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Abbreviations

0 chemical shift

A wavelength

U bridging

v wave number

M molar magnetic susceptibility
acac acetylacetonate

av average

B.p. boiling point

br broad

Bu'’ tert-butyl (tertiary butyl)
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calcd. calculated
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dec. decomposition

DFT density functional theory
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M metal
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Introduction 1

1. Introduction

Molybdenum and tungsten are chemically analogous elements, and both are relatively scarce
in natural environments.!'"! It is perhaps surprising that the two elements (Mo, 42 and W, 74)
are required for the normal metabolism of biological systems when one considers that with
the exception of iodine (53), life forms on this planet typically thrive by utilizing elements
with atomic numbers below 35.1* Yet, from a biological perspective, Mo and W provide a
fascinating study in contrasts. Enzymes containing molybdenum and tungsten at their active
sites appear to be present in all forms of life, from ancient archaea to man. These enzymes
catalyze a wide range of reactions in carbon, sulfur, and nitrogen metabolism, and at least 50
enzymes are known today.'*™

With the exception of the molybdenum-containing nitrogenase, the main role of molybdenum
and tungsten in biology is as the catalytic centre of a wide variety of enzymes, virtually all of
which catalyze the oxygen atom transfer (OAT) to, or from, the substrate””'%\. In general, the
enzymes utilize water as the ultimate source or sink of oxygen in the overall catalytic reaction
X + H,0 <> XO + 2H" + 2¢". The reaction is coupled to electron transfer between substrate
X/XO and metal.['""'

In all of the molybdo- and tungsto-enzymes, the metal atom is bound to the dianion(s)
(ene-1,2-dithiolate) of one or two molecules of a special ligand, molybdopterin (MPT)!"*"'®!, It
is a tricyclic pyranopterin, the pyran ring of which carries an ene-1,2-dithiol (or dithiolene)
and a phosphate group as side-chain. In all of the native enzymes structurally characterized so

far, the pterin is at the dihydro oxidation level and the dithiolene group acts as a bidentate

ligand to bind Mo (or W); in some bacterial enzymes the phosphate group is covalently linked
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to a dinucleotide.

ZT

N~ N7 ONTE
H H

Molybdopterin (MPT)

R =H or a dinucleotide

1.1. Molybdoenzymes and tungstoenzymes

[7,13,17

Molybdenum is an essential trace element for all living systems. ] This metal acts as an

18,1
(18197 and as the mononuclear

integral component of the multinuclear M center of nitrogenases
active sites of a much more diverse group of enzymes that in general function catalytically to
transfer an oxygen atom either to or from a physiological acceptor or donor molecule. The
vast majority of these enzymes possess a Mo=0 unit in their active sites and are often referred
to as oxomolybdenum enzymes.? The latter mononuclear molybdoenzymes constitute a
fairly large class of enzymes.

Hille!® has classified molybdenum enzymes into three families based upon their protein
sequences, the structures of their oxidized active sites, and function: the xanthine oxidase,
sulfite oxidase, and dimethyl sulfoxide reductase (DMSOR) families, respectively. The active
sites of the three families of mononuclear molybdenum enzymes may be represented as
indicated in Figure 1. Members of the xanthine oxidase family (i.e., the true hydroxylases)
have molybdenum centers consisting of a single cofactor dithiolene ligand coordinated to a

facMoOS(H;0) unit. Members of the sulfite oxidase family are likely to possess a single

cofactor dithiolene coordinated to a cis MoO, unit (additional coordination positions may be
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taken up by water and/or hydroxide and a cysteine residue that is conserved within the family).
Members of the DMSO reductase family are distinguished by bisdithiolene coordination of
the molybdenum, but this group of enzymes is likely to be more structurally diverse than the
other two families. The Mo=X position may be taken up by oxygen, sulfur, or (possibly)
selenium, while the sixth ligand coordination position may be occupied by serine, cysteine,

selenocysteine or aspartate.

(X=0,S8, Se) (Asp)
X O-ser g cys))
N e-cys
S s,Q VSR
/ S/’/,,ll VI / >, I| VI S\\‘ ””S
_Mo=0 Mo=0
S \ N \
OH, : S-cys

(-OHy)

The Xanthine Oxidase Family The Sulfite Oxidase Family The DMSO Reductase Family

(true hydroxylases) (DMSO = dimethyl sulfoxide)

Figure 1. The major families of mononuclear molybdenum enzymes.

The knowledge about the positive biological role of tungsten has a very short history
compared to that of Mo. The first crystal structure of a tungsten enzyme appeared in 1995.12!)
Tungsten has also been shown to be present at the catalytic centre of enzymes, and it is
notable that many of tungstoenzymes occur in thermophilic bacteria.l'”**! For almost all of the
known tungstoenzymes there is an analogous molybdoenzyme that is present within the same
organism or in a very closely related species.'”*! In other words, of the vast array of life forms
that utilize Mo, a very small subset are also able to use W.

The tungstoenzymes are divided into three categories by Johnson et al (Figure 2)**). The
majority fall within the so-called AOR-type, with aldehyde ferredoxin oxidoreductase (AOR)

from the hyperthermophile, Pyrococcus furiosus (Pf, maximum growth temperature, 7max,

105 °C) being the best studied example.”'****] The second family of tungstoenzymes
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involves two types, both of which utilize CO, as the substrate. One is formate dehydrogenase
(FDH), which was the first W-containing enzyme to be purified.*® The other member of the
second class of tungstoenzyme is N-formylmethanofuran dehydrogenase (FMDH). The third
class of tungstoenzyme has just one member, and it is the most recently discovered and the
least characterized. It is termed acetylene hydratase (AH) and was purified from the
acetyleneutilizing anaerobe Pelobacter acetylenicus (Pa).*”’ Members of the AOR and

F(M)DH families catalyze redox reactions. In contrast, AH catalyzes the hydration of

acetylene.
W (IV) O ser S -Cys Se -Cys
W (VD)
O O ser \\ /S cys \\ /Se cys

R Sy

Figure 2. The major families of Tungstoenzymes (AOR: a and d; F(M)DH: b, c, e and f).

1.2. The diversity of the enzymes

Molybdenum as well as tungsten can be found at the active sites of the molybdopterin
containing OAT enzymes*® because of the chemical similarity of the two metals. However,
the distribution of the metals is quite interesting; molybdenum is found mainly in mesophilic
organisms while tungsten is found mainly in thermophilic and hyperthermophilic

microorganisms, and it is not known until today whether this distribution was developed for

[22,29] [22,30]

reasons of supply , stability or reactivity®"! (i.e. redox potential). The presence of the

two metals active sites causes the extensions of the types of the enzymes.
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Another interesting diversity of these enzymes is that, in the DMSO reductase family!”
(molybdenum enzymes with two molybdopterin ligands) the metal is bound to the peptide
moiety through either serine (0)"?, cysteine (S)**), selenocysteine (Se)™* or aspartate (O,
mono- or bidentate)). It is still not known whether the different types of amino acid ligands
are used purposefully or merely accidentally. The amino acid ligands are supposed to play a
role in stabilizing the enzyme-substrate complexes. The coordination of selenocysteine as
well as the coordination of sulfur atoms to tungsten were also established although far fewer

structures of tungsten-containing OAT enzymes are available.[*'~%-"]

1.3. Synthetic analogues

In order to ascertain the role of that particular feature of the active sites of molybdenum and
tungsten enzymes on the chemical reactivity and the spectroscopic properties of the centre,
chemical approaches to the sites have been directed toward mimicking a portion of the
structural centre.

Thus, many small-molecule complexes incorporating the high valent (Mo or W''''))
oxo-containing, sulfur-rich environments of these enzymes are essential as potential structural
and/or functional models!'****!,

So far an enormous amount of model complexes have been synthesized and characterized.
They can be divided into two main types.”™ The first one contains non-dithiolene systems,
which means that coordination spheres contain nonphysiological ligands. Figure 3 (al*¥,

pl#344l - cl43461 g7l el £ and  g*') shows some examples of non-dithiolene

oxo-molybdenum complexes.
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Ph pp Pho gy 1Z
| AN S OV(S
2N, | —0 O'l/////l\/|[ —0
SO
G S o S
Ph Ph Ph  Ph
c d

Figure 3. Structures of non-dithiolene oxo-molybdenum complexes.

Tungsten analogues including the cis,trans forms of [W"'0,(L-N,S,)], [W"'OS(L-N,S,)], and
[WYIS,(L-N3S,)], cis,cis-[WYOX(L-N,S,)], and cis,trans-[W"OX-(L-N,S,)] (X = NCS, CI,
OPh’, SPh) (all from ref [50]), [W"'0,(0,CCSPh,),]*,"" and [(Tp*)W''OSX] and
[(Tp*)WY'S, X1 (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate(1-)), and so on, have been
prepared and investigated.

These hindered ligands were employed with the intention of providing biologically relevant
coordination (N, S, O) and suppressing the formation of a u-oxo Mo(V) dimer.

The second one is called dithiolene systems, which contain one or two ene-1,2-dithiolate
ligands and, where appropriate, simulated protein ligands, and are closer approaches to the
active sites of enzymes. The two fundamental types of dithiolene ligands are depicted in their
classical, fully reduced forms, ene-1,2-dithiolate (a) and benzene-1,2-dithiolate (b, bdt), in

Figure 4. Both ligand types are available with a variety of substituents.
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RISG $°
R s° s°
a b

R =H, Me, Ph, CF;, CN, ...

Figure 4. Structures of the two fundamental types of dithiolene ligands in the dithiolate

oxidation state.

Since metal dithiolene complexes were first prepared in the early 1960s*. the investigation
of molybdenum and tungsten dithiolenes have attracted considerable interest. With
molybdenum, meaningful site analogues and analogue systems of the SO and DMSOR
families have been achieved, but not yet in the XnO family. The sulfite oxidase family sites
analogues require the preparation of monodithiolene species.” Active sites in DMSO
reductase family require as analogues bis(dithiolene) complexes. Extensive research was
performed on this kind of complexes. The principal routes and synthetic schemes were
summarized by Enemark etal.”**]

Relevant tungsten dithiolene chemistry began in 1992, with the preparation of [WO(mnt),]*>®
and the set [WO(bdt),] and [WO,(bdt),]*.P™ In 1996, [WO,(mnt),]* was reported,™’ as
were the naphthalene-2,3-dithiolate complexes [WO(ndt),]*” and [WO,(ndt),]*."® Two years

later, a series of [WO(S;CaR2):]> complexes was prepared.”

(Here mnt means
cis-1,2-dicyano-1,2-ethylenedithiolate(2-); bdt means benzene-1,2-dithiolate(2-); ndt means

naphthalene-2,3-dithiolate(2-).) All tungsten complexes are isostructural and isoelectronic

with their molybdenum counterparts.
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1.4. Oxygen atom transfer properties

As described above, with the exception of nitrogenase,®”!

the known molybdenum-containing
enzymes catalyze reactions that, at least formally, are oxygen atom transfer processes. These
oxo-transfer reactions are of two types: oxidation, involving the addition of an oxygen atom
to substrate, and reduction, involving the removal of an oxygen atom from substrate.
Mononuclear tungsten enzymes are also known'®” but, in contrast to the well developed
molybdenum chemistry, tungsten-mediated atom transfer reactions have been significantly

59,61-63

less studied.! I This is primarily a consequence of the difficulty in reducing W(VI)

species to corresponding W(IV) species.*"
Understanding the chemical mechanism of the enzymes has been greatly facilitated by studies
of the chemistry of inorganic complexes that are useful mechanistic models for the enzymes.
The employed ligands should be bulky to effectively prevent the thermodynamically very
favorable dimerization of the mononuclear complexes to give u-oxo bridged Mo," clusters.
In general, the circle process of dioxo molybdenum or tungsten complexes catalyzing oxygen
atom transfer reaction from DMSO to a phosphine can be displayed as in Figure 5.

DMS L M<< 0 PPh,

>< | ><

DMSO L M=0 OPPh;

Figure 5. Schemes of dioxo enzymetic analogues catalyzing oxygen atom transfer reaction.

The compound M"" oxidizes PPh; stoichiometrically to give the reduced M" compound and
OPPh; and the reduced monooxo complex thus obtained can be returned to the oxidized

parent compound by reaction with dimethyl sulfoxide (giving dimethyl sulfide). The
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discussion about the mechanism of oxygen atom transfer reaction has been extensively

. 29,43-46,65-
reviewed,2%43-46:65-69]

1.5. The selected ligand systems

In this research, the mainly used ligand system is a tridentate bianion alkoxylate containing a
thio or selenoether function. (Figure 6, a and b) The coordination of thioethers or selenoethers
to metal centers in high oxidation states represents hard-soft metal-ligand combinations that
are usually not very stable.”” To achieve this kind of coordination this ligand system is used
to cling to the molybdenum center rather strongly and hold the ether function in a position
where a metal ether interaction can be easily developed. Although in the enzymes the sulfur
atom is bound as the thiolate or sulfido ligand and the selenium as the selenate ligand, the
investigation of the ether variants of these ligand atoms could give some insight into their
influence.

In addition, the phenol containing O,X,0 (X =S, Se) donor ligands are also chosen (Figure 6,
¢). This kind of ligand has attracted considerable attention in the bioinorganic chemistry
community because of the widespread occurrence of tyrosyl radicals in a variety of
metalloenzymes involved in oxygen-dependent enzymatic catalysis. An interesting feature
associated with the ligands containing two phenolate donor atoms is their good m-donor
ability to stabilize higher oxidation states with highly covalent M—O(phenolate) bonds and
their tendency to form phenoxyl radical complexes.”

The two chosen ligand systems generate a coordination sphere consisting only of group 16

elements around the molybdenum and tungsten, which somehow matches well the active sites

of the enzymes even though the important dithiolene function of the molybdopterin is
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neglected.
In addition to the ligand systems described above, bidentate neutral (S,S) thioether (Figure 6,
d) and heterocyclic bidentate ligands (N, X), X = S, Se (Figure 6, e and f) are used as well

because of their relevance to biological systems./’*"”]

HO\/\X/\/OH HO/\/\X/\/\OH

ﬁ@\m/ (1 @

X =S8, Se

Figure 6. The selected ligand systems.

1.6. Scope and objectives of this dissertation

Based on the above introduction, the reasons for the diversity of the

molybdopterin-containing OAT enzymes due to the presence of molybdenum and tungsten

centers and the coordination of the different types of amino acid ligands are still a challenging

problem.

In order to obtain more insight into these questions, the objectives of the present work are:

(1) Syntheses and characterization of corresponding molybdenum and tungsten compounds
that mimic the active sites of the OATs where the coordination sphere of the metal

consists of oxygen and sulfur or selenium, respectively, and where at least one oxo ligand
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(2)

€)

1s present.

Syntheses and characterization of compounds with thio- and analogous seleno functional
ligands.

Comparison of the molybdenum and tungsten analogues with sulfur and selenium
containing ligands to explore the structural and electronic influences of replacing
molybdenum by tungsten and of varying the ligand atoms (O/S/Se) with regard to their

redox and oxygen atom transfer properties.
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2. Results and Discussion

2.1. Tungsten complexes with neutral sulfur and oxygen donor ligands
2.1.1. Syntheses of WO,Cl,[MeS(CH,),SMe] (1) and [WO,CLy(THF)]4 (2)
The chemistry of medium and high oxidation state molybdenum and tungsten centres with
neutral sulfur of oxygen donor ligands remains little studied.”*”®  Herein,
WO,Cl,[MeS(CH;),SMe] (1) and [WO,Cl(THF)]s (2) were synthesized by an analogous

method to the preparation of WO,Cl,(DME)!"®! (Scheme 1).

+ (Me3Si)ZO, - M6251C1

WClg > WOCl,
CH,Cl,
0 Cl /
+ (MesSi),0, - CH;SiCl ) + MeS(CH,),SMe, - CH;SiCl S
wocl, (Me;Si), 3SiCL [WOCI(OSiMes)], (CHy), 3 /\\W‘“\\\ j
CH2C12 CH2C12 O/|\S
1.5h,rt 14 h, r.t.
Sh,rt al \
1
cl THF O
J e
O:W/,,EO—W—THF
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Scheme 1. Preparation of WO,Cl,[MeS(CH,),SMe] (1) and [WO,Cl,(THF)]4 (2).

Hexamethyl disiloxane reacted with an equimolar amount of WOCI4 which was derived from
WClg suspended in CH,Cl, to give a light yellow solid. Based on IR observations a likely
formation of this intermediate is a highly polymeric tungsten complex, [WOCI3(OSiMe3)],.["%
After addition of excess dithioether or THF most of the suspended solid was dissolved.

Compound 1 and 2 were obtained as colorless crystals from the filtrate by keeping it at 4 °C

overnight or by the addition of diethylether and cooling to -30°C, respectively. The
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dissolution of the initially formed solid on addition of dithioether indicates the formation of a
thioether adduct, [WOCI;(OSiMes)(MeS(CH,),SMe)], as the next step in the reaction
sequence. Further elimination of CISiMes; from this intermediate to give the isolated product
is probably facilitated by the presence of the second sulfur atom of the dithioether ligand in
the coordination sphere of the tungsten atom.

The previous literature has described that attempts to exchange the DME ligand in the
complex for two THF ligands gave a white product with bands at 1040 and 847 cm™ in its IR
spectrum as expected for coordinated THF.I”” In addition the presence of a strong broad band
at 725 cm’™ in the IR spectrum reveals bridging oxo-groups. The analytical data (Found (Calc.)
W, 50.3 (51.2); Cl, 19.2 (19.7); C, 13.9 (13.4); H, 2.4 (2.1)%) for this compound are close to
the formula WO,Cl,(THF) and this formulation is also supported by the bridging oxo group
as observed by IR. Whether this oxo bridged structure exists in THF solution or if it is formed
as a consequence of a loss of THF during the isolation of the complex is not known. A
decreased solubility in THF after initial isolation indicates that a loss of THF with subsequent
formation of oxo bridges might occur. The deduction was confirmed by the preparation of 2,
which contains four units of WO,Cl,(THF).

Attemped preparation of 1 and 2 via direct reactions of dithioether and THF with WO,Cl,,
respectively, did not lead to any dissolution of WO,Cl, although the reaction was continued
for several weeks. This indicates that the barrier for breaking up the polymeric network of
solid WO,Cl; is so high that a direct synthesis is not feasible.

Other attempts to prepare the selenoether analogue, WO,Cl,[MeSe(CH,),SeMe], of 1 by the
same method as that of 1 or by exchanging the DME or THF ligands in complex WO,Cl,

(DME) or 2 with diselenoether ligands, respectively, were also failed. During the reaction
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processes, the intense blue solution and solid formed gradually with the increase of the
temperature (to r. t.) even though the initial reactions were performed at very low temperature
(ca. -78°C). There is no evidence for W(VI) selenoether complex formation. This indicates

that the diselenoether compound is thermally very unstable like its molybdenum analogue.”™

2.1.2. Structural investigation of 1
The crystal structure of 1 and selected bond distances and angles are presented in Figure 7 and

Table 1, respectively.

Figure 7. View of the structure of WO,CI,[MeS(CH;),SMe] (1) with numbering Scheme.

Hydrogen atoms are not shown. Ellipsoids are drawn at 50% probability.

The WY! atom of 1 has a distorted octahedral coordination environment, derived from two cis
oxo ligands, two frans chloro ligands and a chelating dithioether which occupies the
coordination sites frans to the oxo ligands and adopts the DL configuration with the Me
groups oriented on opposite sides of the O,S, plane. The W-S distances of 2.748(2) and

2.752(2) A are ca. 0.4 A loger than d(W-Cl) involving the isoelectronic chloro ligand,
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indicating a very weak interaction between the hard hexavalent W centre and the soft, weakly
donating thioether functions. The angle S-W-S is 77.4°. The oxide ions are cis oriented, as
also suggested from theoretical calculations,!””! with both W=0 bond distances of 1.716 (7) A
and an angle O=W=0 of 105.3(3)°. The W=0 bond distance is close to the mean value of
1.709 A, calculated from other dioxo complexes.*” Two chloride atoms at 2.333(2) and
2.337(2) A complete the octahedron around tungsten. Both chlorine atoms are bent towards
the thioether ligand resulting in a C1-W-Cl angle of 155.13(8)°. The environment at W(VI) in
the thioether complex may alternatively be described as distorted tetrahedral primary O,Cl,
coordination, with additional weak S, coordination, giving the overall distorted 6-coordinate
geometry. The slight shortening of the Mo-Cl distances and the changes in the angle around
W may be evidence for increased n-donation from Cl to compensate for the weak S-donation.
Compound 1 is analogous to a recently published molybdenum compound.””® The compounds
MO,CIly(DME) are well-established for both metals.>’®! Therefore, with this new compound
a thorough structural investigation of these compounds and comparison between oxygen and
sulfur coordination as well as a comparison between molybdenum and tungsten compounds
could be undertaken.

The structures of MoO,ClL[MeS(CH,),SMe]'"®! and WO,CL[MeS(CH,),SMe] (1) (see Figure
7) are almost identical, and the largest differences occur for the metal—chlorine bond length
(0.05 A) and the O=M=0 angle (1°) (see Table 1). Both compounds crystallize in the same
crystal system (hexagonal) and space group (P6;).

This is also true for the compounds MOOzClz(DME)US] and WOZCIZ(DME)W], where the
largest difference for a bond length is that for the M—O(ether) bond of 0.04 A, and the

difference for the O(ether)-M—O(ether) angle is 0.4°, which is the largest difference for an



Results and Discussion 16

angle. Nevertheless, it has to be noted that the value for the CI-Mo—Cl angle is not mentioned

[75

in the respective publication..””! Again, both compounds crystallize in the same crystal system

(monoclinic) and space group (P2,/n).

Table 1. Selected bond lengths and angles for the molybdenum and tungsten complexes with

bidentate ether and thioether ligands.

WOZCIZ(MGSC2H4 MOOZCIZ(MG WOQClz(DME)b MOOZCIZ(DME)C

SMe) (1) SC,H,SMe)*
M=0 [A] 1.716(7) 1.691 1.690 1.667
1.716(7) 1.699 1.690 1.673
M-CI [A] 2.333(2) 2.345 2.344 2.347
2.337(2) 2.385 2.344 2.340
M-O/S [A] 2.748(2) 2.759 2.253 2.289
2.752(2) 2.771 2.292 2.281
0=M=0 [°] 105.3(3) 106.3 105.1 105.0
0/S-M-O/S[°]  77.37(7) 77.3 70.5 70.9
CI-M-C1[°] 155.13(8) 154.4 157.6 -

a Ref. [78], b Ref. [76], ¢ Ref. [75]

The differences observed as a result of a comparison of ether and thioether ligands are of
course larger, but only for those values that are derived directly from the different radii of the
oxygen and sulfur atoms. The difference in the metal—ether/thioether bond is 0.49 A for the
molybdenum complexes and 0.50 A for the tungsten complexes. The values for the
0O/S—-M-0/S angles differ by 6.5° for the molybdenum and by 6.9° for the tungsten compound,

where the angles for the thioether ligands are wider. All other distances and angles involving
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the metal center are only slightly influenced; the largest difference for a bond length was 0.05
A for the Mo—Cl bond and the largest difference for an angle was 2.5° for the CI-W—Cl angle.
This is an indication that the electronic influence of replacing oxygen ligand atoms by sulfur
ligand atoms is only very small. Otherwise we would have observed larger differences,
especially in the parameters for the ligand atoms that are in a trams position to the
ether/thioether functions (oxo ligands in all four cases).

We have seen that molybdenum and tungsten form almost identical complexes with the
bidentate ether and thioether ligands. The metal atom does not affect the structure of the
complexes, though it has an influence on the stability of the complexes because of a
difference in the strength of orbital overlap. For the oxygen-atom-transfer enzymes, where
only mono- or bidentate ligands are present, a geometrical or steric influence as a result of
changing the metal atom can be excluded.

Changing the ligand atoms does not result in any significant structural alterations, with the
only exception of the metal-to-ether/thioether-ligand-atom bond length and angle, but these
differences are merely a result of the different radii of the ligand atoms. There was no
indication of a significant electronic influence of changing the ligand atoms (oxygen versus
sulfur) on the metal, except that the potentials of the molybdenum and tungsten complexes
were closer together with sulfur ligation than with oxygen ligation as can be seen in the

following chapter.

2.1.3. Electrochemical investigation of 1
The redox potentials of compounds MoO,Cl,(DME),"!  WO,Cl,(DME),"®

MoO,Cl;[MeS(CH,),SMe],!”*! and WO,CL[MeS(CH,),SMe] (1) were compared (see Table
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2). Here, we used cyclic voltammetry and observed quasi-reversible behavior for all
compounds for the M'«<M"" transition. In the range from —1.0 to —1.5 V an irreversible
reduction occurs in all cases probably because of the loss of one oxo ligand accompanying the
reduction to M'". The formation of this new species led to the emergence of new signals in
the voltammograms. We therefore only compared the potentials of the quasi-reversible

process assigned to the MY «<>M"" transition.

Table 2. Redox potentials for the molybdenum and tungsten compounds with the bidentate

cther/thioether ligands for the MY—-M"' redox processes referenced internally vs.

ferrocene/ferrocenium.

Compound Eip MYoMY vs. Fe/Fe™ [V]
MoO,Cl,(dme) -0.17
MoO,Cl,(MeSC,HsSMe) -0.15
WO,Cl(dme) -0.34
WO,Cl(MeSC,HsSMe) (1) -0.28

Figure 8 shows a long-range cyclic voltammogram (including the irreversible reduction and
ligand-centered quasi-reversible oxidation) of MoO,Cl,(DME) (a), a short-range cyclic
voltammogram of MoO,Cly,(MeS(CH,),SMe) (b), and a long-range cyclic voltammogram of

WO,CI,(DME) (c) with the internal reference ferrocene.
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Figure 8. Cyclic voltammogram of (a) MoO,Cl,(DME) (long range, the 2™ scan of the
measurement), (b) MoO,Cl,(MeS(CH;),SMe) (short range, the 3 scan of the measurement)
and (c) WO,CI,(DME) (long range, the 2™ scan of the measurement) referenced internally vs.

Fc/Fc'. The redox process that was investigated is marked with arrows.

The molybdenum compounds have potentials that are higher than their tungsten analogs and
the complexes with sulfur ligand atoms have potentials that are higher than their counterparts
with oxygen ligand atoms. The latter differences are again smaller (between 20 and 60 mV)
than the differences between molybdenum and tungsten compounds, which are about three
times larger (between 130 and 170 mV). Since the bonds between metal and sulfur atoms
exhibit m—m-interactions, it can be noted that the differences between the redox potentials of
the molybdenum and tungsten thioether complexes are smaller than those between the
complexes with the oxygen ligand atoms. Changing the metal atoms has a much more

significant influence on the redox potentials than changing the ligand atoms.

2.1.4. Crystal structure description of 2
The molecular structure of compound 2 is shown in figure 9; selected bond lengths and angles

are listed in Table 3.
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Figure 9. Molecular structure of 2.
Table 3. Selected bond lengths (A) and angles (°) for 2.
Bond lengths
W(1)-0(11) 1.697(5) W(1)-0(10) 2.210(4)
W(1)-0(3) 1.744(4) W(1)-CI(11) 2.3083(17)
W(1)-0(1) 2.172(4) W(1)-CI(12) 2.3286(17)
Bond angles
O(11)-W(1)-0(3) 101.4(2) O()-W(1)-CI(11)  79.93(13)
O(11)-W(1)-0(1) 164.9(2) O(10)-W(1)-CI(11) 83.37(13)
0(3)-W(1)-O(1) 93.52(18) O(11)-W(1)-CI(12) 96.44(18)
O(11)-W(1)-0(10)  85.2(2) O3)-W(1)-CI(12)  94.67(15)
0O(3)-W(1)-0(10) 173.38(19) O(1)-W(1)-C1(12)  80.38(13)
O(1)-W(1)-0(10) 79.87(17) O(10)-W(1)-CI(12) 84.41(13)
O(11)-W(1)-CI(11)  100.25(18) CI(11)-W(1)-C1(12) 158.36(6)
O3)-W(1)-CI(11)  95.41(15) W(2)-O(1)-W(1) 172.8(3)
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Compund 2 crystallizes in the monoclinic space group P2i/n. This compound 2 has a
tetrameric structure in which every two molybdenum atoms are bridged by on u-oxo ligand.
The structure is formed by the association of four WO;Cl,(THF) octahedral sharing corners in
such a way that the W atoms are in a roughly square arrangement. All tungsten atoms are
crystallographically equivalent. Each tungsten atom is coordinated to two bridging oxygens,
one unshared (oxo type) oxygen, two “axial” chlorine atoms and one “equatorial” O-bonded
THF ligand. The interatomic distances and bond angles show that the tungsten atom is not
found at the center of the coordination octahedron, but is shifted toward the terminal unshared
oxygen atom, as usual for oxo complexes of tungsten. The distances of each tungsten and two
bridging u-oxo ligans are different, for example, W(1)-O(3) (1.744(4) A) and W(1)-O(1)
(2.172(4) A). The shorter bond length (W(1)-O(3)) is closer to that of tungsten and the
terminal oxygen atom (W(1)-O(11), 1.697(5) A) and indicates some m character, whereas the
longer one is closer to that of tungsten and the oxygen atom of the THF ligand (W(1)-O(10),
2.210(4) A). These indicate the two -oxo ligands are similar to the terminal oxygen atom and
the coordinated oxygen atom of the THF ligand, respectively, and they are not equivalent for
the tungsten atom. The two chlorine atoms are in a trans position and on the different sides of
the roughly planar square formed by the four tungsten atoms. Each {WO;CIl,(THF)} unit in 2
is similar to the configuration of 1. The average W-O-W bridge angle (174.6°) is almost linear
and the average for u-O-W-¢-O angle is 92.30° which approaches a right angle.

A valuable comparison can be made with two analogous tetrameric compounds,
[W4OgClg(HgO)4]2' B and [W4O3 (NCS)lz]G' 82 First of all, 2 is uncharged and every

tungsten exhibits the oxidation state VI, while both [W4OgCIg(H20)4]2' Bl and [W4Ogq
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(NCS)12]° ~ B are ions of mixed-valence compounds with 2 W' and W"". Both latter
compounds exhibit exchange interaction properties between neighboring tungsten atoms due
to the m character of the linear W-O-W chain. The distances of each tungsten to its two u-oxo
ligand are almost the same which explicits that they are equivalent for the tungsten atom. The
disposition of the terminal oxygen atom in the present case is different from the cases of
[W4OgClg(HgO)4]2' 81 and [W4O3 (NCS)lz]G' 82 1n 2 they all were almost arranged on the

> Bl they were found alternately above and

roughly square plane, while in [W405Clg(H,0)4]
below the molecular plane and in [W4Os (NCS)lz]6 - [82] they exhibit a “chair” arrangement

(see Figure 10).

5 0 0
A |
/ j
o—= J © l ©
e |
O 0

[WO,Cl(THF)]4 (2) [W,405Clg(H,0)4]* [W405 (NCS),]°

Figure 10. Sketch of the three possible configurations of the W4086+ core. The arrows show

the displacements of the tungsten atoms with respect to a regular octahedral coordination.

The two chlorine atoms are arranged in cis positions and on the molecular plane in
[W4OgClg(HgO)4]2' [81], which is different from the present compound 2.

On the other hand, the molybdenum analogue formed a mononuclear compound with two
THF ligands, MoO,Cly(THF), . The two metals are chemically similar, but they adopt

different structures, which poses a challenging question for the future.
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2.2. Molybdenum and tungsten complexes with tridentate bisanionic thioether and
selenoether ligands

High-valent metal complexes with thioether or selenoether ligands that represent hard—soft
metal-ligand combinations are relatively rare mainly because these compounds are rather
unstable.””! Even though molybdenum(VI) and tungsten(VI) can be considered as moderately
hard, only a handful of these metals complexes with thioether or selenoether ligands are

788486] There are known only very few examples of selenoether complexes with

known.|
molybdenum, which contain molybdenum in the oxidation states VI, V and 0. To our
knowledge, none of these compounds was characterized by X-ray crystallography. Of the
chemically similar tungsten on the other hand the structures of a few selenoether compounds
were solved.®™ All of them contain tungsten in the oxidation state 0.

In spite of the assumption that these kinds of complexes with Mo"" and W"' may not be easy
to prepare and handle, we tried to synthesize and characterize a small variety of these
compounds with additional alkoxy functions at the ligands for enhanced stability. Here sulfur
and selenium coordination is concentrated on due to the fact that there are rather few studies

168891 and because

about the selenium coordination with respect to the molybdenum cofactors
sulfur and selenium are of the almost same size and therefore behave similarly when
employed within the same kind of ligand system.

The aims of the research are: (1) To obtain complexes that mimic the active sites of the OATs
where the coordination sphere of the metal consists only of oxygen and sulfur or selenium,
respectively, and where one oxo ligand is present with an oxidation state of +6 for the metal.

(2) To also obtain complexes that enable us to compare the influences of molybdenum versus

tungsten and sulfur versus selenium with regard to their redox properties and oxygen atom
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transfer properties.

2.2.1. syntheses of [{Mo0O,[O(CH;),S(CH>)201}2] (3), [{WO,[O(CH;),S(CH»),0]1}5] (4) and
[{MO2[O(CH,)2Se(CH2)20]},] (M = W (5), Mo (6))

In the synthesis we focused on the simple replacement of acetylacetonate ligands in
MO;(acac), (M = Mo, W) by alkali salts of alkoxylates containing a thio- or selenoether
function. The compounds [{MoO,[O(CH,)>S(CH»),0]}2] (3), [{WO2[O(CH>),S(CH;),01}5]
(4) and [{MO,[O(CH;),Se(CH»),0]1},] M = W (5), Mo (6)) were all prepared by the same

method (Scheme 2).

O\(ﬁ /O\ S
MoO,(acac) ( 7

HO OH 2 2 0O=Mo MO/@
\/\S/\/ /, \ / \\ \

CH,Cl,, 24 h, r.t.

O— l —0
P
WOy(acac), o © 7 =0 o
CH.Cl, 24 h. rt. N N %
Ly, ,I‘.t. W<O/ ~
- \ 07/ s
O O
4
o O
MO (acac), N
Se CH,Cl,, 2 d, r.t. S e/ \O
n

M = W (5), Mo (6); n is undetermined

Scheme 2. Preparation of [{MoO,[O(CH;),S(CH;),01}2] (3), [{WO,[O(CH;),S(CH;),0]}5]
(4) and [{MO,[O(CH)2Se(CH»),01},] M =W (5), Mo (6)). No X-ray structural analysis was

possible for 5 and 6, and » could not be determined.
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The appropriate metal precursor, MO;(acac),, and one equivalent of the ligand,
bis(2-hydroxyethyl)sulfide or bis(2-hydroxyethyl)selenide, were combined in a CH,Cl,
solution, stirred at room temperature for one or two days, and filtered. The compounds were
isolated from the filtrate by crystallization or drying in vacuo or by the filtration. The yields
range from a rather good 60% for the tungsten selenoether (6) compound (obtained by drying)
to only 32% for the tungsten thioether compound (4). The complexes 3-6 are not readily
soluble in common organic solvents except that 5 has good solubility in DMSO. They are
stable in dry air whereas moisture leads to slow decomposition forming blue intractable solids.
All compounds were characterized by elemental analysis, IR spectroscopy, EI mass
spectrometry. Due to the poor solubilities, only the 'H NMR spectra of compound 3 in CDCl;
and the 'H, °C, "’Se NMR of 5 in DMSO-ds were performed. The "H NMR spectra of 3 and 5
show resonances for two different methylene groups (8 = 2.31 and 3.36 ppm for 3, 2.60 and
3.56 ppm for 5) consistent with the solid state structure. The >C NMR spectra of 5 show the
signal for the SeCH, and OCH,; (& = 26.14 and 61.62 ppm). Because we were unable to obtain
crystals of the tungsten selenium compound 5, ’Se NMR spectroscopy on the complex (5 =
100.22 ppm) as well as on the ligand (6 = 68.23 ppm) was performed and only one signal was
observed that was shifted to higher frequencies / lower field in the complex, which indicates
that a metal-selenium bond was indeed formed."”’

The IR spectra display the characteristic features: strong bands in the ranges of 1069-1025
cm™ and 802-723 ecm™ for 3, 1091-1033 cm™ and 801-722 cm™ for 4, 1094-1020 cm™ and
800 cm™! for 5, and 954, 911 cm” and 798 cm™! for 6, respectively, assigned to v M=O; and v

M-O-M (M = Mo, W) stretching modes involving terminal and bridging oxo ligands.
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2.2.2. Structures and DFT calculations of 3 and 4
Suitable crystals of the molybdenum and tungsten thioether compounds were analyzed by

X-ray crystallography with quite interesting results (see Figure 11 and Figure 12).

Figure 11. View of the structure of [{MoO,[O(CH;),S(CH;),0]}2] (3) with numbering

Scheme. Hydrogen atoms are not shown. Ellipsoids are drawn at 50% probability.

Figure 12. View of the structure of [{WO,[O(CH,),S(CH,);0]}3] (4) with numbering

Scheme. Hydrogen atoms are not shown. Ellipsoids are drawn at 50% probability.
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The molybdenum complex with the thioether ligand has a dimeric structure in which the two
molybdenum atoms are bridged by one alkoxylate function of each of the two thioether
ligands. The tungsten, on the other hand, forms a trimeric structure in which one of the former
oxo ligands of each metal bridges two tungsten atoms, forming a six-membered ring. In both
structures the metal achieves a slightly distorted octahedral coordination geometry through
the two different kinds of aggregation although the molybdenum is explicitly only bound to
five ligand atoms with rather long metal-sulfur distances. Instead of the usual distance
between the metal (molybdenum or tungsten) and sulfur atoms of a thioether ligand, which is
in the range of 2.45 to 2.77 A,V"*!! we found distances of 2.93 and 3.00 A, indicating only
weak bonds, if bonds at all. The tungsten—sulfur distances are shorter (2.79, 2.81, and 2.83 A)
even though the central metal is slightly larger, and these interactions can be considered
bonds without doubt.

In spite of the fact that five-ring complexes with thio or selenoether functions are supposed to

be stable!”®!

the expected molybdenum—sulfur bond with this ligand is not explicitly formed.
The reaction of the OSO ligand with MoO,(acac), results in a compound that instead of
forming two stable five-ring units, somehow rather resembles an eight-ring complex. In
contrast a certain monomeric molybdenum complex with the analogous ligand that contains
an ether function instead of the thioether function is known to exhibit an oxygen(ether)-metal
bond even though the distance is longer than usual.” This is not completely surprising for
these kinds of ligands although the analogous cobalt complexes, with ligands where the

alkoxylate and the ether/thioether functions are bridged by phenyl rings, show the reverse

behavior. With the ether function, no bond is formed between the metal and oxygen atoms,
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whereas with the thioether function, there is a bond between the cobalt and sulfur atoms. P!

Unfortunately, the crystals of 4 were racemic twins, and the structure could only be solved in
an acentric space group. The crystallographic problem encountered was one reason for
performing DFT calculations on this compound. The results of the DFT calculations
confirmed those of the structural analysis with some differences especially in the bond lengths
between the metal and sulfur atoms (see Table 4). In general the distances obtained from
X-ray analysis are shorter than the calculated ones, with the only exception of the metal-oxo
distances, which are slightly longer. With these two data sets (X-ray data and DFT data) for 4
we are now able to discuss the structural parameters of compound 4 as well as of compound 3
with some certainty, despite the crystallographic problems concerning the structure of 4.

In compound 3 the metal is pseudo-octahedrally coordinated. The thioethers form only very
weak bonds, if at all, to the molybdenum atoms (interatomic distances: 2.931, 3.002 A
obtained from X-ray). The molybdenum atoms are positioned above (0.3647 and 0.3664 A)
the plane that consists of three alkoxylate groups and one oxo trans to the bridging alkoxylate
function. Within the Mo,0, ring, the angles at the metal atom are smaller than 90°, whereas
the angles at the oxygen atom are larger. The tridentate ligands and the oxo ligands that are
coordinated trans to the sulfur atoms are positioned on different sides of the Mo,0, ring. The
two oxo functions, as well as the two tridentate ligands, are on the same side of this ring,

although one could assume that the trans form would be sterically less demanding.

Table 4. Selected bond lengths and angles obtained from an X-ray structural analysis of
[{M0O,[O(CH;),S(CH,)201}2] (3) and [{WO,[O(CH;),S(CH),01}3] (4) and from DFT
calculations for [{WO,[O(CH,),S(CH;),0]}3] (4).
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[{MoO,[0SOT},]  (3)™

[{WO,[080]}5] (4

[{WO,[080]}3] (4

X-ray X-ray DFT
M=0 [A] 1.6916(19), 1.6912(19) 1.707(12) 1.7060
1.6926(19), 1.6982(18) 1.712(11) 1.7062
1.734(11) 1.7076
M-S [A] 2.931(4), 3.002(5) 2.793(4), 2.812(4), 3.1220,3.1286, 3.2135
2.827(4)

M'Oakloxy [A]

M-Opyigge [A]

0O=M=0 [°]
Obridge-M-Obridge [°]

M'Obridge'M [O]

Oalkoxy'M'Oalkoxy [O]

S-M=0 [°]

C-S-C [°]

1.8973(18)

1.8973(18)

2.0718(17), 2.1410(17)

2.0940(17), 2.1484(18)

106.65(9), 108.19(10)

70.04(7), 69.49(7)

105.72(7), 106.24(7)

90.34(7), 90.99(7)

167.52(7), 165.7(7)

100.70(13), 101.76(13)

1.865(10), 1.889(10)
1.888(10), 1.897(11)
1.862(10), 1.880(10)
1.870(10), 1.944(8)
1.853(8), 1.937(7)

1.885(10), 1.905(10)

85.2(4), 85.4(3), 84.9(4)
150.7(5), 153.7(5),
153.6(4)

90.5(4), 86.4(4), 94.1(4)

172.7(4), 170.9(4),
170.3(4)
100.9(8), 100.7(8),
101.1(8)

1.9544, 2.0095
1.9350, 1.9461
1.9274, 1.9377
1.9206, 1.9407
1.9112, 1.9358

1.9143, 1.9487

86.32, 86.11, 84.26
139.693, 150.667,
151.89

85.94, 86.91, 92.29

164.76, 164.22, 167.00

100.88, 102.20, 102.54

[a] OSO ="O(CH,),S(CH,),0O".

Compound 4 is analogous to a published tungsten trimer in which phenyl rings bridge the

alkoxylate and thioether functions instead of ethyl groups. ® In the published complex, two

of the tridentate ligands and one oxo function are positioned on one side of the W1-W2-W3

plane, whereas the remaining two oxo functions and one tridentate ligand are on the opposite
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side. For compound 4, all oxo functions are positioned on the same side of the W1-W2-W3
plane and all tridentate ligands on the opposite side. From the structural analysis, we obtained
metal-oxo distances that were longer, and metal-sulfur and metal-oxygen distances that were
shorter than the parameters obtained from DFT calculations. The significantly longer
metal-sulfur distances in the theoretical investigations were also observed for compound 3
(compare Table 4 and Table 5). Therefore, we think that the structural analysis gives a more
accurate value for this parameter than the DFT calculations which usually is difficult for long
range bonds. In compound 4, the metal is again coordinated in a pseudo-octahedral geometry
that is slightly less distorted than that of compound 3. The tungsten—sulfur distances (2.79,
2.81, and 2.83 A) are shorter than the molybdenum—sulfur distances in compound 3. The oxo
ligand is bound ftrans to the sulfur atom with a short distance of 1.71 to 1.73 A. In this way,
the ligand that is most tightly bound to tungsten is in a frans position to the ligand that is most
weakly bound to the metal, which is the most stable geometry. All other metal-oxygen
distances to the alkoxylate functions as well as to the bridging oxygen atoms are within the
usual range of 1.86 to 1.95 A for oxygen—tungsten single bonds. The tungsten atoms are
positioned slightly above the equatorial plane (two bridging oxygen atoms, two alkoxylate
functions) in the direction of the oxo ligands by 0.04 to 0.36 A.

DFT calculations were not only performed to confirm the results of the X-ray crystal structure
analysis for compound 4, but also to understand the formation of surprisingly different
complexes for molybdenum and tungsten with the same ligand and by the same preparation
method. The most important differences between the two structures can be summarized
shortly as follows: (i) a trimeric structure for the tungsten compound versus a dimeric

structure for the molybdenum compound; (ii) former oxo ligands as bridging atoms for the
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tungsten compound versus alkoxylate functions of the thioether ligand for the molybdenum
compound.

The important parameters obtained from DFT calculations are summarized in Table 5.

Table 5. Selected bond lengths and angles obtained from DFT calculations for the

molybdenum dimer 3 and trimer and for the tungsten dimer and trimer 4.

[{MoO,[0SOT}2] (3) [{M0oO,[0SO}]" [{WO,[0SO]},]*)  [{WO,[0SO]}5] (4)
M=0 [A] 1.7127, 1.7295 1.6988 1.7189, 1.7344 1.7060
1.7124,1.7294 1.7014 1.7185,1.7343 1.7078
1.7035 1.7098
M-S [A] 3.3557,3.4079 3.1567/3.2187/32778  3.2903,3.3594 3.1220, 3.1486, 3.1235

M'Oakloxy [A]

M'Obridge [A]

O=M=0 [°]
Obridge-M-Obrigge
[°]

M-Oprigge-M [°]
S-M=0 [°]
S-M-Ocquatoriat [°]

C-S-C [°]

1.9227

1.9232

2.1265, 2.1363

2.1273, 2.1349

108.05, 108.09

68.35, 68.39

110.26, 110.28

163.47, 164.36

76.32

101.29, 101.33

HOMO LUMO 0.144

gap [eV]

1.9421, 1.9505

1.9411, 1.9561

1.9299, 1.9410

1.8872/1.9723

1.8876/1.9710

1.9168/1.9695

86.76, 87.91, 93.68

142.35, 150.89, 156.09

163.79, 164.03, 166.84

77.46

100.75, 100.79, 102.26

0.127

1.9116

1.9119

2.1122,2.1390

2.1116, 2.1346

107.22, 107.36

67.87,67.96

110.95, 111.10

163.27, 164.32

68.45

101.15, 101.21

0.175

1.9348, 1.9409

1.9333, 1.9445

1.9221, 1.9325

1.8988, 1.9453

1.9010, 1.9441

1.9295, 1.9440

83.0, 85.88,91.71

142.99, 150.15, 155.62

164.23, 164,76, 167.00

71.73

100.72, 100.95, 102.08

0.157

[a] OSO ="O(CH,),S(CH,),0O".
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The most significant differences between the molybdenum and the tungsten compounds are as
follows: The metal-to-bridging-oxygen distances for the trimer are much more unsymmetrical
for the molybdenum than for the tungsten compound. It seems that the molybdenum center is
somehow reluctant to share one of its oxo ligands with another molybdenum atom and to
form a single bond instead of a double bond to the respective oxygen atom. The double-bond
character of the metal-oxygen interaction is certainly more conserved in the molybdenum
than in the tungsten trimer. In the dimer as well as in the trimer the molybdenum—oxo bonds
are shorter than the tungsten—oxo bonds. All this is an indication that the molybdenum—oxo
bond is stronger than the tungsten—oxo bond as would be expected taking into account the
hard—soft interactions.

The metal—sulfur distances provide a further clue to the differing behavior of the two metals
in reaction with the same ligand. It has to be noted that, although these calculated parameters
are the ones that differ most from the X-ray structural parameters, at least the trend seems to
be represented correctly. The metal—sulfur distances for the dimer as well as for the trimer are
shorter for the tungsten than for the molybdenum compound, and the metal-sulfur distances
for the trimers are shorter than the distances for the dimers. The octahedral geometry is less
distorted for the tungsten trimer than for the tungsten dimer, providing more space for the
sixth ligand, the sulfur atom. Even though the metal-sulfur distances in all four cases are
significantly longer than for a regular metal-thioether bond, the observed parameters show
that the trimer provides a coordination geometry that enhances the formation of a
metal-sulfur bond much more than the dimer does. We also have to keep in mind that the
actual metal-sulfur distances, at least for the two compounds that were analyzed by X-ray

diffraction, are much shorter than those provided by the DFT calculations. We conclude from
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all of this that molybdenum forms the dimeric structure, because it is able to keep both of the
doubly bonded oxo ligands, and that tungsten forms the trimeric structure because it is able to
form a stronger metal-sulfur interaction. This behavior is confirmed by the fact that with

[8

similar ligand sets only a tungsten trimer,"*® where terminal oxo ligands are converted into

[92 [94]

bridging oxo ligands, and molybdenum monomers”* and dimers,”* where the oxo ligands
are retained as doubly bonded, are obtained and structurally characterized.
Again, this shows that molybdenum forms stronger interactions with oxygen than tungsten

but weaker interactions with sulfur.

2.2.3. Electrochemical results for 3, 4,5

In order to evaluate the influence of the metal and of the ligand atoms (S versus Se) on the
redox properties, compounds 3, 4, and 5 were investigated by differential pulse voltammetry
(DPV). This method was chosen over cyclic voltammetry because all compounds, but
especially compound 5, were only slightly soluble in acetonitrile, and the signals of the redox
processes in the cyclic voltammograms were rather weak (see Figure 13), whereas in the
oxidative as well as in the reductive DPVs all transitions were sharp and sufficiently intense
and therefore easily detected (Figure 14). The peak positions given in Table 6 were
determined from both the reductive and the oxidative DPVs as an average. For each of the
compounds [3 (MoS), 4 (WS), 5 (WSe)], two reversible transitions were observed in the
differential pulse voltammograms for the redox processes M <M" and MY-M"' (see
Figure 13). As expected, the redox processes M¥'—>M" and MV—M" for the molybdenum
compound are at a higher voltage than those for the respective tungsten compound, whereas it

is not excepted that those for the tungsten—selenium compound are at a higher voltage than
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those for the tungsten—sulfur compound. A third redox process was found at a rather high
voltage for all three compounds. It showed irreversible behavior in the cyclic voltammograms,
but a slightly shifted transition was also observed in the reductive DPV (see Figure 14). This
leads to the conclusion that the third redox process is due to a structural reorganization of the
molecule, where the oxidation occurs much more readily than the reduction. Because the
oxidation probably takes place at the sulfur/selenium atom, the metal—sulfur/metal-selenium
bond must dissolve and therefore a reorganization of the molecule is necessary. We assume
that the reduction at the sulfur/selenium atom involves a more demanding structural
reorganization than the oxidation process. Therefore reduction occurs much more slowly and
it could not be observed in the CV but in the much slower DPV recording. Interestingly, the
third transition for compound 5 (WSe) is at a significantly lower voltage than the transition
for compound 4 (WS), reversing the observed behavior for the two transitions taking place at
the metal atom with more positive potentials for 5 (WSe) than for 4 (WS). This is another
indication that this redox process does indeed take place at the ligand atom. Here the
oxidation of selenium is easier to achieve than that of sulfur as would be expected by taking

the sizes of the two atoms and the metallic character of the selenium atom into account.

Table 6. Redox potentials for the molybdenum and tungsten compounds with the tridentate
thioether/selenoether alkoxylate ligands for the M'Y«>M" and MY-M"" transitions and for
the oxidation at the ligand atom as obtained from DPV investigations referenced internally vs.

ferrocene/ferrocenium.
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Compound Eip MYoMY vs. Fo/Fe™ Ejp MYeoMY vs. Fe/Fe™ Eqp (IMO,(0OXO)]«

[V] [V] [MO,(0XO)]") vs.
Fc/Fe' [V]

[{M00O,[0S0]},] -0.93 0.31 1.49

(3)L!

[{WO,[0SO]}s] (M) -1.41 -0.07 1.24

[{WO,[0SeO0]},] -1.37 -0.02 0.96

6"

[a] 0SO = O(CH,),S(CH,),0". [b] 0SeO = O(CH,),Se(CH,),0".

0.0250 — [(MoO _{(0S0)).]
02301 [(wo (0sO)),]
‘E 0,0125 -
0,0000 -
00125 - | | | |
2 1 0 1 2
U/ Vs Fe/Fe'

Figure 13. Cyclic voltammograms of compounds [{MoO,[O(CH;),S(CH;),0]},] (3) and
[{WO,[O(CH;),S(CH),0]}3] (4) referenced vs. ferrocene/ferrocenium showing two
reversible redox processes (indicated by arrows) and an irreversible oxidation (of very poor
intensity for 4). The current values of 4 were multiplied by a factor of 4 in order to fit all the

data into one graph.
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-0.02

-1.37
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| "-137 -0.02
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15 -10 05 00 05 10
U/V vs. Fe/Fe©

Figure 14. Reductive and oxidative differential pulse voltammograms of compound 5
referenced vs. ferrocene/ferrocenium. The plots were generated using the automatic baseline

correction function of the GPES software.

2.2.4. Syntheses of [{MoO,[O(CH;y);X(CHy);0]},] (X = S (7), Se (8)) and
[{WO2[O(CH,);Se(CH,);01},] (9)

Bis(3-hydroxypropyl)sulfide and bis(3-hydroxypropyl)selenide were used as ligands due to
the fact that a dimeric molybdenum complex, formed with bis(2-hydroxyethyl)sulfide as
ligand, only had very weak Mo-S interactions (distances = 2.931 A, 3.002 A).””! By
introduction of another CH, group into the ligands backbones we wanted to obtain a more
flexible ligand system able to form stronger Mo-S and Mo-Se bonds and therefore to observe
a stronger influence of a ligand atom exchange on the properties of the resulting complexes.
The compounds [ {MoO,[O(CH;);S(CH»)301}2] (7), [{MoO,[O(CH,);Se(CH;);0]}2] (8) and

[{WO,[O(CH;)3Se(CH>)30]1} ] (9) were prepared by similar synthetic methods (Scheme 3).
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X o ©O
solvent
MO,(acac), + no” V x" on .
; It
9) O
N/
W=0
M = Mo, X =S, solvent = CH,Cl,; t =24 h: 7 y \
M = Mo, X = Se, solvent = CH;0H; t = 1 week: 8 Se
M =W, X = Se, solvent = CH,Cl,; t =2 days: 9 n

(n is undetermined)
Scheme 3. Preparation of [ {MoO,[O(CH;);S(CH;);01}2] (7), [{MoO,[O(CH);Se(CH,)301} 2]

(8) and [{WO,[O(CH,)3Se(CH,);01},] (9).

For the preparation of 7 and 8 ligand and MoO,(acac), precursor were combined in a CH,Cl,
or CH3;0H solution, stirred at room temperature for 1 or 7 days respectively and filtered. The
compounds were isolated from the filtrate by removing the solvent in vacuo, extraction with
toluene or dichloromethane and subsequent crystallization. The yields are 42% for the sulfur
and 20% for the selenium compound. 9 was obtained by stirring the reaction mixture for 2
days and was collected by filtration. The yield (63%) is higher than those of 7 and 8, whereas
several attempts to crystallize 9 were unsuccessful. These three compounds were identified by
the usual characterization methods, such as elemental analysis, IR, EI mass spectroscopy. In
addition, 7 and 8 were characterized by UV-vis spectroscopy and for 8 and 9 'H, °C, "'Se
NMR spectra were measured. The IR spectra in the range of 1067-686 cm™ for 7, 1029-669
cm’ for 8 and 1079-667 cm™ for 9 were assigned to vM-O; and vM-O-M stretching modes.

The spectra data for 9 are similar to those of 8, which may be an indication that 9 forms a
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aggregate.

2.2.5. Structures of 7 and 8
The sulfur and the selenium ligand form analogous dimeric complexes with the metal
(Figures 15 and 16) similar to the molybdenum bis(2-hydroxyethyl)sulfide complex. Space

group and crystal system are the same for both compounds.

Figure 15. View of the structure of [{MoO,(O(CH;);S(CH,);0)}.] (7) without hydrogen

atoms (with numbering scheme). Ellipsoids are drawn at 50% probability.

Figure 16. View of the structure of [{MoO,(O(CH;);Se(CH;);0)}2] (8) without hydrogen
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atoms (with numbering scheme). Ellipsoids are drawn at 50% probability.

The geometrical parameters for both complexes are almost identical (see Table 7) with the
exception of the metal sulfur and the metal selenium bond that differ by 0.081 A. This
difference, though, can be ascribed to the different radii of both elements their van der Waals
radii being 1.80 A (S) and 1.90 A (Se).”" The lengths of the metal to sulfur (2.804 A) and to
selenium (2.885 A) bond are rather long implicating only weak interactions between
molybdenum and ligand atom. The bond length of tungsten(0) to the seleniumether ligand
atom for comparison is much shorter (in the range of 2.627 A to 2.692 A)™®¥ due to the fact
that soft-soft metal-ligand combinations certainly form much stronger bonds than the
hard-soft combination. Reported molybdenum-selenium distances are for terminal selenolate
coordination 2.42-2.65 Al®"%97) and for bridging selenolate coodination between two
molybdenum centers 2.48-2.67 A.”®! The distance between molybdenum and the coordinated
thioether sulfur (2.804 A) is well within the usually observed range of 2.436-2.906 A where
the shorter distances are found in molybdenum complexes with lower oxidation states and the
longer distances in complexes with molybdenum in higher oxidation states.[’**"]

All molybdenum-oxo distances of 7 and 8 (1.704-1.709 A) are typical for group 6 oxo
bonds.!"”! The distances of the molybdenum to its oxo ligand that is located trans to the sulfur
(7) or selenium (8) are roughly the same ( A= 0.002 A) and only about 0.003 A longer than
the distance between Mo and the oxo ligand in cis position to X (X = S, Se). Overall no trans

influence can be observed. This indicates that there is not much electronical influence by

exchanging the sulfur ligand for the selenium ligand.
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Table 7. Important structure parameters of [{MoO,(O(CH,);S(CH,);0)},] (7) and

[ {M0O,(O(CH,)3Se(CH,)30)},] (8).

[{Mo0(080)},] 7" [{M00,(0S¢0)}2] 8”
Bond lengths (A)
Mo=0 1.704(3), 1.707(3) 1.7058(17), 1.7086(17)
Mo-X? 2.8042(13) 2.8850(5)
Mo-Ouikoxy 1.887(3) 1.8879(17)
Mo0-Oprigge 2.039(3), 2.229(3) 2.0494(16), 2.2172(16)
Mo-Mo 3.503 3.507
Bond angles (°)
O=Mo=0 104.00(17) 104.63(8)
Obridge-M0-Obridge 69.77(14) 69.51(7)
Mo0-Oprigge-MO 110.23(14) 110.49(7)
X-Mo=0Orans” 171.76(12) 169.78(6)
X-Mo=0” 83.51(12) 84.89(6)
X-M0-Oikoxy” 79.62(11) 79.17(5)
X-M0-O bridge’” 80.39(9), 74.71(10) 79.15(4), 74.95(5)
C-X-C? 100.2(2) 98.59(10)

a) (0SO) = O(CH,);S(CH,);0", b) (0Se0) = “O(CH,);Se(CH,);0 7, ¢) X =S, Se

The biggest difference for the angles of compounds 7 and 8 is 2° for the angle at molybdenum
of sulfur or selenium to its trans oxo ligand with the smaller angle for the selenium compound
(8). Here the octahedral geometry is slightly more distorted. On the other hand in compound 8
the symmetry around the bridging oxygen atoms (O2) is marginally higher. The differences of
the metal distances is only 0.168 A while it is 0.190 A for compound 7.

In 7 and 8 the two tridentate ligands are on different sides of the Mo,O, ring, which is

different from 3 discussed above where the two tridentate ligands are on the same side of the
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ring.
Overall both structures are surprisingly similar (see Figure 17, superimposition of both
structures) maybe due to the fact that the exchanged ligand atoms are not bound to the metal

that strongly.

Figure 17. Superimposition of the structures of [{MoO,(O(CH;);S(CH;);0)}2] (7) in white

and [ {MoO»(O(CH,)3Se(CH;);0)}2] (8) in gray as ball and stick models.

2.2.6. Electrochemical results for 7 and 8

To evaluate the ligand atoms influence (S vs. Se) on the redox potentials of compounds 7 and
8 they were investigated by square wave voltammetry (SWV). This method was chosen over
the cyclic voltammetry because both compounds were only slightly soluble in acetonitrile and
the signals of the redox processes in the cyclic voltammograms rather weak (7) (Figure 18) or
not detectable (8). In the oxidative as well as in the reductive SWVs though all transitions
were sufficiently intense. The peak positions were determined from both the reductive as well
as the oxidative SWV as an average and referenced internally vs. Ferrocene/Ferrocenium. In
Figure 19 the oxidative SWVs for both compounds are shown. The scan was started at a

reductive potential and the oxidation of the first reduced species monitored.
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Figure 18. Cyclic voltammogram of 7 referenced internally vs. ferrocene/ferrocenium. The

scan rate was 100 mV/s.
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Figure 19. Oxidative square

0,2—_/&114
0,0 1 = —

unv

wave voltammograms of  compounds

[{Mo0O2(O(CH;)3S(CH)30)}2] 7 and [{MoO,(O(CH,);Se(CH,);0)},] 8 referenced wvs.

ferrocen/ferrocenium showing one metal centered (0.045 V / 0.114 V) and one ligand centered

oxidation (0.820 V / 1.266 V). To fit into one figure the current value of 7 was multiplied by

1/3.
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For both, compound 7 and compound 8, a reversible redox process was found that could be
ascribed to the Mo"«—>Mo"" transition. The quasi reversibility of this signal is demonstrated in
the (low intensity) CV of compound 7 which can be found in Figure 18. For this process the
signal for the sulfur containing compound 7 is at a lower voltage (0.045 V) than for the
selenium containing compound 8 (0.114 V). Although there seems to be no general trend for the
redox potentials of analogous molybdenum compounds with sulfur or selenium functional

ligands! "

this is consistent with the findings of chapter 2.2.3. The difference between the
redox potentials for the Mo"«—Mo"" transition for the sulfur and for the selenium compound is
0.069 V. It is therefore rather small compared to the differences that were observed for an
exchange of the metal atoms Mo vs. W. This exchange was investigated due to the fact that
there are analogous oxygen atom transfer enzymes, some using molybdenum and others

(639611021 The shift of the redox potential when exchanging

tungsten at their active sites.
tungsten for molybdenum is usually not smaller than about 0.20 V (about three times the size of
the here observed shift) even for those compounds that contain ligands with a strong
non-innocent character and it can even rise to the range of 1 V.

At higher voltage a ligand centered quasi reversible redox process could be observed of much
higher intensity for the oxidative SWV than for the reductive SWV and of much higher
intensity for 7 than 8. This signal is also slightly shifted to lower voltage in the reductive SWVss
(1.134 V for 7 and 0.817 V for 8) compared to the oxidative SWVs (1.266 V/0.820 V). It can be
assumed that the oxidation of the ligand atom causes a structural reorganisation of the molecule

that cannot be easily reversed when the reduction occurs. The average signal for this redox

process is at significantly higher voltage for the sulfur containing compound 7 (1.200 V) than



Results and Discussion 45

that for the selenium containing compound 8 (0.818 V). The oxidation of the selenium is
obviously easier to achieve than that of the sulfur as would be expected by taking into account
the size of both atoms and the metallic character of the selenium.

Still, this feature has probably no effect on the active sites with cysteine or selenocysteine
coordination to molybdenum, because redox processes there occur only at the metal or maybe
at the sulfur of the dithiolene containing ligand molybdopterin but not at the sulfur or the

selenium of the amino acid residues.

2.2.7. Conclusions

With the tridentate bisanionic ligand, bis(2-hydroxyethyl)sulfide, molybdenum and tungsten
form rather different complexes, the former giving a dimeric and the latter a trimeric complex.
Interestingly, the thioether function forms no explicit bond with the molydenum, whereas the
analogous ether ligand does form a bond with this metal atom (no analogous compound was
published for tungsten). %

In addition, molybdenum compounds with bis(3-hydroxypropyl)sulfide and selenide ligands
form two structurally almost identical dimeric molecules. No trans influence was observed in
the crystalline forms and thus no electronical influence of the different ligand atoms. However,
they have stronger Mo-S or Mo-Se interactions than the molybdenum compound with the
bis(2-hydroxyethyl)sulfide ligand.

We conclude from this that the structural influence of the ligand atom plays a vital role in
structurally demanding ligands (tridentate) but not in those with a simpler geometry (bidentate
or monodentate).

This may be because the hard—soft interactions between the ether/thioether function of the
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ligands and the metal center favor the oxygen—molybdenum combination over the
sulfur-molybdenum combination. Molybdenum prefers O functional ligands although it has
been said that the bond strength of ether functions to metals increases within the group of the
chalcogens.”!! Interestingly, in nature the ligand—metal combinations that are less favorable
than others from this point of view occur at the active sites of the OATs: for instance the
coordination of thiolate (cysteine) to molybdenum at the active site of the DMSO reductase of

[33]

Desulfovibrio desulfuricans””' or the coordination of serine to tungsten in the aldehyde

oxidoreductase of Pyrococcus furiosus.*'>%

The influence of the metal on the redox potential is, as expected, such that the molybdenum
complexes have more positive redox potentials than the analogous tungsten complexes in all
cases. With regard to the enzymes, this means that in all cases one metal is better suited for
the catalyzed reaction with the substrate, while with the other metal the active site is more
easily regenerated. For a given enzyme, there is always an advantage as well as a
disadvantage in using either of the two metals, molybdenum or tungsten. If the redox potential
is important for the choice of the metal, the basis of this choice would be a difference in the
redox behavior of the two metals at different temperatures!'® rather than their relative redox
potentials at room temperature.

The influence of the ligand atoms on the redox potentials is small but of consequence; the
sulfur ligands cause more positive redox potentials than the oxygen ligands, and the selenium

ligands cause more positive potentials than the sulfur ligands. However, the observed

differences are smaller than those that result from changing the metal atoms.
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2.3. The monomerization of a binuclear molybdenum(V1) dioxo complex

As described above, a dimeric molybdenum(VI) dioxo complex with tridentate thioether
ligands, 3, which was employed due to the assumption that O,S-based systems are essential in
the coordination sphere of molybdenum-containing enzymes!'>*%#¢->>65104 " (aq
synthesized” . In order to obtain a mononuclear complex, we tried to introduce a sterically
hindered silylating substituent to the dimer in the presence of methanol and successfully got a
mononuclear dioxo complex with silyloxide. To the best of our knowledge, this is the first

example of the monomerization of a binuclear molybdenum(VI) dioxo complex by a

silylation reaction.

2.3.1. Synthesis of mononuclear molybdenum(VI) dioxo complex,
[MoO,(O(CH,),S(CH,),OH)(0SiBu'Ph,)] (10)

Treatment of  [MoO,(O(CH2),S(CH,),0)]. (3) with two  equivalents of
tert.-Butyl-chlor-diphenylsilane (BuPh,SiCl) in CH,Cl,, followed by a small mount of
methanol at room temperature, afforded [MoO,(O(CH;),S(CH,),OH)(OSiBu'Ph,)] (10) in
nearly quantitative yield (89%) (Scheme 4). 3 is almost insoluble in CH,Cl, and forms a white
suspension. With the addition of methanol the white suspension changed gradually to a clear
colorless solution within 5 min, otherwise no change occurred even though the mixture was
stirred for several days. This indicated that methanol indeed participated in the
monomerization of the binuclear complex by a silylation reaction. Single crystals suitable for
X-ray diffraction analysis of 10 were obtained by recrystallization from acetonitrile/methanol

solution.
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Scheme 4. Preparation of [MoO,(O(CH,),S(CH,),OH)(OSiBu'Ph,)] (10)

There are two kinds of silylation reaction methods. One is that the silylation of oxo ligands of
complexes in corresponding  oxidation states, such as [M"(OSiRs)(bdt),],
[MY'O(OSiR;)(bdt),]” (M = Mo,!'®>1% w107 “and [IMY'O(0SiMes)(CN)L,] (L = diethyl
dithiocarbamate)“og]; the other one is that with [MOVIoz(OSiPhg)z] as the starting compound,
treatment with Liy(bdt) in THF afforded a monodithiolene Mo"'O, complex with silyloxide,
[MY'O(OSiR;)(bdt),] .

In the first type treatment of (EtsN),[M' O(bdt),] or (EtsN),[M"'0,(bdt),] (M = Mo,!'*>1%]
WO197)) with the chlorosilanes R3SiCl resulted in silylation of the oxo ligand and formation
of the deoxo or monooxo species ((EtN)[M'(OSiRs3)(bdt),] or (EtsN)[M"'O(OSiR;3)(bdt),]),
respectively. In this process, the chlorine of the chlorosilane was eliminated as Et4NCI salt. In
addition, the reaction of a neutral molybdenum(VI) dioxo complex with trimethylcyanosilane
which underwent cleanly a 1:1 addition yielded a rare seven coordination neutral complex.!''"!
In this process, one of two oxo ligands was silylated and cyanogen in trimethylcyanosilane
was coordinated to Mo center rather than eliminated to form a byproduct. The second type of
reaction is different from the first one. Here the starting material already contains two
silyloxides and was reacted with Liy(bdt).””! During this process, one of silyloxides was

substituted by bdt and a stable lithium silyloxide was eliminated.

As is shown in Scheme 4, the way of the presented reaction here is different from both
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methods mentioned above. The precursor 3 has a neutral dimeric structure in which the two
molybdenum atoms are bridged by one alkoxylate function of each of the two thioether
ligands. This prevents the silylation of one of both oxo ligands at each molybdenum atom
because of the steric hindrance. On the other hand, the chloride ion can neither be eliminated
because of the neutrality of the complex resulting in no cation to combine with it nor can it be
coordinated to the molybdenum atom because of no vacant coordination place. Only by
addition of methanol the reaction is started. Therefore two presumptions for this reaction
route (see Scheme 5) are raised. In the first possible route, the acidic proton from methanol
was coordinated to each of the bridgeing oxygen atoms between the two molybdenum centers.
The silicon atom of the silylating agent attacked the oxygen atom of the coordinated methanol
and formed the BuPh,SiOMe intermediate. At the meantime, the bond between one
molybdenum atom and one alkoxylate function of the thioether ligand coordinated to another
molybdenum atom is weakened and finally broken. The silyloxide part of Bu’Ph,SiOMe now
coordinates to the vacant position of the former Mo-Osjkoxyde bond. So this mononuclear
molybdenum (VI) dioxo complex with silyloxide is formed. Another possible route is that the
reaction of Bu'Ph,SiCl with excess methanol first probably resulted in the formation of
Bu'Ph,SiOMe and hydrogen chloride!'®. Subsequently, the free protons of hydrogen chloride
coordinated to each bridge oxygen atom between two molybdenum atoms, followed by the
Mo-Oqikoxyde bond breaking and silyloxide coordinating to the vacant position in each

molybdenum atom. Finally, the mononuclear compound 10 formed.
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Complex 10 was characterized by elemental analysis, IR spectroscopy, 'H, "*C and *’Si NMR
spectroscopy, EI mass spectrometry and single-crystal X-ray crystallography. The IR spectra
exhibit two strong vye-0 bands at 915 cm’ and 904 c¢m’!, the characteristic features for
symmetric and asymmetric vibrational modes, respectively, of the cis-[MoO,]*"
fragment.[46’68’l°4] And a middle band at 968 cm™ for vsi.o and a middle broad band at 3440
ecm’™ for vo.y are also displayed. The 'H NMR spectra in methanol-d, show a resonance at 0
3.49 ppm for the proton connected with one alkoxy of the thioether ligand. **Si NMR
spectrometry reveals a resonance at ¢ -2.37 ppm for 10, whereas that for the pure silylating
agent (Bu'Ph,SiCl) is shifted to lower field (6 13.02 ppm), which is consistent with a
decreased electron density at silicon center. All the analysis data are well in accord with the

complex 10.
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2.3.2. Crystal structure of 10

Figure 20 shows the molecular structure of complex 10 and selected bond lengths and angles

are summarized in Table 8. Complex 10 crystallizes in the triclinic space group P1, whereas

its precursor 3 belongs to the monoclinic space group P2,/n.

Figure 20. Molecular structure of 10. H atoms except H(1o) have been omitted for clarity.
The ellipsoids are drawn at 50% probability.
Table 8. Selected bond lengths (A) and angles (°) for the mononuclear silyloxide

molybdenum(VI) complexes 13.

Bond lengths

Mo(1)-0(2) 170.4(2) Mo(1)-0(1) 170.6(2)
S(1)-Mo(1) 271.0(1) Mo(1)-O(4) 199.0(2)
Mo(1)-0(3) 230.3(2) Mo(1)-0(5) 189.1(2)
Bond angles

0(2)-Mo(1)-0(1) 106.48(12) 0(5)-Mo(1)-0(3) 81.19(9)
0(4)-Mo(1)-0(3)  79.71(9) O(1)-Mo(1)-S(1) 158.96(9)

0(2)-Mo(1)-S(1) 92.60(9) C(19)-S(1)-C(17) 104.28(18)
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The structure of 10 exhibits a slightly distorted octahedral coordination geometry around the
molybdenum atom, which is similar to 3 although the molybdenum in 3 is explicitly only
bound to five ligand atoms with rather long metal-sulfur distances. The Mo-S bond length
(2.710 (1) A) in 10 is in the range (2.45-2.77 A) of the usual distance between the metal
(molybdenum or tungsten) and sulfur atoms of a thioether ligand."®""" The
molybdenum-sulfur distance is shorter than distances found in 3 (2.93 and 3.00 A), which
indicates that the formation of the mononuclear complex enhances the interaction between
molybdenum and sulfur. In 10, the bond lengths of two Mo=0 are the same (1.704(2) A,
1.706(2) A). Further, the distances of the Mo=0 in 10 and those in 3 are indistinguishable. We
can conclude that the enhanced Mo-S interaction has no trans influence on the Mo=0 bonds.
The bonds between molybdenum and two alkoxy of the thioether ligand (Mo(1)-O(4) and
Mo(1)-0(3)) become longer by 0.093 A and 0.158 A, respectively, in 10 compared with the
average values in 3. The distance between molybdenum and oxygen of the silyloxide ligand
(Mo(1)-O(5)) in 10 is 0.192 A shorter than the mean value of the bond lengths between one
molybdenum atom and the bridging oxygen atom of the thioether ligand coordinated to
another molybdenum atom in 3 by the conversion from 3 to 10. The angles of O=Mo=0 are
almost unchanged from 10 to 3. The angles of O(5)-Mo(1)-O(3), O(3)-Mo(1)-O(4) and
S(1)-Mo(1)=0(1) in 10 show about 10° differences from the corresponding angles in 3.
There are no significant differences in the other corresponding bond lengths and angles
between 10 and 3, either. The structure analysis exhibits that the structure in complex 10 has
the same ligand positions as in the moiety of 3 and the silyloxide is in place of one of the

former bridging oxygen atoms. This supplies more evidences for the assumption of the
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reaction process discussed above.

2.4. Molybdenum and tungsten complexes with mixed O,X,0-donor ligands (X = S or Se)
In this section, tridentate bisphenol ligands containing [O,X,0O]donor atoms (X = S or Se)
were used to generate novel molybdenum and tungsten complexes. The roles of the phenol
containing ligands have been described in the introduction. The ligands
2,2’-thiobis(4,6-di-tert-butylphenol)'” H,L® and 2,2’-selenobis(4,6-di-tert- butylphenol)!’"!
H,L> are depicted with their labels. It would be interesting to examine the effect of

coordinating S or Se to the two metals.

2.4.1. Syntheses of [MoO,L%] (11), [MoO,L*] (12), [WO,L®] (13) and [WO,L**] (14)

The general method for the syntheses of complexes 11-14 involve replacements of
acetylacetonate ligands on MOs(acac), by reaction with the ligands H,LX in dry CH,Cl, (11
and 12) or MeOH (13 and 14), which are depicted in Scheme 6. The molybdenum compounds
11 and 12 were purified by extraction with acetonitrile and toluene, respectively, and dried in
vacuo. The tungsten compounds 13 and 14 were obtained by crystallization from the initial
concentrated filtrate. Unfortunately, the formed red microcrystalline solid was not suitable for
X-ray diffraction. The yields of molybdenum compounds (~ 80%) are higher than those of

tungsten compounds (~ 50%).



Results and discussion 54

O\\ //O
/M\
lvent
MO,(acac), + ﬂ» 0 )|( ?Q + 2acacH
X
OH OH

Mo, X =8 (11), solvent = CH,Cl,
Mo, X = Se (12), solvent = CH,Cl,
W, X =S (13), solvent = CH;0H
W, X = Se (14), solvent = CH;OH

XL
o

Scheme 6. Preparation of 11-14.

IR data for complexes 11-14 are given in the experimental section. The presence of the
ligands was comfirmed by a strong peak in the region 3000-2800 cm™ due to w(C-H) of
tert-butyl groups of the ligands together with other v(C-H, C=C, C-O) vibrations found in the
normal range for these types of linkages. The sharp v(OH) band for the free ligands in the
region 3500-3300 cm™ is replaced by a broad band in the complexes indicating that the
phenol character of the ligand is lost. Mass spectrometry in the EI mode has proved to be a
very useful analytical tool for the characterization of the complexes and also for the
identification of the metal center, and the compositions are in good agreement with the
elemental analysis. The EI mass spectrum (MS) of 11 shows the molecular ion peak at m/z
569 with an abundance of 14% with the expected isotope pattern. Similarly, complexes 12, 13
and 14 show the molecular ion peak at m/z 616, 657 and 703 with 76%, 29% and 46%
abundances, respectively, with an isotopic distribution calculated for the complexes. As a
representative example, Figure 21 shows the comparison of the experimental and theoretical
isotope pattern of the M" ion for 12. This isotope pattern reflects the natural abundance of
metal and ligand atom isotopes. In EI-MS of 14, the peak at m/z 687 with 87% abundance

corresponding to WOL®® is observed as a result of fragmentation.
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Figure 21. Molecular ion peaks in the EI mass spectra for complex 12 with experimental

(upper) and calculated (lower) isotopic distributions.

The 'H and “C NMR spectra of 11-14 characterized the ligands very well and all
unexceptional. There is no OH resonance, indicating loss of hydroxyl protons. Complexes 12
and 14 were also characterized by ”’Se NMR spectroscopy in CDCl;. A singlet resonance at
268.7 ppm for 12 and 6 251.5 ppm for 14, respectively, was observed. And the resonance of
molybdenum compound 12 was shifted to lower field than that of tungsten compound 14,
which is in good agreement with the fact that tungsten donates more electron density to the
coordinated selenium than molybdenum does. In addition, the resonance signals of 7’Se NMR
spectroscopies for both complexes 12 and 14 were shifted to higher frequencies/lower field
than that for the free ligand HoL*® (8 151.2 ppm), which indicates that metal-selenium bonds
were indeed formed."””

Complexes 11 and 12 are intense purple and the UV-vis spectra of both show one band in the

visible region, Amax 500 nm for 11 and A,y 538 nm for 12, respectively.

The TG analyses of 11 and 12 were performed in the range of 0-500 °C as well. The TG curve
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of 11 exhibits one step of weight losses. The weight loss is 58.01% in the temperature range
110-500 °C. The TG curve of 12 displays two steps of weight losses. The first step occurs in
the temperature range 300-350 °C with 12.15% weight loss. The second one is 48.55% in the
range of 350-500°C. The total weight loss is 61.06%. The weight losses of 11 and 12 are
probably due to the losses of ligands.

. 111,112
Due to previous reports’' ']

that the reaction of a Mo(VI) starting material and excess
thiolate ligand possibly leads to the formation of a u-oxo dimeric Mo(V) complex, magnetic
susceptibility measurements were carried out for powdered samples of complexes 11 and 12
at 5000 G, in a temperature range from 295 to 395 K. Plots of the magnetic susceptibility yys

versus T for 11 and 12 are depicted in Figure 22. All the yj values are negative for both

complexes, which indicates that both 11 and 12 are diamagnetic and the valence of them

should be VI.
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Figure 22. Plots of the magnetic susceptibility ys, versus T for 11 (e) and 12 (A).
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2.5. Molybdenum complexes with heterocyclic bidentate ligands (N,X) X =S, Se

Interest in the chemistry of molybdenum thiolates arises in part from the presence of
molybdenum-cysteine interactions in mononuclear molybdoenzymes. A class of thiols
receiving particular attention at present is that of heterocyclic thiones, such as
pyridine-2-thionato and pyrimidine-2-thionato and their derivatives, which are characterized
by thione-thiol tautomerism. Thiones and thionates, the latter readily obtained by
deprotonating the parent thiones, are electron-rich and polyfunctional ligands that lie on the
borderline of stability between the +5 and +6 oxidation states of molybdenum.

Furthermore, the comparison of coordination properties between the sulfur and selenium
analogues is not only an intriguing subject but also a main objective of our research. Metal
complexes with neutral or anionic ligands containing selenium and nitrogen donors have not

been extensively studied,!'*! although 2,2’-dipyridyl diselenide (Py,Se,) was first synthesized

[115] 116]

in 1962,'""" and its use in organic syntheses and biochemistry!"'” is well documented.

This kind of ligand can provide insight into the competitive coordination behavior between
the hard and soft Lewis bases nitrogen and selenium toward the same metal center. Metal
complexes with heterocyclic thionato or selenolate ligands have the relevance to biological

systems and these ligands also show a wide versatility in their coordination forms, acting as

119] [118,120]

neutral monodentate systems,!''”'"*! bridging through S,""'” anionic S/Se-monodentate,

122-125]

chelating!"*" or bridging between twol or three metal atoms.'”'?%) This versatility

yields numerous complexes with unusual geometries, variable nuclearities and great structural

[127

diversity.!'*”! On the other hand, there is an experimental evidence that the nature and location

of the substituent in the heterocyclic ring is important in determining the structure of the

metal-pyridinethionate and selenolate complexes.!'** ']
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Here, we employed pyridine-2-thionato (HPyS), 4-trifluormethyl-2-pyrimidinethiol
(4-CF3-2-PymSH) and pyridine-2-selenolato (HPySe) as heterocyclic bidentate (N,X) ligands,
X =S8, Se.

2.5.1. Syntheses of [Mo0,O3(PyS)4] (15), [M0,03(PySe)s] (16) and [M0,03(4-CF3-PymS)4]
17)

Molybdenum complexes with heterocyclic thiones and selenone were all obtained in different
yields (68% for 15, 28% for 16 and 45% for 17) by the same methods. Firstly, the
nucleophilic species, lithium thionates or lithium selenate, were obtained by the reaction of
the corresponding pyridine-2-thionato, 2-pyrimidinethiol or selenolato with rn-Butyllithium in
THF at -30 °C. The mixture was allowed to be warmed to room temperature and stirred
overnight. The product was subsequently reacted with the readily available molybdenum
precursor [MoO,ClL(DME)]"*! at -30 °C and the mixture was allowed to come to room

temperature and stirred overnight again according to the following general process (Scheme

7):
()
N —
X
THF o X N
MoO,CL(DME) + 2 Q +2 n-Buli —— 12 X7 /o/\NL)/ /
NTX 30 °C 2R ANl
H N l x O
= N
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X
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Scheme 7. Preparation of 15, 16 and 17

The purity methods were different for the three products. 15 was obtained through directly
drying the extracted filtrate in CH,Cl,. Because the dried residue of the filtrate of 16 extracted
by CH,Cl, was oily, 16 was precipitated by treatment with hexane and cooled at -30 °C
overnight. While 17 was obtained directly by crystallizing from the initial concentrated filtrate
extracted with CH,Cl,. 15 can also be synthesized in 44% yield by adding a methanolic

solution of the ligand and triethylamine to a stirred solution of precursor [MoO,Cl,]""** i

n
dichloromethane (scheme 7). The three obtained compounds were all dinuclear
u-oxomolybdenum(V)  species which were not the expected mononuclear
dioxomolybdenum(VI) species. Such behavior may be due to the corresponding ligands
acting both as a reductant and as a ligand in the reaction and has been observed previously

upon the reaction of thiol ligands with Mo(VI) starting materials.!''""'* All compounds are

red brown (15 and 16) or dark purple (17). Compound 15 has been synthesized previously by

[133-135 FIREE

different routes I'and its structure has been determined**). One of the synthetic routes
was that the mononuclear dioxomolybdenum(VI) thionate was quantitatively converted into

the dinuclear oxomolybdenum(V) complex by oxygen atom abstraction with common
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4351 In the another route the formation of this

organophosphines and phosphates.!
molybdenum(V) compound from Na(PyS) and molybdenum(Il) acetate was caused by
atmospheric oxygen. In contrast, our preparation methods are different from these previous
routes. To the best of our knowledges, 16 and 17 are unknown till now and furthermore 16 is
the first oxomolybdenum complex containing pyridine-2-selenolato.”

Attempts to prepare dioxomolybdenum(VI) thionate and selenate by reacting MoO;(acac),
with the corresponding sulfur and selenium containing ligands were unsuccessful according to
analytical data. The former may be due to the reason that important amounts of both
oxomolybdenum(V) thionates and disulfides were simultaneously produced when the reaction
were carried out in CH,Cl, or MeOH. This situation has occurred in previous reports.[134’]3 6l
For the latter, the reaction mixture in MeCN or MeOH gradually decomposed to black grey
selenium powder from the initial red reaction solution.

IR spectra of the complexes confirm the presence of the ligands coordinated to the metal. For
example, the band attributable to the v(N-H), which appears at 3200-3100 cm™ in the free
thione ligands, is absent and this indicates that the ligands are in the deprotonated form in the
complexes. The strong ligand bands in the range 16401660 cm™ are due to the presence of
v(C=N) and v(C=C) in a non-aromatic system. In the complexes, however, these bands appear
in the region 15901545 cm™, which is characteristic of stretching vibrations in an aromatic
group!®”). These observations confirm that the ligand is present in the complexes in the
thiolate form. The spectra of the complexes also show bands due to deformation of the
aromatic ring, and these appear in the regions 1110-990 and 750-620 cm™ **. The IR

spectrum also exhibits prominent absorptions in the 750-943 c¢m™ region consistent with the

presence of both terminal and bridging oxo groups.
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The 'H and *C NMR spectra of 15-17 (except for >C NMR spectra of 17 due to the poor
solubility in CDCls ) are constent with their compositions and these signals are due to protons
in the thiolate or selenolate ligands. And 'H and '?C NMR spectra of 15 are almost identical
to those of 16. A resonance signal from '’Se NMR spectroscopy of compound 16 (5 = 428.0
ppm) which shifted to lower field relative to that of the free ligand PySeH (6 = 306.6 ppm),
was observed, hence indicating the formation of a metal-selenium bond.”’” The trend is
consistent with the situations in chapters 2.2.1 and 2.4.1 discussed above.

In all cases the EI mass spectra of the compounds show peaks of the fragments ion of the
molecular due to the loss of some parts, such as heterocyclic ligands or oxo ligand. The peak
cluster has appropriate isotope distribution. One example is shown in Figure 23, which is

corresponding to the ion formed by the loss of [(MoO(4-CF3-PymS),] part for 17.
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Figure 23. (a) The EI mass spectra for complex 17, (b) the fragments ion peak due to the loss

of [(MoO(4-CF;-PymS),] part.

In order to investigate the influence of the metal center on the properties of the complexes, we
have already tried to prepare the tungsten analogues by the similar methods employing
[WO,CIl,(DME)] as a precursor. Compound [WO,(PyS),], [WO,(PySe),] and [WO,(PymS),]
were all analyzed by EI mass spectroscopy and elemental analysis. In all cases the EI mass
spectra of tungsten compounds show peaks due to the molecular ion which are exactly

consistent with their isotope distributions (Figure 24).
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Figure 24. Molecular ion peaks in the EI mass spectra for complexes [WO,(PyS),] (a),
[WO,(PySe),] (b) and [WO,(PymS),] (c¢) with experimental (upper) and calculated (lower)

isotopic distributions.
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However, unfortunately the elemental analytical data (C, H, N) for the products were not in
agreement with those for expected tungsten(VI) compounds. The found compositions were
much higher than the calculated ones for all compounds. We also tried to extracted
[WO,(PyS),] with toluene and obtained some yellow crystals. Through single-crystal X-Ray
diffraction analysis the obtained result was pyridine-2-thione. In combination with the
elemental analysis data it can be concluded that the reactions were not accomplishes
completely. We tried different solvents and separation methods. Despite our efforts, we have

been unable to obtain the pure products. It is very difficult to separate the mixture.

2.5.2. Crystal strucures of 15, 16 and 17

The crystals of 15, 16 and 17 suitable for X-ray studies were obtained by the recrystallization
of the initial products from dichloromethane. The crystal structures of 15-17 are shown in
Figure 25-27 along with the numbering schemes; solvent molecules of 17 are not shown. The

selected bond lengths and angles are given in Table 9-11.
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Figure 26. Molecular structure of [Mo0,03(PySe)4] (16).
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Figure 27. Molecular structure of [Mo0,03(4-CF3-PymS),4]-2(CH,Cl,) (17).

Table 9. Selected bond lengths (A) and angles (°) for 15.

Bond lengths

Mo(1)-O(1) 1.680(5) Mo(1)-0(3) 1.863(5)
Mo(1)-N(1) 2.184(6) Mo(1)-N(2) 2.308(6)
Mo(1)-S(4) 2.438(2) Mo(1)-S(6) 2.496(2)
Bond angles

O(1)-Mo(1)-03)  107.0(2) N(1)-Mo(1)-S4)  66.75(16)
O(1)-Mo(1)-N(1)  96.6(2) N@)-Mo(1)-S(4)  89.06(15)
0(3)-Mo(1)-N(1)  152.5(2) O(1)-Mo(1)-S(6)  94.76(19)
O(1)-Mo(1)-NQ2)  156.6(2) 0(3)-Mo(1)-S(6)  98.83(16)
0(3)-Mo(1)-N(2)  87.5(2) N(1)-Mo(1)-S(6)  93.04(16)
N()-Mo(1)-N(Q2)  75.5(2) N@2)-Mo(1)-S(6)  64.22(16)
O(1)-Mo(1)-S(4)  108.34(18) S(4)-Mo(1)-S(6)  150.44(7)

0(3)-Mo(1)-S(4)  91.96(16) Mo(1)-0(3)-Mo(2) 171.7(3)
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Table 10. Selected bond lengths (A) and angles (°) for 16.

Bond lengths

Mo(1)-O(1) 1.864(1) Mo(1)-0(2) 1.683(4)
Mo(1)-N(1) 2.314(5) Mo(1)-N(2) 2.215(5)
Mo(1)-Se(1) 2.557(1) Mo(1)-Se(2) 2.624(1)
Bond angles

0(2)-Mo(1)-0(1)  106.41(18) N@)-Mo(1)-Se(1)  68.10(13)
0(2)-Mo(1)-N2)  96.1(2) N(1)-Mo(1)-Se(1)  89.87(12)
O(1)-Mo(1)-NQ2)  154.57(14) 0(2)-Mo(1)-Se(2)  93.72(15)
0(2)-Mo(1)-N(1)  156.19(19) O(1)-Mo(1)-Se(2) ~ 97.53(3)
O(1)-Mo(1)-N(1)  87.76(12) N@)-Mo(1)-Se(2)  92.57(13)
N@2)-Mo(1)-N(1)  75.46(17) N(1)-Mo(1)-Se(2)  64.98(12)
0(2)-Mo(1)-Se(1)  107.86(15) Se(1)-Mo(1)-Se(2)  152.01(3)
O(1)-Mo(1)-Se(1) ~ 93.32(3) Mo(1)-O(1)-Mo(1)#1  180.0

15 and 16 crystallize in the same space group (Pi) and crystal system (triclinic). They appear

to be isomorphous. 17 crystallizes in the monoclinic space group P2;/c. The structures of
15-17 are unexceptional for thiolate or selenide complexes with the common [Mo,03]*" core.
Each molybdenum center exhibits distorted octahedral geometry coordinated by two chelating
heterocyclic bidentate ligands, the terminal oxo group, and the bridging oxo group, which is
located on a crystallographic inversion center (Figure 25-27). Thus, the [Mo,0s]*" core
exhibits a rigorously planar anti geometry. Furthermore, the three structures have a trans
O=Mo-O-Mo=0 chain with rigorous inversion symmetry, resembling previous reported
compounds Mo,Os[S,P(OEt),]4 and M0203(3—SiMe—2—Spy)4[139], while a cis configuration is
also found for example in Mo0,O;[S2CNPr;]s and Mo,O;(Etxan)s, where Etxan represents

EtOCS, """ This indicates that both the cis and trans arrangements may be of general
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occurrence.

Table 11. Selected bond lengths (A) and angles (°) for 17.

Bond lengths

Mo(1)-0(1) 1.856(1) Mo(1)-0(2) 1.672(2)
Mo(1)-N(1) 2.349(3) Mo(1)-N(3) 2.193(3)
Mo(1)-S(1) 2.500(1) Mo(1)-S(2) 2.451(1)
C(2)-C(5) 1.507(4) C(5)-F(1A) 1.327(9)
Bond angles

0(2)-Mo(1)-0(1)  104.22(8) N(1)-Mo(1)-S(2) 85.56(6)
0(2)-Mo(1)-N3)  97.78(11) 0(2)-Mo(1)-S(1) 96.63(8)
O(1)-Mo(1)-N(3)  155.15(7) O(1)-Mo(1)-S(1) 98.64(2)
0(2)-Mo(1)-N(1)  160.12(10) N(3)-Mo(1)-S(1) 90.05(7)
O(1)-Mo(1)-N(1)  83.16(6) N(1)-Mo(1)-S(1) 63.76(6)
N(@3)-Mo(1)-N(1)  79.90(9) S(2)-Mo(1)-S(1) 144.74(3)
0(2)-Mo(1)-S(2)  111.83(8) Mo(1)#1-O(1)-Mo(1) 180.00(2)
O(1)-Mo(1)-S(2)  94.22(2) FGA)-C(5)-F(1A)  111.5(7)
N@3)-Mo(1)-S(2)  66.55(7) F(1A)-C(5)-FQA)  102.5(6)

In compound 16, the distortions from the ideal octahedral geometry for each molybdenum
center mainly arise from the disparate donor atom set and the restricted bite of the Py-Se
ligand which subtend angles at the molybdenum center of 64.98(12)° and 68.10(13)°,
respectively, considerably distorted from the octahedral limit of 90°. The Py-Se ligands are
arranged so that the two selenium atoms are approximately #rans to each other although with
a grossly distorted angle of 152.01(3)°, which compels the nitrogen atoms to occupy

approximate cis-positions (N-Mo-N, 75.46(17)°). The nitrogen donors occupy positions trans
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to the strongly P-bonding oxo groups, thus minimizing competition between the oxo groups
and the weakly m-interacting selenium donors for the Mo tp, orbitals. The strong trans
influence of the terminal oxo group is evident in the Mo(1)-N(1) distance of 2.314(5) A, as
compared to the Mo(1)-N(2) distance of 2.215(5) A for the nitrogen trans to the less effective
bridging oxo group. The Mo-N bond lengths lie in the ranges that are observed in
molybdenum complexes with the pyridine-2-selenato ligand!* (2.247(3) and 2.206(3) A) and
the analogous pyridine-2-thiolato ligand!''*"**'*31 (2.157(5)!"*®1 _ 2 328(5) A"*)). The two
Mo-Se bond lengths (2.624(1) and 2.557(1) A) which are in agreement with reported values
(2.633(2) — 2.661(1) A)"** are not equivalent. The four-membered rings derived from the
chelating N,Se-coordination of the two 2-selenopyridines are coplanar with the adjacent
pyridine rings. The distances of Mo to the terminal oxo ligand (1.683(4) A), the bridging oxo
group (1.864(1) A) and the cis-O-Mo-O angle (106.41(18)°) are in the range of those reported
for u-oxomolybdenum(V) complexes (1.680(4) A, 1.863(1) A and 105°, respectively)!*).

Complex 15 is isomorphous to complex 16 and has been discussed previously!'**!, so here we
do not discuss it further but compare it with 16. The geometrical parameters of both
complexes are almost identical (see Table 9 and 10). The main differences for bond lengths
derive from the bonds containing sulfur or selenium atom. The differences of the
corresponding Mo-Se and Mo-S distances for 16 and 15 are 0.119 and 0.128 A, and those
distances of S and Se to a carbon atom of the pyridine ring are 0.133 and 0.157 A, which can
be ascribed to the different radii of both elements (van der Waals radii: 1.80 A for S and 1.90
A for Se). The biggest difference for the angles of 15 and 16 is within 3°. Overall both
structures are similar maybe due to the fact that the nature of the donor atoms in the

heterocyclic ligand dose not markedly influence the structure of the complex.



Results and Discussion 70

Complex 17 has a similar structure as 15 except for pyrimidine rings instead of pyridine rings
and additional substituents, CF3 groups, in pyrimidine rings. The corresponding geometrical
parameters for 17 and 15 are also almost idental. The 4-CF;-2-PymS ligands are as well
arranged so that the two sulfur atoms are approximately frans to each other (S-Mo-S,
144.74(3)°) constraining the nitrogen atoms to occupy approximate cis-positions (N-Mo-N,
79.90°). Both N-donor atoms occupy positions frans to a terminal oxo and a bridging oxo
functions, respectively. The trans influences of the two different oxo groups make the Mo-N
distances different (2.193(3) and 2.349(3) A), which leads to different Mo-S distances
(2.451(1) and 2.500(1) A). The configuration of 17 is very close to those of 15 and 16.
Through the analysis and discussion, we can conclude that the steric hindrance produced by
the substituents on the heterocyclic ring of the ligands dose not have significant influence on
the structures of the complexes. These behaviors have been also been reported for ruthenium

. 14
and osmium complexes.!'*
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2.6. Additional experiments

2.6.1. Syntheses and structures of [H:C]"[MO19]* (M = Mo (18), W (19))

In order to obtain crystals of the molybdenum and tungsten selenium compounds, 5 and 6, we
attempted to change synthetic method.

In general N-heterocyclic carbenes, a strong nucleophilic reagent, act as HCI

[144,145

scavengers. I This prompted us to employ the N-heterocyclic carbenes to scavenge

protons of the selenoether ligand and chlorine atoms of the metal precursor, MO,Cl, (M = Mo,
W), to achieve the coordination of alkoxylate functions and selenium of the selenoether ligand
to the metal center. The reactions were performed in CH,Cl, at 0°C. However, we got
polyoxometalates, [M¢O1o]* rather than the desired compounds (Scheme 8). Although the

[146-148]

anions for both metals are known, the whole molecules combined with cations [H:C]"

are both novel.

Y
N

X ) e
\ HO OH >
MO,Cl, +2 I C + \/\Se/\/ CH,Cl,, 0°C /N\ 2

N
N

M = Mo (18), W (19)

0
. N/
CH,C1,~0°C M==0
0

Scheme 8. Preparation of [H:C]"[M¢O19]> (M = Mo (18), W (19)).

The molecular structures of 18 and 19 have been determined by single-crystal X-ray

diffraction and are shown in Figure 28 and 29.
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Figure 28. View of the structure of [H:C]2[MosO19]* (18) compound with atom labling

scheme. One of cations is omitted for clarity.

Figure 29. View of the structure of [H:C][WsO0]* (19) compound with atom labling

scheme. One of cations is omitted for clarity.
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The analytic results reveal that complexes 18 and 19 consist of two N-heterocyclic carbene
cations and one isopolyanion [MsO19]> (M = Mo (18), W (19)). Both compounds crystallize
in the monoclinic space group P2,/n. In the case of 18 the [MO1o]* isopolyanion possessing

the well-known Lindquist structure!'*]

is constructured by six MoOg octahedra connected
with each other through edge-sharing oxygen atoms and thus exhibits an approximate O
symmetry. Six molybdenum atoms are located octahedrally around a central oxygen atom.
Each molybdenum is then bonded peripherally to neighboring molybdenum atoms through
oxygen bridges. One terminal oxygen atom is attached to each molybdenum atom. Selected
bond lengths and angles are shown in Table 12.

The data in Table 12 illustrate that one feature of the [M6019]2' structure is a slight distortion
of the octahedron that involves the bridging bonds on the surface of the cage. Three kinds of
oxygen atoms exist in the cluster. These are the terminal oxygen O,, double-bridging oxygen
Oy and central oxygen O.. Therefore, the Mo-O distances can be grouped into three sets:
Mo-0O, 1.6802(18)-1.6837(17) A, Mo-Oy, 1.8421(17)-2.0148(17) A and Mo-O. 2.3132(2)-
2.3298(2) A. The N-heterocyclic carbene accepts one proton and forms a cation rather than
acts as a HCI acceptor as usual. This result suggests the hexamolybdate dianion is easier to

form than the mononuclear dioxo molybdenum complex coordinated with a tridentate

selenoether ligand.

Table 12. Selected bond lengths (A) and anglesn(®) for compound 18 and 19.
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Bond lengths
Terminal
Mo(1)-O(1)
Mo(2)-0(8)
Mo(3)-0(10)
Central
Mo(1)-O(4)
Mo(2)-0(4)
Mo(3)-0(4)
Bridging
Mo(1)-0(5)
Mo(1)-0(3)
Mo(1)-0(6))
Mo(1)-0(2)
Mo(2)-0(9)
Mo(2)-0(6)
Mo(2)-O(3A)
Mo(2)-0(7)
Mo(3)-0(2A)
Mo(3)-O(7A)
Mo(3)-0(9)
Mo(3)-0(5)
Bond angles
0(1)-Mo(1)-0(2)
O(1)-Mo(1)-O(4)
0(2)-Mo(1)-0(4)
0(5)-Mo(1)-0(6)

Mo(2)-0(6)-Mo(1)
Mo(2)-0(4)-Mo(1)

18

1.6810(17)
1.6802(18)
1.6837(17)

2.3185(2)
2.3132(2)
2.3298(2)

1.8445(16)
1.9257(17)
1.9341(16

2.0136(17)
1.8428(17)
1.9174(17)
1.9376(17)
2.0132(17)
1.8422(17)
1.8486(17)
2.0048(16)
2.0148(17)

101.68(8)
176.49(7)
74.89(5)
90.55(7)
115.95(8)
89.664(8)

W(D)-O(1)
W(2)-0(8)
W(3)-0(10)

W(1)-0(4)
W(2)-0(4)
W(3)-0(4)

W(1)-0(5)
W(1)-0(6)
W(1)-0(3)
W(1)-0(2)
W(2)-0(9)
W(2)-0(6)
W(2)-0(3A)
W(2)-0(7)
W(3)-0(2A)
W(3)-0(7A)
W(3)-0(9)
W(3)-0(5)

O(1)-W(1)-0(2)
O(1)-W(1)-0(4)
O(2)-W(1)-0(4)
O(5)-W(1)-0(6)
W(1)-0(6)-W(2)

W(2)-0(4)-W(1)

19

1.707(5)
1.701(6)
1.700(5)

2.3306(4)
2.3239(4)
2.3311(4)

1.906(5)
1.920(5)
1.933(5)
1.938(5)
1.910(5)
1.929(5)
1.932(5)
1.935(5)
1.909(5)
1.915(5)
1.930(5)
1.953(5)

103.7(2)
179.2(2)
75.71(15)
88.3(2)
117.2(3)
89.797(12)
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Complex 19 exhibits the analogous structure through the same synthetic method. This is not
surprising because of the chemical similarity of the two metals. The W-O distances vary in
the similar range as those of 18: W-O, 1.700(5)-1.707(5) A, W-O, 1.906(5)-1.953(5) A and
W-O, 2.3238(4)-2.3311(4) A. The geometrical parameters for both complexes are almost
identical with the exception that the average bond length of anion in 19 is slightly longer than
in 18. This difference can be ascribed to the different radii of both metals. The terminal
oxygen atoms can be rendered as reactive sites. The hexamolybdate can serve as an
octahedrally-directing template with which to build new types of interconnected extended
polyoxometalate networks analogous to the beautiful and diverse examples of cascade
molecules which are now the focus of intense activity in the field of supramolecular

chemistry.!""

2.6.2. Synthesis and crystal structure description of [W3O;9(O(CH;);S(CH3)30)s(acac)4] (20)

The several attempts to prepare the thioether analogue of 9, [{WO,[O(CH,);S(CH;);01]},], by
the similar method as 9 in different solvents failed. There is no evidence for the tungsten
thioether complex formation. This prompted us to use more intense reaction condition.
WO, (acac), reacted with bis(3-hydroxypropyl)sulfide in a molar ration of 1:1.2 in refluxing

acetonitrile (Scheme 9). However, a polyoxotungstate 20 was obtain rather than the desired

compound.
CH,CN

WO,(acac), + HO/\/\S/\/\OHﬂ—3> [W30,9(O(CH;)3S(CH,)30)3(acac),]
reflux,

Scheme 9. Synthesis of the octatungstate cluster 20.
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Compound 20 was characterized by elemental analysis, IR spectroscopy, EI mass
spectrometry and single-crystal X-Ray crystallography. The EI mass spectrometry exhibits
regular increasing spectra in the interval of about 74 (m/z) from 661 (m/z) to 2577 (m/z). The
IR spectra of 20 exhibits the characteristic features of polyoxometalates: these are bands in
the ranges of 900-1000 cm™ and 660-880 cm™', respectively, assigned to vW=0, and vW-O-W
stretching modes involving terminal and bridging oxo ligands.

The X-ray structural analysis revealed that single crystals of 20-2.5 CH3;CN consist of
centrosymmetric isometallic octanuclear clusters [WgO;9(O(CH;);S(CH;)30)s(acac)4] and two
and half cocrystallized acetonitrile solvent molecules (Figure 30 (a)). Compound 20
crystallizes in the triclinic space group P1. The octatungstate cluster core in 20 has a novel
unprecedented structure mode denoted {WsOs3} composed of eight corner-sharing distorted
WOg octahedra. The whole W—O skeleton of the octatungstate looks like a shuttle (Figure 30
(b)). The selected bond lengths and angles are summarized in Table 13. The structural
features of the {WsOs3} unit in 20 can be compared with [W10032]4' in the cluster
[{Cu(bpy)z}szng]“S”. The differences between both are that there are four bottom WOs
octahedra linked to the top WOg octahedron by edge sharing in the moiety of the [W10032]4'
cluster. In addition, the structure of the {W3Os3} core in 20 is also different from any one of
eight molybdenum isomers [MogOx]" discovered so far'”>'**. They all have shared edges,
while in the {WgOs33} unit eight WO¢ octahedra are arranged only by sharing corners (see

Figure 31).
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Figure 30. (a) Ortep plot of 20 in 20-2.5CH;CN (thermal ellipsoids with 50% probability) and

(b) Ball-and-stick representation of {W3Os3} fragment.
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Figure 31. Combined polyhedral ball-and-stick representation of 20 in 20-2.5CH;CN.

Table 13. Selcted bond lengths (A) and angles (°) for 20.

Bond lengths

W(1)-0(1) 1.702(6) W(1)-0(15) 1.782(5)
W(1)-0(13) 1.820(5) W(1)-0(14) 2.034(5)
W(1)-0(12) 2.077(5) W(1)-0(18) 2.256(6)
W(2)-0(23) 1.752(5) W(2)-0(18) 1.763(5)
W(2)-0(24) 1.818(5) W(2)-0(22) 2.059(5)
W(2)-0(26) 2.073(5) W(2)-0(27) 2.152(5)
W(3)-0(3) 1.715(6) W(3)-0(33) 1.844(5)
W(3)-0(36) 1.875(5) W(3)-0(34) 1.945(5)
W(3)-0(13) 1.964(5) W(3)-0(23) 2.228(5)
W(4)-0(45) 1.757(5) W(4)-0(41) 1.849(5)
W(4)-0(25) 1.853(5) W(4)-0(34) 1.858(5)

W(4)-0(24) 2.008(5) W(4)-0(15) 2.158(5)
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Bond angles

0(13)-W(1)-0(15)  96.6(2) O(15)-W(1)-0(18)  83.8(2)
O(18)-W(1)-0(13)  84.3(2) O(18)-W(2)-0(27)  171.4(2)
0(24)-W(2)-0(23)  98.7(2) O(18)-W(2)-0(24)  97.6(2)
0(13)-W(3)-0(36)  163.0(2) 0(34)-W(3)-0(23)  77.7(2)
0(13)-W(3)-0(23)  81.1(2) O(15)-W(4)-0(45)  174.2(2)
0(34)-W(4)-024)  85.3(2) O(15)-W(4)-0(34)  82.1(2)
W(D)-O(18)-W(2)  129.1(3) W(2)-027)-W(7)  147.93)
W(1)-0(13)-W(3)  149.5(3) W(3)-0(36)-W(6)  166.2(3)
W(D)-O(15)-W(4)  142.8(3) W(4)-0(45)-W(5)  149.2(3)
W(2)-0(23)-W(3)  137.003) W(3)-034)-W4)  162.4(3)

W(4)-0(24)-W(2)  138.2(3)

The surface of the cluster core is decorated by two types of organic ligands, both of which
originate from two reactants, three bis(3-hydroxypropyl)sulfide dianions and four
acetylacetonate anions.

We can assume how this cluster has formed by comparing it with a structure we obtained
from a very similar reaction””). The OSO ligand used there contained ethyl bridges instead of
propyl bridges between O and S. These shorter bridges lead to the coordination of both
alkoxylate functions to one tungsten atom and to a coordination of the thioether sulfur, though
rather weak, to this same tungsten as well. In the now obtained octatungstate, sulfur is not
coordinated at all. The structure with the shorter OSO ligand is a tungsten trimer. The
tungsten atoms are bridged by u-oxo ligands that were former terminal oxo ligands from the
starting material WO,(acac),. Two of this kind of tungsten trimers (W2, W3, W4 and W5, W6,
W7) can be found as building blocks in the center of the new octatungstate cluster arranged as

a perfect trigonal prism. The reason may be that the two trimers that are formed with the start
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of the reaction, when acac ligands are replaced stepwise by coordination of the OSO ligands,
are drawn together by the bridging coordination of the longer OSO ligand between two of
these trimeric units. Due to the long alkyl bridges, a coordination of the terminal alkoxylate
functions to different tungsten atoms is favoured over the coordination to one tungsten. Three
of these bridging ligands enhance the stability of the resulting trigonal prismatic arrangement.
Owing to the length of the OSO ligands, the bridging does not occur along the edges of that
prism but across its tetragonal faces. To complete the octahedral coordination geometry of the
tungsten atoms, both trigonal faces of the trigonal prism are capped by another tungsten (W1,
W8). The former terminal oxo ligands of the capping tungsten atoms, are used to bind to the
cluster. To complete the coordination sphere of these tungsten atoms one of their acac ligands
remains bonded probably due to the fact that the coordination of readily available OSO ligand
to one tungsten is clearly not favoured.

The three tungsten atoms of each trimeric unit are all differently coordinated. One tungsten
(W4, W7) of the trimeric unit is bound to two alkoxylate oxygen atoms, while all other
ligands are bridging u-oxos. One tungsten (W3, W6) is bound to one alkoxylate oxygen atom
and four bridging w-oxos and one terminal oxo ligand is completing the octahedral
coordination geometry. The last tungsten (W2, W5) of the trimeric unit is not bound to an
alkoxylate function but is bound to an acac ligand and like the other two tungsten atoms is
bound to four bridging u-oxos. The tungsten atom with no alkoxylate coordination is opposite
from the tungsten of the other trimeric unit that is bound to two alkoxylate functions. The
tungsten with only one alkoxylate coordination is opposite to the same kind of tungsten from
the other trimeric unit. We can only assume that these different coordination modes occur

because the formation of the trimeric unit is started only if at least at one tungsten the acac
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ligand is replaced by two alkoxylate functions. Therefore, there is necessarily one tungsten

from which two bridges lead to the other trimeric unit. If this really is a requirement for the

formation of the building blocks, then no distribution of three OSO ligands between the two

trimeric units is possible other than the one observed in the octatungstate structure of 20.

Only one of the bis(3-hydroxypropyl)sulfide ligands is disordered. From both ends, the

coordinated oxygen atoms (033, O38) are at unique positions, while the rest of the chain (six

carbon atoms and the sulfur S3) are found at two positions with occupancies of 56% and 44 %,
respectively. In Figure 27 (a) only the position of higher occupancy is shown. The other two

0OSO0 ligands show no disorder.

All tungsten sites exhibit +6 oxidation state and are crystallographically independent,

possessing octahedral coordination geometry with different distortion extents. Two kinds of
oxo ligands exist in cluster 20, that is, the terminal oxygen O, and double-bridging oxygen

O(uz). Therefore, the W—O bonds can be placed into two groups by different bond lengths:

W-0; 1.702(6)-1.715(6) A, W-O(u) 1.752(5)-2.299(5) A. Average W—O bond lengths in

tungsten coordination octahedra are as follows: W(1)-O = 1.945 A (av.), W(2)-O = 1.936 A

(av.), W(3)-0 = 1.929 A (av.), W(4)-O = 1.914 A (av.), W(5)-O = 1.936 A (av.), W(6)-O =

1.925 A (av.), W(7)-O = 1.911 A (av.), W(8)-O = 1.950 A (av.). This is also evidence of the

above-mentioned equality between W(1) and W(8), W(2) and W(5), W(3) and W(6), and W(4)
and W(7), respectively. The angles of W—O(u;)-W are in the range of 129.1(3)-166.2(3)°.

The +6 oxidation state is also confirmed by bond valence sum calculations!'>

on every W
atom. The results give the values of 6.306 for W(1), 6.252 for W(2), 6.304 for W(3), 6.408 for
W(4), 6.275 for W(5), 6.350 for W(6), 6.393 for W(7) and 6.287 for W(8), respectively.

Furthermore, the average value is 6.322, consistent with the formula of the title compound
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given by X-ray structure determination.

Especially interesting is the presence of the four acac ligands, which can be rendered as
leaving groups. Thus, cluster 20 has the potential for building new types of interconnected
polyoxometalate networks by the incorporation of polyfunctional bridging ligands that are
relevant with respect to the intense activity in the field of supramolecular chemistry. This
possibility is well illustrated by the previous report on [{MogO1s}(N-Z-N){MocOis}]* (Z =

1,4-cyclo-C¢H,p), which consists of two terminally substituted imidohexamolybdate cages

bridged by a trans-1,4-disubstituted cyclohexane ring!'>®.

In conclusion, the reaction of WOs(acac), with bis(3-hydroxypropyl)sulfide in refluxing
acetonitrile leads to a cluster with two types of original organic ligands in both reactants. The
core unit {W3Os3} of the cluster displays the first octatungstate complex and structure and

exhibits corner sharing only of the WO octahedrals.

2.6.3. Synthesis and crystal structure of MoOx(dipic) (21)
In addition, a biologically important and chemically interesting ONO tridentate ligand

pyridine-2,6-dicarboxylic acid (dipicolinic acid, dipic) are used here as well. It is a versatile

[157]

N-O donor capable of forming stable chelates with various metal ions and can exhibit

[158 160] It

diverse coordination modes such as bidentate,!"*®! tridentate, meridian'"> or bridging.!

[161]

can stabilize unusual oxidation states and has proved to be useful in analytical

162] 163] 164]

chemistry,! in corrosion inhibition! and decontamination of nuclear reactors.!

11651 Along with its

Another interesting property of this ligand is its diverse biological activity.
2,4- and 2,5-isomers, pyridine-2,6-dicarboxylic acid acts as an inhibitor of the enzyme GA

2b-hydroxylase and is also found to inhibit the mechanistically related enzyme proline
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4-hydroxylase.!"® Herein, we will investigate the coordinated form of this ligand towards
molybdenum(VI).

Relevant molybdenum(VI) pyridine-2,6-dicarboxylate complexes have been reported

previously.["**©"1%] The complexes all adopt a six-'®"! 1

or seven-'“*lcoordination pattern with
an additional ligand, such as DMF, DMSO, HMPA and OPPhs. To the best of our knowledge,
the five-coordination complex of dioxomolybdenum(VI) pyridine-2,6-dicarboxylate without
other coordinated ligands is still unknown.

Herein, MoOy(dipic) 21 was prepared by reacting MoO»(acac), with dipicolinic acid in
methanol at room temperature with stirring overnight. The compound is partly soluble in
CH,Cl,, so it can be obtained by addition of CH,Cl, to the dried residue of the reaction,
followed by precipitation, crystallization and collection.

The compound 21 was characterized by elemental analysis IR and EI mass spectroscopy.
From the IR spectra of 21 it is indicated that the dipicolinic anion (dipic) acts as a tridentate

chelating ligand being bonded to the Mo(VI) acceptor centre via the two deprotonated oxygen

atoms of the carboxylate moieties (v (C=0) 1706 (vs), 1742 (vs) cm™; v (C-O) 1307 (vs) cm™

N—’

and the heterocyclic nitrogen. The v (C=0) of the free carboxylic acid'® is found to be
lowered by 30-40 cm™ due to coordination in the complex. The presence of two strong bands,
918 and 943 cm™ indicates that the complex contains the cis-MoO, moiety as usual for
dioxomolybdenum (VI) species!'”'"". The EI-MS for 21 does not provide much useful and
easily interpretable information.

Attempts to prepare the tungsten analogue by the reaction of WO;(acac), with dipicolinic acid
or WO,Cl,(DME) with Na,dipic failed. No evidence provided the formation of the tungsten

complex.
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The blue crystals of 21 were grown from a dichloromethane solution. The molecular structure

is shown in Figure 32. The selected bond lengths and angles are list in Table 14.

Figure 32. Molecular structure and atom-labeling for 21; the hydrogen atoms are shown with

small arbitrary radii.

Table 14. Selected bond lengths (A) and angles (°) for 21.

Bond lengths

Mo(1)-0(5) 1.6830(17) Mo(1)-0(6)
Mo(1)-0(1) 1.9960(16) Mo(1)-0(3)
Mo(1)-N(1) 2.1716(18) 0 (1)-C(1)

0 (3)-C(7) 1.332(3)

Bond angles

0(5)-Mo(1)-0(6)  107.08(8) 0(5)-Mo(1)-0(3)
0(6)-Mo(1)-0(3)  98.92(8) 0(5)-Mo(1)-0(1)
0(6)-Mo(1)-O(1)  103.09(8) 0(3)-Mo(1)-O(1)
0(5)-Mo(1)-N(1)  110.02(7) 0(6)-Mo(1)-N(1)

0O(3)-Mo(1)-N(1)  73.07(7) O(1)-Mo(1)-N(1)

1.6943(17)
1.9879(18)
1.333(3)

98.76(8)
100.56(8)
144.81(7)
142.81(7)
72.77(7)
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The molybdenum atom is coordinated by the tridentate ligand dipic in the doubly
deprotonated pyridine-2,6-dicarboxylate form. In contrast to the molybdenum(VI) compounds
discussed above the molybdenum atom in 21 is only five—coordinated with one terminal oxo
groups O(5) or O(6) in the apical position of a distorted square pyramidal conformation. The
bite angles around C(1), C(2), N(1), C(6) or C(7) atoms in the dipicolinate ligand sum up to
be 360°. This shows the high planarity of the ligand. The bond lengths for two terminal oxo
groups, Mo-O(5) and Mo-O(6), are not exactly identical, the former being 0.01 A shorter.
This is caused due to no trans ligand for O (5) and can be also explained by the difference of
the two angles: O(5)-Mo(1)-N(1) 110.02(7)° and O(6)-Mo(1)-N(1) 142.81(7)°. Of the two
Mo-O bonds generated by the coordinated carboxylated oxygen O(1) and O(3) of the
dipicolinate moiety, Mo-O(1) is slightly longer. The angles for the cis-MoO, group,
0O(5)-Mo-0O(6), are 107.08(8)°, which is good agreement with those found for analogous
complexes with N- and O-coordinated ligands!'”°®'">!73 The bond length of Mo-N(1)

(2.1716(18) A) is close to those in analogous complexes.!'®”
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2.7. Catalytic oxygen atom transfer reaction

2.7.1. Oxygen atom transfer properties of 7 and 8
In presence of a catalyst the oxygen atom of the DMSO molecule can be transferred to a
phosphine (PR3) see Scheme 10.

cat
PR; + MeZSOL> OPR; + Me,S

R = Alkyl, Aryl

Scheme 10. The catalysed oxygen atom transfer from DMSQO to phosphine.

The catalytic oxygen atom transfer properties for this reaction were investigated for
compound 7 as well as for compound 8 under the same conditions. The experiments were
performed at room temperature in DMSO by mixing the catalyst and PPhsin different ratios.
Without catalyst no reaction occurs under these conditions.

The reactions were monitored with **P-NMR spectroscopy. During the reactions only two
phosphorous signals were observed: one for PPh; and one for OPPh; (see Figure 33). During
catalysis for [{MoO,(O(CH;)3S(CH,)30)},] 7 as catalyst the colour of the solution initially
changes from colourless to light blue and back to colourless. For
[{Mo0O,(O(CH,)3Se(CH,)30)}-] 8 as catalyst no colour change was observed at all. For all

catalysed reactions a conversion of 100 % was reached.
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Figure 33. The 3P NMR spectroscopy studies of oxo-transfer reactions of
[{M0O2(O(CH2)3S(CH2)30)}-] (7, @) and [{M0oO2(O(CH,)3Se(CH2)30)}-] (8, b) with PPhg in
DMSO in a ratio of 1:20 cat:PPhs. For clarity only ten spectra are displayed for each

compound.
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Figure 34. UV-Vis spectra of 8 in DMSO with PPh; (Mo:PPh; 1:7.5) monitored 3 h.
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The catalysis with the selenium containing compound 8 which is UV-Vis active was
monitored with this method in one experiment but no significant change of the spectrum was
observed (see Figure 34). An intermediate with the phosphorous compound attached to the
catalyst was detected with neither method indicating that the lifetime of such an intermediate
is too short for observation by NMR and UV-Vis. The development of OPPh; for both

catalysts over time with different catalyst:PPhs ratios is shown in Figure 35.

initial quantity of PPh, initial quantity of PPh,
0.7 - 0.7 -
—— 0.10 mmol —— 0.10 mmol

—a&— 0.20 mmol
—4&— 0.20 mmol

0.6 0.6 —e—0.30 mmol

—*— 0.40 mmol
0.5 —&— 0.60 mmol

04 -

0.3

quantity of OPPhs / mmol
quantity of OPPhs / mmol

0.2 -

0.1 -

0 500 1000 1500 2000 2500 0 50 100 150 200 250 300 350 400
t/h t/h

Figure 35. Development of OPPh; with time for catalyst 7 (left) and catalyst 8 (right) with
different quantitys of substrate (Mo:PPhs; 1:2.5, 1: 5; 1:10, 1:15 and 1:7.5 only for 8) in

DMSO as solvent and second substrate.

The graphs for the reactions with compound 7 as catalyst are slightly sigmoidal (Figure 35).
No such behaviour was observed for the reaction with compound 8 as catalyst. In addition,
due to the similarity of resonance signal of "’Se-NMR spectra for the free ligand (149.82 ppm)
and for the selenium complex 8 (150.18 ppm), we can deduce that at least the molybdenum

selenium bond of complex 8 in solution is no longer intact. The bond length of Mo-S in 7 is
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shorter than Mo-Se in 8, so the bond of the former may be stronger than the latter. We assume
that the bond of Mo-S in 7 is still intact in the solution. Based on the above mentioned,
complexes 7 and 8 may adopt two different catalytical mechanisms. In the catalyzed reaction
by 8, PPh; is bound to one of oxo ligands of compound and at the meantime DMSO
molecules may coordinate to the vacant position of the former Mo-Se bond. Then the formed
OPPh; and DMS leave together. Subsequently DMSO molecules continue occupying the
vacant coordination sites which are formed due to the OPPh;3 leaving and PPhs continues
coordinating to one oxo ligand. Finally with their leaving catalytic cycle is accomplished and
compound 8 is recovered. The catalyzed cycle by compound 7 is carried out as usual. Such
the overall reaction rate catalyzed by 8 is enhanced by a concerted mechanism in comparison
to the molybdenum sulfur catalyst 7 by a consecutive mechanism. We therefore suggest a
consecutive mechanism for 7 and a concerted mechanism for 8 (see Scheme 11). The
observation that the fragility of the molybdenum selenium bond plays a vital role for the
catalytical mechanism correlates with the fact that the formate dehydrogenase from E. coli

also employs a mechanism where the molybdenum selenium bond is broken.*™

Se
AR 52
\

o} + DMSO

.S.
B o) s SN
o | o] T, O o o]l SN, 9
O~ +PPh ~. O~ +PPh o 0
O=MA _MoZ0 e g>lv|| 4 O\lvl|| —o—ppn, OMIL MO0 e 3 \l\/lllo—O—PPh
I ~o | o NG N 3 I >0 0 1~ 1~ 3
0 L o | o N o 0
S o e NS O "\ Ox
Se g STCHs
€
OPPhg OPPh, s
-DMS - OPPh, DMs DMS
,Se\z Se
s .S, SN o +DMSO ™
S o S 0 CH / o
; > CH . > o o 3 +PPh 1
ol | o] S ol | o] o> \rvlnlo—o=s/ s O O]
0=Mg Mo—O—S 0=Mg Mo 1M P Vo
>N AN +DMSO >N | 0, O CHs >N 1T
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Scheme 11. Consecutive (left; probably effective for [{MoO,(O(CH2)3S(CH,)30)}-2] (7)) vs.
concerted mechanism (right; probably effective for [{MoO,(O(CH;)3Se(CH,)30)}-] (8)). The

concerted mechanism shows two conversions, the consecutive mechanism only one.
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Table 15. Kinetic data for the oxo transfer catalysis from DMSO to PPh; with

[{M0O2(O(CH2)3S(CH2)30)}-] (7) and [{M0oO2(O(CH)3Se(CH2)30)}-] (8) as catalysts.

compound  [PPhs] [mol L] Kobs [n™] v [mol L*h™] 1/[PPhs] [Lmol™] 1A [Lhmol?]
7 0.1667 0.0021 0.0002 6.00 6250.00
0.3333 0.0014 0.0003 3.00 3802.28
0.6667 0.0012 0.0004 1.50 2631.58
1.0000 0.0011 0.0005 1.00 2192.98
8 | 0.1667 | 0.0177 | 0.0019 6.00 540.54
0.3333 0.0124 0.0040 3.00 253.16
0.5000 0.0107 0.0033 2.00 306.09
0.6667 0.0096 0.0042 1.50 238.10
1.0000 0.0091 0.0063 1.00 160.00
compound ton [mol mol time to 100% 1/ Kops [h] Kimnax [mol L] Vmax [mol L*
(cat)* h!] conversion[h] h™]
7 0.0070 709.27 476.19 0.5796 0.0007
0.0089 1122.75 714.29
0.0136 1466.48 833.33
0.0154 1947.45 909.09
8 | 0.0350 | 141.53 56.50 0.6058 0.0088
0.0450 215.65 80.65
0.0640 235.10 93.46
0.0780 255.48 104.17
0.0875 342.78 109.89

The sigmoidal behaviour of the catalysis with compound 7 can now be explained by the

assumption that first the transfer of one oxo group to PPhsin comparison with compound 8 as
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catalyst occurs relatively fast. Then the retardation is caused by an equilibrium that is reached
and the reduced molybdenum molecules have to be re-oxidized by DMSO to push the
reaction further. After that the whole process reaches an equilibrium again with permanent
oxidation by DMSO and reduction by PPhs. The obtained data for all catalytical experiments
are summarized in Table 15.

For both compounds the initial velocity of the reactions referring to the PPhs substrate
concentrations is showing Michaelis-Menten type kinetics. Kmax and Vmax Were determined by

Lineweaver-Burk diagrams (see Figure 36).
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Figure 36. Lineweaver-Burk diagrams for [{Mo00O,(O(CH,)sS(CH2);0)},] 7 and

[{MoO,(O(CH2)3Se(CH,)30)}-] 8 as catalysts dependent on the concentration of PPhs.

The turnover numbers (ton [(mol substrate) - (mol catalyst)™ - time™]) are increasing with the
substrate concentration as well. Interestingly the kons determined from exponential fits
([OPPhs]/[PPhs]o=1-exp(-kops't)) Show a reverse behaviour and are decreasing with the
substrate concentration (Figure 37). This is unusual and an indication that with high PPh;

concentrations there is a stronger competition between PPh; (and/or DMS) and DMSO for
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binding to the molybdenum center even though an intermediate like [Mo0,O3(OPPh3)
(O(CH,)3X(CH)30)2] (X = S, Se) was not observed with P NMR nor with UV-VIS

spectroscopy.
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Figure 37. Graphs for the 1/kqps dependency on 1/[PPhs] for [{MoO,(O(CH,)3S(CH,)30)}.] 7

and [{MoO,(O(CH;)3Se(CH,)30)}-] 8 as catalysts.

The overall long reaction times as well as the large Michaelis constants suggest that the
stability of the catalyst-PPhs complex is rather low and therefore only a very small amount of
theses complexes present during catalysis. This is supported by the fact that the
UV-Vis-spectra of compound 8 obtained at various intervals during the catalysis show no
significant changes and only a variation of the extension by some 2 to 3 percent (Figure 34).
The more or less identical Michaelis constants for both catalysts further show that the
catalyst-PPh; complexes are of almost the same stability for 7 and 8 even though the
performance of both catalysts is very different. This is another indication that two different
mechanisms may be effective.

Both catalysts perform rather poorly in comparison with other oxygen atom transfer catalysts
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based on molybdenum.™®"1>17¢] Byt the important observation here is that the selenium
containing molybdenum compound 8 is a better catalyst for the oxygen atom transfer than the
sulfur containing compound 7 under identical conditions probably due to the fact that the
bond between molybdenum and selenium is more fragile. Interestingly no DMSO reductase
with selenocysteine coordinated to the metal center was found so far.

The obtained data suggests that the catalytical performance and mechanism of both
compounds are strongly influenced by an exchange of ligand atoms sulfur versus selenium

even though no strong influence on other investigated properties could be observed.

2.7.2. Catalytic oxo-transfer reactivity of 10

The mononuclear dioxo molybdenum complexes as models of the active sites of
molybdopterin-containing OATs usually have good oxo transfer catalytic abilities.'*"198174 |t
IS very interesting to investigate what would be the effect of the formation of mononuclear
complex and the introduction of a siloxy group upon the capacity to transfer an oxygen atom
to a substrate. Herein, the catalytic properties of compound 3 and 10 for the oxygen atom
transfer reaction from DMSO to PPhs were investigated according to Scheme 10 under the
exact same conditions. The experiments were performed at room temperature in dry
deoxygenated DMSO-djs solutions containing 2x10™ mol PPh; and 2x10™ mol 10 or 1x10”
mol 3 (due to 3 is a dimer). The reactions were monitored by *P NMR spectroscopy. Catalyst
10 oxidized 100% of PPhs within about 4 days, whereas catalyst 3 only catalyzed 24%
oxidation of PPh; within 20 days. The development of conversion of PPhs to OPPh; for 10

over time is shown in Figure 38. The mononuclear compound with silyloxide 10 shows much

higher catalytic activity than its dimeric precursor 3, which indicates that the formation of
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mononuclear molybdenum and the introduction of a siloxy group enhance the catalytics
ability of the compound. No reaction occurs without catalyst under these conditions. In both
cases, the color of the solution remained unchanged, indicating the equilibrium on the side of
the dioxo molybdenum species. The obtained data suggests that the catalytical performance of
both compounds is strongly influenced by mononuclear versus binuclear compound even
though no strong influence on the structures in one molybdenum atom could be observed.

Usual formation of a dimeric product is avoided by sterically demanding ligands.
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Firure 38. Conversion of PPh; to OPPh3 with time for catalyst 10 and 3.

Furthermore, the kinetics of oxo-transfer reaction from DMSO to PPh; catalyzed by 10 with
2.5-15 equiv of PPh3 in 0.6 mL DMSO-ds solution were investigated. The conversions for the
oxidation of PPh3 to OPPh; by DMSO for catalyst 10 with different catalyst:PPh; ratios are
shown in Figure 39. 100% conversions were accomplished almost at the same time for the
four different ratios of the catalyst 10 and PPhz. No colour changes were observed during the

whole catalytic reactions under the different ratios of 10 and PPhs;. The observed rate
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constants (kobs) Were obtained from the exponential fit ([OPPhs]/[PPhs]o=1-exp(-kobs't)). They
are 0.0013 min™, 0.0010 min™*, 0.0010 min™ and 0.0012 min™ for the ratios of 10:PPhs, 1:2.5,
1:5, 1:10 and 1:15, respectively. The kops for the four ratios are approximately the same and
irregular with the concentrations of the substrate PPhs. The increases in the concentration of
PPh3 have no significant effect on the reaction rate. This result at least is an indication that the

catalytic activity of 10 is independent from the concentration of PPhs in the investigated

range.
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Figure 39. Oxidation of PPh; to OPPhs by DMSO-d; at r. t. with time for catalyst 10 with

different quantitys of substrate (Mo:PPh; = 1:2.5, 1:5, 1:10 and 1:15).

2.7.3. Catalytic oxo-transfer reactivity of 11-14

In order to assess the oxo transfer behavior of the complexes with phenol containing ligands a
series of reactions were carried out with 11-14. Herein we used two biological substrates,
nitrate and dimethyl sulfoxide (DMSO), as oxidizer, and phosphines (PPhs) as reducing

substrate.
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First of all, the catalytic properties for the oxygen atom transfer reaction from NO;3" to PPhs

were investigated for compounds 11-14 under the exact same conditions according to Scheme

12.

MO, LX
PR; + NOj M» OPR; + NOy

Scheme 12.

Nitrate reduction by PPhs in the presence of molybdenum complexes as catalysts is well
known."®1 In our investigation, the catalytic system involved complex (11-14), PPh; and
(BusN)(NO3) with a ratio 1:10:20 in CDCl; at room temperature. PPhs consumption and
OPPh; production were confirmed by *'P NMR spectroscopy. Without catalyst no nitrite is
produced under these conditions. At the initial stage 0-5795 min (Figure 40 (a)) catalytic
reactions were carried out without colour change for all solutions, which demonstrate that the
catalytic cycles were performed corresponding to the reactions 1 and 2.

MV'o,L + PPhy == M'OL + OPPh; (1)

MVOL +NOs = MVIO,L+ NO,;  (2)

2. —=*—Mo-S1l

—e— Mo-Se 12
—— W-S 13
16 4 —>— W-Se 14

conversion / %
=
o

0 2000 4000 6000 8000 10000

t/ min

(a)
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Figure 40. Conversion of PPh; oxidized by NOj3 with time for complexes 11-14. (a) the

initial stage; (b) the whole process.

In this stage, the conversion of PPhs to OPPh; reached 15% for catalyst 11, while the
conversions catalyzed by 12, 13 and 14 were lower and only reach 6% for 12, 4% for 13 and
14. At ca. 5795 min, the curves of 13 and 14 intersect. The conversions decreased according
to this sequence: [MoO2L"] (11) > [MoO,L*] (12) > [WO,L®] (13) > [WO,L*] (14). This
maybe is an indication that molybdenum compounds have much better catalytic activity than
their tungsten analogues and sulfur containing compounds are better catalysts than their
selenium containing analogues at least for this kind of compounds. Hereafter all reactions
were accompanied by a gradual color change. The solution for 11 changes from dark purple
finally to yellow-red, for 12 from dark purple to yellow and for both 13 and 14 from deep red
to light red. The overall development of the conversion of PPh; to OPPh3 with time is shown
in Figure 40 (b). The increases of conversion of PPh; to OPPh; for the four compounds are
very slow, especially for tungsten compounds 13 and 14 (lower than 10%), and almost tend to

level. The developing trend combined with the color change is probably caused by the
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formation of u-oxo dimers in reaction 3.
@) @)
MVlo,L + MVoL= | |\|/||V—o—|I\I/|V|_ (3)

Due to the presence of an equilibrium in reaction 3, PPhs will be oxidized slowly. When the
equilibrium of the whole process is reached, the conversion of PPhs will be maintained at a
constant level.

As a further example of the reactivity complexes 11-14 were treated with 2.5-15 equiv PPhs in
degassed, dry DMSO-ds solution, respectively. The developments of the PPh; to OPPh; for
catalysts 11-14 over time with different catalyst:PPh; ratios are shown in Figure 41. In this
case, compounds 11 and 13 catalyzed completely the reaction of PPh; to OPPh; considerably
fast with different quantities of substrate except for the ratio of 11:PPh; = 1:15 (Figure 41 (a)
and (c)). They were all accomplished within 25 min and no colour changes were observed.
Exceptively, the catalytic reaction of 11 with 15 equiv PPhs exhibited different behavior. The
solution started with a colour change from dark purple to brown at about 50% conversion
(Figure 41 (b)), which can be likely attributed to the formation of a x-oxo dimer. A conversion
of 100% was reached for all catalyzed reactions by 14 in which PPh; was completely oxidized
with in 27 h (Figure 41 (d)). They show no colour change, either. However, both oxo-transfer
reactions catalyzed by 12 with two different ratios of catalyst and PPh; exhibited the same
behavior. First the conversion of OPPh; developed relatively fast within 10% conversion.
After that the colour of solutions changed gradually from dark purple to red-yellow and the
conversion increased very slowly, which can also be explained by the formation of a u-0xo

dimer as well.
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Figure 41. Conversion of PPh; oxidized by DMSO with time with different catalyst:PPhs

ratios (a) and (b) for complex 11, (c) for complex 13, (d) for complex 14 and (e) for complex
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12.

The kops Values determined from exponential fits (JOPPhs]/[PPhs]o=1-exp(-kopst)) were
calculated for all reactions catalyzed by 11-14 (for the reactions in which x-o0xo dimers were
formed the kqps Was calculated at the initial stage). In Figure 42, koys Values are represented vs.
PPhs concentration. The trace in Figure 42 indicates that the reaction rate decreases as the
PPhs concentration increases, attaining a constant value. Further increases in the

concentration of PPhs have no effect on the reaction rate.
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Figure 42. Dependence of the kqps ON the concentration of PPh; in DMSO for 11-14.

Through the comparison with the kqps Values under the same ratio of catalyst and PPhs in
DMSO for 11-14, we can conclude that in this kind of catalytic reactions, tungsten
compounds show better catalytic behavior than molybdenum analogues, and sulfur containing
compounds have higher catalytic ability than selenium analogues.

Interestingly, the exchange of metals (Mo and W) causes a different influence on the catalytic
abilities of compounds for NO3” and DMSO as the oxiding substrates. The replacement of

sulfur by selenium in ligands makes the compounds have accordant catalytic behaviors for the
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two substrates. The catalytic properties of molybdenum 11 and 12 for the oxygen atom
transfer reaction from DMSO to PPh; are reverse to those of complexes 7 and 8, which may
be due to the influences of two phenolate groups in ligands on the coordinations of S or Se to
molybdenum atom. In general, the four compounds catalyze the oxygen atom transfer reaction

from DMSO to PPhs much more effective than from NOj3™ to PPhs.

2.7.4. Catalytic oxo-transfer activities of 15 and 16

Generally speaking, dioxomolybdenum(V1) complexes are extensively employed as excellent
catalysts for oxo transfer reactions as introduced above. A frequently used model reaction is
the oxidation of triphenylphosphine by DMSO. The formation of u-oxo-dimers during the
reduction of MoO, complexes is normally considered to be capable of breaking any catalytic
cycle unless there is an equilibrium between the dimer of the M¥'0, complexes and a M'VO
species. However, the formation of u-oxo-bridged dimers dose not necessarily exclude
reversible oxo-transfer reactions. The reactivity itself to oxygen atom transfer in some
casest! "8 has been considered. The molybdenum(V) compounds may be oxidized by a
common oxidizing agent, such as DMSO, Ph,SO and pyridine N-oxide. The reversibility of
the oxo-transfer reactions involving dinuclear oxomolybdenum(V) complexes sometimes
strongly depends on electronic features of the ligands rather than steric effects.!**

In order to assess to oxo transfer behavior of such complexes, oxo-transfer reactions of the
molybdenum(V) compounds 15 and 16 were studied by the use of PPhz in DMSO under the
exact same conditions. The experiments were performed at room temperature in dry

deoxygenated DMSO-ds by treating the catalyst 15 or 16 with 10 equivalents of PPh; (2x10™

mol) in NMR tube. The reaction were monitored with *P-NMR spectroscopy. During the
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reactions only two phosphorous signals were observed: one for PPh; and one for OPPhs.
During the catalytic process for 15 as catalyst the reaction solution changed rapidly its colour
from deep red to yellow at the beginning of the reaction (about 7 min). Thereafter the colour
of the solution remained yellow and unchanged. For 16 as catalyst the colour change from
deep red to green yellow finally to light brown was observed as well, but the change was
slower in comparison to that for 15. When the reaction carried out to about 6677 min, the
colour change stopped and the colour light brown was kept to the end of the reaction. The
colour change for both reactions can be probably elucidated by the following assumptions
(reactions (4) and (5)):

MoV,0sL4 + DMSO —> 2Mov'O,L, + DMS 4)

2Mov'o,L, + PPhy  —> MoVY,05L, + OPPh, (5)

First, oxidations of the oxomolybdenum(V) complexes occur according to reaction (4). The
possibility was well illustrated by previous reports.'*21"178] Another useful information can
be provided by the observation that the colors of the solutions for 15 and 16 in DMSO also
change from deep red to yellow and light brown, respectively. Subsequently, the reduction of
the mononuclear dioxomolybdenum(VI1) compounds, achieved by the reaction with PPhs,
leads to dinuclear p-oxomolybdenum(V) complexes (reaction (5)). This process has been
conformed for 1543 and some dinuclear molybdenum(V) complexes™’”. Due to a large
excess of DMSO in contrast with PPhs, the dinuclear u-oxomolybdenum(V) complexes and
PPhs thoroughly converted to mononuclear dioxomolybdenum(VI1) complexes and OPPhs,
respectively. The similarity of the colour change between the catalytic reaction mixtures and
the solutions of only complexes in DMSO also provides the favourable evidence for the above

assumption. The entire process can be summarized in Scheme 13.
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DMSO Mo,05* OPPh,

DMS 2 MoO,?* PPh,

Scheme 13.

The development of the conversion of PPh; to OPPh;3 for both complexes 15 and 16 over time

is shown in Figure 43.
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Figure 43. Oxidation of PPh; to OPPh; by DMSO-ds at r. t. as a fouction of time for 15 and

16.

The PPh; was completely oxidized in only 1497 min (about 1 day) for 15, whereas it took
12801 min (nearly 9 days) for 16. The thionato containing complex 15 shows considerably
higher catalytic activity than its selenolato containing analogue 16. The function of the
reactions for 15 and 16 is almost linear. These suggest that the catalytical performance of both

compounds is strongly influenced by an exchanged of ligand atoms sulfur and selenium even
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though no strong influence on the structures could be observed. This catalytic behavior of 15
and 16 is disparate from that of 7 and 8 shown above. This can possibly be attributed to the
following reasons. On the one hand, the two ligand systems are different although they
contain sulfur or selenium atoms. On the other hand, the reaction mechanisms are different

due to the disparity of oxidation states of the molybdenum center even though they are all

dinuclear complexes.
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3. Summary and Outlook

3.1. Summary

Molybdenum and tungsten can be found at the active sites of the molybdopterin-containing
oxygen-atom-transfer enzymes (OATs)**!. The distribution of the metals is quite interesting;
molybdenum is found mainly in mesophilic organisms while tungsten is found mainly in
thermophilic and hyperthermophilic microorganisms. Another interesting diversity of these
enzymes is that in the DMSO reductase family!”! (molybdenum enzymes with two
molybdopterin ligands) the metal is bound to the peptide moiety through either serine (0)"?,
cysteine (S)P*?)] selenocysteine (Se)**! or aspartate (O, mono- or bidentate)™*”). However, until
today the reasons for the distribution of the two metals and the selectivity of the different
types of amino acid ligands in these enzymes are unknown. In order to obtain more insight
into these questions we have synthesized and characterized corresponding molybdenum and
tungsten complexes as functional models by replacing molybdenum by tungsten, varying the
ligand atoms (O/S/Se) and investigated their structural, electrochemical and oxygen atom
transfer properties.

First of all we investigated tungsten complexes with neutral sulfur and oxygen donor ligands.
WO,Cly[MeS(CH),SMe] (1) and [WO,CL(THF)]s (2) were obtained by an analogous
method to the preparation of WO,Cl, (DME)"?). A structural and electrochemical comparison
of 1 with the recently published analogous molybdenum compound and the DME analogs of
molybdenum and tungsten was undertaken. Their structures are almost identical. The
molybdenum compounds have potentials that are higher than their tungsten analogs and the

complexes with sulfur ligand atoms have potentials that are higher than their counterparts
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with oxygen ligand atoms. Changing the metal atoms has a much more significant influence
on the redox potentials than changing the ligand atoms. However, these differences of the
redox potentials are all small. The obtained crystal structure of 2 confirmed a previous
deduction'”® and exhibited a novel tetrameric structure, which is different from two published

tetrameric tungsten complexes® 2.

cli21)
Py
@&

The second part of this work mainly focused on the molybdenum and tungsten complexes
with tridentate bis anionic thioether and selenoether ligands. The simple replacement of
acetylacetonate ligands in precursors MO,(acac), (M = Mo, W) by alkali salts of alkoxylates
containing a thio- or selenoether function resulted in the formation of compounds
[{MoO,[O(CH,),S(CH2)201}] 3, [{WO2[O(CH,),S(CH2)201}3] 4 and
[{MO,[O(CH>)2Se(CH»)20]}n] M = W (5), Mo (6)). Crystal structures of 3 and 4 were
obtained. Interestingly the former gave a dimeric and the latter a trimeric complex. For 3 and
4 as well as for the virtual molybdenum trimer and the tungsten dimmer, DFT calculations
were performed in order to better understand the formation of two significantly different
complexes for molybdenum and tungsten with the same ligand and by the same preparation

method. A result can be made that molybdenum forms the dimeric structure, because it is able
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to keep both of the doubly bonded oxo ligands, and that tungsten forms the trimeric structure
because it is able to form a stronger metal-sulfur interaction. In order to evaluate the
influence of the metal and of the ligand atoms (S versus Se) on the redox properties,
compounds 3, 4, and 5 were investigated by differential pulse voltammetry (DPV). The redox
processes MV ->M" and MY«>M"" for the molybdenum compound are at a higher voltage
than those for the respective tungsten compound, and those for the tungsten—selenium
compound are at a higher voltage than those for the tungsten—sulfur compound. An

irreversible third redox process is caused by a structural reorganization of the molecule which

takes place at ligand atoms.

Furthermore, by introduction of another CH, group into the ligands backbones,
bis(3-hydroxypropyl)sulfide and selenide were used as ligands to obtain a more flexible
ligand system able to form stronger Mo-S and Mo-Se bonds. Molybdenum selenoether
complex [{MoO,[O(CH;);Se(CH);0]}2]  (8) and its thioether  analogue
[ {M0O,[O(CH;);S(CH>)301} 2] (7) as well as its tungsten analogue
[{WO,[O(CH;)3Se(CH>)30]}4] (9) were synthesized by similar synthetic methods. Crystals of

7 and 8 appear to be isomorphous and their electrochemical properties were compared. The
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metal centered redox process (Mo'«—Mo"") is at lower voltage for 7 than 8. The several
attempts to prepare the thioether analogue of 9 failed. The reaction of WO,(acac), with
bis(3-hydroxypropyl)sulfide in a molar ratio of 1:1.2 in refluxing acetonitrile led to the

formation of [WgO;9(O(CH,);S(CH;);0)s(acac)s] (20), an unprecedented polyoxotungstate.

The molecular structure of 20 was analysed.

c(61)

20

The monomerization of the dinuclear molybdenum(VI) dioxo complex 3 was achieved by a
silylation reaction and generated the mononuclear molybdenum(VI) dioxo complex,
[M0O,(O(CH,),S(CH,),OH)(OSiBu'Ph,)] (10). The X-ray crystallographic study of 10

revealed that the structure of 10 has the same ligand positions as in the moiety of 3 and the
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silyloxide is in place of one of the former bridging oxygen atoms.

10

In the third part tridentate bisphenol ligands containing [O,X,0] donor atoms (X = S or Se)
were used to generate novel molybdenum and tungsten complexes. The reaction of
MO;(acac), with the ligands 2,2’-thio(or seleno)bis(4,6-di-tert-butylphenol) afforded
complexes [MoO,L®] (11), [MoO,L*] (12), [WO,L®] (13) and [WO,L*] (14). Crystals
suitable for X-ray diffraction could not be obtained. All analysis data characterized well the
desired complexes 11-14.

The fourth part of this work was focused on studies of molybdenum complexes with ligands
containing S, Se and N donor atoms. Molybdenum complexes with bidentate heterocyclic
thiones and selenones, [M0,03(PyS)4] (15), [M0,03(PySe)4] (16) and [M0,03(4-CF3-PymS),]
(17), were all obtained by the similar reactions of the corresponding lithium thionates or
selenatos with the molybdenum precursor [MoO,CI;(DME)] at -30 °C. They all formed
dinuclear p-oxomolybdenum(V) species maybe due to the corresponding ligands acting both
as a reductant and as a ligand in the reactions. The crystal structures of 15, 16 and 17 include

the common [Mo,O;3]*" core. 15 and 16 are isomorphous. Their tungsten analogues

[WO,(PyS),], [WO,(PySe),] and [WO,(PymS),] were also synthesized and evidenced by EI
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mass spectra, however the pure products can not be obtained.

C4)  c©)

17

All substances 1-21 have been fully characterized by analytical and spectroscopic techniques.
The solid state structures of the following compounds have been determined by means of
X-ray diffraction studies: WO,CLL[MeS(CH,)SMe] (1), [WOCl(THF)]s (2),
[{MoO2[O(CH>),S(CH,),0]}-] (3), [{WO2[O(CH:).S(CH,):0]};5] (4),
[{MoO,[O(CH,);S(CH:)30]}>] (), [{MoO,[O(CH,);Se(CH,)30]} -] (8),
[M0O,(O(CH;)28(CH,),OH)(OSiBu'Phy)] (10), [M0,05(PyS)a] (15), [M0,03(PySe)s] (16),
[M0,05(4-CF3-PymS)s]  (17),  [H:C]o[MogO1]  (18),  [H:C[WeO19]  (19),

[W5016(O(CH,)3S(CH,)30)s(acac)s] (20) and MoOx(dipic) (21).
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Catalytical properties for oxygen atom transfer reaction were investigated in the last part. The
oxygen atom transfer properties of 7 and 8 (though rather poor) are surprisingly different. At
least for the transfer of one oxygen atom from DMSO to PPh; the selenium containing
compound 8 is a better catalyst than the sulfur containing compound 7. They probably employ
different mechanisms, a consecutive mechanism for 7 and a concerted mechanism for 8. The
mononuclear compound with silyloxide 10 exhibits much higher catalytic activity than its
dimeric precursor 3. The kinetics of oxo-transfer reaction from DMSO to PPhs catalyzed by
10 with different catalyst:PPh; ratios were investigated. The results indicate that the catalytic
oxo-transfer reactivity of 10 is not influenced by the concentration of PPh; in the investigated
range. The catalytic oxo-transfer properties of 11-14 were investigated by oxo-transfer
reactions from nitrate to PPh; with a ratio of complex (11-14):PPh;:(BusN)(NOs) = 1:10:20
and from DMSO to PPh; with different catalyst:PPh; ratios. For the catalytic reaction from
nitrate to PPh; molybdenum compounds have much better catalytic activity than their
tungsten analogues and sulfur containing compounds are better catalysts than their selenium
containing analogues at least for this kind of compounds with phenol containing ligands. For
the catalytic reaction from DMSO to PPh; tungsten compounds show better catalytic behavior
than molybdenum analogues, and sulfur containing compounds have higher catalytic ability
than selenium analogues. In comparison, the four compounds catalyze the oxygen atom
transfer reaction from DMSO to PPh; much more effective than from NO; to PPh; and the
influence of the concentration of PPhs on the reaction rate at high concentration range is not
very significant. The catalytic oxo-transfer abilities of the molybdenum(V) compounds 15 and
16 were studied by the use of PPh; in DMSO. The thionato containing complex 15 shows

considerably higher catalytic activity than its selenolato containing analogue 16. All the
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catalytical studies for oxo-transfer reactions indicate that an exchange of ligand atoms sulfur
versus selenium of the same ligand system can cause different mechanisms and certainly
different activities even though no strong influence on other investigated properties could be

observed.

3.2. Outlook

This thesis concentrates on investigating synthesis, characterization, redox potential and

catalytic oxo-transfer properties of molybdenum and tungsten complexes with sulfur and

selenium containing ligands as functional models of the molybdopterin- containing OAT
enzymes. These results lead to a general extension of this work as follows:

(1) A novel way for the formation of a mononuclear molybdenum(VI) dioxo complex from a
dinuclear complex by an uncommon silylation reaction provides the possibility for the
monomerization of other dimeric and trimeric compounds presented in this thesis.

(2) The terminal oxo ligands or the silyloxide group of mononuclear complexes could be
rendered as reactive sites which may be substituted by other ligand systems to generate

novel complexes.
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4. Experimental Section

4.1. General Procedures
All manipulations were carried out under a purified dry nitrogen atomsphere using standard

[179

Schlenk techniques'' "), All glassware used in all the manipulations was oven-dried at 150 °C

for at least 24 h, assembled hot and cooled under high vacuum prior to use. All solvents were

(1801 (dichloromethane

distilled prior to use under nitrogen using conventional drying agents
over CaH,, toluene over sodium/benzophenone ketyl and diphenylether, hexane over
potassium/sodium/benzophenone  ketyl and  diphenylether,  diethylether = over

sodium/benzophenone ketyl, tetrahydrofuran over potassium /benzophenone ketyl, methanol

over Mg(OMe), and DMSO distilled) and were stored over 4-A molecular sieves.

4.2. Physical Measurements

Melting points were measured in sealed glass capillaries on a Biichi B-540 melting point
apparatus and are not corrected.

Elemental analyses were performed by the Analytisches Chemisches Laboratorium des
Instituts fiir Anorganische Chemie der Universitit Gottingen.

IR spectra were recorded as KBr pellets on a Bio-Rad Digilab FTS-7 spectrometer from 4000
to 300 cm . In most cases all the absorption (weak to very strong) are listed.

NMR spectra were recorded on Bruker Avance 200, Bruker Avance 300 and Bruker Avance
500 NMR spectrometers. Chemical shifts are reported in ppm with referenc to external
standards, SiMe, for 'H, *C and »’Si nuclei, SeMe, for ’Se nuclei and 85% H;PO, for °'P

nuclei. Downfield shifts from the reference are quoted positive, upfield shifts are assigned
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negative values. Heteroatom NMR spectra were recorded 'H decoupled. All NMR-grade
solvents were dried prior to use. If not otherwise stated, the operation temperature was in the
range from 293 to 300 K. The symbols are assigned as follows: s = singlet, d = doublet, t =
triplet, q = quartet, sept = septet and m = mutiplet.

Mass spectra were obtained with a Finnigan MAT system 8230 or Varian MAT CHS5
instrument (70 eV) by EI-MS methods.

UV/Vis samples were prepared in a well-maintained glove-box with dry solvents and
measures on a Varian Cary 5000 spectrophotometer.

The susceptibility measurements were carried out with a Quantum-Design MPMS-5S SQUID
magnetometer in the range from 295 to 395 K at 5000 G. The powdered samples were
contained in a gel bucket and fixed in a nonmagnetic sample holder. Each raw data file for the
measured magnetic moment was corrected for the diamagnetic contributions of the sample
holder and the gel bucket.

X-ray crystal structure determinations and refinements. Crystallographic data for compounds
1, 3,4, 7, 10, 15, 16 and 17 were collected on a STOE IPDS II array detector system with
four-circle instrument and the diffraction data for the compounds 2, 8, 18, 19, 20 and 21 were
measured on a Bruker AXS instrument using graphite-monochromated Mo-Ka (A = 0.71073
A) radiation. The data for all the compounds were collected at low temperature except for 1
(for exact values see Tables in section 6). The data reduction and space group determination
were carried out using Siemens SHELXTL program.!'®" All structures were solved by direct
methods (SHELXS-97) " and refined with all data by full-matrix least-squares methods on
F* using SHELXL-97.'" All non-hydrogen atoms were refined anisotropically, and

hydrogen atoms were attached at idealized positions on carbon atoms with Ui, related to the
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Uiso of the parent atoms and were refined with the riding model, or by difference Fourier
synthesis and refined with isotropically. The various advanced features (e.g. restraints and
constraints) of SHELXL programs were used to treat the disordered groups, lattice solvents
such as THF, and the hydrogen atoms. The crystal data for all compounds along with the final

residuals and other pertaining details are tabulated in Section 6.

4.3. DFT calculations

All calculations for compounds 3 and 4 have been carried out with the Gaussian GO3!'*¥
program package using the implemented DFT variant B3LYP!*>'%] (Becke three-parameter
exchange functional B3 and the Lee-Yang-Parr correlation functional LYP). A basis consisting
of the well established small core ECP'"*\(for Mo and W), 3-21g"® (for carbon and
hydrogen) and following a proposal by K. Peterson, ['**'*°! a modified 6-31G basis including
double diffuse functions [6-31G(d', p')] to give a suitable description of the lone pairs on
oxygen and sulfur was used.

All structures were fully optimized without employing any symmetry constraints. The starting

geometries were taken from experimental data. Analytical frequency calculations were

performed to verify these structures as local minima.

4.4. Electrochemistry

Electrochemical measurements were performed with an AUTOLAB PGSTATI2
potentiostat/galvanostat with a glassy carbon working electrode, a platinum wire reference
electrode, and a platinum wire auxiliary electrode, in acetonitrile solutions within a glove box

under argon. The supporting electrolyte was BusNPFs (0.1 M) used as received from Fluka.
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Acetonitrile used for the electrochemistry was predried with CaCl,, dried by reflux over CaH,
for 2 d, and distilled onto freshly regenerated molecular sieves 3 A. Referencing was done
internally using the ferrocene/ferrocenium couple. The temperature during the measurements
was controlled with a Julabo refrigerated/heating circulator FP50-MV at 25 °C. The solutions
were prepared within a glove box by dissolving the BusNPF; electrolyte (10~ mol) and the
compounds (10° mol for 1, [MoO,Cl,(MeS(CH,),SMe)], [MoO,Cly(DME)],
[WO,Cly(DME)], 3, 4 and 5; approximately 10 to 10" mol for 7 and 8) in acetonitrile (10
mL) to give solutions (10* M for 1, [MoO,Cl,(MeS(CH:),SMe)]'"), [MoO,Cl,(DME)]"*!,
[WO,CL(DME)]"®, 3 and 4; 10° to 10° M for 7 and 8). For reasons of poor solubility,

compound 5 could only be prepared as an approximately 0.5x10> M solution.

4.5. Catalytic oxo-transfer reactions

In sealed NMR tubes a catalyst (0.02 mmol for 7, 8, and 10-14) and PPh; in different
quantitys (0.10, 0.20, 0.40, 0.60 mmol for 7; 0.10, 0.20, 0.30, 0.40, 0.60 mmol for 8 and 0.05,
0.10, 0.20, 0.30 mmol for 10-14) were mixed in degassed, dry DMSO-ds (0.6 mL) solution,
respectively. The reactions were monitored by *'P NMR spectroscopy.

The oxygen atom transfer reactions of compounds 7 and 8 of 0.02 mmol with 0.04 mmol PPh;
(Mo:PPh; ratio of 1:1) in 0.6 mL CDCl; as solvent were carried out in sealed NMR tubes and
were monitored by >'P NMR spectroscopy.

A 1:10 (1:20 for 3) mixture of catalyst (0.02 mmol for compounds 15 and 16, 0.01 mmol for 3)
and PPh; (0.20 mmol) in degassed, dry DMSO-ds (0.6 mL) in a sealed NMR tube was
minitored by *'P NMR spectroscopy. The same procedure was applied to 11-14 with the

difference that DMSO-ds was replaced by 0.40 mmol (BusN)(NO3) and 0.6 mL CDCls.
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4.6. Starting materials

Commerically available chemicals were purchased from Fluka or Aldrich and used as
received. (Me3Si),O and Bu'Ph,SiCl were freshly distilled prior to use. The other compounds
used in this thesis were prepared according to published procedures: [MoO,Cl,(DME)]'"*!Y,
[WO,ClL,(DME]"®,  [M0O,Cl,(MeS(CH,),SMe)]"®,  WOCL™'"  MeSCH,CH,SMe!"?,
[WOz(acac)z][64], bis(2-hydroxyethyl)selenide[]93], [MoOz(acac)z]“94],

(1931 3,4-dimethyl-N,N’-bis-isopropylimidazolyl carbene

bis(3-hydroxypropyl)selenide
([CN(iPr)C,Me,N(Pr)])!), [MoO,ClL,]1", [WO,CL ], H,L®
(2,2’-Thiobis(4,6-di-tert-butylphenol))!' '), H,L%¢ (2,2’-Selenobis(4,6-di-tert- butylphenol))!’!),

PySeH!"?.

4.7. Syntheses of compounds 1-21

4.7.1. synthesis of WO,Cl,(MeSCH,CH,SMe) (1)

Liquid (MesSi);O (0.341 g, 2.10 mmol) was added to a suspension of freshly sublimed
WOCly (0.68 g, 2.00 mmol) in CH,Cl, (20 mL). The orange crystals were slowly consumed
to give a yellow solution. After stirring for approximately 1.5 h at room temperature, a light
yellow solid precipitate was obtained. A solution of MeSCH,CH,SMe (0.366 g, 3.00 mmol)
in CH,Cl, (10 mL) was added, and the reaction mixture was stirred overnight and filtered to
remove the brownish precipitate. The clear yellow filtrate was concentrated at room
temperature in vacuo until the solid began to precipitate. After keeping this solution at 4 °C
overnight colorless crystals were obtained. The crystals were collected on a filter, washed

once with diethyl ether (5 mL), and dried in vacuo. Yield: 0.53 g, 65%. M.p. 128-130 °C.
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C4H;oC1,S,0,W (407.90): caled. C 11.75, H 2.46; found C 11.95, H 2.54. IR (KBr): v =
3013 (m), 2966 (m), 2933 (m), 1868 (w), 1618 (w), 1424 (m), 1326 (w), 1259 (s), 1179 (W),
1145 (w), 1099 (m), 1028 (m), 956 (vs), 917 (vs), 883 (s), 841 (s), 803 (s), 646 (s), 444 (W),
363 (m), 344 (vs) cm . EI-MS (70 eV): m/z (%) = 409 (1) [M'], 288 (100) [WO,Cl,]", 251

(49) [WO,CIT", 255 (12) [WCL]".

4.7.2. synthesis of [WO,Cl,(THF)]4 (2)

The compound was prepared using the same procedure described for 1, WOCly (0.343 g, 1.00
mmol) in CH,Cl, (25 mL), (MesSi),0 (0.174 g, 1.00 mmol) and THF (0.216 g, 0.264 mL,
3.00 mmol). The reaction mixture was stirred overnight and filtered to remove the pale blue
precipitates. The clear blue filtrate was concentrated at room tempe. in vacuo to about 10 mL,
5 mL diethyl ether was added. After keeping this solution at -30 °C overnight colorless
crystals formed. The crystals were collected on a filter, washed once with diethyl ether (5 mL)
and dried in vacuo. Yield: 0.19 g. 53%. Mp: 185 °C dec. Elemental analysis: calcd. for
Ci6H32ClIs01, W4 (1435.45): C 13.39, H 2.25, CI 19.76; found: C 13.50, H 2.45, C1 20.08; IR
(KBr): v =2962 (s), 1614 (m), 1446 (w), 1345 (w), 1297(w), 1261 (m), 1176 (w), 1088 (m),
988 (s), 802 (s), 639 (vs) cm'; EI-MS (70 eV): m/z (%) = 288 (100) [WO,CL]", 251 (50)

[WO,CI]", 200 (10) [WO,]".

4.7.3. synthesis of [ {Mo0O,[O(CH;),S(CH,)201}2] (3)
Bis(2-hydroxyethyl)sulfide (0.25 g, 2.05 mmol) was added to a stirred solution of
MoOs(acac), (0.65 g, 2.00 mmol) in CH,Cl, (20 mL) at room temperature. The reaction

mixture was stirred for 24 h. A small amount of white precipitate was filtered off, and the
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solvent was removed in vacuo. The residue was extracted with n-hexane (20 mL) and stored
at room temperature for several days to yield colorless crystals. Yield: 0.10 g, 41%. M.p. 190
°C. CgH;605S,Mo; (499.84): caled. C 19.36, H 3.25; found C 19.61, H 3.26. IR (KBr): v =
1460 (m) 1415 (m), 1403 (m), 1368 (s), 1305 (w), 1277 (m), 1263 (m), 1218 (w), 1181 (w),
1069 (s), 1041 (s), 1025 (s), 997 (m), 936 (m), 910 (m), 802 (s), 723 (m), 694 (w), 651 (W),
571 (m), 530 (m), 475 (m), 396 (m), 360 (s) cm '. 'H NMR (CDCls, 200 MHz): § = 2.31 (1),
3.36 (t) ppm. EI-MS (70 eV): m/z (%) = 248 (11) [{MoO,[O(CH,),S(CH,),0]} ], 216 (40)

[ {Mo[O(CH,),S(CH,),0]} 1.

4.7.4. synthesis of [{WO,[O(CH:),S(CH,)201]}3] (4)

Bis(2-hydroxyethyl)sulfide (0.12 g, 1.00 mmol) was added to a stirred solution of WO;(acac),
(0.41 g, 1.00 mmol) in CH,Cl, (20 mL) at room temperature The reaction mixture was stirred
for 24 h. The white precipitate was filtered off, and the clear filtrate was concentrated under
reduced pressure until the solution was saturated. The solution was stored overnight at room
temperature to yield colorless crystals. Yield: 0.11 g, 32%. M.p. 240 °C (dec.).
C12H2401,S5W3 (1007.90): caled. C 14.30, H 2.40; found C 14.51, H 2.50. IR (KBr): v =
1464 (vs), 1378 (vs), 1306 (w), 1262 (w), 1261 (w), 1170 (w), 1153 (w), 1091 (m), 1066 (m),
1033 (m), 962 (w), 935 (w), 858 (W), 838 (w), 801 (m), 722 (m), 657 (w) cm '. EI-MS (70
eV): m/z (%) = 352 (33) [{WO;[O(CH,),S(CH,),01}"], 337  (100)

[{WO,[O(CH,),S(CH,),0]} 1.

4.7.5. synthesis of [{WO,[O(CH;),Se(CH,),01},] (5)

A solution of bis(2-hydroxyethyl)selenide (0.17 g, 1.00 mmol) in CH,Cl, (5 mL) was added
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to a stirred solution of WOj(acac); (0.41 g, 1.00 mmol) in CH,Cl, (20 mL) at room
temperature. The reaction mixture was stirred for 2 d. The green solution turned yellow, and a
small amount of yellow precipitate formed. The precipitate was filtered off, and ether was
added to the filtrate to precipitate the product. The yellow product was collected by filtration
and washed with diethyl ether twice. The compound was dried in vacuo. Yield: 0.23 g, 60%.
M.p. 210 °C. C4H304SeW (383.91): calcd. C 12.55, H 2.11; found C 12.63, H 2.18. IR (KBr):
v =1527 (w), 1459 (m), 1400 (m), 1377 (m), 1261 (vs), 1094 (vs), 1020 (vs), 962 (w), 939
(W), 863 (w), 800 (vs), 722 (w), 703 (w), 668 (W), 583 (w), 533 (W), 472 (w) cm . '"H NMR
(DMSO-dg, 300 MHz): 6 = 2.60 (t), 3.56 (t) ppm. 13CNMR (DMSO-ds, 300 MHz): 6 = 26.14
(s), 61.62 (s) ppm. 77Se NMR ([DMSO-ds, 500 MHz): 0 = 100.22 (s) ppm. EI-MS (70 eV):

m/z (%) =355 (50) [M" — CH,CH,].

4.7.6. synthesis of [ {MoO,[O(CH;),Se(CH,),01},] (6)

A solution of bis(2-hydroxyethyl)selenide (0.55 g, 3.25 mmol) in CH3;0H (10 mL) was added
to a stirred solution of MoO,(acac), (0.83 g, 2.54 mmol) in CH;0H (10 mL) at room
temperature. After stirring for one week the solvent was removed in vacuo. CH,Cl, (10 mL)
was added to the oily residue and the mixture was stirred for 1 h and filtered. The precipitate
was collected and dried in vacuo. Yield: 0.236 g, 31%. Mp: 130 °C dec. Elemental analysis:
caled. for C4HgO4SeMo (295.01): C 16.29, H 2.73; found: C 16.04, H 2.81; IR (KBr): v =
2998 (m), 2935 (m), 2857 (m), 1577 (w), 1527 (w), 1458 (w), 1409 (w), 1358 (w), 1264 (w),
1182 (w), 1103 (m), 1066 (w), 954 (s), 911 (s), 872 (s), 798 (vs), 666 (s), 564 (s), 450 (W),
375 (w) cm'; EI-MS (70 eV): m/z (%) = 328 (39), 295 (3) [M0oO,[O(CH,),Se(CH,),0]"1, 279

(92) [MoO[O(CH,),Se(CH,),0] 1, 224 (100) [M0,0,].



Experimental Section 121

4.7.7. synthesis of [ {MoO,(O(CH3)3S(CH,);0)}2] (7)

A solution of bis(3-hydroxypropyl)sulfide (0.30 g, 2.00 mmol) in CH,Cl, (10 mL) was added
to a stirred solution of MoOs(acac), (0.65 g, 2.00 mmol) in CH,Cl, (20 mL) at room
temperature. The reaction mixture was stirred for 24 h. A small amount of white precipitate
was filtered off and the solvent was removed in vacuo. The residue was extracted with toluene
(20 mL) and stored at room temperature for two weeks to yield colorless crystals suitable for
X-ray diffraction measurements. Yield: 0.23 g, 42%. Mp: 170 °C dec. Elemental analysis:
calcd. for C1,H,405S,Mo; (552.32): C 26.10, H 4.38; found: C 26.22, H 4.58; IR (KBr): v =
3435 (br, m), 2967 (m), 2949 (s), 2918 (s), 2866 (s), 2838 (m), 2721 (m), 1820 (w), 1636 (w),
1577 (w), 1454 (s), 1433 (s), 1424 (s), 1375 (m), 1345 (w), 1298 (w), 1268 (s), 1218 (w),
1196 (s), 1182 (w), 1067 (vs), 1043 (s), 1013 (vs), 983 (vs), 927 (vs), 906 (vs), 890 (vs), 865
(vs), 842 (s), 826 (s), 738 (W), 686 (m), 671 (W), 571 (vs), 538 (vs), 501 (s), 477 (s), 379 (s),
363 (s), 338 (w), 310 (m) cm'; EI-MS (70 eV): m/z (%) = 276 (38) 1/2 M", 260 (54)

[[MoO(O(CH,)3S(CH2);0)]'], 128 (21) [[M0O2]"].

4.7.8. synthesis of [ {MoO,(O(CH;)3Se(CH,);0)}2] (8)

A solution of bis(3-hydroxypropyl)selenide (0.24 g, 1.20 mmol) in CH;0H (10 mL) was
added to a stirred solution of MoO,(acac), (0.33 g, 1.00 mmol) in CH;0H (10 mL) at room
temperature. After stirring for one week the solvent was removed in vacuo. CH,Cl, (10 mL)
was added to the oily residue and the mixture was stirred for 1 h and filtered. The filtrate was
stored at room temperature for one week to yield light green crystals suitable for X-ray

diffraction measurements. Yield: 0.06 g, 20%. Mp: 160 °C dec. Elemental analysis: calcd. for
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C12H2405Se;Mo, (646.12): C 22.31, H 3.74; found: C 21.96, H 3.75; IR (KBr): v = 2962
(m), 2933 (m), 1585 (s), 1529 (s), 1422 (w), 1359 (m), 1263 (m), 1191 (w), 1029 (s), 941 (s),
907 (vs), 875 (s), 799 (vs), 669 (s), 568 (s), 450 (w), 375 (w) cm'; '"H NMR (CDCls, 500
MHz): § = 3.73 (t), 2.66 (), 1.91 (q) ppm; °C NMR (CDCls, 500 MHz): & = 62.42 (s), 32.80
(s), 20.28 (s) ppm; ’Se NMR (CDCls, 500 MHz): & = 150.18 (s) ppm; EI-MS (70 eV): m/z

(%) =323 (80) 1/2 M".

4.7.9. synthesis of [ {WO,(O(CH;)3Se(CH>)30)},] (9)

A solution of bis(3-hydroxypropyl)selenide (0.20 g, 1.00 mmol) in CH,Cl, (5§ mL) was added
to a stirred solution of WOj(acac); (0.41 g, 1.00 mmol) in CH,Cl, (20 mL) at room
temperature. The solution changed in colour from brown to yellow after half hour. The
reaction mixture was stirred for 2 days. A yellow powder precipitated out of the solution and
was collected by filtration and washed with diethyl ether twice. The compound was dried in
vacuo. Yield: 0.26 g, 63%. Mp: 224 - 226 °C. Elemental analysis: calcd. for C¢H2,04SeW
(410.97): C 17.54, H 2.94; found: C 17.52, H 2.89; IR (KBr): v =2926 (s), 2863 (s), 1573
(s), 1535 (s), 1457 (w), 1425 (m), 1360 (s), 1285(m), 1259 (w), 1192 (w), 1156 (w), 1079 (s),
1051 (s), 972 (s), 878 (br, vs), 804 (br, vs), 667 (br, vs), 447 (m), 352 (s) cm '; '"H NMR
(DMSO-ds, 500 MHz): & = 3.44 (t), 2.55 (), 1.72 (q) ppm; *C NMR (DMSO-ds, 500 MHz):

8 =60.21 (s), 33.35 (s), 19.63 (s) ppm; ’Se NMR (DMSO-ds, 500 MHz): & = 149.30 (s) ppm.

4.7.10. synthesis of [MoO,(O(CH,),S(CH;),OH)(0SiBu'Ph,)] (10)
To a suspension of 3 (0.248 g, 0.5 mmol) in 20 mL of CH,Cl, was added Bu'Ph,SiCl (0.260

mL, 0.275 g, 1.0 mmol) and 3 mL methanol. The white suspension changed gradually to a
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clear colorless solution within 5 min. The mixture was stirred for 1 h at room temperature.
Evaporation of the solvent gave a crystalline solid in nearly quantitative yield. This material
was recrystallized from acetonitrile/methanol and colorless prisms were obtained. Yield: 0.45
g, 89%. Mp: 150 °C. Elemental analysis: calcd. for C20Hy305SSiMo (504.52 g'mol™): C 47.61,
H 5.59; found: C 47.75, H: 5.88; IR (KBr): v = 3440(m, br), 2854-3070 (m), 1473 (w),
1428 (w), 1419 (w), 1388 (w), 1357 (w), 1262 (w), 1177 (w), 1108 (m), 1070 (m), 1038 (w),
1006 (w), 968 (m), 915 (s), 904 (s), 819 (m), 742 (w), 701 (m), 689 (w), 615 (W), 554 (W);
503 (m), 491 (m), 412 (w), 376 (W), 348 (w), 318 (w) cm™'; '"H NMR (CD;OD, 500 MHz): &
7.63 (m, 4 H, CsHg), 7.36 (m, 6 H, CsHs), 3.66 (t, 4 H, OCH,), 3.49 (s, 1 H, OH), 2.65 (t, 4 H,
SCH,), 0.99 (s, 9 H, C(CHs)3) ppm; °C NMR (CD;0D, 500 MHz): & 136.5, 134.6, 130.8,
128.8 (CsHg), 62.5 (OCH,), 35.5 (SCH,), 27.1 (C(CHs)3), 19.9 (C(CHs);) ppm; *’Si NMR
(CD;OD, 500 MHz): & -2.37 ppm; MS (EI): m/z = 505 M', 448 [M'-Bu'], 384

[M"-(O(CH,)>S(CH,),0H)], 327 [M"-(O(CH,),S(CH,),OH)- Bu'], 249 [M*-(OSiBu'Ph,)].

4.7.11. synthesis of [MoO,L"] (11)

A solution of H,L> (0.91 g, 2.05 mmol) in CH,Cl, (10 mL) was added to a stirred solution of
MoOs(acac), (0.67 g, 2.05 mmol) in CH,Cl, (10 mL) at room temperature. The reaction
mixture became immediately intense purple and was stirred overnight. The solvent was
removed in vacuo and the residue was extracted with MeCN. The resulting solution was dried
in vacuo. Yield: 0.91 g, 78%. Mp: 260 °C dec. Elemental analysis: calcd. for C,sH40O4SMo
(568-62 g.mol'l): C 59.14, H 7.09; found: C 58.52, H 7.17; IR (KBr): v = 2959-2870 (s),
1586 (s), 1506 (s), 1427 (m), 1400 (m), 1362 (s), 1263 (s), 1202 (w), 1183 (w), 1137 (w),

1101 (m), 1023 (m), 964 (), 935 (s), 906 (s), 883 (W), 867 (W), 845 (m), 799 (m), 761 (W),
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664 (s), 633 (m), 603 (m), 574 (W), 553 (s), 489 (m), 452 (m), 407 (w), 375 (W), 314 (m) cm™;
'H NMR (C¢Ds, 300 MHz): & 1.18 (s, C(CHs)s, 18H), 1,42 (s, C(CHs)s, 18H), 7.32 (m, ArH,
4H) ppm; C NMR (C¢Dg, 500 MHz): & 30.0 (s, tert-butyl), 31.5 (s, tert-butyl), 34.8 (s,
tert-butyl), 35.7 (s, tert-butyl), 125.7 (s), 128.3 (s), 129.1 (s), 138.8 (s), 146.7 (s), 162.4 (s)
ppm; UV-vis spectrum (2 x 10° M CH,Cl, solution): Amax (€v) 500 nm (5650 dm’mol'cm™);

MS (EI): m/z (%) = 569 (14) [M'], 554 (24) [M" - Mel].

4.7.12. synthesis of [MoO,L%] (12)

The preparation of 12 followed an analogous procedure as for compound 11 employing 0.98 g
(2.00 mmol) of H,L> and 0.65 g (2.00 mmol) of MoO,(acac),. The product was extracted
with toluene. Yield: 0.98 g, 80%. Mp: 172 °C. Elemental analysis: calcd. for C,sH40OsSeMo
(615.52 g'mol'l): C 54.64, H 6.55; found: C 54.75, H 6.86; IR (KBr): v = 2965-2868 (s),
1587 (m), 1550 (w), 1536 (w), 1477 (m), 1462 (m), 1428 (s), 1398 (m), 1362 (s), 1284 (s),
1259 (s), 1201 (m), 1136 (m), 1094 (s), 1017 (m), 962 (s), 933 (w), 916 (m), 875 (m), 856 (m),
838 (m), 790 (s), 755 (s), 741 (s), 662 (m), 629 (s), 580 (W), 554 (s), 482 (m), 456 (m), 401
(m), 316 (m) cm™; "H NMR (CDCls, 500 MHz)]: & 1.16 (s, C(CHs)s, 18H), 1,30 (s, C(CH3)s,
18H), 7.32 (m, ArH, 4H) ppm; °C NMR (CDCl;, 500 MHz): & 29.7 (s, tert-butyl), 31.4 (s,
tert-butyl), 34.8 (s, tert-butyl), 35.4 (s, tert-butyl), 125.1 (s), 127.8 (s), 129.7 (s), 138.8 (s),
146.2 (s), 161.7 (s) ppm; ''Se NMR (CDCls, 500 MHz): & 268.7 (s) ppm; UV-vis spectrum (2
x 10° M CH,Cl; solution): Amax (em) 538 nm (10550 dm’mol'cm™); MS (EI): m/z (%) = 616

(67) [M], 601 (100) [M* - Me].

4.7.13. synthesis of [WO,L®] (13)
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A solution of H,L® (0.44 g, 1.00 mmol) in MeOH (10 mL) was added to a stirred solution of
WO,(acac), (0.41 g, 1.00 mmol) in MeOH (10 mL) at room temperature. The reaction
mixture became immediately deep red and was stirred overnight. The precipitate was filtered
off and the filtrate was concentrated in vacuo. The resulting solution was stored at room
temperature overnight. The formed red microcrystalline solid which was not suitable for
X-ray diffraction was collected by filtration and dried in vacuo. Yield: 0.35 g, 53%. Mp: 168
°C. Elemental analysis: calcd. for CysH4004SW (656.53 g-mol'l): C 51.22, H 6.14; found: C
50.85, H 6.55; IR (KBr): v =2962-2871 (s), 1598 (m), 1527 (m), 1464 (m), 1436 (s), 1399
(m), 1362 (s), 1287 (s), 1258 (s), 1239 (m), 1203 (w), 1162 (w), 1139 (w), 1099 (m), 1030 (W),
981 (s), 949 (w), 917 (w), 881 (s), 858 (s), 817 (s), 773 (m), 750 (s), 668 (W), 639 (m), 604
(W), 555 (s), 490 (m), 443 (w), 400 (m) cm™'; "H NMR (CDCl3, 300 MHz): § 1.25 (s, C(CH3)3,
18H), 1.39 (s, C(CHs)s, 18H), 7.37 (m, ArH, 4H) ppm; °C NMR (CDCl;, 500 MHz): § 29.6
(s, tert-butyl), 31.5 (s, tert-butyl), 34.6 (s, tert-butyl), 35.4 (s, tert-butyl), 124.6 (s), 125.7 (s),
128.0 (s), 140.1 (s), 145.0 (s), 160.8 (s) ppm; MS (EI): m/z (%) = 657 (29) [M'], 625 (4) [M" -

20].

4.7.14. synthesis of [WO,L%] (14)

The preparation of 14 followed an analogous procedure as for compound 13 employing 0.49 g
(1.00 mmol) of H,L*® and 0.41 g (1.00 mmol) of WO,(acac),. Yield: 0.32 g, 46%. Mp: 255 °C.
Elemental analysis: calcd. for C,gHs49O04SeW (703.43 g-mol'l): C 47.81, H 5.73; found: C
49.43, H 6.24; IR (KBr): v =2962-2870 (s), 1591 (w), 1559 (w), 1540 (w), 1477 (m), 1463
(m), 1435 (s), 1399 (m), 1363 (s), 1336 (w), 1286 (s), 1257 (s), 1240 (m), 1202 (m), 1180 (w),

1137 (w), 1094 (m), 1023 (w), 978 (s), 917 (m), 881 (m), 859 (m), 839 (m), 809 (s), 756 (s),
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744 (s), 645 (W), 632 (m), 579 (W), 559 (s), 485 (m), 468 (W), 443 (W), 404 (m), 312 (m) cm';
'H NMR (CDCls, 500 MHz): & 1.20 (s, C(CHs)3, 18H), 1,30 (s, C(CH3)s, 18H), 7.30 (m, ArH,
4H) ppm; C NMR (CDCls, 500 MHz): & 29.7 (s, tert-butyl), 31.5 (s, tert-butyl), 34.7 (s,
tert-butyl), 35.2 (s, tert-butyl), 125.6 (s), 126.3 (s), 129.3 (s), 140.5 (s), 146.0 (s), 160.5 (s)
ppm; "’Se NMR (CDCls, 500 MHz):  251.5 (s) ppm; MS (EI): m/z (%) = 703 (46) [M'], 687

(87) [M" - O].

4.7.15. synthesis of [M0,03(PyS)4] (15)

Method 1. To a -30 °C precooled solution of PySH (0.222 g, 2 mmol) in 10 mL THF, n-BuLi
(0.8 mL of a 2.5 M solution in hexanes, 2 mmol) was added dropwise via syringe. The
mixture was warmed to room temperature, stirred for 7 h, then cooled to -30 °C. A colourless
solution of [MoO,Cl,(DME)] (0.289 g, 1 mmol) in 10 mL THF was added dropwise to this
solution. The mixture was allowed to come to room temperature and stirred overnight. The
solvent was removed in vacuo and the obtained solid was extracted with CH,Cl,. The red
brown solution was filtered and dried under vacuum. The red brown microcrystalline solid
was obtained. Yield: 0.23 g, 68%.

Method 2. Et;N (0.30 mL, 2 mmol) was added to a methanolic solution of PySH (0.222 g, 2
mmol). The resulting solution was stirred for 1 h and a solution of [M0oO,Cl;] (0.199 g, 1
mmol) in dichloromethane was added. The reaction mixture was stirred overnight and the
resulting suspension was dried under vacuum and the obtained solid was extracted with
CH;CN. The filtrate was concentrated to approx. 5 mL and left at room temperature for
several days. The red brown crystals appeared that were filtered from the solution, washed

thoroughly with ether and dried in vacuo giving 0.15 g (44 %) product.
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Crystals of 15 suitable for X-ray studies were obtained by crystallization of the initial product
from dichloromethane.

Mp: 215 °C. Elemental analysis: calcd. for Cy0H;sN4O3SsMo, (680.49 g-mol'l): C 3530, H
2.37, N 8.23; found: C 35.12, H 3.00, N 7.66; IR (KBr): v =3059 (m), 1615 (w), 1583 (s),
1558 (s), 1447 (s), 1425 (s), 1367 (m), 1267 (s), 1182 (w), 1151 (m), 1136 (s), 1086 (s), 1037
(s), 1017 (s), 985 (w), 963 (W), 929 (s), 897 (s), 872 (m), 801 (m), 763 (s), 754 (s), 727 (s);
645 (m), 616 (w), 484 (m), 456 (m), 446 (W), 418 (W), 405 (m), 371 (s), 329 (W), 294 (s) cm™';
'H NMR (CDCl3, 500 MHz): & 8.46 (m, He, 4 H), 7.58 (m, Hy, 4 H), 7.16 (m, H3, 4 H), 6.95
(m, Hs, 4 H) ppm; °C NMR (CDCls, 500 MHz): & 167.0 (s, C2), 125.6 (s, C3), 139.9 (s, C4),
119.6 (s, Cs), 1452 (s, C¢) ppm; MS (EI): m/z (%) = 492 (15) [M'-PyS-Py], 475 (11)
[M"-PyS-Py-O], 348 (100) [M'-(MoO(PyS),)], 332 (55) [M'-(MoOa(PyS),)], 239 (39)

[M"-(MoO(PyS),)-PyS].

4.7.16. synthesis of [M0,03(PySe)4] (16)

To a -30 °C precooled solution of PySeH (0.316 g, 2 mmol) in 10 mL THF, n-BuLi (0.8 mL of
a 2.5 M solution in hexanes, 2 mmol) was added dropwise via syringe. The mixture was
warmed to room temperature, stirred for 7 h, then cooled to -30 °C. A colourless solution of
[MoO,Cl,(DME)] (0.289 g, 1 mmol) in 10 mL THF was added dropwise to this solution. The
mixture was allowed to come to room temperature and stirred overnight. The solvent was
removed in vacuo and the obtained solid was extracted with CH,Cl,. The red brown solution
was filtered and dried in vacuo. 5 mL CH,Cl, and 30 mL hexane was added to the obtained
oily residue. The product was precipitated and the mixture was stored in the freezer at -30 °C

overnight. The product was collected by the filtration and dried under vacuum. Yield: 0.12 g,
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28%.

Crystals of 16 suitable for X-ray studies were obtained by crystallization of the initial product
from dichloromethane.

Mp: 240 °C. Elemental analysis: calcd. for C,0H;6N4O3SesMo, (868.09 g-mol'l): C27.67, H
1.86, N 6.45; found: C 27.07, H 1.94, N 5.86; IR (KBr): v = 1581 (vs), 1552 (m), 1444 (s),
1421 (s), 1265 (s), 1149 (m), 1122 (s), 1079 (m), 1039 (m), 1014 (w), 939 (w), 926 (s), 892
(s), 873 (m), 804 (w), 763 (s), 753 (s), 728 (w); 701 (m), 642 (w), 468 (W), 435 (w), 418 (W),
406 (w), 364 (W), 336 (W), 296 (w), 269 (s) cm™; '"H NMR (CDCls, 500 MHz): & 8.72 (m, Hg,
4 H), 7.51 (m, Hy, 4 H), 7.32 (m, H3, 4 H), 6.99 (m, Hs, 4 H) ppm; °C NMR (CDCls, 500
MHz): & 159.8 (s, C,), 129.1 (s, C3), 139.3 (s, Cy4), 120.4 (s, Cs), 147.4 (s, Cs) ppm; ''Se NMR
(CDCl3, 500 MHz): § 428.0 (s) ppm; MS (EI): m/z (%) = 695 (3) [M'-PySe-O], 632 (27)
[M"-PySe-Se], 442 (70) [M'-(MoO(PySe),)], 426 (48) [M'-(MoOy(PySe),)], 285

(100)[M"-(MoO (PySe),)-PySe].

4.7.17. synthesis of [M0,03(4-CF3-PymS)4] (17)

To a -30 °C precooled solution of 4-CF3-PymSH (0.324 g, 1.8 mmol) in 10 mL THF, n-BuLi
(0.72 mL of a 2.5 M solution in hexanes, 1.8 mmol) was added dropwise via syringe. The
mixture was warmed to room temperature, stirred overnight, then cooled to -30 °C. A
colourless solution of [MoO,CI;(DME)] (0.260 g, 0.9 mmol) in 10 mL. THF was added
dropwise to this solution. The mixture was allowed to come to room temperature and stirred
overnight. The solvent was removed in vacuo and the obtained solid was extracted with
CH,Cl,. The red brown solution was filtered, concentrated and kept at room temperature for

several days. The black-purple prismatic crystals were collected by the filtration and dried in
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vacuo. Yield: 0.19 g, 45%. Mp: 315 °C dec. Elemental analysis: caled. for
CaoHsF12Ng038:Mo; (956.44 g-mol™): C 25.12, H 0.84, N 11.72; found: C 25.63, H 0.95, N
11.90; IR (KBr): v = 3080 (w), 1579 (m), 1558 (m), 1429 (m), 1361 (s), 1332 (vs), 1265
(w), 1207 (m), 1193 (m), 1149 (m), 1116 (s), 968 (m), 842 (m), 789 (w), 735 (m), 702 (w),
680 (m); 476 (w), 441 (w) cm™; 'H NMR (CDCls, 300 MHz): & 8.79 (d, 4 H), 7.38 (t, 4 H)
ppm; MS (EI): m/z (%) = 818 (100) [M"-2 CF3], 638 (89) [M -2 CF;-(4-CF3-PymS)], 488 (78)

[M"-(MoO(4-CF;-PymS),].

4.7.18. synthesis of [H:C],[Mo¢O19] (18)

A solution of bis(2-hydroxyethyl)selenide (0.17 g, 1.00 mmol) in CH,Cl, (10 mL) was added
to a stirred mixture of [CN(iPr)C,;Me,N(iPr)] (0.36 g, 2.00 mmol) and MoO,Cl, (0.20 g, 1.00
mmol) in CH,Cl, (10 mL) at 0 °C. The mixture of the reaction was allowed to come to room
temperature and stirred overnight. The resulting suspension was filtered. The filtrate was
concentrated to ca. 10 mL in vacuo and diethyl ether (5 mL) was added. The solution was
stored overnight at room temperature to yield yellow crystals. The crystals were collected on
a filter, washed once with diethyl ether (5 mL) and dried in vacuo. Yield: 0.12 g. 58% based
on Mo. Mp: 200 °C dec. Elemental analysis: calcd. for C;,Hg,N4O19Mog (1242.23): C 21.27,
H 3.41, N 4.51; found: C 22.84, H 3.72, N 4.62; IR (KBr): v =3136 (s), 3067 (s), 2984 (s),
2939 (s), 1940 (w), 1909 (w), 1663 (w), 1631 (m), 1554 (s), 1466 (s), 1443 (s), 1391 (m),
1376 (m), 1340 (m), 1291 (w), 1262 (w), 1230 (s), 1195 (s), 1141 (s), 1114 (s), 1083 (w),

1043 (w), 956 (vs), 800 (vs), 653 (s), 592 (s), 539 (s), 418 (s), 352 (s) cm ™.

4.7.19. synthesis of [H:C],[W¢O19] (19)
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The compound was prepared using the same procedure described for 18,
bis(2-hydroxyethyl)selenide (0.17 g, 1.00 mmol) in CH,Cl, (10 mL) and a mixture of
[CN(iPr)C;Me,N(iPr)] (0.36 g, 2.00 mmol) and WO,Cl, (0.29 g, 1.00 mmol) in CH,Cl, (10
mL). The filtrate was stored overnight at room temperature to yield yellow crystals. The
crystals were collected on a filter, washed once with diethyl ether (5 mL) and dried in vacuo.
Yield: 0.15 g. 51% based on W. Mp: 200 °C dec. Elemental analysis: calcd. for
C2oH4N4O19We (1769.69): C 14.93, H 2.39, N 3.17; found: C 14.20, H 2.06, N 3.07; IR
(KBr): v =3353 (br, s), 3142 (s), 3073 (s), 2977 (s), 2939 (s), 2874 (m), 1976 (w), 1951 (W),
1653 (w), 1630 (m), 1555 (s), 1465 (s), 1443 (s), 1393 (m), 1377 (m), 1341 (m), 1262 (s),
1231 (s), 1194 (s), 1141 (s), 1113 (s), 1072 (s), 1043 (s), 1020 (s), 978 (s), 806 (vs), 665 (m),

587 (m), 539 (w), 443 (s), 440 (m), 366 (m) cm .

4.7.20. synthesis of [W30;9(O(CH;);S(CH;)30)s(acac)4] (20)

A solution of bis(3-hydroxypropyl)sulfide (0.180 g, 1.20 mmol) in CH3CN (10 ml) was added
to a stirred solution of WO;(acac), (0.414 g, 1.00 mmol) in CH3;CN (10 ml). The resultant
mixture was refluxed for 3 h during which time the clear green solution developed to a pale
green precipitate and yellow solution. The suspension was stirred continuously overnight. The
precipitate was removed by filtration and the limpid filtrate was then concentrated. Ether (5
mL) was added to this concentrated solution. A small amount of yellow crystals was obtained
by keeping the solution at room temperature for one month. Yield: 33 mg, 10% based on W.
Elemental analysis: calcd. For C3gHgsO33S3;W5 (2615.89): C 17.45, H 2.47; found: C 17.24, H
2.89. IR (KBr): v = 2927(m), 2867(w), 1701(w), 1574(s), 1538(s), 1425(m), 1360(m),

1288(w), 1263(w), 1211(w), 1167(w), 1083(m), 1022(m), 973(s), 931(s), 877(vs), 804(vs),
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668(s), 607(s), 448(w), 352(m) cm™". EI-MS (70 eV): m/z = 43, 73, 113, 147, 207, 221, 281,
341, 355, 415, 429, 489, 503, 513, 577, 661, 735, 809, 883, 957, 1033, 1096, 1171, 1245,
1319, 1393, 1467, 1542, 1615, 1690, 1764, 1838, 1911, 1988, 2059, 2134, 2207, 2284, 2357,

2431, 2505, 2577.

4.7.21. synthesis of MoO;(dipic) (21)

To a stirred solution of MoO;(acac), (0.326 g, 1.00 mmol) in CH;0H (20 mL) a solution of
pyridine-2,6-dicarboxylic acid (0.225 g, 1.00 mmol) in 10 mL CH3OH was added at room
temperature. The reaction mixture was stirred overnight. The solvent was removed in vacuo.
CH,CI, (10 mL) was added to the residue and yellow solution and pale green precipitate
formed. The mixture was stored at room temperature for several days to yield blue crystals.
The precipitate and crystal were collected on a filter and dried in vacuo. Yield: 0.18 g, 61%.
Mp: 230 °C. Elemental analysis: calcd. for C;H;NOgMo0(293.04): C 28.69, H 1.03, N 4.78;
found: C 29.75, H 1.31, N: 4.75; IR (KBr): v = 3109 (m) 3061 (m), 1742 (vs), 1706 (vs),
1603 (m), 1577 (m), 1479 (m), 1455 (w), 1433 (w), 1418 (w), 1351 (m), 1307 (vs), 1268 (m),
1203 (w), 1138 (s), 1111 (s), 1082 (s), 1038 (w), 1025 (W), 997 (W), 975 (s), 943 (s), 918 (s),
848 (w), 833 (w), 807 (w), 785 (w), 765 (s), 753 (s), 703 (W), 683 (m), 670 (m), 648 (w), 596
(W), 470 (m), 455 (s), 356 (m), 311 (m) cm™'; EI-MS (70 eV): m/z (%) = 341 (20), 326 (100),

284 (9), 218 (24).
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5. Handling and Disposal of Solvents and Residual Waste

1. The recovered solvents were distilled or condensed into cold-traps under vacuum,
collected in halogen-free or halogen-containing solvent containers, and stored for
disposal.

2. Used NMR solvents were classified into halogen-free or halogen-containing solvents
and were disposed as heavy metal-containing wastes and halogen-containing wastes,
respectively.

3. The heavy metal residues were dissolved in nitric acid and after neutralization stored
in the container for heavy metal wastes.

4. Drying agents such as KOH, CaCl,, MgCl,, MgSQO,, and P,O;o were hydrolyzed and
disposed as acid or base wastes.

5. Wherever possible, sodium metal used for drying solvents was collected for
recycling."”” The non-reusable sodium metal was carefully hydrolyzed in cold
ethanol and potassium in cold isopropanol and collected into the base-bath cleaning
glassware.

6. Ethanol and acetone used for cooling baths (with solid CO; or liquid N,) were
subsequently used for cleaning glassware.

7. The acid bath for cleaning glassware was neutralized with Na,COs and the resulting
NaCl solution was washed off in the water drainage system.

8. The residual of the base bath for cleaning glassware was poured into the container for

base wastes.
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Amount of various types of disposable wastes generated during the work.

Metal containing wastes
Halogen-containing wastes
Halogen-free solvent wastes
Acid wastes

Base wastes

SL

6L

40 L

10 L

I15L
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6. Crystal Data and Refinement Details

Table CD1. Crystal Data and Structure Refinement Details for WO,Cl,(MeSCH,CH,SMe)

(D).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.80°
Refinement method

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

Final R indices [/>20(1)]

R indices (all data)

Largest diff. peak and hole

C4HoCL 0,8, W

408.99

293(2) K

0.71073 A

Hexagonal

P65

a=7.3222(3) A, a=90°
b=7.3222(3) A, f=90°
c=233.3889(17) A, y = 120°
1550.30(12) A®

6

2.628 Mg/m’

12.051 mm™

1140

0.1x0.2x0.1 mm’

3.21 to 24.80°

8<h<8,-7<k<8,-39<[<39

15469
1757 [Rint = 0.0473]
99.4%

Full-matrix least-squares on £~

1757 /1/102

1.111

R1=0.0247, wR2 = 0.0535
R1=10.0260, wR2 = 0.0538
0.710 and -0.759 e-A~
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Table CD2. Crystal Data and Structure Refinement Details for [WO,Cl,(THF)]4 (2).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 =26.40°
Refinement method

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

Final R indices [/>20(1)]

R indices (all data)

Largest diff. peak and hole

Ci7H34Cl10012 W4

1520.34

103(2) K

0.71073 A

Monoclinic

P2/n

a=19.7426(10) A, o = 90°
b =16.9644(9) A, = 93.8000(10)°
¢ =22.5364(12) A, y =90°
7531.3(7) A’

8

2.682 Mg/m’

12.937 mm™

5584

0.20 x 0.20 x 0.20 mm’

1.42 to 26.40°

24 h<24,0k<1,0<1<28
15443

15443 [Rin =0.0000]

99.9%

Full-matrix least-squares on £~
15443 /0 /775

1.085

R1=10.0318, wR2 = 0.0649
R1=0.0424, wR2 = 0.0686
2.165 and -1.242 e-A”
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Table CD3. Crystal Data and Structure Refinement Details for [ {MoO,[O(CH;),S(CH;),0]}:]

(3).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.84°
Refinement method

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

Final R indices [/>20(])]

R indices (all data)

Largest diff. peak and hole

CsH16M0,05S;
496.21

133(2) K

0.71073 A

Monoclinic

P2i/n

a=9.4839(5) A, a =90°

b =12.4405(7) A, f=101.567(4)°
¢ =12.8003(7) A, y=90°
1479.56(14) A®

4

2.228 Mg/m’

2.008 mm™

976

0.20 x 0.20 x 0.10 mm’

2.31 to 24.84°

-11<h<11,-14<k<14,-15<1<15

22121

2554 [Rine = 0.0458]

99.7%

Full-matrix least-squares on F*
2554/0/181

1.004

R1=10.0108, wR2 = 0.0442
R1=0.0228, wR2 = 0.0451
0.308 and -0.481 e:A”
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Table CDA4. Crystal  Data  and Structure ~ Refinement  Details

[{WO,[O(CH;),S(CH2)20]}3]-CH:Cl,  (4).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.94°
Refinement method

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

Final R indices [/>20(])]

R indices (all data)

Largest diff. peak and hole

Ci3H25C1 01253 W3

1091.96

133(2) K

0.71073 A

Monoclinic

P2,

a=11.615Q2) A, a=90°
b=7.8739(16) A, p=111.81(3)°
c=14.462(3) A, y =90°
1228.0(4) A®

2

2.953 Mg/m’

14.545 mm™

1006

0.20 x 0.20 x 0.10 mm’

1.52 to 24.94°
-13<h<13,-9<k<9,-16<[<16
12796

4153 [Rin = 0.0377]

97.6%

Full-matrix least-squares on F*
4153 /391 /287

1.051

R1=0.0350, wR2 = 0.0904
R1=10.0403, wR2 = 0.0957
2.802 and -1.684 ¢-A”

for
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Table CD5. Crystal Data and Structure Refinement Details for [ {MoO,(O(CH;);S(CH;);0)},]

).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 24.77°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(])]

R indices (all data)
Largest diff. peak and hole

Ci2H24M0,05S,

552.31

133(2) K

0.71073 A

Monoclinic

P2i/n

a=9.4886(7) A, a=90°
b=28.7913(5) A, f = 109.044(6)°
c=11.143409) A, y = 90°
878.67(11) A°

2

2.088 Mg/m’

1.702 mm

552

0.20 x 0.20 x 0.10 mm’
2.46 to 24.77°

-11<h<9,-10<k<10,-13<7<13

12108

1507 [Rint = 0.0483]

99.7%

Full-matrix least-squares on F*
1507/0/109

1.290

R1=10.0278, wR2 =0.0773
R1=0.0310, wR2 =0.0783
0.710 and -0.759 e:A”




Crystal Data and Refinement Details

139

Table CDe6. Crystal  Data  and Structure ~ Refinement  Details

[ {MOOQ(O(CH2)3S€(CH2)30) } 2] (8)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 26.14°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(])]

R indices (all data)
Largest diff. peak and hole

Ci2H24M0,05Se;

646.11

103(2) K

0.71073 A

Monoclinic

P2i/n

a=9.5298(14) A, a = 90°
b=28.8814(14) A, f=108.874(2)°
c=11.2161(17) A, y =90°
898.3(2) A’

2

2.389 Mg/m’

5.485 mm™

624

0.20 x 0.20 x 0.05 mm’

2.99 to 26.14°
AL<h<I1,-11<k<11,-13<[<13
17947

1783 [Rin = 0.0255]

99.9%

Full-matrix least-squares on F*
1783/0/ 109

1.197

R1=0.0179, wR2 = 0.0431
R1=0.0180, wR2 = 0.0431
0.661 and -0.267 e-A”

for
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Table  CD7.  Crystal

and Structure Refinement Details

[MoO,(O(CH,),S(CH,),OH)(OSiBu'Ph,)] (10).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 24.75°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(])]

R indices (all data)
Largest diff. peak and hole

C20H25M00O;sSSi

504.51

133(2) K

0.71073 A

Triclinic

P1

a=17.4823(8) A, a=87.721(9)°
b=7.3222(3) A, p = 87.463(9)°
¢ =16.2001(19) A, y = 75.743(9)°
1108.1(2) A*

2

1.512 Mg/m’

0.767 mm™

520

IIlIIl3

2.23 t0 24.75°
T<h<8,-11<k<11,-18<I<19
10987

3752 [Rint = 0.0707]

98.8%

Full-matrix least-squares on F*
3752/0/259

0.987

R1=0.0356, wR2 = 0.0816
R1=0.0476, wR2 = 0.0854
0.433 and -1.021 e-A”

for
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Table CD8. Crystal Data and Structure Refinement Details for [M0,O3(PyS)4] (15).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.77°
Refinement method

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

Final R indices [/>20(1)]

R indices (all data)

Largest diff. peak and hole

CaoH1sM02N4 O3Sy
680.49
133(2) K
0.71073 A
Triclinic
P1
a=28.9399(10) A, & = 100.055(10)°
b=11.3934(13) A, f=107.432(9)°
c=13.1679(16) A, y = 96.812(9)°
1238.9(2) A’
2
1.824 Mg/m’
1.379 mm
672
3

mm

1.66 to 24.77°

-10<h<10,-13<k<13,-15<1<15

13145

4229 [Rine = 0.1128]

99.4%

Full-matrix least-squares on £~
4229/0/298

0.943

R1=0.0450, wR2 = 0.0944
R1=10.0810, wR2=0.1016
0.606 and -0.752 ¢-A”
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Table CD?9. Crystal Data and Structure Refinement Details for [Mo,03(PySe)a] (16).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.83°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(1)]
R indices (all data)

Largest diff. peak and hole

CooH16M0oN4O3Ses
868.09
133(2) K
0.71073 A
Triclinic
P1
a=7.2195(8) A, a =73.637(8)°
b=9.0239(10) A, B =77.288(8)°
c=10.6741(11) A, y = 77.726(8)°
642.40(12) A®
1
2.244 Mg/m’
6.671 mm’
408
3

mm

2.02 to 24.83°

8<h<7,-10<k<10,-12</<12

8007

1893 [Rint = 0. 1004]

84.8%

Full-matrix least-squares on £~
1893/0/152

1.085

R1=0.0505, wR2 =0. 1448
R1=10.0521, wR2 =0. 1474
0.915 and -1.192 e-A”
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Table  CD10.  Crystal

and Structure Refinement Details

[M0203(4-CF3-PymS)4]-2CH2C12 (172CH2C12)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 24.77°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(])]

R indices (all data)
Largest diff. peak and hole

CCiyH12F 1:M02NgO3S4
1126.32

133(2) K

0.71073 A

Monoclinic

P2/c

a=14.9773(8) A, a = 90°
b=10.5230(5) A, B =106.832(4)°
c=12.3575(7) A, y=90°
1864.18(17) A®

2

2.007 Mg/m’

1.285 mm’

1096

mm’

2.40 to 24.77°
-17<h<17,-12<k<12,-14<[<14
26766

3189 [Rine = 0. 0351]

99.6%

Full-matrix least-squares on F*
3189/0/268

1.042

R1=10.0289, wR2 =0. 0697
R1=0.0332, wR2=10.0716
0.971 and -0.479 e-A”

for
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Table CD11. Crystal Data and Structure Refinement Details for [H:C]o[Mo¢O19] (18).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.73°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(1)]
R indices (all data)

Largest diff. peak and hole

CH4MogN4O 19

1242.24

133(2) K

0.71073 A

Monoclinic

P2/n

a=11.0840(5) A, a = 90°
b=12.7449(8) A, f=95.941(3)°
c=13.0142(6) A, y =90°
1828.57(16) A®

2

2.256 Mg/m’

2.075 mm’

1212

0.30 x 0.20 x 0.20 mm’
2.30 to 24.73°

-13<h<13,-14<k<14,-13<[<15

26164

3106 [Rine = 0.0471]

99.6%

Full-matrix least-squares on £~
3106/0/238

0.985

R1=0.0172, wR2 = 0.0427
R1=10.0199, wR2 = 0.0437
0.390 and -0.455 ¢-A”
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Table CD12. Crystal Data and Structure Refinement Details for [H:C]o[W¢O19] (19).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 =26.40°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(1)]
R indices (all data)

Largest diff. peak and hole

CH4N4O19Ws

1769.70

103(2) K

0.71073 A

Monoclinic

P2/n

a=11.1284(14) A, a =90°
b=12.8384(17) A, f=96.410(2)°
c=12.9328(17) A, y =90°
1836.2(4) A’

2

3.201 Mg/m’

18.797 mm™

1596

0.20 x 0.20 x 0.20 mm’

2.43 t0 26.40°
-13<h<13,0<k<16,0<I<16
21419

3752 [Rin = 0.0431]

99.8%

Full-matrix least-squares on £~
3752/0/238

1.453

R1=0.0313, wR2 = 0.0598
R1=10.0318, wR2 = 0.0599
1.270 and -1.218 ¢-A”
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Table CD13.  Crystal

and Structure Refinement Details

[WgO]g(O(CH2)3 S(CH2)30)3(acac)4] '2.5CH3CN (2025CH3CN)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 26.43°
Refinement method

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

Final R indices [/>20(])]

R indices (all data)

Largest diff. peak and hole

C43H715N25033S; W5

2718.51

100(2) K

0.71073 A

Triclinic

P1

a=12.963(3) A, a =92.80(3)°
b=15.438(3) A, #=110.20(3)°
¢ =18.062(4) A, y =100.75(3)°
3307.5(11) A®

2

2.730 Mg/m’

14.032 mm™

2502

0.20 x 0.20 x 0.20 mm’

1.94 to 26.43°
-16<h<14,-19<k<19,0<1<22
69247

13499 [Rin = 0.0550]

99.1%

Full-matrix least-squares on F*
13499 / 750 / 829

1.062

R1=0.0376, wR2 = 0.0942
R1=0.0440, wR2 = 0.0983
3.317 and -3.591 e:A”

for
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Table CD14. Crystal Data and Structure Refinement Details for MoO,(dipic) (21).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 24.76°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F*
Final R indices [/>20(1)]
R indices (all data)

Largest diff. peak and hole

C;H3MoNOs

293.04

133(2) K

0.71073 A

Monoclinic

P2/n

a=06.7916(14) A, a = 90°
b=28.3655(17) A, f=94.96(3)°
c=14.504(3) A, y = 120°
821.03) A’

4

2.371 Mg/m’

1.606 mm’

568

0.20 x 0.20 x 0.20 mm’

2.81 to 24.76°
8<h<7,-9<k<9,-17<1<17
8902

1395 [Rin = 0.0492]

99.4%

Full-matrix least-squares on £~
1395/0/ 136

1.037

R1=0.0178, wR2 = 0.0483
R1=10.0202, wR2 = 0.0490
0.321 and -0.292 e-A™
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