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Chiral distortion of the basal four pyridyl nitrogen
donors of the titled complex [Mo2(O)2(�-S)2{�-N,N,N0,N0-
tetrakis(2-pyridylmethyl)-R-propylenediamine}]2þ has been
found to be the reverse to that of the corresponding di-�-
oxo complex, on the basis of the inverse pattern of the circu-
lar dichroism spectra. Asymmetric distortion of the dimolyb-
denum(III) dimer [Mo2(�-OH)2(�-CH3COO){�-N,N,N0,N0-
tetrakis(2-pyridylmethyl)ethylenediamine}]3þ has also been
discussed.

The molybdenum(V) and tungsten(V) dimers of the hexa-
dentate ligands, ethylenediamine-N,N,N0,N0-tetraacetate (edta)
and its R-propylenediamine analog (R-pdta), have been pre-
pared1 for the core structures, Mo2O2(�-O)2,

2a,b Mo2O2(�-
O)(�-S),2a Mo2O2(�-S)2,

2c MoWO2(�-O)2,
2d MoWO2(�-

O)(�-S),2e W2O2(�-O)2,
2f,g W2O2(�-O)(�-S),2h andW2O2(�-

S)2.
2i A molybdenum(III) edta dimer with a Mo2(�-OH)2(�-

CH3COO) core has also been prepared.2j,k The hexadentate li-
gands act as a bridge between the two metal centers with each
half of the ligands (bis(carboxymethyl)amino moiety) coordi-
nating to each metal ion of the dimer. X-ray structural analyses
revealed that the four basal coordinating atoms (carboxylate
oxygen atoms) of the ligand take a non-planar tetrahedrally
distorted arrangement. The distortion is associated with the
�- or �-gauche conformation of the diamine bridge. In the case
of the R-pdta complexes, the conformation is stereoselectively
fixed to � . For the edta complexes, a pair of enantiomers are
found in the crystal. The tetrahedral distortion associated with
the �-conformation is always the � configuration as defined in
Fig. 1 for all of the edta and R-pdta complexes; thus the �-�
and �-� relationships hold.3

Analogous hexadentate ligands, N,N,N0,N0-tetrakis(2-pyri-
dylmethyl)ethylenediamine (tpen) and the optically active R-

propylenediamine analog (R-tppn) also give similar dimeric
complexes for the MoV2O2(�-O)2 and WV

2O2(�-O)2 cores.
1,4

An unusual feature of the structures of these dimers is the
reverse stereochemical correlation; � configuration for the �
diamine gauche. The exceptional stereochemistry observed
for the tpen and R-tppn complexes has been considered a result
of the steric repulsion between the terminal oxo ligands and
the more bulky pyridyl rings.4

It has been suggested that the circular dichroism spectrum
(CD) in the region >300 nm is useful for diagnosis of the dis-
tortion of Mo(V) and W(V) dimers in solution; i.e. the positive
maximum and negative maximum for � and � configurations
at around 380–400 nm, respectively.1,3,4 The CD sign is consis-
tent with the solid-state structure without exceptions and is ap-
plicable not only to the complexes of the hexadentate ligands,
but also to those with other optically active amino acids.1,3,4

We have prepared a similar dimolybdenum(V) complex
where the two oxo bridges are replaced with two sulfido li-
gands. Although we were unable to obtain crystals of good
qualiy for the R-tppn complex, the complex of the racemic mix-
ture gave crystals of good quality. Figure 2 shows the ORTEP
drawing of the complex cation, [MoV2(O)2(�-S)2(�-R,S-
tppn)]2þ.5 The Mo–Mo distance is 2.771(1) �A, which is signifi-
cantly longer than that (2.541(2) �A) of [MoV2(O)2(�-O)2(�-R-
tppn)]2þ,4 but is similar to those of other MoV2(O)2(�-S)2
complexes.1,6 The crystal is composed of a disordered mixture
of R- and S-tppn complexes and is analyzed by a model with a
mirror plane including two Mo and two terminal O atoms.
Crystallographically, there is no asymmetric distortion of
the four basal pyridyl nitrogen atoms, although the diamine
bridging part is analyzed as a disordered mixture of � (R-tppn
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Fig. 1. Correlation between the diamine gauche conforma-
tion and the tetrahedral distortion of the four basal donor
atoms.
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Fig. 2. ORTEP drawing of [Mo2(O)2(�-S)2(�-R,S-
tppn)]2þ with the atomic numbering scheme showing
50% probability thermal ellipsoids. Note that the bridging
diamine part is propanediamine, C4 and C6 being dis-
ordered independent carbons. C3�, C4�, C5�, and C6�
atoms are omitted for clarity.
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complex) and � conformations (S-tppn complex). Figure 3
shows the electronic absorption and circular dichroism spectra
of [MoV2(O)2(�-S)2(�-R-tppn)]2þ and [MoV2(O)2(�-O)2(�-
R-tppn)]2þ in acetonitrile. Particularly, noteworthy is the al-
most inversed pattern of the CD spectra in the region >300

nm. While the CD pattern of the di-�-oxo R-tppn complex is
consistent with the � configuration, that of the di-�-sulfido
complex indicates the � configuration. We believe that the
asymmetric distortion of the latter is in fact kept in the crystals
as judged from previous cases, where the distortions in the
crystals and in solution are always consistent. Asymmetric dis-
tortion of the di-�-sulfido complex may be small enough to
cause the disorder of the two enantiomeric complex cations
in the crystal. It has been concluded that, although crystallo-
graphically invisible, the basal plane of the ion [MoV2(O)2-
(�-S)2(�-R-tppn)]2þ does in fact distort, but clearly in the
reverse direction to that of [MoV2(O)2(�-O)2(�-R-tppn)]2þ,
and follows a more commonly observed �–� relationship.
The steric repulsion between the oxo ligands and pyridyl rings
are now less significant in the di-�-sulfido complex. Results
are summarized in Table S1.

A molybdenum(III) dimer with two hydroxo bridges has
also been prepared and its structure examined (Fig. 4).5 The
Mo–Mo distance (2.431(1) �A) and Mo–O(OH�) are essentially
identical to those of the edta complex.2j,k Tetrahedral distortion
of the new Mo(III) complex follows the more common �–�
relationship. It is now clear that the �–� relationship is excep-
tional and observed only for the more sterically crowded
MoV2(O)2(�-O)2 and WV

2(O)2(�-O)2 complexes.
The cyclic voltammogram of [MoV2(O)2(�-S)2(�-R-

tppn)]2þ in acetonitrile shows two quasi-reversible redox

waves at �1:14 and �1:81V vs SCE (�E ¼ 0:67V), which
are assigned to the couples Mo2(V,V)/(V,IV) and Mo2(V,IV)/
(IV,IV), respectively. The comproportionation constant Kcom =
[Mo2(IV,V)]

2/{[Mo2(V,V)][Mo2(IV,IV)]} is estimated with
�E as 2:3� 1011. Corresponding waves of the di(�-O) com-
plex, [MoV2(O)2(�-O)2(�-tpen)]2þ are observed at �1:89
and �2:35V, respectively. A shift to the positive potentials
as the bridging oxo is replaced by sulfido is the same trend
observed for the corresponding edta complexes, [MoV2(O)2-
(�-S)2(�-edta)]2þ (�1:89V, irreversible) and [MoV2(O)2(�-
O)2(�-edta)]2þ (�2:22V, irreversible), in acetonitrile. The
trend is explained by considering that the sulfur d orbitals sta-
bilize Mo2(�-S)2 molecular orbitals more than oxo bridges do.7

Experimental

Preparation of [MoV2(O)2(�-S)2(�-R-tppn)](ClO4)2�2H2O.
A solution of Na2[Mo2(O)2(�-S)2(R-cys)2]�2H2O

8 (0.54 g, 0.84
mmol) in 20 cm3 of 0.5M HCl was stirred for 30min. A methanol
solution (5 cm3) of R-tppn (0.36 g, 0.82mmol) was added to the
solution. The pH of the solution was then adjusted to below 4
by adding Na2CO3. After filtration, the reddish orange filtrate
was diluted with the same amount of water. The solution was then
passed through a column of CM-Sephadex C-25 cation exchange
regin in Naþ form. The orange band was eluted with 1M NaCl so-
lution to obtain a yellow eluate, which was evaporated to dryness.
The residue was extracted with acetonitrile. The extract was con-
centrated to obtain a yellow precipitate, which was recrystallized
from 15 cm3 of methanol by adding an excess of NaClO4. The
product was collected and dried in vacuo. Yield 0.26 g (33.7%).
Anal. Calcd for C27H34N6O12Cl2S2Mo2: C, 33.73; H, 3.70; N,
8.58; S, 6.67; Cl, 7.37%. Found: C, 33.80; H, 3.63; N, 8.94; S, 6.62;
Cl, 7.80%. UV–vis (CH3CN)/nm: 264 (", 1:29� 104 M�1 cm�1),
279 (1:13� 104), 315 (9:14� 103), 383 (1:99� 103). IR (KBr
disk)/cm�1: 486 (Mo–S), 950 (Mo=O). 1HNMR (CD3CN)/
ppm: � 9.34–9.26 (m, 4H, pyridyl 6-H), 8.08 (m, 4H, pyridyl 4-
H), 7.63 (m, 4H, pyridyl 5-H), 7.53 (m, 4H, pyridyl 3-H), 4.36–
3.95 (m, 8H, py–CH2–), 3.27–2.92 (2H, –CHCH3–CH2–), 2.49–
2.43 (d, 1H, –CHCH3–CH2–), 1.19 (d, 3H, –CHCH3–CH2–). The
racemic N,N,N0,N0-tetrakis(2-pyridylmethyl)-R,S-propylenedi-
amine analog was obtained similarly by using racemic ligand
instead of R-tppn. Caution: Perchlorate is potentially explosive
and must be treated only in small amount with extreme care.

Preparation of [MoIII2(�-OH)2(�-CH3COO)(�-tpen)]-
(PF6)2(CH3COO)�2CH3COOH�2H2O. The dimolybdenum(V)
complex of tpen [MoV2(O)2(�-O)2(�-R-tpen)](ClO4)2 (100mg,
0.13mmol)4 was dissolved in 25 cm3 of aqueous acetate buffer so-
lution (pH, ca. 5). Zinc amalgam (10 g) was added to the solution,

Fig. 3. Electronic absorption (lower) and circular dichro-
ism spectra (upper) of [MoV2(O)2(�-S)2(�-R-tppn)]2þ

(solid line) and [MoV2(O)2(�-O)2(�-R-tppn)]2þ (broken
line) in acetonitrile.

Fig. 4. ORTEP drawing of [Mo2(�-OH)2(�-CH3COO)(�-
tpen)]3þ with the atomic numbering scheme showing 50%
probability thermal ellipsoids.
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and the mixture was stirred vigorously for 10min after the intro-
duction of argon gas to remove oxygen. The color of the solution
changed to green during the stirring. The mixture was then kept in
a refrigerator after addition of (NH4)PF6 (64mg, 0.39mmol). Af-
ter 3 days, green crystals were deposited, which were used for the
X-ray structural analysis. The crystals were heavily contaminated
with the original dimolybdenum(V) complex, making them unfit
for use in other measurements. Further attempts to obtain pure
samples all failed; therefore relevant spectral and cyclic voltam-
metric measurements were not carried out.

X-ray Structural Analysis. Single crystal X-ray diffraction
data were collected on a Rigaku AFC-5R diffractometer with
graphite monochromated MoK� radiation (� ¼ 0:71069 �A).5

The crystal structures of [MoV2(O)2(�-S)2(�-R,S-tppn)](ClO4)2�
4CH3CN and [MoIII2(�-OH)2(�-CH3COO)(�-tpen)](PF6)2-
(CH3COO)�2CH3COOH�2H2O were solved by direct method by
using SIR20029 and SIR92,10 respectively. The positional and ther-
mal parameters of non-H atoms were refined anisotropically by the
full-matrix least-squares method. Because the methyl group in the
propylenediamine moiety is disordered and the crystallographical-
ly imposed mirror plane passes through Mo1, Mo2, O1, O2, N1,
and N2 atoms, an occupancy factor of 0.5 was assigned to C3
and C5 atoms and that of 0.25 was assigned to C4 and C6 atoms,
respectively for [MoV2(O)2(�-S)2(�-R,S-tppn)](ClO4)2�4CH3CN.
All calculations were performed using the CrystalStructure11 for
[MoV2(O)2(�-S)2(�-R,S-tppn)](ClO4)2�4CH3CN and teXsan12

for [MoIII2(�-OH)2(�-CH3COO)(�-tpen)](PF6)2(CH3COO)�
2CH3COOH�2H2O. Crystallographic data have been deposited
with the Cambridge Crystallographic Data Centre: Deposition
numbers CCDC-279689 and -279690 for [MoV2(O)2(�-S)2(�-
R,S-tppn)](ClO4)2�4CH3CN and [MoIII2(�-OH)2(�-CH3COO)-
(�-tpen)](PF6)2(CH3COO)�2CH3COOH�2H2O, respectively.
Copies of the data can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2
1EZ, UK; Fax: 44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Other Measurements. Electronic absorption and circular
dichroism spectra were recorded on a HITACHI U-3000 spectro-
photometer and JASCO J-720 spectropolarimeter, respectively.
1HNMR spectra were obtained at room temperature at 270MHz
by using a JNM-EX270 spectrometer. Cyclic voltammetry was
performed with a BAS CV-50W potentiostat. The working and
the counter electrodes were a glassy-carbon disk and a platinum
wire, respectively. The reference electrode was Ag/AgCl against
which the half-wave potential of Fc/Fcþ (E1=2(Fc

0=þ) was
0.453V. The sample solution was prepared in 0.1M TBAPF6
(tetra(n-butyl)ammonium hexafluorophosphate) acetonitrile.

Supporting Information

Table S1 (Asymmetic Distortion Angles of Dinuclear Molyb-
denum Complexes of Hexadentate Ligands) is available free of
charge on the web at: http://www.csj.jp/journals/bcsj/.
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