1288 © 7980 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 53, 1286—1298 (1980)

[Vol. 53, No. 5

Circular Dichroism Spectra and Their Relation to Asymmetric Distortion
of Some Dimeric Molybdenum(V) Complexes Containing Optically
Active Amino Carboxylate

Kimiko Z. Suzuki, Yoichi Sasakr* Shun’ichiro Oor,t and Kazuo Sarro
Department of Chemistry, Faculty of Science, Tohoku University, Aoba, Aramaki, Sendai 980
t Department of Chemistry, Faculty of Science, Osaka City University, Sugimoto-cho, Sumiyoshi-ku, Osaka 558
(Received September 1, 1979)
Circular dichroism (CD) spectra of fifteen kinds of y-X-u-Y-bis(oxomolybdenum(V)) complexes, where X=

Y=0, X=0 and Y=S8, and X=Y=S, containing optically active ligands such as (S)-cysteinate, its alkyl esters,
(R)-penicillaminate (R-pen), (§)-histidinate, and (R)-propylenediaminetetraacetate, give two distinctive peaks

with opposite signs at ca. 26000 and 33000 cm~—! in various media including KBr disks.

Close examination of

the known X-ray structural data of eight complexes indicated that the pseudo-octahedral coordination sphere of

two molybdenum(V) ions are asymmetrically twisted around the Mo-Mo axis.

The direction of such a twist

for the complexes containing the ester ligands and R-pen, is opposite to that for the complexes with other ligands.
The former and latter complexes give positive and negative, and negative and positive CD peaks at ca. 26000 and
33000 cm™, respectively. Thus the CD signs of the two peaks are related to the asymmetric distortion around

the Mo-Mo axis.

Deviation of coordinated atoms from regular octa-
hedron can cause a considerable effect on the circular
dichroism(CD) spectra. Such an influence was dem-
onstrated by the crystallographic data of some cobalt
(III) complexes, e.g. tris(1,2-cyclopentanediamine)co-
balt(III),) and also by theoretical considerations.2:3)
However, only a few examples are found,!~% which
are limited to cobalt(III) complexes, and complexes
of Schiff’s bases with asymmetric diimine moiety.

Molybdenum(V) complexes give doubly bridged bi-
nuclear complexes with a u-X-u-Y-bis(oxomolybdenum
(V) core, M0,0O,XY?*+ (where X=Y=0, X=0 and
Y=S, and X=Y=S8), and coordination number 5
or 6 depending on the ligands.% Their crystal structure
exhibits considerable distortion from regular square
pyramid or octahedron.>-13) Such distortions can be
asymmetrical when the ligand is optically active. The
X-ray structure of [MoyO,(S-cys),]?—,8) [Mo,O,(S-
hist),],® [Mo,Oy(S-mecys)o],! [MoyO,8,(8-cys),]*~,M)
[M0,0,S,(S-hist),]'2, and [Mo,0,S,(S-etcys),],13) where
S-cys?—, S-hist—, S-mecys—, and S-etcys— are (S)-cys-
teinate, (S)-histidinate, O-methyl- and O-ethyl-(S)-cys-
teinate, respectively, are schematically shown in Fig. la
to lc. They have chelate rings containing asymmetric
carbon atoms at the basal edges. The complexes of
O-alkyl-(S)-cysteinate give coordination number 5,
whereas those of the others 6. We have examined
carefully the crystallographic data of these complexes
and found asymmetric distortions around the MoyO,-
XY?2* core.

We have also prepared three (R)-propylenediamine-
tetraacetate (R-pdta) complexes with di-u-oxo,t) u-
oxo-s-thio, and di-p-thio bridges and determined the
X-ray structure (Fig. 1d).1® These complexes have
structurally different feature from the hitherto known
carboxylate complexes, with asymmetric chelate ring
bridging the molybdenum(V) ions across the two apical
sites of the dimer. These R-pdta complexes also show
considerable asymmetric distortions.

The CD and optical rotatory dispersion spectra
(ORD) of molybdenum(V) complexes have been re-
ported with only a limited variety of species!416-18)
and their relation with the structure has not been
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Fig. 1. Schematic drawings of the structure of Mo,O,-

XY@H-type complexes (X=Y=0, X=0 and Y=S§,
and X=Y=3S). Asterisks indicate asymmetric car-
bons.

(a) [Mo,O,XY(S-cys),]*~, (b) [Mo,0,XY(S-hist),],
(c) [Mo,0,XY(S-Reys),] (R=CH; or C,H;), and
(d) [Mo,0,XY(R-pdta)]?~.

discussed. We have measured CD spectra of various
amino carboxylate and their ester complexes including
those mentioned above in various media. We report
here a remarkable correlation between the asymmetric
distortion around the Mo,0,XY?t core and the CD
pattern in the ultraviolet region. The CD studies also
provide useful informations on the assignment of the
electronic absorption bands of the doubly bridged
molybdenum(V) complexes.

Experimental

Preparation of the Complexes. The following seven com-
plexes were prepared by the known methods; Na,[Mo,0,-
(S-cys)o] -5H,0,19  [Mo0,0,(S-hist),] - 2H,0,20  [Mo,0O,(S-
mecys),],?)  [Mo,O4(S-etcys),],2Y  Nay[Mo,O,(R-pdta)] -
3H,0,1%22 Na,[Mo0,035(S-cys),] -4H,0,% and [Mo,O,S(S-
etcys),].2%)
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The following three di-u-thio-bis{oxomolybdenum(V)}
complexes were prepared by modifying the methods in the
literature.

Sodium di-y.-thio-bis[{ (S )-cysteinato}oxomolybdate(V)] Tetrahy-
drate, Nay[ Mo0,0,8,(S-cys),]-4H,0: A black solid was ob-
tained by Mitchell’s method,'® which contained both soluble
and insoluble components in N, N-dimethylformamide (DMF)
(or dimethyl sulfoxide (DMSQ)). The former seemed to
be the expected complex. Insoluble component was not
formed when the pH of the solution was adjusted carefully
as follows. Hydrogen sulfide was slowly bubbled through
200 cm?® of the solution of Na,[Mo,0,(S-cys),]-5H,O (2 g;
3 mmol) in water for 1 h, the pH of the solution being kept
at ca. 7 by the addition of aqueous NaOH solution. The
resulting reddish brown solution was evaporated to 25 cm?
at 40 °C under a reduced pressure. Orange needles were
collected after 3 days. Yield, 0.2 g. Found: C, 11.22; H,
2.715 N, 4.469%,. Calcd for CgH,4N,04S,Na,Mo,: C, 11.18;
H, 2.82; N, 4.35%,.

Di-p-thio-bis[{ (S )-histidinato} oxomolybdenum(V)]  Dihydrate,
[Mo0,0,8,(S-hist),] -2H,0: The procedure reported by
Spivack and Dori,? which involves the passage of H,S
through the aqueous solution of [Mo,0,(S-hist),], gave a
black material, from which the pure complex was not ob-
tained. The pure complex was prepared as follows. Sodium
molybdate (2.4 g; 10 mmol) and (S)-histidine (1.6g; 10
mmol) were dissolved in 100 cm? of water. Hydrogen sulfide
was bubbled slowly through the solution for ca. 1h, while
400 cm?® of water was added in small portions. The reddish
brown solution was purged with nitrogen gas to remove
excessive H,S, and evaporated in a rotary evaporator until
yellow solid deposited, which was washed with water until
the washing became colorless. The yield of yellow powder
was 0.45g. Found: G, 22.46; H, 2.93; N, 13.05%. GCalcd
for CHyNgOgS;Mo,: C, 22.79; H, 3.19; N, 13.29%.

Di - . - thio - bis [{O-methyl - (S) - cysteinato}oxomolybdenum(V)],
[Mo0,0,S,(S-mecys),]: This was prepared by one of the
three methods given by Mitchell,'» from sodium molybdate
(1.2 g, 5 mmol), (§)-cysteine methyl ester hydrochloride (3.4
g; 20mmol) and H,S. The crude product (0.6g) was
dissolved in acetonitrile, a small amount of insoluble materials
was removed, and the solution was kept in air for two days.
The brown precipitate was filtered off. Addition of methanol
or water to the filtrate gave orange crystals. Found: C,
17.13; H, 2.82; N, 4.97%. CQCalcd for CgH;4N,O¢S,Mo,:
G, 17.27; H, 2.90; N, 5.04%.

Five new complexes were prepared by the following meth-
ods. The data of elemental analysis and important infrared
absorption bands of the new complexes are summarized in
Table 1. Each complex shows characteristic infrared bands
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for its skeletal structure, Mo,O,XY?2+.23,25)

Sodium  di- - oxo - bis[{(R ) - penicillaminato}oxomolybdate( V)]
Dihydrate, Na,[Mo,0,(R-pen),]-2H,0: The complex ion,
[Mo,O4(R-pen),]?-, was described previously,?® but the
preparation method has not yet been reported. Molybdenum
pentachloride (3.1 g; 11 mmol) was dissolved in 25 cm?
of 3M (M=moldm=3) HCl. (R)-Penicillamine (5g; 33
mmol) in 20 cm® of 3M HCI was added to the solution.
The pH was adjusted to 6—7 with 6 M NaOH, while the
solution was cooled in an ice bath. Barium perchlorate
(1.7 g; 5 mmol) in 20 cm?® of water was added to the solution
to give orange precipitate of Ba[Mo,O,(R-pen),]-3H,0.
This barium salt (2.6 g) and a cation exchange regin Dowex
50W-X8 (Na*-form, 120 cm®) were stirred in 150 cm?® of
water for ¢a. 5h. The regin was filtered off, and the filtrate
was treated with ethanol (50 cm?®) to give orange precipitate
(1.4 g). This was dissolved in a minimum amount of water
and treated with acetonitrile to give first oily precipitate.
The supernatant was removed by decantation and the oil
was further treated with acetonitrile. Orange powder was
collected and washed with acetonitrile and dried in air.

-Oxo-p.-thio-bis[{ (S )-histidinato} oxomolybdenum (V)] Trihy-
drate, [Mo,0,8(S-hist),]-3H,0: Hydrogen sulfide was bub-
bled slowly through the solution of molybdenum pentachloride
(6.15 g; 23 mmol) in 100 cm?® of 3 M HCI for ca. 2h. The
solution was purged with nitrogen gas to remove excessive
H,S, and a small quantity of brown solid was filtered off.
(S)-Histidine (1.7 g; 11 mmol) was added to the filtrate.
The pH was adjusted to ca. 6 with 8 M NaOH solution.
Greenish brown precipitate was filtered off, and the filtrate
was kept in an ice bath to give yellow crystals. They were
dissolved in 50 cm? of 3 M HCI, and the pH was adjusted to
ca. 6 with 8 M NaOH solution. The solution was filtered
and kept in a refrigerator for 2 days to give yellow crystals.

= Oxo- . -thio-bis[{O-methyl- (S )-gysteinato } oxomolybdenum (V) 1,
[Mo,0,8(S-mecys),]:  This was prepared by a similar method
to that for the corresponding S-etcys complex.2)

Sodium p-oxo0-p.-{(R)- propylenediaminetetraacetato) - u-thio-bis-
{oxomolybdate( V)} Tetrahydrate, Na,[Mo,0,5(R-pdta)]-2H,0:
The procedure for the preparation of [Mo,O,S(S-hist),]-
3H,O was followed until the addition of ligand. A solution
of (R)-propylenediaminetetraacetic acid monohydrate?” (2.8
g; Y mmol) in 25 cm?® of water was added to the molybdate
solution, and the pH was adjusted to ca. 6 with 8 M NaOH
solution. 'The solution was filtered to remove brown solid,
«ud allowed to stand in a refrigerator for three days. A
small quantity of black solid was removed, and the filtrate
was evaporated to give first white solid, which was cooled
in an ice-bath and filtered off, and then orange needles,
which were recrystallized from water by adding ethanol.

TaBLe 1. ELEMENTAL ANALYSIS AND SOME INFRARED SPECTRAL DATA OF THE NEW COMPOUNDS
Elemental analysis (%) Infrared bands (cm—1)»
Compound 1 H N
Found(Calcd) Found(Calcd) Found(Calcd) (Mo=0,) (Mo-Oy) (Mo-S;)"

Ba[Mo,O,(R-pen) - 3H,O 16.26(16.19)  3.58(3.26) 3.85( 3.78)

Nay[Mo,O,(R-pen),]-2H,0  11.53(11.42)  3.35(3.31)  4.64( 4.44) 939 s 735m
[Mo0,0,S(S-hist),] - 3H,O 22.68(22.72)  3.39(3.49) 13.49(13.25) 946 s 733m 467m
[Mo,0,S(S-mecys),] 17.56(17.78)  2.91(2.99) 5.31( 5.19) 939 s 738m 450w
Na,[Mo,0,S(R-pdta)]-4H,O 19.17(19.08)  3.44(3.20) 3.96( 4.05) 940 s 740m 460m
Na,[Mo,0,S;(R-pdta)]-3H,O 18.65(18.65) 2.93(3.13) 3.96( 3.95) 941s 480 s

a) Measured in KBr disks.

b) Strongest band in the region 400—500 cm—1, where several weak bands are also

observed. The assignment should be tentative, according to the recent report on the resonance Raman spectra

of some di-g-thio complexes.?®
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TaBLE 2. TORSION ANGLES, 0,, 0,, 0;, 0,, AND £, AND THE CHIRALITY OF THE CORRESPONDING TWIST,?)
AND THE CONFORMATIONS OF THE GAUCHE-LIKE CHELATE RINGS OF THE LIGANDS, FOR THE
Mo,0,XY@+) TYPE COMPLEXES

Torsion anglese:)

Complex Chelate

16, ] 165 164 5 rine

Na,[Mo,0,(S-cys),] - 5H,O 4.0(8) 4 1.5(7) 4 1.7¢7) 4 11.75) A 0.1(4)*4 P
[Mo,O,(S-etcys),] 6.7(1H)A  22.18) A4 24.3(7) A 28.4(6) A b
Na,[Mo,0,(R-pdta)]-3H,O 5.4(8) 4 8.6(10)4 6.8(11)4 5.4(6) 4 8.6(7) 4 1
Na,[Mo,0,S(R-pdta) -4H,0O 0.2(3)*4  10.0(3) 4 11.6(4) 4 9.1(2) 4 11.5(2) 4 Yl
Na,[Mo,0,S,(§-cys),] - 2H,O 4.7(14)4 1.4(11)4 0.6(11)*4 10.9(8) A 0.2(8)*4 é
[Mo0,0,S,(S-mecys),] 9.2(15)4 30.1(13)A4  26.8(14) A 35.9(11) A Yl
[M0,0,S,(S-hist),] - 1.5H,0 2.54) 4 0.8(5) 4 7.5(4) 4 4.6(3) 4 4.5(3) 4 —
Na,[Mo,0,S,(R-pdta)] - 4H,0 0.2(6)*4 9.3(6) 4 9.2(7) 4 10.8(4) 4 10.4(5) 4 Yl

a) For the definition of 6;, 0,, 0, 0,, and &, sece Fig. 4a.

parentheses.

Yield, 0.2 g.

Sodium .- {(R) - Propylenediaminetetraacetato) - di - .- thio - bis-
{oxomolybdate(V)} Trihydrate, Nay,[Mo,0,S,(R-pdta)]-3H,0:
An aqueous solution (400 cm?) of sodium molybdate (2.7 g;
10 mmol) and (R)-propylenediaminetetraacetic acid mono-
hydrate?” (1.6 g; 5 mmol) was treated with H,S slowly
until the color turned red, and then with nitrogen to remove
excessive HyS.  The solution was evaporated under a reduced
pressure to 50 cm® and kept in a refrigerator for a week to
give orange crystals. Yield, 0.1 g.

The Aqua Complex Ions, [Mo,0,XY(H,0)¢]?+:2% These ions
were obtained in solution by dissolving the corresponding
S-cys complexes in 2 M HCIO,. Complete disappearance
of CD indicated complete loss of (S)-cysteinate ligand. The
absorption spectra of the di-u-oxo and di-u-thio complexes
were in reasonable agreement with those reported previ-
ously.?30) The spectrum of [Mo,O3S(H,0)¢]?+ is reported
for the first time.

Measurements. All the measurements were carried out
at room temperature. Electronic absorption and CD spectra
of the complexes were measured in water, DMF and DMSO,
whenever soluble, and also in KBr disks. The neutral
complexes were insoluble in water. The spectra of O-alkyl-
(S)-cysteinato complexes were measured in acetonitrile, too.
The spectra in water were measured under nitrogen atmos-
phere; otherwise the spectra changed slowly.

The electronic absorption spectra were recorded on a
Hitachi 323 Recording Spectrophotometer and a Hitachi
124 Spectrophotometer with a Hitachi Recorder QPD-34.
The CD spectra were recorded on a JASCO J-40 Automatic
Recording Spectropolarimeter, and a JASCO ORD-UV-5
Spectrophotometer with a CD attachment, for compounds
either in solutions or in KBr disks. Nitrogen gas was passed
through the cell compartment during the measurement in
the KBr disk. The infrared absorption spectra were recorded
on a JASCO IR-Al and a JASCO IR-A2 Spectrophotometer
in KBr disks. The PMR spectra were measured with a
Varian T-60 Spectrometer in D,O with sodium 3-(trimethyl-
silyl)propanesulfonate as an internal standard.

The torsion angles listed in Table 2 were calculated using
the atomic coordinates given in the literature.8:10-13;15) The
details of positional parameters have not been found for
[Mo,O,(S-hist),].»

Results and Discussion

In the following, the X-ray structures are closely

b) See Fig. 4c. c¢) Estimated standard deviations in

d) Values with asterisks are too small to be valid for the discussion in the text.

examined, first. Then the nature of absorption bands
and the corresponding CD bands are discussed. Final-
ly, the correlation between the structure and the CD
spectra is discussed.

Geometrical Isomerism of the Complexes. Several
geometrical isomers are possible for the S-cys complex.
We have fractionally crystallized the sodium salt of
[Mo0,0,(S-cys),]?~ from aqueous solution by adding
ethanol slowly. Aqueous solutions of all the precipi-
tates gave almost identical CD spectra. Thus either
all the fractions contained the same geometrical isomer,
or a rapid isomerization took place in aqueous solution
to give an isomeric mixture with the same composition.
The CD spectra of the crystalline complex in KBr
disk and in aqueous solution show similar pattern
(Fig. 2) in visible region to eliminate the latter
possibility. The isomer illustrated in Fig. la should
have been formed stereoselectively. All the other com-

AE

+20

+10

-10

$,/103 cm™!

Fig. 2. Comparison in various media of absorption
(AB) and CD spectra of [Mo,O,(S-cys),]*~; in water
(—), in DMF (----), and in KBr disk (- ).
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plexes of S-cys, its alkyl esters, S-hist and R-pen are
believed to give the geometrical isomers in Fig. 1
exclusively.

The diamine part of the three R-pdta complexes
is known to form a distorted A gauche structure with
the methyl group at equatorial direction.’® The
gauche structure of [Mo,O,(pdta)]?~ was claimed to
be fixed at 0—90 °C by the measurements of 1H31)
and C NMR spectra3? in aqueous solution. Molec-
ular model studies also indicated that the inversion
of the gauche structure is difficult owing to the steric
hindrance of methyl group with the oxide bridges.31:32)
We thus believe that the diamine part of all the three
R-pdta complexes is fixed in aqueous solutions as found
by X-ray crystallography.1%)

Two geometrical isomers are possible for [Mo,O,S-
(R-pdta)]?~ due to relative positions of the bridging
oxo and sulfido ligands. The proton NMR spectrum
of the complex in D,O gave only one methyl signal
(doublet), indicating only one isomer in the solution.
Fractional crystallization failed to give any evidence
for the existence of two isomers. The structure of
stereoselectively formed isomer determined by X-ray
diffraction method,!® is shown in Fig. 1d.

Close Examination of the X-Ray Structures. Asym-
metry caused by the arrangement of coordinated atoms
around the Mo,0,XY?+ core is considered first. A
view of [Mo,O,(R-pdta)]?~ along the Mo-Mo axis
(Fig. 3a, the axis perpendicular to the paper plane)
clearly shows that the pseudo-octahedron of the molyb-
denum ion over the paper plane is rotated clockwise
around the Mo-Mo axis from that underneath the
paper plane. The extent of such a rotation may be
expressed by the four torsion angles, 0;, 0,, 03, and
0,, defined by the four pairs of metal ligand bonds,
Mo-O,, Mo-O,, Mo-O,, and Mo-N, respectively
(Fig. 4a). The direction of rotation of each pair
can be represented by the sign (P and M, suggested
by IUPAC,3 Fig. 4c) of the torsion angles.

Figure 3b shows the view of the same complex along
the axis connecting two bridging oxygens. The co-
ordinated four carboxylate oxygens show alternating

(a) (b)

Fig. 3. (a) The projection from the Mo-Mo axis for
[Mo,04(R-pdta)]?~, and (b) the projection from the
axis connecting two oxide bridges for the same ion.
Acetate arms are omitted for clarity. (O,=terminal
oxide oxygen, Op,=bridging oxide oxygen, O.=ligand
carboxylate oxygen).
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Q 0
- ) { O
Mo O——— < }‘O ! o%fi%
am 4 APP) A
(c)

Fig. 4. (a) (b) The definition of torsion angles for
[Mo0,O,4(R-pdta)]*~. (O, Op, and O, (O.’), see
legend of Fig. 3). (c) The definition of chirality used
in this paper.

deviations from the mean plane of these four oxygen
atoms. Such a distortion can be understood as a
distortion of two basal edges, connecting two carboxylate
oxygens, O, and O,’, on a given molybdenum ion,
and represented by the angle, § (Fig. 4a). These
two basal edges give a skew arrangement, and the
chirality of such a distortion can be expressed by the
symbol, A4 or A.3% The direction of the distortion
of each Mo-ligand bond pair (Mo-O,, Mo-O,, Mo—
O,’, and Mo-N) can be also expressed by use of 4
or A (Fig. 4c). Since the present asymmetry deals
with ‘conformation’ of the two octahedrons of molyb-
denum(V) ions, 6 and A might be prefered to 4 and
A. However, 6 and 1 are used for the conformation
of ligand itself. Thus, the symbols, 4 and 4, are
tentatively used hereafter in this paper rather than
P and M, since the latters are not always related to
asymmetry. Table 2 lists the values of [6,], 16,],
[05], 16,41, and |&], and the ‘chirality of the twist’ for
various doubly-bridged molybdenum(V) complexes
containing optically active ligands. The angle ¢ is
closely related to 0, and 63, and is used hereafter as
representing these angles.

The chirality of the twist of two Mo-O, bonds
(64), and of the two basal edges (§), are the same for
a given complex, except for [Mo,0,S,(S-cys),]2~ and
[Mo0,0,S,(R-pdta)]?*~ whose § and 0,, respectively,
are negligibly small. It should be noted that the
chirality of these twists of the bidentate S-cys ester
complexes are different from those of the terdentate
S-cys and S-hist complexes, despite of the same absolute
configuration of these ligands themselves. The values
of [§| vary depending on the complex, and those
for the S-cys ester complexes are considerably big as
compared with those of the others. Variation in |6,]
values is smaller. The chirality of the twist of two
apical bonds (trans to terminal oxo bonds) is 4 for



1292

the R-pdta complexes, and 4 for the S-cys and S-hist
complexes, despite that the chirality of the twist of
Mo-O, bonds is 4 for all these complexes.

The asymmetries around each metal ion of the
dimer are complicated by the highly distorted structure
from the regular octahedron. The asymmetry of the
basal plane involving two basal atoms and two bridging
ligands may be most important, since the bond trans
to Mo-O, is longer than the others or fails to exist.
Such asymmetry may be defined by the angle, &',
in Fig. 4b. Under the definition the asymmetry around
each metal ion of the dimer is considered similarly
as that around the dimeric core defined by §. The
five membered chelate rings at the basal edge form
gauche like structure, whose absolute conformations
are given in Table 2. The diamine part of R-pdta
bridging the two apical sites of the Mo,O,XY?+ core
also form gauche like structure, whose absolute con-
formation is also given in Table 2.

There is no significant asymmetric spiral arrangement
of more than two chelate rings in a given complex.
No appreciable asymmetric distortion is seen within

P2:SN
the Mo = Mo core for all the complexes.
\Y/

Medium Effects on the CD Spectra. The data of
absorption and CD spectra of the di-u-oxo complexes
in various media are summarized in Table 3. The
CD spectra in the region<30000 cm~! for all the
complexes are characterized by the strong peaks at
ca. 26000 cm~*. The CD pattern of a given complex
in this region is very similar to one another regardless
of the medium, although the peak in KBr disk shifts
always to slightly lower wave number (Fig. 2). Such
a similarity suggests that the basic skeletal structure
of the complexes in crystals should be retained in the
solutions; i.e. isomerization and ligand dissociation are
not feasible upon dissolution, and the extent of donor
atom distortion does not seem to change significantly.
Similar conclusion was derived also for the wg-oxo-u-
thio and di-u-thio complexes.

The CD spectrum of [Mo,O,(S-cys),]?2~ in DMSO
changed considerably as its concentration changed in
less than 0.001 M solution. However, addition of free
(S)-cysteine to the solution restored a pattern similar
to that in solutions of higher complex concentration
and that in DMF. Reversible ligand dissociation must
take place in dilute DMSO solutions. A similar trend
was observed also for [Mo,0O,;S(S-cys),]?*~ in DMSO,
but not for the other complexes in any of the solvents
examined.

The CD spectrum of [Mo,O,4(S-cys),]?~ in water is
different from that in DMF in the region>30000 cm~!
(Fig. 2). Also the CD spectrum of [Mo,O,(R-pen),]3~
in water in the same region is significantly different
from those in DMF and DMSO, the spectra in the
latter two solvents being very similar to each other.
Such a difference seems to be due to the difference
in strength in the CD band at ca. 36000 cm~!, the CD
strength in DMF being ca. 5 times bigger than that
in water. The origin of such a solvent effect is not
certain. However, it is unlikely that the difference
indicates the significant change in skeletal structure
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of the complex, since no significant change in the CD
band in 26000 cm™! region, which is sensitive to the
skeletal structure (vide infra), is observed. The CD
spectra of two other S-cys complexes, [Mo,O55(S-
cys)y]2~ and [Mo,0,S,(S-cys),]2-, have similar patterns
in water to those in the organic solvents. No significant
change in CD spectra was observed for the R-pdta
complexes in aqueous media and in DMF and DMSO.

The CD patterns of [Mo,04(S-cys),]?~ and [Mo,O,-
(R-pen),]?*~ are almost completely enantiomeric in a
given solvent, suggesting that the replacement of two
hydrogens with methyl groups at the adjacent carbon
to -S— does not give significant influence on the CD
spectrum.

The S-cys ester complexes have vacant apical sites
(trans to terminal oxo), which might interact with
solvent molecules. However, the solvent effects on
the CD spectra of [Mo,O,4(S-Rcys),] (R=CHj;, C,H;)
is very small. No significant change was observed
even in pyridine which has a strong donor ability.
Probably the oxygen atoms of the ester ligands situate
near the apical positions as in crystals,1%13) to prevent
the interaction of the solvent molecules.

The Nature of the Absorption Bands of the Di-p-oxo
Complexes. The Mo,O,%+ complexes give different
spectral patterns from those of the monomeric and
single-bridged u-oxo dimeric molybdenum(V) com-
plexes. The Mo,0,%*t dimers are diamagnetic, indi-
cating the interaction of the d-orbitals of the two
metal ions.®» The absorption spectrum of [Mo,O,-
(R-pdta)]?~ has two bands at 25800 and 33600 cm-1,
and a shoulder at ca. 20800 cm~! in water. Similar
absorption patterns are observed for the complexes
with the same core, [Mo,0,(H,0)4]*+ (see Fig. 9),29
[Mo00,(C30,)2(H,0),]27,%) [Mo,0,(edta)]?~,%) and
[Mo,0,(hedta) (H,0)]~,*” where edta’~ and hedta3-
stand for ethylenediaminetetraacetate ion and N-(2-
hydroxyethyl)ethylenediamine- N, N’, N'-triacetate  ion,
respectively.

All the other complexes in this study also have
absorption peaks at ca. 33000 cm~2, but none in lower
wave number region. However, they give CD bands
in the region <30000 cm™!, suggesting the presence
of electronic transitions of corresponding energies. The
electronic transition energies of all the complexes can
be estimated from either the absorption or the CD
peaks, and are summarized in Table 3. Four common
transitions are observed in the region from 12000 to
40000 cm~*. The energies of these bands change only
slightly from one complex to another. It is concluded
that these transitions are mainly due to the Mo,O,2+
core and to a much less extent to the variety of other
ligands. Brown et al. calculated the electronic transi-
tion energies of [Mo,O,(S-cys),]?~ by the SCF-MO
method and gave five transition energies, 13250, 20320,
27390, 30870, and 35700 cm~1.17 These transitions
were claimed to involve the orbitals mainly located
on the two molybdenum atoms, and hence common
to other Mo,O,2+ complexes.’”? The absorption and
CD peaks at ca. 13250 cm~! should be very weak,
if existed, since our results failed to indicate the transi-
tion at this wave number in <0.1 M aqueous solutions.
The four transitions with the higher wave number
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must correspond to our four common transitions.
These are denoted hereafter as band I, II, III, and IV
from the low wave number (Table 3).

The band II of the two complexes containing the
esters of S-cys are somewhat different from those of
the other complexes: ¢.e. the position of the band is
at a large wave number by nearly 3000 cm=!, and
the absorption strength is almost ten times of those
of the other complexes. Such differences may be
accounted for by the greater distortion of the S-cys
ester complexes and the absence of apically ligating
atoms. The nature of the band is not very different
from those of the other complexes.l?)

Characteristics of the CD Spectra of the Di-p-oxo Com-
plexes. The CD data of the six M0,0,%* complexes
are listed in Table 3. The CD spectra in the band
I region are weak in intensity and sensitive to the
medium. There seems to be more than two compo-
nents of electronic transitions, as judged from the CD
spectra.

The CD sign of band II at ca. 26000 cm~! are positive
for [Mo,O,(S-mecys),], [Mo0,O,(S-etcys),], and [Mo,-
O,(R-pen),]*~, and negative for the others. The CD
pattern of this band is least affected by the medium.
The A¢/e value of this band is the biggest among those
of the four transitions; i.e. the values are larger than
those of the other bands by five to ten times except
for the S-cys ester complexes. Therefore the band
II should be the most important in considering the
optical activity of the complexes. The CD signs at
band III are always opposite to those at band II.
Hence, the asymmetric source for these two transitions
can be common.

No absorption peak is observed at band IV region,
but one CD band is always observed. The CD sign
of the band IV does not related to those of band II
and III. In higher wave number region than 40000
cm™!, a few absorption and CD peaks are observed,
but the CD patterns are complicated. No further
discussion is made in this study.

Relation between the CD Sign and the Structure of Di-
u-oxo0. Complexes. Comparison of the CD data in
Table 3 with the structural data in Table 2 of three
Mo,0,* complexes, leads to the following findings.

The CD signs of the band II and III are related to
the chirality of the twist of two Mo—O, bonds (angle
0,) and of the twist of the two basal edges (angle ¢).
The negative and positive CD peaks at the band II
and III regions, respectively, for the S-cys and R-pdta
complexes reflect the 4 chirality of these twists, while
the reverse CD signs for the S-etcys complex are related
to the 4 chirality. It should be noted that the rela-
tionship is found for the three complexes which have
different ligand environments. Such a relationship
for the important band II transition suggests that
the distortion around the Mo-Mo axis difined by
the torsion angles, 0;, 0,, 0;, and &, must be the most
important asymmetric source of Mo,O**+ complexes.

The CD sign at band IV seems to be related to
the absolute configuration of the ligand itself; i.e.
positive CD peaks for the S-cys, S-hist, S-mecys, and
S-etcys complexes, and negative CD peaks for the
R-pdta and R-pen complexes. The CD sign at band
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IV seems to be also related to the conformation of
the five membered chelate ring; i.e. positive and neg-
ative CD peaks corresponding to  and 4 conformations
(Table 2), respectively. However, these relations con-
cerning the band IV should be taken as tentative,
since the location of relevant asymmetric centers in
the molecules are different between the R-pdta complex
and the others.

The twist of the two bonds trans to Mo-O, (apical
bond) would not be important in determining the
CD patterns. These bonds are considerably longer,
if existed, than the other bonds and would not give
significant influence on the electronic transitions of
the Mo,O,2* moiety. The asymmetry around each
metal ion of the dimer represented by the torsion
angle §’, is parallel to the distortion of the dimer rep-
resented by &, and thus can also explain the CD signs
of band II and III. However, such an explanation
is less attractive since the nature of the absorption
bands are now assigned to involve the transitions
within the dimeric core rather than those within the
orbitals of one metal ion.

Absorption and CD Spectra of the p-Oxo-p-thio and the
Di-y-thio Complexes. The absorption and CD spec-
tra of Mo,O,%*, M0,0,8%*, and Mo,0,S,2+ complexes
containing S-cys, S-mecys, S-hist, and R-pdta are com-
pared with one another in Figs. 5—8. Absorption
spectra of [Mo,0,XY(H,0)4]?t are shown in Fig. 9.
The numerical data of the u-oxo-g-thio and di-u-thio
complexes are summarized in Table 4 and 5, respec-
tively.

General Features: The most characteristic feature of
the absorption spectra is the remarkable increase in
absorption intensity with increase in the number of
bridging sulfide in the band II region (ca. 26000 cm1)
except for the S-mecys complexes. The change in

T e

30 40
v / 103 ¢m™!
Fig. 5. Absorption (AB) and CD spectra of [Mo,O,-

XY (S-cys),]?~ in water; X=Y=0 ( ), X=0
and Y=S (-—--), and X=Y=8 (----).
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Fig. 6. Absorption (AB) and CD spectra of [Mo,O,-
XY(S-mecys),] in acetonitrile; X=Y=0O ( )s
X=0 and Y=S8 (----), and X=Y=S§ (--+--- ).

Fig. 7. Absorption (AB) and CD spectra of [Mo,O,-
XY(S-hist),] in DMSO; X=Y=0 ( ), X=
O and Y=S (----), and X=Y=S (-----. ).

CD spectra with change in the bridging group is
rather modest in the band II and III region (25000—
35000 cm~t). The general pattern for the di-z-oxo
complexes (two distinctive CD bands with opposite
signs) is also appreciated for the w-oxo-u-thio and
di-g-thio complexes. Such facts suggest that the nature
of CD sensitive transitions at the band II and III
region is common to all the complexes, regardless
of the bridging groups. The difference in absorption
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Fig. 8. Absorption (AB) and CD spectra of [Mo,O,-
XY(R-pdta)]?~ in water; X=Y=0 (—), X=
O and Y=S (----) and, X=Y=S8 (.:::::).

1 1

20 30 40
5 /103 cm!
Fig. 9. Absorption spectra of [Mo,0,XY(H,0)¢]%* in

2 M aqueous perchloric acid solution;
(—), X=0 and Y=S (----),

X=Y=0
and X=Y=S

spectra at the band II region is interpreted by the
appearance of a strong new band which is less sensitive
to CD, in the p-thio complexes.

The following interpretations  for the increase in
absorption intensity at band II region, are not feasible,
since the corresponding CD change is not accompanied;
i.e. a) the intensity of ‘band II’ itself increased, and
b) the ‘band IIT’ shifted its position to the band II
region as the number of sulfide bridge increased.
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TABLE 4. THE NUMERICAL DATA OF ABSORPTION (AB) anp CD sPECTRA
OF THE Y-OXO-y-THIO-BIS{ OXOMOLYBDENUM(V)} COMPLEXES®)

Complex AB CDP»
(solvent) A/10® cm~! (log ¢) 2103 cmt (Ag)
[Mo,0,S(S-cys),]2~ 21.5s (2.35) 21.0 (—1.10)
(water) 30.5s (3.92) 27.7 (—8.00)*
35.0 (4.12) 31.7 (+2.19)%
41.0s (4.10) 39.0 (+10.3)
46.3 (4.40) 44.3 (+20.1)
[Mo,O;3S(S-hist),] 22.4s (2.13) 21.7 (+0.18) 31.6 (+2.6)
(DMF) 31.4 (3.85) 26.9 (—3.8)*
[Mo,045(S-mecys),] 23.0s (2.50) 23.5 (—0.41) 36.2 (—0.3)
(acetonitrile) ?éggs gfli?ég ggg E+(lig§* 22; g—_ll:g gg
o 34.8 (+0.2) 46.8 (—7.9)
[Mo,0,S(S-etcys),) 23.4s (2.63) 23.4 (—0.42) 36.2 (—0.2)
(acetonitrile) 29.4s (3.55) 28.6 (+6.7)* 39.4 (+3.4)
36.2 (4.09) 32.0 (—1.9) 43.5 (+6.7)
47.2 (4.34) 34.7 (+0.4) 47.0 (—7.7)
[Mo,0,S(R-pdta)]?~ 21.6s (2.05) 20.1 (—0.45) 34.0 (+2.2)
(water) 32.0s (3.77) 22.5 (+0.51) 36.5 (—5.4)
35.3 (3.93) 26.1 (—11.1)* 40.7(+16.4)
43.2 s (4.00) 30.8 (+2.8)* 45.5 (—3.5)

a) Data in only one solvent are given.

Those in other solvents show similar

values. b) Asterisk indicates the

band which is assigned to have common nature to band II or III of the corresponding di-u-oxo complex.

TaBLeE 5. THE NUMERICAL DATA OF ABSORPTION (AB) anDp CD sPECTRA
OF THE DI-{-THIO-BIS{OXOMOLYBDENUM(V)} COMPLEXES®

Complex AB CD»
(solvent) A/103 cm—t (log ¢) A103 cm™ (Ag)
[Mo,0,S,(S-cys),]2~ 21.0s (2.00) 19.3 (—0.04) 42.9 (+48.2)
(water) 26.3s (3.53) 25.0 (+3.95) 47.6 (—36.9)
32.0s (3.96) 27.8 (—7.88)*
35.8 (4.25) 31.5 (+15.7)%*
43.7 (4.47) 37.8 (—16.8)
[Mo,0,S,(S-hist),] 22.2s (2.13) 22.1 (+1.49) 36.0 (—2.02)
(DMSO) 27.4s (3.40) 26.3 (—4.63)
33.6 (3.97) 28.2s (—3.75)*
36.2 (4.03) 33.3 (+3.66)%*
[Mo,0,S, (S-mecys),] 22.9s (3.11) 17.0 (—0.05) 34.2 (—-22.1)*
(acetonitrile) 30.5s (3.84) 20.2 (+1.08) 38.0 (+17.0)
34.3 (4.09) 23.6 (+2.18) 44.0 (+40.0)
39.1 (4.20) 28.2s (+17.2)* 49.1 (+13.2)
45.1s (4.44) 30.1 (+20.4)
[Mo,0,S, (R-pdta)]2- 21.0s (1.82) 20.2 (+0.78) 36.0 (—1.8)
(water) 28.6s (3.62) 25.6 (—12.3)* 39.1 (+22.5)
35.8 (4.08) 28.0s (—6.4) 45.2 (+10.5)
38.8s (3.88) 31.7 (+7.49)*
48.4 (4.37) 34.4s (+0.85)

a) Data in only one solvent are given.

Those in other solvents show similar values.

b) Asterisk indicates the

band which is assigned to have common nature to band II or III of the corresponding di-y-oxo complex.

The absorption and CD spectra in the other regions
(band I, IV, and V regions) do not show any systematic
trend, the number and the energies of absorption or
CD bands depending on the bridging structure and
the ligand. The S-mecys complex gives only slight
increase in absorption intensity with increase in the
number of bridging sulfide in the band II region.
However, the absorption intensity of the di-g-thio S-
mecys complex in the band I region is more than five
times bigger than those of di-z-oxo and u-oxo-u-thio
S-mecys complexes.

Ott et al. claimed on the basis of absorption spectra
that the absorption bands I—IV shift to higher wave
number with increase in the number of sulfide bridge.
However, the CD spectra do not conform with such
a trend.

Band II Region: The CD bands for all the di-g-
thio complexes split into two components. They have
opposite signs for the S-cys complex, and the same
sign for the other complexes. The splitting is ac-
counted for by the appearance of a new band. A
comparison of the absorption spectra with the CD
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spectra suggests that the CD component corresponding
to the new band is the higher and lower wave number
component for the S-cys and S-hist complexes, and
for the S-mecys and R-pdta complexes, respectively.
It is seen that the ‘band II’ not only remains at almost
the same position as that for the di-u-oxo complexes,
but also keeps its sign unchanged, regardless of the
change in bridging ligand. The new band has much
smaller Aefe than the ‘band II’ does.

Band III Region: The CD peaks of u-oxo-u-thio and
di-g-thio complexes have same sign as those of the
di-g-oxo complexes, except for [Mo,O3S(S-etcys),] and
[Mo,0,S(S-mecys),] which have no strong CD band
in this region. Asymmetric distortion related to the
CD strength at this region would be small for the u-
oxo-pi-thio S-cys ester complexes.

Relation between the CD Sign and the Structure of the
u-Thio Complexes. The CD bands with common
nature to those of the di-u-oxo complexes in band
II and III region, are indicated with asterisks in Table
4 and 5. The same relation to that found for the
di-g-oxo complexes is also found for the g-thio com-
plexes. The negative and positive CD peaks for the
‘band II’ and ‘band IID’, respectively, reflect the 4
chirality of the twist of two Mo-O, bonds and of
two basal edges, and the reverse CD patterns are
related to A chirality of these twists. The relation
is thus established for all the complexes regardless
of the bridging structure, di-g-oxo, u-oxo-p-thio and
di-u-thio.

Table 2 shows that || values are much bigger
than the |6,| values for most of the complexes. How-
ever, the § values for the di-g-oxo and di-p-thio cys
complexes are nearly zero, and thus the twist of the
two Mo-O, bonds must be important in determining
CD sign. On the other hand, the 6; values of u-oxo-
#-thio and di-g-thio complexes of R-pdta are practically
zero. The donor atom distortion of the basal plane
should be important for them. Intensity of the CD
peaks of these complexes are not very different. These
facts tell that neither the twist of Mo-O, bonds nor
the tetrahedral distortion of the basal plane alone can
be the controlling factor of the CD sign at band II
and III region. The CD sign must reflect the overall
asymmetry caused by the twist of the two molybdenum
coordination spheres around the Mo-Mo axis.

The present work was supported by a Grant-in-Aid
for Science Research from the Ministry of Education,
Science and Culture.
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