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. Introduction and scope

The pronounced similarity, and in some cases near-identity, of
any molecular properties in the chemistry of molybdenum and

ungsten follow from two principal factors: analogous valence elec-
ron configurations in all oxidation states of nearly all compounds,
nd virtually identical radii – atomic and ionic radii for a given
xidation state – arising from the lanthanide contraction. There
lso exist clear differences, some in reactivity such as variant poly-
erization (speciation) of oxo anions in aqueous solution [1,2]

nd others based on electronic structure such as ionization and
edox potentials [3,4] and relativistic effects on structural proper-
ies [5]. The explosive growth in the understanding of the structure
nd function of molybdoenzymes [6–9] and the emergence and
ccelerating examination of tungstoenzymes [9–13] renders this an
pportune time for comparison of the similarities and differences
f these elements. We do so against a background of accumulated
nformation and interpretation of properties of comparable sets of
ynthetic complexes of molybdenum and tungsten.

Because of space constraints, only certain concepts or prop-
rties relevant to enzyme sites that are manifested by molecular
ystems are considered. This treatment encompasses pertinent
hemistry of the biological metal oxidation states 4+, 5+, and 6+;
t does not include such extensive topics as lower oxidation state
hemistry, metal–metal bonded systems and other polynuclear
pecies, and organometallic chemistry. The large majority of exam-
les are drawn from the chemistry of dithiolene complexes whose
ne-1,2-dithiolato ligands provide stereochemical and electronic
eatures credibly related to the immediate coordination enviro-

ents of enzyme sites. As will be seen, such complexes have
een profitably employed as site analogues [14–17]. Fortunately
or comparative purposes, dithiolenes encompass by far the largest
umber of examples of isoelectronic isoligated pairs of molyb-

enum and tungsten complexes. This account proceeds through
roperty comparisons and concludes with several case studies of
ithiolene systems that convey detailed information pertinent to
nzyme behavior. Data presented for various subjects are compre-
ensive and illustrative but not exhaustive.

able 1
omparative properties of molybdenum and tungstena.

Mo

Atomic number 42
Atomic weight 95.94
Abundanceb

Earth’s crust 1000 �g/kg
Ocean 1 × 10−7 pmolal

Stable isotopes 92Mo (14.84%), 94Mo (9.25%
96Mo (16.68%), 97Mo (9.55%
100Mo (9.63%)

Ground electron configuration [Kr]4d55s1

Ground state 7S3

Isotopes with non-zero nuclear spins 95,97Mo (I = 5/2)
1st ionization energy 7.0995 eV
Electron affinity (M → M−) 0.746 eV
Standard potential E0: [MO4]2−/M0 e −0.913 V
Atomic radius 1.36 Å
Pauling electronegativity 2.16
Mössbauer nuclei –
Biol. oxidation states 4+ (4d2), 5+ (4d1), 6+ (4d0)
Ground state spin 3+ (3/2)d 4+ (0), 5+ (1/2), 6+
Shannon radiic (CN), A 3+ (6) 0.83

4+ (6) 0.79
5+ (4) 0.60, (6) 0.75
6+ (4) 0.55, (5) 0.64, (6) 0.7

a For these and other data, cf. J. Emsley, “The Elements”, Oxford University Press, 3rd ed
b Cox, “The Elements, Their Origin, Abundance, and Distribution”, Oxford University Pr
c R.D. Shannon, Acta Crystallogr. A32 (1976) 751–767.
d Octahedral.
e Basic or neutral solution.
ry Reviews 255 (2011) 993–1015

2. Comparative atomic and molecular properties

2.1. Atomic and ionic properties

Selected properties, mainly of the neutral atoms, are compared
in Table 1. Although estimates vary, molybdenum and tungsten are
about equally abundant in the earth’s crust, being the 54th and 55th
most abundant elements. However, the concentration of molybde-
num (as molybdate) in the oceans is several orders of magnitude
larger than for tungsten. Indeed, molybdenum is the most abundant
transition element in sea water and the 25th most abundant overall,
and hence presents a greater potential bioavailability than tung-
sten. Molybdenum occurs in soil, water, plants, and animals to the
extent of a few ppm. There are environments such the black smoker
hydrothermal vents and sulfide-rich waters where tungsten con-
centrations are higher. In these locales hypthermophiles grow and
incorporate tungsten in their enzymatic processes. Molybdenum
and tungsten are the only elements in the second and third rows
of transition elements that occur in native enzymes. Molybdenum
has seven stable isotopes and tungsten five. Isotopes with non-zero
nuclear spins normally afford hyperfine interactions useful in iden-
tifying and analyzing EPR spectra. 95,97Mo NMR spectroscopy is a
standard technique for many types of complexes [18,19], whereas
183W NMR is much more difficult to implement by direct observa-
tion or indirect heteronuclear techniques because of long relaxation
times and inherently low sensitivity. No molybdenum or tungsten
NMR properties of proteins have been reported nor have Möss-
bauer spectra of tungstoenzymes. Becauses of high detection limits,
the prognosis for biological tungsten Mössbauer spectroscopy is
unpromising [13].

Electron affinities, several standard potentials [20], and higher
ionization potentials (estimated for tungsten [3]) reveal the general
tendency of easier oxidation of tungsten than molybdenum (vide

infra). The lanthanide contraction, arising because the 4f electrons
imperfectly screen the increasing nuclear charge in the lanthanide
series (Z = 57–71) and from relativistic effects which affect screen-
ing after this series [5,21], affords practically equal atomic radii
and nearly equal ionic radii for a given oxidation state. As will be

W

74
183.84

1000 �g/kg
5 × 10−10 pmolal

), 95Mo (15.92) 180W (0.13%), 182W (26.3%), 183W (14.3%),
), 98Mo (24.13%) 184W (30.7%), 186W (28.6%)

[Xe]4f146s25d4

5D0
183W (I = 1/2)
7.980 eV
0.815 eV
−1.074 V
1.37 Å
2.36
W182

4+ (5d2), 5+ (5d1), 6+ (5d0)
(0) Same as Mo

–
4+ (6) 0.80
5+ (6) 0.76

3 6+ (6) 0.74

., 1998.
ess, 1989.
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Table 2
Pairs of molydenum and tungsten dithiolene complexes and properties reported.

Complexesa Propertiesb Refs.

[MVIL2L′(S2C2R2)]1−

[MVIO3(bdt)]1− A, IR, NMR, XR [23]
[MVIO3(3,6-Cl2bdt)]1− IR, NMR, XR [24]
[MVIO2(OSiR2R′)(bdt)]1− A, E, IR, NMR, XR [23,25,26]

[MIV/VQ(S2C2R2)2]2−/1−

[MIVO(mnt)2]2− A, E, IR, RR, XR [27–30]
[31–35]

[MIVO(tfd)2]2− IR, NMR, XR [36]
[MIVO(mdt)2]2− A, E, IR, NMR, XR [34,37,38]
[MIVO(bdt)2]2− A, E, IR, NMR, XR [29,39–43]

[33,34,44]
[MVO(bdt)2]1− A, E, RR, XAS, XR [33,39,41,45,46]
[MIVO(S2C2(CO2Me)2)2]2− A, E, IR, NMR, RR, XR [27,29,32,47]
[MIVO(fdt)2]2− A, E, IR, NMR, XR [34]
[MIVS(mdt)2]2− A, E, NMR, XR [38,49]
[MIVSe(S2C6H8)2]2− A, E, IR, XR [50]

[MIV(QR)(S2C2R2)2]1−

[MIV(OR)(mdt)2]1− A, NMR, XR [51–56]
[MIV(OPh)(pdt)2]1− A, NMR, XR [52,53]
[MIV(OC6H4-p-X)(mdt)2]1− A, NMR, XR [53,57]
[MIV(OC6H2-2,4,6-Pri

3)(mdt)2]1− A, NMR [58]
[MIV(OSiPh2But)(bdt)2]1− A, IR, NMR, XR [42,43,59]
[MIV(O2CR)(mdt)2]1− A, IR, NMR, XR [38,51,60]
[MIV(SC6H2-2,4,6-Pri

3)(mdt)2]1− A, NMR, XR [60,37]

[MLL′(S2C2R2)2]0/1−/2−

[M(CO)2(mdt)2] A, IR, NMR, XR [37,61–64]
[M(CO)2(pdt)2] A, IR [37,62,61]
[MIV(CO)(SPh)(mdt)2]1− A, IR, NMR, XR [56,37]
[MIV(CO)(SeR)(mdt)2]1− A, IR, NMR, XR [56,37]
[MIV(PMePh2)2(bdt)2][65] A, NMR, XR [66,67,43]

[MVIO2(S2C2R2)2]2−

[MVIO2(mnt)2]2− A, E, IR, NMR, RR, XR [28,29,68,69]
[MVIO2(bdt)2]2− A, E, IR, NMR, RR, XR [29,59,68,70,71]

[M(S2C2R2)3]0/1−/2−

[M(edt)3] A, E, XR [72–74]
[M(mnt)3]2− E, IR, XR [28,75,76,30]
[M(mdt)3]0/1−/2− A, E, XR [37,64,73,74,77]
[M(tfd)3]0/1−/2− E, EPR, IR, NMR, XR [78,79,36]
[M(S2C3S3)3]1−/2− E, EPR, XR [80,81]
[M(pdt)3]0/1−/2− A, E, EPR [73,74,77,82]
[M(S2C2HPh)3] E, IR, NMR, XR [82–84]
[M(bdt)3]0/1−/2− A, E, XR [77,85–87,67,88,89]
[M(tdt)3]0/1− A, E, EPR [75,77]
[M(3,5-But

2bdt)3]0/1− A, IR, E, XAS, XR [90]
[M(3,6-Cl2bdt)3]0/1−/2− XR [91]
[M(Cl4bdt)3]0/1−/2− A, E, EPR [75,92,93]

a ′

o
R

s
t
s
o

2

a
n
i
a
c
w
e
F
o

Fig. 1. Schematic depictions of the six general structural types of Mo/W complexes
comprising the comparative pairs in Table 2. Such complexes are isoelectronic

benzene-1,2-dithiolate forms in enzyme site analogues and, inso-
far as known, in the sites themselves. Metals are coordinated by
the pyranopterindithiolate cofactor ligand 1 (S2pd), also shown in
Fig. 2.
R,R are generalized alkyl and/or aryl substituents. X = Br, Me, OMe, COMe.

b A, absorption spectrum; E, redox potentials; IR, infrared spectra; RR, Raman
r resonance Raman spectra; XAS, X-ray absorption spectra; XR, X-ray structure.
eferences include preparations of compounds.

een, structures of molecules with the same ligands in each of the
hree established biological oxidation states are effectively con-
tant, but certain properties such as redox potentials adhere to an
rder foreshadowed by the results in Table 1.

.2. Dithiolene complexes and property comparisons

In the sections that follow, data on certain molecular properties
re assembled for purpose of comparison between molybde-
um and tungsten molecules. While diverse molecular types are

ncluded, examples are largely dithiolene complexes. Sections 4
nd 5 deal exclusively with dithiolenes. Consequently, dithiolene

omplexes are introduced at this point with the aid of Table 2,
hich lists some 38 comparative pairs distributed over six gen-

ralized structure types. Principal structure types are depicted in
ig. 1 and ligands in Fig. 2. While the non-innocent behavior of dithi-
lenes is well documented (including molybdenum and tungsten)
and have identical ligands and closely corresponding structures. Idealized stere-
ochemistry: SP, square pyramidal; TP, trigonal prismatic; Oct, octahedral; Oct-SP,
intermediate between the two limits. Here and elsewhere, the formula (S2C2R2)2−

is a general designation of ethylenic and aromatic dithiolate ligands.

[22], these ligands function in the classical ene-1,2-dithiolate or
Fig. 2. Definition of dithiolate ligand structures and the pyranopterindithiolate
cofactor ligand (1, R absent or a nucleotide).
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Table 3
Bond length comparisons in isoligated molybdenum and tungsten complexes.

Symmetrya Complex Mo, W bond lengths (Å) Refs./ref codeb

Td [MVIO4]2− 1.764[8], 1.760[4] BAGPEE01, PEHLUJ
[MVIS4]2− 2.180[7], 2.195[8] ADEGEW, TITQUJ

Oh [MVIF6] 1.817[2], 1.826[1] d

[MIVCl6]2− 2.355[2], 2.347(5) e

D3h [MVIMe6]c 2.11[1], 2.19[2]; 2.107[9], 2.19[1] LOGDIX, ZOSXEK01
D3h/Oh [M(bdt)3]2− 2.39(1), 2.391(8) [59,89]
C4v [MIVOCl4]2− M–Cl: 2.34[2], 2.379[1] LIMRUU, COYWAO

M O: 1.646(2), 1.676(3)
[MIVO(mdt)2]2− M–S: 2.388[1], 2.379[3] [37,62]

M O: 1.712(2), 1.741(2)
[MIVS(S2C2R2)2]2− f M–S: 2.362[7], 2.348[3] [49,62]

M S: 2.172(2), 2.162(2)
[MIVSe(S2C6H8)2]2− M–S: 2.360[6], 2.355[6] [50]

M Se: 2.307(1), 2.314(1)
[MIV(OMe)(mdt)2]1− M–S: 2.33[1], 2.33[1] [51]

M–O: 1.862(3), 1,824(5)
[MIV(SR)(mdt)2]1− g M–S: 2.31[7], 2.313[5] [60,37]

M–SR: 2.338(1), 2.319(1)
C3v [MVIS3(SBut)]1− M S: 2.341(2), 2.323(1) [102]

M–S: 2.148[1], 2.148[1]
C2v [MIV(O2CR)(mdt)2]1− h M–O: 2.20(1), 2.178(6) [51,60]

M–S: 2.332[6], 2.328[6]
[M(CO)2(mdt)2]i M–C: 2.025[3], 2.030[4] [37,62]

M–S: 2.380[1], 2.376[2]
C2 [MVIO2(mnt)2]2− M–S: 2.439(2), 2.445(2) [30,68]

M–Sj: 2.635(3), 2.622(3)
M O: 1.721(6), 1.701(6)

a Actual or idealized coordination sphere symmetry.
b Cambridge Structural Database.
c C3v distortion.
d T. Drews, J. Supel, A. Hagenbach, K. Seppelt, Inorg. Chem. 45 (2006) 3782–3788.
e B. Hu, P. Wang, Y. Xiao, L.-P. Song, Z. Krist. NCS 220 (2005) 298; W. Xu, Y.-Q. Zheng, Z. Krist. NCS 220 (2005) 323.
f R = Me, Ph.
g R = 2,4,6-Pri C H .
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intermolecular interactions. Consider, for example, the isomor-
phous pair of nitrido complexes [MVIN(OBut)3] [99,100]. These
compounds are linear polymers with chain-like M N· · ·M inter-
actions and nitrogen atoms in the apical positions of a trigonal
3 6 2
h R = Me, Ph.
i M oxidation state ambiguous.
j Trans to oxo in distorted octahedral structure.

.3. Stereochemistry and structural and metric features

Collected in Table 3 are comparisons of bond distances in
soligated MIV,V,VI complexes in a variety of stereochemical arrange-

ents. Examples include relatively symmetric species chosen
ecause of smaller variations in individual parameters of a given
olecule but of course do not avoid the imprecision encountered
ith comparisons of metric parameters from independent deter-
inations, some at different temperatures. Nonetheless, the data

ubstantiate nearly equal bond lengths for a given oxidation state
nd ligand donor atom.

Most values are the same based on the usual 3� criterion. In
ur experience, apparent differences in bond lengths normally do
ot exceed 0.05 Å and are usually less. The tabulation also pro-
ides a convenient list of bond lengths that may be expected to
pply to protein sites. For example, consider the structural com-
arison between the oxidized sites and synthetic compounds in
ig. 3. Protein site bond lengths were determined by EXAFS analy-
is; other values are from X-ray structures. The structure of square
yramidal [WO2S(bdt)]2− [24] reveals the differing trans influence
f oxo and sulfido on W–Sbdt distances which was not detectable
y EXAFS [94]. The structure of [WO(OMe)(mdt)2]1− is intermedi-
te between octahedral and trigonal prismatic and shows a trans
xo effect. Otherwise, bond distances of the oxidized DMSOR site
nd a synthetic analogue are within the expected range. A similar

elationship exists with the oxidized site of E. coli DMSOR [95]. The
omparisons necessarily involve tungsten complexes because their
olybdenum analogues are unstable and have not been isolated.
ote that a substantial database of XAS results for synthetic molyb-
enum and tungsten complexes has been accumulated for the
purpose of characterizing and refining metric features of enzyme
sites [96–98].

There is a limited number of cases where metal–ligand bond
lengths are appreciably different, sometimes with accompanying
Fig. 3. Schematic structures and bond lengths (Å) of the oxidized sites in bovine
XOR at pH 10 and wild-type R. sphaeroides DMSOR and in structural analogues;
bond lengths were obtained from EXAFS and crystallographic data, respectively.
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Table 4
Bond dissociation energies.

Bond Complex BDE (kcal/mol)e Refs.

M0–CO [M(CO)6] 41a, 40b (Mo); 46a, 44b (W) [103,104]
MI–CO [M(CO)6]1+ 33a (Mo), 36a (W) [105]
M0–PH3 [M(CO)5(PH3)] 31b (Mo), 34b (W) [106]
M0–PMe3 [M(CO)5(PMe3)] 38b (Mo), 44b (W) [106]
M0–PPh3 [Mo(CO)4(PPh3)2] 30d [107]
MI–PH3 [(C5H5)Mo(PH3)3] 24b [108]
M–SPhg [M(SPh)(CO)3(PPri

3)2] 38a (Mo), 44a (W) [109]
M–SePhg [M(SePh)(CO)3(PPri

3)2] 34a (Mo), 39a (W) [109]
MoI–QPh [Mo(QPh)(N[But]Ar)3] 55 (Q = S), 52 (Q = Se) [109]
MII–PH3 [(C5H5)MoH(PH3)3] 24b,c [108]
WIV O [WOCl2(PMePh2)3] >138f [110]
MIV O [(MeC5H4)2MO] 112a (Mo), 132a (W) [111]
MoIV–OPMe3 [(Tp*)MoOCl(OPMe3)] 30a [112]
MoVI N [MoN(N[But]Ar)3 155a [113]
MoVI P [MoP(N[But]Ar)3 92a [114]
MoVI N–CN [Mo(OC[Ad]mes)4(NCN)] 104a [115]
WVI–F, WV–F, WIV–F [WF6], [WF5], [WF4] 111b, 94b, 123b [116]
MoV O [MoO(N[C(CD3)2Me]Ar)3] 156a [117]
MoV S [MoS(N[C(CD3)2Me]Ar)3] 104a [117]

[MoS(N[But]Ar)3] 102a [118]
MoV Se [MoSe(N[But]Ar)3] 77a [118]
MoVI O [MoO2(S2CNEt2)2] 95a, 98a [119]
MVI O [MOCl4] 101a,126b (Mo) [120,121]

127a, 145b (W)
MVI S [MSCl4] 79b (Mo), 103b (W) [121]
MVI Se [MSeCl4] 67b (Mo), 87b (W) [121]

a Experimental value.
b Theoretical value.
c Values strongly dependent on X and singlet or triplet ground state in the series [(C5H5)MoX(PH3)3].
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d �H‡ for phosphine dissociation of cis isomer.
e For additional data on organometallic compounds, cf. J. A. Martinho-Simões, J. L
f Estimated value.
g Ligand radical complexes.

ipyramid. Intramolecular M N bonds are appreciably different
Mo 1.664(1) Å, W 1.74(2) Å) while M–O bond lengths are the same.
he effect is ascribed to WVI being a weaker oxidant and less prone
o remove charge from the nitride. Consequently, the more basic
itride renders the W· · ·N interaction (2.66(2) Å) stronger than the
o· · ·N interaction (2.88(1) Å). Because the structures of discrete
olecules are unavailable, it is not known whether the differing

N bond lengths are intrinsic or a consequence of the weak
ntermolecular interactions. The effect may be confined to very
lectron-rich nitrido ligand; similar behavior with M O or M S
onds has not been described.

With the exception of occasional minor differences in bond
ngles, the stereochemistry of isoligated isoelectronic molybde-
um and tungsten molecules is the same. Recently, an instructive
xception to this regularity has been demonstrated in the form
f the four-coordinate complexes [MIV(silox)3Cl] (2, 3) shown in
ig. 4. Complex 2 has a distorted trigonal monopyramidal shape
hile 3 presents a flattened tetrahedral geometry. Further, 2 has
triplet ground state with a [4dxz,yz]2 configuration, calculated to

e ca. 11 kcal/mol below the singlet state [4dz2 ]2. Complex 3 has
singlet ground state [5dz2 ]2 almost equienergetic with a triplet

tate [5dxz,yz]2. The effect has been traced to greater stability of
he 5ndz2 -type orbital of tungsten because of larger ndz2/(n+ 1)s

ig. 4. Schematic structures of [M(silox)3Cl]. M–O 1.869(4) Å (Mo), 1.865(8) Å (W);
–Cl 2.298(1) Å (Mo), 2.338(1) Å (W); O–M–O 115.6◦ (Mo), 2 at 101◦ , 1 at 148.2◦

W); O–M–Cl 2 at 104.2◦ , 1 at 98.6◦ (Mo), 2 at 89.2◦ , 1 at 139.7◦ (W).
champ, Chem. Rev. 90 (1990), 629–688.

mixing in the third row of transition elements [101]. This behavior
is unlikely to occur (and has not been detected) in five- or six-
coordinate protein sites and dithiolene complexes where geometry
favors occupancy of an in-plane d-orbital (dxy) often normal to a
strong axial ligand field component such as that furnished by oxo
ligands and approximately non-bonding.

From a consideration of an extensive body of structural data, the
following generalization emerges.

• Isoelectronic isoligated five- and six-coordinate complexes of MoIV–VI

and WIV–VI are isostructural and nearly isometric.

2.4. Bond energies

Bond dissociation energies for a variety of complexes are
collected in Table 4, including eight pairs of isostructural isoelec-
tronic complexes. Here low-valent organometallic compounds are
included in order to provide a full range of BDEs. The results were
obtained in two ways. Experimental values derive from thermo-
chemical measurements on the molecules in question or their
precursors, often with ancillary experimental enthalpy data uti-
lized in an additive or cyclic manner to evaluate the desired bond
energy. Theoretical values result from computational investiga-
tions based on various DFT approaches. Suggested uncertainties in
the original reports are sometimes given for theoretical values, and
are often large for experimental values owing to error propagation
when multiple data are required. The original literature should be
consulted. Theory and experiment are sometimes in good agree-

ment, the best examples being [M(CO)6] where results differ by
only 1–2 kcal/mol. The lowest BDEs involve dissociation of a neu-
tral ligand from a low (non-physiological) oxidation state. Current
data for M0–II carbonyl and phosphine complexes place these val-
ues in the 20–50 kcal/mol range. Higher oxidation states develop
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Table 5
Redox potential differences of selected molybdenum and tungsten complexes.

Couple Ox. states �E = EMo − EW (mV)h Refs.

[MF6]0/1− 6+/5+ 1010a,b [122]
[MOCl5]1−/2− 6+/5+ 750c [123]
[MNCl4]1−/2− 6+/5+ 680c [123]
[MCl6]0/1− 6+/5+ 610c [123,125]
[MO(SR)4]0/1− 6+/5+ 240d, 270e,f [126]
[MO(mdt)2]0/1− 6+/5+ 200b [38,37]
[MF6]1−/2− 5+/4+ 980a,b [122]
[MOCl5]2−/3− 5+/4+ 750c [123]
[MCl6]1−/2− 5+/4+ 650c [123,125]
[MO(Me3tacn)Cl2]1+/0 5+/4+ 620b [127,128]
[MO(mdt)2]1−/2− 5+/4+ 290, 590b [34,38,37]
[MO(bdt)2]1−/2− 5+/4+ 280, 520b [34,39]
[MO(SR)4]1−/2− 5+/4+ 250d, 270e,f [126]
[MS(mdt)2]1−/2− 5+/4+ 240b [38,49]
[MO(mnt)2]1−/2− 5+/4+ 180b [34]
[MO(fdt)2]1−/2− 5+/4+ 30b [34]
[MCl6]2−/3− 4+/3+ 870c [123,125]
[M(Me3tacn)Cl3]1+/0 4+/3+ 840b [127,128]
[M(Tp)Cl3] 4+/3+ 820 [129]
[M(OPh)(mdt)2]1−/2− 4+/3+ 290b [56]
[M(mnt)3]2−/3− 4+/3+ 270, 370b,c [75,76]
[M(edt)3]0/1− g 43f [74]
[M(mdt)3]0/1− g 26f [74]
[M(tfd)3]0/1− g 70b [78]
[M(pdt)3]0/1− g 50f [74]
[M(tdt)3]0/1− g 28f [77]
[M(3,5-But

2bdt)3]0/1− g 10c [90]
[M(mnt)3]1−/2− g 60, 70, 100b,c [75,76]
[M(edt)3]1−/2− g 100f [74]
[M(mdt)3]1−/2− g 67f [74]
[M(tfd)3]1−/2− g 40b [78]
[M(pdt)3]1−/2− g 67f [74]
[M(tdt)3]1−/2− g 180f [77]
[M(3,5-But

2bdt)3]1−/2− g 120c [90]

a W potential at 293 K, Mo potential at 273 K.
b Acetonitrile.
c Dichloromethane.
d

98 R.H. Holm et al. / Coordination Ch

tronger bonds, with the exception of the MoIV–OPMe3 bond whose
issociation involves neutral components.

The data are perhaps most important in the recognition of BDE
rends in MIV–VI complexes containing multiply bonded ligands Q.
articularly useful in this regard are the MoV,VI complexes con-
aining the bulky imido ligands (N[R]Ar)1− exploited so effectively
y Cummins and coworkers [113–115,117,118] and DFT calcula-
ions on the [MVIQCl4] C4v series by Ziegler and coworkers [121].
ote that in MoVI and WVI complexes with one Q ligand, M Q

riple bonds arise by interaction of M dz2 and dxz,yz orbitals with
� and p� orbitals of Q (M–Q vector is the z-axis). Two significant
rends in BDEs follow below. There are no exceptions to the first
rend, which does not arise from bond length differences, some of
hich are nearly identical in comparative pairs. In the optimized

eometries of the [MVIQCl4] series, for example, W Q bonds are
pparently longer than Mo Q bonds by 0.029–0.038 Å. Other inter-
sting issues, such as bond strengths as dependent on oxidation
tate at parity of ligation and structure and the influence of trans
igands at constant oxidation state in the same overall structure,
annot yet be addressed owing to the lack of necessary BDE and
ond length data.

BDEW > BDEMo at constant oxidation state and ligation.
At constant oxidation state and ligation, BDEO > BDES > BDESe for
multiple bonds M–Q and BDEN > BDEP for multiple bonds M–N and
M–P.

.5. Redox potentials

Assembled in Table 5 are over thirty comparisons of redox cou-
les covering the oxidation states MIII–VI. Component members of
ach pair are isostructural and isoelectronic. This list is restricted
o mononuclear species and substantially expands previous data
abulations dealing with comparative potentials [4,34,122–124].

he results are given as differences�E in potentials of chemically
eversible processes which were determined under the same (or
early the same) experimental conditions in non-aqueous media.
he large majority of data refer to dithiolene complexes. All�E val-
es are positive, signifying that the tungsten member of each pair is

R = 2,3,4,5-Me4C6H.
e R = 2,4,6-Pri

3C6H2.
f DMF.
g Ambiguous oxidation state(s).
h For additional data, cf. Ref. [124].

Fig. 5. Cubane-type [(Tp*)MFe3S4Cl3]1− (4), linear cluster [M2FeS6(S2C2H4)2]3− (5) and the two-electron redox couples [M2(SR)2(CO)8]0/2− (6/62−).
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ig. 6. Core structures of aqua ions 7, 8 and 10 and sulfidoaqua ions 9, 11 and 12.
8–12) are omitted.

hermodynamically more readily oxidized (or less readily reduced)
han its molybdenum counterpart. The largest potential differ-
nces occur in MIV–VI complexes with the more electronegative,
ess polarizable ligands as in halide, oxo, and nitrogen-bound cases.
alues of �E maximize with [MF6]0/1− (1010 mV) and [MF6]1−/2−

980 mV). Introduction of thiolate and dithiolene ligation reduces
early all�E values to below 300 mV. In the tris(dithiolenes), val-
es for the 1−/2− couples are 180 mV or (usually) less and for 0/1−
ouples these values are below 100 mV. In the latter cases, the redox
vents are largely ligand-based, with the result that the intrinsic
otential order of molybdenum and tungsten is maintained but
ith generally reduced potential differences.

The same potential order usually holds with metal clusters
ontaining one or more molybdenum or tungsten atoms. Recent
xamples are the 1−/2− couples of cubane-type clusters 4 in Fig. 5
or which �E = 230 V in acetonitrile [130]. The clear implication
s that the redox-active orbitals possess some M character even
f, as shown with many [MoFe3S4]3+/2+ core redox processes, the

ajor changes in electron density upon oxidation or reduction
ccur in the Fe–S portion of the cluster. However, for the linear
lusters 5 containing two MV and one FeIII atom in the isolated
rianion, �E = 20 mV in Me2SO for the 2−/3− couple [131]. This
mall separation suggests highly covalent and delocalized bond-
ng at the M sites; iron-localized oxidation is not likely in view of
he probable instability of FeIV in a tetrasulfido environment. We
lso note that the two-electron redox couples 6/62− in acetonitrile
r DMF present �E values almost all of which are nearly zero or
re inverted with small negative values [132]. Oxidation is accom-
anied by M–M bond formation (formally 2Mo0 → MI–MI); redox
teps have been analyzed in detail [133]. These reactions combine
ow oxidation states and strongly covalent bonding that attentuates
eriodic differences in electron affinities between molybdenum
nd tungsten, a dual circumstance not encountered in biological
ystems.

The following generalization applies to redox potentials:
For MVI/V, MV/IV, and MIV/III redox couples of isoligated isostructural
complexes, EMo > EW under the comparable experimental conditons,
with the potential difference�E decreasing as the metal–ligand bond
covalency increases.
d water molecules rendering each metal site five-coordinate (7) or six-coordinate

3. Solution chemistry and reactivity

3.1. Species in aqueous solution

The natural abundance and speciation of molybdenum and
tungsten in water is obviously relevant to their bioavailabililty and
incorporation into natural products. Frost and Pourbaix (E–pH) dia-
grams are often useful in describing solution behavior as are other
speciation diagrams that present percentages or concentrations of
different species as a function of pH at constant metal concentra-
tion or varying metal concentration at constant pH. Such diagrams
and E–pH plots are available for these elements [1,2,134,135] and
reveal that the most obvious similarity between the two elements
when fully oxidized is their complexity below pH ∼ 6. At and above
this value the dominant species are [MO4]2−, which have nearly
the same first protonation constant: log K1 = 3.4–3.6 (Mo) [136],
3.5 (W) [137]. When concentrated solutions are made strongly
acidic, yellow molybdic acid (MoO3·2H2O) or white tungstic acid
(WO3·2H2O) precipitates. Structures of these materials have not
been established. In dilute acidic solutions (�1 mM) the acids are
sometimes written as H2MO4. Recent spectroscopic and theoret-
ical results indicate that aqueous molybdic acid is based on the
formulation MoO3·nH2O with n = 3 providing the best agreement
with experiment [2]. In more concentrated acidic solutions (pH < 6),
condensation of molybdate and tungstate occur to form water and
isopolymetalates, some of which (e.g., [M6O21]6−, [M7O24]6−) are
analogous for the two metals. Protonation constants of [HM7O24]5−

(log K1 = 4.6 (Mo), 4.8 (W)) are nearly the same [134], as is the
case for [HMO4]1−. Condensation reactions involving p equiv. of
[MO4]2− and q equiv. of H+ are described by the equilibrium con-
stants ˇp,q. Values for heptanuclear [M7O24]6− (logˇ7,8 = 53 (Mo),
65 (W)) and [HM7O24]5− (logˇ7,9 = 57 (Mo), 69 (W) reveal a greater
tendency of WVI toward condensation than MoVI [134]. A distin-
guishing feature of condensation reactions is that equilibration in
MoVI systems may be complete in minutes whereas much longer

VI
times are often required for W . This behavior is an indication of
decreased substitutional lability and stronger WVI–O bonds relative
to molybdenum.

Because oxidation states below 6+ do not generally sustain
more than one M O bond per M atom in stable species, the
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Table 6
Comparative kinetics data for ligand substitution and electron transfer in aqueous solution.

System k298 (s−1) k298 (M−1 s−1) kMo/kW Refs.

[M3O2(OAc)6(OH2)9]4+/H2O
M = Mo 5.6 × 10−6 a

M = W 1.0 × 10−6 b 42 [153]

[M2O4(edta)]2−/H2O
M = Mo 6.9 × 10−3

M = W 1.16 × 10−4 59 [156]

[M2O4(OH2)6]2+/SCN−

M = Mo 29 × 103 c [157]
M = W 2.5 × 103 c 12 [141]

[M3O4(OH2)9]4+/SCN−

M = Mo 13.5d [158]
M = W 1.2d 11 [159]

[Mo2O4(OH2)6]2+/[IrCl6]2−

M = Mo 0.114 [160]
M = W 6.6 × 104 1.7 × 10−6 [161]

[M2O4(edta)]2−/[IrCl6]2−

M = Mo 6.6c [162]
M = W 6.3 × 105 c 1.0 × 10−5 [156]

[M3O4(OH2)9]4+/[IrCl6]2−

M = Mo 4.5 [163]
M = W 1.1 × 106 4.1 × 10−6 [159]

a ‡ ‡
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323 K;�H = 30 kcal/mol;�S = 18 eu.
b 326 K;�H‡ = 14 kcal/mol;�S‡ = −39 eu.
c Activation parameters determined.
d Conjugate base ([M3O4(OH)(OH2)8]3+ reaction pathway.

ehavior of these states in aqueous solution is different. The com-
lexes [MoII

2(OH2)8]4+ (7, red), [MoIII(OH2)6]3+ (greenish yellow),
MoIII

2(OH)2(OH2)8]4+ (8, green), [MoIV
3O4(OH2)9]4+ (9a, red), and

MoV
2O4(OH2)6]2+ (10, yellow) have been identified [138,139].

qua ions of lower valent tungsten have proven more difficult to
repare, but the tungsten analogues [WIV

3O4(OH2)9]4+ (9a, orange)
140] and [WV

2O4(OH2)6]2+ (10, yellow) [141] have been demon-
trated. The complex [WIII(OH2)6]3+ has never been authenticated,
ossibly because it is too strong a reductant to exist in aque-
us media. We note also the remarkable metal sulfidoaqua ions
cuboidal [M3S4(OH2)9]4+ (9b), cubane [M4S4(OH2)12]5+ (11), and

orner-shared double cubane [Mo7S8(OH2)18]8+ – investigated by
ykes and coworkers [142–144]. Core structures of 7–12 are set out
n Fig. 6. All of these species are precursors for other polynuclear
omplexes by ligand substitution. While charges are specified for 9,
1, and 12, these clusters can exist in several oxidation states with
etention of core structure and for 11 with different populations
f metal atoms in the series [Mo4−nWnS4(OH2)12]z+. As a dramatic
llustration of metal dependence of potentials, En=0 − En=4 = 825 mV
nd ca. 840 mV for the 6+/5+ and 5+/4+ couples, respectively, in the
eries [144].

.2. Reactivity

The most widely studied reaction of molybdenum and tung-
ten compounds in physiological oxidation states is oxygen atom
ransfer, which for dithiolene complexes is examined in Section
.2. The most extensive examples of other types of comparative
eactivity are found with low-valent organometallic compounds,
requently carbonyls. While this subject lies outside the purview of
his account, we note certain results that are part of a broader trend.
n the reversible substitution of [M(CNBut)7]2+ with bromide [145],

isplacement of cycloheptatriene in [(C7H8)M(CO)3] by P(OMe)3
146], removal of tropylium from [(C7H7)M(CO)3]1+ by acetonitrile
147], substitution of [M(CO)6] with bromide [148] and substitu-
ion of CO or bipyridyl in [M(CO)4(bpy)] by phosphites [149], the
inetics data indicate kMo > kW for dissociative and associative path-
ways. In certain other instances, where the reaction proceeds by
nucleophilic attack at a carbonyl carbon rather than directly at the
metal atom, as in the system [M(CO)6]/Me3NO[150], the rate order
is W > Mo.

Quantitative data for assessing relative reactivity in physiolog-
ical oxidation states are limited; representative results for ligand
substitution and redox reactions are summarized in Table 6. Rate
constants for exchange of bound and solvent water molecules
are the widespread measure of intrinsic labilities of metal ions
[151,152]. The results for the MIV

3O2 and MV
2O4 (10) com-

plexes place them in between [Ru(OH2)6]2+ (1.8 × 10−2 s−1) and
[Cr(OH2)6]3+ (2.4 × 10−6 s−1) or [Ru(OH2)6]2+ (3.5 × 10−6 s−1). The
positive entropy of activation for the molybdenum complex is
indicative of a dissociative mechanism and the negative val-
ues for the tungsten complex and that for [W3O(OAc)6(OH2)3]2+

(k298 = 5.3 × 10−4 s−1, �S‡ = −31 eu) [153] are consistent with an
associative pathway. Rate constants for thiocyanate substitution
(in which the product is N-bonded) are much larger due in part to
ligand charge but follow the same order. Activation entropies for
the M2O4 reactions are nearly zero and thus are not mechanistically
informative. The water ligands replaced in these reactions are those
trans to M O bonds owing to the trans-labilizing effect of multiply
bound oxo ligands. Rate constants for water and thiocyanate substi-
tution show only modest discrimination between metals, the ratio
kMo/kW being ca. 60 or less.

Oxidation reactions of binuclear reactants with [IrCl6]2− refer to
the first step, MV

2 + IrIV → MVMVI + IrIII, in the overall reaction. For
the [M2O4(edta)]2− systems, the rate constant for water substitu-
tion is orders of magnitude smaller than the oxidation rate constant,
consistent with outer sphere electron transfer. The same is true for
the other tungsten complexes. Given the substitution-inert nature
of [IrCl6]2−, it is probable that all reactions in Table 6 are outer-

sphere processes. The rate order kW � kMo clearly demonstates that
the tungsten complex of a given pair is the more powerful reductant
of a constant electron acceptor.

Certain non-quantitative observations also bear on the relative
reactivities of molybdenum and tungsten. Among non-redox reac-
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ions, when [Mo2Cl9]3− is refluxed with pyridine, the product is
er-[MoCl3(py)3] [154]. In contrast [W2Cl9]3− affords [W2Cl6(py)4]

fter only 2.5 h in refluxing pyridine [155]. The results are indica-
ive of a stronger metal–metal bond in [W2Cl9]3−. The reversible
H-dependent interconversion between [MIV(SPh)2(mnt)2]2− and
MIV

2(SPh)2(mnt)4]2− is about twice as fast with tungsten than
olybdenum [164]. In redox processes, reaction of [MoS4]2− with

ulfur affords [MoIVS(S4)2]2− [165] while under similar conditions
WS4]2−gives [WV

2(S)2(�2-S)2(S4)2]2− [166]. Reaction of [MS4]2−

ith the disulfides R2NC(S)SS(S)CNR2 leads to [MoV(S2)(S2CNR2)3]
r [WVIS(S2)(S2CNR2)2] [167]. Further, [MS4]2− and the disul-
de PhC(S)SS(S)CPh produce [MoIV(S2CPh)4] or [WVIS(S2)(S2CPh)2]
168]. In cases where the metal is reduced below MVI, the reaction
s one of induced internal electron transfer. The metal is reduced in
he presence of sulfur or disulfide. Bound sulfide is the reductant, in
ome cases being oxidized to persulfide. Exact reaction stoichiome-
ries have not been established in most cases and the outcome of
ome reactions depends on conditions and reactants. For exam-
le, both complexes [MV

2(S)2(�2-S)2(S4)2]2− can be obtained from
MS4]2− and sulfur in DMF at ∼100 ◦C under anaerobic conditions
166]. However, a trend emerges. Tungsten systems sustain ligand
edox and the metal, if affected, is not reduced below WV whereas
n molybdenum systems the metal is reduced to MoIV,V with accom-
anying ligand redox. This result is consistent with the relative
xidative stabilities of molybdenum and tungsten (Section 2.5).

With recognition of a limited database of results, the follow-
ng summary of principal reactivity features for MIV,V complexes is
ffered.

Rate constants for ligand substitution and electron transfer follow the
order kMo/kW �60 and kW/kMo ≈ 105–106, respectively, in aqueous
solution at 25 ◦C.

. Dithiolene complexes as synthetic analogues of catalytic
ites

All molybdenum- and tungsten-containing enzymes utilize
ononuclear catalytic sites in which one or two pyranopterindithi-

late cofactor ligands 1 (Fig. 2) are chelated to a metal atom
n oxidation states MIV–VI. The ligand is depicted as an ene-
,2-dithiolate, the most reduced form of an extensive family of
edox-active dithiolene ligands. As noted earlier and considered
ubsequently (Section 5.3), this form applies to synthetic analogues
nd catalytic sites in each metal oxidation state. Dithiolene lig-
nds are of two fundamental types (Fig. 2), the ene-1,2-dithiolenes
2C2S2 and benzene-1,2-dithiolenes C6H4−nXnS2 with widely vari-
ble R and X substituents, whose most prominent property is
odulation of redox potentials. Nearly all important contempo-

ary aspects of metal dithiolenes have been covered in the volume
Dithiolene Chemistry” [169] including their synthesis [170]. An
ccount of the early development of metal dithiolene chemistry
tarting in 1962 is available [171]. In the following section, syn-
hetic methods affording primarily site analogues containing one
r two dithiolene ligands are summarized. Inasmuch as protein
ites with three cofactor ligands are unknown, the synthesis of
ris(dithiolenes) is excluded. However, references to their prepa-
ation as well to mono- and bis-dithiolene complexes are provided
n Table 2.

.1. Synthesis
Dithiolene ligands play a significant role in the development
f structural and functional synthetic analogues because they
imulate the structural and electronic features in the immedi-
te coordination environment of molybdenum and tungsten when
ry Reviews 255 (2011) 993–1015 1001

chelated by the cofactor ligand 1. Frequently employed dithiolenes
for this purpose include mnt, bdt, and mdt (Fig. 2). The first two
are available as isolated salts. The mdt ligand, which has not been
isolated as such, was selected for use in the Harvard laboratory
because it carries alkyl substituents similar to the carbon centers
proximal to the dithiolene portion of 1. More recently, improved
preparations using 4,5-dimethyl-1,3-dithiol-2-one as a precursor
to mdt complexes have been reported [64], and precursors of the
ligands S2C5H6X have been prepared, allowing access to a broader
range of alkyl-substituted complexes [172]. A DFT analysis of the
ligand modeling problem has led to the suggestion that a dithiolene
functionality as part of a pyran ring to which is fused a pyrazine ring
would be preferable to the aforementioned dithiolenes [173], but
no such ligand has yet been prepared. Consideration of the struc-
tural and electronic interplay between a dithiolene grouping and
the remainder of 1, including possible facilitation of electron trans-
fer to or from the metal site that accompanies atom transfer [174],
emphasizes the attractiveness of a ligand of this type.

4.1.1. Bis(dithiolene) complexes
Reactions affording bis(dithiolene)MIV–VI complexes are set out

in Fig. 7. A particularly useful procedure is carbonyl displace-
ment from the dicarbonyl 13, prepared by ligand transfer from
[Ni(S2C2R2)2] to [M(CO)3(MeCN)3] [37,62,61]. In this way, an array
of five-coordinate square pyramidal MIV complexes 14–18 are
readily accessible [38,52,53,56,37,172]. Further reactions afford the
MV O complexes 19 [62], the WVIO2 complex 20, and the WVI Q
species 21 and 22 (Q = O, S) [38,56]. Other reactions of interest
include ligand substitution of isonitrile complex 23 to yield 24 or
25 [43], dithiolene ring formation from bis(tetrasulfido) 26 and an
alkyne to give 25 [47,175], oxidation of 24 with the strong oxo
donor Me3NO to yield 27 [28,68,71], and silylation of a terminal
oxo ligand to form silyloxide complexes 28 [42,43,59]. These reac-
tions were carried out in aprotic solvents, typically acetonitrile. Mnt
complexes 29 can be prepared from [MO4]2− in aqueous solution,
the MoIV complex being formed with the mild reductant bisulfite
[28,176]. The WIV complex requires the strong reductant dithion-
ite [30], in keeping with the relative reducibilities of the MVI state.
Protonation of 29 in the presence of Ph3P and other ligands affords
the six-coordinate MoIV complexes 30 [177–179]. Similar MIV com-
plexes of the general types [M(S2C2R2)2L2] (L = RNC, PR3) [43,59,64]
and [M(S2C2R2)2(CO)L]z (L = PR3, RS−, RSe−) [56,37,64], some of
which approach trigonal prismatic stereochemistry, have been pre-
pared. Reaction of aqueous [MO4]2− at pH 5.5–6 with Na2 (mnt)
yields the MVIO2 complexes 31, analogous to 27. Tungsten com-
plex 31 with sulfur forms the dianionic persulfide 32 [30]. Related
complex 33 forms the persulfide species 34 [180], which can be
reduced with dihydrogen to 33 [181].

Fig. 7 is intended as a summary of the most useful methods
for the synthesis of bis(dithiolene) complexes. It is not com-
prehensive; however, most omitted reactions are extensions or
variations of those shown. One interesting exception is the synthe-
sis of [MO(tfd)2]2− from [MoO2S2]2− or [WOS3]2− and the dithiete
(CF3)2C2S2 by means of induced internal electron transfer in which
the oxidized metal and dithiete are reduced by two electrons and
sulfido ligands are oxidized [36]. This is in contrast to the reactions
affording [M(tfd)3] in which the reduced metal supplies electrons
for reduction of the dithiete [78]. Five-coordinate complexes from
the foregoing methods are square pyramidal with the metal situ-
ated ca. 0.7 A above the S4 basal plane. Monooxo and dioxo MVI

complexes assume a highly distorted octahedral structure with an

oxo ligand cis to a non-dithiolene ligand. Certain of the reactions,
such as 14 → 20, 18 → 22, and 24 → 27, are oxygen atom transfer
processes. These complexes are site analogues in functional reac-
tion systems related under the Hille classification to the DMSOR
enzyme family [6]. Here and elsewhere RO−, RS−, and RSe− ligands
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Fig. 7. Synthesis of selected bis(dithiolene) MIV–VI complexes as synthetic analogues of enzyme sites.
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Fig. 8. Synthesis of mono

mpersonate native binding by serinate, cysteinate, and selenocys-
einate, respectively.

.1.2. Monodithiolene complexes
This class is much less populated than the bis(dithiolenes), due

n part to the lack of general preparative methods. Synthesis has
een pursued mainly by the Harvard laboratory [23–26]; selected
eactions are summarized in Fig. 8. Monothiolate MoVIO2 complex
5 is obtained by substitution reactions with formation of Ph3SiOLi
nd Ph3SiOH in successive steps. The key step in the formation of
oVO complex 37 is the bis(dithiolene) to monodithiolene conver-
ion effected by removal of one bdt ligand as C6H4(SSePh)2 upon
eaction with the electrophile PhSeCl. The product 36 is subject
o chloride substitution by thiolate, leading to 38 and 39. A sim-
lar reaction sequence starting with 19 affords 40 and 41 [25].
reatment of [MO4]2− with C6H4(SSiMe3)2 affords the valuable
iolene) MV,VI complexes.

MVIO3 complexes 42 and (Me3Si)2O [23]. These complexes can be
monosilylated to afford an extensive set of products which with
M = W sustains mono- and disulfidation reactions with silylthiols
leading to 44 and 45, respectively [24,26]. Controlled reaction of
tungsten complex 42 with H2S or the indicated reactions based on
[WO3S]2− afford monosulfido 46 while disulfido 47 is accessible
from [WO2S2]2− and C6H4(SSiMe3)2. Reactions utilizing silylsul-
fur reagents benefit from the contributory enthalpic driving force
owing to the ca. 30–40 kcal/mol difference between Si–O and Si–S
bond energies [23].

Monodithiolene complexes are sought as potential analogues

of the active sites in the XOR enzyme family [6]. The majority of
complexes in Fig. 8 are essentially square pyramidal with an apical
oxo ligand, as are the native sites. Some variability in structures
between the square pyramidal and trigonal bipyramidal limits
has been observed for [MO3−nSn(bdt)]2− species. The calculated
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Table 7
Comparative kinetics data for pairs of MIV and MVI complexes in oxo transfer reactions at 298 K.

Reactant Substrate k2 or k′
2 (M−1 s−1)a �H (kcal/mol) �S (eu) k2

W/k2
Mo d Refs.

[MO2(mnt)2]2−

M = Mo (MeO)2PhP 4.5 × 10−1 8.2 −33 [4]
M = W 4.5 × 10−4 11 −38 1.0 × 10−3

M = Mo (MeO)3P 2.5 × 10−2 10 −32
M = W 9.7 × 10−6 14 −33 3.9 × 10−4

M = Mo (EtO)2MeP 1.1 – –
M = W 3.4 × 10−3 – – 3.1 × 10−3

[MO(bdt)2]2−

M = Mo Me3NO 2.0 × 10−4b – – [71]
M = W 5.0 × 10−3 b – – 25b

[M(OPh)(mdt)2]1−

M = Mo Me2SO 1.3 × 10−6 14.8 −36 [52]
M = W 3.9 × 10−5 14.4 −30 30 [53]
M = Mo (CH2)4SO 1.5 × 10−4 10.1 −39 [52]
M = W 9.0 × 10−4 11.6 −33 6.0 [53]
M = Mo Ph3AsO 2.8 × 10−2 7.2 −39
M = W 3.1 9.3 −26 111 [57]
M = Mo SeO4

2− 7.2 × 10−4 12 −34
M = W 3.3 × 10−3 12.8 −28 4.6 [51]

[M(OC6H4-p-OMe)(mdt)2]1−c

M = Mo Ph3AsO 2.4 × 10−2 7.3 −40
M = W 1.9 98 −25 79 [57]

[M(OPh)(mdt)2]1−

M = Mo (CH2)4SO 3.4 × 10−4 – – [52]
M = W 3.0 × 10−3 9.0 −40 8.8 [192]
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a Acetonitrile or DMF solutions.
b kobs and ratio of kobs values.
c For other reaction systems [M(OC6H4-p-X)(mdt)2]1−/Ph3AsO, k2

W/k2
Mo 184 (X =

d Ratio of k2 or k′
2.

nergy differences between these structures for a given n are a
ew kcal/mol with the square pyramidal arrangement favored, sug-
esting that solid state interactions are responsible for irregular
onformations [24]. Complex 35 is an analogue of the oxidized
ite [MoVIO2(S2pd)(SCys)] in chicken liver sulfite oxidase. Square
yramidal 46, having the long-sought MVIO2S group with the sul-
do ligand in the basal plane, serves as structural analogue of the
nprotonated site in enzymes such as quinoline-2-oxidoreductase
nd bovine milk XOR (Fig. 3). The complex is not a chemical model
ecause the native metal in this enzyme family is molybdenum. The
orresponding molybdenum complex has not been isolated, appar-
ntly because of autoredox instability also observed in other cases
ith MoVI in an anionic sulfur (reducing) environment. However,

iven the generalization in Section 2.3, WVI is an accurate struc-
ural surrogate of MoVI. As yet, no functional reaction systems using

onodithiolene complexes have been developed for any member
f the XOR enzyme family.

.2. Oxo transfer reactions and kinetics

The first comprehensive treatment of metal-centered oxygen
tom (oxo) transfer reactions appeared in 1987 [182] followed in
990 [183] by a description of molybdenum-mediated reactions

n synthetic systems and their relation to some aspects of enzyme
atalysis. Thereafter, a multitude of articles on oxomolybdenum
omplexes and their role in oxo transfer systems have appeared,
o doubt stimulated in large part by advances in understanding
nzymatic reactions. In addition to previous citations [14–17], we
ote three earlier summary articles on the biomimetic chemistry
f molybdenum and tungsten [48,184,185] and one dealing with

he model chemistry of Mo-mnt systems [186]. Thoroughout this
eriod, the imperative of biomimetic tungsten chemistry has been
lowly growing, but understandably has lagged far behind that of
olybdenum because of the larger number of molybdenum oxo-

ransferases and hydroxylases of known function that have been
nd 163 (X = COMe).

purified and structurally defined. In this section, the principal issues
are analogue reaction systems and the comparative kinetics of pairs
of molybdenum and tungsten reactants with constant substrate.

4.2.1. Basic features
Oxo transfer reactions may be minimally described as below

and, if second-order, with the indicated rate laws for the for-
ward and reverse reactions. The forward reaction is oxo transfer
from substrate and the reverse oxo transfer to substrate with con-
comitant metal oxidation and reduction, respectively. Associative
transition states are

MIV + XO � MVIO + X −d[MIV]/dt= k2[MIV][XO]

−d[MVIO]/dt= k2
′[MOVI][X]

consistent with large negative entropies of activation. Kinetics data
for the reverse reaction, in which PIII compounds are oxidized to
PVO products, are found in Table 7. Rate constants at constant sub-
strate show the order k2

′Mo > k2
′W with�S‡ = −32 to −38 eu.

4.2.2. Analogue reaction systems
In this section, we describe dithiolene-based analogue reaction

systems capable of executing stoichiometric reactions with biolog-
ical substrates using in most cases chemical apparatus (analogues)
credibly resembling native enzyme sites, all of which are found in
the DMSOR family [6]. These systems are schematically depicted
in Fig. 9 in which variable substituents are designated R,R1,R2. All
available comparative kinetics data for molybdenum and tungsten
systems are collected in Table 7. Other data compilations are avail-
able elsewhere [14,51,57].

• DMSO and TMNO reduction:
Me2SO + 2H+ + 2e− � Me2S + H2O

Me3NO + 2H+ + 2e− � Me3N + H2O
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Fig. 9. Schematic descriptions of analogue reaction s

reduced enzyme site [187–191]: [MoIV(OSer)(S2pd)2]
analogue reactions [29,42,52,53,55,59,192]:

MIV(OR′)(S2C2R2)2]1− + R′′
2SO/R′′

3NO

→ [MVIO(OR′)(S2C2R2)2]1− + R′′
2S/R′′

3N

These reactions proceed readily with illustrative rate con-
tants k2 for the reaction 48 → 22 in the 10−5–10−6 M−1 s−1

ange and large negative entropies of activation (Table 7) indica-
ive of associative transition states. The rate constants with

-oxides are larger than with S-oxides, as in the conversion
9 → 50 with M = Mo (k2 = 200 M−1 s−1) and �S = −21 eu [52].
ne complication in reactions with [Mo(OR′)(S2C2Me2)2]1− is

he instability of the MoVI product due to autoredox, leading
o the isolation of [MoVO(mdt)2]1− [52]. All WVIO complexes
s and depiction of the substrate reduction pathway.

such as 22 and 50 are isolable and their structures have been
established. Recently, it has been demonstrated that the reac-
tion product of [Mo(OSiR3)(S2C2(CO2Me)2)2]1− and Me3NO is
[MoO(OSiR3)(S2C2(CO2Me)2)2]1− [193]. This complex can be iso-
lated, is essentially isostructural with related tungsten complexes,
and has an absorption spectrum similar to oxidized DMSOR,
marking it as an oxidized site analogue. It is foreshadowed by
isostructural 28 which, however, was prepared by silylation of
[MoO2(bdt)2]2− rather than by oxo transfer [43]. The less electron-
rich nature of the dithiolenes and steric protection offered by the

large silyloxide ligands contribute to the stability of these MoVIO
complexes.

Oxo transfer with N-oxides is a standard preparative method,
as exemplified by the conversions in Fig. 7. One of these,
[MoO(R2bdt)2]2− → [MoO2(R2bdt)2]2−, while not related to a bio-
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ogical reaction, is among the first oxo transfer reactions not
omplicated by the formation of a non-physiological MoV–O–MoV

pecies [40]. The rate of reaction was found to be ca. 25 times slower
han that of [WO(bdt)2]2− with the same substrate, a rate order than
xtends to other systems (Table 7).

Selenate reduction:

eO4
2− + 2H+ + 2e− � SeO3

2− + H2O

reduced enzyme site [194]: [MoIV(OH)(S2pd)2]
analogue reactions [51]:

MIV(OR)(S2C2Me2)2]1− + SeO4
2−

→ [MVIO(OR)(S2C2Me2)2]1− + SeO3
2−

These reactions, depicted as 49 → 51 in Fig. 9, proceed with
= Mo and W and R = Ph or Me with k2 ≈ 10−3–10−4 M−1 s−1, large

egative activation enthalpies, and slightly faster rates with tung-
ten (Table 7). Selenate consumption and selenite formation were
irectly observed by 77Se NMR.

Nitrate reduction (dissimilatory):

O3
− + 2H+ + 2e− � NO2

− + H2O

reduced enzyme site [195,196]: [MoIV(SCys)(S2pd)2]
analogue reactions [58,177,178]:

WIV(QR)(mdt)2]1− + NO3
− → [WVIO(QR)(S2C2Me2)2]1− + NO2

−

(i)

MIV(SR)(mnt)2]1− + NO3
− → [MVIO(SR)(mnt)2]1− + NO2

− (ii)

Two reaction systems have been developed in relation to
he cysteinate-ligated native site. In system (i), tungsten com-
lexes 52 with sterically hindered axial ligands support nitrate
eduction in second-order reactions with k2 = 0.17 M−1 s−1 (Q = S)
nd 6.1 × 10−3 M−1 s−1 (Q = O); the corresponding molybdenum
omplexes were not well-behaved [58]. Product 53 (Q = O) was ver-
fied by independent synthesis. In system (ii) in dichloromethane,
eversible dissociation of phosphine from 54 produces 55 which
eacts with nitrate to afford nitrite and 56. The system fol-
ows Michaelis–Menten saturation kinetics which with R = Et gives
max = 3.2 × 10−2 s−1. MoVIO complex 56 can be reduced back to 55,
stablishing a catalytic cycle, but could not be isolated owing to its
itrosylation by nitrite to yield [Mo(NO)2(mnt)2]2− [177,178].

Arsenite oxidation:

2AsO3
−(AsO2

−) + H2O � HAsO4
2−(AsO3

−) + 3H+ + 2e−

reduced enzyme site [197,198] [MoIV(S2pd)2]
analogue reaction [199]:

MoVIO2(Cl2bdt)2]2− + AsO2
− → [MoIVO(Cl2bdt)2]2− + AsO3

−

Electrochemical oxidation of 57 in acetonitrile/water or chemi-
al oxidation in the presence of hydroxide affords MoVIO2 complex
8 (a variant of 27). The latter is reported to stoichiometrically
xidize arsenite to arsenate and also Ph3P to Ph3PO [199].

Four of the foregoing five systems result in substrate reduc-

ion, which lends itself to the summary depiction in Fig. 9. Here an
ssociative transition state is produced by M· · ·OX intereaction and
ikely M–QR bond loosening. Transfer of two electrons to the inter-
cting substrate to develop the M O bond with X–O bond scission,
issociation of the reduced product X, and structural reorientation
ry Reviews 255 (2011) 993–1015

to the final cis stereochemistry complete the process. Reversal of
these events results in substrate reduction. The mechanism of sub-
strate reduction is examined in greater detail with spectroscopic
data and theoretical calculations in Section 5.3.

Lastly, we note certain other reactivities which, while not nec-
essarily analogue reactions themselves, are worthy of extension
and further study. The bisulfite reaction system, in which 31 is
reduced to 29 in acetonitrile/water (Fig. 9) [200], is not an ana-
logue reaction system because of the presence of two dithiolene
ligands but it is the cleanest oxo transfer demonstration of sul-
fite oxidation mediated by molybdenum. The reaction follows
Michaelis–Menten kinetics with KM = 0.001 M and k2 = 0.87 s−1.
A subsequent investigation confirmed the kinetics scheme but
with different parameters (KM = 0.039 M, k2 = 1.02 s−1) [69]. Sev-
eral interesting transformations based on [WO(mnt)2]2− have been
reported. In acetonitrile-water, bicarbonate forms [WO2(mnt)2]2−

(31) and formate in a reaction related to tungsten formate dehy-
drogenase [35]. The complex is also described as a catalyst for the
non-redox hydration of acetylene to acetaldehyde, a reaction cat-
alyzed by acetylene hydratase [201]. Lastly, [WO(S2)(mnt)2]2− (32)
was found capable of mediating the transformation of an aldehyde
(crotonaldehyde) to a carboxylic acid (crotonic acid) [30], a model
reaction for aldehyde ferredoxin oxidoreductase.

The following conclusions derive from the foregoing results.

• Meaningful analogue reaction systems can be realized that are capa-
ble of transforming biological substrates and utilizing as reactants
molybdenum and tungsten complexes that are accurate (though
not necessarily optimal) structural and electronic analogues of the
coordination units in enzyme sites. Such systems resemble single-
turnover enzyme reactions and convey mechanistic information.

• For second-order substrate transformations, kinetic metal effects –
k2

W > k2
Mo for substrate reduction (MIV → MVI) and k2

′Mo > k2
′W for

substrate oxidation (MVI → MIV) – are consistently operative.

5. Case studies

5.1. Isoenzymes

Molybdenum and tungsten isoenzymes are encoded by different
genes, contain different metals at their catalytic sites, and per-
form the same reaction. Examples are found with the methanogenic
archaea M. thermoautotrophicum and M. wolfei, each of which con-
tains two separate formylmethanofuran dehydrogenases which
catalyze the first step in methane formation from CO2 [202–204].
There are cases in which tungsten has been successfully substituted
for molybdenum although sometimes with a change in pH activity
profile. Examples include active enzyme formation by replacement
of the native metal molybdenum with tungsten in R. capsulatus
DMSOR expressed in E. coli [205] and in E. coli TMNO reductase
[206]. Relative reactivities of these and other isoenzymes are found
in Table 8. Note that in the FMDH reactions in which the substrate
is oxidized and the metal is reduced, and in the TMNOR reactions in
which the substrate is reduced and the metal is oxidized, the rate
discriminations are rather small but the rate orders are Mo > W and
W > Mo, respectively. Mo-DMSORs reduce both DMSO and TMNO
and Mo-TMNORs reduce N-oxides but not S-oxides at a measurable
rate [206]. Relying on values of kcat/KM, the rate order is W > Mo.

By far the most thoroughly examined isoenzymes are the
DMSORs from R. capsulatus [205,207]. An enzyme strain grown
in the presence of 3 �M Na2WO4 and a slight concentration of

Na2MoO4 incorportated tungsten in place of molybdenum, and the
tungsten enzyme was found to crystallize under the same condi-
tions as oxidized Mo-DMSOR. A substantial body of crystallographic
and spectroscopic data demonstrates that two oxidized enzymes
exhibit the same protein fold and environment around the catalytic
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Table 8
Relative reactivities of molybdenum and tungsten isoenzymesa.

Isoenzymes Organism Reaction W/Mo reactivity ratiob Refs.

FMDH M. thermoautotrophicum

O
+ H2O

NHCHO

O NH3
+ CO2 + H

+ + 2e-

+ 0.2 [204]

[210]
M. wolfei 0.3 [208]

XO
Me3NO

2.2

NO
O

Me
4.1

NO

Me
4.2

NO 2.0

TMNOR E. coli XO + 2H+ + 2e− → X + H2O Me2SO Mo: no reaction; [206]
W: kcat/KM = 5.0 × 104 M−1 s−1

Ph2SO Mo: no reaction;
W: kcat/KM = 2.7 × 104 M−1 s−1

SO Mo: no reaction;

W: kcat/KM = 2.0 × 106 M−1 s−1

DMSOR R. capsulatus MeSO + 2H+ + 2e− �Me2SO + H O 17 (forward) [213]
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a Adapted from Ref. [53].
b Ratios of rate constants.

ite, and highly similar [MVIO(OSer)(S2pd)2] coordination units
ound in other DMSORs. A principal point at issue is the presence
f an additional oxygen atom at a seven-coordinate molybdenum
ite, as reported in the crystal structure of the oxidized enzyme
208]. X-ray data for oxidized W-DMSOR do not resolve the issue;
he active site has been depicted as six-coordinate [205]. Molyb-
enum EXAFS for the oxidized enzyme from R. sphaeroides and an
xamination of the results for the R. capsulatus enzyme by George
t al. [188] support a six-coordinate site. These isoenzymes reduce
MSO and oxidize Me2S according to the foregoing rate orders. Fur-

her note that the order W > Mo for the reduction of N-oxides and
-oxides is that observed in analogue reaction systems (Table 7).

The R. capsulatus isoenzymes currently provide the only
omparative redox potentials in essentially identical protein envi-
onments [209]. While other reported values differ somewhat

Em = +26 mV (MoVI/V, pH 8), −194 mV (WVI/V, pH 7)
Em = +200 mV (MoV/IV, pH 8), −134 mV (WV/IV, pH 7)

205], in part because the MVI/V step is pH-dependent, it seem rea-
onable to approximate EMo − EW ≈ 200–300 mV, values roughly
omparable to the potential difference of bis(dithiolene) redox cou-
les in aprotic media (Table 5).

On the basis of limited data, the following observation is offered.

Intrinsic trends in reaction rates accompanying oxo transfer with

substrate oxidation (Mo > W) and reduction (W > Mo) and redox
potential orders for MVI/V and MV/IV couples (Mo > W) are expected
properties of isoenzymes. Departures from these regularities imply
specific protein influence(s) very likely affecting the metal coordina-
tion unit directly.
2

≤0.006 (reverse)

5.2. Relativistic effects: monooxo bis(dithiolene) complexes
[MVO(bdt)2]1−

In this section, certain properties of the pair [MVO(bdt)2]1−

[39,41,45] are examined as a means of assessing the influence of rel-
ativistic effects in tungsten. These complexes have approximately
square pyramidal geometry (C4v symmetry) with a strong axial
oxo ligand, and thus, bonding calculations predict that the metal
d orbitals split into three groups. At lowest energy is the approxi-
mately non-bonding dx2−y2 orbital (x- and y-axes bisect the S–M–S
angles). Next, the dxz/dyz orbitals have � anti-bonding interactions
with the O px/py and out-of-plane dithiolene S p orbitals. Finally,
with the highest energies, are the dxy and dz2 orbitals, which have �
anti-bonding interactions with the in-plane dithiolene S p orbitals
and the O pz orbital, respectively. Since these complexes are in
the MV oxidation state, each has a metal d1 configuration with the
single electron in the redox-active dx2−y2 orbital.

The ligand K-edge XAS methodology developed by Hedman,
Hodgson, and Solomon [211,212] provides a unique opportunity to
study the energies of unfilled molecular orbitals of transition metal
complexes (of relevance here, the metal dx2−y2 in [MVO(bdt)2]1−).
The excitation of ligand 1s electrons into the continuum results
in an absorption feature known as an edge, while excitations to
the unfilled valence molecular orbitals result in “pre-edge” fea-
tures. The pre-edge peaks often appear at energies lower than
the edge. The energies of these pre-edges have three contribu-
tions: ligand effective nuclear charge (Zeff), metal Zeff, and the

ligand field. Increasing ligand Zeff stabilizes the 1s orbital, thus
increasing the energy of the pre-edge feature. In contrast, increas-
ing metal Zeff stabilizes metal-based orbitals which decreases
the energy of the pre-edge peak. Finally, a stronger ligand field
destabilizes the valence orbitals, and thus, the energy of the pre-
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ting pattern is in agreement with the S K-edge data in Fig. 10;
i.e., there are three groups of metal-based orbitals: the nonbond-
ing M dx2−y2 , the � anti-bonding dxz/dyz, and the � anti-bonding
dxy/dz2 orbitals. Note, however, that the energy of the W dx2−y2
ig. 10. The sulfur K-edge XAS normalized and second derivative data for
MO(bdt)2]1− (M = Mo, W). Note that the metal-based pre-edges are shifted higher
or W than for Mo while the ligand-based pre-edges are at similar energies.

dge feature increases. Therefore, for similar complexes such as
MO(bdt)2]1−, ligand K pre-edge energies can be used to quantify
ifferences in metal Zeff, and any differences in metal Zeff imply
hat the valence electrons are shielded differently from the nuclear
harge.

The sulfur K-edge XAS normalized and second derivative data
or [MVO(bdt)2]1− are shown in the top and bottom panels of Fig. 10,
espectively. Note that minima in the second derivative data can
e used as estimates of peak positions. As expected from bond-

ng considerations, the metal-based pre-edge features are divided
nto three groups dependent upon the strength of the anti-bonding
nteractions between metal and ligand orbitals. Transitions to the
on-bonding M dx2−y2 orbital result in resolved pre-edge peaks at
2470 eV, while transitions to � anti-bonding M dxz/dyz orbitals

∼2472 eV) and � anti-bonding M dxy/dz2 orbitals (∼2473 eV)
esult in features that are not fully resolved from the edge but are
bserved in the second derivative. Pre-edge features that are still
igher in energy have been assigned as transitions to dithiolene

igand-based orbitals: C–S �* (∼2474 eV), C–S �* (∼2476 eV), and
4p (∼2477 eV) [213]. There are two important observations to
ake in Fig. 10: (i) transitions to metal-based orbitals are higher

n energy in the W data (dotted green) compared to the Mo data
solid red), and (ii) transitions to ligand-based orbitals have sim-
lar energies in the spectra of both the Mo and the W complexes.
aken together, these observations indicate that the W d orbitals

re destabilized relative to their Mo counterparts and there is little
ifference in sulfur Zeff between the two complexes. Specifically,
he redox-active W dx2−y2 is 0.26 eV higher in energy than the Mo

x2−y2 after taking into account differences in sulfur Zeff as deter-
Fig. 11. The five � metal d orbitals of [MoO(bdt)2]1− and [WO(bdt)2]1− as deter-
mined with non-relativistic (left) and relativistic (right) DFT calculations.

mined from transitions to the S 4p orbital (i.e. 0.14 eV from the
second derivative data in Fig. 10).

Density functional theory calculations, when validated by com-
parison with spectroscopic data, can provide additional insight
into the origin of fundamental similarities or differences between
transition metal complexes. However, any discussion concerning
third-row transition metals requires that relativistic effects be con-
sidered [5]. As the atomic number increases, the speed of core
electrons approaches the relativistic limit. This leads to a mass
increase

m = m0√
1 − (v/c)2

where m0 is the rest mass of the electron, v is the speed of the
electron, and c is the speed of light, which causes the effective Bohr
radius

a0 = 4�εoh̄
me2

where ε0 is the permittivity of free space, h̄ is the reduced Planck
constant, and e is the elementary charge, to decrease for core s and
p orbitals (i.e. a relativistic radial contraction). This has two effects
on the electronic structure of a transition metal. First, the valence
s and p orbitals also contract to remain orthogonal to the core
electrons, and thus, are stabilized in energy. Second, the valence
d electrons experience better shielding from the nucleus, result-
ing in radial expansion and energetic destabilization. Therefore, the
Hamiltonian used in DFT calculations of transition metal complexes
may need to be modified to include relativistic effects. One simple
relativistic perturbation is the inclusion of a scalar mass–velocity
term as implemented using the zeroth-order regular approxima-
tion (ZORA) [214].

Fig. 11 (left) shows the molecular orbital diagram of the five
unoccupied � metal-based orbitals of the [MO(bdt)2]1− complexes
calculated using a non-relativistic Hamiltonian.2 The orbital split-
2 Spin-unrestricted DFT calculations allow the � and � wavefunctions to have
different spatial distributions, and thus, different energies. The energy splittings for
the unoccupied � levels are presented as they are not affected by differences in
occupancy.
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Table 9
Total compositions of bonding orbitals with O pz character.

Non-relativistic Relativistic

MoOCl4 WOCl4 MoOCl4 WOCl4

% M d 40 33 33 36
% M s 8 10 11 17
% M p 2 3 2 3
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Fig. 12. The sulfur K-edge XAS data for (a) the dianionic, monoanionic, and neutral
Mo tris-dithiolene complexes (solid red, dashed green, and dotted blue, respec-
tively), and (b) the Mo(IV) and Mo(VI) = O bis-dithiolene complexes (solid red and

tris(dithiolene) complexes [Mo(mdt)3] (z = 2-, 1-, 0) are consid-
ered briefly [216]. The sulfur K-edge data are presented in Fig. 12a.
% O 64 66 69 68
% Cl 87 88 86 82

rbital is equal to that of the Mo dx2−y2 orbital, and therefore, a
on-relativistic Hamiltonian does not reproduce the relative orbital
nergies observed in the S K-edge data.

Fig. 11 (right) shows the molecular orbital splitting pattern of
he five unoccupied � metal d orbitals for [MO(bdt)2]1− calculated
sing a Hamiltonian that includes scalar relativistic effects. It also
eproduces the orbital splitting pattern observed in the S K-edge
ata. However, unlike the non-relativistic calculation, the W dx2−y2

rbital is calculated to be 0.13 eV higher in energy than the Mo

x2−y2 orbital, in general agreement with the S K-edge data. This
emonstrates that inclusion of relativistic effects destabilizes the
edox-active orbital in tungsten complexes relative to their molyb-
enum analogues. Therefore, the experimental trends observed for
o/W complexes and enzymes, i.e., for redox potentials (EW < EMo)

nd rate constants (k2
W > k2

Mo) for oxo transfer to the metal, can
e attributed to the greater relativistic effects present in tungsten.

As mentioned in Section 2.4, bond dissociation energies are
reater for tungsten complexes compared to their molybdenum
nalogues (i.e. BDEW > BDEMo) at constant oxidation and ligation.
his suggests that, for instance, W O bonds are stronger than
o O bonds. The origin of these differences is considered using

he pair [MOCl4] as an example.
Vibrational frequencies can be used as an indication of the

trength of bonds. In the case of [MOCl4], the experimental frequen-
ies for Mo O and W O stretches are 1015 and 1027 cm−1 [215],
espectively, indicating a stronger W O bond. Non-relativistic
FT calculations do not reproduce this trend (�Mo = 983 cm−1 and
W = 969 cm−1); however, a stronger W O bond is calculated using
elativistic DFT (�Mo = 998 and �W = 1011 cm−1). Examination of the
rbital composition corresponding to the M O bond provides addi-
ional insight into the factors that control the strength of these
onds. There are no significant differences for metal contribution to
he bonding � orbitals with predominately O px/py character, how-
ver, there is for the � bond. The composition of the filled valence
olecular orbital formed from interactions with the O pz orbital is

iven in Table 9. The non-relativistic calculations show a decrease
4%) in total metal character in going from Mo to W, which is con-
istent with the lower W O stretching frequency calculated with
non-relativistic Hamiltonian. In contrast, the relativistic calcula-

ions show an increase (4%) in M character in going from Mo to W
consistent with the larger W O stretching frequency), with the M
orbital contributing the largest change (increase of 6%). Note that

nclusion of relativistic effects increases the amount of W s charac-
er by 7%, which is the result of the energetic stabilization of the W
s orbital due to radial contraction.

The fundamental differences between molybdenum and tungsten
can, at least in part, be attributed to larger relativistic effects in
the later. Specifically, the relativistic destabilization of the metal
d orbitals influences reduction potentials (EW < EMo) and reaction

rates for oxo transfer to the metal (k2

W > k2
Mo), while the rela-

tivistic contraction of metal s orbitals influences the bond strengths
(BDEW > BDEMo) and vibrational frequencies (�W >�Mo).
dotted blue, respectively). The asterisk in (a) indicates an oxidized impurity. Note
that the data are normalized such that the intensity of the post-edge region is 1.0,
and thus, the tris-dithiolene data (6 sulfur atoms) need to be scaled by 1.5 for direct
comparison to the bis-dithiolene data (4 sulfur atoms).

5.3. Mechanism of a functional analogue of DMSO and TMNO
reductases

Functional analogues of DMSOR and TMNOR have been pre-
pared in the Harvard laboratories (Section 4). The electronic
structures of these complexes were determined using sulfur K-
edge XAS which provides a direct probe of metal–ligand bonding
[216,217]. Specifically, the intensity (D0) of pre-edge features can
be used to determine the amount of sulfur character (i.e., covalency)
in unfilled molecular orbitals with metal d character

D0(S 1s →  ∗) = const|〈S 1s|r| ∗〉|2 = (˛2h/3n)Is

where r is the electric dipole operator, * = (1 −˛2)1/2 |Md〉 −˛|S3p〉
(i.e., the antibonding orbital reflecting the metal–ligand bonding),
˛2 is the covalency, h is the number of holes in the acceptor orbital
to account for spin/orbital degeneracy, n is the number of sulfur
atoms which accounts for the normalization procedure, and Is is
the intensity of the electric-dipole allowed S 1s → S 3p transition
which is estimated from experimental S K-edge data. Therefore, the
sulfur character in a molecular orbital is directly proportional to the
intensity of its corresponding pre-edge feature.

Before discussing the electronic structures of functional mod-
els of DMSOR and TMNOR, it is important to understand Mo–S
bonding without the complication of an oxo ligand. Therefore, the

z

In going from the dianion (red) to the monoanion (dashed green)
and the neutral (dotted blue) complex, a new pre-edge feature
appears at ∼2470 eV corresponding to the holes created due to one-
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nd two-electron oxidation, respectively. The intensities of these
ew pre-edge features indicate that the corresponding orbitals
ave 75% and 69% S 3p character, respectively. Therefore, the Mo
ris(dithiolene) complexes undergo ligand-based oxidation, and
hus, the dithiolene ligands have non-innocent interactions with
he molybdenum atom.

The complexes [MoIV(OSiPh2But)(bdt)2]1− and
MoVIO(OSiPh2But)(bdt)2]1− [43], designated as [Mo(OSi)(bdt)2]1−

nd [MoO(OSi)(bdt)2]1−, respectively, serve as analogues of the
atalytic site in DMSORs in a detailed spectroscopic and cal-
ulational examination of the oxo atom transfer process [217].
he sulfur K-edge data for [Mo(OSi)(bdt)2]1− (solid red) and
MoO(OSi)(bdt)2]1− (dotted blue) are shown in Fig. 12b. Note
hat in comparing these data to those of the tris(dithiolenes), the
ntensities in Fig. 12a should be scaled by 1.5 to account for the
ifferent number of sulfur atoms, i.e., six in the tris(dithiolene)
ersus four in the bis(dithiolene) complexes. There are two key
bservations. First, oxidation of the MoIV des-oxo complex results
n a new pre-edge feature at ∼2470 eV in the data of the MoVIO
is(dithiolene) complex due to the two holes created upon oxi-
ation. Second, the intensity of this pre-edge feature corresponds
o an unfilled orbital with 32% S 3p character (i.e., metal-based
rbital). This is significantly less than 69% S 3p observed for the
igand-based orbital of [Mo(mdt)3] (dotted blue line in Fig. 12a).
ote that there is also a decrease in intensity (i.e. covalency) of

he metal-based peaks at higher energy for the MoVIO complex.

herefore, the dithiolene ligands are behaving innocently in this
omplex in contrast to the non-innocent interactions seen in the
ris(dithiolenes).

The molecular orbital diagrams for [Mo(OSi)(bdt)2]1− (left) and
MoO(OSi)(bdt)2]1− (right) as determined by DFT calculations are

ig. 14. The reaction coordinate for oxo transfer from DMSO to a Mo(IV) bis-dithiolene
tructural parameters � andϕ are defined as the largest S2–Mo–S3 angle (S2 and S3 are on di
nd trigonal prismatic geometries are given by � < 180◦ and 
 = 180◦ while an octahedral
Fig. 13. The molecular orbital diagram of the Mo(IV) and Mo(VI)=O bis-dithiolene
complexes (left and right, respectively). The energy levels are shifted such that the
relative LUMO energies reflect the differences seen in the sulfur K-edge data.

shown in Fig. 13. The coordinate system is chosen such that the
x and y axes bisect the S–Mo–S angles and the z axis is along the
Mo–O or Mo O bond (des-oxo or monooxo, respectively). The low-
est energy orbital in both complexes is the Mo dx2−y2 orbital, which
becomes unoccupied in going to the MoVIO complex in agreement

with the sulfur K-edge XAS data. Next are the dyz/dxz orbitals that
have anti-bonding interactions with the dithiolene out-of-plane S p
orbitals and the O px and py orbitals. The Mo dxy and dz2 orbitals are
at higher energies and have � anti-bonding interactions with the

complex [Mo(OMe)(mdt)2]1− . Values in parentheses are Gibbs free energies. The
fferent dithiolenes) and S1–S2–S3–S4 dihedral angle, respectively. Square pyramidal
geometry has � = 180◦ and ϕ = 90◦ . Bond distances are in Å. Adapted from ref. [217].
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occur until after TS2 (i.e. the rate-limiting step) indicating that there
should be little, if any, correlation between the redox potential of
the MIV complex and the rate of oxo transfer in agreement with
experimental results [192].
ig. 15. The frontier molecular orbitals (FMOs) involved in oxo transfer at certain po
MO is a non-bonding Mo orbital and the unoccupied FMO is the DMSO S–O �* or
TS2). Adapted from ref. [217].

ithiolene in-plane S p and O pz orbitals, respectively. Note that
he energetic ordering of these orbitals is switched between the
wo complexes due to the strong oxo ligand in the MoVIO complex
hich destabilizes the dz2 orbital relative to the dxy orbital.

These experimentally calibrated DFT calculations have been
xtended to determine the oxo transfer reaction coordinate from
MSO to a similar but calculationally simpler MoIV bis(dithiolene)
omplex (Fig. 14). The first transition state (TS1) is due to the
istortion of the alkoxyl ligand away from the axial position to
ccommodate the incoming DMSO substrate, resulting in an inter-
ediate (I) with DMSO weakly bound (Mo–S distance of 2.24 Å).
ote that the DMSO S–O bond length at I (1.55 Å) is similar to

hat of free DMSO (1.51 Å), indicating that essentially no oxo trans-
er has occurred at this state. The second transition state (TS2),
hich is also the largest barrier (�H‡ = 16.3 kcal/mol), results from

he lengthening of the DMSO S–O bond (1.83 Å) necessary for oxo
ransfer.

Examination of the frontier molecular orbitals (FMOs) involved
n oxo transfer around TS2 (Fig. 15) provides valuable insight into
he mechanism of oxo transfer. Starting at the DMSO-bound inter-

ediate (I), two electrons are present in a non-bonding Mo dz2
rbital, and the S–O �* orbital is unoccupied. Note that I is a six-
oordinate trigonal prism and the Mo dz2 orbital is now oriented
long the approximate C3 rotation axis and is non-bonding in this
eometry. As the S–O distance is increased upon going to TS2, these
rbitals begin to undergo configuration interaction (i.e. orbital mix-
ng) with some electron density transferred to the S–O �* as seen by
ts additional character (16%) in the occupied FMO. A corresponding

ncrease in Mo d character is present in the unoccupied FMO. How-
ver, it is not until the S–O distance has been increased past TS2 to
.93 Å that the majority of the occupied FMO has S–O �* charac-
er. This orbital mixing continues until the electron pair has been
ransferred into a S 3p orbital and the oxo has been transferred to
long the reaction coordinate (distances refer to S–O bond length (Å)). The occupied
ote that little electron density has been transferred at the second transition state

the Mo complex. These results show that electron transfer does not
Fig. 16. In going from Mo to W, the non-bonding metal dz2 orbital will become desta-
bilized due to relativistic effects. This decreases the energetic separation between
the FMOs, which stabilizes TS2 and accelerates oxo transfer. Adapted from ref. [217].
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ig. 17. The dithiolene C=C bond orients the out-of-plane S p orbitals such that
hey can only interact with Mo dxz/dyz orbitals. This � anisotropy destabilizes these
rbitals relative to the Mo dx2−y2 orbital, which stabilizes a singlet ground state.
dapted from ref. [217].

This oxo transfer reaction coordinate also provides insight into
he observation that oxo transfer to tungsten sites is faster than to
nalogous molybdenum sites (Section 4.2). Since the mechanism
f oxo transfer from DMSO to the MoIV bis(dithiolene) involves the
onfiguration interaction of a non-bonding Mo d orbital and the S–O
* at the rate-limiting TS2, decreasing the energetic separation of

hese orbitals would facilitate this orbital mixing, and thus, lower
he energy of this barrier. As was shown in Section 5.2, W d orbitals
re destabilized relative to Mo d orbitals due to relativistic effects.
herefore, the energy of TS2 will be lower for oxo transfer to WIV

ites than to MoIV sites (Fig. 16), and indeed, this was demonstrated
n a separate computational study [218].

Finally, any examination of dithiolene complexes that are func-
ional analogues of molybdenum and tungsten enzymes would be
ncomplete without discussion of the role of the pterin-dithiolene

ofactor (1 in Fig. 2). It appears that one important role of the dithio-
ene chelate is to stabilize a singlet ground state in the des-oxo MoIV

ite. MoIV complexes without oxo ligands sometimes have triplet
round states due to the limiting splitting of the Mo d� orbitals.
owever, the C C bond in dithiolene ligands orients the S out-of-

ig. 19. Oxo transfer occurs by the configurational interaction between the filled, non-bo
engthened, the S–O �* orbital is stabilized and its oxygen character increases. This leads
–O bond cleavage. Adapted from ref. [217].
Fig. 18. (a) A triplet Mo(IV) reactant would result in an unfavorable Mo(V) site with a
ligand radical, and (b) intersystem crossing between the singlet and triplet surfaces
would be inefficient due to poor spin–orbit coupling as the orbitals involved are
dominantly centered on different atoms.

plane orbitals such that they can only interact with the Mo dxz/dyz

orbitals. This � anisotropy destabilizes these orbitals relative to the
Mo dx2−y2 orbital, which stabilizes a singlet ground state for the
MoIV des-oxo site (Fig. 17). This singlet ground state persists along

the oxo transfer reaction coordinate.

The singlet ground state for the MoIV des-oxo site is important
for two reasons. First, the mechanism of oxo transfer described
above and elsewhere [217], requires the transfer of two electrons
from a non-bonding Mo d orbital to the S–O �* orbital. If the MoIV

nding Mo dz2 orbital and the unoccupied DMSO S–O �* orbital. As the S–O bond is
to better overlap between the two FMOs further facilitating electron transfer and



emist

d
t
f
h
e
S
s
g
e
c
d
r
c
c
t
u
s
i
i
s

•

A

m
e
a
r
g

R

R.H. Holm et al. / Coordination Ch

es-oxo site had a triplet ground state that persisted along the reac-
ion coordinate, then only one � d� electron could be transferred
rom the Mo center to the S–O �* orbital. The � electron would then
ave to be from the dithiolene ligands which would result in an
nergetically unfavorable MoV site with a ligand radical (Fig. 18a).
econd, oxo transfer to a triplet MoIV des-oxo site resulting in a
inglet MoVIO site would require intersystem crossing between sin-
let and triplet surfaces. Such intersystem crossing depends upon
fficient spin–orbit coupling from an occupied � orbital to an unoc-
upied � orbital (Fig. 18b). However, since spin–orbit coupling is
ominantly a single-center operator, efficient spin–orbit coupling
equires that these orbitals be on the same atom. Calculations indi-
ate that the singlet and triplet surfaces cross late along the reaction
oordinate for triplet MoIV complexes such as [Mo(OMe)Cl4]1−. At
his crossing point, the occupied � orbital is metal-based while the
noccupied � orbital has mostly S–O �* character, and thus, inter-
ystem crossing between the singlet and triplet surfaces would be
nefficient. Therefore, one important role of the dithiolene ligand
n these enzymes and models appears to be the stabilization of a
inglet ground state in MoIV des-oxo sites for efficient oxo transfer.

Oxo transfer involves the configuration interaction between a filled
Mo dz2 orbital (non-bonding in the trigonal prismatic geometry of
the substrate-bound intermediate) and the unoccupied DMSO S–O
�* orbital (Fig. 19). As the S–O bond is lengthened, the S–O �* FMO is
stabilized and the oxygen character increases (reflecting some elec-
tron transfer from oxygen to sulfur). These orbital changes lead to
better overlap between the occupied Mo dz2 and unoccupied S–O
�* orbitals, which further facilitates electron transfer from the metal
into this oxygen-polarized �* orbital and S–O bond cleavage.
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