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Tungsten(VI) and Molybdenum(VI) Complexes with Soft Thioether Ligand
Coordination — Synthesis, Spectroscopic and Structural Studies

Martin F. Davis,!#! William Levason,!?l Mark E. Light,1?! Raju Ratnani,”! Gillian Reid,*!!
Keerti Saraswat,” and Michael Webster!?!

Keywords: Tungsten / Thioether / Molybdenum

Reaction of WXg4 (X = CI or Br) with O(SiMej3), in CH,Cl,,
followed by addition of MeCN and a further equivalent of
O(SiMe3y), in CH,Cl, gives [WO,X,(MeCN),] in situ, which
subsequently react with the dithioethers MeS(CH,),SMe,
iPrS(CH,),SiPr or 1,4-dithiane to afford the first series of WV!
thioether complexes, [WO,X,(dithioether)]. The very moist-
ure-sensitive yellow complexes have been characterised by
microanalysis, IR, 'H and ¥C{'H} NMR spectroscopy, which
indicate cis-dioxido and trans-dihalide arrangements in the
monomers with two thioether donor atoms completing the
very distorted octahedral geometry (confirmed by a crystal
structure of [WO,ClL{iPrS(CH,),SiPr}]). The strongly poly-
merised WO,X, compounds themselves are not useful syn-
thons for the preparation of the WV! thioether complexes and
substitution of the dimethoxyethane ligand in [WO,Cl,-
{MeO(CH,),OMe}] by dithioethers is also incomplete. Mo-

lybdenum(VI) dioxidodichloride thioether complexes of the
form [MoO,Cl,(L)] (L = iPrS(CH,),SiPr, 1,4-dithiane, k2-
[15]aneS,05, k2-[14]aneS, and k2?-[12]aneS,) ([15]aneS,03 =

1,4-dithia-7,10,13-trioxacyclopentadecane, [14]aneS, =
1,4,8,11-tetrathiacyclotetradecane, [12]aneS; = 1,4,7,10-
tetrathiacyclododecane) and the wunusual dinuclear

[Mo0,0,4Cl{o-CsHy(CH,SMe),},| are obtained by direct treat-
ment of MoO,Cl, with the appropriate ligand. The
[Mo0,0,4Cl{0-CsHy(CH,SMe),},] adopts an  unexpected
metallocyclic structure with cis-MoCl, units and bridging bi-
dentate dithioether (confirmed crystallographically). The
structure of a new polymorph of [WO,Cl,{MeO(CH,),OMe}]
is also described.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

While thioether coordination chemistry is dominated by
complexes involving late transition metals in medium oxi-
dation states, we and others have shown that under appro-
priate experimental conditions these soft and modest c-do-
nor ligands can also form complexes with hard, medium
and high oxidation state early transition metal ions,! in-
cluding for example Sc'™,[?! La'™ and U™ Bl complexes with
the trithioether macrocycle [9]aneS;, and Ti'V, Zr'V, HfTY,
VLIV and Cr'™ complexes with both acyclic and macro-
cyclic thioethers.*71 We have also established that the
choice of chalcogenoether ligand architecture plays a very
important role in facilitating the stabilisation of these hard/
soft metal/ligand combinations, with dimethylene-linkages
between the S atoms leading to increased stability, and
macrocyclic frameworks further stabilising the complexes.
Further, we have shown that reaction of Ti'V, Cr™™ and VI
precursors with mixed thia-oxa macrocyclic ligands involv-
ing C,-linkages between adjacent heteroatoms results in
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preferential coordination via the softer S-donor groups —
an observation we have attributed to destabilisation of the
M-O(ether) coordination due to ring strain in the five-
membered chelate rings.[®-!

The coordination chemistry of molybdenum and tung-
sten continues to attract considerable interest owing to the
roles that these elements play in biologically important spe-
cies, the molybdo- and tungsto-enzymes,!'% and also due to
the use of high oxidation state Mo and W species in ring-
opening metathesis catalysis.''] The chemistry of medium
and high oxidation state Mo centres with neutral sulfur do-
nor ligands remains little studied, with some examples of
Mo"™V-V thioether complexes.'>"1°1 In 2004 we reported
the preparations and spectroscopic characterisation of the
first examples of MoVY! complexes involving thioether and
selenoether coordination, including crystal structure deter-
minations of representative examples of the form
[MoO,X,{RS(CH,)>SR}] (X = CI or Br; R = Me or Et)
which confirmed cis-oxido ligands, trans-halides and biden-
tate chelating dithioether.’l We found that these species
form only for a very limited range of dichalcogenoether li-
gands — Me,S, MeS(CH,);SMe, MeSCH=CHSMe and
even the PhS(CH,),SPh all lead to reduction of the metal
and give no evidence for MoV! thioether complexes. Me-
dium and high oxidation state tungsten thioether complexes
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are even less explored than with molybdenum and, whereas
direct reaction of MoO,X, with the RS(CH,),SR (R =
alkyl) in CH,Cl, gives the requisite complexes, WO,X, (X
= Cl or Br) do not provide viable entries to this chemistry
because they are unreactive and strongly polymerised.?!]
We were interested in trying to extend the range of thioether
and selenoether complexes of the hard, oxophilic Mo V! ion,
to understand how the ligand donor properties and archi-
tecture influence the stability of the complexes, and also in
developing synthetic routes to WV analogues.

In order to investigate the chemistry of dioxidotung-
sten(VI) with thioether ligands and to widen the presently
very limited range of thioether ligand types capable of coor-
dinating to dioxidomolybdenum(VI), we report here the re-
sults of our studies on the preparations and properties of
the first series of WV dihalidedioxido complexes involving
dithioether ligands and several new MoV! dihalidedioxido
complexes incorporating a range of ligand architectures and
both thioether and mixed thia/oxa-macrocyclic ligands. The
crystal structures of [Mo0,04Cl4{0-CsH4(CH,SMe),}-],
[WO,C1,{iPrS(CH,),SiPr}] and a new polymorph of
[WO,Cl1,{MeO(CH,),OMe}] are reported and discussed.

Results and Discussion

Tungsten Thioether Complexes

Development of a synthetic route to give WY! complexes
in respectable yields is much more difficult than for
MoVl The strongly polymerised nature of WO,CL,P2!
means that this is usually not a useful synthon for coordina-
tion complexes of WO,Cl,, hence alternative precursor
compounds were sought. We have shown very recently that
WClg or WBrg react with two mol. equivs. of O(SiMes), in
CH,Cl,, followed by addition of two mol. equivs. of OPR;
(R = Pr or Me) or one molar equivalent of Ph,P(O)-
(CH,),P(O)Ph, (n = 1 or 2) or 0-C¢H4(P(O)Ph,),, to give
the distorted octahedral [WO,X,(OPR3),], [WO,X>-
{Ph,P(O)(CH>),P(O)Ph,}] or [WO,X;{0-CsHa(P(O)Phy),}]
respectively in good yields.[??) However, using this approach
with MeS(CH»),SMe in place of the OPRj; ligand gave
mostly insoluble, polymeric WO,Cl, (IR evidence) with
only very weak bands in the IR spectrum corresponding
to [WO,Cl,(dithioether)]. We conclude from this that soft
thioether ligands have less affinity for the hard WV! and
are more dissociated in solution than the phosphane oxide
complexes of WV, hence while the phosphane oxide “traps”
the WO,Cl, as a molecular complex, in the thioether ligand
systems (WO,Cl,), precipitates from the solution, removing
it from the reaction.

Schulzke et al. have described the preparation of the only
known thioether adduct of WV, [WO,Cl,{MeS(CH,),-
SMe}] by a closely related route, involving reaction of
WOCI, with one molar equivalent of O(SiMes), in CH,Cl,
solution, followed by addition of the dithioether. While the
crystal structure of the distorted octahedral species was re-
ported, no solution spectroscopic data were presented.*]
We have also investigated this reaction and in our hands it
1904
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reproducibly leads to formation of a white solid which was
very poorly soluble. While weak v(W=0) and v(W-Cl)
bands consistent with the literature data were evident in
the IR spectra of these products, strong, broad absorptions
around 600—700 cm ' were also evident, which are indica-
tive of polymeric WO,Cl,. The '"H NMR spectra of the
CDCI; soluble component of our reaction products from
repeated attempts at this reaction consistently showed sig-
nificant amounts of uncoordinated dithioether, and only
very minor resonances for [WO,Cl,{MeS(CH,),SMe}] (ca.
10-15% by integration). Using iPrS(CH,),SiPr gave similar
results, although we were able to grow light yellow crystals
of [WO,C1,{iPrS(CH,),SiPr}] by filtering the reaction mix-
ture and cooling a CH,Cl, solution of the complex in the
freezer, however the yield based on tungsten was still very
low. The crystal structure confirms the formation of the dis-
torted octahedral [WO,Cl,{iPrS(CH,),SiPr}] (Figure 1,
Table 1) in which the W atom is bound to cis-oxido groups,
trans-Cl ligands and the two S donor atoms of a chelating
dithioether. An alternative description of the core geometry
would be a distorted tetrahedral primary O,Cl, coordina-
tion with additional weak S, coordination completing a
very distorted six-coordination. The W-S bond lengths are
2.759(2) and 2.768(2) A and compare with d(W-S) = 2.748
and 2.752 A in [WO,Cl,{MeS(CH,),SMe}].23] The com-
plex adopts a DL configuration with the isopropyl substitu-
ents lying on opposite sides of the WO,S, plane. The S—
W-S chelate bite angle is 77.34(5)°, very similar to that in
[WOzClz{MCS(CHz)ZsMe}] (7740) and [MOOzclz-
{RS(CH,),SR}]; R = Me: 77.29(3)°; R = Et: 78.01(2)°.2%

Figure 1. View of the structure of the [WO,Cl,{iPrS(CH,),SiPr}]
with numbering scheme adopted. Ellipsoids are drawn at 50%
probability level and H atoms are omitted for clarity.

Small pale yellow crystals of the MoV analogue (below),
[Mo0O,Cl,{iPrS(CH,),SiPr}], were also obtained from
CH,Cl, solution. The structure determination shows that
this compound is isostructural with the tungsten species
(CgH 3C1LM00,S,, MW = 377.18, a = 11.838(2), b =
13.034(2), ¢ = 189513)A, a = f =y = 90°, V =
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Table 1. Selected bond lengths [A] and angles [°] for
[WO,Cl,{iPrS(CH,),SiPr}].

W1-01 1.726(6) WI1-02 1.741(6)
WI1-Cll 2.345(2) WI1-CI2 2.334(2)
W1-S1 2.768(2) WI1-S2 2.759(2)
01-W1-02 105.9(3) O1-W1-CI2 96.9(2)
02-W1-CI2 97.9(2) O1-W1-Cll 97.8(2)
02-W1-Cll1 97.2(2) CI2-WI1-CIl  155.17(8)
O1-W1-S2 163.7(2) 02-W1-S2 89.9(2)
CI2-W1-82 84.51(6) Cl1-W1-S82 75.94(7)
O1-W1-S1 87.2(2) 02-W1-S1 166.6(2)
CI12-W1-S1 76.78(8) Cl1-W1-S1 84.03(6)
S2-W1-S1 77.34(5)

2924.3(8) A3, Z = 8), although the crystal quality was po-
orer, giving rather high R; and wR, values (R, [1, > 20(/,)]
= 0.0921, wR, [I, > 20(1,)] = 0.1814), with d(Mo-S) =
2.764(3), 2.783(4), d(Mo-0O) = 1.673(12), 1.705(11), d(Mo—
Cl) = 2.341(4), 2.345(4) A and S1-Mo-S2 = 77.31(9)°.
The very poor yields from these tungsten reactions
prompted further efforts to avoid formation of the insoluble
by-products. We explored using the soluble and well-de-
fined [WO,Cl,{MeO(CH,),OMe}],?* however addition of
the dithioether to a CH,Cl, solution of this compound re-
sulted in incomplete substitution of the dimethoxyethane,
while treatment of [WOCI,] with one molar equivalent of
O(SiMes), in refluxing octane solution, followed by ad-
dition of dithioether gave light yellow insoluble, polymeric
products with no evidence for thioether coordination. One
route to [WO,X,(dithioether)] (X = Cl or Br) was via reac-
tion of [WOX,] with O(SiMes), in MeCN solution,* to
give a colourless solution of [WO,X,(MeCN),] in situ, fol-
lowed by concentration of the solvent by ca. 50% in vacuo
and addition of a solution of one molar equivalent of
RS(CH,»),SR (R = Me or iPr) in anhydrous CH,Cl,. These
reactions gave the desired compounds in good yields as yel-
low solids following removal of the solvent in vacuo and
washing with hexane, with minimal polymer formation (and
this could be removed by careful recrystallisation of the
thioether complex from anhydrous CH,Cl,). The key to the
success of this route is the clean formation of the molecular
[WO,X,(MeCN),] intermediates which seem to prevent the
generation of the insoluble polymers. Using a similar ap-
proach we have found that the complexes may also be made
in good yield from WXg. Thus, reaction of WXg with one
molar equivalent of O(SiMes), in CH,Cl, solution (to form
WOX, in situ), followed by addition of ca. 0.5 mL MeCN,
then another molar equivalent of O(SiMes),, and finally
one equivalent of the dithioether gives yellow/brown solu-
tions. Concentration of the solution in vacuo and cooling
to ca. —15 °C (freezer) leads to deposition of the complexes
as yellow (Cl) or yellow/brown (Br) precipitates. This ap-
proach was also used to obtain the 1,4-dithiane complexes,
[WO,X5(1,4-dithiane)]. We note that the dithiane complexes
are relatively stable when stored as solids under a dry atmo-
sphere, whereas the acyclic dithioether complexes are ex-
tremely moisture-sensitive and they also darken, turning
blue-green over a few days, even when stored as powdered
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solids in the glove-box. The most sensitive is the light yellow
[WO,Cl1,{iPrS(CH,),SiPr}] which develops an intense blue/
green colour instantly on exposure to air and solutions of
which become dark blue with trace water.

The IR spectra of the six WVY! dithioether complexes
show two strong v(W=0) and one strong v(W-X) bands,
consistent with mutually ¢is-O and trans-X ligands. These
are ca. 20-30 cm! to high frequency of the corresponding
Mo species.?! This is typical of other series of MO,X,
compounds, e.g. [MO,X,(OPR5),] M = Mo or W, al-
though the difference is less in the phosphane oxide com-
plexes. The higher frequency v(M=0] for W is consistent
with stronger metal-oxido bonds. The 'H and C{'H}
NMR spectra show small high frequency coordination
shifts, although the patterns are indicative of fast pyramidal
inversion. This was proven by obtaining spectra of repre-
sentative examples at low temperature, whereupon reso-
nances attributable to individual invertomers were ob-
served. Samples containing added free ligand show resolved
resonances for both coordinated and “free” ligand, demon-
strating that intermolecular ligand exchange is slow on the
NMR time scales at ambient temperatures.

In the course of our attempts to utilise
[WO,Cl,{MeO(CH,),OMe}] as a molecular synthon for
WV thioether complexes we obtained colourless crystals. A
structure analysis (120 K) revealed that these were in fact
the [WO,Cl,{MeO(CH,),OMe}] precursor. A crystal struc-
ture of this species has been reported previously,** and
while our cell is related to the published cell, we were unable
to refine the structure using the published cell. Hence we
conclude that this is a second polymorph. The new data
refined very well, revealing (Figure 2, Table 2) a very similar
distorted octahedral geometry based upon a W atom coor-
dinated to cis-oxido groups, frans-Cl atoms and a chelating
dimethoxyethane, giving a DL configuration. The bond
lengths and angles are similar to those in the published
structure.?4

ci

Figure 2. View of the structure of one of the two crystallographi-
cally independent [WO,Cl,{MeO(CH,),OMe}] molecules in the
asymmetric unit with numbering scheme adopted. Ellipsoids are
drawn at 50% probability level and H atoms are omitted for clarity.
The second molecule is very similar.
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Table 2. Selected bond lengths [A]
[W02C12{MeO(CH2)ZOMe}]

and angles [°] for

W1-02 1.705(3) W10l 1.706(4)
W1-05 2.274(3) W1-06 2.288(3)
W1-CI2 2.3375(14) W1-Cll 2.3563(13)
W2-04 1.707(4) W2-03 1.708(4)
W2-07 2.260(3) W2-08 2.286(3)
W2-CI3 2.3513(13) W2-Cl4 2.3556(14)
02-W1-01 104.23(17) 02-W1-05 94.49(14)
O1-WI-05  161.26(14) 02-W1-06 165.17(15)
01-W1-06 90.60(14) 05-W1-06 70.67(12)
02-WI-CI2 96.87(12) 01-W1-CI2 97.74(13)
05-WI-CI2 80.60(9) 06-W1-CI2 80.93(9)
02-W1-Cll 96.81(12) O1-WI-ClI 96.69(13)
05-WI-Cll 79.98(9) 06-W1-Cll 81.12(9)
Cl2-WI1-Cll  157.01(5) 04-W2-03 104.78(18)
04-W2-07 92.71(15) 03-W2-07 162.52(15)
04-W2-08  163.50(15) 03-W2-08 91.72(15)
07-W2-08 70.80(12) 04-W2-CI3 96.63(13)
03-W2-CI3 96.94(13) 07-W2-CI3 80.65(9)
08-W2-CI3 80.67(9) 04-W2-Cl4 96.25(13)
03-W2-Cl4 96.37(13) 07-W2-Cl4 81.57(9)
08-W2-Cl4 82.08(9) CI3-W2-Cl4  158.46(5)

Molybdenum Thioether Complexes

The very unusual and highly sensitive metallocyclic com-
pound [Mo0,0,4Cl4{0-CsH4(CH,SMe),},] was prepared by
treatment of MoO,Cl, with one molar equivalent of o-
C¢H4(CH,SMe), in anhydrous CH,Cl, or Et,O. The for-
mulation as a dinuclear complex follows from the spectro-
scopic and structural data. Two distinct v(Mo—CI) bands at
389 and 355 cm™! are evident, consistent with cis-Cl atoms,
contrasting with the structures previously determined for
[M0oO,X,{RS(CH,),SR}] (X = CI or Br; R = Me or Et)
which have trans-halides and cis-oxido ligands.”! The room
temperature 'H NMR spectrum of the MoO,Cl,-o-
C¢H4(CH,SMe), system is simple and little different from
the thioether ligand itself. Upon cooling to 183 K the spec-
trum becomes more complex with high frequency coordina-
tion shifts with three d(Me) resonances evident at low tem-
perature, consistent with the presence of stereoisomers, in-
dicating that the compound is undergoing reversible ligand
dissociation and fast pyramidal inversion under ambient
conditions. In order to identify unambiguously the struc-
ture of this complex, light yellow crystals which were ex-
tremely air and moisture-sensitive, were obtained by cooling
a solution containing the complex dissolved in CH,Cl,. The
structure shows (Figure 3, Table 3) an unusual centrosym-
metric dinuclear metallocyclic species in which each for-
mally MoV! is in a distorted octahedral geometry, coordi-
nated to cis-oxido, cis-chlorido and cis-thioether groups.
The 0-CsH4(CH,SMe), ligands are not chelating, but in-
stead function as bridging bidentates, with one S atom trans
to O and one trans to Cl. This represents the first metallo-
cyclic species incorporating the o-xylyl dithioether ligand.
The different trans influences of these ligands are very
clearly reflected in the disparate bond lengths within pairs
of ligands, e.g. Mo—Cl 2.278(3), 2.423(3) A, the longer bond
being associated with the Cl frans to O. Even the Mo=0
1906
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bond lengths are disparate due to the trans ligands; Mo-O
1.726(7), 1.777(7) A. The Mo-S distances are d(Mo-S) =
2.604(3), 2.826(3) A, with the exceptionally long Mo-S
bond lying trans to the oxido ligand. These compare with
d(Mo-S) = 2.73-2.77 A in the other structurally character-
ised MoV! thioether complexes.[*”l The angles involving the
mutually cis pairs of ligands also show considerable varia-
tion, O1-Mo-02 105.3(4), Cl11-Mo-CI2 91.21(12), SI-Mo-
S2a 82.52(9)°, and the S—-Mo-S angle is some 4-5° larger
than in the chelate complexes [MoO,Cl,{RS(CH,),-
SR}] (R = Me or Et). This is the first Mo¥! complex incor-
porating other than a dimethylene-linked dithioether ligand
and follows from our earlier work which has shown that the
0-C¢H4(CH,EMe), (E = S, Se, Te) are remarkably effective
ligands for a range of late transition metal ions.*®! The oc-
currence of a metallocyclic structure with bridging biden-
tate 0-C4H4(CH,SMe), ligands in the case of the MoV! spe-
cies, may be a consequence of the sterically demanding o-
xylyl linkage and the small radius of MoV!. We have shown
previously that the E-M-E chelate angle in transition metal
complexes involving the 0-CcH4(CH,EMe), (E = S, Se or
Te) ligands is invariably close to 100°.12% In the dinuclear
[Mo0,04Cl {0-CsHy4(CH,SMe),} 5] the Me groups within a
single dithioether ligand are anti (the SMe group coordi-
nated to one Mo atom lies on the opposite side of the
Mo0O,S, coordination plane to that on the other Mo atom),
while the coordinated SMe groups on each individual Mo
atom are syn (Me substituents on a single Mo atom lie on
the same side of the MoO,S, plane) — Figure 3. A similar
reaction using MoO,Cl, with 0-CsH4(CH,SeMe), led to re-
duction of the metal centre.

Figure 3. View of the structure of [Mo0,04Cly{o-CsH4(CH,-
SMe),},] with numbering scheme adopted. Ellipsoids are drawn at
50% probability level and H atoms are omitted for clarity. Sym-
metry operation ¢ = 1 — x, 2 — y, —z.

The moisture-sensitive (macro)cyclic complexes of MoV,
[MoO,Cly(L)] (L = 1,4-dithiane, [15]aneS,05, [12]aneS,,
[14]aneS,), as well as [MoO,Cl,{iPrS(CH,),SiPr}] have
been obtained similarly as light yellow solids in good yield.
The isolated solids were stored in the glove box (<5 ppm
H,0) to prevent decomposition and have been character-
ised by microanalysis, IR, '"H and "C{'H} NMR spec-
troscopy. The IR spectra of these Mo species show evidence
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Table 3. Selected bond lengths [A] and angles [°] for [M0,0,Cl,{o-
C¢H4(CH,SMe), },].[4

Mol-0O1 1.726(7) Mol1-02 1.777(7)
Mol-Cl1 2.423(3) Mol1-CI2 2.278(3)
Mol-S1 2.826(3) Mol-S2a 2.604(3)
O1-Mol-02  105.3(4) O1-Mol-CI2  102.7(3)
02-Mol-CI2 99.8(3) O1-Mol-Cll  150.5(3)
02-Mol-Cll 97.6(2) CI2-Mol-Cl1 91.21(12)
O1-Mol-S2a 81.9(3) 02-Mol-S2a 91.1(3)
CI2-Mol-S2a  166.45(13) Cl1-Mo1-S2a 79.32(10)
0O1-Mol-S1 78.6(3) 02-Mol-S1 172.1(3)
CI2-Mol-S1 85.89(12) Cl1-Mol-S1 76.64(10)
S2a-Mol-S1 82.52(9)

[a] Symmetry operation: ¢ = 1 — x, 2 — y, —z.

for coordinated thioether ligand, and two strong bands in
the region 900-950 cm™! indicative is the cis-dioxido unit.
For the mononuclear species one strong absorption at ca.
350-360 cm™!, suggesting mutually trans Cl ligands (and
confirmed crystallographically for [MoO,Cl,{iPrS(CH,),-
SiPr}] - above). The 'H NMR spectrum of
[MoO,Cl,{iPrS(CH,),SiPr}] is simple, with resonances to
high frequency of iPrS(CH,),SiPr, consistent with coordi-
nation of the dithioether ligand to Mo, and fast pyramidal
inversion — similar to the behaviour observed previously for
[M0oO,X5{RS(CH,),SR}].?l Molybdenum-95 NMR spec-
troscopy reveals a resonance at ¢ = 225 ppm, also in the
same range as for [MoO,Cl,{RS(CH,),SR}] (R = Me or
Et) described previously, and an X-ray structure determi-
nation showed that [MoO,Cl,{iPrS(CH,),SiPr}] is iso-
structural with its W analogue (above), based upon dis-
torted octahedral Mo with cis-oxido and trans-Cl ligands
and a chelating dithioether ligand. The dithiane complex
[MoO-Cl,(dithiane)] exhibits a singlet methylene resonance
in the '"H NMR spectrum at ambient temperatures, indicat-
ing either bridging dithiane or reversible chelate ring open-
ing. However, this broadens and splits into complex mul-
tiplets at low temperature (183 K), consistent with chelation
for which an AA’BB’ pattern is expected.*”]

For the complex [M0oO,Cl,([15]aneS,03)], assuming six-
coordination, the possible macrocycle coordination modes
are S,, SO or O,. The former would give rise to a symmetri-
cal pattern, and hence five distinct CH, resonances, whereas
SO or O, coordination would lead to a less symmetrical
species and hence a more complicated '"H NMR pattern.
In fact, the '"H NMR spectrum of [MoO,Cl,([15]aneS,05)]
clearly reveals five resonances, and comparison with the
spectrum of the parent macrocycle is also consistent with
S, coordination to molybdenum. The >>Mo NMR spectrum
of [MoO,Cl,([15]aneS,05)] shows a single resonance at ¢ =
194 ppm, slightly to low frequency of [MoO,Cl,{MeS-
(CH,),SMe}] (0 = 210 ppm) and [MoO,Cl,{EtS(CH,),-
SEt}] (6 = 225 ppm).l2%

The poor solubilities of the yellow [MoO,Cl,([n]aneS,)]
(n = 12 or 14) in solvents which would not react with the
complex hindered attempts to obtain solution spectroscopic
data for these species. However, the IR spectra are consis-
tent with a Cl,0,S, coordination sphere at MoY! in
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[M0O,Cl,y([n]aneS,)] (n = 12 or 14), with cis-oxido ligands
and frans-chlorines; microanalyses confirm the formulation.
The reaction of MoO,Cl, with [14]aneS; has been men-
tioned previously.!'!

Conclusions

The first series of dioxidotungsten(VI) complexes with
soft dithioethers has been prepared in good yield and char-
acterised structurally and spectroscopically. Successful for-
mation of these compounds is very sensitive to the precise
reaction conditions, and they appear to be much more reac-
tive than their MoV analogues, consistent with diox-
idotungsten(VI) being harder than dioxidomolybde-
num(VI). Several new examples of dioxidomolybdenum(VI)
thioether complexes, including the unique dinuclear metallo-
cyclic [M0,04Cl4{0o-CsH4(CH,>SMe),},] which involves the
rare cis-MoCl, unit, and examples containing the small
cyclic 1,4-dithiane ligand and several macrocyclic thia- and
mixed S/O-ligands have also been prepared and character-
ised. Work involving other WV! species with neutral sulfur
ligands and related M"Y and MY (M = Mo or W) complexes
which may be relevant as redox models for the molybdo-
and tungsto-enzymes, is underway.

Experimental Section

Infrared spectra were recorded as Nujol nulls between Csl discs
using a Perkin—Elmer 983G spectrometer over the range 4000—
200 cm™'. "H NMR spectra were recorded using a Bruker AV300
spectrometer. '3C{'H} and Mo NMR spectra were recorded
using a Bruker DPX400 spectrometer operating at 100.6 and
26.1 MHz, respectively, and are referenced to TMS and 1 moldm™
Na,[MoQOy] respectively. Microanalyses were undertaken by the
University of Strathclyde microanalytical service.

Solvents were dried prior to use and all preparations were under-
taken using standard Schlenk techniques under a N, atmosphere.
MoO,Cl,, WClg and W(CO), were obtained from Aldrich and used
as received. WBrg was prepared by treating W(CO)¢ with Br,.[?8]
The ligands MeS(CH»),SMe, iPrS(CH,),SiPr, 0-CcH4(CH,SMe),,
MeSe(CH,),SeMe, [12]aneS,0, and [15]aneS,05 were prepared as
described previously,l?-2%-3% while 1,4-dithiane, [12]aneS, and [14]-
aneS, were obtained from Aldrich and the solids dried by heating
in vacuo for ca. 1 h before use.

[WO,Cl,{MeS(CH,),SMe}]. Method 1: An acetonitrile solution of
(Mes5Si),0 (0.049 g, 0.3 mmol in 5 mL of CH;CN) was added drop-
wise at room temperature to a stirred suspension of WOCI,
(0.103 g, 0.3 mmol) in acetonitrile (5 mL) over a period of 10 min.
The WOCI, was consumed to give a clear, colourless solution,
which was stirred for a further 10 min. The solution was then con-
centrated to half volume in vacuo and a CH,Cl, solution of
MeS(CH,),SMe (0.037 g, 0.3 mmol) was added dropwise. After
stirring for ca. 30 min the solvent was removed in vacuo, leaving a
yellow precipitate, which was washed with n-hexane and dried in
vacuo. Yield 0.094 g, 76%.

Method 2: A suspension of WClg (0.50 g, 1.25 mmol) in dry CH,Cl,
(10 mL) was treated dropwise with (Me;Si),O (0.20 g, 1.25 mmol)
in CH,Cl, (5 mL) and the mixture stirred for 10 min during which
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orange WOCI, deposited from the solution. Dry MeCN (0.5 mL)
was added, followed by dropwise addition of (Me;Si),O (0.20 g,
1.25 mmol) and the solution stirred for 30 min when it became
colourless (or sometimes very faintly blue). MeS(CH,),SMe
(0.16 g, 1.3 mmol) in CH,Cl, solution (2 mL) was added producing
a pale yellowish solution. The solution was stirred for 10 min and
then concentrated in vacuo to ca. 2 mL, and refrigerated overnight.
The yellow powder deposited was separated by decantation of the
solvent and dried in vacuo. Yield 0.30 g, 58 %.

Both methods gave the same product as confirmed by spectroscopic
studies. C4HoCl,0,S,W (409.0): caled. C 11.7, H 2.5; found C
11.0, H 2.9. IR (Nujol): v = 956, 918 (W=0), 343 (W-CI) cm .
'"H NMR (CD-Cl,, 300 K): § = 3.24 (br. s, CH,S, 4 H), 2.51 (br. s,
Me, 6 H); (223 K): 0 = 3.40-3.05 (m, CH,S), 2.52 (s, Me, minor),
2.44 (s, Me, major). 3C{'H} (CD,Cl,, 300 K): br., ill-defined;
(223 K): 0 = 33.65 (CH,), 18.1 (Me).

[WO,Cl1,{iPrS(CH,),SiPr}]: An acetonitrile solution of (MesSi),O
(0.048 g, 0.2 mmol in 5 mL of MeCN) was added dropwise at room
temperature to a stirred suspension of WOCI, (0.102 g, 0.2 mmol)
in acetonitrile (5mL) over a period of 10 min to give a clear,
colourless solution. After stirring for a further 10 min the solution
was concentrated to half volume in vacuo and a CH,Cl, solution
of iPrS(CH,),SiPr (0.053 g, 0.2 mmol) was added dropwise at room
temperature. The reaction mixture was stirred for ca. 30 min and
then the solvent was evaporated to dryness in vacuo, leaving a yel-
low solid, which was washed with n-hexane and dried in vacuo.
Yield 0.104 g, 75%. The compound was also prepared by method
2 used for [WO,ClL{MeS(CH,),SMe}] above. Yield 55%.
CgH,3C1,0,S,W-CH,Cl, (550.0): caled. C 19.6, H 3.7; found C
18.9, H 4.7. IR (Nujol): ¥ = 963, 923 (W=0), 338 (W-CI) cm .
'"H NMR (CDCls, 300 K): § = 3.30 (br., CH, 2 H), 3.18 (br., CH,,
4 H), 1.38 (br., CHMe,, 12 H). *C{'H} (CDCls, 300 K): § = 36.6
(CH), 28.1(CH,»), 23.2(Me).

[WO,Cly(1,4-dithiane)]: A suspension of WClg (0.50 g, 1.25 mmol)
in dry CH,Cl, (10 mL) was treated dropwise with (Me;Si),O
(0.20 g, 1.25 mmol) in CH,Cl, (5 mL) and the mixture stirred for
10 min. Dry MeCN (0.5 mL) was added to the orange suspension,
followed by dropwise addition of (Me3Si),O (0.20 g, 1.25 mmol)
and the solution stirred for 30 min when it became colourless. 1,4-
Dithiane, which had been freshly sublimed in vacuo, (0.145 g,
1.2 mmol) in CH,Cl, solution (5 mL) was added producing a pale
yellowish solution. The solution was stirred for 10 min and then
concentrated in vacuo to ca. 4 mL, and refrigerated for 48 h. The
very fine yellow powder deposited was separated by decantation of
the solvent and dried in vacuo. Yield 0.28 g, 55%. C4HgCl,0,S,W
(407.0): caled. C 11.8, H 2.0; found C 11.5, H 2.9. IR (Nujol): ¥ =
940, 903 (W=0), 338 (W-Cl) cm!. '"H NMR (CDCls, 300 K): 6 =
2.91 (s, CHy). BC{'H} (CDCls, 300 K): 6 = 29.3 (CH,).

|WO,Br,{MeS(CH,),SMe}]: A suspension of WBrs (0.66g,
1.0 mmol) in dry CH,Cl, (10 mL) was treated dropwise with
(Me;Si),0 (0.16 g, 1.0 mmol) in CH,Cl, (5mL) and the mixture
stirred for 10 min. Dry MeCN (0.5 mL) was added to the yellow-
green suspension, followed by dropwise addition of (Me;Si),O
(0.16 g, 1.0 mmol) and the solution stirred for 30 min when it be-
came pale yellow-brown. MeS(CH,),SMe (0.12 g, 1.0 mmol) in
CH,Cl, solution (5 mL) was added producing a brown-yellow solu-
tion. The solution was stirred for 10 min and then concentrated in
vacuo to ca. 5 mL, and refrigerated for 48 h. Only a small quantity
of yellow-brown precipitate formed, so the solvent was removed in
vacuo, and the residue stirred with hexane (10 mL). The powder
deposited was separated by decantation of the solvent and dried in
vacuo. Yield 0.3 g, 60%. C4HoBr,0,S,W (497.9): caled. C 9.6, H
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2.0; found C 10.2, H 1.3. IR (Nujol): ¥ = 965, 917 (W=0), 228
(W-Br) cm™!. "TH NMR (CD,Cl,, 300 K): § = 2.90 (s, CH,S, 4 H),
2.43 (s, Me, 6 H). 3C{'H} (CDCls, 300 K): § = 33.4 (CH,), 18.4
(Me).

[WO,Br,{iPrS(CH,),SiPr}]: An acetonitrile solution of (Me;Si),O
(0.038 g, 0.2 mmol in 5 mL of MeCN) was added dropwise at room
temperature to a stirred suspension of WOBr, (0.123 g, 0.2 mmol)
in MeCN (5mL) over a period of 10 min. The reaction mixture
changed to a green coloured solution which was stirred for a fur-
ther 10 min. The solution was concentrated to half volume in vacuo
and a CH,Cl, solution of iPrS(CH,),SiPr (0.042 g, 0.2 mmol) was
added dropwise and the mixture was stirred for ca. 30 min. At this
point the solvent was removed in vacuo, leaving a yellow-brown
solid which was stirred with n-hexane (10 mL), separated by decan-
tation and dried in vacuo. Yield 0.093 g, 71%. The compound was
also prepared by method 2 used for [WO,Cl,{MeS(CH,),SMe}]
above. CgHgBr,O,S,W-1/4C¢H 4 (575.7): caled. C 19.8, H 3.8;
found C 19.9, H 4.0. IR (Nujol): ¥ = 962, 920 (W=0), 230 (W-Br)
cm!. "TH NMR (CD-Cl,, 300 K): 6 = 3.48 (br. s, CH, 2 H) 3.30
(br. s, CH,, 4 H), 1.46 (br. s, CHMe,, 6 H); (223 K): 6 = 3.01-3.53
(overlapping m, CH and CH>), 1.43, 1.38 (s, Me). '3C{'H} (CDCl;,
300 K): 0 = 34.9 (CH), 30.7 (CH,), 23.3 (Me).

[WO,Br,(1,4-dithiane)]: A suspension of WBry (0.66 g, 1.0 mmol)
in dry CH,Cl, (10 mL) was treated dropwise with (MesSi),O
(0.16 g, 1.0 mmol) in CH,Cl, (5mL) and the mixture stirred for
10 min. Dry MeCN (0.5 mL) was added to the blue-green suspen-
sion, followed by dropwise addition of (Me;Si),O (0.16g,
1.0 mmol) and the solution stirred for 30 min when it became pale
yellow-brown. 1,4-Dithiane, which had been freshly sublimed in
vacuo, (0.12 g, 1.0 mmol) in CH,Cl, solution (5 mL) was added
producing a brown-yellow solution. The solution was stirred for
10 min and then concentrated in vacuo to ca. 4 mL, and refriger-
ated for 48 h. The yellow-brown powder deposited was separated
by decantation of the solvent, rinsed with dry hexane (5 mL) and
dried in vacuo. Yield 0.35 g, 70%. C4HgBr,O,S,W (495.9): calcd.
C9.7, H 1.6; found C 9.0, H 1.7. IR (Nujol): v = 961, 902 (W=0),
238 (W-Br) cm™'. 'TH NMR (CDCl;, 300 K): 6 = 2.85 (CH,).
3BC{'H} (CDCl3, 300 K): § = 29.2 (CH,).

[M0,0,4Cl{o-CsH4(CH,SMe),},l: A degassed ether solution of o-
Ce¢H4(CH,SMe), (0.104 g, 0.52 mmol) in 5 mL of Et,O was added
dropwise at room temperature to a stirred solution of MoO,Cl,
(0.104 g, 0.52 mmol) in diethyl ether (10 mL) over a period of
5 min, giving a light yellow solution. The solution was stirred at
room temperature for a further 30 min. The solution was then con-
centrated in vacuo by ca. 50% and placed in the freezer. This pro-
duced a yellow precipitate, which was collected by filtration and
dried in vacuo. Yield 0.153 g, 74%. C,y0H,3C14M0,04S, (794.4):
calcd. C 30.2, H 3.6; found C 29.2, H 3.8. IR (Nujol): ¥ = 933, 895
(Mo=0), 387, 355 (Mo-Cl) cm!. 'TH NMR (CDCls, 298 K): 6 =
7.29 (br. s, 0-CsHy, 4 H), 3.95 (br., CH,, 4 H), 2.29 (br., Me, 6 H);
(183 K): 0 = 7.33-7.11 (m, 0-C¢H,, 4 H), 4.15, 3.74 (br., CH,, 4
H), 2.64, 2.26, 1.94 (s, Me, 6 H). 3C{'H} NMR (CDCls, 298 K):
no spectrum; (223 K): 0 = 133.00 (ipso-C, 0-C¢Hy), 132.67, 129.28
(0-C¢Hy), 37.21 (CH,), 20.99 (Me).

[MoO,CL{iPrS(CH,),SiPr}]: To a suspension of MoO,Cl,
(0.103 g, 0.52 mmol) in CH,Cl, (20 mL) was added a CH,Cl, solu-
tion (SmL) of iPrS(CH,),SiPr (0.093 g, 0.52 mmol). Stirring the
reaction mixture for ca. 15 min afforded a pale yellow solution
which was reduced in vacuo to ca. 3 mL. Layering with anhydrous
diethyl ether and storing the resulting mixture overnight at ca.
—~18 °C gave pale yellow crystals which were filtered, washed with
diethyl ether and dried in vacuo. Yield 85%. CgH;3Cl,Mo00-S,
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(377.2): caled. C 25.5, H 4.8; found C 25.3, H 5.1. IR (Nujol): ¥ =
944, 913 (M0=0), 348 (Mo-Cl) cm!. 'TH NMR (CD,Cl,, 300 K):
J = 3.30 (sept, CH, 2 H), 3.08 (s, CH,, 4 H), 1.47 (d, CHMe,, 12
H). BC{'H} NMR (CH,Cl,/CDCl;, 300 K): § = 38.25 (CH), 31.01
(CH,), 21.99 (CHMe,) ppm. Mo NMR (CH,CL/CDCly): 6 =
225.

[MoO,Cl,(1,4-dithiane)]: A degassed diethyl ether (5 mL) solution
of 1,4-dithiane (0.072 g, 0.6 mmol) was added dropwise at room
temperature to a stirred solution of MoO,Cl, (0.120 g, 0.6 mmol)
in diethyl ether (10 mL) over a period of 5 min, giving a light yellow
precipitate. The reaction mixture was stirred at room temperature
for a further 1 h. The yellow precipitate was collected by filtration
and dried in vacuo. Yield 0.128 g, 67%. C4HgCl,M00-S, (319.1):
caled. C 15.1, H 2.5; found C 15.4, H 2.4. IR (Nujol): ¥ = 946, 916
(Mo=0), 362 (Mo-Cl) cm™!. '"H NMR (CDCls, 298 K): 6 = 2.98
(s, CH,); (183 K): 0 = 3.53-2.69 (br. m, CH,).

[MoO,Cl,(]15]aneS,05)]: A dry, degassed CH,Cl, solution (5 mL)
of [15]aneS,05 (0.010 g, 0.4 mmol) was added dropwise at room
temperature to a stirred solution of MoO,Cl, (0.080 g, 0.4 mmol)
in degassed diethyl ether (10 mL) over a period of 5 min, giving a
light yellow precipitate. The reaction mixture was stirred at room
temperature for a further 3 h. The yellow precipitate was collected
by filtration and dried in vacuo. Yield 0.124g, 68%.
C10H»0C1LM005S, (451.2): caled. C 26.6, H 4.5; found C 26.6, H
4.5. IR (Nujol): ¥ = 939, 908 (Mo=0), 355 (Mo-Cl) ecm™!. 'H
NMR (CDCls, 300 K): 6 = 3.97 (br. s, CH,0, 4 H), 3.84 (s, CH,0,
4 H), 3.77 (s, CH,O, 4 H), 3.15 (s, CH,S, 4 H), 3.02 (s, CH,S, 4
H). Mo NMR (CH,Cl,/CDCls, 300 K): 6 = 194.

[MoO,Cl,([14]aneS,)]: Addition of a solution of MoO,Cl, (0.075 g,
0.38 mmol) in dry diethyl ether (5 mL) dropwise via a bypass funnel
at room temperature to a solution of [14]aneS, (0.102 g, 0.38 mmol)
in dry CH,Cl, (10 mL) over a period of 5 min, produced a light
yellow precipitate. The reaction mixture was stirred at room tem-
perature for a further 60 min, and the yellow precipitate was col-
lected by filtration and dried in vacuo. Yield 0.135g, 76%.
C10H20ClLM00,S, (467.4): caled. C 25.7, H 4.3; found C 25.9, H
4.5. IR (Nujol): ¥ = 939, 913 (M0=0), 359 (Mo-Cl) ecm™!. 'H

Table 4. Crystallographic parameters.[#

NMR (CDCls, very poorly soluble, 300 K): 6 = 2.72 (s, SCH,CHS,S,
8 H), 2.61 (t, SCH,CH,CH,S, 8 H), 1.88 (q, SCH,CH,CH,S, 4 H)
([14]aneS,).

[M0O,Cl,([12]aneS,)]: Addition of a solution of MoO,Cl, (0.084 g,
0.42 mmol) in dry diethyl ether (5 mL) dropwise via a bypass funnel
at room temperature to a solution of [12]aneS, (0.102 g, 0.42 mmol)
in dry CH,Cl, (10 mL) over a period of 5 min, produced a light
yellow precipitate. The reaction mixture was stirred at room tem-
perature for a further 60 min. The yellow precipitate was collected
by filtration and dried in vacuo. Yield 0.141g, 76%.
CsH,,C1,M00,S,-CH,Cl, (524.2): caled. C 20.6, H 3.5; found C
20.6, H 3.5. IR (Nujol): ¥ = 944, 919 (M0=0), 358 (Mo—CI) cm™.
'"H NMR (CDCls, very poorly soluble, 300 K): § = 2.72 (s, CH,)
([12]aneS,).

X-ray Crystallography: Details of the crystallographic data collec-
tion and refinement parameters are given in Table 4. Yellow crystals
of [WO,CL{iPrS(CH,),SiPr}], [M0,0,Cly{o-CsH4(CH,SMe),},]
and a new polymorph of [WO,Cl,{MeO(CH,),OMe}] were ob-
tained by liquid diffusion of diethyl ether into a CH,Cl, solution
of the complex. The crystals of [M0,04Cl4{0o-CsH4(CH,SMe),} 5]
were extremely moisture-sensitive and some degradation occurred
during transfer from the Schlenk flask to the diffractometer — the
data presented are those from the best crystal from several different
crystals examined. Nevertheless the quality was rather poor and
hence the residuals are higher than usually expected. Data collec-
tion used a Nonius Kappa CCD diffractometer (7 = 120 K) and
with graphite-monochromated Mo-K,, X-radiation (1 = 0.71073 A).
Structure solution and refinement were routine.*!-3! with H atoms
being placed in geometrically calculated positions. Selected bond
lengths and angles are given in Table 1, Table 2, and Table 3.

CCDC-626755 (for WIS), -626756 (for W/O), -626754 and -626757
(for Mo) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Compound [WO,Cl,{iPrS(CH,),SiPr}] [WO,Cl,{MeO(CH,),OMe}] [(M00O,Cl,),{0-CsHy(CH,SMe), } o]
Formula CgH 5CL0,S,W C4H,;,CLL,O,W CooHsC14M0,0,4S,
M 465.09 376.87 794.34
Crystal system orthorhombic monoclinic monoclinic
Space group Pbca (no. 61) P2/c (no. 14) P2/c (no. 14)
a[A] 11.7823(16) 14.248(3) 7.4251(12)

b [A] 12.964(2) 11.216(3) 23.984(4)
c[A] 19.111(3) 13.497(3) 8.2293(14)
a[°] 90 90 90

M| 90 118.213(10) 94.964(9)

7 [°] 90 90 90

U [A%] 2919.2(8) 1900.5(7) 1460.0(4)

Z 8 8 2

#(Mo-K,) [mm ] 8.547 12.686 1.537

Total number of reflections 29514 11475 7617

Ry 0.069 0.032 0.064

Unique reflections 3341 4179 2418
Number of parameters 136 203 154

Ry [1, > 20(1,)] 0.0489 0.0282 0.0884

Ry [all data] 0.0704 0.0391 0.1110

WR, [I, > 20(1,)] 0.0880 0.0536 0.2232

WR, [all data] 0.0959 0.0580 0.2411

[a] Common items: temperature = 120 K; wavelength (Mo-K,) = 0.71073 A; O(max.) = 27.5% R, = 3||F.| — |FAl/Z|F,); wR> = [Ew(F,2 —

F2P2SwF.42.
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