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Three cis-dioxomolybdenum(VIl) complexes with dithiolene-like benzenedithiolate ligandfiM&y'O4(1,2-
benzenedithiolatg) (Q = NEt; (1), PPh (1b)), [MoV'O,(3-triphenylsilyl-1,2-benzenedithiolatd¥~ (2), and
[MoV'Ox(4-methyl-1,2-benzenedithiolatdd (3), were synthesized as models of oxidized sulfite oxidase and
compared with the structure of (PPiMoY'O,(S;C2(CN)2)z]-2MeOH @). The crystal data fodb, chemical
formula GsoHss0.P.S4Mo, area = 13.938(6) Ab = 16.65(1) A,c = 22.645(5) A8 = 103.81(23, V = 5104(5)
A3, 72=4, and space group2;/c and the data fo#-2MeOH, chemical formula §gH430,P,S4Mo, area = 20.273-
(3) A, b =15.632(5) A,c = 17.685(4) A,V = 5604(3) B, Z = 4, and space groupbcn 1b and4 have a
slightly distorted octahedral structure with two long ™8 bonds (2.588(3) A and 2.608(3) A ftb and 2.635-
(2) A for 4) transto each of the Me=O groups and with two short MeS bonds (2.417(3) A and 2.434(3) A for
1b and 2.440(2) fo#) cisto them. The short-SC bond distances of the thiolatensto the Mc=0O groups in

4 suggest the presence of partial double bonding at th€ ®hioketone-like) bond, which contributes to the
stabilization of the dioxomolybdenum(VI) species by weakeningonding in the Me-S bondstrans to the
Mo=0 groups. The electron-donating or -withdrawing substitueatg, 4-CH; or 3-SiPh, on the 1,2-

benzenedithiolate Mo(VI) complexes accelerate or retard its oxo-transfer reaction, respectively. The formation

of any binuclear Mo(V) complex does not occur in the reaction betwee'[®¢1,2-benzenedithiolatglf~ and
[Mo'VO(1,2-benzenedithiolatgf~ when thecis-dioxomolybdenum(VI) complex is reduced by triphenylphosphine

or benzoin.

Introduction

Recently, many studies have demonstrated the presence of
wide variety of dithiolene derivatives connecting pterin and
phosphate groups as a molybdenum cofacter in xanthine
oxidase} sulfite oxidasé, trimethylamineN-oxide reductase,
dimethyl sulfoxide reductadand various molybdenum oxido-
reductasé-’ The X-ray absorption analysis of sulfite oxidase
has shown the local structure of the active site with {NDg)2™
surrounded by at least three sulfur ligands in the oxidized %tate.
If a dithiolene ligand coordinates to (M@®,)%" in a regular
octahedral geometry, one of the two sulfur ligands locates at
thetrans position to the Me=O group. The dithiolene chelate
structure in the molybdenum cofactor of dimethyl sulfoxide
reductase has been demonstrated by the detection of an enhanc
C=C and Mo—S Raman bands.However, in the case of the
active site of sulfite oxidase, the observation of a long-o
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distance by the EXAFS analysis has led to a possibility that a
methionine thioether ligand coordinates to tihans position

df Mo=0 10

Numerous model complexes for the oxidized state of these
molybdenum enzymes have been synthesized using a (thiolato,
N), (thiolato, thioketone), or (thiolato, thioether) ligarelg.
[MoV'O,(S,N-cys-OR)] (R = Me, Et)12 MoV'Ox(S,CNEw),,1?
[MoV'O4(L)7] (L = N,N-dimethyldN,N*-bis(2-mercaptophenyl)-
ethylenediamine)® MoV'Ox(L-NSy), (L-NS; = 2,6-bis(2,2-
diphenyl-2-thioethyl)pyridinato), and MO,(dttd) (dttd= 2,3:
8,9-dibenzo-1,4,7,10-tetrathiadecaffe)Many model reactions
in the presence of dioxomolybdenum(VI) and monooxomolyb-
denum(lV) complexes have also been examined for the redox

é'aaction of nitraté? triphenylphosphiné$1° benzoir?®2amine
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N-oxideZ?223 and dimethyl sulfoxidé* Benzoin is one of the Materials. 1,2-Benzenedithiol was prepared by the reported pro-
suitable biologically relevant substrates for the oxidation of the cedure® Toluenedithiol was used as commercial grade. \EbVO-
alcoholic C-H group. In fact, a molybdoenzyme isolated from  (bdUzl was prepared by the same method reported by \?@dﬂ“
Proteus vulgaris and Proteus mirabiliscatalyzes a benzoin-  [MO"OAS,CNEE)],** [MoMO(SCNEE);], """ and [Mo"Ox(cys-
related substrate, RCH(OH)COQto RCOCOO .25 Biomi- ~ OMek™ were prepared by the reported methods. :
metic oxidation of benzoin was studied in the presence of . (NEu)a[_l\f/_lo p ?Z(bdt)Z] (1a)'h%E?2[MOD,\CA)[(:bdt)ZI] was sigthefze?

VI B } — dlo (SQCNEtz) -20 Yy a mo |I\|/e Iterature met .10 a solution ( m ) O.
[Mo™Ox(S,N-cys-ORjl (R = Me, Ef) and,M 2 2 (NEt)2[Mo" O(bdty] (207 mg, 0.32 mmol) was added a DMF solution
However, few reports on the synthesis of dioxomolybdenum- (1 7 mL) of trimethylamineN-oxide (24 mg, 0.32 mmol) carefully at
(VI) or dioxotungsten(VI) complex having a dithiolene skeleton  room temperature. The solution turned reddish-brown. Addition of
have been founé?26-28 This type of complex was thought to  diethyl ether (80 mL) to the solution resulted in formation of reddish-

be unstable due to theansinfluence by a Me=O group toward brown crystals. Yield: 78%. Mp: 130G dec.*H NMR (acetonitrile-

one of the thiolate ligand®:30 d3); 6.51 (br m, 4H), 7.45 (br s, 4H). Anal. Calcd fopdBlss0NoSu-
Boydeet al. have reported the synthesis and crystal structure Mo; C, 50.28; H, 7.23 ; N, 4.78. Found; C, 50.38; H, 7.46; N, 4.35.
of a reduced model complex, [N¥©(bdtp]>~ (bdt = 1,2- (PPhy)2[MoV'Oy(bdt),] (1b). The complex was obtained as reddish-

benzenedithiolato) which has two dithiolene skelt¥h©n the ~ Prown crystals by the oxidation of (PRMo™O(bdt)] as described
other hand, a single dithiolene complex, WO (bdt)[hydrotris- for the synthesis ola

o 1 (NEt4)2[MoV'O,(PhsSi-bdt);] (PhsSi-bdt = 3-(triphenylsilyl)-1,2-
(3’2_"'&“8'2“3" 1 p%“".zo'y')bo.rate]% hﬁs beg” repomﬂ’g&g/s haz‘fe benzenedithiolato) (2). (NEt),[MoVO(PhSi-bdty] was synthesized
studied the catalytic activity of the above [ (bdty] by a modified procedure reported previoudlyTo a DMF solution

complex for the oxidation of benzqin by ajr or pyriqlihleoxide. (10 mL) of (NE)[MoVO(PhSi-bdty] (181 mg, 0.16 mmol) was added
Thes? MO('V) complexes are readily oxidized by trlmethylamlne a DMF solution (1 mL) of trimethylaminal-oxide (17 mg, 0.23 mmol)
N-oxide to give dioxomolybdenum(VI) complex&s?® During at room temperature. The solution became reddish-brown from pale-

the catalytic cycle the presence of @s-dioxo species, yellow. Reddish-brown microcrystals were obtained on addition of
[MoV'Oy(bdt)]?~, was suggested by spectroscopic methi8ds. 80 mL of diethyl ether to the DMF solution. Yield: 70%. Mp: 170
This paper presents the synthesis, crystal structure and propertie$C dec.*H NMR (acetonitrilees): d 7.52 (dd, 12H), 7.24 (it, 6H),
of (NEts)[MoV' Ox(bdt)] (1a) and the related complexes which 7.20 (dd, 2H), 7..14 (t, 12H), 6.51 (t, 2H), 6.43 (dd, 2H). Anal. Calcd
were synthesized from the corresponding monooxomolybde- 0" Ced1reN20:SESMo: €, 64.83; H, 6.46; N, 2.36. Found: C, 63.13;
num(lV) complexes by an oxo-transfer reaction with trimethyl- H, 6.58; N, 2.56. FAB MS(anion):m/g 927.0 ([M3"O(PhSi-

. . bdt)]2~-H™).
amineN-oxide. Furthermore, the crystal structure of (B)h (NEt2)o[Mo V1 O(tdt)-] (tdt = 3,4-toluene-1,2-dithiolato) (3) The

[M0Y!Ox(S,Co(CN))2]-2CHOH (4) containing an electron- (g, MoV O(tdt)y] was also prepared by a similar method reported
withdrawing group has also been determined in order to study previously?? (NEt),[Mo¥'Ox(tdt),] was synthesized by the careful
the electronic effect of the electron-withrawing group on oxidation of (NEj)[Mo"V O(tdt);] (63.3 mg, 0.093 mmol) with a DMF
dithiolene coordination. Recently, the synthesis and properties solution (1.4 mL) of trimethylamine N-oxide (0.14 mmol). Addition
of [MoV'Ox(S,C2(CN),)2]4~ have been independently reported of DME (20 mL) gave dark red microcrystals which were washed with

by Sarkaret al.3435 DME (5 mL) and diethyl ether (5 mL) successively and dried under
reduced pressure. Yield: 57%. Mp: 122 dec.’H NMR (aceto-
Experimental Section nitrile-ds): d 7.35 (dd,J = 7.51, 0.36 Hz, 2H), 7.33 (dd] = 1.83,
) 0.36 Hz, 2H), 6.54 (dgJ = 7.51, 1.83, 0.73 Hz, 2H), 2.07 (d,=
All procedures were carried out under an argon atmosphirbt 0.74 Hz, 6H). Anal. Calcd for GHsN.O:MoSs: C,51.70; H, 7.52;

Dimethylformamide (DMF), 1,2-dimethoxyethane (DME), acetonitrile, N 402 Found: C.51.30: H. 7.52: N. 4.03
and acetonitriled; were purified by distillation before use. Benzoin ' I?;P ’ M V'd ,C .Cl\'l ' 2CH O’H ' 4'
and triphenylphosphine were recrystallized from ethanol and hexane (PPRy)z[Mo " Ox(S,Co(CN).)2] S ().
respectively.

The complex was

' synthesized by the following procedure, which is different from that
reported by Sarkar and D&5.The stoichiometric oxidation of (PR
[MoVO(SCy(CN),)2]-EtCN 28 (254 mg, 0.23 mmol) by a DMF/
methanol solution of trimethylamine-N-oxide (16.0 mg, 0.21 mmol)

(21) Ueyama, N.; Yoshinaga, N.; Nakamura, A.Chem. Soc., Dalton
Trans.199Q 387.

(22) Harlan, E. W.; Berg, J. M.; Holm, R. Hl. Am. Chem. Sod.986 gave red_dish-brown crystgls (4_8 mg, 19% yigld). .
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Oxidized Models of Molybdenum Oxidoreductase

Table 1. Crystal, Data Collection and Refinement Data for
(PPh),[MoV'O4(bdt),] (1b) and
(PPh)[MoV'Of S;Co(CN)y} 5] - 2CH;OH (4-2CH;0H)

1b 4-2CH;OH

chem formula GoH4802P-.S:Mo CsgHasN4O4S,P.Mo
fw 1087.17 1151.17
cryst shape needle needle
color red brown red brown
cryst syst monoclinic orthorhombic
lattice param

a A 13.938(6) 20.273(3)

b, A 16.65(1) 15.632(5)

c A 22.645(5) 17.685(4)

B, deg 103.81(2

Vv, A3 5104(5) 5604(3)
space group P2,/c Pbcn
z 4 4
Decaie g CNT3 1.415 1.364
F(000) 2240 2368
radiation Mo Ko (0.710 73A) Mo K (0.710 73 A)
u(Mo Ka),cmt 512 4.89
scan type w—20 w—20
20max deg 60.1 60.0
octants +h, +k, £l +h, +k, +I

tot. 13515 tot. 8914

no. of observs

unique 12 943
4653 ¢ 20(1))

3323 ( > 30(1))

Inorganic Chemistry, Vol. 35, No. 3, 19945

no. of variables 620 330
residualsk, 0.069, 0.069 0.082, 0.075
Ry valueg

AR=3 | IFol = IFel [/ X | Fol. Rw= [3W(|Fo| — |Fel)/ Y WFs]M2

nm excitation lines and on a Jasco DS-402G spectrophotometer,
respectively. *H NMR s_,pectra were measured on a Jeol GSX-400 Figure 2. Structure of the anion part of (PRHMoYIOA S,CACN)2} 2]
spectrometer. The cyclic voltammograms were measured on a Yanaco, 4)
P-1100 with a three-electrode system consisting of a glassy-carbon
working electrode, a platinum-wire auxiliary electrode, and a saturated
calomel compartment. A DMF solution (1 mM) of the dioxomolyb-
denum(VI),1, 2, or 3, complex was used for the measurements which
were carried out with 100 mV/s scan rate at room temperature. A
solution of tetran-butylammonium perchlorate (0.1 M) was employed
as a supporting electrolyte.

Crystallographic Data Collection and Structure Determination.
A reddish-brown crystal of (PRR[MoV'O,(bdt)y] (1b) or (PPh)x-
[MoV'Ox S,C2(CN)2} 2]:2MeOH @-2MeOH) having approximate di- Results
mensions of (()j4< O.1><I 0.7 mrﬁ‘_lcl)r O.5><(;).4>< 0.7 mn#, respectir\]/ely, Al Crystal Structures of (PPhy)[MoV'Oy(bdt);] (1) and
was mounted in a glass capillary under an argon atmosphere. IV . ;
measurements were made on a Rigaku AFC5R diffractometer with (2PPh4)2[M0 OZ{SQCZ(.CN)Z}Z] 2CH;OH (4).' Figures 1 and

show the perspective views of the anion part of (Ph

graphite-monochromated Mod<radiation and a 12 kW rotating anode VI Vi .
generator. Cell constants and an orientation matrix for data collection [Mo"1O(bdt)] and (PP)o[Mo" O S,C(CN),} 2], respectively.

were obtained from a least-squares refinement using the setting angleE@Ch MoQS, core has an octahedral geometry withcia
of 20 carefully centered reflections in the range 24:020 < 28.2 location of the two terminal oxo ligands as other dioxomolyb-

for 1b, corresponding to a monoclinic cell, and 26.9 20 < 27.5 denum(VI) complexes. The two thiolates of each bdt ligand in
for 4 corresponding to a primitive orthorhombic cell with dimensions 1b have a bite angle of 79.1(1) or 79.7{8nd the SMo—S
listed in Table 1. On the basis of the systematic absence, the successfungles between the two bdt ligands are-88° as listed in Table
solution and refinement of the structure, the space group was determined?  Taple 3 lists the selected bond lengths and angldsadfich
to beP2/c for 1b andPbenfor 4. ) ) , has a similar SMo—S bite angle (79.78(8). An imposed
The intensities of three representative reflections which were two fold axis bisects the ©Mo—O angle in4. The selected
measured after every 100 reflections remained constant throughout dat: ) -
collection indicating crystal and electronic stability (no decay correction ?P:E)usceuf);atlhgarrei)rgre}teecjrziglgr%tglycb%rgﬁterﬁ?\il)vi eorr(ra][:;gxmepsa{:\(:?isvtv:(;l

was applied). An emperical absorption correction based on azimuthal .
scans of three reflections was applied which resulted in transmission N Table 4. The short MeS distances (2.417(3) Aand 2.434-

factors ranging from 0.91 to 1.00 fdib and from 0.96 to 1.00 fo. (2) A for 1b and 2.439(2) A ford) cis to the oxo ligand are
The data were corrected with Lorentz and polarization effects. similar to those of two Me-S bondscis to the terminal oxo in
The positions of the molybdenum atoms were determined by the MoY'O,S;N, complexesge.g.[MoV'Ox(S,N-cys-OMe)] (2.414
heavy atom method. Other non-hydrogen atom sites were located fromA)40 and [MOVIOg[(CH:g)zNCHzCHzN(CH2CHQS)2]] (2.415(2)
successive Fourier maps. All non-hydrogen atoms were refined A) 30 Of particular interest is the distances of the ® bonds
anisotropically. Hydrogen atoms were placed on the calculated
positions. The final cycle of full-matrix least-squares refinement was
based on 4655 observed reflections X 20(l)) and 620 variable
parameters foflb and 3323 observed reflectioh £ 30(1)) and 330
variable parameters fat. The unweighted and weighted agreement

factors were refined witliR = 0.069 andR, = 0.069 forl andR =
0.082 andr, = 0.075 for4. The standard deviations of an observation
of unit weight were 1.48 fotb and 3.20 fod. Neutral atom scattering
factors were taken from the literatui® All calculations were performed
using the teXsan crystallographic software package of Molecular
Structure Corp.

(39) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, Kynoch Press, Birmingham, England, 1974; Vol. IV.
(40) Buchanan, I.; Minelli, M.; Ashby, M. T.; King, T. J.; Enemark, J. H.;

Garner, C. DInorg. Chem.1984 23, 495.
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Table 2. Selected Bond Lengths and Bond Angles in
(PPh)z[Mo"'Ox(bdt)] (1b)

Distances (A)

Mo—01 1.724(7) Me-S4 2.417(3)
Mo—-02 1.730(7) S$C11 1.76(1)
Mo—S1 2.434(3) S2C16 1.76(1)
Mo—S2 2.608(3) S3C21 1.73(1)
Mo—S3 2.588(3) S4C26 1.75(1)
Angles (deg)
01-Mo—-02 103.0(4) Me-S3-C21 107.2(4)
S1-Mo—S2 79.1(1) Me-S4—C26 110.6(4)
S3-Mo—S4 79.7(2) O+Mo—S2 161.9(3)
S1-Mo—-S3 83.6(1) O2Mo—S3 91.1(3)
S2-Mo—-S3 83.5(1) O+Mo-S1 110.6(3)
S4-Mo—S2 89.7(1) O+Mo—-S4 83.9(3)
Mo—S1-C11 111.2(4) O2Mo—S1 83.1(3)
Mo—S2-C16 106.3(4) O2Mo—S4 106.3(3)

Table 3. Selected Bond Lengths and Bond Angles in
(PPh)2[MoV'O4{ S,Co(CN)3} 5] - 2CHsOH (4-2CH;OH)

Distances (A)

Mo—01 1.721(6) S1iC11 1.763(9)

Mo—S11 2.439(2) S21C21 1.726(9)

Mo—S21 2.635(3)

Angles (deg)

01-Mo—-0*1 103.7(4) O+Mo—-S*21 163.2(2)
S11-Mo—-S21 79.78(8) MeS11-Cl1 109.3(3)
S11-Mo—S*21 84.06(8) Me-S21-C21 104.9(3)
S11-Mo—S*11  158.3(1) Me-S11-C11-Cl12 —177.5(6)
S21-Mo—S*21 83.3(1) Me-S11-C11-C21 —0.6(8)
0O1-Mo—S11 85.0(2) Me-S21-C21-C11 —2.3(8)
O1-Mo—S*11  108.6(2) Me-S21-C21-C22 178.1(6)
01-Mo—-S21 88.0(2)

transto the two oxo groups which are relatively long (2.588(3)
and 2.608(3) A forlb and 2.635(3) A for4). The Mo-S
distancestrans to the oxo groups are comparable to Mo
thioether distances (2.690(6) and 2.684(6) A) in\\@y(dttd)
(dttd = 2,3:8,9-dibenzo-1,4,7,10-tetrathiadecdfer to the
Mo—thioketone distance (2.639(1) A) in M®,(S,CNEw),*
rather than the ordinary MeS(thiolate) distances. A longer
Mo—thioether distance (2.708(1) A) has been reported for
MoV Oz[(SCH,CH,),NCH,CH,SCH;].#? The four Mo-S dis-
tances irlLb are longer than those (2.388(2), 2.377(1), and 2.376-
(6) A) in (NEty)[MoVO(bdty], (PPh)[MoVO(bdty], and
MoV!(bdt)s, respectively. Although the structures of these
complexes have a8sH4 plane bent from the Molanesit*3
that of (PPh)2[MoV'O,(bdt)] (1b) coincides with the Mog
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02(SCNRy),; (R = Et, iPr)#149 and M0d'O,(dttd)14 The
Mo=0 distance oflb is slightly longer than those of (PBPh
[MoVO(bdt)] and (NEt),[Mo'VO(bdt)] (1.668(3) and 1.699-
(6) A, respectively) due to the different geometries and Mo
oxidation state§!

The observed ©Mo—0 bond angle inlb or 4 is similar
(103.0(4) or 103.7(4) respectively) to those (163L08) found
in other octahedral dioxomolybdenum(V1) compleX? The
structures oflb and4 are slightly distorted octahedral and have
a C, symmetry with the 2-fold axis bisecting the-Mo—0,
S;—Mo—S,; and $S—Mo—S; angles. Large ©Mo—0 angles
(111 and 122.2 have been reported for MtD,(dttd) and
MoVY'Ox(SCMeCH,NHMe),, respectively*47 In particular, the
latter complex has a skew-trapezoidal bipyramid structure with
a remarkably short SS distance.

The S-C distances of the thiolate ligandisans to two of
the other thiolate groups are 1.763(9) A fowhereas those of
thiolate ligandgransto the oxo groups are 1.726(9) A féras
listed in Table 2 and 3. The-SC distances are similar to the
S-C distance (mean 1.727(6) A) of the bdt ligand inW{bdt);
even with the trigonal prismatic structure in the analogous Mo-
(VI) state®® The S—C bond of Md'(bdt) has been discussed
to have some :SC double bond character, i.e. similar to a
thioketone group® In the case of the-SC bond at the sulfur
transto the oxo group i, the slightly shorter SC distances
(1.726(9) A) have similar SC character. The longer-C
bond in4 (1.763(9) A) at thiolate sulfur atomsans to the
thiolate groups are close to the-8 distances for (PR}{MoVO-
(bdt)] and (NE)2[Mo'VO(bdt)] (meansi! 1.763(4) and 1.767-
(6) A, respectively$!

A more pronouncedrans influence was observed in the
Mo—S—C angles oflb and4. The two Mo—S—-C angles
(110.6(4) and 111.2(8) cis to the Mc=0O group in1b are
definitely larger than the two angles (106.3(4) and 1072(4)
transto the Mc=0O group. This trend is also observed for the
larger Mo—S—C angle (109.3(3) cisto the Mc=O group and
the small angle (104.9(3)transto the Mc=0 group in4. These
two kinds of Mo—S—C angles correspond to the two types of
Mo—S distances in both complexes. Thus, the strong-8o0
bond with the short distance is considered to promote the
hybridization at S.

Charge repulsion between oxygen atoms of the twe=i@o
groups causes the widening of the-®o—O angle. The crystal
structure parameters fotb or 4 imply a relatively acute
O—Mo—O0 angle (103.0(4) or 103.7(#yespectively) compared

plane, probably due to the release of stress by the rigid, smallto the large 3-Mo—O angle (111) in MoV'O,(dttd) ascribed

bite angle by the longer MeS bonds.

The two Mo=0 bond distances (1.724(7) and 1.730(7) A
for 1b and 1.721(6) A for4) are similar to those (1.701.72
A) of the reported dioxomolybdenum(VI) complexes having one
or two thiolate ligands,e.g. MoY'Ox(mercaptoquinolate)*
MOVlOz[NMGzC2H4N(C2H4S)2],3O MoV'Og(S,N-cys-OMeﬁ,“O
MoV O, (SCGHsN M6)202H4],45 MoV O2[(SCH,)2py](OSCHSs) 46
MOVIOz(SCMQCHzNHMe)2,47 MoV! Oz(NSC6H1202)2,48 MoV!-

(41) Berg, J. M.; Hodgson, K. Gnorg. Chem.198Q 19, 2180-2181.

(42) Berg, J. M.; Hodgson, K. O.; Cramer, S. P.; Corbin, J. L.; Elsberry,
A.; Pariyadath, N.; Stiefel, E. . Am. Chem. S0d.981, 101, 2774.

(43) Cowie, M.; Bennett, M. LInorg. Chem.1976 15, 1584.

(44) Mattes, R.; Scholand, H.; Mikloweit, U.; Schrenk, V.Maturforsch.
1987, 42B, 599-604.

(45) Bruce, A.; Corbin, J. L.; Dahlstrom, P. L.; Hyde, J. R.; Minelli, M.;
Stiefel, E. I.; Spence, J. T.; Zubieta,ldorg. Chem1982 21, 917—
926.

(46) Berg, J. M.; Holm, R. Hlnorg. Chem.1983 22, 1768-1771.

(47) Berg, J. M.; Spira, D. J.; Hodgson, K. O.; Bruce, A. E.; Miller, K. F.;
Corbin, J. L.; Stiefel, E. Ilnorg. Chem.1984 23, 3412.

(48) Buchanan, |.; Garner, C. D.; Clegg, W.Chem. Soc., Dalton Trans.
1984 1333.

to a steric compactness of the dttd chelating ligand. The
thioketone-like structure contributes to the increase of the
mr-interaction in Me=O bonds with a decreasing M¢s (thioke-
tone-like) w-bonding. The resulting M&O s-interaction
decreases the negative charge on the two oxygen atoms.
Another possible explanation is the contributioneihteraction
from the filled oxygen p-orbitals to the empty metal d-orbitals.
Recently, the presence of MD triple bonding has been
discussed in terms of such donatiwebonding for various
dioxomolybdenum(VI) complexe®:>3 Such an interaction
between metal d-orbital and O p-orbital probably decreases the

(49) Baird, D. M.; Rheingold, A. L.; Croll, S. D.; DiCenso, A. Thorg.
Chem.1986 25, 3458-3461.

(50) Yamanouchi, K.; Enemark, J. Hhorg. Chem1979 18, 1626-1633.

(51) Esd values given in parentheses represent the precision of individual
values rather than their concordance.

(52) Combaria, J. E.; Enemark, J. H.; Barfield, M.; Facelli, JJCAm.
Chem. Soc1989 111, 7619-7621.

(53) Dowerah, D.; Spence, J. T.; Singh, R.; Wedd, A. G.; Wilson, G. L.;
Farchione, F.; Enemark, J. H.; Kristofzski, J.; Bruck, MAm. Chem.
Soc.1987 109 5655.
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Table 4. Comparison of Structural Parameters in Dioxomolybdenum(VI) Complexes

bond dist (A)
Mo—X transor cisto Mo=0 bond angle (deg)
complex Mo-O trans cis O—Mo—0O ref
[MoV'O4(S,N-cys-OMej] 1.714(4) N 2.375(5) S 2.414(2) 108.1(3) 40
[MoV'Ox(S,CNEb)] 1.703(2) S 2.639(1) S 2.451(1) 105.8(1) 42
MoV'O(dttd) 1.72(2) S 2.690(6) S 2.393(7) 111.1(1) 14
1.71(2) S 2.684(7) S 2.411(7)
(PPh),[MoV'O,(bdt),] (1b) 1.726(7) S 2.596(3) S 2.421(3) 102.6(3) this work
1.730(7) S2.612(3) S 2.440(2)
(PPh)2[M0V'O5(S,C(CN),)2] - 2MeOH@)-2MeOH 1.721(6) S 2.635(3) S 2.439(2) 103.7(4) this work
a) esa (NEL)[Mo""0(bdg] (1)
5
'.'E 9 -
W 356
829
w |
\"/J
b) 858 (NEt)2[Mo"'0,(PhySi-bdt))] (2)
° 700
wavelength {nm) 827 363
Figure 3. UV—visible spectra of (a)-f); (NEts);[MoV'Ox(bdt)] (1), WM
(b) (--); (NEt)[MoV'O(PhsSi-bdty] (2), and (c) ) (NE)-
[MoV'Oy(tdt);] (3) in DMF. 83
c) (NEW),IMo"'0(tdt)) (3)

negative charges on the two oxygen atoms and results in an
acute G-Mo—O bond angle.

Electronic Spectra. Figure 3 shows the U¥visible spectra
of (NEty)2[MoV'Oy(bdt)] (1), (NEt)2[MoV'Ox(PhsSi-bdty] (2),
(NEts)2[MoV'Oq(tdt);] (3), and (PPE)2[M0V' O S,C5(CN)2} 2]

2CH;OH (4) in DMF. Three characteristic absorption maxima
at 333-356, 420-430, and 533534 nm forla, 2, and3in

the visible region are due to-€Mo and S-Mo ligand-to-metal
charge transfer (LMCT) bands since dioxomolybdenum(VI) has
d® configuration. Similar maxima at 365, 425, and 525 nm in
acetonitrile have been reported for @BB[MoV'OA{S,C,-
(CN)2}2].3* The intense bands at 430 nm fbaand at 420 nm
for 3 are associated with the-Mo and S-Mo LMCT bands

|

835
el
" n I L A
1000 800 600 400 200

{

wavenumber (cm™)

Figure 4. Raman spectra of (a) (NEMoV'O(bdty] (1), (b)
(NEt)[MoY' Ox(PhsSi-bdty] (2), and (c) (NE£)[MoY'Ox(tdt);] (3) in

which were confirmed by the resonance Raman excitation the solid state.

profile as described later.

Subramaniaret al. have assigned an absorption maximum excitation. Table 5 lists the RR and IR bandslaf 2, 3 and

in MoV'Ox(dttd) at 410 nm (log;, 3.72}*to an O-Mo LMCT

4. Two intense RR bands were observed at-85@3 and 827

band from the excitation profile of the resonance Raman 835 cnt!and assigned tes andv, Mo=0 stretchings fod, 2,

spectré®* They have predicted the presence of a weakvi®

and 3, respectively. 4 exhibits a considerably shifted MeO

LMCT band atca. 480 nm from the observed maximum of the RR band at 881 and 851 cth The two Mc=0 bands appear
excitation profile at 520 nm and the skewed shape of the at a quite low wavenumber compared with the bands at 922
absorption spectra. The red-shifted bands detected clearly aiand 890 cm® for MoY'O,(dttd),** and IR bands at 910 and 880

533-534 nm inlaand3 are proposed to be due te-#o and

cm for [MoV'Ox(S,CNEL);].5> Thev(Mo—S) stretching bands

O=Mo LMCT transitions as described later in the resonance for 1a, 2, 3, and4 are observed at 322, 328, 318 and 313 (or

Raman analysis. The present bVisible spectroscopic results
strongly suggest that the remarkably red-shiftedM® and

330) cnt?, respectively. The excitation profile indicates that
absorption maxima at 420 nm and 533 nnBiare associated

O=Mo LMCT bands with a large magnitude of molar coef- with both Mo=O LMCT bands and Me-S LMCT bands. In

ficient are realized by the stronginteraction from S p or O
pr to the empty Mo d-orbital in the MeS or Mo=O bonds.

the case of MY O,(dttd) the S-Mo LMCT absorption atca.
480 nm which may be hidden under the shoulder of a broad

Raman Spectra Figure 4 shows the resonance Raman intense maximum at 410 nm is due te=®lo LMCT transi-

spectra (RR) ofla, 2, and3 in the solid state with 514.5-nm  tion.5*

(54) Subramanian, P.; Burgayer, S.; Richards, S.; Szalaki, V.; Spiro, T. G. (55) Ueyama, N.; Nakata, M.; Nakamura, A.; Yamashita, S.; Yamashita,

Inorg. Chem.199Q 29, 3849.

T. Inorg. Chem.1981, 20, 1934-1937.
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Table 5. Selected Resonance Raman (IR) bands {mof (NEts)[MoV'Ox(bdt)] (1), (NEt)[MoV'Ox(PhsSi-bdt)] (2), (NEL)[MoV'O(tdt),]

(3) and (PPR)[M0Y'Ox S:C2(CN)z} 2]-2CH:OH (4-2CHsOH) in KBr disk

assignments v(M0=0) v(Mo=0) v(Mo—S)
(NEt)[MoV'Oy(hdt)] (1) 858 (858) 829 (831) 356
322
(NEt)o[MoV'Ox(PhsSi-bdt)] (2) 858 (856) 827 (827) 363 »(Si—C)
328 1425, 1093
(NEt)2[MoV'Oa(tdt),] (3) 863 (864) 835 (838) 358
318
(PPh)2[MoV'Oxf S,Co(CN)y} 5] - 2CH;OH (4-2CH;0H) 885 (886) 851 (852) 354 »(C=C)
330 1472 (1471)
313

Electrochemical Properties Cyclic voltammograms in
DMF solutions ofla, 2, and3 exhibit irreversible reduction
peaks at-1.03,—1.40, and-1.15 V (concomitant with a0.99
Virreversible peak)s SCE, respectively, presumably assignable
to the Mo(VI)/Mo(V) redox process and the successive O-atom

releasing reactions when scanned in the cathodic direction. The

order of the positively shifted reduction potentials obtained by
the cyclic voltammograms 8> 1la> 2. The redox potentials

correspond to the electron-donating tendency of the substituent

on the benzenedithiolate ligand. Irreversible oxidation peaks
were observed at 0.07, 0.05, and 0.023/SCE forla, 2, and
3, respectively, when scanned in the anodic direction. The
results are in the similar range of the electrochemical reduction
potentials of the related complexesg. k. = —0.87 Vvs SCE
for [MoV'Ox(S,CNE)7]%® and Epc = —1.25 V vs SCE for
[MoV'Ox(S,N-cys-OMe))?t in DMF.

Oxo-Transfer Reactivity of 1a, 2, and 3 The stoichiometric
reaction betweefa, 2, or 3 and benzoin was examined in DMF
at 29°C. The reaction proceeds as in the following equatfon.

[Mo"'O,(bdt),]*” + PhCH(OH)-COPh—
[Mo"O(bdt)]* + PhCO-COPh+ H,O (1)

The observed rates fds 2, and3 at the initial stages afeps
=4.0&0.7)x 103M"1s71, 1.5 *0.4)x 103M~1s! and
5.4 (£0.7) x 102 M1 s71, respectively. The trend of the
O-atom transfer reactivity i8 > 1 > 2, which is ascribed to
the electron-donating subsituent effect.

A similar stoichiometric reaction afa with triphenylphos-
phine in acetonitriled; at 27 °C was also kinetically studied.
The reaction occurs according to the following stoichiometry.

(NEt,),[Mo"'O,(bdt),] + PPh—
(NEt,),[Mo" O(bdty] + OPPh (2)

At the initial stage;1a exhibits almost the same reactivity as
[MoV'Ox(S,CNEL),] which however suffers a slow deactivation
mainly due to the formation of a binuclear Mo(V) complex.
The observed rate in the presencelafis 3.9 x 103M~1s™t
in acetonitrile although no reaction occurs in DMF. The poor
solubility in acetonitrile due to the formation of (Nfg{Mo'V O-
(bdt)] probably facilitates the O-transfer reaction. Although
(NEtg)2[Mo'VO(bdt)] is soluble in acetonitrile up to 4 mM at
30 °C, the employed concentration (6.7 mM) is too high under
our stoichiometric reaction conditions. The reaction between
la and triphenylphosphine was monitored Hy-NMR spec-
troscopy in acetonitrilel; at room temperaturelareacts with
triphenylphosphine quantitatively to give (NlgfMo' O(bdt)]
exhibiting two broad'H-NMR signals at 6.7 and 7.5 ppm
(overlapped with triphenylphosphine signals). The other prod-

(56) DeHayes, L. J.; Faulkner, H. C.; W. H. Doub, J.; Sawyer, Dndtg.
Chem.1975 14, 2110.

10+

(4]
T
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Figure 5. UV —visible spectra of (a)) a mixture of (NEf)2[MoV'O,-
(bdt)] and (NEg)2[Mo" O(bdt}] (1:1), (b) (- -) (NEt)2[Mo"' Oz(bdt)],
and (c) =) (NEt)2[Mo'VO(bdt)] in acetonitrile. Concentration: 1
mM for each molybdenum complex.

uct, triphenylphosphine oxide, gives phenyl proton signals at
7.3 ppm distinguishable from the triphenylphosphine signal at
7.5 ppm. The contamination of a small amount of (NEt
[MoVYO(bdt)] causes the broadening of the bdt proton signals
of (NEty)z[Mo"V O(bdt)] with the fast electron exchange between
these species.

In these cases, the corresponding binuclear molybdenum(V)
complex does not form during reduction d& with triphen-
ylphosphine. The reaction was also monitored using-UV
visible spectra. In general;oxobinuclear complexes, [MgOs-
(L-L) 4], form when [M0”'Op(L-L) 7] (L-L = S,CNEb, S,N-cys-
OEt, S,N-cys-OMe) is reduced by triphenylphosphfri€and
also by other trialkylphosphinég:58

Actually, the absence of the reaction between {NDg(bdt)]?~
and [MdVO(bdty]?~ in acetonitrile was established using the
UV —visible spectroscopic analysis as shown in Figure 5. A
mixture of (NEf)[MoV'Oy(bdt)] and (NEk)2[Mo'v O(bdty] (1:

1) in acetonitrile exhibits an additive spectrum by both
components. The dinucleating reaction between \{\®g(L-

L);] and [MoVO(L-L);] has been considered to be prevented
by the bulky chelating ligande.g. N,N-dimethyl-N,N-bis(2-
mercaptophenyl)ethylenediamine since the steric congestion
hinders formation of a-oxo binuclear compleX?42:5° How-

ever, the steric hindrance is not conceivable for the present case
of bdt ligand inla

In order to investigate origin for the absence of the formation
of u-oxodimolybdenum(V) complexes, the reaction between
various Mo(VI1) and Mo(IV) complexes was studied. [NMO(S-
CNEb),] is known to react easily with [MBO(SCNEL),] to

(57) Reynolds, M. S.; Berg, J. M.; Holm, R. thorg. Chem.1984 23,
3057.

(58) Topich, J.; Bachert, J. norg. Chem.1992 31, 511-515.

(59) Holm, R. H.; Berg, J. MAcc. Chem. Red.986 19, 363-370.
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0 2 o 9 9 f 2 The X-ray analysis data indicate that the M&pcore of1b
(I:;JLE:;O + :»Q;\.:;{" st_‘»?s\wj‘,;?\és and4 has an octahedral structure. The distances of the=@lo
s«’(s s‘ds) S and the Me-S bondscis to the Me=O groups are similar to
M those of other dioxomolybdenum(VI) complexes having thiolate
ligands. The Me-S distancedransto the MG=O groups are
(0%} relatively long due to therans influence which is greatly
enhanced in @Mo(VI) state.
f s sl s.‘,’,,é" The structural parameters @b and4 were compared with
Qw0+ + s'“|°\‘°""§\‘ those of various molybdenum complexes having the dithiolene-
S“'(i i~ like ligand. Bennettet al. have found a shorter-SC bond
O (1.727(6) A) in [M0" (bdt)s] than that of bdt-H.52 The shorter
Figure 6. Scheme for formation of [MtO(bdt}]~ and [Md’>05(S;- bond corresponds closely to the-6 bond distance in the Me
CNE®)4] in a reaction between [MéO,(S,CNER);] and (NEE);[Mo'"O- S(thioketone) bond which is presumably stabilizedzbgon-
(bdty]. jugation in the phenyl ring. The MeS bondtransto the oxo

. y v . group in1b and4 may be approximated to a thioketone type
give [Mo"203(S.CNEg)4] and (NEk)o[Mo™O(bdtp], anditalso  yqpje hond. On the other hand, theG distances for (NBJ-
reacts with [Md'O,(S,CNEL);] in acetonitrile to give a blue [MoVO(bdty] and (NE&)[MovO(bdt)] have been reported to

solution which exhibits strong absorption maxima at 510 N 6 1 767(4) and 1.763(6) A, which are similar to those of metal
and 730 nm. This resultis interpreted by the absencewedzo arenethiolatese.g. 1.76(1) A for (NEx)[MoYO(SPh)].5

binuclear complex, (Ng)[(bdt);MoY(=0)—0—MoV(=0)(S- : . ; o
. . - The thioketone-like structure is probably stabilized by the
CNEI?)?]' The maximum at 510 nm is assignable toa LMCT mr-conjugation of its $C bond with the CN groups especially
transition in [Md’,03(S,CNEL)4] and the other maximum at he dithiol ligand of4 althouah the ob d |
725 nm is due to that for [MO(bdty]~. The solution exhibited " 1€ dithiolene ligand o although the observed crysta
. = e — - parameters irlb have a large standard deviation for the bond
ESR signals aty = 2.022,g, = 1.984, andgs = 1.976 in dist Furth th lculated i h .
acetonitrile/DMF (4:1) at 77 K. The observed signals are istances. urthermore, e calcuiated negative charge 1S
assionable o (Na[MbVO(b diy] fhe formation of [M&,05(S- concentrated at the 6-position of the benzene ring. The
CNéth) ], which has a charaéteristic absorption m;ximum at introduction of an electron-donating groupg. 4-Ch in the
513 nr:,in benzent was detected by th pb rvation of an benzene ring of3 destabilizes the thioketonic structure and
enzene, was detected by Ine observation ot an ¢ 15 in facilitation of the O-atom releasing reaction. On the

absorption maximum at 508 nm in acetonitrile whereby its molar contrary, the electron-withdrawing group assists the stabilization

coefficient depends on the concentration at equilibrium. In the . :
. . of the Mo=0 bondtransto the Mo—S group since the increase
above reaction, [M8O(S,CNEt),] probably coordinates to the of S—C pr—pw interactions results in the decrease of the- Mo

i iti v _

vacant axial position of .(NEIZ[MO O(bdtp], aqd then aone- dz—pmr componentransto Mo=O and then in the increase of

electron transfer oxidation occurs as shown in Figure 6. It is

- the Mo—O d-p w-component.

likely that the strong covalency of the M@& bonds does not The 3 4-substituted b 1 2-dithiolate di Vb

allow it to rearrange to form a stableoxo binuclear complex. q € \-/Ior -suls Itute h enzene- .’f.' : tl?j'?fe '°X°F“°t>r/] )

The reduced species of [M®,(S,CNEL),] finally releases one enu.m.( ) complexes show a signi Icant diiterence in the
reactivity of oxo-transfer. The reaction rates of the three

oxygen atom to an unknown acceptor. A similar reaction occurs complexes at the initial stages increases with a trer@ (g
upon the irreversible electrochemical reduction as reported for bs
b P =54 *0.7) x 103M1s1 > 1la(keps= 4.0 &0.7) x 102

this complexé® The lack of anyu-oxo dimerization reaction .
: MY ol v o M1 s1) > 2 (kops = 1.5 @&0.4) x 103 M~ s71) in the
occurring between [MOO,(bdf}]*” and [MJ*O(bdip]* seems oxidation of benzoin in DMF at 28C. The trend corresponds

to be also caused by the poor reactivity of (WEMo'vO(bdt)], o the electron-donating character in the substituted b .
although further study is required for the establishment of a 0 [he electron-donating character in the substituted benzene ring.
; ; The electron-donating substituent causes activation of the
detailed mechanism. - )
O-atom releasing reaction from the &® group. The above
Discussion trend in the O-atom releasing reaction is consistent with the

) ) negative shift of the reduction potentials in Mo(VI)/Mo(V) from
The synthesis of an octahedral dioxomolybdenum(VI) com- 35 13 and2. If the electron transfer is predominant as in the

plex having four thiolate ligands was considered to be dif- case of a stoichiometric reaction between the dioxomolybdenum-

ficult.?%3 The thermal activation of the oxo-gromansto the  (v/) complex and benzoin, it is likely that the substrate initially
thiolate ligands results in formation of Mbdt); when transfers one-electron to the dioxomolybdenum(VI) complex to
disodium benzene-1,2-dithiolate and Mg&retylacetonatglre give a Mo(V) species and then releases the O-atom, which is

mixed in methanof? Only an extremely distorted dioxo-  activated by the electron-donating group on the benzenedithi-
molybdenum(VI) complex containing two thiolate ligands with  |5te ring.

an acute SMo—S angle has been known using the {SHi-
CH,C(CHg),S™ ligand®® The synthesis of the complexeis,
2, and 3, was realized by the O-atom transfer reaction of
trimethylamineN-oxide to (NEf),[Mo'VO(bdt)]. Our results
show the function of dithiolene-type thiolate as a chelating

ligand capable to coordinate even at thens position to the containin :

e g sterically encumbered Mo(VI) and Mo(IV) com-
Mo=0 groups of octahedralis-dioxomolybdenum(VI) com- plexes.e.g. MoV10,(2,6-bis-(2,2-diphenyl-2-mercaptoethyl)py-
plexes. ridine 2224 and { HB(Mepz)s} MoV O S,P(OEt}} .83 Lack of
the dimerization reaction in the bdt complexes is due to negative

Complexesla—3 react with benzoin or triphenylphosphine
easily so that the above preciggsvalues are obtainable. This
is due to the lack of a dimerization reaction to texodi-
molyndenum(V) complex during the stoichiometric reaction.
The dimerization reaction has also been prevented in systems

(60) Boyde, S.; Garner, G. O.; Joule, J. A.; Rowe, DJ.JChem. Soc.
Chem. Commuril987 800.

(61) Stiefel, E. I.; Miller, K. F.; Bruce, A. E.; Pariyadath, N.; Heinecke, (62) Bennett, M. J.; Cowie, M.; Martin, J. L.; Takats JJAm. Chem. Soc.
J.; Corbin, J. L.; Berg, J. M.; Hodgson, K. O. IMolybdenum 1983 95, 7504.
Chemistry of Biological Significanc&lewton, W. E., and Otsuka, S., (63) Roberts, S. A.; Young, C. G.; W. E. Cleland, J.; Ortega, R. B.;
Eds.; Plenum Press: New York and London, 1980; p 279. Enemark, J. HIinorg. Chem.1988 27, 3044-3051.
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charges on both reactants and also to hinderance in requireccofactors in dimethyl sulfoxide reductase and formylmethano-

stereochemical change to thexo-cis,cis-bis[oxomolybdenum- furan dehydrogenas®’ When the pterin dithiolene ligand
(V)] species rather than the steric congestion of the ligand.  coordinates as a pterin to Mo(VI) in the oxidized st&tdéor
In the stoichiometric reactions dfa, 2 and 3 with benzoin, example, in sulfite oxidase, it is possible that theonjugation

the higher activity of3 shows the facile M&O oxo-transfer exists between the dithiolene=€C and the oxidized pterin ring.
with the decrease of the MeO w-components induced by the  The electron-withdrawing effect through the possible pterin
electron-donating Cklgroup in the benzene ring although it dithiolenes-conjugation contributes to thieans influence to
has a somewhat more negative reduction potential. It is elongate the Me-S bond with the formation of thioketone-like
noticeable that these dioxomolybdenum(VI) complexes having S—C bond. Therefore, the long M&S bond and the thioketone-
thiolate ligandgransto the Mc=0O groups exhibit an irreversible  like S—C bond presumably stabilizes ti/ans Mo=0O group.
reduction peak due to the O-atom release after reduction of theThis is suggested by the coordination of thioketone-like thiolate
Mo(V) species as reported for M®x(S,CNR),.56 Since, in ligand to the dioxomolybdenum(VI1) ion with the conjugated
the LUMO of the octahedral structure, the @ s-orbital is group in the benzene ring dfb and the cyano group ef. In
antibonding, the one-electron reductionlafresults in conver- fact, a recent study for M8O reductase reported that addition
sion from octahedral [M&,(bdt)]~ to square-pyramidal  of KsFe(CN) to the isolated oxidized form did not change the
[MoVO(bdty]2~ with an O-atom release. On the contrary, absorption spectruif?.

MoV'Oy(dttd) exhibits a reversible Mo(V1)/Mo(V) redox couple _

without release of one of the oxo liganHs.The difference is Conclusions

possibly due to strengthening of the MO bond by the The presentis-dioxomolybdenum(VI) complex with two
weakening of the MeS bondtrans to Mo=0 with a less  penzenedithiolate ligands is the first to be synthesized as a model
electron-donating thioether ligand in M@(dttd). for the active site of oxidized sulfite oxidase. The complexes

(PPh)2[MoV'O,(1,2-benzenedithiolatg])(1b) and (PP [MoV'-

OAS,Co(CN)2}2] (4) have a slightly distorted octahedral
The X-ray absorption analysis of oxidized sulfite oxidase has structure with two longer Me'S bonds located at thians

demonstrated the presence of two terminal oxygen atoms atpositions of the two M&O groups. The SC bond distances

1.68-1.70 A, three sulfur atoms at 2.41 A, one nitrogen atom in 4 of the thiolato ligandsransto the terminal oxo groups are

and one oxygen atom at 2.62.19 A, or one distal sulfur atom  shorter than those at thes positions.

at 2.86 A864 |n the case of the model complexes, the-M® The thioketone-like bonding of-SC group by ther-conjuga-

distances (2.421(3) and 2.440(2) A fbip and 2.439(2) A for  tion weakens the-bonding character of the Mo-S bontians

4) cisto Mo=0 are close to the short MeS bonds inthe active  to the oxo ligands and contributes to the stabilization of

center of the enzyme. The distal sulfur has been proposed todioxomolybdenum(V1) group through theans influence. In

come from a single Me'S(methionine thioether) interactién.  the case of molybdenum oxidoreductases, the dithiolene ligand

The presence of the two longer M& bonds ¢a. 2.60(1) A possibly conjugates with the double bonds of pterin thereby

for 1b and 2.635(3) A for) transto the Mo=0 group makes  enabling a stabilization of terminal oxo (or sulfide) ligands in

it possibile for the long sulfur in native molybdooxidases to be the oxidized Mo(VI) state.

assignable to one thiolate of molybdopterin dithioléraams to . o
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