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Introduction

Early molecular orbital schemes for tris(dithiolene) complexes
of transition metals indicated that 12-electron compounés (d
are the optimal situation for trigonal-prismatic (TP) geometry,
while an increase in the number of electrons is expected to
destabilize TP structure, favoring a distortion toward octahedral
geometryl Thus, while the structures of the complexes
[MOVI (SQC2H2)3],2 [MOVI (SzC5H4)3],3a and [NW(SQC6H4)3]_,3b
which are formally 8 complexes, exhibit regular TP geometries
around the metal atom, [M(mnt)s]2~ (M = Mo or W; mnt=
S,CH(CN)2)* and [MdY(S,Cx(COMe)y)3]%~,5 formally c?

complexes, exhibit an intermediate structure between octahedral

and TP types.

Rather unexpected in this context is the almost perfect TP
structure of [Re(8C,(CsHs)2)3], with the d' configurationt2and
also the pseudooctahedral structure of thgzdV (S,CsHy)3]2~
complex® However, there is a great difference in metal size

between these complexes, and a certain amount of caution

should be exercised in this comparison since interligand sulfur
sulfur bonding was also believed to be a significant factor in
stabilizing TP tris(dithiolene) complexé3.

At present, when a more extended series of complexes can,
be arranged according to the electronic configurations, no clear

correlation results. The observation of a TP structure for
[Mo'V(qdtk]2~ (qdt = quinoxaline-2,3-dithiolate) has been
considered as unexpected, since its oxidized monoanionic Mo(V)
derivative has a structure significantly distorted from the ideal
TP geometry. The most recent X-ray structures of [MS-
(CHg)2)3]" complexe& (M = Mo andn = 0—-1, =2, M =W

and n = —1, —2) reveal that all they adopt regular TP
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stereochemistries. In general, structural data evidence that the
geometry of a particular complex is not governed only by
electronic factors. Ligand constraint, ligand field stabilization
energy, proper matching of ligand and metal d orbital energies,
the symmetry of ligandr orbitals, inter-donor atom bonding,
and the overall charge of the complex have been suggested as
important factor$;1° and thus, to correlate electronic configu-
ration and molecular geometry, it is preferable to use compounds
with identical ligands.

The current ligand has played a quite remarkable role in the
study of factors stabilizing the TP geometry of tris(dithiolene)
complexes. While tris(benzenedithiolate) complexes of Mo(VI)
and Nb(V) are TP, the [2(S,CsH4)3]?>~ structure is closer to
octahedral! Complex charge and interligand bonding might
be responsible for the trend, but it was believed that stabilization
of d orbital proceeding from Zr to Mo is the most important
factor in stabilizing the TP structure of these compleXEdn
an attempt to gain further information about the relative impor-
tance of electronic factors, we report here the improved synthe-
sis of (BuN)[Mo(S,CsHa)3] and its structural characterization.

Results

The neutral [Md'(S;,CsHa4)s] complex was first prepared in
moderate yield by refluxing solid Mogwith a slight excess
of benzenedithiol dissolved in €I.12 We have improved the

ynthesis by the use of Maecac); the reaction does not
equire heat and prolonged reaction time and affords{Mo
(S2CeHa)3] in yields of 70-80%. The reduced M&(S,CeHa)3]2~
species was prepared in low yield from the reaction of
[MOC|4(TH F)z] with Li 2CsH4S,, whereas the [MH (SzC6H4)3]/
[Mo'V(S,CsH4)3]2~ comproportionation reaction led to the
isolation of the [Md(S,CeHas)3]~ monoaniont?

The CV of [Mo“(S;CsHs)s] shows two reversible one-
electron reductions at the formal potentials ©60.200 and
—0.390 V, supporting the three-member [Xi&,CsHy)3]¥ 2
series, the existence of which was established much earlier for
his and related tris(dithiolenes) of molybdendiThe CV of
a coulometrically fully reduced solution is identical to that of
the unreduced solution, indicating effective stability of the
reduced products. Thus, the preparation of these anions was
herein attempted by direct reduction of [M{5,CsHy)3] with
(N(C4Hg)4)(SH) in dry, deoxygenated CEl,. The redox
reactions, monitored spectrophometrically, proceed with well-
defined isosbestic points and stoichiometric conversions. The
final spectra are that of [M&S;CsHa)3] ~ or [Mo" (S,CeHa)3]?~,
measured separately. EPR spectroscopy confirms these spec-
trophotometric results. When excess of bisulfide was added to
a CHCI, solution of M0d”'(S,CeHa)s kept under a stream of
nitrogen, in situ measurements revealed the immediate appear-
ance of a signal characteristic of a Mo(V) cent@ & 2.006;
[A(*>*Mo) = 26.6 x 104 cm™1). The concentration increases
with time reaching a maximum and then disappears at a much
slower rate, which indicates a further reduction to the EPR-
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Table 1. Crystal Data and Structure Refinement for which is slightly closer to the ideal octahedral value of &tan
[M0(S2CeH4)3s]N(CaHo)s to the TP limit of 0.1 Such a value is also the largest yet
empirical formula GsHss Mo N S5 observed in a neutral, mono, or dianionic molybdenum tris-
fw 758.75 (dithiolene) complex, with the examples having shorter inter-
temp 298(2) K ligand S--S distances and lower twisted angles of [f{téd)s] ~,1°
zvra‘éf'f”s%th gghloorzli r’ébic 3.11(4) A (0); [MoV(qdt)]~,723.16(5) A (14.8); [Mo'V(S,Co-
SpAce group Peaz(l) (CN))3J?~* 3.188 A (28); [MoW (tfd)]2~,16 3.18(2) A (16);
unit cell dimensions a=19.749(4) A and [MdV{S;C,(COMe)z}5]%>~,° 3.18 A (10.8).
b=11.019(3) A The dihedral angles between various planes in the ¢MoS
c=17.324(5) A polyhedron provide a more comprehensive measure of its
2:88: shap€e'’ Thus, the dihedral angle is defined as the angle
y=90° between the mean plane of the twgtBangles, and the chelate
volume, Z 3770(2) A 4 planes defined by the Mo and two S. The angles found here,
density (calcd) 1.273 Mg/tn S(1)MoS(2)= 66.5, S(3)MoS(4)= 68.7°, and S(5)MoS(6¥
2?(’)586[)3“0'1 coeff 1%121 mm 74.0 are slightly closer to an octahedral € 54.7) than to a
0 range for data collection 2.06 to 22.48 deg. TP (p = 90°) geometry. L .
limiting indices 0<h<21,0<k<11,0<|<18 In the crystal structure, each anion is connected with two
refins collected 2555 neighboring anions through-€H---S interactions that involve
independent refins 2555 one phenyl G-H bond of one complex and a sulfur atom of
absorption correction semiempirical fromscans the other. The net effect of such interactions is to generate
max and min transmission  0.2593 and 0.2451 discrete chains of anions oriented along [001]. Within each stack,
refinement method Full-matrix least-squaresFén . . . .
data/restraints/parameters 2554/138/379 Fhe com.plexes are oriented in the same direction, and the cllose
GOE on BA2 1.046 intrachain G-H-++S contact observed is 2.904 A for the aromatic
final Rindices [ > 20(1)] R1 = 0.0863, wR2= 0.0469 H(16) atom of a complex unit and the S(4) atom of an adjacent
Rindices (all data) R% 0.2813, wR2=0.0739 molecule. There are no intermolecular contacts between chains.
absolute structure param 0.03(10)

The BuN™ cations perfectly fit the holes among chains, with

i 3
largest diff peak and hole 0.398 and).460 oA three of them sited around each complex anion. The shortest

Table 2. Bond Lengths (A) and Angles (deg) for [MofGsHa)3] anion—cation distances always imply S and H atoms, and we

N(C4Ho)4 do not believe that these anionation contacts dictate the

Mo(1)—S(3) 2.362(9) Mo(1}S(1) 2.379(9) distorted TP geometry of the anion.

Mo(1)—S(5) 2.380(9) Mo(1}S(2) 2.382(9)

Mo(1)—S(6) 2.389(7) Mo(1)S(4) 2.400(8) : :

S(1)-C(1) 1.7202) S(C2) 1.73(2) Discussion

g%:ggé) i;:é(é)) 2((?}8@1) i;(i((% The structural shift from TP toward the octahedron as

C(1)-C(2) 1.38(2) C(7¥-C(8) 1.38(2) electrons are added to neutral Mo(VI) complexes can be first

C(13)-C(14) 1.38(2) analyzed in terms of simple repulsion energy. To this regard, a

S(3-Mo(1)-S(1) 106.6(3) S(3YMo(1)-S(5) 157.3(3) comparison of the [MY(S,CgHa)3] ~ structure with that observed

S(1)-Mo(1)-S(5)  90.1(3) S(3yMo(1)-S(2)  86.9(3) for [NbY(S;CgHa)s] ~,3P which strongly resembles the Mo

gg);mogg—ggg g;-ggg gggmogg—ggg Eéggg complex in metal size and also has the same charge, proves
o(1)— . o(1)— . i i i

S5-Mo(1)-S(6)  82.1(3) S(Mo(1)-S(6)  82.1(3) enhght\t/enmg. In cgntras\} to the dls}orted octahedral geometry

S(3-Mo(1)-S(4)  81.6(3) S(HMo(1)-S(4)  87.0(3) of [MoY(S,CsHa)s] ~, [NbY(S,CeHy)3]~ has a regular TP struc-

S(5-Mo(1)—-S(4)  84.2(3) S(2YMo(1)-S(4) 161.1(3) ture. This suggests that electrostatic repulsion is only a secondary

S(6)-Mo(1)—-S(4) 112.0(3) factor in determining the structure of these monoanionic species,

and, therefore, the distortion from TP symmetry is ultimately

silent [M0Y(S,CsHa)s]2~ complex. The exposure of this fully ~ due to electronics effects.

reduced Samp|e to air led to regeneration of the same Mo(V) For the discussion of the electronic structure, we shall use

EPR signal. the MO scheme given in Figure 2 as a reasonably good one for
On a preparative scale, the tetrabutylammonium salts of theseTP tris(dithiolene) complexés.In agreement with other early

anionic Mo(\/) and M0(|V) Comp|exes were isolated by Simple MO CalCUlationSl, the prism Stabl“ty may be attributed to two

filtration. Crystals of [(GHg)4N][Mo(S2CsHa)s] are stable to kinds ofx interactions: (1) between thegdrbital, transforming

aerial oxidation and proved suitable for structure analysis by @s @', and a set of ligand orbitals from only sulfuj erbitals,

X-ray diffraction. Crystallographic data are listed in Table 1, Which is responsible fos—xz mixing, and (2) of ¢ and dy

and selected bond lengths and angles are listed in Table 2. Aorbitals, transforming as’.ewith thoroughly delocalizedr

perspective view of the molecular structure and numbering orbitals from sulfur and carbon atoms normal to the principal

Scheme is Shown in Figure 1. S|X Sulfur atoms at the averagedplanes Of the |IgandS ThIS |atter interaCtiOI‘l accounts fOI’ the

distance of 2.382 A form a polyhedron that is not close to either Observed aromaticity of metalladithiolene riffjand should tend

the TP or octahedral geometry. Its structure consists of two

approximately parallel (dihedral angle 2.8-oughly equilateral (14) Eisenberg. RProg. Inorg. Chem1972 11, 434. ’

S triangles, with an average side of 3.254 A, separated by a 1° E‘?T\Aeir”’e\p/'ﬁé '\éﬁ:mfc’,\r,ldétepr';lgége;’7'\é4l" H.; Bott, S. G.; O'Hare,

distance of 2.927 A. The Mo atom lies on tBgaxis at 1.481  (16) Wang, K.; McConnachie, J. M.; Stiefel, E.lhorg. Chem 1999 38,

and 1.446 A from gplanes. The upper right inset displays the 4334.

individual chelate projection (twist) angles for each ligand (35.6, 7) m&%ﬁemesl E. L.; Guggenberger, L.JJ.Am. Chem. Sod974 96,

34.4, and 30.3. Hence, the triangles are twisted from each (1) Cenilla, A ; Ramirez, J. A.; Lopis, E.; Palancaiforg. Chem1993

other by an averaged angle of 33.8 surprisingly high value 32, 2085.
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Figure 1. ORTEP drawing of structure and atom-labeling of}6)4N][Mo"(S,CsHa)3]. Thermal motion is represented by 50% probability ellipsoids.
The coordination geometry of Mg@®olyhedron as viewed down the approxim@sgaxis is shown in the insert.

distance of 3.254 A are significantly longer than those reported
for [MoY!(S,C,H,)3], 2.367 and 3.110 A, respectively.

Also, when the bend angle and the M8 bond length are
increased, a less favorabteinteraction of the @2 and dy
orbitals with the filleds ligand orbitals can be expected since
5 4 no overlap can be achieved in the octahedral configuration. This
is actually supported by close inspection of the metric parameters
of the Mo’S,C; chelate ring. The most important information
is provided by the shortening of-@C bonds between two sulfur
atoms: 1.380 A in [MY(S,C:Ha)s]~ versus 1.412 A in
[MoV'(S;CsHy)z). This feature reflects a sizable electronic
delocalization from the aromatics@ings to Mo under th®s,
symmetry of [Md'(S,CeH4)3] which cannot be achieved in the
twisted [M0(S;CgHa)3] .

Comparison of dimensional parameters of [N8;CeH4)3] ™
with those reported for [NYS,CsH4)3] ~ further substantiates
the importance of ther-bonding interactions. The MeS and
the Nb—S distances differ by 0.059 A, a value which is certainly
less than the 0.074 A value anticipated from the change in ionic
radii of these metals. The 0.015 A difference is virtually the
same as that found for MeS distances in [M&(S;CgHa)3] ™
and [Mo"'(S;CgHa4)3], and again, the same-bonding explana-
tions, stabilizing the TP geometry reported for the Nb(V)
complex, can be offered. Furthermore, one would expect the
interligand S--S distance to be greater in the complex with the
d! configuration, Mo(V), than in the dNb(V) complex. This
S-S distance in [MY(S:CsHas)3] ™ is in fact 0.022 A longer
than the interligand S-S distance in [NB(S,CeHa)3]~ (3.232
A), and such difference is still far more significant if we take
into account that the longer NtS bonds (2.441 A) expand the
D Ss cage.

Finally, it should be noted that the [§$,CsHa)3] ~ structuré?®
is of the octahedral type, with most parameters within 10% of
octahedral values. This is in agreement with expectations for

to lengthen the €C bond connecting the sulfur atoms. ¢! complexes where aft-antibonding levels will be filled and
Nevertheless, what is worth emphasizing here is that both (1) the net interaction would be repulsive.

7e”

-104

-11 4

124

134

Figure 2. Molecular orbital diagram for [M8(S,C;H>)s] showing the
major d orbital interactions.

and (2)-bonding intere_\ctions create interligand-S distances Another feature of the present structure that is worthy of
and Mo-S bonds which are more covalent, stronger, and mention is the planarity of benzenedithiolate ligands. The folding
shorter. For the 12-electron [M{S,CeHs)s] complex, all angles observed for individual ligands in [M&CsHa)s] ",

bonding and nonbonding levels are occupied. Upon reducing ca 4.9, 5.6, and 6°8 reveal no significant distortions from

this complex to form [M&(S;,CeHa)s] ~, the occupation of the  pjanarity. The previously reported bend of the-G-C—S
m-antibonding level 4a causes partial destabilization of both

S-S distances and MeS bonds and induces distortion toward (19) () Wegener, 3. Kirschbaum, K. Giolondo, D. M. Chem. Soc.,

octahedral geometry. Consequently, in [(8;CsHa)s]~ the Dalton Trans.1994 1213. (b) Kisenyi, J. M.; Willey, G. R.; Drew,
mean Mo-S bond length of 2.382 A and interligand-S M. G. B.; Wandiga, S. OJ. Chem. Soc., Dalton Tran985 69.
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planes away from the -SMo—S planes in [MJ'(S;CeHa4)4] under vacuum, and the residual oil was diluted with 15 mL of MeCN.
(21.4) has been explained by Harris etZ&Iusing the results Cooling to —15 °C for 12 h yielded dark-blue crystals, which were
of Frenske-Hall MO calculations on the [M8(S;CsHa)s] filtered off, washed with 10 mL of cold MeCN, and dried in vacuo for

1 day; yield, 0.09 g, 45%. Anal. Calcd forglssaMoN.Ss: C, 60.0; H,
8.4;S,19.2; N, 2.8. Found: C,59.7;H, 8.3; S, 18.8; N, 2.8. Absorption
spectrum (THF): Amax (em) = 359 (13386), 584 (7693) nm.

complex. This study suggests an electronic explanation for the
ligand bending which is different from any of those previously

propo.sed?. In the Dy, limit the HOMO is a nonbonding 2a [N(C4Ho)a][MO(S2CeH4)3]. Method a. [N(CaHe)a][MO(S2CeHa)s]
comblnatlorl of !Igand)x andpy orbltalls, a”O,' the LUMO (4@ (0.1 g) was dissolved in 150 mL of 96% ethanol, and the blue solution
consists primarily of the metalz orbital (Figure 2). Bending a5 exposed to air, where it slowly became olive green. After 3 days
of the ligands reduces the symmetry fr@mg, to Csn, and both at room-temperature, well-formed crystals of this complex salt were
the HOMO and LUMO now transform as, avhich allows that separated, washed withhexane, and dried in vacuo for 1 day; yield,
they can mix together with the result that the HOMO is 0.03 g (40%). Anal. Calcd for £HsgMoNSs: C, 53.8; H, 6.3; S, 25.3;
stabilized and LUMO is destabilized. This means that in the N, 1.8. Found: C, 54.1; H, 6.6; S 24.9; N, 2.0. Absorption spectrum
Dan geometry (bend angke 0°) the antibonding 4@ orbital of (THF) Amaem) = 414(14494), 614 (6229), 693 (5895).

the theoretical [M¥'(S:CeHa)s] complex will be more anti- Method b. Preparation of this compound was very similar to that
bonding, less stable than the correspondingrhital of aCan of the Mo(IV) nanalogue. The reaction system Mo(bd0.1 g, 0.2
geometry (bend angle 0°) with the same Me-S distance. In mmol) and (BU"N)HS (0.06 g, 0.2 mmol) in CKCl, gave a crude solid

. " . . - which was recrystallized from THR/hexane (5:1); yield, 0.11 g (68%).
complexes with additional electrons, the antibonding debital Single-Crystal X-ray Diffraction. A well shaped, dark-green crystal

(D3h), is populated, and the d“V'”Q fo.rce for. bendlqg IS of [N(C4Hg)4l[MO(S2CeHa)s] with approximate dimensions 0.24.0.11
considerably less or nonexistent, which is consistent with the . .08 mm was mounted on a Siemens P4 four-circle diffractometer
folding angles observed for [M¢S;CeH.)s] . equipped with Mo K radiation. In the solution and refinement of the

In conclusion, this study has demonstrated that theViMo  structure, the SHELXTL 5.0 software package was #éddhe initial
(S;CeHa)3]~ structure is deformed considerably toward octa- solutions were obtained by the heavy-atom method; coordinates of the
hedron and that there is a good electronic reason behind suchmetal atom were determined from Patterson functions and those of the
distortion. Such a result clearly limits the previously reported rémaining non-hydrogen atoms from subsequent difference Fourier
postulaté!! that matching ligand orbital and metal d orbital maps. Thze structure was refln_ed t_)yafull-mat_rlx Ieas_t-sq_uares method
energies is the most important factor in maintaining the trigonal againstF? with statistical weighting and anisotropic displacement

rismatic geometry in tris(benzenedithiolate) complexes of parameters for all non-hydrogen atoms. In the final stages of refinement,
Fransition r%etals y p hydrogen atoms were added at idealized positions and refined as riding

atoms with a uniform value dfis,. Crystal data and final agreement
E . | Secti factors are listed in Table 1. Observed and calculated structure factors,
xperimental Section atomic coordinates, isotropic and anisotropic displacement parameters,
Materials. Tetran-butylammonium hydrogen sulfide was purchased and bond lengths and angles are given in the Supporting Information.
from Fluka. MoQ(acac) ?* and GH4(SH), % were prepared by literature Other Physical MeasurementsAbsorption spectra were recorded
methods and characterized accordingly. Reagent grade solvents, distillecon a HP8543 diode-array UWis spectrophotometer using quartz cells.
and dried by standard methods, were used in all cases. All operationsCyclic voltammetry and coulometry were performed in CHQOHF,

and reactions were carried out under an atmosphere of gigr Mr or MeCN, with 0.1 M tetrabutylammonium hexafluorophosphate
with deaerated solvents. solutions as supporting electrolyte. Data were obtained at room
Preparation of Complexes. [Mo(SCesHa4)s]. MoOy(acac) (0.5 g, temperature with use of a three-electrode cell described previgusly.

1.5 mmol) was dissolved in 15 mL of GBl,, and 0.65 g (4.6 mmol) Potential measurements were made with the methanolic saturated
of benzene-1,2-dithiol in 5 mL of C}l, was added dropwise with calomel electrodeH = 0.00 V versus aqueous SCE); coulometric
stirring. The solution was stirred for 30 min at room temperature, after measurements were made at a potential 0.1 V more negative than the
which the dark solid that formed was collected by filtration, washed CV reduction peaks.

with 5 x 10 mL portions ofn-hexane, and dried in vacuo. Yield 70%. EPR spectra were obtained with a Bruker ER 200D X-band
The complex was recrystallized from @&hexane (5:1) and dried in spectrometer. Samples from room-temperature reductions were trans-
air to give deep-green crystals. Elemental analysis and spectroscopidferred with a gastight syringe under Ar. ERRand®>*Mo [Alvalues
parameters are in all respects identical with those previously reported were obtained from the solution spectra, using DPPH as standard.
for the same complex prepared from the reaction of solid Med@h

benzene-1.2-dithide Supporting Information Available: X-ray crystallographic file and
[N(C4H9)’4]2[MO(S.2C6H4)3]. To 75 mL of a CHC} solution of stereoview (CIF). This material is available free of charge via the
Mo(S:CsHa)z (0.1 g, 0.2 mmol) was added dropwise an excess amount 'Ntérnet at http:/pubs.acs.org.

of (Bus"N)HS (0.22 g, 0.8 mmol) dissolved in 4 mL of CHCIThe 1C010327G
color immediately changed from green to olive green and finally to
dark blue. The resulting air-sensitive reaction mixture was concentrated (23) Sheldrick, G. MSHELXTL. 5.0: An Integrated Software System for

Sobing, Refining, and Displaying Crystal Structures from Diffraction
(20) Campbell, S.; Harris, Snorg. Chem.1996 35, 3285. Data; Siemans Analytical X-ray Instruments, Inc.: Madison, WI, 1994.
(21) Chakravorti, M. C.; Bandyopadhyay, Dorg. Synth1992 29, 129. (24) Cervilla, A.; Domlaech, A.; Llopis, E.; Vicente, F.; Tamarit, Rorg.
(22) Giolando, D. M.; Kirschbaum, KSynthesisl992 451. Chim. Actal994 221, 117.






