J = 5.1 Hz, 1H, arom. H), 6.79 (s, 1H, arom.
H), 6.17 (d, J= 5.1 Hz, 1H, arom. H), 1.96 (s, 3H, CHs).
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Synthesis of 4,6-dimethylpyrimidine-2-thione

4,6-Dimethylpyrimidine-2-thione was synthesized using a slightly modified literature
procedure.[101]

Thiourea (7.674 g, 100.6 mmol, 1.0 equiv.) and acetylacetone (10.2 mL, 104.0 mmol,
1.0 equiv) were placed in a 250 mL round bottom flask and 60 mL ethanol were
added. The suspension was heated to 80 °C. Conc. hydrochloric acid (16.8 mL) was
added dropwise within 5 min with a syringe. After 2.5 h of stirring at 80 °C the product
precipitated as yellow needles. The flask was cooled to rt and 70 mL of a saturated
NaHCOs solution were added. The pH was adjusted to 7-8 by adding solid NaHCOs.
The solution was extracted with 8-50 mL dichloromethane. The organic layers were
combined and dried over MgSOs4. The solvent was removed on a rotary evaporator to
obtain 11.529 g (82%) of 4,6-dimethylpyridine-2-thione as a yellow powder.

H NMR (300 MHz, CDCls) 5 13.33 (bs, 1H, S-H), 6.48 (s, 1H, arom. H), 2.43 (s, 6H,
CHa).

Synthesis of sodium 4,6-dimethylpyrimidine-2-thiolate (L2)

4,6-Dimethylpyrimidine-2-thione (14.682 g, 104.7 mmol, 1.0 equiv) was placed in a
150 mL Schlenk tube. Tetrahydrofuran (100 mL) was added and the suspension was
cooled with an ice bath. Sodium hydride (60% in mineral oil, 4.221 g, 104.7 mmol,
1.0 equiv.) was added spatula wise. A bubbler was placed onto the Schlenk tube and
the suspension was stirred overnight at rt. Approx. half of the solvent was removed in
vacuo and the product was precipitated with approx. 50 mL heptane. The precipitate
was isolated via cannula-filtration and washed with 5-:10 mL of diethyl ether, with
4-10 mL tetrahydrofuran and with 10-10 mL acetonitrile using an ultrasonic bath. 4,6-
Dimethylpyrimidine-2-thiolate (12.711 g, 75%) was obtained as an off-white product.

"H NMR (300 MHz, DsC1S0) & 6.20 (s, 1H, arom. H), 2.04 (s, 6H, CHz).
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Synthesis of 1,2-bis(4,6-dimethylpyrimidine-2-yl)disulfide as a reference
material

4,6-Dimethylpyrimidine-2-thione (0.106 g, 0.75 mmol, 1.0 equiv.) was suspended in
10 mL water in a 25 mL Erlenmeyer flask. After the addition of hydrogen peroxide
(30 % in water, 0.6 mL, 4.76 mmol, 6.3 equiv.) the solution was stirred for 5 min. The
mixture was extracted with 5 mL dichloromethane and the organic phase was dried
over MgSOa. The solvent was removed in vacuo to obtain the product (0.063 g, 61%)

as a colorless powder.

'H NMR (300 MHz, CDCl3) & 6.76 (s, 2H, arom. H), 2.39 (s, 12H, CHa).

Synthesis of 1,2-bis(4-methylpyridine-2-yl)disulfide as a reference material

4-Methylpyridine-2-thione (0.101 g, 0.81 mmol, 1.0 equiv.) was suspended in 10 mL
water in a 25 mL Erlenmeyer flask. After the addition of hydrogen peroxide (30 % in
water, 0.6 mL, 4.76 mmol, 5.9 equiv.) the solution was stirred for 5 min. The mixture
was extracted with 5 mL dichloromethane and the organic phase was dried over
MgSOa4. The solvent was removed in vacuo to obtain 0.068 g (67%) of product as a
colorless powder.

'H NMR (300 MHz, CDCl3) & 8.32 (d, J = 5.0 Hz, 2H, arom. H), 7.47 — 7.44 (m, 2H,
arom. H), 6.92 (dd, J = 5.0, 0.7 Hz, 2H, arom. H), 2.30 (s, 6H, CHa).

5.4 COMPLEX SYNTHESIS

Synthesis of [W(CO)3(4-Me-SPy)2] (C1)

[WBr2(CO)3(NCMe)2] (P2) (0.209g, 0.39 mmol, 1.0 equiv.) and sodium 4-
methylpyridine-2-thiolate (L1) (0.133 g, 0.87 mmol, 2.2 equiv.) were placed into a
50 mL Schlenk flask and suspended in 20 mL dichloromethane. A bubbler was placed
onto the flask and the suspension was stirred for 1 h, whereby the color changed from
brownish to orange. Solids were removed via cannula-filtration. A brown impurity was
precipitated by overlaying with 30 mL of heptane. The impurity was filtered off over a
plug of Celite. Approx. 5 mL of solvent were removed and the orange solution was
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again put into the -20 °C fridge. After 3 days orange-red crystals (0.098 g, 49%) were
isolated by cannula-filtration.

"H NMR (300 MHz, CD2Cl2) 8 = 8.27 (d, J= 5.7, 2H, arom. H), 6.72 (m, 2H, arom. H),
6.66 (m, 2H, arom. H), 2.21 (s, 6H, CHs).

13C NMR (75 MHz, CD2Cl2) 5 = 235.74 (s, CO), 176.46 (s, C-S), 150.69 (s, C-CHa),
145.03 (s, CH), 128.29 (s, CH), 120.81 (s, CH), 21.66 (s, CHa).

IR v =2922 (w, C-H), 2011 (s, C=0), 1881 (s, C=0), 1649 (w, C=C).

Anal. Calcd for C2sH12N203S2W: C, 34.90; H, 2.34; N, 5.43; S, 12.42. Found: C, 35.22;
H, 2.43; N, 5.50; S, 12.07.

Synthesis of [W(CO)3(Me-SPym):] (C2)

[W2Br4(CO)7] (P1) (1.535¢g, 1.70 mmol, 1.0 equiv.) and 4,6-dimethylpyrimidine-2-
thiolate (L2) (1.161 g, 7.13 mmol, 4.2 equiv.) were placed in a 150 mL Schlenk tube
and approx. 100 mL dichloromethane were added. A bubbler was placed onto the
tube and the suspension was stirred for 45 min until CO evolution stopped. The
suspension was filter-cannulated and the residue was washed with 10 mL
dichloromethane using an ultrasonic bath. The filtrate was concentrated to approx.
20 mL and approx. 40 mL heptane were added. Further solvent was carefully
evaporated in vacuo to obtain the product as an orange precipitate. The precipitate
was isolated via cannula-filtration and was washed with 5 mL heptane to get 1.328 g
(72%) of the product as an orange powder.

'"H NMR (300 MHz, CDCIs) & 6.65 (s, 2H, arom. H), 2.61 (s, 6H, CHs), 2.37 (s, 6H,
CHs).

IR v = 2955 (w, C-H), 2922 (w, C-H), 2852 (w, C-H), 2014 (m, CO), 1903 (s, CO),
1822 (m, CO).
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Synthesis of [W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3)

[W(CO)s(4-MeSPy)2] (C1) (0.532 g, 1.01 mmol, 1.0 equiv.) was placed in a 100 mL
Schlenk flask and dissolved in 50 mL toluene. The suspension was purged with
acetylene for 1.4 hours and stirred overnight. The next day the toluene was removed
completely and the residue was dissolved in 20 mL dichloromethane. The solution
was filtered through a 4 cm plug of silica gel in a Schlenk frit. The silica gel plug was
washed with dichloromethane until the intense red-violet color of the filtrate vanished.
The filtrate was concentrated to approx. 15 mL in vacuo and was overlayed with
30 mL heptane. Approximately half of the solvent was evaporated slowly to obtain a
red-violet precipitate. The precipitate was isolated via cannula-filtration and washed
with 5 mL heptane. The obtained product was dried in vacuo to give 0.326 g (63%) of
[W(CO)(H-=-H)(=4-Me-Spy)(4-MeSPy)] (C3) as a maroon powder. Single crystals
suitable for diffraction analysis were obtained from a saturated solution in
dichloromethane carefully overlayed with heptane (dichloromethane : heptane
=1:1).

"H NMR (300 MHz, CD2Cl2) & 12.91 (s, 1H, =-H), 11.99 (s, 1H, =-H), 8.08 (d, J = 5.6
Hz, 1H, arom. H), 7.73 — 7.56 (m, 3H, 2 arom. H + insert. CH), 6.77 — 6.70 (m, 2H,
arom. H), 6.66 (m, 1H, arom. H), 6.50 (d, J = 10.9 Hz, 1H, insert. CH), 2.28 (s, 3H,
CHa), 2.25 (s, 3H, CHa).

13C NMR (75 MHz, CD2Cl2) d 232.62 (s, CO), 198.43 (s, =), 193.07 (s, =), 179.06 (s,
C-S), 166.68 (s, insert. CH), 160.16 (s, C-S), 148.68 (s, C-CHs3), 147.56 (s, arom. CH),
145.27 (s, C-CHa), 139.67 (s, insert. CH), 133.30 (s, arom. CH), 132.16 (s, arom. CH),
128.07 (s, arom. CH), 119.96 (s, arom. CH), 119.35 (s, arom. CH), 21.64 (s, CHa),
20.83 (s, CHg).

IR v = 3046 (w, C-H), 1907 (s, C=0), 1632 (w, C=C).

Anal. Calcd for C27H16N20S2W - 0.1 CH2Cl2: C, 39.44; H, 3.14; N, 5.38; S, 12.31.
Found: C, 39.37; H, 3.12; N, 5.29; S, 12.05.

EI-MS: m/z 432 [M* - CO - 2 H-=-H].
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Synthesis of [W(CO)(H-=-H)(Me-SPym)2] (C4)

[W(CO)3(Me-SPym)2] (C2) (0.402 g, 0.74 mmol, 1.0 equiv.) were placed in a 100 mL
Schlenk flask and dissolved in 60 mL dichloromethane. The flask was purged with
acetylene under vigorous stirring for 45 min. The dark red suspension was filtered
through an approx. 5 cm plug of silica gel in a Schlenk frit and eluted using 60 mL of
acetonitrile. The dark red solution was concentrated to approx. 20 mL and carefully
overlayed with 25 mL heptane. The next day the violet needle-shaped crystals were
isolated and washed with 5 mL of pentane to obtain [W(CO)(H-=-H)(Me-SPym)z] (C4)
in 84% (0.319 g) yield.

'H NMR (300 MHz, CD2Cl2) & 13.79 (s, 1H, =-H), 12.47 (s, 1H, =-H), 6.88 (s, 1H,
arom. CH), 6.56 (s, 1H, arom. H), 2.44 (s, 3H, CHa), 2.36 (s, 3H, CHa), 1.93 (s, 3H,
CHa), 1.21 (s, 3H, CHa).

13C NMR (75 MHz, CD2Cl2) 8 234.26 (s, CO), 206.03 (s, =), 203.72 (s, =), 184.90 (s,
C-S), 176.27 (s, C-S), 170.17 (s, C-CHs), 167.73 (s, C-CHs), 165.58 (s, C-CHj3),
162.27 (s, C-CH3), 117.68 (s, arom. CH), 116.30 (s, arom. CH), 26.01 (s, CHa), 24.77
(s, CHa), 24.07 (s, CHs), 22.09 (s, CHs).

IR v = 3057 (w, C-H), 3015 (w, C-H), 1916 (s, C=0), 1575 (C=C).
EI-MS: m/z 488.03 [M* - CO.

Anal. Calcd for C2sH1sN4OS2W: C, 34.90; H, 3.12; N, 10.85; S, 12.42. Found: C,
34.85; H, 3.04; N, 10.94; S, 12.25.

Synthesis of [W(CO)(H-=-H)(4-Me-SPy)2] (C5)

[WBr2(CO)(H-=-H)2(NCMe)] (P3) (0.504 g) and sodium 4-methylpyridine-2-thiolate
(0.350 g, 2.37 mmol) were placed in a 100 mL Schlenk flask, suspended in approx.
100 mL dichloromethane and nitrogen was immediately bubbled through the solution
with a gas frit. Evaporated dichloromethane was continuously compensated. After 2 h
the gas frit was removed and a spatula of silica gel was added. An olive-green solution
was obtained via cannula-filtration. The solution was overlayed with 40 mL of heptane
and the solvent was carefully removed under vacuo until a green powder precipitated.
The powder was isolated via cannula-filiration and again dissolved in 20 mL
dichloromethane. The solution was overlayed with 20 mL heptane. The brownish
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residue, which precipitated overnight, was separated via cannula-filtration. The filtrate
was placed in a -20 °C fridge overnight. The formed green needles were isolated from
the solution via cannula-filtration to obtain the product in 19% (0.100 g) yield. Single
crystals suitable for diffraction measurements were obtained from a saturated

acetonitrile solution at -35 °C.

"H NMR (300 MHz, CD2Cl2, major : minor isomer = 1 : 0.5) & 13.62 (s, 2H, =-H, major
and minor isomer), 12.31 (s, 2H, =-H, major and minor isomer), 8.72 (d, J = 5.4 Hz,
1H, arom. H, major isomer), 8.45 (d, J = 5.8 Hz, 1H, arom. H, major isomer), 7.80 (d,
J=5.4Hz, 1H, arom. H, minor isomer), 6.93 (m, 0.9 Hz, 2H, arom. H, major and minor
isomer), 6.81 — 6.77 (m, 2H, arom. H, 2 minor isomer), 6.73 — 6.70 (m, 1H, arom. H,
major isomer), 6.65 (dd, J=5.8, 1.1 Hz, 1H, arom. H, major isomer), 6.57 — 6.53 (m,
2H, arom. H, major and minor isomer), 6.42 (dd, J=5.9, 1.2 Hz, 1H, arom. H, major
and minor isomer), 2.34 (s, 2H, CHs, minor isomer), 2.29 (s, 3H, CHs, major isomer),
2.20 (s, 2H, CHs, minor isomer), 2.18 (s, 3H, CHs, major isomer).

13C NMR (75 MHz, CD2Cl2) & 241.39 (s, CO, major isomer), 239.71 (s, CO, minor
isomer), 177.91 (s, =, minor isomer), 177.88 (s, =, major isomer), 170.96 (s, =, major
isomer), 170.07 (s, =, minor isomer), 151.82 (s, C-S, major and minor isomer), 151.31
(s, C-S, major and minor isomer), 149.48 (s, C-CHs, major and minor isomer), 148.01
(s, C-CHs, major and minor isomer), 146.36 (s, arom. CH, major isomer), 145.56 (s,
arom. CH, major isomer), 145.36 (s, arom. CH, minor isomer), 145.17 (s, arom. CH,
minor isomer), 127.98 (s, arom. CH, minor isomer), 127.78 (s, arom. CH, minor
isomer), 127.31 (s, arom. CH, major isomer), 126.88 (s, arom. CH, major isomer),
121.87 (s, arom. CH, minor isomer), 121.83 (s, arom. CH, major isomer), 119.43 (s,
arom. CH, major and minor isomer), 22.02 (s, CHs, minor isomer), 21.97 (s, CHs,
major isomer), 21.47 (s, CHs, major isomer), 21.19 (s, CHs, minor isomer).

IR v =2936 (w, C-H), 2677 (w, C-H), 1907 (s, C=0), 1596 (w, C=C).
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Synthesis of [WO(H-=-H)(Me-SPym)2] (C6)

[W(CO)(H-=-H)(Me-SPym)2] (C5) (1.817 g, 3.52 mmol, 1.0 equiv.) and pyridine-N-
oxide (0.351 g, 3.70 mmol, 1.1 equiv.) of were placed in a 100 mL Schlenk flask and
were suspended in 60 mL acetonitrile. The mixture was stirred with a bubbler
overnight, whereby the color of the suspension changed from dark violet to bright
yellow. The reaction mixture was evaporated until dryness. The product was washed
with 5-5 mL diethyl ether using an ultrasonic bath to obtain the product as a bright
yellow powder in 1.198 g (68%) yield. Single crystals suitable for X-ray diffraction
analysis were obtained from a solution in ethyl acetate overlayed with heptane (ethyl
acetate : heptane =1 : 1).

"H NMR (300 MHz, CD2Cl2, major : minor isomer =1 :0.1) & 11.25 (s, 1H, =-H, major
isomer), 11.03 (s, 1H, =-H, minor isomer), 10.95 (s, 1H, =-H, major isomer), 10.70 (s,
1H, =-H, minor isomer), 6.98 (s, 1H, arom. H, major isomer), 6.90 (s, 2H, arom. H,
major and minor isomer), 6.35 (s, 1H, arom. H, minor isomer), 3.03 (s, 3H, CH3, minor
isomer), 2.56 (s, 3H, CHs, major isomer), 2.47 (s, 6H, CHs, major and minor isomer),
2.44 (s, 6H, CHs, major and minor isomer), 2.05 (s, 6H, CHs, major and minor isomer).

13C NMR (75 MHz, CD2Cl2) 8 181.41 (s, C-S, major and minor isomer), 179.05 (s, C-
S, major and minor isomer), 170.90 (s, C-CHs, major and minor isomer), 170.06 (s,
C-CHs, major and minor isomer), 165.97 (s, C-CHs, major and minor isomer), 163.00
(s, C-CHs, major and minor isomer), 158.15 (s, =, major and minor isomer), 157.02
(s, =, major and minor isomer), 119.26 (s, arom. CH, minor isomer), 118.56 (s, arom.
CH, major isomer), 116.83 (s, arom. CH, major isomer), 115.52 (s, arom. CH, minor
isomer), 46.50 (s, CHs, minor isomer), 24.89 (s, CHs, major isomer), 24.75 (s, CHs,
major and minor isomer), 24.73 (s, CHs, major and minor isomer), 21.20 (s, CHs,

major and minor isomer).

IR v = 3057 (w, C-H), 3015 (w, C-H), 1916 (s, CO), 1575 (w, C=C), 933 (s, W=0).
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Synthesis of [WO(H-=-H)(4-Me-SPy):] (C7)

[W(CO)(H-=-H)(4-MeSPy)2] (C5) (0.500 g, 1.03 mmol, 1.0 equiv.) and pyridine-N-
oxide (0.108 g, 1.13 mmol, 1.1 equiv.) were placed in a 100 mL Schlenk flask and
suspended in 20 mL acetonitrile. A bubbler was placed onto the Schlenk flask. The
suspension was stirred overnight whereafter the color changed from violet-red to dark
ocherous. The acetonitrile was evaporated completely in vacuo and the residue was
washed with 5-5 mL diethyl ether to obtain the product as a light brown powder in
68% (0.333 g) yield. Single crystals suitable for X-ray diffraction analysis were
obtained from a saturated solution in ethyl acetate carefully overlayed with heptane
(ethyl acetate : heptane = 1 : 1) at -35 °C.

"H NMR (300 MHz, CD2Cl2, major : minor isomer =1 :0.1) & 11.06 (s, 1H, =-H, minor
isomer), 11.03 (s, 1H, =-H, minor isomer), 10.95 (s, 1H, =-H, major isomer), 10.94 (s,
1H, =-H, major isomer), 9.02 (d, J = 5.4 Hz, 1H, arom. H, major isomer), 8.64 (d, J =
6.0 Hz, 1H, arom. H, minor isomer), 7.54 (d, J= 5.5 Hz, 1H, arom. H, minor isomer),
7.35 (d, J= 5.6 Hz, 1H, arom. H, major isomer), 7.02 (s, 1H, arom. H, minor isomer),
6.98 (s, 1H, arom. H, minor isomer), 6.94 (m, 4H, arom. H, 2 major and 2 minor
isomer), 6.85 — 6.79 (m, 1H, arom. H, major isomer), 6.34 (dd, J = 5.7, 0.9 Hz, 1H,
arom. H, major isomer), 2.35 (s, 6H, CHs, 2 minor isomer), 2.30 (s, 3H, CHs, major

isomer), 2.09 (s, 3H, CHs, major isomer).

13C NMR (75 MHz, CD2Cl2) 3 176.98 (s, C-S, major and minor isomer), 168.26 (s, C-
S, major and minor isomer), 158.08 (s, =, major and minor isomer), 154.65 (s, =, major
and minor isomer), 153.80 (s, C-CHs, major isomer), 150.55 (s, C-CHs, minor isomer),
149.67 (s, C-CHs, major and minor isomer), 143.21 (s, arom. CH, major and minor
isomer), 142.77 (s, arom. CH, major isomer), 142.33 (s, arom. CH, minor isomer),
130.07 (s, arom. CH, minor isomer), 128.27 (s, arom. CH, minor isomer), 127.99 (s,
arom. CH, major isomer), 127.58 (s, arom. CH, major isomer), 122.28 (s, arom. CH,
minor isomer), 121.84 (s, arom. CH, major isomer), 120.06 (s, arom. CH, minor
isomer), 119.31 (s, arom. CH, major isomer), 22.13 (s, CHs, major and minor isomer),
21.49 (s, CHs, major and minor isomer).

IR v = 3085 (w, C-H), 3048 (w, C-H), 1598 (w, C=C), 945 (s, W=0).
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7. APPENDIX

7.1 CRYSTALOGRAFIC DATA AND STRUCTURE REFINEMENT

Table 12. Crystal data and structure refinement for [W(CO)s(4-Me-SPy)2] (C1) and
[W(CO)(H-=-H)(=4-Me-SPy)(4-Me-SPy)] (C3).

Crystal data C1 C3

Empirical formula Ca5H12N203S2W C27H16N20S2W

Formula weight 516.24 512.29

Crystal description needle, red block, red

Crystal size 0.28x0.18x0.13mm 0.29x0.15x0.11 mm

Crystal system, space group monoclinic, C 2/c monoclinic, P 21/c

Unit cell dimensions: a =30.255(4) A a=7.7201(8) A
b =7.2572(9) A b = 16.5422(18) A
c=17.973(3) A c=14.1069(14) A
B =121.289(5)° B =105.730(4)°

Volume 3372.3(8) A3 1734.1(3) A3

Z 8 4

Calculated density 2.034 mg/m3 1.962 mg/m?3

F(000) 1968 984

Linear absorption coefficient m  7.112 mm-! 6.906 mm"

Max. and min. transmission 1.000 and 0.577 1.000 and 0.623

Unit cell determination 2.65° <0 <35.77° 2.88° < 0< 40.58°
8318 reflections used at 9799 reflections used at
100 K 100 K

Data collection

Scan type ¢ and o scans

Q range for data collection 2.28 10 35.00° 2.74 10 40.00°

Reflections collected / unique 16307 / 7398 38720/10718

Significant unique reflections 6412 with | > 25(1) 8811 with | > 25(l)

R(int), R(sigma) 0.0316, 0.0410 0.0501, 0.0472

Completeness to Q = 35.0° 99.8% 99.9%

Refinement

Refinement method Full-matrix least-squares on F2

Data / parameters / restraints 7398 /214 /0 10718 /228 /4

Goodness-of-fit on F? 1.034 1.029

Final R indices [l > 2o(1)] R1 = 0.0240, wR2 = R1 = 0.0293, wR2 =
0.0550 0.0640

R indices (all data) R1 = 0.0307, wR2 = R1 = 0.0411, wR2 =
0.0574 0.0691

Extinction expression none

Largest A/c in last cycle 0.001 0.001

Largest difference peak and 1.465and-1.150e/A3  2.336 and -2.380e/A3
hole
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Table 13. Crystal data and structure refinement for [W(CO)(H-=-H)(Me-SPym)2] (C4)
and [W(CO)(H-=-H)(4-Me-SPy):] (C5).

Crystal data C4 C5

Empirical formula Ca2sH16N4OS2W Ca25H14N20S2W

Formula weight 516.29 486.25

Crystal description block, red needle, green

Crystal size 0.19x0.19x0.16 mm 0.26 x 0.11 x 0.07 mm

Crystal system, space group monoclinic, P 21/c orthorhombic, Pccn

Unit cell dimensions: a=14.6041(13) A a=17.273(3) A
b =8.2934(7) A b =6.7944(11) A
c=15.8933(12) A c=13.531(2) A
B=117.315(4)°

Volume 1710.3(3) A3 1587.9(5) A3

Z 4 4

Calculated density 2.005 mg/m? 2.034 mg/m?

F(000) 992 928

Linear absorption coefficient 7.006 mm’ 7.536 mm"

m

Max. and min. transmission  1.000 and 0.555 1.000 and 0.496

Unit cell determination 4.58° < 0 < 30.74° 2.34° < 06 < 34.22°
6500 reflections used at 4760 reflections used at
100 K 100 K

Data collection

Scan type ¢ and o scans

Q range for data collection ~ 2.58 to 30.00° 3.01 to 35.00°

Reflections  collected / 12318 /5003 12659 / 3486

unique

Significant unique reflections 4164 with | > 25(1) 2699 with | > 2¢(1)

R(int), R(sigma) 0.0390, 0.0499 0.0457, 0.0430

Completeness to Q =35.0° 99.9% 99.9%

Refinement

Refinement method Full-matrix least-squares on F2

Data / parameters / 5003/225/2 3486/118/0

restraints

Goodness-of-fit on F2 1.065 1.109

Final R indices [l > 25(1)] R1 = 0.0301, wR2 = R1 = 0.0311, wR2 =
0.0607 0.0638

R indices (all data) R1 = 0.0400, wR2 = R1 = 0.0458, wR2 =
0.0639 0.0695

Extinction expression none

Largest A/c in last cycle 0.002 0.001

Largest difference peak and 1.796 and -1.775e/A3 1.452 and -1.226e/A3

hole

74



Table 14. Crystal data and structure refinement for [WO(H-=-H)(Me-SPym)2] (C6) and

[WO(H-=-H)(4-Me-SPy)2] (C7).

Crystal data C6 C7
Empirical formula C24H16N4OS2W C24H14N20S2W
Formula weight 504.28 474.24

Crystal description
Crystal size

Crystal system, space group

Unit cell dimensions:

Volume

Z
Calculated density

F(000)

Linear absorption coefficient

m

Max. and min. transmission

Unit cell determination

needle, colorless
0.25x0.11 x 0.09 mm
monoclinic, C 2/c

o

a=19.236(2) A

o

b=11.1271(13) A

c=16.563(2) A
B = 109.575(5)°

o

3340.4(7) A3
8
2.005 mg/m?

1936
7172 mm™?

1.000 and 0.801

2.31° < 0 < 35.55°
9248 reflections used at
100 K

block, colorless
0.16 x0.13x0.10 mm
triclinic, P -1

o

a=7.433(3) A

o

b =7.930(3) A
c=13.329(5) A
a = 94.702(8)°
B = 98.065(7)°
y = 92.130(7)°
774.4(5) A3

2

2.034 mg/m?3

452
7.724 mm!

1.000 and 0.688

2.58° <0 <40.45°
8534 reflections used at
100 K

Data collection

Scan type

Q range for data collection
Reflections  collected
unique

/

Significant unique reflections

R(int), R(sigma)

¢ and o scans
2.15t0 35.00°
39148 /7350

6332 with | > 25(1)
0.0350, 0.0268

f and w scans
1.55 to 40.00°
18122 / 9584

7852 with | > 25(1)
0.0387, 0.0516

Completeness to Q =35.0° 100.0% 99.9%

Refinement

Refinement method Full-matrix least-squares Full-matrix least-squares
on F? on F?

Data / parameters / 7350/216/2 9584 /194 /2

restraints

Goodness-of-fit on F? 1.015 1.039

Final R indices [l > 25(1)] R1 = 0.0187, wR2 = R1 = 0.0296, wR2 =
0.0403 0.0678

R indices (all data) R1 = 0.0261, wR2 = R1 = 0.0411, wR2 =
0.0425 0.0720

Extinction expression none none

Largest A/c in last cycle 0.003 0.002

Largest difference peak and

hole

1.329 and -0.710e/A3

1.821 and -1.903¢e/A3
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