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Abstract

Reactions of the molybdenum and tungsten precursors [MO,S,]* with equimolar amounts of
benzenedithiol in acetonitrile give the title compounds [MzOg(p—S)z(bdt)g]z_ with M = Mo, W and
bdt = benzene-dithiolate. Incase a tungsten to ligand ratio of 1:2 is used the dimer forms as well but
only as a minor species whereas the monomer [WO(bdt),]*" is the main product. In both dimeric
compounds the syn-isomers are formed referring to the position of the apical oxo ligands with
respect to the M»S; plane. For the molybdenum compound this contrasts with a published crystal
structure of the anti-isomer. Both complexes give highly symmetric isomorphous crystals but still
show subtle differences in their bond lengths and angles around the central metal. The X-ray crystal
structures of both are analyzed in detail and compared with each other and with the isomeric
molybdenum compound. Differences and similarities between tungsten and both isomers of
molybdenum complexes are shown to be more influenced by the conformation than by the central
metal and a reason for the formation of syn- and anti-isomers based on the respective synthetic

procedures is proposed.
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1. Introduction

Molybdenum and tungsten are chemically very similar because they belong to the same group of
the periodic table and are of almost identical size since tungsten’s orbitals are contracted by the
relativistic effect despite it having 32 electrons more.[1,2,3] Accordingly there are quite a number of
analogous complexes of molybdenum and tungsten described in the literature in particular those
with oxo ligands like [MOCI4],[4] [MO,CL,],[5] [MOSCL],[6] [MO(SR),] [7] and [MO(mnt),]*
(with mnt = maleonitrile’)[8] that are almost identical in many aspects. Contrary to this there are
also many examples known for a divergent behavior of molybdenum and tungsten in complex
chemistry or biological inorganic chemistry.

Molybdenum and tungsten are used in ubiqitous molybdopterin dependent enzymes in a
similar way for similar reactions but in‘different habitats (usually molybdenum is used at mesophilic
conditions and tungsten at thermophilic conditions).[9] Furthermore, a tungsten specific biological
transporter in Pyrococcus furiosus is able to distinguish between molybdate and tungstate though it
is not clear yet how it.does this.[10]

A distinct behavior of both metals has also been reported frequently in a chemical context: a
simple homoleptic chloro complex in oxidation state six is only stable with tungsten as central metal
but not with molybdenum.[11] and in order to prepare the di-oxo bis-acetylacetonato complexes
[MOs(acac),] two different methods need to be employed for both metals.[12] Similarly, though
both [MOCl4] compounds are accessible, the most convenient synthetic procedure for tungsten does
not work for molybdenum.[4,5] In another case identical synthetic procedures lead to quite different
products for analogous molybdenum and tungsten precursors.[13]

Therefore generally there are numerous examples for both a congruent and a distinct

behavior of molybdenum and tungsten in vivo and in vitro. Comparing synthetic molybdenum and



tungsten compounds that are either analogous or behave differently in reactions is therefore still of
great importance for understanding the subtle differences that are fundamental for the biological

relevance and the distinct chemical character of both metals.

2. Results and Discussion
Synthesis and structural analysis

[W20,(uS)y(bdt),]* (1) was initially obtained as byproduct in the  preparation of
[WO(bdt)z]z_ from [WOZSZ]Z_ and H,bdt (see scheme 1). The central M,0O,S, moiety of this
compound is a long and very well known, often observed motif in molybdenum chemistry [14] but
not as common in tungsten chemistry where only a few examples of small molecule structures have
been reported [14f, 15]. In addition its syn conformation with respect to the axial oxo-ligands’
position relative to the W,S;-plane was in contrast to the published structure of its molybdenum
analog [14a]. Consequently the synthetic procedure was modified to obtain the dimeric compound
as only or major product and successfully applied to both the respective tungsten and molybdenum

precursors.

With these two compounds we are now able to shed light on the reason for the preference of
forming syn- or anti-isomers, to provide a further example for an analogous behavior of
molybdenum and tungsten in synthesis and to compare the respective compounds structurally. The
dimeric tungsten (1) and molybdenum (2) complexes were obtained in moderate and low yield
respectively and characterized by IR spectroscopy, Mass spectrometry (in which the molecular
peaks were directly observed), elemental analysis and X-ray structural analysis (Fig. 1). Both
compounds give isomorphous structures in the orthorhombic space group Pbca with the complexes
in their syn conformation, which for the molybdenum compound is contrary to the previously

published structure.

A structural comparison of these two compounds and of the known molybdenum anti-
isomer (table 1) shows that almost all structural parameters are more strongly influenced by the

conformation of the molecule than by the nature of the two central metals. This is most evident in



the metal metal distances being longest for the molybdenum anti-isomer (2.9018 A vs. 2.8905 A for

Moy, and 2.8797 A for W) and the metal’s distance from the plane formed by the four sulfur atoms

(of one dithiolene ligand and the two bridging sulfides) which is significantly shorter for the

molybdenum anti-isomer (0.62 A vs. 0.71 A for Mo syn and 0.69 A for W syn). Furthermore the

angle between one bridging sulfide and the dithiolene sulfur frans to it is significantly larger for the

molybdenum anti-isomer (147.22° vs. 143.57° fpr Moy, and 144.29° for W respectively).

Table 1: Bond distances (in A) and angles (in °) for 1, 2 and the anti-isomer of 2[14a]

W (1) Mo (syn) (2) Mo (anti)[14a]
M-M 2.8797(3) 2.8905(4) 2.9018(13)
M=0 1.697(4) Wi 1.699(2) Mo1

1.708(4) W2 1.784(2) Mo2
average 1.7025 1.7415 1.697
M-uS 2.3351(15) W1 2.3314(9) Mo1

2.3381(15) W1 2.3332(9) Mo

2.3410(16) w2 2.3344(9) Mo2

2.3457(15) w2 2.3395(9) Mo2
average 2.3400 2.3346 2.3075
M-S(bdt) 2.4024(16) W1 2.4050(8) Mo1

2.4183(15) Wi1 2.4220(8) Mo1

2.4057(15) W2 2.4059(9) Mo2

2.4119(14) W2 2.4129(8) Mo2
average 2.4096 2.411 2.485
M-(S4-plane) 0.6883 Wi 0.7060 Mo1

0.6996 W2 0.7143 Mo2
average 0.6940 0.7102 0.6242
MS-M-pS 101.50(5) W1 100.68 Mo

101.10(5) w2 100.40 Mo2
average 101.30 100.54 102.10
S-M-S 81.32(5) Wi 81.29 Mo1

81.68(5) W2 81.57 Mo2
average 81.50 81.43 81.02
MS-M-S(cis) 78.95(5) W1 78.85 Mo1

78.61(5) W1 78.55 Mo

78.29(5) w2 78.32 Mo2

78.66(5) w2 78.52 Mo2
average 78.63 78.56 80.23
pS-M-S(trans) 146.29(6) W1 145.81 Mo1

142.66(6) Wi 141.63 Mo1

143.76(6) w2 143.21 Mo2

144.44(6) W2 143.64 Mo2




| average | 144.29 | | 143.57 | | 147.22

Overall the anti conformation allows the metal to be in a less distorted square planar
coordination geometry (being closer to the base of the square pyramid) compared with the syn
conformation. Notably, with respect to both latter features the tungsten complex (and not the
molybdenum syn-isomer) is the one with structural properties more similar to the molybdenum anti-
isomer. In addition these are the properties that show the most pronounced differences between
molybdenum and its tungsten analog aside from the average metal-oxo distance. The latter,
however, is in case of the molybdenum complex not reliable due to a disorder of one of the oxo
ligands (O2) with an abnormal large distance to molybdenum. Interestingly this distance is in a
range that has been observed in protein X-ray absorption spectroscopy leading to the ambiguous
assignment of the respective ligand as an oxo ligand or a hydroxide.[16] In case of the present small
molecule structure, however, a coordinated hydroxide can clearly be excluded due to the presence
of two cations and the fact that the complex is diamagnetic. In addition, no 'H-NMR signal was

observed that could be assigned to an OH™ proton.

In both syn-isomers the metal sulfide distances are longer for tungsten than for
molybdenum, which is surprising considering that usually tungsten is the more thiophillic metal of
both. For the metal dithiolene sulfur distances this order is reversed and therefore as expected. All
metal sulfur distances are, however, only marginally distinct, with differences being close to the

experimental error.

Despite this distinction in summary the metals influence on structural parameters is indeed

considerably smaller than that of the conformation.

Syn and anti conformation

In a recent theoretical study about the syn/anti isomerism of compounds with the M,0,S,
moiety it was found that the syn-isomer is thermodynamically favored but only by about 1 — 4 Kcal

mol™! which was ascribed to the o interaction of the two metals based on the relative orientation of



their respective d orbitals being bent in the syn-isomer but lateral in the anti-isomer.[17] This is in
accordance with the structural parameters discussed above. In order to achieve a better orbital
overlap for the bent metal-metal interaction the metals are forced above the S4 plane to a larger
extent in the syn-isomers. For molybdenum this feature is even a bit more pronounced than for

tungsten because the latter is slightly more flexible with respect to orbital shape and orientation.

The authors of the theoretical study[17] further suggest that it is mainly the nature and
location of the cation in the crystal structure that dictates the conformation of the complex.
Chemically this is very unlikely because an exchange of cation would certainly not be able to form
one isomer out of the other which would require a disconnection of at'least two metal-sulfur bonds
and a 180° turn of one of the two fragments. So if the cation had an influence on the formation of
only one of the isomers this could only be relevant during the actual reaction leading to the dimer.
Furthermore, we have now synthesized the syn molybdenum complex 2 as isomer to its anti form
with the exact same cation, which was already present during dimer formation. We rather propose
that it is the nature of the metal precursor that influences which of the two isomers is preferentially

synthesized.

In case of the anti-isomer the precursor carried already the benzenedithiolene ligand and two
of the three oxo ligands were replaced by the then bridging sulfides. Here it is sterically easier for
both metal fragments to approach each other with the aromatic rings furthest apart and the two oxo
ligands on opposite sides of the product. In case of our syn-isomer the metal precursor already
contains the MOS, moiety and it is likely that first or simultaneously with the dithiolene
coordination the M,0,S; core was formed by reduction of both metal centers to M(V), oxidation of
two sulfide ligands and subsequent elimination of persulfide from the complex. When such small
molecule fragments without sterical demand react which each other, the metal-metal interaction
becomes more dominating and the syn-core that allows a better overlap of the respective orbitals

giving rise to the thermodynamic advantage, despite it being very small, is more likely to form.

In conclusion we have prepared and characterized by X-ray crystallography analogous

[M0202(H-S)2(bdt)2]2’ and [WzOz(u—S)z(bdt)z]z’ and shown that in this case the conformation has a



stronger influence on structural parameters in the crystal structures than the central metal.
Furthermore, we have demonstrated that both the anti-[14a] and the syn-isomer of
[NEt4]2[M0,0,(u-S)2(bdt),] can be prepared and that it is not the cation that dictates the

conformation but rather the synthetic procedure with respect to the metal precursor.

3. Experimental

General

The compounds have been synthesized under a pure nitrogen atmosphere using Schlenk line
techniques. Solvents were pre-dried two days over KOH and refluxed for three days over calcium
hydride, sodium/benzophenone or phosphorus pentoxide before distilled onto freshly regenerated
molecular sieves. (NEt1),[Mo00O,S;][18] and (NEt4),[WO,S,][18] have been synthesized according
to the respective literature procedures. Other chemicals were purchased commercially and used as

received.

Synthesis of [NEty]2[ W20(u-S)2(bdt);] 1

Method I: A solution of 0.17 g (1.2 mmol) of benzene-1,2-dithiol in 5 ml acetonitrile was added to a
stirred solution of 0.62 g (1.1 mmol) of [EtsN],[WO,S;] in 20 ml acetonitrile at room temperature.
The color of the solution changed from yellow to red-brown immediately. After 2 h, the solution
was filtered and the filtrate was dried under vacuum to afford a red-brown solid [Et4N]o[W,0x(u-
S)a(bdt),] (vield: 66 %). IR (KBr) (cm™): 1550(m), 1478(s), 1457(w), 1441(s), 1420(m), 1391(s),
1284(w), 1240(s), 1171(s), 1102(s), 1052(w), 998(s), 944(vs), 932(s), 904(w), 782(m), 747(s),
664(s), 437(s), 362(s), 335(m); ESI-MS: m/z (%) 746 (30) (M,+H)*, 604 (33) (M,~bdt +H)"; Anal.
Calc. for CogHagN>O2S¢W, (1004.76 g/mol): C, 33.47; H, 4.82; N, 2.79; found: C, 33.56; H, 4.83;

N, 2.65.

Method II: A solution of 0.33 g (2.3 mmol) of benzene- 1,2-dithiol in 5 ml acetonitrile was added to

a stirred solution of 0.62 g (1.1 mmol) of [EtsN],[WO,S,] in 20 ml acetonitrile at room temperature.



The color of the solution changed from yellow to red-brown immediately. After 2 h, the solution
was filtered. Slow addition of 4 ml diethyl ether by vapor diffusion to this filtrate afforded the
monomeric compound as red-brown needle like crystals [Et4N],[WO(bdt),] (yield: 57 %). IR
(KBr) (cm™): 1546(m), 1480(vs), 1457(vs), 1438(vs), 1393(s), 1307(m), 1262(m),
1233(m), 1182(s), 1102(m), 1077(w), 1033(m), 1022(s), 1004(m), 948(m), 902(m), 885(vs),
848(s), 796(s), 752(s), 663(m), 660(m), 614(w), 544(w), 447(vs), 350(w), 319(m); ESI-MS: m/z
(%) 479 (5) M,+H)", 338 (30) (M,-bdt+H)'; Anal. Calc. for CosHssN,OS4W (740.79 g/mol): C,
45.40; H, 6.53; N, 3.78; found: C, 43.89; H, 6.43; N, 4.04.

After 10 days at room temperature, the byproduct of [NEty],[W,03(u-S),(bdt),] was afforded
as cubic red-brown crystals (yield: 16 %). IR (KBr) (cm’l): 1550(m), 1478(s), 1457(w), 1441(s),
1420(m), 1391(s), 1284(w), 1240(s),1171(s), 1102(s)," 1052(w), 998(s), 944(vs), 932(s),
904(w), 782(m), 747(s), 664(s), 437(s), 362(s), 335(m); ESI-MS: m/z (%) 746 (30) (M,+H)", 604

(33) (M,~bdt +H)".

Synthesis of [NEts]>[Mo,05(u-S)2(bdt)s] 2

A solution of 1,2-benzenedithiole (0.10 g, 0.70 mmol) in acetonitrile (5 ml) was added slowly to a
solution of (NEt4):[M00O,S,] (0.36 g, 0.80 mmol) in 20 ml CH3sCN at room temperature. A color
change from orange to red brown was observed. After 2 h stirring at room temperature the solution
was filtered and Et;O-(5 ml) was added to the filtered solution. The solution was stored at -35°C
and after 10 d orange-red crystals were collected. Yield: 0.11 g, 0.13 mmol, 17%

IR (Nujol) [cm™]: 465 (w), 722 (m), 864 (w), 966 (w), 1078 (w), 1170 (w), 1305 (w), 1377 (ws),
1463 (ws), 2301 (s, b), 2345 (s), 2361 (m), 2677 (w), 2775 (w), 2837 (ws), 2857 (m), 2882 (m),
2996 (m), 2923 (s), 2974(ws); MS [FAB™, 3-NBA], e/z (%): 130.2 (100) [NEt;']; MS [FAB, 3-
NBA], e/z (%): 571.5 [MOOZS4(bdt)22’]; Anal. calc. for Co3HssM0,0,S¢ : C: 40.57; H:5.84; N: 3.38;
S: 23.21; found: C: 39.84, H: 5.62; N:3.03; S: 23.05; 'H-NMR (200 MHz, DMSO-[ds], 25°C,
TMS): 8=1.15 (t, 24 H, *J=7.2 Hz, CH3), 3.18 (g, 16 H, 7.2 Hz, CH,-CH3), 6.76 (m, 4 H, Harom),

7.49 (m, 4 H, Harom) ppm.



X-ray Structure Determinations

The X-Ray crystallographic data of crystals of [NEt], -1 and [NEty], -2 were collected on a STOE-
IPDS2 with graphite-monochromated Mo-Ka (A = 0.71073 A) radiation. The structures were solved
by direct methods (SHELXS-97)[19] and refined with all data by full matrix least squares methods
on F~.[19] All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were attached
at idealized positions on carbon atoms and were refined as riding atoms with-uniform isotropic
thermal parameters. Parameters of the X-ray crystallography are summarized in Table 2. CCDC-
760711 (1) and CCDC-760712 (2) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

Table 2: Crystallographic data for the structural analyses of [NEty],[W,0,(uS),(bdt),] and

[NEt4]2[M0,0,(uS),(bdt)s].

[NEts]>-1 [NEt4]>-2
Empirical formula CrgHigN2O2SeW5 CrsHisM0,N>,0,S¢
CCDC-No. 760711 760712
T [K] 133(2) 133(2)
Crystal system orthorhombic orthorhombic
Space group Pbca Pbca
a[A] 12.4588(4) 12.4565(3)
b [A] 17.3277(7) 17.3548(5)
c[A] 32.6412(15) 32.7301(7)
VIA'] 7046.7(5) 7075.6(3)
Z 8 8
Deatca [g cm™] 1.894 1.556
u [mm™'] 6.908 1.091
F(000) 3920 3408
6 range [°] 2.06 to 24.90 1.24 t0 25.63
Data/restraints/parameters 6122/0/369 6653/0/372
Reflections collected/unique 72404/6122 (R = 0.1253) 55893/6653 (Riy = 0.0971)




R1, wR2 [I > 20(])] [a] 0.0284, 0.0530 0.0361, 0.0792
R1, wR2 (all data) [a] 0.0515, 0.0568 0.0449, 0.0827
GoF 0.863 1.077
Ap(max), Ap(min) [e A™] 0.687, -1.420 0.860, -0.757

[a] R1 = ZIF -F/EIF,). wR2 = [Ew(Fo’—F ) Ew(F,2)*1%.

Other Physical Measurements

Elemental analyses were performed with a Heraeus CHN-O-Rapid elemental analyzer. Infrared
spectra were recorded as KBr pellets with a Bio-Rad Digilab FTS-7 spectrometer from 4000 to 300
cm ™. EI-MS were measured on a Finnigan Mat 8230 or a Varian MAT.CHS instrument. 'H- NMR
spectra were recorded on a Bruker Avance DRX 200 MHz instrument and referenced to the

deuterated solvent.
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Scheme 1: Synthetic procedures for the _preparation of [Wzoz(uS)z(bdt)z]zf (1) and

[M0,0,(1S)»(bdt),]* (2) in acetonitrile at RT:




Figure 1: Molecular structures of 1 (top) and 2 (bottom). Thermal ellipsoids are shown at 50%

probability. H atoms are omitted for clarity reasons.

Graphical abstract
Isostructural dinuclear molybdenum and tungsten oxo-bis-p-sulfido-benzenedithiolene complexes
have been prepared in syn-conformation, characterized crystallographically and compared with each

other and the known anti-isomer of molybdenum.




